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Schizosaccharomyces pombe Dss1p and its homologs function
in multiple cellular processes including recombinational repair
of DNA and nuclear export of messenger RNA. We found that
Tap-tagged Rad24p, a member of the 14-3-3 class of proteins,
co-purified Dss1p along with mitotic activator Cdc25p, messen-
ger RNA export/cell cycle factor Raelp, 19 S proteasomal fac-
tors, and recombination protein Rhp51p (a Rad51p homolog).
Using chromatin immunoprecipitation, we found that Dsslp
recruited Rad24p and Raelp to the double-strand break (DSB)
sites. Furthermore, Cdc25p also recruited to the DSB site, and
its recruitment was dependent on Dss1p, Rad24p, and the pro-
tein kinase Chklp. Following DSB, all nuclear Cdc25p was
found to be chromatin-associated. We found that Dss1p and
Raelp have a DNA damage checkpoint function, and upon treat-
ment with UV light AdssI cells entered mitosis prematurely
with indistinguishable timing from Arad24 cells. Taken
together, these results suggest that Dss1p plays a critical role in
linking repair and checkpoint factors to damaged DNA sites by
specifically recruiting Rad24p and Cdc25p to the DSBs. We sug-
gest that the sequestration of Cdc25p to DNA damage sites
could provide a mechanism for S. pombe cells to arrest at G,/M
boundary in response to DNA damage.

Eukaryotic cells respond to double-strand breaks (DSBs)?
within DNA by activating DNA damage checkpoint proteins
that send signals to the cells, ultimately resulting in cell cycle
arrest. The arrest allows DNA damage to be repaired by the
proteins of the DNA repair pathway before cells can enter mito-
sis (1, 2). In Schizosaccharomyces pombe, entry into mitosis at
the G,/M boundary is regulated by the phosphorylation status
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of the mitotic regulator Cdc2p at the tyrosine 15 residue (3).
The cells are maintained in G, by phosphorylation of Cdc2p by
Weelp and Miklp kinases, whereas their entry into mitosis is
triggered by dephosphorylation of Cdc2p by the Cdc25p phos-
phatase (3).

Dsslp, or its Saccharomyces cerevisiae homolog Semlp, is a
small acidic protein that is required for efficient DNA repair
and the nuclear export of messenger RNA (mRNA) (4-7).
Dssl1p is a co-factor for human breast cancer susceptibility pro-
tein BRCA2 (8). In Ustilago maydis, a Dss1p homolog is a co-
factor for Brh2p, a homolog of the human BRCA2 (9). The
association between Dss1p and BRCA2 regulates the function
of recombination-repair protein Rad51p (a homolog of the bac-
terial RecA; Rhp51p in S. pombe) (10, 11). So far the homologs
of BRCA2/Brh2p have not been reported in either S. cerevisiae
orin S. pombe. S. cerevisiae Sem1p was shown to recruit to DSB
sites following a pattern similar to Rad51p, with high enrich-
ment around the break site and gradually decreasing away from
the break in both directions (12). Both Dss1p and Sem1p were
shown to associate with the 19 S subunit of the 26 S protea-
somes (12—14). It was suggested that the function of Semlp
involves regulating the function of the proteasome complex in
DNA repair (12). So far the corresponding role of S. pombe
Dsslp in DNA recombination-repair has not been studied.

S. pombe Rad24p belongs to the 14-3-3 family of proteins that
play a significant role as checkpoint factors in monitoring DNA
damage in the G, phase of the cell cycle (15-18). Their role in
the cell cycle was first demonstrated in S. pombe, where the
products of the rad24 and rad25 genes were shown to possess a
DNA damage checkpoint function (19). Neither the rad24 nor
the rad25 gene is essential for growth, but simultaneous loss of
both genes is lethal (19). The loss of rad24, but not rad25, leads
to premature entry of cells into mitosis, resulting in small,
round cells. In addition, the loss of rad24 renders cells highly
sensitive to DNA-damaging agents, whereas a rad25 null strain
is only modestly sensitive (19). In response to DNA damage in
the G, stage, activated Chklp kinase phosphorylates Cdc25p.
Recently Meklp was shown to phosphorylate Cdc25p inde-
pendent of Chklp (20). Rad24p binds phosphorylated Cdc25p
and apparently blocks a nuclear localization signal within
Cdc25p. The Rad24p-Cdc25p complex exits the nucleus by
using a dedicated nuclear export pathway. It was originally sug-
gested that the “nuclear exclusion” of Cdc25p prevents the
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dephosphorylation and activation of the target of Cdc25p,
Cdc2p, at tyrosine 15 (21). More recently, it has been shown
that the exclusion of Cdc25p from the nucleus is not essential
for inhibiting cell cycle progression (22).

S. pombe Raelp is essential for the nuclear export of mRNA
and functions in cell cycle progression from G, to M (23, 24).
However, the role of Raelp in the G,/M transition was shown to
be independent of its role in mRNA export (25). Thus far, no
role for Raelp has been implicated in DNA damage. A human
homolog of Raelp was found to be required in metaphase in
mitotic spindle assembly. Through its interaction with the
nuclear mitotic apparatus protein, human Raelp is thought to
be involved in bipolar spindle pole body formation (26 —28).
Whether S. pombe Raelp plays a similar role remains to be
investigated.

In this study, by using the tandem affinity purification (TAP)
method, we found that Rad24p-TAP co-purified Dsslp and
Raelp. Several DNA repair proteins (for example, 19 S protea-
somal subunits and Rhp51p) known to interact with Dsslp
homologs also co-purified with the Rad24p-TAP fusion. By
using an S. pombe strain carrying the S. cerevisiae homothallic
switching (HO)endonuclease cleavage site and a plasmid
expressing inducible HO-endonuclease (29), we conducted
chromatin immunoprecipitation (ChIP) experiments to
develop evidence that upon DNA damage, Dsslp mediates
recruitment of DNA recombination/repair, cell cycle, and
checkpoint control proteins to the DNA DSB sites. Finally, we
found that Dss1p and Raelp have a DNA checkpoint function,
with AdssI cells timing of entry into mitosis indistinguishable
from Arad24 cells. Taken together, these results suggest that
Dsslp plays a critical role in linking DNA repair and checkpoint
factors to damaged sites by recruiting Rad24p and Cdc25p to
the DNA DSB sites. We suggest that the recruitment of Cdc25p
to the DSB site could lead to cell cycle arrest at the G,/M
boundary in S. pombe cells in response to DNA damage.

EXPERIMENTAL PROCEDURES

Strains and Culture—Basic genetic and cell culture tech-
niques have been described previously (30, 31). The strains used
in this study are described in Table 1. The rad24-tap strain was
constructed by techniques described previously (32, 33), in
which TAP is fused to the rad24 gene at the C terminus by
homologous recombination using the kanamycin gene as a
selectable marker. Strains carrying the HO-endonuclease site
were kind gifts from the laboratory of Paul Russell (The Scripps
Research Institute, La Jolla, CA).

TAP Purification of Complexes—To identify mRNA export
factors that may interact with Rad24p, an S. pombe strain
expressing the Rad24p-TAP fusion protein from its chromo-
somal locus was used. As a control for these experiments,
pNTAP41 was used. Purification of TAP-tagged proteins was
performed by published methods using IgG-Sepharose beads
(34). The complexes were cleaved from the beads by using TEV-
protease. The cleaved fraction was next bound to calmodulin
beads, and the bound proteins were eluted by calmodulin elu-
tion buffer and precipitated by trichloroacetic acid (34). Puri-
fied samples were separated on SDS-PAGE and visualized by
Coomassie Blue staining, and associated proteins were identi-
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TABLE 1
S. pombe strains used in this study
Genotypes Source

h™ leul-32 ura4-D18 Ref. 25
h™ leul-32 ura4-D18 rael-1 Ref. 23
h™ leul-32 ura4-D18 ade6-704 rael-1 rad24::urad ™ This study
h™ leul-32 ura4-D18 ade6-704 rad24::urad " Ref. 19
h™ leul-32 ura4-D18 rad24-TAP This study
h* leu” urad™ radl-1 Ref. 49

h* leul-32 ura4-D18 ade ™ dssl:kan Ref. 5

h™ leul-32 ura4-D18 cdc25-GFPint cdc25::urad ™" Ref. 50

h™ leul-32:2xYFP-crb2™" -leul* ura4D18 Ref. 29
crb2-D2::ura4™ his3-D1 arg3:HO site-kanMX4

h™ leul-32:2xYFP-crb2* -leul™ ura4D18
crb2-D2::urad ™ his3-D1 arg3:HO site-kanMX4
dssl:kan

h™ leul-32:2xYFP-crb2* -leul™ ura4D18
crb2-D2::urad ™ his3-D1 arg3:HO site-kanMX4
rad24::urad ™

h™ leul-32:2xYFP-crb2* -leul™ ura4D18
crb2-D2::urad ™ his3-D1 arg3:HO site-kanMX4
cdc25-GFPint cdc25::urad™

h™ leul-32:2xYFP-crb2* -leul™ ura4D18
crb2-D2::urad ™ his3-D1 arg3:HO site-kanMX4
cdc25-GFPint cdc25::urad™ rad24::urad™

h™ leul-32:2xYFP-crb2* -leul™ ura4D18
crb2-D2::urad ™ his3-D1 arg3:HO site-kanMX4
cdc25-GFPint cdc25::urad™ chkl:urad™

This study

This study

This study

This study

This study

TABLE 2
Primers used in the ChIP experiments

Primer

Sequence

ChIP 1 (forward)
ChIP 1 (reverse)
ChIP 2 (forward)
ChIP 2 (reverse)
ChIP 3 (forward)
ChIP 3 (reverse)
ChIP 4 (forward)
ChIP 4 (reverse)
ChIP 5 (forward)
ChIP 5 (reverse)
ChIP 6 (forward)
ChIP 6 (reverse)
ChIP 7 (forward)
ChIP 7 (reverse)
ChIP 8 (forward)
ChIP 8 (reverse)
ChIP 9 (forward)
ChIP 9 (reverse)

5'-TTTCATTGAGATAGACCACCT-3’
5'-CTCTTTCTGTAGCTCGTAAAG-3’
5'-CCACCAACCTTGATAATAGCG-3'
5'-GGCAATGCTTATTGAATTGCA-3’

5'-TGGCTGAAAATTACATCGGAAACC-3’

5'-GAGAAGGGCTTCTTGCCAAAT-3'
5'-CATCCCTTTTCATTAGTTCTA-3’
5'-GTCGACTACAAGGAACCCACA-3’
5'-CGCAGCTCAGGGGCATGATGT-3’
5'-CTGATTGCCCGACATTATCGC-3’
5'-CTCTTCCGACCATCAAGCATT-3’
5'-AATCACCATGAGTGACGACTG-3'
5'-AACTGCCTCGGTGAGTTTTCT-3’
5'-CACATACGATTGACGCATGAT-3’
5'-CCTCTTAACTAGATATTTCAAGG-3'
5'-AAGGAATTGGCGGAAGACAAG-3’
5'-GTAACCACAAAGGTAGTTTCT-3’
5'-AGGGGCTCTAGAACTAATGAG-3'
5'-CAACAGGAGCGCTATAATAA-3'

Internal control (forward)

Internal control (reverse) 5'-CAGATAGCTTGGATAGATATG-3'

fied using tandem mass spectrometry and/or Western blot
analysis using specific antibodies (35, 36). The tandem mass
spectrometry data were searched against the S. pombe data base
from the Wellcome Trust Sanger Institute using BioWorks
3.3.1.

Western Blot Detection—Polyclonal antibodies to S. pombe
mRNA export factors were made by expressing the proteins in
Escherichia coli and injecting them into rabbits as previously
described (5, 37, 38). Antibodies to S. pombe Rad24p and
Rhp51p were made by expressing the full-length rad24 and
rhpS1 genes in pET14b. Polyclonal antibodies to S. pombe
Mts2p were bought from Biomol Research La. Standard chemi-
luminescent methods (PerkinElmer Life Sciences) were used to
detect the purified proteins.

ChIP Analysis—ChIP analysis was performed using pub-
lished protocols (39, 40). Following cross-linking of proteins to
DNA and precipitation by different antibodies, specific primer
pairs were used to amplify segments of DNA fragments precip-
itated by the specific antibodies (Table 2). As a control for
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lowing incubation of 500-700 cells
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nies were counted after 5 days.
Checkpoint Analysis—The cells

1

FIGURE 1. Identification of Rad24p-TAP associated protein complex by tandem mass spectrometry
and/or Western blot analysis. A, tandem mass spectrometry analysis of Rad24p-TAP and their identified
proteins are indicated (lane 2). The asterisk indicates the 60 ribosomal protein L2 (rpl402). B, input extracts from
strains expressing TAP control or Rad24p-TAP fusion as indicated (lanes 1 and 2). TAP control or Rad24-TAP
associated proteins purified on IgG-Sepharose and calmodulin beads as indicated (lanes 3 and 4). Proteins
identified by specific antibodies are indicated. WCE represents whole cell extract. See “Experimental Proce-

dures” for details.

amplification, PCR primers (Table 2) that did not amplify the
precipitated products were used with each experiment as an
internal control. [«-3?P]dCTP was added to the PCR. The
amplified products were separated by electrophoresis on 6%
Tris/borate/EDTA gel and quantified using phosphorimaging.

Chromatin Association Assay—The extracts were prepared
from spheroplasts and nuclei according to published protocols
(30,41). The chromatin-associated fraction was separated from
nuclear supernatant by layering the nuclear extract onto 30%
sucrose cushion and centrifuged at 16,000 X g for 15 min (41).
The chromatin-associated proteins were released by incuba-
tion with 277 units of DNase 1 for 10 min at 25 °C in a buffer
containing 20 mm Hepes, pH 7.9, 1.5 mMm magnesium acetate, 50
mM potassium acetate, 10% glycerol, 0.5 mm dithiothreitol, 150
mM Nacl, protease, and phosphatase inhibitors (42). Chroma-
tin-associated protein was identified by Western blot analysis.
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were synchronized by sedimenta-
tion through 7-30% lactose gradi-
ent and plated on YES medium (46).
The G, cells were irradiated with 0,
50, 100, and 150 J/m? UV light in a
Stratagene Stratalinker 2400. The
control cells were plated on YES
medium without exposure to UV
radiation. The cells were then resuspended and incubated at
21°C or at 27 °C. Samples were taken at the indicated times,
fixed in methanol at —20 °C, mounted, stained with 4,6-dia-
midino-2-phenylindole and calcofluor, and visualized under a
fluorescence microscope. The cells were judged to have passed
mitosis if either nuclear division or septum formation occurred.

2 S 4

RESULTS

Dsslp and Interacting Components Co-purify with Rad24p-
TAP Fusion Protein—An S. pombe strain was constructed in
which rad24 gene was replaced by a rad24-tap gene fusion. As
a negative control, TAP was expressed in wild type cells from a
plasmid (pNTAP41) under the control of the nmtI promoter.
Fig. 1A shows a typical TAP-purification experiment using
genomic Rad24p-Tap fusion. Compared with the Tap control
(left lane), several distinct bands were visible when Rad24-TAP

VOLUME 285+NUMBER 19-MAY 7, 2010



fusion was used to pull down interacting proteins whose iden-
tities were established by tandem mass spectrometric analysis.
Elongation factors (eIF4G, elF3a, and eIF3b), cell cycle factors
(Cdc15p, Cdc22p, Cdc25p, and Rad25p), and 19 S proteasomal
subunits (Mts4p, Rpn5p, Mts2p, and Rpn6p) were pulled down
by Rad24p-Tap. DNA repair protein Rhp51p, Dsslp, and
mRNA export factor Raelp also co-purified with Rad24p-Tap
fusion. Additional proteins identified using mass spectrometry
(not shown in the gel in Fig. 1A) are presented in the
supplemental Table 1S.

It is notable that only two known mRNA export factors
(Raelp and Dsslp) co-purified with Rad24p-Tap fusion pro-
tein. Western blot analysis was used to confirm these results.
Fig. 1B shows the Western blot confirming that Raelp and
Dsslp co-purified with Rad24p-TAP but not with TAP alone
(compare lane 4 versus lane 3). However, no other known
mRNA export factor such as Uap56p, Mlo3p, Nup98p,
Nupl59p, and Sac3p co-purified with Rad24p-TAP. The
absence of interaction with any other known mRNA export
factor by Rad24p suggests that its interaction with Raelp and
Dsslp may represent a new complex, distinct from an mRNA
export-related protein complex of these two proteins we previ-
ously described (5). By Western analysis we also confirmed
interaction between Rad24p and Mts2p and Rhp51p. These
results suggest that Rad24p physically interacts with at least
some components of the proteasomes and the DNA recombi-
nation-repair pathway.

Dssl1p, RhpS51p, and Mts2p Are Recruited to an HO-endonu-
clease-induced DSB Site in S. pombe Cells—We wanted to test
whether in S. pombe Dss1p was recruited to DSB sites similar to
Semlp/human Dsslp. For this purpose, we used an S. pombe
strain carrying the S. cerevisize HO-endonuclease site inte-
grated within the arg3 locus (obtained from Paul Russell) (29).
A schematic of the 5.4-kb genomic region surrounding the
HO-endonuclease cleavage site (~2.1 kb upstream to ~3.2 kb
downstream) and specific regions/fragments 1-9 that were
amplified by PCR are shown in Fig. 2A (for details see Fig. 2
legend and Table 2). The strain was transformed with a plasmid
expressing HO-endonuclease in pJR1-41XH vector under the
control of a thiamine repressible nmtl promoter. By ChIP,
DNA-bound proteins were precipitated using anti-Dss1p, anti-
Rhp51p, or anti-Mts2p antibody from S. pombe cells in the
presence or absence of HO-endonuclease expression. Quanti-
tative PCR was performed to amplify specific fragments (bars
1-9in Fig. 2A) corresponding to both sides of the HO-endonu-
clease site as well as from a nontranscribed internal control
region (at a different chromosomal locus (24) from the immu-
noprecipitated DNA obtained by antibodies or prebleed sera.
Relative fold enrichment of DNA was calculated by using estab-
lished procedures following the formula shown in Fig. 2B.
Based on this calculation, a protein was considered enriched at
a region when the DNA fold increase value was above 1 (see
details in Fig. 2B legend) (39).

We previously showed that Dsslp recruits to actively tran-
scribed genes in wild type S. pombe cells (5). In the absence of
HO-endonuclease (control), in the S. pombe strain carrying the
HO site, Dsslp showed a relative fold enrichment above 1
throughout the tested region (that also carried a functional
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kanamycin gene) (Fig. 2C, panel a data and gray bars in graph).
In the cells expressing HO-endonuclease, Dss1p showed a clear
pattern of enrichment around the break site. Enrichment was
highest near the break site (peak relative enrichment ~5-fold
proximal to the HO site; fragments 4-7) and gradually de-
creased away from the break site (fragments 1, 2, 3, 8, and 9).

Rad51p is known to recruit to DSB site in S. cerevisiae. We
therefore tested whether Rhp51p similarly enriched at or
around DNA break sites in S. pombe. Following a similar exper-
imental procedure, we found that Rhp51p did not enrich within
the test region in the control experiment (Fig. 2C, panel b, gray
bars in graph). However, in the cells expressing the HO-endo-
nuclease, there was significant increase in relative fold enrich-
ment of the protein throughout the region (relative enrichment
between 3—5-fold; fragments 1-9). Thus, in contrast to Dss1p,
the pattern of enrichment shown by Rhp51p was different; it
had an elevated level of enrichment both near and away from
the break site, perhaps reflecting its nature of interaction with
DNA.

Proteasomal components are known to recruit to DSB sites.
We tested for the recruitment of Mts2p, a component of the
proteasomes, to the DSB site. Mts2p was not significantly
enriched in cells that did not express the HO-endonuclease
(Fig. 2C, panel c, gray bars in graph). Relative fold enrichment of
Mts2p was observed in the vicinity of the DSB site (highest
enrichment, ~4.5-fold; Fig. 2C, panel ¢, black bars in graph,
fragments 3—7) similar to the recruitment pattern observed for
Dsslp in the strain expressing the HO-endonuclease. These
results demonstrate that Dsslp, Rhp51p, and Mts2p are
recruited preferentially surrounding the region of a DSB site
introduced into the S. pombe cells, consistent with observations
made with their homologs (12).

Rad24p and Raelp Are Enriched at DSB Sites in S. pombe
Cells—We previously showed that Raelp was not recruited to
active genes (5, 24). Also, it is not known whether Rad24 or any
of its homologs recruit to genes. We wanted to test whether
Rad24p and Raelp were recruited to the DSB site in S. pombe
cells. Following a similar experimental plan as above, we tested
relative fold enrichment of Rad24p and Raelp around the DSB
site. Rad24p did not recruit efficiently within the 5.4-kb region
in the cells not expressing the HO-endonuclease (Fig. 2C, panel
d, control experiment). However, in presence of the HO-endo-
nuclease, there was a significant relative fold enrichment of
Rad24p with a pattern similar to Dsslp; there was maximum
enrichment proximal to the break site (~5-fold) and a gradual
decrease away from the break site in either direction (Fig. 2C,
panel d, black bars in graph).

Finally, we tested for relative enrichment of Raelp to the
same 5.4-kb region in the presence or absence of the HO-endo-
nuclease. Raelp did not show preferential recruitment to any
portion of the 5.4-kb region in cells not expressing the HO-
endonuclease. However, in the cells expressing the HO-endo-
nuclease, there was a significant relative fold enrichment of
Raelp around the DSB site (highest relative enrichment, ~4.5-
fold; Fig. 2C, panel e, black bars in graph).

In a previous work, we showed that in S. pombe cells, Raelp
predominantly localizes at the nuclear pore (25). The current
results are the first indication that some fraction of Raelp could
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FIGURE 3. Dss1p-dependent recruitment to the DSB site of proteins that co-purified with Rad24p-TAP. A-D and F-H, as in Fig. 2C, graphical representa-
tions of the relative fold enrichment at each of the nine fragments are shown. Strain backgrounds and specific antibodies used in each experiment are
indicated. See Fig. 2C for nomenclature and details of the experiments. The experimental data are provided as supplemental Fig. 1S. E and /, protein levels
tested in wild type, Adss1, and Arad24 strains. Lane 1, HO-endonuclease uninduced; lane 2, HO-endonuclease induced. Uap56p was used as an experimental
control.

be physically (and functionally) associated with the genome. In
addition, these results suggest that although under the normal
cellular conditions Rad24p did not interact with the DNA
region around the HO site, following DNA damage it was
recruited to the DSB site similar to Dss1p, Rhp51p, Mts2p, and
Raelp. By considering the co-purification of proteins with
Rad24p-TAP and the pattern of enrichment at the DSB site
described above, it is likely that some of these proteins may
function as a multiprotein complex(s) on DNA around the DSB
site.

Dsslp Is Required for Recruitment of Rad24p, Raelp, RhpS1p,
and Mts2p to DSB Sites—We wanted to explore whether
Dsslp-interacting proteins depended on Dsslp for their
recruitment onto the DSB sites. In a AdssI strain, the recruit-
ment of Rad24p, Raelp, Rhp51p, and Mts2p was not detectable

when HO-endonuclease was expressed (Fig. 3, A-D). We tested
the amount of proteins present in the extract used for the ChIP
experiment (shown in Fig. 3E) to rule out the possibility that
lack of recruitment was not due to loss of proteins in the Adss1
strain. As can be seen, the level of each protein in AdssI strain
was comparable with the level observed in wild type cells (Fig.
3E). The lack of recruitment of all four proteins in the AdssI
strain is strikingly different from the enrichment pattern
observed in wild type cells (see Fig. 2C for comparison). These
results strongly suggest that at the DSB site and the surround-
ing region, the recruitment of all four proteins depends on the
presence of Dss1p.

In a Arad24 strain, we found that the recruitment of Dss1p
was unaffected, suggesting that Dsslp recruitment was inde-
pendent of Rad24p (Fig. 3F, compare with Fig. 2C, panel a).

FIGURE 2. Recruitment of S. pombe proteins to a genomic region containing a DSB site. A, a schematic of the DNA fragment (5.4 kb) surrounding an
HO-endonuclease cleavable site within a KanMX4 gene integrated into the S. pombe genome (29). Location and corresponding number represent different
nonoverlapping regions surrounding the HO site whose amplification was tested by PCR. Primers used for PCR reaction are shown in Table 2. B, a schematic
diagram showing the calculation for relative fold enrichment of proteins based on the formula shown (36). IC represents PCR product generated by using a pair
of primers (Table 2) as internal control of the PCR reaction. C, panels a-e, individual ChIP experiment data shown on the left. Antibodies used for immunopre-
Cipitation are as indicated. WCE is whole cell extract; —IP, prebleed sera was used for immunoprecipitation; +/P, antibodies as indicated were used for
immunoprecipitation. /Cis the internal control used in every experiment. Graphical representations of the quantification of relative/fold enrichment at each of
the nine fragments are shown on the right. The y axis shows fold enrichment and x-axis shows each of the nine fragments tested and the corresponding
antibodies used for the immunoprecipitation. Each bar is an average of three independent experiments. The shaded bars represent control experiments done
in the absence of HO-endonuclease, and the black bars represent experiments performed in presence of the HO-endonuclease.
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Similarly, Rhp51p was also enriched in Arad24 strain at the
DSB site similar to the pattern observed in the wild type cells
(Fig. 3G, compare with Fig. 2C, panel b). Thus, Rhp51p was
recruited independent of Rad24p. However, we found that
Raelp was not recruited significantly at the break site in a
Arad24 strain (Fig. 3H; see also supplemental Fig. 1S). Raelp
levels were tested in the Arad24 strain, and no significant drop
in the expression level of Raelp in the Arad24 strain was
detected (Fig. 3I). These results indicate that (i) Dsslp is
required for the recruitment of Rad24p, Raelp, Rhp51p, and
Mts2p to DSB sites and (ii) Rad24p is required for the recruit-
ment of Raelp.

Cdc25p Is Recruited to DSB Sites Dependent on Rad24p and
Dss1p—The recruitment of Rad24p raised the interesting pos-
sibility that its interacting partner Cdc25p may associate with it
and be recruited to DSB site upon DNA damage in S. pombe
cells. To test this hypothesis, we constructed a wild type test
strain carrying the HO-endonuclease cleavage site and a
genomic copy of cdc25-gfp gene. Following the experimental
plan as before, we tested the recruitment of Cdc25p-GFP in the
presence or absence of HO-endonuclease in the strain. In the
absence of the HO-endonuclease, there was no detectable
enrichment of Cdc25p-GFP around the HO site (see control,
gray bars in the histogram shown at the right of Fig. 4A, panel
a). In contrast, there was a significant relative enrichment of
Cdc25p-GFP around the DSB site when the HO-endonuclease
expression was induced. These results clearly show that
Cdc25p-GFP recruited to the DSB site in S. pombe cells during
DNA damage.

To further explore how Cdc25p could be recruited to the
DSB site, Cdc25p-GFP recruitment was tested in a Arad24
strain. There was no detectable recruitment of Cdc25p-GEP in
a Arad24 strain with or without HO-endonuclease induction,
demonstrating that there was no significant enrichment of
Cdc25p-GFP to the DSB site (Fig. 44, panel b). Thus, Cdc25p
recruitment depended on Rad24p.

The activation of Chklp is known to be required for Cdc25p-
Rad24p interaction. To test whether Cdc25p-GFP recruitment
was dependent on Chklp, a AchkI strain carrying the HO site
along with a genomic copy of Cdc25p-GFP was constructed. As
can be seen in Fig. 4A (panel c), in the Achkl strain, Cdc25p-
GFP did not recruit to the DSB site.

Cdc25p protein levels can vary within the cell at different
time points in the cell cycle. So we wanted to exclude the pos-
sibility that loss of recruitment of Cdc25p-GFP was due to low
levels of protein in the cell. Thus, we tested the relative amount
of Cdc25p-GFP present in the wild type strain (carrying the HO
site and genomic tagged Cdc25p-GFP) and in isogenic Arad24
and AchklI strains before and after HO-endonuclease induction
(Fig. 4B). Compared with the uninduced condition (first, third,
and fifth lanes), under the induced condition (second, fourth,
and sixth lanes) for the three strains, there was a significant
increase in Cdc25p-GFP level as measured by detection of
immunoprecipitated protein. The increase in the amount of
Cdc25p-GFP in Arad24 and Achkl cells (fourth and sixth lanes)
is expected and is consistent with data from other observations
(21) and suggests that the lack of recruitment of Cdc25p-GFP
was not due to alow amount of the protein in the tested strains.

14128 JOURNAL OF BIOLOGICAL CHEMISTRY

These results are consistent with the suggested functional role
of Chkl1p kinase in Cdc25p-Rad24p interaction.

We finally tested whether the recruitment of Cdc25p-GFP to
the DSB site depended on the presence of Dss1p. There was no
detectable increase in the recruitment of Cdc25p-GFP to the
HO site in the presence of HO-endonuclease in AdssI cells (Fig.
4A, panel d). We compared the relative amounts of Cdc25p-
GFP protein under the HO-endonuclease induced and unin-
duced conditions. As expected there was a slight increase in the
level of detectable Cdc25p-GFP in the HO-endonuclease-in-
duced cells (Fig. 4B, compare seventh and eighth lanes). These
results suggest that the lack of increase in the recruitment of
Cdc25p-GFP to the DSB site in Adss1 cells under the conditions
of DNA damage was not due to the lack of available protein.
Taken together, the recruitment of Cdc25p-GFP to the DSB site
was dependent on the presence of Dss1p.

Following DSB, Cdc25p in the Nucleus Is Found
Chromatin-associated—We next wanted to determine what
fraction of nuclear Cdc25p-GFP is chromatin-associated fol-
lowing the formation of DSBs. We used the wild type strain
carrying the HO-endonuclease cleavage site expressing cdc25-
gfp to test the relative amounts of Cdc25p-GFP in total lysate (in
Fig. 4C, lanes T; see figure legend for experimental details), total
nuclear lysate (TN), nuclear supernatant (NS), and chromatin-
associated fraction (C) in the presence and absence of the HO-
endonuclease (Fig. 4C). In the absence of the HO-endonucle-
ase, the nuclear Cdc25p-GFP was found to be present in the
nuclear supernatant but not associated with the chromatin
(compare NS and C lanes in the Control panel). In contrast, in
cells expressing the HO-endonuclease, Cdc25p-GFP was
detected in the chromatin-associated fraction but not in the
nuclear supernatant (see NS and C in the HO panel). We used
Uap56p, a nuclear protein, as a control to exclude the possibility
that the lack of Cdc25p-GFP in the nuclear supernatant was not
due to the absence of proteins in the extract. Fig. 4C shows that
a comparable amount of nuclear supernatant protein was used
in control and HO-endonuclease induced cells. These results
indicate that in cells with DSB, all of the detectable nuclear
Cdc25p is chromatin-associated.

We next investigated whether Cdc25p was also chromatin-
associated in DNA damaged cells using ionizing radiation. The
association of Cdc25p-GFP with chromatin was analyzed in
asynchronous wild type cells expressing Cdc25p-GFP with and
without yradiation (300 grays) treatment (Fig. 4D). Following 'y
radiation chromatin was purified at 0, 1, 2, 3, and 4 h for deter-
mining its association with Cdc25p-GFP. Cdc25p-GFP was
found to be associated with chromatin by 1, 2, and 3 h with
maximum association at 2 h after treatment (Fig. 4D). a-Tubu-
lin was used as an internal control for the total amount of pro-
tein loaded, and Coomassie staining of the gel was performed to
show that proteins were present in samples that were chroma-
tin-purified (Fig. 4D). These results indicate that Cdc25p is
chromatin-associated even when cells are damaged using ion-
izing radiation.

Rad24p Directly Binds to Raelp and Dsslp—Based on the
ChIP experiments described above, one way that Rad24p could
be recruited onto the DSB site was by direct physical interaction
with Dss1p. Using proteins expressed and purified from E. coli
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FIGURE 5. In vitro binding of GST-Rad24p to His-Dss1p and His-Rae1p. Proteins as indicated were made and purified from E. coli extracts. The presence or
absence of a protein in the binding reaction is indicated by + or — on top of the respective lanes. Individual protein bands are shown. GST or GST-tagged
proteins were immobilized on glutathione beads. A, binding of His-Dss1p by GST-Rad24p. Lanes 1-3 are input. Lane 4 is binding of His-Dss1p to GST-Rad24p on
beads, and lane 5 is binding of His-Dss1p to GST alone. B, binding of His-Rae1p by GST-Rad24p. Lanes 1-3 are input. Lane 4 is binding of His-Rae1p with
GST-Rad24p, and lane 5 is binding of His-Rae1p with GST. C, binding of His-Rhp51p by GST-Dss1p. Lanes 1-3 are input. Lane 4 is binding of His-Rhp51p with
GST-Dss1p, and lane 5 is binding of His-Rhp51p with GST alone. 5-fold more His-Dss1p, His-Rae1p, and His-Rhp51p over input was used in the binding reactions

in A, B, and C, respectively. The bound proteins were analyzed by SDS-PAGE and Coomassie staining.

extracts, we tested direct interaction between Dsslp and
Rad24p. Dss1p was able to bind GST-Rad24p fusion protein on
beads but not GST alone (Fig. 54, lane 4 versus lane 5).

The ChIP experiment also suggested that Raelp recruitment
was dependent on Rad24p. We therefore tested their interac-
tion in vitro. GST-Rad24p, but not GST alone, was able to bind
His-Raelp (Fig. 5B, lane 4 versus lane 5). Because Raelp recruit-
ment onto DSBs depended on Rad24p (see previous section),
these results clearly support the view that Raelp-Rad24p inter-
action is essential for recruitment of Raelp onto the DSB site,
and Rad24p mediates Raelp recruitment to DSB site. We pre-
viously showed direct physical interaction between Dss1p and
Raelp in a proposed messenger ribonucleoprotein complex
critical for mRNA export (5). In contrast, here our results indi-
cate that direct physical interaction with Dss1p does not deter-
mine recruitment of Raelp.

Others have shown that homologs of Rhp51p associate with a
Dsslp homolog indirectly within the recombination-repair
complex (8, 9). Consistent with those studies, we detected no
direct association between GST-Dsslp and His-Rhp51p (Fig.
5C, lane 4). Finally, direct physical interaction between Dss1p
and Mts2p was not tested because their homologs are compo-
nents of the 19 S proteasomal subcomplex and are known to
interact with each other (12).

Dsslp Is Required for DNA Damage Checkpoint Function in S.
pombe—We and others have shown that dssI mutants are sen-
sitive to DNA-damaging agents such as UV light (5, 12). We
wanted to test whether AdssI mutant cells were capable of acti-
vating the DNA damage checkpoint in response to UV light. As
a control we used Arad24 and wild type cells. Using a lactose
gradient, we synchronized wild type, Arad24, and AdssI cells at
G, stage. The G, synchronized cells were then exposed to vary-
ing doses of UV light, and the percentage of cells passing
through mitosis over time at 27 °C was monitored and counted
(Fig. 6A). Both Adss1 and Arad24 cells entered mitosis prema-
turely compared with the wild type cells. Strikingly, the timing
of entry to mitosis by AdssI and Arad24 cells was almost indis-
tinguishable. One consequence of the Adssl cells entering
mitosis prematurely was that the cells had abnormal morphol-
ogies (cut, anucleated, and multiseptated phenotypes) (Fig. 6B),
similar to that seen for Arad24 cells. These results indicate that
Dsslp is required for monitoring DNA damage in the G, stage
of the cell cycle.

rael-1 Allele Is Sensitive to DNA-damaging Agents—Because
Raelp requires both Dss1p and Rad24p for recruitment to DSB
site, we wanted to determine whether the rael gene has any role
in DNA damage in S. pombe. Wild type, rael-1, Arad24, and
rael-1 Arad24 double mutant cells were treated with DNA-

FIGURE 4. Recruitment of Cdc25p-GFP to a DSB-containing region. A, panels a-d, extracts from cells expressing the integrated Cdc25p-GFP and HO-
endonuclease site were used for immunoprecipitation using an anti-GFP polyclonal antibody. ChIP experiments were performed using wild type, Arad24,
Achk1, and Adss1 cells carrying integrated Cdc25p-GFP and an HO-endonuclease site. Experimental details and figure descriptions are as in Fig. 2. B, protein
levels of Cdc25p-GFP in wild type, Arad24, Achk1, and Adss1 cells. Equal amounts of proteins from various cell extracts were first immunoprecipitated by
monoclonal antibodies to GFP, and following gel electrophoresis and Western blotting Cdc25p-GFP was detected by a polyclonal anti-GFP antibody (Clon-
tech). Uap56p was used as an experimental control. C, chromatin association of Cdc25p-GFP was analyzed in the absence of HO-endonuclease (control) and in
the presence of HO-endonuclease (HO) as shown. Total cell lysates (7), total nuclei (TN), nuclear supernatant (NS), and chromatin-associated fractions (C) were
analyzed by Western blotting using anti-GFP polyclonal antibody (Clontech). The nuclear protein Uap56p was used as an experimental control. D, asynchro-
nized wild type cells expressing the integrated Cdc25p-GFP were treated without (—/R) or 300-gray v ionizing radiation (+/R). The samples were taken at
indicated time intervals (h). Total cell lysate and chromatin-associated fractions were analyzed by Western blot using anti-GFP polyclonal antibody. As aloading
control, anti-a-tubulin was used against total cell lysates, and Coomassie staining for chromatin-associated fractions was performed to show the presence of
proteins.
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FIGURE 6. Sensitivity to DNA-damaging agents and analysis of the
checkpoint control of S. pombe wild type and mutant strains. A, anal-
ysis of DNA damage checkpoint control in wild type, Arad24, and Adss1 cells.
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damaging agents such as UV light, bleomycin, MMS, and HU.
Fig. 6C shows that wild type cells were not sensitive to any of the
DNA-damaging agents. In contrast and as expected, Arad24
cells were sensitive to UV, bleomycin, and MMS but not to HU.
Similarly, rael-1 cells were sensitive to UV, MMS, and bleomy-
cin and not to HU (Fig. 6C). The sensitivity of rael-1 cells was
intermediate between wild type and Arad24 mutant cells. The
sensitivity of the rael-1 Arad24 double mutant was similar to
that of the more sensitive Arad24 mutant cells, suggesting that
in DNA damage, rael-1 mutation is epistatic to Arad24. Similar
to Arad24 mutant cells, rael-1 and the rael-1 Arad24 double
mutant also did not exhibit any sensitivity to HU, thus suggest-
ing that Raelp is unlikely to have a role in monitoring DNA
damage during replication (Fig. 6C).

rael-1 Mutation Shows Partial Loss of DNA Damage Check-
point Function—Because the rad24 gene is known to be
involved in monitoring DNA damage in G,, we tested whether
rael-1 cells exposed to DNA-damaging agents such as UV light
could fully activate the DNA damage checkpoint. Wild type,
rael-1, and radl-1 cells (radl is a known DNA damage check-
point gene) were synchronized in G, using a lactose gradient.
These strains were exposed to varying doses of UV light, and
the percentage of cells for each culture passing through mitosis
over time was determined (Fig. 6D). In contrast to radl-1 cells,
which showed essentially no arrest following treatment with
UV light, rael-1 cells showed an initial checkpoint arrest but
entered mitosis prematurely when compared with wild type
cells. For example, following treatment with 150 J/m? of UV
light, at 21 °C rael-1 mutant cells (these cells are temperature-
sensitive at 25 °C) began to enter mitosis after a delay of 5 h as
compared with 9 h for wild type cells (Fig. 6D).

The consequence of premature entry of rael-1 cells into
mitosis was the generation of cells with abnormal morpholo-
gies. At 6.5 h following exposure to 100 J/m> of UV light,
approximately 22% of the rael-1 cells had passed through mito-
sis, whereas less than 1% of wild type had done so. Of these,
~25% of rael-1 cells and 40% of radl-1 cells displayed either a
cut or anucleated phenotype (Fig. 6E). These results suggest
that rael-1 cells pass through mitosis prior to completely
repairing their DNA and that Raelp has a role in monitoring
DNA damage in G,.

DISCUSSION

In this work, we show that Dss1p has a DNA damage check-
point function in S. pombe at the G,/M boundary and functions

G, synchronized cells were treated with different doses of UV light at 27 °C,
and the cells were scored as having passed through mitosis if the nuclei had
divided or septum had formed (see “Experimental Procedures” for details).
B, morphology of cells treated with 4,6-diamidino-2-phenylindole (DAPI) and
calcofluor following treatment with UV light with 100 J/m? when 20-25% of
mutant cells had passed through mitosis. C, survival analysis at 21 °C of wild
type, rael-1, Arad24, and rael-1 Arad24 treated with UV light, MMS, bleomy-
cin, and HU as indicated (see “Experimental Procedures” for experimental
details). D, analysis of checkpoint control in wild type, rael-1,and rad1-1 cells.
See “Experimental Procedures” for details. The cells were scored as having
passed through mitosis if the nucleus had divided or a septum had formed.
E, morphology of cells following irradiation with UV light. When 20-25% of
cells had passed through mitosis following irradiation with 100 J/m?, the cells
were fixed and stained with 4,6-diamidino-2-phenylindole and calcofluor.
The morphology of wild type, rae1-1, and rad1-1 cells is shown.
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by recruiting the checkpoint protein Rad24p, cell cycle protein
Cdc25p, and mRNA export/cell cycle factor Raelp to DSB sites.
To our knowledge, this is the first evidence of recruitment of
these proteins to the damaged DNA sites, linking their func-
tions in DNA damage and checkpoint via Dss1p. The similarity
of timing and premature entry into mitosis by AdssI cells and
Arad24 cells suggests an epistatic relationship. This relation-
ship is further revealed by direct physical interaction between
Rad24p and Dsslp, placing them functionally together in DNA
damage response. We further show that following DNA dam-
age the nuclear Cdc25p is chromatin-associated. Finally, we
propose that the recruitment of Cdc25p onto DSB site causes its
intranuclear sequestration that could delay the timing of mito-
sis by arresting the cells at the G,/M boundary in response to
DNA damage.

Dsslp Is Critical for Linking DNA Repair and Checkpoint
Functions in S. pombe Cells—ChIP experiments shed new light
into how Dss1p functions in S. pombe. In this view, Dsslp is a
key physical link between two functional complexes: one relat-
ing to DNA repair-recombination, and the other relating to the
DNA damage checkpoint.

First, our results confirm observations made in other eukary-
otic organisms about the physical association of Dss1p to DSB
sites (8, 12). In addition, our data physically connect the recruit-
ment of Rhp51p and Mts2p to DSB site through Dss1p.

Second, Dsslp is also essential for the recruitment of two
additional proteins Rad24p and Raelp. By examining the pat-
terns of recruitment of Rad24p and Raelp in wild type and
Adss1 backgrounds, a scheme of their recruitment on the DSB
emerged. A simple sequential recruitment scheme (Dsslp <
Rad24p < Raelp) could explain the observed pattern. Proteins
purified in E. coli allowed us to confirm direct physical interac-
tions among Dss1p, Rad24p, and Raelp. Consistently, we found
evidence of direct physical interaction between Rad24p and
Dss1p and between Rad24p and Raelp. We could not directly
investigate the formation of a ternary complex of Dsslp-
Rad24p-Raelp, because Dsslp and Raelp also interact in vitro
directly (5).

Recruitment of Rad24p to the DSB site raised the intriguing
possibility of whether Cdc25p was also recruited by its interac-
tion with Rad24p under the conditions of DNA damage.
Indeed, a clear enrichment of Cdc25p following the pattern of
Rad24p was discernible in the ChIP experiments. Cdc25p
recruitment was also dependent on Dsslp. These results are
consistent with Dsslp-mediated recruitment of Cdc25p via
Rad24p into a single complex analogous to the Dss1p-Rad24p-
Raelp complex suggested above. Indeed, it is not unreasonable
to speculate that a four protein complex of Dsslp, Rad24p,
Raelp, and Cdc25p may exist in vivo on or near DNA DSB sites.

Mechanism of Checkpoint Control in S. pombe Cells—In S.
pombe, the Rad24p-Cdc25p interaction is well characterized in
mediating G,/M checkpoint control. The function of Rad24p is
thought to be mediated by its binding to phosphorylated
Cdc25p (47). Also, the binding of Rad24p to Cdc25p is preceded
by activation and phosphorylation of Cdc25p by Chklp kinase
or independently by Meklp (20, 47). Cdc25p dephosphorylates
Cdc2p (47). It is thought that to establish G,/M checkpoint
control, Rad24p-Cdc25p complex exits the nucleus (nuclear
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Nuclear sequestration

FIGURE 7. Nuclear sequestration model of Cdc25p in response to DNA
damage. DNA damage leads to activation of Chk1p kinase that phosphory-
lates Cdc25p. Phosphorylated Cdc25p binds to Rad24p within the nucleo-
plasm (as shown in the schematic diagram) or after prebinding to DNA via
Dss1p. In either case, Cdc25p is sequestered from its target Cdc2p.

exclusion), thereby physically removing the enzyme (Cdc25p)
from its substrate (Cdc2p). However, recently it has also been
suggested that nuclear exclusion of Cdc25p may not be essen-
tial for cell cycle arrest in response to DNA damage (22).

Our results here support a new mechanistic scenario. In this
scenario, DNA DSB formation signals activation of Chklp
kinase. At the DSB site, DNA repair factors including Dss1p are
recruited (Fig. 7). Rad24p and Cdc25p (phosphorylated by acti-
vated Chklp kinase) are recruited concurrently or sequentially
to the break site via Dss1p. Raelp is also likely recruited to the
same site, dependent on Rad24p and Dss1p. The recruitment of
Cdc25p physically separates it from its target Cdc2p and thus
prevents it from activating Cdc2p. In the absence of active
Cdc2p, the cells are prevented from entering mitosis. Once the
DNA is repaired, the protein complexes are likely disassembled,
releasing Cdc25p into the nucleoplasm to interact with and
activate Cdc2p. This in turn allows the cells to enter mitosis.

What Is the Role of Raelp in Checkpoint Control in S. pombe?—
Several experiments now link Raelp to the S. pombe cell cycle
progression. First, rael-1 temperature sensitive mutant at the
restrictive temperature causes cells to arrest at G,/M boundary
(25, 37). Sensitivity of rael-1 cells to DNA-damaging agents
shown here is consistent with a functional role in monitoring
DNA damage and/or cell cycle. Interestingly, another mutant
of rael (rael-167) was not sensitive to any DNA-damaging
agent (data not shown), suggesting allele specificity of the func-
tion of Raelp in DNA damage. Second, we have previously
shown the role of Raelp in mRNA export within a protein com-
plex comprised of mRNA export factors Uap56p, Dss1p, and
Mlo3p. Most of the S. pombe Raelp is localized to the nuclear
pore in association with nucleoporin Nup98 (25). Our hypoth-
esis is that a Raelp-containing mRNA export complex func-
tions at the nuclear pore. In contrast, the recruitment of Raelp
to the DSB site described in this paper is reflective of a separate
protein complex with components that are not known to be
linked to mRNA export. In particular, neither Nup98 nor
Nup159 associated with the Rad24p-purified complex that
pulled down Raelp. (Raelp is stably bound to Nup98 in mRNA
export complexes, and these proteins co-purify in vivo/in vitro

VOLUME 285+NUMBER 19-MAY 7, 2010



(48)). Third, the direct physical interaction between Raelp and
Rad24p in vitro and Rad24p-dependent recruitment of Raelp
in vivo suggest a molecular basis for Raelp function through
Rad24p in checkpoint control. Finally, for establishing cell cycle
delay, Cdc25p function must be inhibited so that it does not
activate Cdc2p. The timing of the function of Raelp in the cell
cycle also places it prior to Cdc2p activation (23, 25). Based on
the work described here, the key future question regarding the
role of Raelp in checkpoint control is whether its function
affects Cdc2p directly or indirectly (i.e. via Cdc25p) or via
another target protein.
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