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Double-stranded DNA breaks (DSBs) are highly detrimental
DNA lesions, which may be repaired by the homologous recom-
bination-mediated repair pathway. The 5’ to 3’ direction of
long-range end resection on one DNA strand, in which 3’-sin-
gle-stranded DNA overhangs are created from broken DNA
ends, is an essential step in this pathway. Dna2 has been demon-
strated as an essential nuclease in this event, but the molecular
mechanism of how Dna?2 is recruited to DNA break sites in vivo
has not been elucidated. In this study, a novel recombination
factor called Cdc24 was identified in fission yeast. We demon-
strated that Cdc24 localizes to DNA break sites during the repair
of DNA breaks and is an essential factor in long-range end resec-
tion. We also determined that Cdc24 plays a direct role in
recruiting Dna2 to DNA break sites through its interaction with
Dna2 and replication protein A (RPA). Further, this study
revealed that RPA acts as the foundation for assembling the
machinery for long-range end resection by its essential role in
recruiting Cdc24 and Dna2 to DNA break sites. These results
define Cdc24 as an essential factor for long-range end resection
in the repair of DSBs, opening the door for further investigations
into the enzymes involved in long-range end resection for DSB
repair.

Double-stranded DNA breaks (DSBs)? are one of the most
cytotoxic DNA lesions. DSBs can occur naturally inside cells
(e.g. meiotic recombination, mating type switch, or V(D)]
exchange); they can also be caused by endogenous reactive
metabolites and extracellular agents (e.g. UV, IR, and chemical
agents such as camptothecin (CPT)) (1). If DSBs are left unre-
paired or are repaired inappropriately, it will lead to a variety of
mutations such as deletions, insertions, translocation, and
genetic fusions, resulting in drastic genomic instability (2, 3).
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Eukaryotic cells have two major and conserved pathways to
repair DSBs: non-homologous end joining (NHE]) and homo-
logous recombination (HR) (4). In NHE], two broken DNA
ends are rejoined by the concerted actions of Ku70/80, DNA-
PKcs, DNA ligase IV, and some other proteins and enzymes (5).
NHE] does not need a homologous DNA sequence for the
repair of DSBs, so it can occur in any phase of the cell cycles but
dominates at G,/G, (6). Compared with HR, NHE] is an error-
prone pathway because genetic deletion or insertion of a few
base pairs is frequently observed at the break-rejoining site (7,
8). HR requires a homologous DNA template that is present in
a sister chromatid or an ectopic DNA sequence to fix breaks.
Therefore, the HR pathway dominates at the S and G, phases
and is a relatively error-free repair pathway, although genetic
mutations can occur at times (9, 10). A central step in the HR
pathway is the 5’ to 3’ digestion on one DNA strand from bro-
ken DNA ends to generate 3’-ended single-stranded DNA
(ssDNA) overhangs, a process termed DNA end resection (11,
12). The HR-mediated repair of DSBs is reliant on this end
resection because only ssDNA is able to invade a homologous
double-stranded DNA sequence and pair with one of two
strands to initiate the subsequent repair process of the DSBs.

DNA end resection is initiated by the Mrell-Rad50-Xrs2
(MRX) complex (or MRE11-RAD50-NBS1 (MRN) in Schizos-
accharomyces pombe/metazoans) along with Sae2 (or Ctpl/
CtIP in S. pombe/metazoans) in budding yeast (13—15). The
initial resection generates 3’'-ended ssDNA overhangs of
approximately a few dozen to 100 or 200 nucleotides in length.
Subsequent extensive resection requires two cooperative
nucleases, Exol and Dna2 (16 —-19). After 3'-terminated ssDNA
is available, RPA comes to coat the ssDNA, protect DNA ends
from degradation, and direct the 5'-3" resection polarity of
Dna2 (16, 17, 20, 21). RPA is subsequently displaced by DNA
strand exchange protein Rad51 with help from Rad52. Rad51
forms a nucleoprotein filament on the 3'-ended ssDNA sub-
strate and catalyzes homologous sequence searching and
strand invasion on a homologous DNA sequence followed by a
series of steps to fix DNA breaks (22, 23). DNA end resection is
a critical step in the HR pathway. It commits DSB repair to HR
and prevents NHE]J (21, 24). Over the past decade, we have
observed significant progress in understanding the end resec-
tion event (1, 4, 16, 17, 22). However, the mechanism of how
Dna2 and Exol are recruited to DNA break sites still remains to
be resolved.
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FIGURE 1. Cdc24 localizes to DSB sites during the DNA break-repairing process. A, growth sensitivity of dna2® and cdc24® cells to various temperatures.
B-D, a 5-fold dilution assay was conducted. The cells on the plates were incubated at the indicated temperatures and growth conditions for 3 or 4 days, and
then the cells were photographed. B, a 5-fold dilution assay showed that the growth of dna2®, cdc24%, rgh1A, and exo1A cells is sensitive to CPT and BLM. C,
dna2*-exo1A and cdc24%-exo1A cells are more sensitive to CPT and BLM than dna2®® cdc24%, and exo1A cells. D, dna2**-rgh1A and cdc24%-rqh 1A cells are more
sensitive to CPT and BLM than dnaZ‘SV cdc24%,and rgh1A cells. E, Cdc24 and Dna2 localize to DSB sites, similar to Rad52. A HO-induced DSB system was used for
this assay. Cdc24, Dna2, and Rad52 were tagged by YFP, mCherry, and CFP, respectively. These cells were incubated in EGRL medium at 30 °C for 18 h for the
expression of HO endonuclease and the generation of HO-induced DNA breaks followed by ethanol fixation and a fluorescent focus assay. The percent of

co-localized Cdc24 and Dnaz2 foci is shown in the lower panel.

In this study, we identified Cdc24 in the fission yeast
S. pombe as an essential recombination factor that participates
in the repair of DSBs. Cdc24 is an essential protein for cell
growth (25). Its function is implicated in DNA replication, but
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its precise biochemical action has not yet been determined (25—
28). We first determined that Cdc24, like Dna2 and Rad52,
localizes to DNA break sites during the break-repairing pro-
cess. Then, Cdc24 was found to be essential for long-range end
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FIGURE 2. Cdc24 is required for long-range end resection. A, schematic of HO-induced DSB and end resection assay. B, upper panel, the cells were first grown
at 26 °Cfor 8.5 h and then shifted to 36.5 °C for the indicated times. Cell samples were taken at 3,4, 5, 6, 7, 8, and 10 h to examine the cut rate at the HO site and
end resection rate at 35 bp and 3.1, 9.4, and 20 kb from the HO site. Lower panel, a similar percentage of DNA cut at the HO site at the indicated times in the wt
and cdc24%, dna2®, exo1A, rgh1A, cdc24™-exo1A, and cdc24*-rqgh1A cells. C-F, long-range end resection was significantly reduced in the dna2®, cdc24®, exo1A,
cdc24*-rgh1A, and cdc24"-exo1A cells, but only a moderate reduction was seen in the rgh 1A cells. The mutant strains that contain the system of HO-induced
DSBs were constructed using standard genetic methods. The cells were first incubated in EGRLU medium at 26 °Cfor 8.5 hand then at36.5 °Cfor6,7,7,and 10 h
for the examination of end resection at 35 bp and 3.1, 9.4, and 20 kb, respectively. The efficiency of end resection was measured as described under
“Experimental Procedures.” G-/, end resection rates at the 3.1-, 9.4-, and 20-kb sites at the indicated induction times in wt and mutant cells. Three independent
assays were performed, and the data are presented as means =+ S.E. Statistical significance was determined using Student’s unpaired t test. **, p < 0.01,
statistically significant; n.s., not significant.
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resection, indicating that Cdc24 participates in the HR path-
way. Finally, we demonstrated that Cdc24 is required to recruit
Dna?2 nuclease to DNA break sites through its interaction with
Dna2 and RPA for catalyzing end resection. This finding also
may be related to the essential role of Cdc24 in DNA replication
and cell growth.

Results

Cdc24 Is Localized to DSB Sites during the Repair of DSBs—
To investigate the mechanism of long-range end resection in
fission yeast, we first examined the growth sensitivity of some
S. pombe mutant strains to CPT or BLM (bleomycin) (two
chemicals that induce DNA breaks), including Cdc24, Dna2,
Exol, and Rqhl mutant cells. Cdc24 was included in this study
because some previous studies suggest that Cdc24 and Dna2
may have a biological interaction with one another (27-29).
Cdc24 and Dna?2 are essential for cell growth, so their temper-
ature-sensitive mutants were used (25, 30). The results shown
in Fig. 1A indicate the extent of growth sensitivity of dna2®
(L1079S mutation) and cdc24® (C114R mutation) cells at
26-37 °C. As in budding yeast, S. pombe dna2®, rghlA (the
homologue of Sgs1 in fission yeast), and exolA cells showed
high sensitivity to CPT/BLM (Fig. 1, B-D). In addition, we
found that cdc24* cells were also highly sensitive to CPT/BLM
(Fig. 1, B-D). We further examined dna2-rqhlA, cdc24"-
rghlA, dna2®-exolA, and cdc24'*-exoIA cells, which showed
synthetic sensitivity to CPT and BLM (Fig. 1, C and D), indicat-
ing that these proteins have an additive function in DSB repair.
We were not able to examine dna2-cdc24% cells because they
grew very weakly and died constantly even at 26 °C.

The high sensitivity of cdc24® cells to CPT/BLM suggests
that Cdc24 may have a direct role in DSB repair. Thus, we first
examined whether Cdc24 localizes to DSB sites during break
repair. A routine HO-induced DNA break system was used
(31). As presented in Fig. 1E, both Cdc24 and Dna2 co-localized
with Rad52 based on the overlapping fluorescent foci of these
proteins. Co-localization of Cdc24-YFP and mCherry-Dna2
foci was nearly 95%. This result indicates that Cdc24 and Dna2
localize to DSB sites, because Rad52 is a known HR-mediated
break repair protein.

Cdc24 Is Required for Long-range DNA End Resection—Next,
we examined how end resection is affected in cdc24" cells, as
well as in dna2®, rqhlA, exolA, cdc24*-exolA, and cdc24*-
rqhlA (Rqh1 is the homologue of Sgs1 in fission yeast) mutant
cells, using a method based on quantitative PCR (qPCR) (31, 32)
(Fig. 2A). A scheme for break induction and the percentage of
DNA cut at the HO site versus time induction is presented in
Fig. 2B. The rate of DNA cut/break at the HO site was similar in
the wt and mutant cells (Fig. 2B). However, the long-range end
resection was significantly reduced in the cdc24", dna2", and
exolA cells (Fig. 2, C-F). This result indicates that Cdc24 is an
essential factor for the repair of DSBs and that it functions in
the HR pathway. Consistent with previous findings (16, 17),
Dna2 and Exol are also required for long-range end resection in
fission yeast (Fig. 2, C-F). We also detected a further decrease in
end resection in the cdc24"-rqhlA and cdc24-exolA cells,
indicating that Cdc24, Exol, and Rqh1 have an additive action
in promoting end resection (Fig. 2, C—F), consistent with a
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FIGURE 3. Homologous recombination was reduced in dna2* and cdc24*
cells. A, schematic of Humphrey's system to examine DSB repair efficiency
(33). B, the frequency of HR (gene conversion) and NHEJ was measured using
the system developed in T. C. Humphrey's laboratory. The detailed procedure
is described under “Experimental Procedures.”

greater sensitivity of the cdc24®-rqghlA and cdc24%-exo1A cells
to CPT or BLM (Fig. 1, C and D). A previous finding indicates
that long-range end resection is not much affected in rghlA
cells (32). In this study, we also found that Rqh1 deficiency did
not affect end resection as much as in ¢dc24%, dna2", and exo1A
cells (Fig. 2, C—F). The high sensitivity of rgh 1A cells to CPT and
BLM suggests that Rqgh1l may have an additional function in
DSB repair, besides its moderate role in long-range end resec-
tion. Fig. 2, G-I, presents the efficiency of long-range end resec-
tion at different induction times, which is basically consistent
with the results presented in Fig. 2, C—F.

To further confirm Cdc24 function in DSB repair, the effi-
ciency of DSB repair was measured according to a method
developed by Humphrey and colleagues (33) (Fig. 3A). Consis-
tent with a reduced end resection, the frequency of gene con-
version, which reflects the efficiency of DSB repair through the
HR pathway, decreased by ~40% in the cdc24® and dna2* cells
compared with that in wz cells (Fig. 3B). This assay was con-
ducted at a cell growth temperature of 30 °C, the temperature at
which the mutant and wt cells had a similar survival rate.
Although the rate of HR was reduced, NHE] and loss of
heterozygosity, as expected, correspondingly increased in the
dna2® and cdc24* cells (Fig. 3B).
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Cdc24 Interacts with Dna?2 Inside the Cells—To elucidate the  formed using the TAP antibody against Cdc24-TAP in whole
biochemical action of Cdc24 in long-range end resection, we  cell extracts. A protein of ~170 kDa was isolated and identified
first tried to determine the protein(s) that Cdc24 interacts with  as Dna2 by mass spectroscopy (Fig. 4A). Besides Dna2, we also
in vivo. Thus, an immunoprecipitation (IP) assay was per- detected RPA in the pulled-down fraction. Reciprocal IP con-
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FIGURE 5. Cdc24 is required to recruit Dna2 to DSB sites. A, Cdc24 is required for Dna2 to localize to DSB sites. This assay was conducted as described in Fig.
1E except for modifications to the growth temperature. wt, cdc24®, or dna2* cells with an Ay, of ~0.05 were each inoculated into an EGRL culture and
incubated at 26 °C for 8.5 h. Next, the three cultures were shifted to 36.5 °C for an additional 8-h incubation followed by cell fixation with ethanol and analysis
of fluorescent foci. B, a statistical measure shows a significant reduction of cdc24* cells having mCherry-Dna2 foci or dna2® cells having Cdc24-YFP foci. **, p <
0.01, statistically significant. C, the interaction between Cdc24* and Dnaz2 is significantly impaired at growth temperatures of 26 and 36.5 °C. The cdc24* and
wt cells were grown to an Agq, of ~0.3 at 26 °C and then were shifted to 36.5 °C for a 6-h incubation. Whole cell extracts were prepared and subjected to IP with
monoclonal anti-HA-agarose beads against HA-Dna2. The pulled-down proteins were examined using the HA antibody to detect HA-Dna2 and the TAP
antibody to detect Cdc24-TAP. D, the interaction between Dna2* and Cdc24 was undetected at 36.5 °C. The assay was performed as described in C except that
1gG beads were used to pull down Cdc24-TAP. HA-Dna2 and Cdc24-TAP were detected by Western blotting using the HA and TAP antibodies.

firmed the interaction of Dna2 and Cdc24 (Fig. 4B). Further, nus, and Dna2 was tagged by mCherry at its N terminus. These
protein affinity chromatography with purified Cdc24and Dna2  two tagged genes were integrated into their origin genomic
demonstrated that Dna2 and Cdc24 can interact directly with  locus under the control of their native promoters as having a
one another (Fig. 4C). To examine the distribution of Dna2 and  physiological level of Cdc24-YFP and mCherry-Dna2 inside the
Cdc24 inside the cells, Cdc24 was tagged by YFP at its C termi-  cells. The results shown in Fig. 4D indicate that both Cdc24 and

FIGURE 4. Cdc24 and Dna2 directly interact with one another. A-C, Dna2 and RPA were isolated in the immunoprecipitation with IgG-beads against
Cdc24-TAP (A, Coomassie Blue staining); reciprocal IPs of HA-Dna2 and Cdc24-TAP were carried out using monoclonal anti-HA-agarose beads and IgG beads.
(B, Western blotting); and protein affinity chromatography with purified Cdc24 and Dna2 showed that they interact directly (C, Western blotting). D, a portion
of Cdc24-YFP and mCherry-Dna2 had overlapping foci. Cdc24-YFP and mCherry-Dna2 were expressed under their native promoters. Unsynchronized cells
were subjected to fluorescent analysis. £, overexpressed Cdc24 and Dna2 form a complex in vivo and are located in the nuclei. YFP-tagged Cdc24 or Cdc24* and
mCherry-tagged Dna2 or Dna2" were overexpressed under the promoter of nmt41. Unsynchronized cells were first incubated at 26 °C for 12 h and at 36.5 °C
for 6 h and then subjected to fluorescent analysis. Top panel, both overexpressed Dna2 and Cdc24 were enriched in the nucleus. Middle panel, Dna2, but not
Cdc24", was enriched in the nucleus. Bottom panel, both Dna2® and Cdc24 were evenly distributed in the cytoplasm and nucleoplasm and were not enriched
in the nucleus.
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Dna2 are quite evenly distributed in the cytoplasm and nucle-
oplasm. A portion of Cdc24 and Dna2 showed overlapping fluo-
rescence, indicating again that these two proteins interact with
each other to form a complex. Interestingly, when Cdc24-YFP
and mCherry-Dna2 were overexpressed, the majority of the
Cdc24-YFP and mCherry-Dna2 were found in the nucleus and
had a nicely overlapping fluorescence (Fig. 4E, top panel), indi-
cating that an intrinsic interaction exists between Cdc24 and
Dna2. mCherry-Dna2 was still enriched in the nucleus when
Cdc24-YFP and mCherry-Dna2 were overexpressed (Fig. 4E,
middle panel). But when mCherry-Dna2® and Cdc24-YFP were
overexpressed, both of them were evenly distributed in the cells
and not enriched in the nucleus (Fig. 4, bottom panel), suggest-
ing that the transportation of Cdc24 into the nucleus requires
Dna2 function. Here, both in vivo and in vitro assays indicated
that Cdc24 is able to interact directly with Dna2.

Cdc24 Is Required for the Formation of Dna2 Foci at DNA
Break Sites—W e next examined whether Dna2 could localize to
DSB sites when Cdc24 function is defective. In wt cells with
normal Cdc24 function, both Cdc24 and Dna2 were enriched in
the nuclei after DNA breaks and were localized to DSB sites
(Fig. 5A, top panel). However, in the cdc24" cells, both the num-
ber and fluorescent extent of the Dna2 and Cdc24 foci at DSB
sites were hardly detectable (Fig. 5A, middle panel). Cdc24*
appeared to be evenly distributed in the cytoplasm and nucleus;
and Dna2 existed in the cytoplasm and nucleus, with enrich-
ment in the nuclei (Fig. 54, middle panel). Similar to the cdc24*
cells, the Dna2 and Cdc24 foci were also significantly decreased
in the dna2® cells (Fig. 5A, bottom panel). Both Cdc24 and
Dna2" were distributed evenly in the cytoplasm and nucleus of
the dna2® cells, but there was no enrichment of either Cdc24 or
Dna2" in the nucleus (Fig. 54, bottom panel). A statistical mea-
sure indicates that the percentage of cells having Dna2 or
Cdc24 foci decreased by approximately 7- and 13-fold in the
cdc24" and dna2® cells, respectively (Fig. 5B). Correspond-
ingly, the intensity of Rad52 florescent foci decreased signifi-
cantly in cdc24® and dna2" cells compared with that in wz cells
(Fig. 5A, middle and bottom panels), indicating that end resec-
tion was impaired. As expected, even at 26 °C, the interaction
between Cdc24"* and Dna2 was markedly reduced; at 36.5 °C,
the interaction was undetected (Fig. 5C) based on the IP assay
with anti-HA monoclonal antibody against HA-Dna2. The
interaction between Dna2" and Cdc24 was not detectable by IP
at 36.5°C (Fig. 5D). These results indicate that Cdc24 is
required to recruit Dna2 to DSB sites. The results shown in Fig.
5A, bottom panel, also suggest that Dna2 has an essential role in
the enrichment of Cdc24 in the nucleus or in the transportation
of Cdc24 into nucleus.

Through Cdc24, Dna2 and RPA Have an Indirect Interaction
Inside the Cells—The above result indicates that Cdc24 is
required for Dna2 to localize to DNA break sites. Next, we
wanted to know how Cdc24 is recruited to the DSBs. For HR-
mediated DSB repair, the first step is MRN-mediated short-
range end resection at the broken ends, which creates the
3’-ended ssDNA overhangs of a few dozen to a few hundred
nucleotides (4). This ssDNA strand will be coated by RPA. In
the IP assay used to search for Cdc24-interacting proteins (Fig.
4A), besides Dna2, RPA was also found in the fraction. Thus,
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FIGURE 6. Cdc24 interacts with RPA, and the interaction between Dna2
and RPA is mediated by Cdc24. A, Dna2 does not interact with RPA in the
cdc24* cells. The wt or cdc24® cells were cultured at the indicated tempera-
tures. IP with anti-HA-agarose beads against HA-Dna2 was carried out with
whole cell extracts. Western blotting results are presented. B, Cdc24 interacts
with RPA in the wt or dna2® cells. The assays were carried out as described in
A. Western blotting results are presented.

RPA could be the protein that recruits Cdc24 to DNA break
sites. Thus, we examined the interaction among Dna2, Cdc24,
and RPA. First, an IP assay against Dna2 was carried out in w¢
and cdc24® cells. As shown in Fig. 64, Dna2 interacted with
RPA in wt cells at a growth temperature of either 26 or 36.5 °C,
because the RPA1 subunit (the large subunit in RPA) was
detected in the pulled-down fraction using a monoclonal HA
antibody against HA-Dna2. But, the RPA1 subunit was under
detectable levels in the cdc24® cells at either 26 or 36.5 °C in a
similar IP assay (Fig. 6A4). However, in the wt or dna2* cells, the
interaction between Cdc24 and RPA was detected and was not
changed in either the we cells or dna2* cells at both the permis-
sive and restrictive temperatures of 26 and 36.5 °C based on the
IP assay with IgG beads against Cdc24-TAP (Fig. 6B). Thus, the
results shown in Fig. 6, A and B, and Fig. 4, B-D, indicate that
Cdc24 can interact with both Dna2 and RPA, but the interac-
tion between Dna2 and RPA requires the presence of Cdc24. In
other words, the interaction between Dna2 and RPA occurs
through their interactions with Cdc24.

Cdc24 Recruits Dna2 to DNA Break Sites through Its Interac-
tion with RPA and Dna2—The interactions among Dna2,
Cdc24, and RPA suggest the role of RPA in recruiting Cdc24
and Dna2 to DNA break sites. To prove this suggestion, we used
a fluorescent assay. First, in rpal® cells, both the intensity and
number of RPA1 and Rad52 foci significantly decreased com-
pared with that in wt cells at the restrictive temperature of
36.5 °C, confirming the essential function of RPA in the repair
of DSB (Fig. 7A). Then, we examined how the recruitment of
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FIGURE 7. RPA is required to recruit Cdc24 and Dna2 to DNA break sites. A, the intensity and number of RPA foci decrease in the rpa1* cells. The RPA1-YFP
gene was integrated into its original genomic locus under the control of the native promoter. The cultures of wt and rpa1® cells were first grown to an Agg, of
~0.3 at 26 °C and then shifted to 36.5 °C for an additional 6-h incubation. The cells were fixed and subjected to fluorescent analysis. B, Cdc24 and Dna2 are not
localized to DNA break sites in the rpa1®™ cells. The assays were conducted as described in Fig. 6A. The foci of Cdc24-YFP, mCherry-Dna2, and Rad52-CFP are
presented. C-E, quantification of RPA (C), Cdc24 (D), and Dna2 (E) foci in the wt and rpal® cells. The percentage of cells having RPA, Cdc24, or Dna2 foci is

arbitrarily assumed to be 100% in the wt cells.

Cdc24 and Dna2 to break sites is affected when RPA is func-
tionally defective. As shown in Fig. 7B, the foci of Cdc24 and
Dna2 were readily detected in wt cells, but they were hardly
detectable in the rpal® cells. Correspondingly, the intensity
and number of Rad52 foci also significantly decreased. A statis-
tically significant reduction of the RPA, Cdc24, and Dna2 foci in
rpal® cells is shown in Fig. 7, C, D, and E, respectively. These
results are consistent with the finding in budding yeast (20)
Taking these results together, we conclude that RPA acts as a
foundation for recruiting Cdc24 and Dna2 to DNA break sites.

Cdc24 Is Required for Dna?2 to Digest RPA-coated Fork-struc-
tured DNA—To further demonstrate that Cdc24 is responsible
for recruiting Dna2 to RPA-coated DNA, an in vitro DNA
digestion assay was performed. As shown in Fig. 84, lane 2,
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Dna2 alone was able to digest a naked DNA fork, consistent
with previous findings that Dna2 is able to access a naked
ssDNA (30, 34). However, when an increasing amount of RPA
was added to the reactions, DNA digestion was reduced and
eventually blocked (Fig. 84, lanes 3-5). This result indicates
that S. pombe Dna2 is unable to access RPA-coated ssDNA.
When Cdc24 was further added to the reactions, DNA diges-
tion was restored (Fig. 8B, lane 7). Moreover, when both RPA
and Cdc24 were present, the DNA digestion of Dna2 was stim-
ulated (Fig. 8B, lane 7).

Discussion

In this study, a new recombination and DSB repair factor,
called Cdc24 in the fission yeast S. pombe, was identified. Cdc24
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FIGURE 8. Cdc24 is required for Dna2 to digest RPA-coated DNA sub-
strate. A 3?P-labeled fork-structured DNA was used to examine Dna2-medi-
ated digestion in the presence or absence of RPA and Cdc24. A, RPA blocks
Dnaz2 digestion. Increasing amounts of RPA as indicated were added to the
reactions. 15 fmol of forked DNA molecule was used, and the reactions were
incubated at 30 °C for 30 min. Dna2 digestion products were detected by
denatured PAGE. B, Cdc24 restores Dna2 digestion of RPA-coated fork-struc-
tured DNA. The amounts of Cdc24, Dna2, and RPA in the reactions were indi-
cated. 50 fmol of forked DNA molecule was used, and the reactions were
incubated at 30 °C for 30 min.

was found to be an essential factor for long-range end resection
in the repair of DSBs (Fig. 2). The molecular mechanism of
Cdc24 action in DSB repair is to recruit Dna2 to DNA break
sites through its interaction with both Dna2 and RPA for sub-
sequent Dna2-catalyzing end resection (Figs. 4—8). RPA was
demonstrated to act as a foundation in recruiting Dna2 and
Cdc24 at break sites (Figs. 6 —8). Thus, this study answers the
question of how Dna2, a nuclease critical for long-range end
resection, is recruited to DNA break sites (Fig. 9).

Although Cdc24 is required to recruit Dna2 to DSB sites or to
RPA-coated ssDNA (Fig. 54, 8), Dna2 also appears to play a
critical role in the transportation of Cdc24 into nucleus. When
both Dna2 and Cdc24 were overexpressed, they were enriched
in the nucleus (Fig. 4E, top panel). But Cdc24 was not enriched
in the nucleus when Cdc24 and Dna2*® were co-overexpressed
(Fig. 4E, bottom panel). In contrast, Dna2 was enriched in the
nucleus when Dna2 and Cdc24" were overexpressed (Fig. 4E,
middle panel). These results suggest that the nuclear localiza-
tion of overexpressed Cdc24 requires Dna2 function but that
overexpressed Dna2 can localize to the nucleus in the absence
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of Cdc24 function. Further, under DNA breaks, both Cdc24
and Dna2, having amounts at a physiological level, were
enriched in the nucleus and formed foci at DSB sites (Fig. 54,
top panel). However, when Dna2 was functionally defective
(Dna2®), Cdc24 was not enriched in the nucleus and did not
form foci at DSB sites (Fig. 54, bottom panel). These results
taken together suggest that Dna2 is required for transporting
Cdc24 into the nucleus, probably through the formation a
Cdc24-Dna2 complex.

Cdc24 is required for cell growth, and its essential function
appears to be related to DNA replication (25, 27). However, its
exact biochemical function in replication has not been deter-
mined. We did not find Cdc24 to have any nuclease activity (Fig.
8B). Neither did we detect any DNA binding activity in Cdc24.>
Besides Dna2 and RPA, there were no other replication-related
proteins in the Cdc24 pulled-down fraction (Fig. 44). Both RPA
and Dna?2 are essential factors for DNA replication. RPA, a sin-
gle-stranded DNA-binding protein in eukaryotes, binds to
ssDNA regions at replication forks. Besides protecting ssDNA
regions, RPA coordinates biochemical reactions at forks (35).
Dna?2 is required for processing Okazaki fragments for the syn-
thesis of lagging strand DNA (36). Therefore, based on the
above findings, we suggest that the essential function of Cdc24
in replication is possibly similar to its role in long-range end
resection and repair of DSBs: recruiting Dna2 to replication
forks through its interaction with RPA and Dna2.

As in budding yeast (16, 17), both Dna2 and Exol nucleases
are required for long-range end resection in fission yeast (Fig.
2), suggesting that the basic mechanism of this event should be
conserved. But different from budding yeast, Rqh1, the homo-
logue of Sgs1 in fission yeast, does not appear to have an impor-
tant role in end resection in fission yeast, although a moderate
decrease in long-range end resection was detected in the rghIA
cells (Fig. 2, Eand F). A moderate role for Rqhl in end resection
is also reported in a previous study (32). But Rqhl has been
shown to have an important role in end resection and homo-
logous recombination in other studies (37, 38). The biochemi-
cal properties of Dna2 have been thoroughly characterized in
vitro; it preferentially cleaves a flap DNA structure (39). If the
basic enzymatic activity of S. pombe Dna2 is not changed in
vivo, aflap structure should be generated during long-range end
resection. In this case, Rqhl does function in long-range end
resection (Fig. 2, E and F). In support of this, a further decrease
in end resection was also observed in the cdc24®-rqh1A double
mutant compared with that in the cdc24* cells (Fig. 2, D and E).
However, considering a moderate role for Rqh1 in long-range
end resection, the question remained as to what extent flap
DNA structures are generated in vivo during long-range end
resection in fission yeast. It is also unknown at present whether
another mechanism generates flap structures besides DNA
helicase action.

The identification of Dna2 and Exol in long-range end resec-
tion is a big step in elucidating the molecular mechanism of
long-range end resection (16, 17). In this study, we solved the
question how Dna2 is recruited to DNA break sites (Fig. 9).

3 H. Zhang, Y. Hua, R. Li, and D. Kong, unpublished data.
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FIGURE 9. A model of the long-range end resection in fission yeast. After DNA breaks, the MRN complex and Ctp1 first bind to DNA break ends and carry out
alimited DNA end resection, which generates a 3'-ssDNA overhang of a few dozen to a few hundred nucleotides in length. Then, RPA comes to bind the ssDNA.
Subsequently, RPA recruits the Cdc24-Dna2 complex to DNA break sites through the interaction between RPA and Cdc24. Exo1 is also recruited to the break
sites. Then, the Cdc24-Dna2 complex and Exo1 coordinate to conduct long-range end resection, generating an ssDNA of a few kilobases.

However, in this end resection event, a few obvious questions
still remain to be answered. For example, how is Exol recruited
to DNA break sites? Considering that Exol is an exonuclease
and Dna2 is a flap endonuclease, a question arises as to how
these two nucleases coordinate to catalyze long-range end
resection. It is also not clear how MRN- and Ctp1l-initiated end
resection is transitioned to long-range end resection. In the
future, these questions will require elucidation in order to gain
a better understanding of the end resection event.

Experimental Procedures

Dilution Assays—Routinely, a single colony was picked and
incubated in 5 ml of YES medium (0.5% yeast extract, 3% glu-
cose, 225 mg/liter adenine, histidine, leucine, uracil, and argi-
nine) at 26 °C to an Ay, — 0.5-1.0. Each culture was measured
for its Ay, value and was diluted to A5, = 0.5; 5-fold serial
dilutions of each culture were spotted on the indicated plates,
allowed to grow for 3—4 days, and then photographed.
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Localization Assay of Cdc24 and Dna2 to DNA Break Sites—
Originally developed by Dr. James Haber (40), the HO-in-
duced system was used to determine whether Cdc24 and
Dna2, under the control of their native promoters, were
localized to DNA break sites during the repair process (31).
Cdc24, Dna2, and Rad52 were tagged with YFP, mCherry,
and CFP, respectively. Cells were first incubated until log
growth phase in YES medium and were then collected,
washed with ddH,O, and inoculated in EGRL medium
(EMM medium with a replacement of NH,Cl with 3.7 g/l
sodium glutamate, and supplemented of 225 mg/liter argi-
nine and leucine) with an initial A, = 0.05. After incuba-
tion at 30 °C for 18 h for the formation of the HO-induced
break site, the cells were fixed with 70% ethanol and exam-
ined by DeltaVision fluorescent microscopy to determine
the localization of Cdc24 and Dna2 inside the cells.

To examine the localization of Dna2 in Cdc24-defective
cdc24" cells, a culture with an initial A5y, = 0.05 was incu-
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bated in EGRL medium at 26 °C for 8.5 h and then shifted to
36.5 °C for an additional 8 h. The cells were fixed with etha-
nol and subsequently subjected to a fluorescence assay.

End Resection—Using the HO system (31), the efficiency of
end resection was measured in the strains with a genetic back-
ground of dna2*, cdc24, exo1A, rqhlA, dna2®-rqhlA, cdc24"-
rghlA, dna2®-exolA, or cdc24-exolA (Table 1). These cells
were first incubated in YES medium at 26 °C to log growth
phase. Next, the cells were transferred to EGRLU medium
(EMM medium with a replacement of NH,Cl with 3.7 g/l
sodium glutamate, and supplemented of 225 mg/liter arginine,
leucine and uracil) and incubated at 26 °C for 8.5 h and at
36.5 °C for the indicated time, for HO-induced break formation
and subsequent end resection. Genomic DNA was prepared
from these cells and subjected to the examination of end resec-
tion efficiency using qPCR as described previously (31, 32).

HR Frequency—The effect of defective Cdc24 (cdc24) or
Dna2 (dna2®) on homologous recombination was measured
according to the method developed by Humphrey and his col-
leagues (33). To obtain accuracy of the measured recombina-
tion frequency with this assay, it was necessary to verify that
each cdc24® or dna2* cell was viable. Thus, the recombination
frequencies in the cdc24* or dna2® cells were measured at a
growth temperature of 30 °C.

Overexpression and Purification of Dna2 and Cdc24
Protein—Cdc24 and Dna2 were overexpressed and purified
from S. pombe cells. To facilitate purification, Cdc24 was
tagged with GST and Hisg at its C terminus; Dna2 was tagged
with 3FLAG at the N terminus and Hisg at the C terminus. Both
genes were under the control of the nmt1 promoter. Four liters
of Edinburgh minimal medium (5 g/liter NH,Cl; Ref. 41) were
inoculated with cells containing the Cdc24-GST-His, or
3FLAG-Dna2-Hisg overexpression vectors to an A5y, = 0.05
and incubated at 26 °C for 19 h. The following procedure was
performed at 4 °C. To purify Cdc24, cells were collected, resus-
pended in 30 —40 ml of buffer A (25 mm Tris (pH 7.5), 100 mm
NaCl, 5 mM magnesium acetate, 8 mM 3-mercaptoethanol, and
10% glycerol), and lysed with glass beads. Cell debris was
removed by centrifugation at 18,000 rpm for 30 min. The super-
natant was further filtered through a 0.45-um membrane. Next,
1 ml of Ni-NTA (nickel-nitrilotriacetic acid) beads and 10 mm
imidazole were added and mixed by gentle rotation for 1 h.
Cdc24-GST-His,-bound Ni-NTA (nickel-nitrilotriacetic acid)
beads were washed with 500 mm NaCl and 10 mm imidazole a
few times to remove nonspecific bound proteins. Cdc24-GST-
His, was released from the beads with 250 mm imidazole and
then the mixture with Cdc24 subjected to GST affinity chroma-
tography with 800 ul of GST beads. After mixing for 2 h, the
beads were washed with buffer B (25 mm Tris (pH 7.5), 100 mm
NaCl, 5 mm magnesium acetate, 5 mm DTT, 10% glycerol, and
1% Triton X-100), and Cdc24 was released with glutathione.
Cdc24-GST-His, was further purified by gel filtration using an
$200 column.

To purify 3FLAG-Dna2-Hisg, the cells containing overex-
pressed Dna2 were collected, resuspended in 30 —40 ml of D100
(25 mm Tris (pH 7.5), 100 mm NaCl, and 10% glycerol), and
lysed with glass beads. After the cell debris was removed follow-
ing centrifugation at 18,000 rpm for 30 min, the supernatant
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was filtered through a 0.45-um membrane. Nickel-bead affinity
chromatography was performed as described above. 3FLAG-
Dna2-Hisg was then further purified with 500 ul of FLAG-
beads and S200 gel filtration. The purified Cdc24 and Dna2
were stored at —80 °C. During the above procedures of protein
purification, proteinase inhibitors were added.
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