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The large protein kinases, ataxia-telangiectasia mutated (ATM) and ATM-Rad3-related (ATR), orchestrate
DNA damage checkpoint pathways. In budding yeast, ATM and ATR homologs are encoded by TELI and
MEC1, respectively. The Mrell complex consists of two highly related proteins, Mrell and Rad50, and a third
protein, Xrs2 in budding yeast or Nbsl in mammals. The Mrell complex controls the ATM/Tell signaling
pathway in response to double-strand break (DSB) induction. We show here that the Mrell complex functions
together with exonuclease 1 (Exol) in activation of the Mecl signaling pathway after DNA damage and
replication block. Mecl controls the checkpoint responses following UV irradiation as well as DSB induction.
Correspondingly, the Mrell complex and Exol play an overlapping role in activation of DSB- and UV-induced
checkpoints. The Mrell complex and Exol collaborate in producing long single-stranded DNA (ssDNA) tails
at DSB ends and promote Mecl association with the DSBs. The Ddc1-Mec3-Rad17 complex associates with
sites of DNA damage and modulates the Mecl signaling pathway. However, Ddcl association with DSBs does
not require the function of the Mrell complex and Exol. Mecl controls checkpoint responses to stalled DNA
replication as well. Accordingly, the Mrell complex and Exol contribute to activation of the replication check-
point pathway. Our results provide a model in which the Mrell complex and Exol cooperate in generating long

ssDNA tracts and thereby facilitate Mecl association with sites of DNA damage or replication block.

The maintenance of genome stability is critical to the sur-
vival and propagation of all cellular organisms. In response to
DNA damage, cells activate a complex signaling pathway to
promote DNA repair and induce cell cycle arrest. When DNA
replication is blocked, cells also activate signaling pathways to
facilitate DNA synthesis and prevent entry into M phase.
These signaling pathways are called DNA damage or replica-
tion checkpoints in eukaryotes (11). These checkpoint path-
ways transmit signals through evolutionarily conserved protein
kinases (1, 64). Two large protein kinases, ataxia-telangiectasia
mutated (ATM) and ATM-Rad3-related (ATR), are the cen-
tral components of the checkpoint pathway in mammalian
cells. Whereas ATM responds primarily to double-strand
breaks (DSBs) of DNA, ATR functions in responses to DSB
induction as well as other types of DNA insults, such as UV-
induced lesions and stalled replication. These large kinases
regulate the activation of two downstream protein kinases,
Chk1 and Chk2.

In the budding yeast Saccharomyces cerevisiae, MECI and
TELI encode ATR- and ATM-related proteins, respectively.
Mecl responds to a variety of types of DNA damage and plays
a central role in DNA damage and replication checkpoint
controls (29), whereas Tell plays only a minor role in response
to DSBs (35, 39, 50). Mecl physically interacts with Ddc2 (also
called Lcdl and Piel), a protein related to the mammalian
ATR-interacting protein ATRIP (6, 41, 47, 59). Mecl and
Ddc2 function in the form of the Mecl-Ddc2 complex, and
both localize to sites of DNA damage and replication block
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(23, 25, 30, 32, 40, 48). Replication protein A (RPA) binds
single-stranded DNA (ssDNA), which is generated during
DNA repair and replication processes (61). Recent evidence
supports a model in which Ddc2 recognizes DNA damage by
interacting with RPA-coated ssDNA and enables the Mecl-
Ddc2 complex to associate with sites of DNA damage (65).
Similar to Mecl, Tell localizes to DSB lesions (38). However,
whether the Tell localization requires RPA function is not
known. Kinases related to mammalian Chkl and Chk2 are
called Chkl and Rad53, respectively, in budding yeast (64).
Rad53 plays a critical role in checkpoint responses to DNA
damage throughout the cell cycle as well as DNA replication
block (29), whereas Chkl acts at least in part at G,/M (49).
After DNA damage or replication block, Rad53 becomes
phosphorylated and activated in a Mecl- and Tell-dependent
manner (39, 50, 58). Rad53 activation leads to cell cycle arrest
and transcription of genes required for DNA synthesis and
repair (11, 29). Chkl is phosphorylated after DNA damage as
well, and its phosphorylation requires Mecl function (49).
Phosphorylation and activation of Rad53 are also dependent
on DDC1, MEC3, RAD17, and RAD24 (29). The Ddcl, Mec3,
and Rad17 proteins are homologous to the mammalian Rad9,
Husl, and Radl, respectively, and are all structurally related to
PCNA (64). Rad24, a mammalian Rad17 homolog, is structur-
ally similar to components of replication factor C (RFC) (64).
Ddcl, Mec3, and Rad17 form a PCNA-related complex (64),
whereas Rad24 forms an RFC-related complex with Rfc2,
Rfc3, Rfc4, and Rfc5 (17, 36). The Rad24 complex regulates
the recruitment of the Ddcl complex to sites of DNA damage
(25, 32). Localization of the Ddcl complex to sites of DNA
damage is also dependent on RPA function (66). The Rad24
and Ddcl complexes play crucial roles in the activation of the
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Mecl signaling pathway (29) but appear to function in parallel
with the Tell pathway (56).

The Mrell complex consists of two highly conserved pro-
teins, Mrell and Rad50, and a third protein, either Xrs2 in
budding yeast or Nbsl in mammals (8, 20). The Mrell com-
plex mediates diverse functions in several aspects of DNA
metabolism, including DSB repair and telomere maintenance.
The Mrell complex is implicated in two different repair pro-
cesses of DSB: homologous recombination and nonhomolo-
gous end joining. In DSB processing, the Mrell complex is
primarily involved in the generation of the 3’ ssDNA tails.
Exonuclease 1 (Exol) is highly conserved among eukaryotes
and possesses 5’ to 3’ double-stranded DNA (dsDNA) exonu-
clease activity (13, 52). In budding yeast, Exol acts in concert
with the Mrell complex in DNA repair and homologous re-
combination (34, 54). Although the Mrel1l complex behaves as
5" to 3’ exonuclease in vivo, Mrell orthologs have 3’ to 5’
dsDNA exonuclease and ssDNA endonuclease activities in
vitro (8, 20). Moreover, nuclease-deficient mrell mutants show
the wild-type level of DSB processing in mitosis (33). Thus,
how nuclease activities of the Mrell complex contribute to
ssDNA accumulation remains to be determined.

In addition to DSB repair, the Mrell complex is required
for checkpoint responses after DSB induction (8). Studies of
mammalian cells have established that the Mrell complex
controls the ATM signaling pathway (22, 43). Mutations in
ATM lead to ataxia-telangiectasia, and cells from these pa-
tients are hypersensitive to DSB-inducing agents and defective
in the checkpoint activation. Hypomorphic mutations in Mrell
and Nbsl cause ataxia-telangiectasia-like disease and Nijme-
gen breakage syndrome, respectively, disorders that are phe-
notypically similar to ataxia-telangiectasia. ATM activation
correlates with autophosphorylation on Ser 1981 (2), and this
phosphorylation requires functions of the Mrell complex (4,
57). Recent evidence suggests that the Mrell complex modu-
lates the substrate recognition of ATM by direct interaction
(26). Furthermore, the Mrell complex controls the accumu-
lation of ATM at DSB lesions (24). In budding yeast, the
Mrell complex controls the Tell signaling pathway (9, 56).
Tell interacts with Xrs2 in a manner dependent on the Xrs2 C
terminus (38). The C-terminal truncation impairs the Tell
localization to DSBs and diminishes Tell-dependent signaling
(38). Thus, the functions of ATM/Tell and the Mrell complex
in the cellular DNA damage response are conserved between
mammals and budding yeast. Although the Mrell complex is
required for activation of the ATM/Tell signaling pathway, it
does control the ATM/Tell-independent pathway. For exam-
ple, in budding yeast, the Mrell complex is essential for cell
survival after DNA damage (8, 20), but no apparent survival
defect is associated with fe/1A mutation (35, 39, 50). Further-
more, the Mrell complex is required for the G,/M-phase
DNA damage checkpoint after DSB induction (19), whereas
Tell contributes little to the checkpoint responses (39).

In this study, we show that the Mrell complex functions in
concert with Exol to activate the Mecl signaling pathway. The
Mrell complex and Exol collaborate in ssDNA accumulation
at DSB ends and promote Mecl association with DSBs. In
contrast, the Mrell complex and Exol are dispensable for
Ddcl association with DSBs. The Mrell complex and Exol
are not only required for checkpoint responses to DSBs but are
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TABLE 1. Strains used in this study’

Strain Genotype
KSC1560 smlIA:LEU2
KSC1562. o xrs2AhisG sml1A:LEU2
KSC1563 xrs2-11:KanMX smllA::LEU2
KSC1661 tel1A::KanMX smllA::LEU2
KSC1561. womecl A::LEU2 smllIA::LEU2
KSC1620. o Xrs2AhisG
KSC1933. ..mrell1A::hisG
KSC1846. ....ex0l A::URA3
KSC1979. o Xrs2A:hisG exol A::URA3
KSC1980. w.mrel IA::hisG exol A::=URA3
KSC1982. wrfal-tll
KSC1983. wrfal-tll xrs2A::hisG
KSC1512 MECI-HA::TRPI
KSC1632 MECI-HA::TRPI xrs2A::hisG
KSC1633. .. MECI1-HA::TRPI exol A::URA3
KSC1634. .. MEC1-HA::TRP1 xrs2A::hisG exol A::URA3
KSC1984. «..MECI-HA::TRPI rfal-t11
KSC1985. . MECI-HA::TRPI rfal-t11 xrs2A::hisG
KSC1637. ...DDCI-HA::TRPI
KSC1638 DDCI1-HA::TRPI xrs2A::hisG
KSC1639 DDCI-HA::TRPI exol A::URA3
KSC1640. ...DDCI-HA::TRP1 xrs2A::hisG exol A::URA3

KSC1986. :...DDCZ-HA::TRPZ rfal-tl1
KSC1987.... DDCI1-HA::TRPI rfal-tl11 xrs2A::hisG

“ All the strains are isogenic to KSC1516 (MATa-inc ADH4cs::HIS2 adel his2
leu2 trpl ura3) (37).

also involved in checkpoint activation after UV irradiation.
Moreover, they contribute to activation of DNA replication
checkpoints as Mecl does. We propose a model in which the
Mrell complex and Exol cooperate in generating long ssDNA
tails and thereby facilitate Mec1 association with sites of DNA
damage or stalled replication.

MATERIALS AND METHODS

Plasmids and strains. To express the HA-tagged Chkl protein, the DNA
sequences encoding the HA epitopes were attached in frame to the C-terminus
end of Chk1. The entire region of CHK1, lacking the termination codon and the
3’-untranslated region, was amplified by PCR. The CHKI-HA plasmid (YCpT-
CHKI1-HA) was constructed by ligation of the EcoRI-BgllI-treated PCR frag-
ment and a BamHI-Sall fragment encoding four hemagglutinin (HA) epitopes
with an EcoRI-Sall-linearized YCplac22 (16). The plasmids to construct mrel1A
and exolA mutations were obtained from H. Tsubouchi, H. Ogawa, and T.
Ogawa (54). YCpA-GAL-HO and YCpT-RADS53-HA were previously described
(38). Cells carrying the rfal-t11 mutation (55) were obtained by transforming the
pKU2-t11 plasmid (obtained from K. Umezu and R. Kolodner) after lineariza-
tion by PCR. Other strain constructs were described elsewhere (25, 37, 38, 59).
All the strains used in this study are isogenic to KSC1516 (37) and are listed in
Table 1.

Immunoblotting. Immunoblotting was performed as described previously (37).
To examine Rad53 phosphorylation after exposure to phleomycin or UV light,
cells carrying YCpT-RADS53-HA were grown in yeast extract-peptone-dextrose
(YEPD) and then arrested at G; or G,/M after a 2-h incubation with 6 wg of
a-factor/ml or 15 pg of nocodazole/ml, respectively. After arrest, cells were
treated with 50 ug of phleomycin/ml in the presence of a-factor or nocodazole.
Alternatively, cells were spread out on YEPD plates and immediately irradiated
with a 254-nm UV lamp at 75 J/m?. After UV irradiation, cells were released into
fresh YEPD medium containing a-factor or nocodazole. To examine Rad53
phosphorylation after hydroxyurea (HU) treatment, cells were arrested at G,
after incubation with 6 g of a-factor/ml for 2 h and then released into medium
containing 10-mg/ml HU. To examine the HO-induced Rad53 phosphorylation,
cells carrying YCpA-GAL-HO and YCpT-RADS53-HA were grown in selective
medium containing sucrose and then arrested with 15 pg of nocodazole/ml for
2 h at G,/M. To induce HO expression, galactose was added to the culture to 2%
at a final concentration. Cells carrying YCpT-CHK1-HA were treated similarly
to monitor the phosphorylation status of Chkl.
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FIG. 1. Effect of mecIA, tellA, or xrs2 mutations on phleomycin-
induced Rad53 phosphorylation. Cells carrying YCpT-RADS3-HA were
arrested at G,/M with nocodazole, and untreated (—) or treated (+)
with phleomycin, maintaining the G,/M arrest for 60 min. Cells were
then collected and subjected to immunoblotting analysis with anti-HA
antibodies. Strains used are wild type (KSC1560), mecIA (KSC1561),
telIA (KSC1661), xrs2A (KSC1562), and xrs2-11 (KSC1563). All the
strains contain an sm/I/A mutation that suppresses the lethality of
meclA mutants (63).

Phleomycin and UV synchrony experiments and cell survival assays. Phleo-
mycin and UV synchrony experiments were performed as previously described
(39, 59). Log-phase cultures were arrested with 15-pg/ml nocodazole for 2 h to
synchronize cells at G,/M. For exposure to phleomycin, cells were incubated with
50-pg/ml phleomycin for 1 h. Cells were then washed to remove both nocodazole
and phleomycin and released in fresh YEPD. For exposure to UV light, cells
arrested at G,/M were spread on YEPD plates and irradiated with a 254-nm UV
lamp at 75 J/m?. Cells were then washed to remove nocodazole and released into
fresh YEPD. At timed intervals, cells were withdrawn and stained with DAPI
(4',6'-diamidino-2-phenylindole) for microscopic examination. Cell viability af-
ter exposure to phleomycin or UV light was determined as described previously
(39, 59).

Measurement of DSB processing rate. DNA degradation at DSB ends was
monitored as previously described (37, 38). To prepare strand-specific probes,
DNA fragments were amplified from genomic DNA by PCR with oligonucleo-
tide primers flanked by a T7 promoter sequence. The sequences of the oligonu-
cleotides are available upon request. 3?P-labeled RNA probes were synthesized
with T7 RNA polymerase.

ChIP assay. The chromatin immunoprecipitation (ChIP) assay was performed
essentially as described previously (38). Anti-HA (12CAS5) antibodies and 0.1%
sodium deoxycholate were replaced by anti-HA (16B2) antibodies and 0.05%
sodium dodecyl sulfate, respectively. PCR was performed in a nonsaturating
condition, in which the rate of PCR amplification is proportional to the concen-
tration of substrate and cycling.

Immunofluorescence microscopic analysis. The culture was synchronized in
the G, phase by addition of 6-pug/ml a-factor for 2 h. Cells were then washed to
remove a-factor and released into YEPD containing 10-mg/ml HU. Aliquots of
cells were removed and processed for indirect immunofluorescence microscopy
as described previously (59).

RESULTS

Phleomycin-induced Rad53 phosphorylation in cells carry-
ing tell, xrs2, or mecl mutations. To further understand the
functional link between the Mrell complex and Tell, we com-
pared Rad53 phosphorylation in xrs2, tellA, and meclA mu-
tants after DNA damage (Fig. 1). Phosphorylation of Rad53
can be detected as slower-migrating forms on immunoblots.
Cells expressing HA-tagged Rad53 were arrested at G,/M
phase with nocodazole and then incubated with the DSB-
inducing agent phleomycin. After treatment with phleomycin,
cells were subjected to immunoblotting analysis with anti-HA
antibodies. Whereas xrs2A mutants exhibited a partial defect in
Rad53 phosphorylation compared with wild-type cells, no
phosphorylation defect was observed in te//A mutants (39).
The xrs2-11 mutation confers the same phenotype as tellA
mutation (38). Consistently, efficient phosphorylation was de-
tected in xrs2-11 mutants. In contrast, mecI A mutants showed
a significant phosphorylation defect (39). These results raise a
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possibility that the Mrell complex may function in the same
signaling pathway as Mecl does.

Effect of exolA mutation in combination with xrs2A or
mrel 1A mutation on cellular responses to phleomycin-induced
DNA damage. Exol possesses a 5’ to 3’ exonuclease activity
and acts redundantly with the Mrell complex in homologous
recombination and other aspects of DNA damage metabolism
(34, 54). We therefore investigated whether the Mrell com-
plex and Exol cooperate in checkpoint responses to phleomy-
cin-induced DNA damage. We first tested the effect of exolA
mutation on cell survival of xrs2A or mrellA mutants after
phleomycin treatment (Fig. 2A). The introduction of exolA
mutation exacerbated sensitivity of xrs2A and mrelIA mutants
to phleomycin, although the exolA single mutation did not
confer sensitivity. We then monitored the phosphorylation sta-
tus of Rad53 inxrs2A exol A and mrel 1A exol A double mutants
after phleomycin treatment at the G,/M phase (Fig. 2B).
Rad53 was phosphorylated in exol A mutants as efficiently as in
wild-type cells. However, its phosphorylation was decreased in
xrs2A or mrelIA single mutants and was not detected in xrs2A
exol A or mrellA exolA double mutants. No difference in
Rad53 phosphorylation was observed in cells carrying mrellA
or xrs2A mutations, consistent with the current view that
Mrell, Rad50, and Xrs2 form a complex and function together
(8, 20). In addition to Rad53, Chkl1 controls the G,/M-phase
DNA damage checkpoint pathway (49). We then monitored
Chk1 phosphorylation after phleomycin treatment (Fig. 2C).
Chkl was phosphorylated in wild-type and exol/A mutants,
whereas its phosphorylation was undetectable in xrs2A single
or xrs2A exol A double mutants.

We next examined the cell cycle arrest after exposure to
phleomycin in xrs2A, exol A, and their double mutants by mon-
itoring mitotic division (Fig. 2D). When cell cultures were
released from nocodazole arrest after phleomycin treatment,
wild-type cells showed delayed nuclear division. Meanwhile,
xrs2A single mutants proceeded through mitosis slightly faster
than wild-type cells. Although exo/A mutation alone did not
affect the process, its introduction further accelerated the mi-
totic progression in xrs2A mutants. We previously showed that
meclA mutants are defective in the mitotic delay after phleo-
mycin treatment, whereas no apparent defect is associated with
tel1 A mutation (39). As a control, we also analyzed the mitotic
progression in mecIA mutants (Fig. 2D). Similar defects were
found in meclA single and xrs2A exol A double mutants.

Previous results indicated that the Mrell complex is in-
volved in checkpoint responses to DSB induction at G, phase
as well (19). We then monitored the phosphorylation status of
Rad53 in G;-arrested xrs2A exol A double mutants after phleo-
mycin treatment (Fig. 2E). Again, Rad53 was phosphorylated
in exol A mutants as efficiently as in wild-type cells, whereas
phosphorylation was partially decreased in xrs2A single mu-
tants. Phosphorylation was further decreased in xrs2A exolA
double mutants. Together, these results indicate that the Mrell
complex collaborates with Exol in activating the Mecl-depen-
dent checkpoint pathway after phleomycin treatment.

Effect of xrs2A and exolA mutations on Mecl and Ddcl
association with DSBs. Mec1 forms a complex with Ddc2 (41,
47, 59), and the Mec1-Ddc2 complex localizes to sites of DNA
damage (25, 32, 48). Rad24 forms an RFC-related complex
and recruits the Ddcl-Mec3-Rad17 complex to DNA lesions
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FIG. 2. Overlapping function of the Mrell complex and Exol in
response to phleomycin-induced DNA damage. (A) Effect of mrellA,
xrs2A, and exol A mutations on cell viability after exposure to phleo-
mycin. Cells were grown in log phase and incubated with phleomycin.
At the indicated times, aliquots of cells were collected and the via-
bility was estimated. Strains used are wild type (KSC1516), mrel1A
(KSC1933), xrs2A (KSC1562), exolA (KSC1846), mrellA exolA
(KSC1980), and xrs2A exol A (KSC1979). (B) Effect of mrellA, xrs2A,
and exolA mutations on phleomycin-induced Rad53 phosphorylation
at G,/M. Cells carrying YCpT-RADS53-HA were arrested with nocoda-
zole and incubated with phleomycin maintaining the arrest. Cells were
then collected at the indicated time and analyzed as in Fig. 1 to detect
Rad53 phosphorylation. Strains used are the same as in panel A. (C)
Effect of mrellA, xrs2A, and exol A mutations on phleomycin-induced
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(25, 32). Although the Mecl and Ddcl complexes are inde-
pendently recruited to DNA lesions (25, 32), the activation of
the Mecl signaling pathway requires functions of the Rad24
and Ddcl complexes (29). It is thus possible that the Mrell
complex and Exol control localization of the Mecl and Ddcl
complexes to DNA lesions. To address this possibility, we ex-
amined the association of Mecl and Ddcl with the HO-in-
duced DSB in xrs2A and exol A mutants by ChIP assay. HO is
a sequence-specific endonuclease that generates DSB. We
used an experimental system in which cells contain a single HO
cleavage site at the ADH4 locus (Fig. 3A), and HO is expressed
from GAL-HO plasmid after incubation with galactose (38).
The HO-induced DSB at the ADH4 locus is not efficiently re-
paired by homologous recombination and thereby activates the
DNA damage checkpoint pathway at G,/M but not at G, (42, 53).

We first monitored Rad53 phosphorylation after HO expres-
sion in xrs2A and exolA mutants (Fig. 3B). Cells expressing
Rad53-HAwere transformed with the GAL-HO plasmid. Trans-
formed cells were grown initially in sucrose to repress HO ex-
pression and then transferred to medium containing nocoda-
zole to arrest at G,/M. After arrest, galactose was added to
induce HO expression. Cells were collected at various times
and subjected to immunoblotting analysis. Rad53 was phos-
phorylated in exol A single mutants as efficiently as in wild-type
cells. However, phosphorylation was partially decreased in
xrs2A mutants and was not detectable in xrs2A exol A double
mutants. Thus, similar to phleomycin-induced lesions, HO-
induced DSBs activate checkpoint responses in an Xrs2- and
Exol-dependent manner.

DSB ends are degraded primarily by 5’ to 3’ exonuclease
activities, generating 3'-ended single-stranded DNA tails (60).
To confirm an overlapping role of the Mrell complex and
Exol in DSB processing, we monitored the DNA degradation
rate at DSB ends after HO expression in xrs2A and exolA
mutant cells (Fig. 3C). Cells carrying the GAL-HO plasmid
were grown as above to induce HO expression. After HO
expression, cells were collected at various times to prepare
genomic DNA. Purified DNA was fixed to membrane filters
and hybridized with strand-specific RNA probes complemen-
tary to sequences near the cleavage site at the ADH4 locus
(38). The rate of 5" to 3" degradation of the DNA ends was
partially decreased in xrs2A mutants as found previously (21,
38), whereas no degradation defect was observed in exolA
mutants. Degradation was much slower in xrs2A exolA double

Chk1 phosphorylation at G,/M. Cells carrying YCpT-CHK1-HA were
analyzed as in panel B to detect Chkl phosphorylation. Strains used
are wild type (KSC1516), xrs2A (KSC1562), exolA (KSC1846), and
xrs2A exol A (KSC1979). (D) Cell cycle progression delay after phleo-
mycin treatment in G,/M phase. Cells were synchronized with nocoda-
zole at G,/M and then treated with phleomycin (+PM) or untreated
(=PM). At the indicated times after release from nocodazole, the
percentage of uninucleate large-budded cells was scored after DAPI
staining. Strains used are wild type (KSC1516), xrs2A (KSC1562),
exol A (KSC1846), xrs2A exolA (KSC1979), smlIA (KSC1560), and
meclA smlIA (KSC1561). (E) Effect of mrellA, xrs2A, and exolA
mutations on phleomycin-induced Rad53 phosphorylation at G,. Cells
carrying YCpT-RADS53-HA were arrested with a-factor and incubated
with phleomycin maintaining the arrest. Cells were then collected at
the indicated time and analyzed as in panel B. Strains used are the
same as in panel C.
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FIG. 3. Effect of xrs2A and exol A mutations on cellular responses
to DSBs. (A) Schematic of the HO cleavage site at the ADH4 locus
(ADH4cs). An HO cleavage site, marked with HIS2, was introduced at
the ADH4 locus on chromosome VII. The primer pairs were designed
to amplify regions 1 and 2 kb apart from the HO cleavage site. An
arrow represents the telomere. The black and gray bars indicate probes
to examine the rate of degradation of the DSB ends (38). (B) Rad53
phosphorylation in response to HO-induced DSBs. Cells carrying YCpT-
RADS3-HA and YCpA-GAL-HO were grown in sucrose and treated
with nocodazole. After arrest at G,/M, the culture was incubated with
galactose to induce HO expression. Aliquots were harvested at the indi-
cated time points and analyzed as in Fig. 1. Strains used are wild type
(KSC1516), exolA (KSC1846), xrs2A (KSC1562), and xrs2A exolA
(KSC1979). (C) Degradation of the HO-induced DSB ends. Wild-type
(KSC1516), exolA (KSC1846), xrs2A (KSC1562), and xrs2A exolA
(KSC1979) cells carrying YCpA-GAL-HO were treated as in panel B.
Purified DNAs were fixed to a membrane and hybridized with RNA
probes, each complementary to the 5'- to 3'- or 3'- to 5'-degrading strand.

mutants than in x7s2A single mutants, although some residual
degradation was observed in the double mutants. In contrast,
xrs2A, exol A, and their double mutations had little effect on the
3’ to 5’ degradation. DSB induction by HO does not require
the functions of the Mrell complex and Exol (54). These
results indicate that the Mrell complex and Exol collaborate
in the ssDNA generation at DSB ends, consistent with the
previous findings that they play an overlapping role in DNA
damage repair (34, 54).

We then tested whether Mecl associates with the HO-in-
duced DSB in xrs2A and exolA mutants by ChIP assay (Fig.
4A). Cells expressing HA-tagged Mecl were transformed with
the GAL-HO plasmid and grown as above to induce HO ex-
pression. Cells were collected at various times, and extracts
prepared after formaldehyde cross-linking were sonicated and
subjected to immunoprecipitation with anti-HA antibodies.
Coprecipitated DNA was extracted and amplified by PCR us-
ing a primer set corresponding to regions near the HO restric-
tion site or primers for the SMC2 locus containing no cleavage
site. As found previously (25, 38), Mecl associated with the
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HO-induced DSB in wild-type cells; PCR amplified sequences
near the HO restriction site after incubation with galactose but
not a control site in the SMC2 locus. Mecl associated with the
DSB efficiently in exolA single mutants as well. However, the
Mecl association was partially decreased in xrs2A single mu-
tants and was undetectable in xrs2A exol A double mutants. We
also examined Ddcl association with the HO-induced DSB in
those xrs2A and exol/A mutants (Fig. 4B). Cells expressing
HA-tagged Ddcl were transformed with the GAL-HO plasmid
and were examined as above by ChIP assay. Similar to the
Mecl association, Ddcl association with DSBs occurred effi-
ciently in exolA single mutants. However, unlike the Mecl
association, the Ddcl association was neither affected by xrs2A
single nor xrs2A exolA double mutation. Thus, Mecl associa-
tion with DSBs correlates with the length of ssDNA at the DSB
ends, whereas the generation of long ssDNA tracts is not
critical for the Ddcl association.

Synergetic effect of rfal-t11 and xrs2A mutations on Mecl
and Ddcl association with DSBs. Single-stranded regions of
DNA are covered with RPA that acts in most aspects of cel-
lular DNA metabolism (61). RPA is composed of three sub-
units that are encoded by RFAI, RFA2, and RFA3. Recent
evidence provided a model in which the RPA-coated ssDNA is
an important structure to recruit the Mecl-Ddc2 and Ddcl-
Mec3-Rad17 complexes to sites of DNA damage (65, 66). A
mutation in RFAI, rfal-t11, impairs association of the Mecl
and Ddcl complexes with DNA lesions but does not affect
binding of RPA to ssDNA (65). It was possible that limited
ssDNA generation would further decrease association of Mecl
and Ddcl with DSBs in rfal-t11 mutants. We then compared
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FIG. 4. Effect of xrs2A and exol A mutations on association of Mecl
and Ddcl with the HO-induced DSB. (A) Association of Mecl with
DSBs. Cells expressing HA-tagged Mecl were transformed with YCpA-
GAL-HO plasmid. Transformed cells were grown in sucrose and
treated with nocodazole. After arrest at G,/M, the culture was incu-
bated with galactose to induce HO expression, while part of the culture
was maintained in sucrose to repress HO expression. Aliquots of cells
were collected at the indicated times and subjected to chromatin im-
munoprecipitation. PCR was carried out with the primers for the HO
cleavage site at the ADH4 locus and for the control SMC2 locus (see
Fig. 3A). PCR products from the respective input extracts are shown
below. Strains used here are wild type (KSC1512), exolA (KSC1633),
xrs2A (KSC1632), and xrs2A exolA (KSC1634). (B) Association of
Ddcl with the HO-induced DSB. Cells expressing Ddcl-HA were
analyzed as in panel A. Strains used here are wild type (KSC1637),
xrs2A (KSC1638), exol A (KSC1639), and xrs2A exol A (KSC1640).
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FIG. 5. Effect of rfal-t11 mutation on DSB association of Mecl and
Ddcl in xrs2A mutants. (A) Association of Mecl with DSBs. Cells
expressing Mecl-HA were analyzed as in Fig. 4A. Strains used here
are wild type (KSC1512), rfal-t11 (KSC1984), and rfal-t11 xrs2A
(KSC1985). (B) Association of Ddcl with the HO-induced DSB. Cells
expressing Ddcl-HA were analyzed as in panel A. Strains used here
are wild type (KSC1637), rfal-t11 (KSC1986), and rfal-t11 xrs2A
(KSC1987). (C) Degradation of the HO-induced DSB ends. Wild-type
(KSC1516), rfal-t11 (KSC1982), and rfal-t11 xrs2A (KSC1983) cells
carrying YCpA-GAL-HO were analyzed as in Fig. 3C.

association of Mecl and Ddcl with the HO-induced DSB in
rfal-t11 single and rfal-t11 xrs2A double mutants (Fig. 5A and
B). Consistent with the previous findings (65, 66), association
of Mecl and Ddcl with DSBs was partially defective in rfal-t11
single mutants. As expected, Mecl association was further de-
creased and undetectable in rfal-t11 xrs2A double mutants (Fig.
5A). However, introduction of xrs2A mutation did not affect Ddcl
association with DSBs in rfal-t11 mutants (Fig. 5B).

We also monitored the DNA degradation rate at DSB ends
in rfal-t11 xrs2A mutant cells (Fig. 5C). Cells carrying the
GAL-HO plasmid were grown as above to induce HO expres-
sion. After HO expression, cells were collected at various times
to prepare genomic DNA. Purified DNA was subjected to blot
hybridization analysis. The rfal-t/1 mutation alone did not
affect the rate of 5’ to 3’ degradation of the DNA ends, but
introduction of the rfal-t11 mutation reduced the degradation
rate inxrs2A mutants. No defect in the 3’ to 5’ degradation was
found in rfal-t11 single or rfal-t11 xrs2A double mutants.
These results are consistent with the model in which the gen-
eration of long ssDNA tracts promotes Mecl association with
DSBs but not Ddcl1 association.

Effect of xrs2A and mrel I A mutations on cellular responses
to UV irradiation. Exposure of cells to UV light results in
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checkpoint activation, and this UV-induced checkpoint activa-
tion depends on Mecl functions. We thus investigated the
effect of xrs2A and exol A mutations on cellular responses to
UV irradiation. We first examined the effect of xrs2A and
exol A mutations on viability loss after UV irradiation (Fig.
6A). Whereas xrs2A single mutants were sensitive to UV light,
exol A single mutants were as resistant as wild-type cells. How-
ever, the introduction of exol A mutation increased UV sensi-
tivity of xrs2A mutants. We next monitored UV-induced Rad53
phosphorylation in xrs2A and exolA mutants (Fig. 6B). Cells
expressing Rad53-HA were arrested with nocodazole at G,/M.
After arrest, cells were irradiated with UV light and subjected
to immunoblotting analysis. Rad53 was phosphorylated in
xrs2A and exolA single mutants within 30 min after irradiation,
as found in wild-type cells. However, phosphorylation was de-
creased in xrs2A exolA double mutants: no phosphorylation
was observed 30 min after irradiation, although some phos-
phorylation was detected at later time points. We also moni-
tored Chkl phosphorylation after UV irradiation (Fig. 6C).
Whereas xrs2A exol A double mutation decreased UV-induced
phosphorylation, no apparent phosphorylation defect was ob-
served in either of the single mutants. We then examined the
G,/M-phase cell-cycle arrest in xrs2A and exol A mutants after
UV irradiation (Fig. 6D). After UV irradiation, bothxrs2A and
exol A mutants delayed mitotic progression as efficiently as
wild-type cells. In contrast, xrs2A exol A double mutants under-
went mitosis faster than wild-type cells. To address the effect
on activation of the G,-phase checkpoint pathway, we moni-
tored Rad53 phosphorylation after UV irradiation in G,-ar-
rested cells (Fig. 6E). Again, Rad53 phosphorylation was sig-
nificantly decreased in xrs2A exoIA double mutants after UV
irradiation, whereas no phosphorylation defect was associated
with xrs2A or exolA single mutants. Cells containing mecl
mutations failed to delay mitotic progression and became de-
fective in Rad53 phosphorylation after exposure to UV light,
whereas tel/A mutants did not (50, 58, 59). Thus, the Mrell
complex and Exol are functionally overlapped with Mecl in
UV-induced checkpoint responses.

Effect of xrs2A and exolA mutations on checkpoint re-
sponses to DNA replication block. Mec1 controls checkpoint
responses to DNA replication block as well (11). We therefore
addressed whether the Mrell complex and Exol control the
replication checkpoint pathway. We first examined HU-in-
duced Rad53 phosphorylation in xrs2A and exol/A mutants
(Fig. 7A). Cells expressing Rad53-HA were synchronized with
a-factor at G, and released into medium containing HU. As a
control, cells were also released into medium lacking HU.
After release, cells were collected at various time points and
subjected to immunoblotting analysis. In wild-type and exolA
single mutant cells, Rad53 was similarly phosphorylated in the
presence of HU, whereas no phosphorylation was detected in
the absence of HU. Background phosphorylation was detected
in xrs2A single or xrs2A exolA double mutants after release
from G, arrest. However, HU treatment increased Rad53 phos-
phorylation more significantly in xrs2A single mutants com-
pared with xrs2A exoIA double mutants. We next monitored
cell-cycle arrest in response to DNA replication block (Fig.
7B). Cells were synchronized with a-factor at G, and released
into medium containing HU. Cells were collected at various
time points, and their nuclear and microtubular structures
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irradiation at G,/M. The same cells as in panel A were transformed
with YCpT-RADS53-HA. Transformed cells were grown in log phase
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FIG. 7. Effects of xrs2A and exo/A mutations on checkpoint re-
sponses to DNA replication block. (A) Rad53 phosphorylation after
HU treatment. Cells were transformed with YCpT-RADS53-HA. Trans-
formed cells were grown in log phase and treated with a-factor. After
arrest at G, cells were released into medium with HU (+) or without
HU (—). Cells were harvested at the indicated times and analyzed as
in Fig. 1. Strains used are the same as in Fig. 2C. (B) Mitotic entry after
exposure to HU. Cells were grown in YEPD and arrested with a-factor
at G,. Cells were then released into medium with or without HU. At
the indicated times after release, the percentage of cells with elongated
spindles was scored after staining with DAPI and antitubulin antibod-
ies. Strains used are the same as in Fig. 2D.

were analyzed by immunofluorescence microscopic analysis. In
the presence of HU, most wild-type cells were arrested as
large-budded cells with short spindles. Similar efficient arrest
was observed in exolA single mutants. Although both xrs2A
single and xrs2A exolA double mutants showed defects in
blocking mitotic entry after release into HU, xrs2A exolA dou-
ble mutants were more defective than xrs2A single mutants.
We note that xrs2A single and xrs2A exolA double mutations
partially delayed mitotic entry even in the absence of HU,
consistent with the background Rad53 phosphorylation during
S-phase progression. These results suggest that the Mrell com-

and treated with nocodazole. After arrest at G,/M, the culture was
irradiated with UV light. Cells were harvested at the indicated times
and analyzed as in Fig. 1. (C) Chkl phosphorylation after UV irradi-
ation at G,/M. The same cells as in panel A were transformed with
YCpT-CHK1-HA and analyzed as in panel B. (D) G,/M-phase cell
cycle progression after exposure to UV light. Cells were grown in
YEPD and arrested with nocodazole. After synchronization at G,/M,
cells were irradiated with UV (+UV) or mock-treated (—UV). At the
indicated times after release of cultures from nocodazole, the percent-
age of uninucleate large-budded cells was scored after DAPI staining.
Strains used are the same as in Fig. 2D. (E) Rad53 phosphorylation
after UV irradiation at G;. Cells carrying YCpT-RAD53-HA were
treated with a-factor. After arrest at G,, the culture was irradiated with
UV light. Cells were harvested at the indicated times and analyzed as
in panel B. Strains used are the same as in panel A.



VoL. 24, 2004

plex and Exol control activation of the replication checkpoint
responses as well.

DISCUSSION

Several studies have established that the Mrell complex
regulates activation of the Tell signaling pathway. In this study
we demonstrate that the Mrell complex also controls the
Mecl signaling pathway. The Mrel1 complex collaborates with
Exol in producing long 3’ ssDNA tails at DSB ends and pro-
motes Mecl association with the DSBs. Activation of the Mecl
signaling pathway requires the functions of the Rad24 and
Ddcl complexes. The Rad24 complex recruits the Ddcl com-
plex to sites of DNA damage. However, association of Ddcl
with DSBs does not require the generation of long ssDNA
tracts. Mecl is not only required for DSB-induced checkpoint
responses but also involved in UV-induced checkpoint re-
sponses. Accordingly, the Mrell complex and Exol play an
overlapping role in activation in both DSB- and UV-induced
checkpoints. The Mrell complex and Exol are also involved in
checkpoint responses to stalled DNA replication. Our results
suggest that the Mrell complex and Exol collaborate in gen-
erating long ssDNA tracts and thereby enable Mecl to asso-
ciate with DNA lesions.

Several lines of evidence have indicated that the Mrell
complex controls checkpoint responses after DSB induction (9,
19, 56). Mutations in MRE11, RAD50, or XRS2 cause a partial
defect in checkpoint responses after +y-irradiation (19). Here
we also show that the Mrell complex contributes in part to
checkpoint activation in response to HO-induced DSB or after
phleomycin treatment. The Mrell complex collaborates with
Exol in DNA damage repair and homologous recombination
(34, 54). Interestingly, introduction of exo/A mutation further
impairs the checkpoint responses in mrel A or xrs2A mutants,
although exol A mutation alone does not. Mec1 plays a central
role in activation of the checkpoint responses, whereas Tell
contributes little to the responses (38, 39). Together, these
findings indicate that the Mrell complex and Exol control the
Mecl signaling pathway after DSB induction.

DSB ends are primarily degraded by 5" to 3’ exonuclease
activities, and this DSB processing is dependent on the Mrell
complex function (21, 28). We also confirmed overlapping
roles of the Mrell complex and Exol in the DNA degradation
at DSB ends. Whereas xrs2A mutation delays the 5’ to 3’ DNA
degradation, no apparent degradation delay is associated with
exol A mutation. However, introduction of the exol A mutation
enhanced degradation defect in x7s2A mutants. Little effect on
the opposite 3’ to 5" DNA degradation is observed in these
single and double mutants. HO incision occurs similarly in
these single and double mutants (54). Thus, the Mrell com-
plex and Exol cooperate in producing long ssDNA tracts at
DSB ends. However, other proteins are likely involved in ac-
tivation of the Mecl pathway, because some residual 5’ to 3’
degradation is still observed in xrs2A exolA double mutants
(34, 54). To understand the link of the Mrell complex and
Exol to the Mecl signaling pathway, we examined Mecl as-
sociation with DSBs in the xrs2A and exol/A mutants. Mecl
association with DSBs was partially decreased in xrs2A single
mutants compared with wild-type cells, and was undetectable
in xrs2A exol A double mutants. Together, these results suggest
that the Mrell complex and Exol collaborate in generation of
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long ssDNA tails at DSB ends, thereby leading to activation of
the Mecl signaling pathway.

DSBs result from breakage of the sugar-phosphate back-
bone after genotoxic stress. In addition, various adductive
DNA products are generated in cells that suffer the effects of
genotoxic agents. UV radiation produces two major classes of
DNA lesions, the cyclobutane pyrimidine dimers and 6-4 pho-
toproducts (14). The bulky adducts on these photolesions dis-
tort the DNA helix and become substrates for nucleotide ex-
cision repair (NER) (10). NER is a multistep process that
involves bipartite damage recognition, oligonucleotide exci-
sion, and gap-filling DNA synthesis (10). Removal of damaged
nucleotides, followed by two DNA incisions, leaves single-
stranded regions consisting of approximately 24 to 32 nucleo-
tides (10). This ssDNA region might be involved in activation
of the Mecl signaling pathway. Although NER represents a
major repair system for UV-induced photoproducts, the NER-
independent mechanism contributes to repair of UV-induced
lesions as well. Indeed, the Mrell complex and Exol are
required for UV-induced damage repair (38, 44). If the ssDNA
region could not be filled immediately, endonucleases might
cleave the ssDNA region, giving rise to a DSB. This DSB gen-
eration might require functions of the Mrel1l complex, because
Mrell proteins possess ssDNA endonuclease activities in vitro.
In any cases, once generated, DSBs would be processed by
the Mrell complex and Exol, generating long ssDNA tracts
which efficiently recruit Mecl. Alternatively, NER-indepen-
dent mechanisms might convert UV-induced lesions into DSBs.
If the above model were the case, NER dysfunction could also
cause a checkpoint defect after UV irradiation, but would not
eliminate the checkpoint response. RADI4 in budding yeast is
implicated in the NER pathway (10). Consistently, radl4A
mutations confer a defect in Rad53 phosphorylation immedi-
ately after UV irradiation (15), but its phosphorylation be-
comes detectable at a later time point (62).

DNA replication block after HU treatment activates check-
point responses in a Mecl-dependent manner. Accordingly,
the Mrell complex and Exol are both required for phosphor-
ylation of Rad53 after HU treatment. These results imply that
the stalled replication forks are converted to lesions containing
DSBs, where the Mrell complex and Exol contribute to gen-
eration of long ssDNA tracts. Even in the absence of HU,
xrs2A and xrs2A exol A mutants exhibited a background Rad53
phosphorylation in S phase. In contrast, no apparent back-
ground phosphorylation was detected at G, or G,/M phase (for
example, see Fig. 2). Thus, the S-phase progression by itself
produces DNA lesions in xrs2A single and xrs2A exolA double
mutants. It is possible that DSBs that arise during normal
DNA replication are not repaired in xrs2A mutants (7). The
accumulating DSB lesions might be degraded into ssDNAs by
nucleases other than the Mrel1l complex and Exol, thereby ac-
tivating the Mecl signaling pathway even in the absence of HU.

Activation of the Mecl signaling pathway also requires func-
tions of Rad24, Ddcl, Mec3, and Radl7. Rad24 (related to
human Rad17) forms an RFC-related complex with small sub-
units of RFC, whereas Ddcl, Mec3, and Rad17 (Rad9, Husl,
and Radl in humans) display sequence relatedness to PCNA
and form a heterotrimer complex. As RFC loads PCNA on a
primer-template junction, the Rad24 (human Rad17) complex
loads the Ddcl (human Rad9) complex on DNA in vitro (3, 12,



10024 NAKADA ET AL.

31, 66). Consistently, Rad24 recruits the Ddcl complex to sites
of DNA damage in vivo (25, 32). Association of the Ddcl
complex with DNA lesions also requires the function of the
ssDNA-binding protein RPA. In fact, Ddcl association with
DSBs is decreased in cells carrying rfal-t11, a mutation in
RFA1I encoding the large subunit of RPA (66). Although the
rfal-t11 mutation alone does not affect DNA degradation rate
at DSBs, introduction of the rfal-t11 mutation further delayed
ssDNA accumulation in xrs2A mutants. However, Ddcl asso-
ciation with DSB in rfal-t11 xrs2A double mutants was similar
to that in rfal-t11 single mutants. Ddcl association with DSBs
does not require generation of long ssDNA tracts; Ddcl accu-
mulates at DSBs in xrs2A exolA mutants as efficiently as in
wild-type cells. RPA thus contributes to aspects other than
stabilization of long ssDNA tracts to localize the Ddc1 complex
to DNA lesions. More defective DNA degradation was ob-
served in rfal-t11 xrs2A double mutants, suggesting that RPA
could control the recruitment of nucleases other than the
Mrell complex. The RPA requirement was also examined in
vitro using the yeast Ddcl or human Rad9 complex, but its
requirement might depend on the DNA substrate structures
(3, 12, 31, 66). Circular DNA substrates with small gaps or
nicks can serve as good loading templates for the yeast and
human complexes in the absence of RPA (3, 31), whereas
circular substrates with extended ssDNA regions require RPA
for loading (66). When a linear DNA substrate is used, RPA
appears to stimulate loading of the complex on the DNA and
inhibit its sliding off from the substrate (12). Thus, RPA plays
an important role in loading the Ddcl complex and its ho-
mologs on the DNA substrate, but its biochemical role has not
been precisely determined.

Mecl is involved not only in DNA damage checkpoint but
also telomere maintenance (45). Telomeres are shortened in
tellIA mutants compared with wild-type cells (18). Although
meclA mutation by itself does not affect the telomere length
(18), introduction of mecl A mutation can shorten telomeres in
telIA mutants (5). The Mrell complex controls not only the
Tell pathway (38, 56) but also part of the Mecl pathway in re-
sponse to DNA damage. However, the Mrell complex and Tell
control the same pathway in maintenance of telomere length
(46). Exol is required for checkpoint response in mrel 1A mu-
tants but dispensable for telomere maintenance in mrellA
mutants (27, 34). One explanation could be that although the
Mrell complex is essential for telomere maintenance, the nu-
clease activity is not required for the maintenance. There is no
good correlation between the length of telomere and ability to
process DSB ends among mrell mutants (27, 33). Alterna-
tively, proteins other than the Mrell complex and Exol might
play a more important role in generation of ssDNA tracts at
telomere ends. Although Mecl is recruited to telomere ends
(51), it is not clear whether its localization requires the func-
tion of the Mrell complex or Exol.

In summary, we provide evidence indicating that the Mrell
complex and Exol collaborate in generating long ssDNA tract
at sites of DNA damage and promoting Mecl association with
the DNA damage sites. Previous studies have demonstrated
that the Mrell complex is essential for activation of the Tell
signaling pathway. The Mrell complex thus governs two sep-
arate Mecl and Tell signaling pathways in budding yeast. In
mammals, it has been well demonstrated that the Mrell com-
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plex and ATM act in the same DNA damage checkpoint path-
way. Recently, however, there is accumulating evidence sup-
porting the theory that the Mrell complex may control the
ATR pathway during DSB metabolism (4). Similar to the Mre11
complex, Exol is highly conserved from yeast to humans. It is
possible that the Mrell complex and Exol control activation
of the ATR signaling pathway through a similar mechanism.
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