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The Nbs1 complex is an evolutionarily conserved multisubunit nuclease composed of the Mrell, Rad50, and
Nbs1 proteins. Hypomorphic mutations in the NBS1 or MRE11 genes in humans result in conditions
characterized by DNA damage sensitivity, cell cycle checkpoint deficiency, and high cancer incidence. The
equivalent complex in the yeast Saccharomyces cerevisiae (Xrs2p complex) has been implicated in DNA
double-strand break repair and in telomere length regulation. Here, we find that xrs2A, mre11A, and rad50A
mutants are markedly defective in the initiation of the intra-S phase checkpoint in response to DNA damage.
Furthermore, the absence of a functional Xrs2p complex leads to sensitivity to deoxynucleotide depletion and
to an inability to efficiently slow down cell cycle progression in response to hydroxyurea. The checkpoint
appears to require the nuclease activity of Mrellp and its defect is associated with the abrogation of the
Tellp/Meclp signaling pathway. Notably, DNA damage induces phosphorylation of both Xrs2p and Mrellp in
a Tellp-dependent manner. These results indicate that the Tellp/ATM signaling pathway is conserved from
yeast to humans and suggest that the Xrs2p/Nbs1 complexes act as signal modifiers.
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Eukaryotic cells have evolved surveillance mechanisms
called checkpoints to monitor the integrity of their ge-
nome. The DNA damage checkpoint consists of a net-
work of signaling proteins that acts to detect DNA le-
sions and signal their presence to cell cycle regulators
(Michelson and Weinert 2000). This results in the slow-
ing down of the cell cycle, which is thought to provide
time for DNA repair factors to prevent the damage be-
coming fixed as a permanent genetic change (for review,
see Foiani et al. 2000).

The mechanisms leading to the detection of DNA le-
sions by checkpoint factors and the identity of the pro-
teins responsible for the initiation of the checkpoint re-
sponse have yet to be clarified. However, recent evidence
indicates that in many cases the formation of DNA le-
sions per se may be insufficient to initiate the transduc-
tion cascade leading to cell cycle arrest in damaged cells.
Indeed, in Saccharomyces cerevisiae rad14 or rad2 mu-
tants, irreparable UV damage remains undetected until
the early stages of S phase, whereas nucleotide excision
repair (NER|-proficient cells detect this type of damage
readily in G, (Siede et al. 1994; Neecke et al. 1999). Simi-
larly, activation of the p53 response in UV-treated hu-
man NER-deficient (XPA~) cells is not observed in the
absence of DNA replication (Nelson and Kastan 1994).
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Together, these observations indicate that UV lesions
have to be processed to a signaling-competent state (sec-
ondary lesion) before checkpoint responses can be elic-
ited. Accordingly, the existence of a checkpoint-activat-
ing nuclease (signal-modifier) has been proposed and re-
cent studies indicate that single-stranded DNA (ssDNA)
may be one of the secondary lesions that activates the
DNA damage checkpoint (Garvik et al. 1995; Lydall and
Weinert 1995; Lee et al. 1998).

The increased ability to detect irreparable UV damage
in S phase cells (compared to G, cells in the examples
described above) is not restricted to eukaryotes, as the
induction of the SOS response in Escherichia coli also
depends on the initiation of DNA replication (Sassanfar
and Roberts 1990). This raises the possibility that some
nuclease(s) act specifically during S phase to ensure that
checkpoint mechanisms are induced efficiently and that
no lesions are transformed into stable mutations during
the replication process. The critical importance of the
intra-S phase checkpoint in preventing the fixation of
DNA lesions is particularly relevant in the prevention of
cancer. Indeed, individuals afflicted with genetic disor-
ders characterized by a loss of the intra-S phase check-
point, such as ataxia telangiectasia (AT) and Nijmegen
breakage syndrome (NBS), are among those who suffer
the most severe predisposition to cancer (for reviews, see
Jeggo et al. 1998; Petrini 2000). Cells isolated from AT or
NBS patients do not show the typical slowing down of
DNA replication seen in the presence of DNA-damaging
agents such as bleomycin or ionizing radiation (IR;
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Painter and Young 1980; Taalman et al. 1983). Instead,
they carry on DNA synthesis and cell cycle progression
continues unperturbed, a phenomenon known as radio-
resistant DNA synthesis (RDS; Painter and Young 1980).

The IR sensitivity and RDS phenotype of AT and NBS
cells suggest that the products of the genes mutated in
these cells—ATM and Nbsl1, respectively—are normally
involved in the early steps of the detection and signaling
of DNA damage (Petrini 2000). However, whether these
proteins are DNA damage sensors, signal-modifiers, or
transducers is unclear. Interestingly, the Nbsl protein
has several properties consistent with a role as signal-
modifier in the checkpoint transduction cascade. First,
despite being IR-sensitive and showing chromosome in-
stability, NBS cells have no gross defects in their abili-
ties to repair DNA damage (Jeggo et al. 1998; Petrini
2000). Second, NBS cells exhibit defects in cell cycle con-
trol in S phase (Taalman et al. 1983). Third, Nbsl is a
member of a multisubunit complex that includes the
human Rad50 (hRad50) and hMrell proteins (Carney et
al. 1998). Hypomorphic mutations in AMRE11 have been
shown to cause an ataxia telangiectasia-like disease
(ATLD) which is similar to the checkpoint-deficient AT
disorder (Stewart et al. 1999). Furthermore, Mrell has
nuclease activity that can generate extensive regions of
ssDNA, which has been shown to activate checkpoints
strongly (Garvik et al. 1995; Lydall and Weinert 1995;
Lee et al. 1998; Usui et al. 1998). More recently, it has
been shown that Nbsl is phosphorylated by ATM in re-
sponse to DNA damage and that this is required to me-
diate an S phase arrest in the presence of DNA damage
(for reviews, see Michelson and Weinert 2000; Rhind and
Russell 2000). Nevertheless, it has been difficult to iden-
tify the precise molecular role(s) of the Nbsl complex
during DNA damage signaling in higher eukaryotes be-
cause the genes encoding Mrell, Rad50, and Nbsl are
required for cellular viability (Xiao and Weaver 1997,
Luo et al. 1999; Zhu et al. 2001).

The Nbsl complex is conserved evolutionarily in eu-
karyotes. hMrell and hRad50 were originally identified
because of their homology with Mrel 1p and Rad50p, two
members of the Xrs2p complex in S. cerevisiae (Alani et
al. 1989; Johzuka and Ogawa 1995). Deletion of the genes
encoding the members of the Xrs2p complex in yeast
result in pleiotropic effects including DNA damage sen-
sitivity, DNA repair deficiency, hyper-recombination,
telomere shortening, and impaired meiotic progression
(for review, see Haber 1998). Surprisingly, however, no
clear checkpoint defects have so far been reported for
yeast with mutations in the Xrs2p complex (Kironmai
and Muniyappa 1997). The evolutionary conservation of
the checkpoint functions of the Xrs2p and Nbsl com-
plexes has been further put in doubt by the lack of clear
sequence homology between Xrs2p and Nbs1 (Carney et
al. 1998; Varon et al. 1998). Nevertheless, we show here
that the S. cerevisiae Xrs2p complex has a critical role in
the initiation of the intra-S phase checkpoint. We dis-
cuss these findings in regard to the evolutionary conser-
vation of the ATM signaling pathway and the functions
of the Xrs2p/Nbsl complexes in these events.

The Xrs2p complex is required for S phase control

Results

Yeast lacking a functional Xrs2p complex are
hypersensitive to replicative stress

To gain insight into the molecular basis for the S phase
checkpoint defect associated with NBS and ATLD, we
decided to study the potential role of the S. cerevisiae
Xrs2p complex in S phase regulation. To this end, we
examined the sensitivity of various DNA DSB repair and
checkpoint mutants to replicative stress induced by the
drug hydroxyurea (HU). HU is an inhibitor of ribonucleo-
tide reductase, the rate-limiting enzyme in deoxyribo-
nucleotide (ANTP) biosynthesis. Depletion of ANTPs ac-
tivates the DNA replication checkpoint, which slows
progression through S phase (Desany et al. 1998). Fur-
thermore, initiation of DNA replication in the presence
of high levels of HU causes DNA DSBs (Merrill and
Holm 1999, and references therein).

Yeast cells defective in the members of the Xrs2p com-
plex (mrellA, rad50A, and xrs2A) and control mutants
defective in DNA repair (rad51A, yku70A), or defective
in the DNA replication (rad53A) and DNA damage
(rad53A, rad9A) checkpoints, were serially diluted onto
plates containing various concentrations of HU (Fig. 1).
High concentrations of HU cause a block to DNA repli-
cation and a significant number of DSBs, whereas low
concentrations of HU cause only a mild retardation in
DNA replication and many fewer DSBs (Merrill and
Holm 1999). All mutants tested display significant
growth defects on plates containing 200 mM HU (Fig. 1).
This lethality is at least partially a consequence of DSB
formation because rad9A and yku70A mutants display
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Figure 1. Hypersensitivity of xrs2A, mrel1A, and rad50A mu-
tants to replicative stress. Fivefold serial dilution of yeast cells
were plated on YPAD containing various concentrations of HU.
For the HU acute hypersensitivity experiment, exponential cul-
tures were grown for 9 h in liquid YPAD containing 200 mM
HU before being washed and plated on YPAD plates. Relevant
genotypes are shown on the Ieft side of the panels.
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little or no sensitivity to growth in the presence of 40
mM HU (Fig. 1). As expected for a DNA replication
checkpoint mutant, the rad53A strain is sensitive to all
the concentrations of HU tested (Fig. 1). Notably, strains
with mutations in members of the Xrs2p complex (re-
ferred to hereafter as xmr mutants) show marked sensi-
tivity to HU; some sensitivity can be seen with concen-
trations of HU as low as 5 mM, whereas the xmr mu-
tants become highly sensitive at 10 mM HU and are
almost completely dead at 20 mM HU (Fig. 1). The simi-
lar responses of the single and triple xmr mutants indi-
cate that null mutations in XRS2, MRE11, and RAD50
are epistatic in their effects on HU sensitivity. Interest-
ingly, the sensitivity of the xmr mutants to 10 mM HU
is much greater than that of the rad51A mutant (Fig. 1).
This is in contrast with the more severe radiosensitivity
of rad51 mutants when compared with rad50 mutants
(Saeki et al. 1980) and suggests that the HU sensivity of
the xmr mutants might not primarily reflect a homolo-
gous recombination (HR) defect.

To differentiate between a role for the Xrs2p complex
in DSB repair or in checkpoint regulation, we examined
the ability of the mutant strains to survive a transient
period of growth in the presence of high concentrations
of HU (HU hypersensitivity assay). This acute treatment
causes severe lethality in mutants that are specifically
defective in the DNA replication checkpoint but not in
mutants affected in DNA repair or in other DNA damage
checkpoints (Allen et al. 1994). Thus, it is possible to
discriminate between a DNA replication checkpoint de-
fect and a DNA repair defect in a strain sensitive to con-
tinuous treatment with HU, on the basis of its additional
sensitivity (hypersensitivity) to an acute treatment.
Strikingly, whereas the sensitivity of rad51A, yku70A,
and rad9A mutant strains to chronic treatment with 200
mM HU is significantly reversed under acute conditions,
this is not the case for the xmr mutants (Fig. 1). Indeed,
the behavior of the xmr mutants in this assay is similar
to that of the rad53A mutant, which has a known defect
in S phase regulation (Allen et al. 1994). The similarities
between the responses of xmr and rad53A mutants and
the fact that a DNA repair deficiency per se does not
result in checkpoint deficiency (Fig. 1; Paulovich et al.
1997) suggest that the HU hypersensitivity of the xmr
mutants is due to defective regulation of S phase progres-
sion.

The Xrs2p complex is required to slow DNA synthesis
in the presence of replicative stress

One prediction from the above results is that xmr mu-
tants may be defective in their ability to slow DNA syn-
thesis in the presence of replicative stress. To test this,
cells were arrested in G, with a-factor, released from G,
in the presence of a low concentration (40 mM) of HU,
and DNA content was monitored by flow cytometry
(FACS) to assess the kinetics of DNA replication (Fig. 2).
When released from G, in the absence of HU, there was
no detectable difference in the kinetics of cell cycle pro-
gression in the xrs2A and xrs2A mrellA rad50A (xmrA)
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Figure 2. Replicative stress causes premature initiation of
DNA synthesis in the absence of a functional Xrs2p complex.
(A) a-factor-synchronized cells were released from G, arrest in
medium containing nocodazole and no drug (left panels), 40 mM
HU (middle panels), or 35 units/mL bleomycin (right panels), as
described in Materials and Methods. Samples were collected at
10-min intervals and analyzed for DNA content by FACS. Yeast
strains used were W303-1A (wild-type), DDY004 (xrs2A), and
DDY022 (xrs2A mrellA rad50A). (B) Quantification of post-G,
cells. Fraction of cells having a DNA content superior to G, are
plotted in function of time below the respective FACS profiles.
Numbers are corrected for the presence of cells blocked in G, at
time 0. Typical FACS profiles are shown.

mutants compared with the wild-type strain; DNA rep-
lication is initiated about 20 min after release from G,
and the bulk of DNA is fully replicated by 50 min (Fig.
2A,B, left panels). We consistently observe, by FACS
analysis and immunofluorescence microscopy, that
about 5% of the population of cells in xrs2A, mrellA,
rad50A, and xmrA cultures are irreversibly blocked in a
G,-like state (Fig. 2; data not shown) and may represent



cells that have failed to fully complete the S phase pre-
vious to the G, synchronization.

When wild-type cells are released from G, arrest in the
presence of 40 mM HU, DNA synthesis is delayed by
about 50 min and is completed ~130 min following re-
lease (Fig. 2A,B). In contrast, xrs2A and xmrA cells grow-
ing in the presence of HU show significant DNA synthe-
sis 30 min following release. For example, ~40% post-G,
cells are observed at 50 min compared to 12% for wild-
type (numbers are corrected for the presence of cells
blocked in G, at time O; Fig. 2B). At 60 min, this in-
creases to almost 50% post-G, cells in xrs2A and xmrA
cultures compared to 18% for wild-type yeast. Consis-
tent with this, the elongation of the mitotic spindle in
xrs2A and xmrA mutants treated with 40 mM HU pre-
cedes by at least 30 min the elongation of the mitotic
spindle in wild-type cells (see Supplemental Materials).
Eventually, however, DNA synthesis in wild-type cells
reaches essentially the same levels as in xrs2A and xmrA
mutants (Fig. 2).

We also examined the contribution of the Xrs2p com-
plex to the DNA damage-induced intra-S phase check-
point. Cells were synchronized with a-factor as before
and then released in fresh medium for 5 min to allow
exit from G,. Bleomycin, a radiomimetic drug that pro-
duces DNA DSBs (Povirk 1996, was then added and
samples were collected at intervals. As seen in Figure 2
(right panels), bleomycin induces a strong arrest in wild-
type cells; only a small proportion of the culture (maxi-
mum of ~20% of cells) replicate their DNA whereas the
majority of cells remains with a G, DNA content
throughout the experiment. By contrast, both xrs2A and
xmrA yeast initiate significant DNA replication at 30
min, with ~25%-30%; of cells showing post-G;, DNA
content, which then increases to 50%-60% of cells from
80 min until the end of the experiment (Fig. 2B). Surpris-
ingly, DNA synthesis is never completed in the xrs2A
and xmrA mutant treated with bleomycin, suggesting
that the intra-S phase checkpoint is not completely lost
in these mutants (see below). These results are consis-
tent with those obtained with HU and indicate that the
Xrs2p complex is required for the efficient activation of
the intra-S phase checkpoint. Essentially identical re-
sults were obtained with mrel1A and rad50A single mu-
tants, indicating that null mutations in the members of
the Xrs2p complex are fully epistatic for their effects on
the intra-S phase checkpoint (Figs. 2,3, and see 5C below).

Loss of DNA DSB repair does not impair the intra-S
phase checkpoint

Previous studies have shown that defects in DNA repair
genes do not cause deficiencies in the intra-S phase
checkpoint or in the DNA replication checkpoint (Allen
et al. 1994; Paulovich et al. 1997). However, the mem-
bers of the budding yeast Xrs2p complex are unique in
that they are involved in both nonhomologous end-join-
ing (NHEJ) and HR (for review, see Haber 1998). This
raised the possibility that the loss of both NHEJ and HR
was responsible for the checkpoint defect observed in the
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Figure 3. The intra-S phase checkpoint is functional in cells
deficient in DNA DSB repair. (A) a-factor-synchronized cells
were released from G, arrest in medium containing nocodazole
and either no drug (top panels) or 35 units/mL bleomycin (bot-
tom panels). Bleomycin was added 10 min after the release from
G, and samples were collected at 30-min intervals and analyzed
for DNA content by FACS, as described in Materials and Meth-
ods. Yeast strains used were W303-1A (wild-type), DDY008
(rad50A), and DDY062 (rad52A yku70A). (B) Quantification of
post-G, cells. Fraction of cells having a DNA content superior
to G, are plotted in function of time. Numbers are corrected for
the presence of cells blocked in G, at time 0. Typical FACS
profiles are shown.

xmr mutants. To address this issue, we created a mutant
(rad52A yku70A) that is disabled in both NHEJ and HR
and then compared its bleomycin-induced intra-S phase
checkpoint with that of a rad50A mutant and wild-type
cells. As seen in Figure 3, bleomycin induced an arrest in
wild-type cells whereas a significant proportion of
rad50A cells engaged in DNA synthesis by 90 min. In
contrast, the rad52A yku70A double mutant behaved
like wild-type yeast and induced a strong cell cycle arrest
during the whole experimental time course. (We consis-
tently observe that a small proportion of rad52A yku70A
cells are blocked in a G,-like state even in the presence
of a-factor; Fig. 3.) yku70A and rad52A single mutants
behaved similarly to the double mutant and wild-type
cells in this assay (data not shown). Together, these re-
sults indicate that loss of NHE] and HR does not in itself
cause an intra-S phase checkpoint deficiency in yeast
and that the checkpoint function of the Xrs2p complex is
a novel and previously uncharacterized function of this
complex.
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The Xrs2p complex is required for efficient
checkpoint signaling

To address the potential role(s) of the Xrs2p complex in
S phase checkpoint signaling, we evaluated the activa-
tion of Rad53p by an in situ assay (ISA assay; Pellicioli et
al. 1999). Rad53p is a protein kinase that is activated by
the yeast homologs of human ATR and ATM, Meclp and
Tellp, respectively (Sanchez et al. 1996). In the presence
of replicative stress, Meclp and Tellp phosphorylate
Rad53p, resulting in activation of Rad53p kinase activity
and transduction of the checkpoint signal to down-
stream effectors (Foiani et al. 2000). Wild-type and mu-
tant cells were synchronized in G; and Rad53p activity
was examined by ISA at different times after G, release
into medium containing 20 mM or 200 mM HU. For
wild-type cells treated with 20 mM HU, Rad53p activa-
tion is detected 30 min post-release, reaches a peak at
about 60 min, and then decreases as cells complete S
phase (Fig. 4A). By contrast, xrs2A and xrmA cells treated
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Figure 4. The Xrs2p complex is required for efficient check-
point signaling. G,-synchronized cells were released from «-fac-
tor arrest and entered S phase synchronously in the presence
either 20 mM (left panels) or 200 mM HU (right panels).
Samples were collected at 15-min intervals and protein extracts
were prepared. (A) In situ analysis of Rad53p activity. The po-
sition of phosphorylated Rad53p is indicated by a star. Western
blot analysis of 3-phosphoglycerate kinase (3-PGK) was per-
formed in parallel (shown below Rad53p ISAs) to confirm equal
loading in each lane. (B) Quantification of Rad53p autophos-
phorylation. Bars represent the relative fold-activation of wild-
type (black), xrs2A (white), and xrs2A mrellA rad50A (grey)
strains. The activity of Rad53p was quantified using Fujifilm
BAS-2500.
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with 20 mM HU show a considerable decrease in the
extent of Rad53p activation (Fig. 4A). Indeed, quantifica-
tion of the results reveals that the maximal Rad53p ac-
tivity is reduced by about 70%-75% in the mutants
compared with the controls (Fig. 4B). Essentially identi-
cal results were obtained with mrel1A and rad50A single
mutants, indicating that null mutations in the XMR
genes are epistatic for their effects on the Rad53p re-
sponse (Fig. 5B; data not shown).

The residual Rad53p activity seen in xmr cells treated
with 20 mM HU suggests that the signaling pathway can
be activated through alternative routes in these mutants.
If this is the case, we reasoned that increasing the inten-
sity of the initial signal might bypass a requirement for
the Xrs2p complex. To test this, we performed a Rad53p
ISA experiment in the presence of 200 mM HU, a con-
centration that completely blocks DNA replication
(Allen et al. 1994). Figure 4A (right panels) shows that
wild-type cells treated with 200 mM HU activate
Rad53p at the earliest time point after release from G,
and that activation persists until the end of the experi-
ment. Similarly, Rad53p is strongly activated in xrs2A
and xmrA mutants in the presence of high concentra-
tions of HU (Fig. 4B). The initiation of the Rad53p re-
sponse was delayed by about 15 min in the mutants
treated with 200 mM HU, but a quantification of the
results indicates that the maximal Rad53p response in
these mutants is only marginally decreased (by 10%-
15%) when compared with that of an otherwise isogenic
wild-type strain (Fig. 4B, right panel). This result is con-
sistent with the partial restoration of the mitotic spindle
elongation delay seen when the xmr mutants are treated
with high doses of HU (data not shown). Activation of
Rad53p by bleomycin was also significantly curtailed in
xmr yeast, indicating that the Xrs2p complex is also re-
quired for the efficient signaling of DNA DSB (see
Supplemental Materials).

Mrellp nuclease activity is required for efficient
initiation of the S phase checkpoint

Because Mrellp is a nuclease, one way that it could po-
tentiate checkpoint-inducing signals in S phase is by
generating ssDNA at the sites of stalled replication forks
or by otherwise modifying the primary DNA lesion. To
test this hypothesis, we evaluated the checkpoint integ-
rity of mrellA cells complemented with centromeric
plasmids expressing wild-type Mrellp or derivatives
mutated in the nuclease domain. Five Mrellp mutants
were generated, four affecting evolutionarily conserved
nuclease motifs in the enzyme. Two of these mutations
(D56N and H213Y) abrogate the exonuclease and endo-
nuclease activities of Mrel 1p in vitro (Furuse et al. 1998;
Usui et al. 1998). The N113S and Q623X mutations cor-
respond to the two hMrell mutations found in cancer-
prone ATLD patients (Stewart et al. 1999). Finally, the
P162S mutation affects a proline residue that is con-
served in the nuclease domain of all known eukaryotic
Mrell proteins and renders the protein totally inactive
at 30°C (not at 23°C, a temperature-sensitive mutant;
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Figure 5. Hypersensitivity of mrell nuclease mutants to
replicative stress. (A) Fivefold serial dilution of mrellA
yeast containing single-copy plasmids expressing wild-
type Mrell-ProA or various nuclease mutants were plated on
SC-uracil containing no drug, 20 mM HU, or 200 mM HU.
Exponential cultures were also grown for a further 9 h in liquid
SC-uracil containing 200 mM HU before being washed and
plated on SC-uracil plates, as described in Materials and Meth-
ods. Wild-type (WT) cells carrying an empty plasmid were in-
cluded for comparison. A indicates mrellA cells carrying
various MRE11 alleles or an empty plasmid. (B) The nuclease
activity of Mrellp is required for efficient checkpoint signal-
ing. G,-synchronized mrell1A cells expressing wild-type
Mrellp and nuclease mutants (H213Y and P162S) were released
into a synchronous S phase in the presence of 20 mM HU.
Rad53p activity was evaluated in situ, as described in Figure 4.
The lower right panel is a quantification of Rad53p auto-
phosphorylation; bars represent the relative fold activation of
wild-type (black), H213Y mutant (white), and P162S mutant
(grey) strains. (C) Mutations in the nuclease domain of Mrel1p
result in premature initiation of DNA synthesis in the presence
of bleomycin. Cells expressing wild-type Mrellp and nuclease
mutants (H213Y and P162S) were synchronously released into
S phase in the presence of nocodazole and 25 units/mL bleomy-
cin (added 5 min following release), and processed for FACS
analysis.

The Xrs2p complex is required for S phase control

Johzuka and Ogawa 1995). Figure 5A shows that the abil-
ity to grow on HU is severely compromised by muta-
tions in the nuclease domain of Mrel 1p. Because growth
on HU can be a measure of both DNA repair and check-
point proficiency (Fig. 1), we performed an HU hypersen-
sitivity (acute treatment) experiment to address the in-
tegrity of the checkpoint in these mutants (Allen et al.
1994). Notably, inactivating specific nuclease residues in
Mrellp completely abrogates survival after transient pe-
riods of growth in HU (Fig. 5A).

To characterize further the checkpoint defects associ-
ated with the nuclease mutations in Mrel 1p, we evalu-
ated their effects on Rad53p activation. Because some
mutations reduce the stability of Mrellp (D. D’Amours
and S.P. Jackson, unpubl.), we selected two mutants
(H213Y and P162S) that are stably expressed to wild-type
levels for further studies (for expression levels, see Fig.
7B, below). These mutants were released synchronously
into S phase in the presence of 20 mM HU and extracts
were prepared at 15-min intervals. Figure 5B shows that
the Rad53p response of the deletion mutant comple-
mented with wild-type MRE11 is essentially identical to
that of the wild-type strain (cf. Fig. 4). However, Rad53p
activation is significantly impaired in strains express-
ing the mutant alleles of MREI1 (Fig. 5B). Indeed,
Rad53p activation is reduced by 50%-60% in the ab-
sence of nuclease activity when the response is at its
maximum (45-60 min), which also results in an apparent
reduction in the observable duration of Rad53p activa-
tion (Fig. 5B).

We also tested the ability of the H213Y and P162S
mutants to arrest DNA synthesis in response to bleomy-
cin. Figure 5C shows that the mrel1A mutant comple-
mented with wild-type MRE11 displays normal S phase
arrest in response to bleomycin treatment (cf. wild-type
responses in Figs. 2 and 5C). In contrast, a significant
level of DNA synthesis can be seen with both point mu-
tants, which appear to be particularly affected in their
early responses (Fig. 5C). Furthermore, post-G; DNA ac-
cumulates gradually during the experiment and corre-
sponds to almost half of the total DNA content (for
P162S and H213Y mutants, 45% and 42 %, respectively)
at the end of the time course (Fig. 5C). Conversely, the
accumulation of post-G; DNA with wild-type Mrellp is
marginal and remains below 22% of the total DNA con-
tent throughout the experiment (Fig. 5C). These results
indicate that Mrellp nuclease activity is required to ef-
ficiently signal bleomycin-induced damage in S phase
and are consistent with a role of the Xrs2p complex as
signal modifier. The checkpoint defects of Mrellp point
mutants are not as strong as those obtained with the
deletion mutants, suggesting that there is some nucle-
ase-independent function of the Xrs2p complex in check-
point activation (Fig. 5B,C). Nevertheless, the phenotype
associated with the nuclease mutations in MRE11 is bio-
logically significant because it results in full lethality in
response to acute treatment with HU (Fig. 5A). We have
used four mutations each spaced by about 50 residues
and covering a region of 150 residues in Mrellp nuclease
domain. Although we cannot exclude secondary effects
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on other aspects of the protein, the above data strongly
implicate the nuclease functions of Mrellp in the effi-
cient activation of S phase checkpoints.

Xrs2p and Mrellp are phosphorylated after DNA
damage in a Tellp-dependent manner

Because checkpoint cascades are regulated by phos-
phorylation (Foiani et al. 2000), we investigated whether
the members of the Xrs2p complex are phosphorylated in
response to DNA damage and, if so, which kinase(s) is
responsible for this. Protein extracts were prepared from
exponentially growing cells expressing epitope-tagged
Rad50p, Mrellp, or Xrs2p. (These strains were fully
complemented for all the xrm phenotypes tested; D.
D’Amours and S.P. Jackson, unpubl.). Extracts from cells
treated for 1 h with 4-nitroquinoline-1-oxide (4-NQO),
bleomycin, methylmethane sulfonate (MMS), or UV
light were resolved by SDS-polyacrylamide gel electro-
phoresis and subjected to Western blot analysis. Figure
6A shows that Mrellp and Rad50p migrate as single
bands in extracts obtained from untreated cultures,
whereas Xrs2p appears as a mixture of heterogeneously-
migrating bands, as observed previously (Usui et al.
1998). Upon exposure to 4-NQO or bleomycin, slower
migrating forms of Mrellp and Xrs2p are detected (Fig.
6A; for Xrs2p, the faster migrating bands selectively dis-
appear relative to the slower migrating forms). Interest-
ingly, only marginal enrichment of the slower migrating
forms of Mrellp and Xrs2p is seen in samples treated
with MMS or UV. No significant retardation of the
Rad50p band was observed with any of the DNA dam-
aging agents tested (Fig. 6A). Samples treated with phos-
phatase contained a single band that corresponds to the
faster migrating species in the untreated Mrellp and
Xrs2p samples (Fig. 6A, right panel). This confirms that
the DNA damage-dependent modification of Mrel 1p and
Xrs2p is due to phosphorylation. (Xrs2p was partly de-
phosphorylated during the immunoprecipitation proce-
dure, but the slow migrating form is still clearly visible
in the untreated sample.) In contrast, Rad50p electropho-
retic mobility was unchanged by phosphatase treatment
(Fig. 6A).

We next investigated the genetic requirements for
Mrellp and Xrs2p phosphorylation. To this end, various
checkpoint mutants were transformed with centromeric
plasmids expressing tagged Mrellp or Xrs2p and their
ability to phosphorylate these proteins was evaluated.
Perhaps surprisingly, the levels of phosphorylation of
both Xrs2p and Mrellp remained unchanged in rad9A,
rad24A, rad53A, IcdiA/ddc2A, or mecl-21 mutant
strains (Fig. 6B, see legend for details), which represent
the main epistasis groups known to be involved in
checkpoint responses (for review, see Foiani et al. 2000).
In marked contrast, DNA damage-dependent phosphory-
lation of Xrs2p was no longer detected in tellA or tel1A
mec1-21 mutants (Fig. 6B). Similarly, the absence of
Tellp resulted in a significant decrease in the phosphory-
lation of Mrellp and the residual phosphorylation was
eliminated by an additional mutation in MEC1. Mrellp
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Figure 6. Xrs2p and Mrellp are phosphorylated in response to
DNA damage. (A) Exponentially growing cultures of yeast ex-
pressing Mrel1-13Myc, Xrs2-13Myc and Rad50-3FLAG were
analyzed for protein phosphorylation in response to DNA dam-
age (left panels). Cells were untreated (-) or treated with either
4-NQO (25 uM), bleomycin (350 units/mL), MMS (0.02%), or
UV (60 J/m?2). Arrows indicate the position of the phosphory-
lated and unphosphorylated bands (left). For dephosphorylation
experiments (right panels), Mrellp, Xrs2p, and Rad50p were
immunoprecipitated from soluble extracts of yeast treated with
4-NQO. Half of each immunoprecipitate was dephosphorylated
with \ phosphatase; the remaining half was mock treated. (B)
Genetic requirements for phosphorylation of Mrellp and
Xrs2p. Exponential cultures of various checkpoint mutants ex-
pressing Myc-tagged Xrs2p or Mrellp were treated with 4-NQO
(25 uM). Untreated (-) and treated (+) wild-type cultures were
also included as controls. Protein extracts were prepared 1 h
after the addition of 4-NQO and analyzed by Western blotting.
Arrows indicate the position of the basal and phosphorylated
bands (left). Mutant strains are as follows: tel1A (Y662), mecl-
21 (Y663), tellA mec1-21 (Y664), rad53A smli-1 (U960-5C),
rad9A rad24A and Icd1A. The meci-21 allele used here is a
hypomorphic allele that does not require a second site mutation
for the suppression of mec1A-associated lethality (Desany et al.
1998). Although it is not known whether this allele is com-
pletely defective for checkpoint functions, the similar results
obtained with the Icd1A/ddc2A mutant (which is fully epistatic
with MEC1; Rouse and Jackson 2000) and the mec1-21 mutant
supports the view that we observe the full effect of the loss of
Meclp in our phosphorylation assay.

and Xrs2p are the only proteins so far shown to be pref-
erentially phosphorylated in a Tellp-dependent manner
during the cellular response to DNA damage.

TEL1 and XRS2 are in the same epistasis group

A role for Tellp in checkpoint regulation has been in-
ferred from the ability of overexpressed Tellp to sup-



press the DNA damage sensitivity of a Meclp-deficient
strain and from the fact that a tel1 mutation exacerbates
the HU and DNA damage sensitivity of a mecl mutant
(Morrow et al. 1995). Accordingly, we have observed that
Tellp-deficient yeast have a weak intra-S phase check-
point defect and that the loss of the TELI gene in a mec1-
21 background enhances the checkpoint defect of this
strain (see Supplemental Materials). Taken together with
the above data, these observations suggest that TELI
might be in the same epistasis group as the products of
the XRM genes. To test this idea, we generated strains
deficient in the XRS2, TEL1, MEC1, and RAD53 genes as
single or combination mutants and then examined their
sensitivity to low doses of HU. Because some combina-
tions of mutation in a mecIA background result in a
senescence phenotype, we isolated survivor clones of
these strains that grow at a rate comparable to that of
other mutants (Ritchie and Petes 2000). This allowed us
to perform a semi-quantitative analysis of the HU sen-
sitivity of each mutant.

Figure 7A shows the results of the epistatic analysis.
The point at which the single mutants become signifi-
cantly sensitive to HU is as follows: xrs2A, 4mM;
rad53A, 2-4 mM,; tel1A, not sensitive; mec1A, 2 mM (Fig.
7A). In comparison, all the double mutants, except the
tel1A xrs2A strain, became significantly sensitive to HU
at a concentration of 1 mM. Interestingly, the sensitivity
of the xrs2A meclA mutant is not significantly exacer-
bated by the addition of a tel1IA mutation (both xrs2A
meclA and xrs2A meclA tellA cells are sensitive to the
same extent at | mM HUJ, which indicates that xrs2A
and tel1A mutations are epistatic. Indeed, in this system,
combining mecIA and tel1A mutations (which exacer-
bates the mec1A phenotype) serves as a positive control
for a Tellp-specific effect because Tellp-deficient mu-
tants have no HU sensitivity on their own (Fig. 7A; Mor-
row et al. 1995). These results are consistent with xrs2A
and tel1A mutations working epistatically in regard to a
chromosome rearrangement phenotype (Myung et al.
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2001). Interestingly, we could not obtain any viable
meclA xrs2A spores in the absence of SML1 mutations
(either smI1A or smli-1 alleles; data not shown) during
the construction of our double mutants. This result in-
dicates that loss of XRS2 does not suppress the lethality
of meci1A (by increasing the levels of ANTPs) and makes
it unlikely that the faster rates of DNA replication that
we see in Figure 2 are due to altered dNTPs pools.

Tellp-dependent phosphorylation of Mrellp
is a feedback response to checkpoint activation

Our results are consistent with a model in which the
Xrs2p complex acts with Tellp at the level of the DNA
damage to activate the checkpoint. If the nuclease activ-
ity of Mrel 1p is required to modify the initial damage so
that it can activate the checkpoint more efficiently, we
would expect that checkpoint kinases, including Tellp,
would not be fully activated in strains expressing nucle-
ase mutants of Mrellp. Alternatively, if the nuclease
activity of Mrellp is not required for Tellp and Meclp
activation, we would expect that the nuclease mutants
of Mrellp would be phosphorylated as efficiently as the
wild-type enzyme. To address these two possibilities, we
tested whether the nuclease activity of Mrellp is re-
quired for its Tellp-dependent phosphorylation. Yeast
expressing either wild-type or Mrellp mutants affected
in the nuclease domain (H213Y and P162S) were grown
to early log-phase, treated with 4-NQO, and extracts
were prepared at 15 min-intervals to analyze the kinetics
of Mrellp phosphorylation. Figure 7B shows that a weak
phosphorylation of wild-type Mrellp can be seen early
on during the experiment, which increases significantly
at 30 min and reaches a maximal level 60 min after the
addition of the DNA-damaging drug. In contrast, no
phosphorylation is seen with either Mrellp mutant at
any time point during the experiment (Fig. 7B). Taken
together with the current literature (Lee et al. 1998; Pel-
licioli et al. 2001), our results strongly suggest that the

B

0.0mM 1.0mM  20mM  4.0mM Time (min)
r.-.-'hb-
wild-type Ll LS ooou" 000|008 S
xrs2n CX 0 15 30 60
radsas PR

tel1A xrs2A

rad53A xrs2A L
xrs2A mec1A L.
tel1A meciA LA
xrs2A tellA meciA L KB

= -—hﬂl}Mreﬂp WT

> [N s s =Mre11p H213Y

> | . s et m® =\ 1re 11p P162S

Figure 7. Functional and epistatic interactions between the Xrs2p complex and Tellp. (A) HU sensitivity of various mutants affected
in the XRS2, RADA53, TEL1, and MEC1 genes. Fivefold serial dilution of yeast cultures were plated on YPAD medium containing low
concentrations of HU. Survival was scored after 2-3 d of growth at 30°C. (We consistently observe that a telIA mutation partially
suppresses the slow growth phenotype associated with a xrs2A mutation, possibly because Tellp is inappropriately activated in the
absence of Xrs2p.] Yeast genotypes are on the left side of the panels. All the strains tested have a smli1-1 mutation. (B) Nuclease
mutants of Mrel 1p are not phosphorylated in response to DNA damage. Exponential cultures of mrel1A mutants expressing wild-type
or nuclease-defective (H213Y and P162S) Mrel1-ProA were damaged with 4-NQO (25 uM) and samples were taken at timed intervals.
Protein extracts and Western blot analysis were performed as described in Figure 6.
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nuclease activity of Mrellp is required for the efficient
activation of the checkpoint kinases and is consistent
with the view that the phosphorylation of Mrellp is a
feedback response from the checkpoint signaling pathway.

Discussion

The Xrs2p complex is required for the initiation
of S phase checkpoints

Here, we describe a previously uncharacterized role for
the Xrs2p complex in checkpoint regulation during S
phase. We show that yeast lacking a functional Xrs2p
complex are defective in both the HU-induced check-
point and the bleomycin-induced intra-S phase check-
point. Specifically, we see that Xrs2p-deficient yeast ex-
periencing replicative stress initiate DNA synthesis
earlier than wild-type cells, are unable to inhibit the
elongation of their mitotic spindle, and fail to efficiently
activate Rad53p, a central checkpoint regulator. The role
of the Xrs2p complex in checkpoint regulation does not
appear to reflect its role in NHE] and HR because loss of
these DNA repair pathways in a rad52A yku70A double
mutant does not impair the intra-S phase checkpoint.
Taken together, our results indicate that the role of the
Xrs2p complex in S phase arrest is a novel and previously
uncharacterized function of this complex.

It is noteworthy that a specific defect in the initiation
of the intra-S phase checkpoint in xmr mutants results
in severe lethality in the presence of replicative stress
(Fig. 1). This phenotype is consistent with the results of
Desany et al. (1998) who have shown that the inability to
respond to replicative stress in the rad53 mutant results
in an irreparable catastrophe during DNA replication,
possibly due to collapsed replication forks. Our results
indicate that Rad53p needs to be fully activated very
early during replicative stress to ensure survival, and
that later activation of the kinase, as seen in xmr mu-
tants, is not sufficient to restore viability. It is likely that
the lethal events in xmr and rad53 mutants experiencing
replicative stress are the same because xmrA cells fail to
properly activate Rad53p.

The Tellp—Xrs2p signal transduction pathway
is conserved from yeast to humans

Cells isolated from AT patients show similar cellular
phenotypes to NBS and ATLD cells (Petrini 2000). This
led to the early suggestion that the products of the ATM
and NBS1 genes would be involved in the same processes
during the response to DNA damage. This assumption
was confirmed recently when it was shown that ATM
phosphorylates Nbsl in response to DNA damage and
that this is necessary to enforce the intra-S phase check-
point (for review, see Michelson and Weinert 2000). In-
terestingly, previous studies have shown that the yeast
homolog of ATM, Tellp, has only a minor role in the
DNA damage response. Indeed, Tellp seems to be nec-
essary for DNA damage resistance only in the absence of
the predominant kinase Meclp (Morrow et al. 1995). By
contrast, we show that Tellp is required for the effective
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phosphorylation of Mrellp and Xrs2p in vivo, and that
Meclp only plays an accessory role in these events. This
is the first time that a primary dependence on Tellp has
been demonstrated for the phosphorylation of check-
point proteins and strongly suggests that the fundamen-
tal mechanisms of the signaling pathway are conserved
from yeast to humans.

It is important to note that there is not a simple caus-
ative link between checkpoint defects and DNA damage
sensitivity. This is clearly evidenced by the behavior of
chkl mutant in yeast (Sanchez et al. 1999), by the iden-
tification of checkpoint-deficient alleles of MEC1 that
are not DNA damage sensitive (Weinert et al. 1994), by
the general lack of DNA damage sensitivity of mamma-
lian p53~/~ cell lines, and by the fact the DNA damage
sensitivity and checkpoint defect of AT cells can be dis-
sociated (for review, see Jeggo et al. 1998). In light of this,
it is not necessarily surprising that Tellp could be in-
volved in important checkpoint responses and yet tell
mutant strains are not markedly hypersensitive to HU or
DNA damage.

Interestingly, the phosphorylation of Mrellp by Tellp
appears to be dependent on the nucleolytic activity of
the Xrs2p complex, suggesting that Mrel1p phosphory-
lation is a feedback response to Tellp activation. It is
tempting to speculate that this phosphorylation alters
the biochemical properties of Mrellp and redirects the
Xrs2p complex toward other activities (such as DNA re-
pair) once the intra-S phase checkpoint has been trig-
gered. There is some evidence in humans for a biphasic
redistribution of the Nbsl complex during the DNA
damage response, which suggests that the Nbs1 complex
has two distinct functions that are temporally separated
(Carney et al. 1998). It would perhaps make sense if the
Nbs1/Xrs2p complex would need to activate the intra-S
phase checkpoint first so that the cell cycle is slowed and
time is provided to repair DNA damage. Mrellp phos-
phorylation might then act as a switch to commit the
Xrs2p complex to DNA repair activities following check-
point activation. Clearly, careful biochemical studies
will be required to address these important issues.

The Xrs2p complex as a signal-modifier during S phase

The identity of the DNA damage sensors and the nature
of the process(es) leading to DNA damage recognition
during checkpoint activation are currently unclear.
DNA can be damaged in several ways, and each type of
lesion has its own typical structure and requirements for
detection (for review, see Friedberg et al. 1995). To ad-
dress the structural diversity of DNA lesions, the process
of DNA repair utilizes several distinct pathways, each of
which is concerned with a class of structurally similar
lesions. Perhaps surprisingly, however, current data sug-
gest that DNA damage activates a common set of check-
point proteins independently of the nature of the DNA
lesion (Foiani et al. 2000). This indicates either that there
is a multitude of DNA damage sensors acting in check-
point pathways or that it is not the primary lesion itself
that is detected but a common intermediate resulting



from the processing of the damage. This latter mecha-
nism would seem to be structurally less demanding for
the cell and is attractive because the common interme-
diate could be easily provided by signal modifiers asso-
ciated with DNA repair or DNA replication processes.
Accordingly, it has been shown that irreparable UV le-
sions are only efficiently detected during S phase in both
human and yeast cells, which indicates that the initial
damage is processed to a signaling-competent state dur-
ing DNA replication (Nelson and Kastan 1994; Neecke
et al. 1999). This conclusion is also supported by recent
results indicating that alkylation and UV-induced le-
sions are converted to DSBs during S phase (Galli and
Schiestl 1999). Whether DSBs can induce the checkpoint
response directly or have to be processed first is un-
known. However, it is tempting to speculate that DSBs
may serve as ideal intermediates for exonucleases to pro-
duce ssDNA, a structure that has been shown to be a
potent activator of checkpoint responses (Garvik et al.
1995; Lydall and Weinert 1995; Lee et al. 1998).

Mrellp is a strong candidate for this nuclease activity
because it has already been shown to be required for the
formation of ssDNA regions in vivo at meiotic DSBs and
during mating-type switching (Lee et al. 1998; Usui et al.
1998). Furthermore, our finding that the Xrs2p complex
is required to signal the presence of low levels of DNA
damage to the checkpoint machinery, and that this role
can be partly bypassed by increasing the levels of DNA-
damaging agent, suggests that the Xrs2p complex poten-
tiates the checkpoint-inducing properties of DNA dam-
age. The simplest model to accommodate these observa-
tions is that Mrellp nuclease processes DNA DSBs into
checkpoint-activating lesions during S phase. Evidence
supporting this interpretation has also been obtained re-
cently from the work of Lee et al. (1998) and Pellicioli et
al. (2001) who have shown that cells deficient in Mrellp
adapt more readily to the presence of a single HO-in-
duced DSB than wild-type cells. Their interpretation of
the data is that Mrellp is normally required to produce
the ssDNA required to maintain the checkpoint and that
in the absence of this signal, cells abrogate the check-
point response and exit cell cycle arrest (adaptation).
However, it is notable that the nuclease activity of
Mrellp in vitro is of the opposite polarity (3'—5') to the
polarity of HO-induced DSB resection in vivo (5'—3’).
Because of this discrepency and because MRE11 deletion
mutants have been used in previous studies, there is still
some debate as to whether Mrellp is directly respon-
sible for the nucleolytic degradation of DNA DSBs or
whether it is required to activate a second nuclease that
is then responsible for the nucleolytic degradation.

Our analyses of Mrellp nuclease mutants address this
issue and strongly suggest that Mrellp nuclease activity
is directly responsible for creating the checkpoint-induc-
ing signal. All the exonuclease mutants of Mrellp we
have tested so far are highly defective in the intra-S
phase checkpoint, are deficient in Rad53p activation,
show premature DNA synthesis, and are defective in
Tellp-dependent phosphorylation. The importance of
Mrellp nuclease activity for the activation of the intra-S
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phase checkpoint is reinforced by the fact that a muta-
tion affecting a conserved residue in the nuclease do-
main of hMrell causes RDS in ATLD patients (Stewart
et al. 1999; see discussion in Rhind and Russell 2000).
Although it is difficult to formally exclude potential sec-
ondary effects associated with nuclease mutations, the
available data strongly suggest that the Xrs2p complex
acts as a signal modifier to potentiate the checkpoint-in-
ducing properties of primary DNA lesions during S phase.

Materials and methods

Plasmid and strain construction

Yeast strains with complete deletion of the coding sequence of
XRS2, MRE11, RAD50, RAD51, RAD52, or TEL1 genes were
constructed according to Baudin et al. (1993) in the original
W303-1A background (Table 1). Construction of multiple mu-
tant strains was performed by mating the appropriate single
mutants. Genotypes were confirmed by PCR and by comple-
mentation with single-copy plasmids (pRS416) carrying the pro-
moter, full-length coding sequence and transcription terminator
of the deleted gene. pRS416-based plasmids expressing Xrs2—
13Myc, Mrell-13Myc, Mrell-ProA (Protein A), and Rad50-
3FLAG were created by subcloning the appropriate tags (Long-
tine et al. 1998) in frame with the last codon of the genes. All
plasmids were shown to be fully functional by complementa-
tion of the appropriate mutant strains. Mutagenesis of the
nuclease domain of Mrell-ProA was performed with the
QuickChange mutagenesis kit (Stratagene).

HU and bleomycin sensitivity assays

For growth on solid medium containing HU or bleomycin, satu-
rated cultures were diluted to Ay, of 0.3 and fivefold dilution
series were spotted on plates and grown at 30°C for 2 d (>40 mM
HU or bleomycin) or 4 d (200 mM HU). Stock solutions of bleo-
mycin (Bleo-Kyowa) were freshly prepared before each experi-
ment at a concentration of 15,000 international units/mL in
water. To test for HU hypersensitivity (acute treatment), satu-
rated cultures were diluted to Agy, of 0.3 in liquid YPAD (or in
SC-uracil for mrel1 nuclease mutants) and grown for 1.5 h at
30°C. HU was then added to 200 mM and cultures were incu-
bated for 9 h with shaking at 30°C. Cells were washed with
water, diluted to an A of 0.3, and fivefold dilution series were
spotted on YPAD or SC-uracil plates. Survival was scored after
2-3 d.

Analysis of the S-phase checkpoint

FACS analysis and Rad53p activation assays were performed
with synchronized cells as follows. Early log cultures were syn-
chronized in G, with 5 pg/mL a-factor for 1.5 h. After confirm-
ing the efficiency of the arrest by light microscopy (>95%), cells
were extensively washed to eliminate a-factor and then released
in liquid YPAD. For HU experiments, the drug was added at the
onset of the release at a final concentration of 20 mM, 40 mM,
or 200 mM, as described in figure legends. For bleomycin, the
drug was added after 5-10 min of growth to allow the cells to
enter S phase. Samples were taken at various time points and
processed for the following assays. S phase progression was
monitored by FACS on a Becton Dickinson FACSort cytometer
equipped with the CELLQuest software, as previously described
(Paulovich et al. 1997), except that nocodazole was added to 15
pg/mL when releasing cells to prevent progression to G,. In situ
Rad53p kinase assays (ISA) were performed according to Pelli-
cioli et al. (1999). In addition, extracts were probed with anti-
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Table 1. Yeast strains used in this study

Strain Genotype Constructed by
W303-1A Mata ade2-1 can1-100 his3-11,15 leu2-3,112 rad5-535 trp1-1 ura3-1 R. Rothstein
U960-5C W303-1A, smli-1 rad53::HIS3 R. Rothstein
Y661 Mata ade2-1 can1-100 his3-11,15 leu2-3,112 rad5-535 trp1-1 ura3-1 S. Elledge
Y662 Y661, tell::HIS3 S. Elledge
Y663 Y661, mec1-21 S. Elledge
Y664 Y661, tell::HIS3, mec1-21 S. Elledge
led1A W303-1A, Icd1::LEU2 J. Rouse
rad9A rad24A W303-1A, rad9::HIS3 rad24::TRP1 D. Durocher
hdf1 W303-1A, yku70::LEU2 H. Feldmann
DDY004 W303-1A, xrs2::LEU2 This study
DDY006 W303-1A, mrell::HIS3 This study
DDYO008 W303-1A, rad50:TRP1 This study
DDY022 W303-1A, xrs2::LEU2 mrell::HIS3 rad50::TRP1 This study
DDY029 W303-1A, rad9::URA3 This study
DDY035 W303-1A, sml1-1 xrs2::LEU2 rad53::HIS3 This study
DDY042 W303-1A, rad51::HIS3 This study
DDYO050 W303-1A, sml1-1 This study
DDYO051 W303-1A, smli-1 xrs2::LEU2 This study
DDY052 W303-1A, smli-1 tell::HIS3 This study
DDY053 W303-1A, sml1-1 mecl::TRP1 This study
DDY056 W303-1A, smli-1 xrs2::LEU2 tell::HIS3 This study
DDYO062 W303-1A, yku70::LEU2 rad52::TRP1 This study
DDY063 W303-1A, sml1-1 mecl::TRP1 xrs2::LEU2 This study
DDYO064 W303-1A, sml1-1 mec1::TRP1 tell::HIS3 This study
DDY065 W303-1A, sml1-1 mecl::TRP1 xrs2::LEU2 tell::HIS3 This study

PGK (22C5-D8; Molecular Probes) monoclonal antibody to con-
firm equal loading.

Phosphorylation analysis

Exponentially growing cells expressing tagged proteins were
treated with DNA damaging agents in liquid SC-uracil medium.
Cells were treated with 25pM 4-NQO, 350 units/mL bleomy-
cin, or 0.02% MMS for 1 h. For UV treatment, cells were ex-
posed to 60 J/m? UV and left to recover for 1 h. Trichloroacetic
acid extracts were prepared as described by Pellicioli et al. (1999)
and proteins were resolved by 8% SDS-PAGE in gels containing
a 150:1 ratio of acrylamide to bis-acrylamide. Western blots
were performed with anti-Myc-9E10 and anti-FLAG-M2 mono-
clonal antibodies, as described (Pellicioli et al. 1999). Primary
antibodies and Mrell-ProA were detected with HRP-conju-
gated rabbit anti-mouse IgG antibody (Dako). Soluble extract
preparation and dephosphorylation were performed as described
by Pellicioli et al. (1999).
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