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ABSTRACT

The Mrel1-Rad50-Nbsl (MRN) heterotrimer plays various and complex roles in DNA damage repair and
checkpointsignaling. Its role in activating Ataxia-Telangiectasia Mutated (ATM), the central checkpoint kinase
in the metazoan double-strand break response, has been well studied. However, its function in the checkpoint
independent of ATM activation, as well as functions that are completely checkpoint independent, are less well
understood. In fission yeast, DNA damage checkpoint signaling requires Rad3, the homolog of the ATR (ATM
and Rad3-related) kinase, not Tell, the ATM homolog, allowing us to dissect MRN’s ATM-independent S-phase
DNA damage checkpoint roles from its role in ATM activation. We find that MRN is involved in Rad3 (ATR)-
dependent checkpoint signaling in S phase, but not G2, suggesting that MRN is involved in ATR activation
through its role in replication fork metabolism. In addition, we define a role for MRN in the S-phase DNA
damage checkpoint-dependent slowing of replication that is independent of its role in checkpoint signaling.
Genetic interactions between MRN and Rhp51, the fission yeast Rad51 homolog, lead us to suggest that MRN
participates in checkpoint-dependent replication slowing through negative regulation of recombination.

ELLS must respond to DNA damage appropriately
to maintain genomic fidelity, prevent mutation,
and successfully duplicate and segregate genetic infor-
mation. Cells employ checkpoints to respond to DNA
damage and coordinate cell cycle progression with
repair (HARTWELL and WEINERT 1989; KaASsTAN and
BARTEK 2004). One of the central responses to DNA
damage is the S-phase DNA damage checkpoint, which
slows replication in response to DNA damage during S
phase (SANCAR et al. 2004). In metazoans, this check-
point acts through either the Ataxia-Telangiectasia
Mutated (ATM) or ATM and Rad3-related (ATR) kinase,
depending on the type of damage; ATM responds to
double-strand breaks and ATR to replication blocking
lesions, such as those caused by UV, methyl methane
sulfonate (MMS), or camptothecin (McGowaN and
RusseLL 2004). In yeast, the checkpoint responds to
both types of DNA damage though the ATR homolog—
Rad3 in the fission yeast Schizosaccharomyces pombe and
Mecl in budding yeast Saccharomyces cerevisiae (RHIND
and RusseLL 1998).

In fission yeast, the S-phase and G2 DNA damage
checkpoints are activated through a conserved protein
kinase cascade in which Rad3 phosphorylates and acti-
vates one of two downstream effector kinases (RHIND
and RusseLL 2000). Rad3 phosphorylates the S-phase-
specific checkpoint kinase Cdsl in response to DNA
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damage during replication and Chkl in response to G2
damage (WALWORTH and BERNARDS 1996; LiNDsAy
et al. 1998; MARTINHO et al. 1998; BRONDELLO et al.
1999). The downstream checkpoint targets for preven-
tion of mitosis are well understood (SANCAR et al. 2004).
However, the downstream players in the S-phase DNA
damage checkpoint and mechanisms utilized to slow
replication are still unclear.

Checkpoint regulation of cell-cycle progression al-
lows cells the opportunity to repair DNA damage. The
Mrell-Rad50-Nbsl (MRN) recombinational-repair com-
plex serves roles in both checkpoint activation and DNA
damage repair. MRN is a heterotrimer composed of
proteins with diverse biochemical functions: Mrell is
a single-strand endo- and 3’ exonuclease; Rad50 is an
SMC-like protein with DNA binding, ATPase, and ade-
nylate kinase activities; and Nbsl is the putative regula-
tory subunit (D’aMOURs and JacksoN 2002). Mrell’s
nuclease activity is involved in processing DSBs for
homologous recombinational repair and signaling
(LoBACHEV et al. 2002; LEwWIS et al. 2004; JAZAYERI el al.
2006). Rad50 constitutively associates with Mrell and
may tether DNA molecules in close proximity for
efficient repair (DE JAGER ef al. 2001). Nbsl is required
for MRN nuclear localization and DNA damage- and
replication-dependent focus formation (MIRZOEVA
and PeTRINT 2001). Nbsl stimulates the DNA binding
and nuclease activities displayed by the Mrell-Rad50
heterodimer (PaurLL and GELLERT 1999). MRN is in-
volved in an array of recombinational-repair pathways.
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However, its role seems to be modulatory or redundant,
because although MRN mutations disrupt many repair
pathways, they do not eliminate any of them (SYMINGTON
2002).

MRN is required for the S-phase DNA damage check-
point response, which slows replication in response to
DNA damage (D’amMours and JacksoN 2002; FALck
et al. 2002; CHAHWAN et al. 2003). Two pathways con-
tribute to checkpoint-dependent replication slowing in
mammals: the first inhibits origin firing via the degrada-
tion of Cdc25 in a Chk2-dependent manner, the second is
MRN-dependent (FaLck et al. 2002). This MRN activity
appears to be independent of its role in checkpoint
signaling since the Chk2 target Cdc25A is degraded
normally in Nijmegen breakage syndrome cells, which
are mutant for the Nbsl subunit (Buscewmr et al. 2001;
FaLck et al. 2002) . Although its role in slowing replication
is unknown, MRN associates with sites of ongoing
replication and forms foci at stalled forks, suggesting that
MRN acts to slow replication in a fork-dependent manner
(MASER et al. 2001; MirzOEVA and PETRINT 2003).

In metazoa, MRN acts both as an upstream activator
and downstream target of the checkpoint kinase ATM
and ATR. MRN is involved in recognition of double-stand
breaks and the activation of ATM, placing it at the very
earliest steps in checkpoint signaling (UzikL et al. 2003;
Horgjst et al. 2004; Lisy et al. 2004; LEE and PauLL
2007). MRN is also a target of ATM phosphorylation in
response to ionizing radiation (IR) (LiM et al. 2000) and
serves a downstream role in slowing replication inde-
pendent of its role in checkpoint signaling (FALCK et al.
2002). MRN serves independent up- and downstream
roles during S-phase, being required for both strong ATR
activation and slowing replication in response to UV
(OLsoN et al. 2007). These multiple roles for MRN in
metazoan checkpoint response to DNA damage have
made it difficult to determine how MRN contributes to
the regulation of replication in response to DNA damage.

Schizosaccharomyces pombe offers a convenient system to
study the role of the MRN complex in the S-phase DNA
damage checkpoint. First, unlike in metazoa, MRN is
not essential, allowing the analysis of null alleles.
Second, although MRN’s role in the activation of ATM
is conserved in fission yeast, Tell, the fission yeast ATM
homolog, is not required for checkpoint activation.
Therefore, given the involvement of MRN in the S-phase
DNA damage checkpoint in both humans and fission
yeast, and the fact that Tell (ATM) is not required for
this checkpoint in fission yeast, we can directly in-
vestigate the roles of MRN in the checkpoint that are
independent of its role in ATM activation.

MATERIALS AND METHODS

Strains used in this study are listed in Table 1; they were
constructed using previously published alleles or those de-
scribed below (NARAMURA et al. 2002; AKAMATSU et al. 2003;

CHAHWAN et al. 2003; WiLL1s and RHIND 2009). Yeast strains
were grown in yeast extract with supplements (YES) at 25°
or 30° and manipulated using standard methods (FORSBURG
and RuiNp 2006). Strains containing the cdsI overexpression
cassette were grown in Edinburgh minimal medium supple-
mented with leucine, uracil, adenine, and histidine (EMM
LUAH) with or without 15 uM of thiamine.

Cell synchronization: For S-phase analysis, strains were
synchronized, harvested, and prepared for flow cytometry or
Cds1 in vitro kinase assay as previously described (WiLLIs and
RuIND 2009). Briefly, G1 arrested cells were synchronized by
centrifugal elutriation, selecting for a population of cells that
replicate quickly upon release. cdcl0-M17 cells were arrested
for 2 hr at 35° and the smallest cells, those that had most
recently arrested in Gl1, were collected by centrifugal elutria-
tion and released to 25°. Cells were exposed to 200 Gray (Gy)
ionizing radiation using a Faxitron RX-650 (10 Gy per minute
starting at 5 min postelutriation) or treated with 0.03% methyl
methane sulfonate (MMS) (Sigma M4016) or 10 mm hydroxy-
urea (HU) (Sigma H8627). At 20-min intervals after elutria-
tion, 0.5 OD of cells were collected and fixed in 70% ethanol.

Sample preparation for flow cytometry: Whole cells display
significant background fluorescence when analyzed by flow
cytometry, and this background increases as cells elongate in
a cell-cycle arrest (SAzZER and SHERwWOOD 1990). To reduce this
background and improve the signal-to-noise ratio in our
experiments, we adapted a protocol to analyze isolated nuclei
DNA content (CARLSON ef al. 1997; WiLLis and Ruinp 2009).
Briefly, ethanol-fixed cells were pelleted, washed, and sphero-
plasted. Spheroplasts were Triton washed, treated with RNase A,
and disrupted by sonication to release intact nuclei. Sonicated
cells were stained with Sytox Green (Invitrogen S7020) and
analyzed on a Becton-Dickinson FACScan cytometer.

S-phase progression analysis: S-phase progression was mea-
sured using CellQuest software (Becton-Dickinson version
3.3). The unreplicated value was determined by measuring
DNA content of freshly elutriated G1 cultures and fully
replicated values were determined by measuring nuclear
DNA content from asynchronous, prearrested cultures and
untreated cultures having completed replication. Mean values
for S-phase peaks through out time courses were compared
with these unreplicated and fully replicated values. Progres-
sion through S phase was determined using the equation:
% progression = (C —A) /(B — A), where A=1C, B =2C, and
C = mean histogram value. Error bars represent the standard
error of the mean when n > 2 and show the variance of the
data when n = 2.

Cdsl in vitro kinase assay: Cds1 kinase activity was measured
as previously described (LINDSAY et al. 1998; Kar et al. 2005;
WiLLis and Ruainp 2009). Briefly, whole-cell lysates were
prepared from 5 OD of cells and total protein normalized
between samples and incubated with anti-Cdsl antibodies (a
gift from T. Wang) bound to protein-A sepharose beads (GE
Health Sciences). Immunoprecipitated Cds1 was washed and
incubated with myelin basic protein (Sigma M1891) in kinase
reaction buffer with **P-ATP. Reactions were resolved by SDS—
PAGE and analyzed on a phosphorimager. Sample Cdsl
activity was normalized to the Cdsl kinase activity displayed
by MMS-treated wild-type control cells at 120 min after
elutriation. Each experimental set contained a wild-type
control allowing for the comparison of strains used in in-
dependent experiments. Cds1 kinase activity was also normal-
ized to percentage of G1 (%G1) cells in the freshly elutriated
cultures of each strain, as determined by flow cytometry. This
normalization is required because G2 cells treated with 0.03%
MMS do not complete mitosis and thus do not contribute to
measured Cdsl activity (our unpublished results). For com-
parison of Cdsl activity elicited by different treatments, raw
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TABLE 1

Strains used in this study
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Strain Genotype

yFS105 h— lewl-32 ura4-D18

yFS$162 h— lewl-32 ura4-D18 ade6-210 cdc10-m17

yFS$199 h— leul-32 ura4-D18 cdsl::ura4

yFS206 h— leul-32 wra4-D18 chkl::pBF206 (chk1-9myc2HAG6His ura4)

yFS249 h— leul-32 ura4-D18 nbsl::kanMX6

yFS260 h— leul-32 ura4-D18 cdc10-m17 rad3::ura4

yFS263 h— lewl-32 ura4-D18 ade6-m210 his3-D1 cdc10-m17 rad32::kanMX6

yFS265 h— leul-32 ura4-D18 ade6-m210 his3-D1 cdc10-m17 rad50::kanMX6

yFS270 h+ lewl-32 wra4-? rad3::ura4

yFS281 h— leul-32 ura4-D18 ade6-m210 his3-D1 cdcl10-m17 tell::kanMX4

yFS299 h— wra4-D18 cdsl::ura4 chkl::pBF206 (chkI-9myc2HAG6His ura4)

yFS543 h+ lewl-32 wra4-D18 ade6-210 cdcl10-m17 cdsl::ura4

yFS553 h+ lewl-32 ura4-D18 his3-D1 cdcl0-ml17 swi5::his3

yFS556 h+ lewl-32 wra4-D18 ade6-2? his7-366 cdc10-m17 rhp51::natMX6

yFS639 h+ lewl-32 ura4-D18 cdcl10-m17 nbsl::kanMX6 rhp51::natMX6

yFS640 h— leul-32 wra4-D18 his3-D1 cdc10-m17 nbsl::kanMX6 swi5::his3

yFS641 h— leul-32 wra4-D18 ade6-? cdc10-m17 cdsl::ura4 nbsl::kanMX6

yFS689 h+ leul-32 ura4-D18 nbsl::kanMX6 chkl::pBF206 (chkI-9myc2HAG6HIs ura4)

yFS690 h— leul-32 ura4-D18 rad3::ura4 chkl::pBF206 (chk1-9myc2HAG6His ura)

yFS704 h— leul-32 ura4-D18 ade6-? cdc10-m17 rad32::kanMX4 rad51::natMX6

yFS705 h+ leul-32 ura4-D18 ade6-? cdc10-m17 rad50::kanMX6 rad51:: natMX6

yFS707 h— lewl-32 wra4-D18 his3-D1 cdcl10-m17 nbsl::kanMX6 sfrl::ura4

yFS708 h+ lewl-32 ura4-D18 his3-D1 cdc10-m17 nbsl::kanMX6 rad51::natMX6 sfrl::ura4

yFS709 h+ lewl-32 wra4-D18 ade6-M210 cdcl10-m17 nbsl::kanMX6 swil ::kanMX6

yFS723 h— lewl-32 ura4-? ade6-? rad3::ura4 tell ::kanMX4

yFS724 h— leul-32::pBF162 (nmtl1:GST-cdsl leul) ura4-D18 ade6-M210 cdcl10-M17 mikl::ura4
nmtl:pyp3 (kanMX6) rad3::wra4 nbsl::kanMX6 tell ::kanMX4

yFS730 h+ leul-32 ura4-D18 nbsl::kanMX tell ::leu2

yFS731 ht lewl-32 wra4-D18 ade6-210 cdc10-M17 nbsl::kanMX tell ::leu2

phosphoimager counts were normalized first to the %Gl
content of each treated strain and then to the wild-type control
treated with MMS for each assay. For the asynchronous kinase
assays, asynchronous cultures were grown to 0.5 OD/ml and
then treated with 0.015% MMS for 4 hr or left untreated. Ten
OD cells were pelleted and prepared as described above. It was
assumed that all cells capable of slowing during S phase will be
in mid-S phase after 4 hr of MMS exposure, therefore no
normalization for cell cycle position was performed.

cdsl overexpression: c¢dsl was overexpressed from the
strong, thiamine-repressible nmtI promoter. nmt1:GST-cds1 cells
were maintained in EMM LUAH with 15 puMm of thiamine to
repress cdsl expression. Sixteen hours prior to elutriation, cells
were transferred to EMM LUAH without thiamine to induce
cds1 expression. To prevent a Cdsl-induced G2 arrest, we used
a genetic background in which the G2 arrest is overridden by
deletion of mik1, a Cdc2 inhibitory tyrosine kinase activated by
Cdsl, and overexpression of Pyp3, a Cdc2 activating tyrosine
phosphatase that can constitutively drive the G2/M transition
(RuIND and RusseLL 2000). The cells also carry the ¢cdc10-M17
allele allowing for G1 synchronization, as described above.

Chkl Western blotting: Cells were synchronized in G2 by
centrifugal elutriation and immediately exposed to 200 Gy
ionizing radiation using a Faxitron RX-650 (10 Gray per
minute starting at 5 min postelutriation). A total of 15 OD
pellets were collected and frozen in liquid nitrogen. Frozen
cells were thawed in 200 wl ice-cold lysis buffer (150 mm NaCl,
50 mm Tris-HCI pH 8.0, 5 mm EDTA pH 8.0, 10% glycerol, 1%
NP-40, 50 mm NaF, 5 pg/ml leupeptin, 1 mm PMSF, 1 mm
NagVOy) and broken by vortexing with silica beads for 15 min.

Crude cell lysates were cleared by centrifugation (3000 X g
for 5 min) and lysate protein concentration determined using
the BCA Protein Assay kit (Pierce 23225). A total of 150 ug
total protein was separated using SDS-PAGE on 8% 16 X
18 cm gels run 18 hr at 10 mA. Bis-acrylamide:acrylamide ratio
of 1:100 was used to separate phosphorylated from unphos-
phorylated Chkl. Chkl was detected using mouse anti-HA
(Covance MMS-101P) antibody diluted 1:1000 in 5% milk
TBST (0.05% Tween-20) overnightat 4°, followed by goat anti-
mouse secondary conjugated to HRP 1:3000 in 5% milk TBST
for 3 hr at room temperature.

RESULTS

MRN mutants display partial defects in slowing: We
previously reported that MRN is required for check-
point-dependent replication slowing in fission yeast
(CHABWAN et al. 2003). In higher eukaryotes, MRN is
only partially required for slowing in response to DNA
damage (FALCK et al. 2002). To more carefully examine
the role of MRN in the checkpoint, we refined our flow
cytometry protocol, analyzing isolated nuclei rather
than whole cells (WrLLIs and Rainp 2009). Using this
more sensitive assay, we found that the MRN mutants
retain some ability to slow replication in response to
DNA damage. Histogram overlays of the collected data
are shown in Figure 1A. Unperturbed wild-type cells
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Frcure 1.—The Rad32-Rad50-Nbsl complex is required for full replication slowing in response to DNA damage in fission
yeast. (A) S-phase flow cytometry histogram overlays comparing wild-type (yFS162), nbsIA (yFS267), and rad3A (yFS260) strains.
G1 cells were synchronized by cdc10-m17 arrest and elutriation and released in the presence or absence of 0.03% MMS. Cells were
fixed every 20 min and nuclear DNA content measured by flow cytometry. Wild-type cells treated with 0.03% MMS display rep-
lication slowing as shown by a lack of significant peak shifting after release. nbsIA strains display intermediate slowing as shown by
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displayed a shift from 1C unreplicated nuclear DNA
content to 2C replicated content ~60 min after release
from G1. Wild-type cells treated with 0.03% MMS
instead display a gradual shift toward 2C over the course
of the assay. In contrast, rad3A mutants fail to slow
replication in response to MMS. MRN mutants display
an intermediate phenotype with some reduction in
replication in response to DNA damage (Figure 1A).
Quantitation of mean peak shift from 1C toward 2C
nuclear DNA content better illustrates the difference
between wild type and MRN mutants (Figure 1B). Both
wild-type and MRN mutant cells replicate in a similar
manner in the absence of DNA damage. However, wild-
type strains slow replication by ~40% in the presence of
MMS, while nbsIA, rad50A, and rad32A (the fission yeast
homolog of MREI 1) mutants slow by only ~25% (Figure
1B, open vs. closed symbols). The slowing displayed
in MRN mutants requires the presence of the Cdsl
checkpoint kinase; nbsIA cdsiA double mutants display
a complete defect in slowing (Figure 1C). Replication
slowing in fission is dependent upon the central check-
pointkinase Rad3 (ATR) and not the related kinase Tell
(ATM); rad3A mutants fail to slow while telIA mutants
slow well in response to MMS and the nbsIA telIA double
mutant still retains some ability to slow (Figure 1C).
MRN mutants display a partial defect in checkpoint
signaling: To investigate the cause of the slowing defect
in MRN mutants, we focused on the nbsIA mutant
strain. As previously described, null mutants for nbsl,
rad50, and rad32 display identical phenotypes in fission
yeast (CHAHWAN el al. 2003; UENO et al. 2003). We first
investigated the role of Nbsl in S-phase checkpoint
signaling by measuring Cdsl kinase activity using an
in vitro assay. nbsIA strains display intermediate check-
point signaling in response to MMS (Figure 2A). Like
wild-type, nbsIA cells display weak periodic Cds1 activity
in unperturbed cells and increased Cdsl activity in
response to MMS exposure during replication. However,
nbsIA strains display only ~50% of the MMS-induced
Cds1 activity of wild-type cells (Figure 2A). In contrast to
both wild-type and nbsIA mutants, rad3A mutants display
a total defect in Cdsl activation in response to MMS and
HU (LINDSAY et al. 1998 and Figure 2). Despite nbsIA
signaling defects in response to MMS, nbsIA mutants
retain strong signaling in response to HU (Figure 2B).
MRN mutant slowing defect is recombinase de-
pendent: Previously, we have shown regulation of re-
combination is required for checkpoint-dependent

slowing of replication in fission yeast (WILLIS and RHIND
2009). In particular, loss of Rhpbl, the fission yeast
homolog of Rad51, suppresses the defect in checkpoint-
dependent replication slowing seen in rghIA mutants, a
helicase involved in regulation of recombination and
processing of stalled replication forks. Since the MRN
complex is involved in recombinational repair and
thought to act at stalled replication forks, we tested
whether the nbsIA slowing defect was also recombination
dependent. nbsIA rhp5IA and nbsIA swiSA double
mutants both slow replication in response to MMS
treatment, showing that loss of the Rhpb1 recombinase
or the Swib mediator, which is required for Rhp51 activity,
suppress the MRN mutants’ slowing defect (Figure 3A).
Slowing defects exhibited by the other two MRN complex
mutants are also suppressed by 14p51 removal (Figure
3A). The Swil replication fork protection complex is also
required for slowing defects exhibited by several strains
including rghIA (WiLL1s and RHIND 2009). We found the
same true for the nbsIA mutant; nbsIA swilA double
mutants slowed well (Figure 3A).

Nbsl and Sfrl define two independent functions in
the checkpoint pathway: Like nbsIA cells, sfriA and
rqhIA cells display a partial slowing defect in response to
MMS that is suppressed by rhp51A (WiLLIs and RHIND
2009). These results raise the question of whether MRN
cooperates with Rqhl and Sfrl or acts independently to
slow replication. To distinguish between these possibil-
ities, we tested whether the nbsIA and sfrIA mutant
slowing defects are additive; rghIA cannot be tested
because r¢ghIA and nbsIA are synthetically lethal. The
nbsIA sfrIA double mutant displayed a complete defect
in slowing, suggesting that Nbsl and Sfrl function
independently to slow replication (Figure 3B). The
additive slowing defect was suppressed by removing
recombination (Figure 3B). Together, these results
suggest that Nbsl and Sfrl define two independent
functions that allow for replication slowing by negatively
regulating Rhp51-depedent recombination.

MRN mutant checkpoint signaling defect is not
recombinase dependent: To determine whether remov-
ing recombination rescued both the slowing and
signaling phenotypes of the nbsIA strain, Cdsl activa-
tion was compared between the nbsIA rhp5IA double
mutant, both single mutants, and wild type. Although
both wild-type and rp51A strains display strong Cdsl
activity in the presence of MMS, both nbsIA and nbsIA
rhp5 1A mutants display reduced Cdsl activation (Figure

less reduction in peak shifting toward 2C than the wild-type control, while rad3A cells fail to slow, displaying similar profiles in the
presence and absence of MMS. (B) All three MRN mutants display partial defects in slowing in response to DNA damage. Pro-
gression through S phase is plotted with respect to time by measuring the shifting of the mean of S-phase peaks from unreplicated
1C toward fully replicated 2C values. Wild-type cells (yFS162, n = 3) slow bulk S-phase progression while strains harboring deletion
alleles of nbsIA (yFS267, n=17), rad32 (yFS263, n = 2) and rad50 (yFS265, n = 2) display intermediate slowing in response to DNA
damage during S phase. (C) Slowing displayed in nbsIA mutants is checkpoint dependent. The rad3A mutant (yFS260, n = 3) fails
to slow displaying a complete checkpoint defect while te/IA mutants slow normally (yFS281, n = 4). nbsIA cdsIA double mutants
(yFS641, n = 3) also fail to slow while the nbsIA telIA (yFS731, n = 3) mutant acts like the nbsIA single mutant.
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Ficure 2.—The Rad32-Radb50-Nbsl complex is required
for full S-phase DNA damage checkpoint activation during
replication in response to MMS. (A) nbsI mutation reduces
checkpoint signaling in response to MMS. nbsIA (yFS267, n =
8, G1 enrichment range 28-91%) mutants display reduced
Cdsl kinase activity relative to wild-type (yFS162, n = 8, G1
enrichment range 54-92%) cells in response to MMS. rad3A
(yFS260, n= 1) cells display a complete defect in Cds1 activity
in response to DNA damage. (B) nbsIA (yFS267, n = 6, G1
enrichment range 47-91%) mutants display proficient check-
point signaling relative to wild-type (yFS162, n =8, G1 enrich-
ment range 70-94%) cells in response to HU arrest. The MMS
data is from A. Signal was normalized within each experiment
to the 120-min MMS-treated wild-type culture. Representative
raw data and GI enrichment is shown.

4A). This data shows that Rhp5l-dependent recombi-
nation is not involved in MRN’s signaling function and
suggests that the signaling defect exhibited by nbsIA
cells is not directly responsible for their slowing defect.

Constitutive Cdsl signaling does not suppress the
MRN mutant slowing defect: As an independent test of
whether the nbsIA signaling defect contributes to its
slowing defect, we constitutively activated Cdsl signal-
ing by overproduction of the kinase. Overproduction of
Cdsl constitutively activates its G2 arrest function
(BRONDELLO et al. 1999). Moreover, the slowing defects
exhibited by rad3A and mrcIA mutants are suppressed
by Cdsl overproduction, confirming that these genes
act upstream of c¢ds! (WiLLis and Ruinp 2009). To test
whether constitutive activation of Cdsl suppresses the
nbsIA slowing defect, we overexpressed c¢dsl from the
strong nmtl promoter in a nbsIA telIA rad3A strain and
assayed whether the strain could slow replication in
response to MMS. The rad3A and telIA mutations
together insure that there is no MMS-induced check-
point signaling; in addition, the strain is designed to be
unable to arrest in G2 in response to constitutive Cdsl
activation (see MATERIALS AND METHODS). We found
that overproducing Cdsl does not suppress the slowing
defect displayed in the nbsIA telIA rad3A nmil:cdsl
strain (Figure 4B). The fact that nbsIA still prevents full
replication slowing in cells that constitutively overpro-
duce Cdsl suggests that the nbsIA slowing defect is
independent of Nbs1’s role in Cdsl activation and that
nbsl acts downstream of c¢dsl to regulate replication
slowing.

MMS-induced checkpoint signaling is independent
of Tell: As an independent test of whether Tell
contributes to Cdsl signaling, and if MRN is involved
in activation of Cdsl in a Tell-dependent manner in
response to MMS, we measured Cdsl activity in a
number of checkpoint kinase null mutants. Asynchro-
nous kinase assays were performed comparing wild-
type, nbsIA, cdsIA, rad3A, telIA, rad3A telIA, and nbsIA
telIA mutants (Figure 4C). As shown previously, the
nbsIA mutant displays a partial defect in signaling and
both the c¢dsIA and rad3A controls display a complete
lack of signaling. The te/IA mutant displays strong
signaling and the nbsIA telIA double displays a partial
defect in signaling, indicating that Tell is not required
for activating Cdsl in response to MMS either in the
absence or presence of the MRN complex. As shown in
Figure 1, felIA mutants are proficient in slowing
replication in response to MMS. The fact that nbsIA
mutants display signaling and slowing defects while the
lelIA mutant does not, suggests that the nbsIA slowing
defect is independent of any upstream role in Tell
activation and that Tell does not play a significant role
in checkpoint signaling or response to insult during
replication in fission yeast.

MRN is not required for checkpoint signaling in G2:
The requirement of Nbsl for full Rad3-dependent
signaling in S phase raised the possibility that MRN
may be involved in all Rad3-dependent signaling. We
have previously shown that MRN is not required for a
DNA-damage-induced G2 cell-cycle delay, but the
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FIGURE 3.—Abrogation of recombination suppresses the nbsIA slowing defect. (A) The slowing defect displayed by MRN mu-
tants is recombination dependent. The partial slowing defect seen in MRN mutants is suppressed in the nbsIA rip5IA (yFS639, n=
3), rad32A rhp51A (yFS704, n = 2), and rad50A rhp51A (yFS705, n = 1) double mutants. nbsIA defects are also suppressed in the
nbsIA swi5A (yFS640, n = 4) and nbsIA swilA (yFS709, n = 2) double mutants. (B) Both nbsIA (yFS267, data from 1B) and sfrIA
(yFS201, n = 3) mutants display a partial defect in slowing while the nbsIA sfr1A (yFS707, n= 1) mutant displays a complete defect.
This defect is suppressed in the nbsIA sfrIA rhp51A (yFS708, n = 2) triple mutant.

fact that MRN is involved in DNA repair means that cells
lacking MRN actually delay longer than wild-type cells,
complicating the analysis (CHAHWAN et al. 2003). To
directly test whether MRN is required for Rad3-
dependent checkpoint signaling in G2, we measured
the phosphorylation of Chkl, a direct Rad3 target,
in response to ionizing radiation (WALWORTH and

BERNARDS 1996; MARTINHO et al. 1998). Because en-
dogenous DNA damage accumulates in nbsIA cells,
asynchronous cultures display constitutive Chkl phos-
phorylation (data not shown). We used elutriation to
select the smallest, and thus not checkpointarrested, G2
cells from asynchronous cultures. We treated these cells
with 200 Gy ionizing radiation and found that nbsIA
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cells phosphorylated Chkl to the same extent as wild- DISCUSSION
type cells (Figure 4D). These results show that MRN is We show that the MRN complex has both up- and
not required for Rad3-dependent checkpoint activation downstream roles in the fission yeast S-phase DNA

in G2. damage checkpoint. Much like MRN mutants in meta-
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zoa, fission yeast MRN mutants display reduced ability to
slow replication, as well as reduced checkpoint signaling
in response to DNA damage. However, our results are
more straightforward to interpret because checkpoint
signaling in fission yeast relies on the ATR homolog
Rad3, not the ATM homolog Tell. This situation allows
us to investigate the roles of MRN that are independent
of its role in ATM activation. Our results place MRN in
a well-defined genetic pathway that regulates replica-
tion slowing and suggest that MRN acts by negatively
regulating recombinational repair of DNA during S
phase.

MRN acts upstream of checkpoint signaling in the
S-phase DNA damage checkpoint: We find that MRN
is required for Rad3 (ATR) dependent signaling in S
phase. In nbsIA cells, Rad3-dependent activity of Cdsl
reaches only half the level seen in wild-type cells (Figure
2A). However, nbsIA mutants do display much stronger
signaling in response to HU arrest (Figure 2B). This
result shows that MRN’s role in checkpoint signaling is
not confined to its role in the activation of ATM and is
consistent with other reports of MRN-dependent acti-
vation of ATR and Mecl (NARADA et al. 2004; STIFF el al.
2005). However, it also shows that MRN’s requirement
for Rad3 activation is only partial, suggesting that MRN
is not intimately involved in Rad3 activation. Further-
more, although MRN is required for full phosphoryla-
tion of Cdsl in response to S-phase DNA damage, MRN
is not required for checkpoint signaling in response to
replication arrest by HU (Figure 2B) or G2 in response
to IR (CHAHWAN et al. 2003 and Figure 3D). Taken to-
gether, these results suggest that MRN'’s role in activat-
ing Rad3 is indirect, perhaps through its role in
replication fork metabolism.

MRN acts downstream of or parallel to Cdsl in the
S-phase DNA damage checkpoint: Although nbsIA cells
show partial defects in both checkpoint signaling and
replication slowing, our results suggest that the slowing
phenotype is independent of the signaling phenotype.
The slowing defect in response to MMS can be sup-
pressed by deletion of rhp51 without suppressing the
signaling defect (Figures 3A and 4A). As discussed
below, we have established a similar epistatic relation-
ship with other recombinational regulators (WILLIS and
Ruinp 2009). In addition, the nbsIA partial slowing
defectis notsuppressed by constitutively activating Cdsl
signaling by over production (Figure 4B). Although
Cdsl over-production rescues the slowing defects of
both rad3A and mrcIA mutants, nbsIA strains continue
to fail to slow (Figure 4B andWiLLis and RHIND 2009).
These results show that the nbsIA signaling defect is
neither necessary nor sufficient for its slowing defect
and thus suggest that MRN’s checkpoint-dependent
role in slowing replication is downstream of or parallel
to Cds1 checkpointsignaling. The fact that nbsIA blocks
replication slowing in cells that produce constitutively
active Cdsl leads us to prefer the description of MRN as

downstream of c¢dsI. However, this description is in the
genetic sense and does not imply that MRN is necessar-
ily downstream of Cdsl in the biochemical sense of
being a target of Cdsl phosphorylation.

MRN defines a new epistasis group in the S-phase
DNA damage checkpoint pathway: We have recently
shown that checkpoint-dependent replication slowing
requires the Mus81 endonuclease and the Rqhl heli-
case (WiLLis and Rumnp 2009). Furthermore, rip5I1A
suppresses the slowing defect of r¢hIA but not mus8IA.
This epistatic relationship allowed us to define three
epistasis groups in the S-phase DNA damage checkpoint
pathway: Group I contains Cdsl, Mus81 and its binding
partner Emel, Group II contains Rhp51 and other
recombinational regulators; and Group III contains
Rqghl and Sfrl (WiLLis and Ruinp 2009 and Figure
5A). The suppression of the MRN mutants’ slowing
defects by rip5 1A places MRN in group III. However, the
additive nature of the nbsIA and sfrIA slowing pheno-
types allows us to subdivide group III into IIIA contain-
ing Rqhl and Sfrl and IIIB containing MRN. This
analysis suggests that MRN acts independently of, butin
parallel to, Rghl and Sfrl to negatively regulate Rhp51-
dependent recombination.

The role of MRN in the S-phase DNA damage
checkpoint: The epistasis analysis described above sug-
gests that MRN negatively regulates Rhp51l-dependent
recombination, which, if not inhibited, disrupts Mus81-
dependent replication slowing (Figure 5B). This result,
along with observation that the nbsIA sfrIA double
mutant completely fails to slow, suggests that the check-
point in fission yeast is largely dependent on the
regulation of recombination. A role in the regulation
of recombination is consistent with recombinational
phenotypes of MRN mutants, which include altered
recombination patterns, reduced recombination be-
tween sister-chromatids and increased use of homologs
for recombinational repair (BRESSAN et al. 1999; PAQUES
and HABER 1999; HARTSUIKER et al. 2001; SYMINGTON
2002; VAN et al. 2002; GONZALEZ-BARRERA el al. 2003).
However, the MRN nuclease activity is not required for
slowing in response to DNA damage in fission yeast (DE
JAGER et al. 2001; LimBO et al. 2007; PORTER-GOFF and
RuIND 2009). Therefore, we speculate that MRN alters
Rhpb1-mediated recombination through its DNA-bind-
ing activity at forks, possibly by bridging of the two
nascent sister chromatids during replication (DE JAGER
et al. 2001; TITTEL-ELMER et al. 2009).

In mammals, MRN is thought to work in parallel with
a Chk2-Cdc25A pathway that regulates origin firing
(FaLck et al. 2002; Yazp1 et al. 2002). Origin firing is
also regulated in fission yeast (KUMAR and HUBERMAN
2009). However, Cdc25 regulation is not required in
fission yeast to slow replication (KommMmAjosyuLA and
RuiND 2006). Furthermore, our results show that
slowing is abrogated in nbsIA sfrIA double mutants or
mus8IA single mutants (Figure 3B and WiLLIs and
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tion of replication slowing. Cdsl induces Mus81-dependent
slowing. However, this slowing requires Rhp51-dependent re-
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RuIND 2009). These results suggest that slowing is
largely dependent on the regulation of recombination
and that origin regulation does not contribute signifi-
cantly to the checkpoint-dependent, MMS-induced bulk
slowing of replication seen in fission yeast.

The budding yeast homolog of MRN is not required
to slow replication in response to MMS-induced DNA
damage (ANDREws and CLARKE 2005). We suspect
that this observation reflects a mechanistic difference
in the way the two distantly related yeast deal with such
damage. Budding yeast slow bulk replication in re-
sponse to 0.03% MMS less extensively than fission
yeast; S phase is lengthened by between 1 and 2 hr in
budding yeast as compared to more than 5 hr for fission
yeast (CHANG et al. 2002; ANDREWS and CLARKE 2005
and our unpublished data). Previously, the budding
yeast rad50A mutant was described as displaying a
slowing defect (CHANG et al. 2002). However, the poor
synchrony caused by the sickness of the rad50A strain

complicates the interpretation of that data. Further-
more, the bulk slowing in budding yeast is dependent
on the regulation of origin firing (TERCERO and
DrrrLEY 2001). We propose that budding yeast relies
less on checkpoint-dependent, recombination-based
fork slowing and therefore do not display a strong
requirement for MRN in the slowing process.

We show the MRN complex plays both upstream
and downstream roles in the fission yeast S-phase DNA
damage checkpoint. However, epistatic analysis of the
nbsIA and rhp5 1A mutants suggests that, although MRN
mutants display reduced checkpoint signaling, loss of
the downstream function negatively regulating recom-
bination is responsible for the slowing defect displayed
by MRN mutants. Our results place MRN in a well-
defined genetic pathway for the checkpoint-dependent
regulation of replication in response to DNA damage
that will provide an important framework for future
mechanistic investigation of MRN and the S-phase DNA
damage checkpoint.
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