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The eukaryotic intra-S-phase checkpoint, which slows DNA syn-
thesis in response to DNA damage, is poorly understood. Is DNA
damage recognized directly, or indirectly through its effects on
replication forks? Is the slowing of S phase in part because of
competition between DNA synthesis and recombination�repair
processes? The results of our genetic analyses of the intra-S-phase
checkpoint in the fission yeast, Schizosaccharomyces pombe, sug-
gest that the slowing of S phase depends weakly on the helicases
Rqh1 and Srs2 but not on other recombination�repair pathways.
The slowing of S phase depends strongly on the six checkpoint-Rad
proteins, on Cds1, and on Rad4�Cut5 (similar to budding yeast
Dpb11, which interacts with DNA polymerase �) but not on Rhp9
(similar to budding yeast Rad9, necessary for direct damage rec-
ognition). These results suggest that, in fission yeast, the signal
activating the intra-S-phase checkpoint is generated only when
replication forks encounter DNA damage.

Eukaryotic organisms reduce their rate of DNA synthesis
when DNA is damaged during S phase. This is a conse-

quence of the combined effects of checkpoint-independent,
damage-dependent inhibition of replication fork movement
(1) and checkpoint- and damage-dependent inhibition of
origin firing (2, 3).

Checkpoint- and damage-dependent origin inhibition is fre-
quently referred to as the intra-S-phase checkpoint. It is likely
that this response enhances genomic stability by providing time
for cells to repair DNA damage. Indeed, human patients suf-
fering from the genomic instability cancer-prone diseases ataxia
telangiectasia (2), ataxia-telangiectasia-like disorder (4), and
Nijmegen breakage syndrome (5) are all deficient in suppressing
origin firing in response to DNA damage by ionizing radiation.
Cancer patients with mutations in the CHK2�CDS1 gene are also
deficient in this response (6, 7).

The fission yeast, Schizosaccharomyces pombe, has proved
particularly useful for study of DNA-damage and replication
checkpoints. Several distinct checkpoint pathways have been
defined in fission yeast. In addition to the intra-S-phase check-
point, these include the SdNTP-M checkpoint, which prevents
mitosis when replication is inhibited by lack of dNTPs and the
G2-M checkpoint, which prevents mitosis when DNA is damaged
during G2 phase (reviewed in ref. 8).

These checkpoint pathways resemble each other in using a
common set of proteins for signal transduction. The first six of
the genes listed in Table 1 encode a group of proteins that
frequently cooperate with each other in checkpoint signaling (9,
10). In fission yeast, these proteins are called the ‘‘checkpoint-
Rad’’ proteins, and their functions are usually so interdependent
and so central to DNA-damage and replication checkpoint
signaling that deletion of the gene encoding any one of them
usually completely eliminates checkpoint signaling (11, 12).
There is one known exception to this generalization: in G2 phase
of the cell cycle, damage-induced Rad3-dependent phosphory-
lation of Rad26 does not require the proliferating cell nuclear
antigen-like and RFC-like checkpoint-Rad proteins (13).

In all eukaryotic organisms, each characterized DNA-damage
and replication checkpoint pathway depends completely on one
or more members of the phosphoinositide-3-kinase-related fam-
ily (9, 14) (Table 1). These proteins (called Rad3 and Tel1 in
fission yeast) are protein kinases, and in many cases they act by
phosphorylating and thus activating one or both of the down-
stream protein kinases, Chk1 or Cds1 (Table 1). In fission yeast,
most or all phosphorylation of Chk1 and Cds1 is carried out by
Rad3. In contrast to budding yeast and mammals, where direct
phosphorylation of Rad53�Chk2 by Tel1�ATM has been de-
scribed, there is not yet evidence in fission yeast for Chk1 or Cds1
phosphorylation by Tel1 (15).

In fission yeast, the activation and function of Chk1 and Cds1
are cell-cycle-dependent. Cds1 is responsible for DNA-damage
and replication checkpoints in early S phase, whereas Chk1 is
responsible for checkpoints in late S and G2 (16, 17).

Preliminary studies of the intra-S-phase checkpoint in fission
yeast have already been reported. Lindsay et al. (16) demon-
strated that the slowing of S phase in response to the alkylating
agent methyl methanesulfonate (MMS) depends on Rad3,
Rad26, and Cds1, but not on Chk1. Hartsuiker et al. (18) found
that MMS-induced slowing of S phase does not require the
recombination�repair protein Rad50. Christensen et al. (19)
demonstrated that ionizing-radiation-induced retardation of S
phase requires Rad3 but not Chk1. Other investigators have
detected slowing of S phase in response to UV light (20). These
previous investigations left important questions unanswered.
Does the intra-S-phase checkpoint require all six checkpoint-
Rad proteins or are Rad3 and Rad26 sufficient—a possibility
suggested by the results of Edwards et al. (13)? Does the full
intra-S-phase checkpoint response require two parallel upstream
signaling pathways (one to detect stalled replication forks and
another to directly detect damaged sites) as in budding yeast
(21–24)? What proteins, if any, are required to mediate check-
point-independent slowing of replication forks (1)?

With regard to the latter question, several investigators have
recently suggested that damage-inducible recombination and�or
repair processes may compete with and thus slow down repli-
cation (23, 25, 26). This possibility seems consistent with the fact
that the helicases Sgs1 and Srs2, which may help to regulate
recombinational repair and recombinational damage bypass,
contribute to the MMS-induced intra-S-phase checkpoint in
budding yeast (22, 23).

Here we report a detailed investigation of the proteins re-
quired to retard S phase in response to MMS damage in fission
yeast. We chose MMS because both mammalian cells (27) and
budding yeast (28) also retard S phase in response to MMS
damage, and the proteins required for this response have been
well studied in budding yeast (21–24, 28).
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We found that all six checkpoint-Rad proteins are needed for
the MMS-induced intra-S-phase checkpoint. Surprisingly, of the
additional checkpoint proteins whose mutant genes we tested,
only Rad4�Cut5, which may be needed for recognition of stalled
replication forks, proved to be important for the upstream
signaling portion of the intra-S-phase checkpoint pathway. In
addition, the helicases Rqh1 and Srs2 contribute slightly to the
slowing of S phase.

Methods
Cell Culture and Synchronization by Nitrogen Starvation. The strains
used in this study are listed in Table 2, which is published as
supporting information on the PNAS web site (www.pnas.org).
S. pombe cells were grown in rich yeast extract medium (YES)
(29) and were synchronized in G1 by nitrogen starvation. A
preculture of log-phase cells was washed twice with water and
then resuspended in Edinburgh Minimal Medium (29) contain-
ing supplements but no nitrogen source. Cells were starved for
36 h at 25°C. After starvation, most cells were small and round.
However, the rad50�, rad32�, srs2�, and srs2� rqh1� popula-
tions also contained long, dead cells. Because these cells inter-
fered with FACS data quality, they were largely eliminated from
the starved culture by brief centrifugation in a table-top centri-
fuge (TJ-6; Beckman Coulter). The rotor was accelerated for 2
sec at a speed setting of 8 and then allowed to coast to a stop.
The supernatant, enriched with small cells, was recovered and
used for further analysis. In all cases, the cells were released
from starvation by a 1:10 dilution with YES. In the case of
temperature-sensitive strains, cells were released from the G1
block at the permissive, semipermissive, and restrictive temper-
atures, whereas in the case of deletion strains, the cells were
released from the G1 block at 25°C. To compensate for occa-
sional variability in the kinetics of S-phase progression, 0.03%
MMS (Sigma) was added to portions of the cultures at 2, 3, and
4 h post-release. Samples were collected at 1-h intervals, and the
cells were fixed in 70% ethanol. The results shown in Figs. 1–3
are those in which MMS addition was closest to the beginning of
S phase in the majority of cells, and this time (2 or 3 h
postrelease) is indicated in the figure legends.

G2 Synchronization by cdc25 Temperature Block. Log-phase cells
were arrested in G2 by incubation at 36°C for 4 h. Cells were
then released into the cell cycle at 25°C. MMS (0.03%) was
added after 60 min, and then samples were collected at 20-min
intervals.

Flow Cytometry. Cells, fixed in 70% ethanol, were stored at 4°C
until needed. Before sorting, cells were washed once in 50 mM
sodium citrate, pH 7.0, then resuspended in the same buffer

supplemented with 100 �g�ml of RNaseA (Sigma) and incu-
bated for 1–18 h at 37°C. Cells were then stained in the same
buffer supplemented with 1 �M Sytox Green (Molecular Probes)
and immediately analyzed on a FACScan (Becton Dickinson).

Results
The Six Checkpoint-Rad Proteins and Cds1 Are Essential for the
Intra-S-Phase Checkpoint. To confirm Lindsay et al.’s earlier ob-
servation that Rad3, Rad26, and Cds1 (but not Chk1) are
required for the S. pombe intra-S-phase checkpoint (16), and to
test whether the other four checkpoint-Rad proteins are also
required, we synchronized cells in G1 by nitrogen starvation,
then released them into the cell cycle in rich medium. At 2 and
3 h after release, we added MMS to a part of each culture, and
we used flow cytometry to follow progress through S phase. In
the absence of MMS, wild-type cells completed S phase within
6 h of release (Fig. 1A). In the presence of MMS, the rate of DNA
replication was much slower, and most cells were still in early S
phase at 6 h after release. Cells lacking Chk1 behaved similarly
(Fig. 1 A). However, cells lacking Cds1 (Fig. 1 A) or any of the six
checkpoint-Rad proteins (Fig. 1B) completed S phase in the
presence of MMS nearly as rapidly as in the absence of MMS.

One BRCT-Domain-Containing Protein (Rad4�Cut5) Is Important, but
Another (Rhp9�Crb2) Is Not Important, for the Intra-S-Phase Check-
point. The Brca1 carboxyl terminal (BRCT) repeat motif of about
95 aa is commonly found in eukaryotic proteins involved in DNA
repair and in DNA-damage checkpoints (30). For example, two
previously studied fission yeast proteins, Rad4�Cut5 (similar to
Dpb11 in budding yeast) and Rhp9�Crb2 (similar to Rad9 in
budding yeast), which respectively contain four and two BRCT
domains, are both required for the G2-M damage checkpoint
(31–33). However, only Rad4�Cut5 is important for the SdNTP-M
checkpoint (31–34). Because the Rad9 protein in budding yeast
is important for the intra-S-phase checkpoint (21), we expected
that its fission yeast counterpart, Rhp9�Crb2, would also prove
important.

To evaluate the roles of these BRCT-domain-containing
proteins in the intra-S-phase checkpoint, we tested strains bear-
ing mutations in each of the corresponding genes (Fig. 2).
Surprisingly, we found that deletion of rhp9�crb2 did not dimin-
ish the MMS-dependent slowing of S phase compared with wild
type [Fig. 2 A; see also Fig. 5, which is published as supporting
information on the PNAS web site (www.PNAS.org)]. There-
fore, unlike its budding yeast relative, Rad9, Rhp9�Crb2 in
fission yeast does not contribute to the intra-S-phase checkpoint.

Because the Rad4�Cut5 protein is essential for initiation of
replication, we tested a strain with a mutant temperature-
sensitive allele, rad4–116, that had previously been shown to be

Table 1. Conserved damage and replication checkpoint genes

S. pombe S. cerevisiae Homo sapiens Protein function

rad1 RAD17 RAD1 PCNA-like protein
rad9 DDC1 RAD9 PCNA-like protein
hus1 MEC3 HUS1 PCNA-like protein
rad17 RAD24 RAD17 RFC-like protein
rad26 DDC2�LCD1 ATRIP PIK-related kinase binding protein
rad3 MEC1 ATR PIK-related kinase

tel1 TEL1 ATM PIK-related kinase
chk1 CHK1 CHK1 Downstream protein kinase
cds1 RAD53 CHK2�CDS1 Downstream protein kinase with FHA domain

This table summarizes work from many laboratories, reviewed in refs. 9 and 10. The first six S. pombe proteins
(above the heavy line) are frequently called ‘‘checkpoint-Rad’’ proteins.
PCNA, proliferating cell nuclear antigen; RFC, replication factor C; PIK, phosphoinositide-3-kinase; FHA, fork-
head-associated.

Marchetti et al. PNAS � May 28, 2002 � vol. 99 � no. 11 � 7473

CE
LL

BI
O

LO
G

Y



functional for replication but defective in the SdNTP-M and G2-M
checkpoints at the semipermissive temperature of 32°C (31) (Fig.
2B). We found that at 30°C (Fig. 2B) and at 32°C (data not
shown), the rad4–116 strain was able to synthesize DNA in the
presence of MMS nearly as rapidly as in the absence of MMS.
Thus Rad4�Cut5 is important for the intra-S-phase checkpoint

in fission yeast. Its budding yeast relative, Dpb11, has not yet
been tested for a role in the intra-S-phase checkpoint. It seems
likely that Dpb11 will prove to be important, because DNA
polymerase � is important for the intra-S-phase checkpoint in
budding yeast (22), and Dpb11 cooperates with DNA polymer-
ase � in the SdNTP-M checkpoint (35, 36).

MMS-Damage-Dependent Slowing of S Phase Depends Slightly on
Rqh1 and Srs2. MMS-damage-dependent slowing of S phase in
budding yeast depends partially on the Srs2 and possibly on the
Sgs1 3�-5� DNA helicases (22, 23). These helicases are thought
to have overlapping functions in regulating homologous recom-
bination in response to DNA-damage and replication abnormal-
ities (reviewed in ref. 37). The homologous fission yeast proteins
are called Srs2 and Rqh1, respectively. Rqh1 is important for
maintenance of cell viability when DNA is damaged or replica-
tion forks are blocked (38–40). Srs2 in fission yeast is required
for regulation of homologous recombination and resistance to
DNA damaging agents (41).

We tested the effects of mutations in the rqh1 and srs2 genes
on the rate of passage through S phase of fission yeast cells that
had been synchronized to G1 by nitrogen starvation. We found
(Fig. 3A) that cells bearing complete deletions of the rqh1 and�or
srs2 genes appeared to behave like wild-type cells and not like
checkpoint-deficient rad3� cells (Fig. 3A).

However, the nitrogen starvation and release procedure does
not provide as good synchrony as does the �-factor block and

Fig. 1. Effects of conserved checkpoint proteins on MMS-induced slowing of
DNA synthesis in fission yeast. Cell synchronization, MMS treatment, and flow
cytometric analysis are described in Methods. N and 2N refer to number of
haploid genomes. MMS was added 2 h after release from nitrogen starvation.
The gene names in parentheses below the S. pombe gene names are the
names of the corresponding genes in Saccharomyces cerevisiae. (A) Wild-type
and chk1� cells, but not cds1� cells, proceed through S phase more slowly in
the presence of MMS than in its absence. (B) Strains bearing single deletions
in each of the six checkpoint-Rad genes (Table 1) are unable to retard S phase
in the presence of MMS.

Fig. 2. Effects of BRCT-domain-containing proteins on MMS-induced slow-
ing of DNA synthesis. Unless otherwise noted, analyses were as in Methods and
in Fig. 1. (A) The Rhp9�Crb2 protein is not required to slow DNA synthesis. (B)
The Rad4�Cut5 protein is required to slow bulk synthesis. Nitrogen starvation
was at 25°C, but incubation after release from nitrogen starvation was at 30°C.
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release procedure used for the corresponding studies in budding
yeast (22, 23). In fact, the time required for fission yeast cells to
complete S phase during recovery from nitrogen starvation is
much less than the time span over which individual cells within
the population enter S phase. Thus the 1N peak diminishes while
the 2N peak increases, but at no time (in the absence of MMS)
is there a discrete S-phase peak (Figs. 1–3A). Under these
circumstances, mutations having only small effects on the time
required for passage through S phase might not detectably affect
the rate at which the 1N peak decreases and the 2N peak
increases.

Because deletions of the SRS2 and (especially) SGS1 genes
had only small effects on the rate of passage through S phase in
MMS-treated budding yeast cells (22, 23), we decided to test the
effects of deletions of the corresponding fission yeast genes with
an alternative synchronization procedure, cdc25 block and re-
lease. When cdc25 mutant cells are incubated at 36°C, they
accumulate in late G2 with a 2N DNA content. When the
temperature is dropped to 25°C, they complete mitosis and then
proceed synchronously (as a single peak by flow cytometry)
through G1 and S phases. Because cytokinesis does not take
place until late S or early G2, DNA content per cell increases
from 2N to 4N. The results in Fig. 3B show that in the absence
of MMS the majority of wild-type (cdc25) and mutant cells
passed through S phase—as indicated by movement of the major
peak from 2N to 4N—between 80 and 160 min after temperature
downshift to 25°C. In the presence of MMS, wild-type (cdc25)
cells completed only about 2�3 of S phase during the same time
interval, but rad3� cells synthesized DNA in the presence of
MMS as rapidly as in its absence. Interestingly, srs2�, rqh1� (not
shown), and srs2� rqh1� cells synthesized DNA more rapidly
than wild type but more slowly than rad3� cells, indicating that

the function of these helicases is required for maximal slowing
of S phase in response to MMS damage.

MMS-Damage-Dependent Slowing of S Phase Does Not Depend on the
Rad50 Complex, Nonhomologous End-Joining, Homologous Recombi-
nation, or Nucleotide Excision Repair. The Rad50 complex usually
consists of three interacting proteins. Two of these, Rad50 and
Mre11 (Rad32 in fission yeast), are structurally conserved. The
third protein (Nbs1 in mammalian cells; Xrs2 in budding yeast)
has not yet been identified in fission yeast. In addition to its roles
in homologous recombination and nonhomologous end joining,
the Rad50 complex is also important for the intra-S-phase
checkpoint in mammals and in budding yeast (4, 5, 42, 43).
Therefore, we were surprised to find that deletions of either
rad50 (18) or rad32 (44) had no detectable effect on the slowing
of S phase in response to MMS damage in fission yeast using
either the nitrogen starvation or the cdc25 synchronization
procedures (see Figs. 5 and 6A, which are published as support-
ing information on the PNAS web site).

We have also tested the effects of deleting the genes encoding
Rad13 (the fission yeast homologue of mammalian XPG and
budding yeast Rad2; necessary for 3� incision during nucleotide
excision repair; ref. 45), pKu70 and Lig4 (the fission yeast
homologues of Ku70 and DNA ligase IV, which are essential for
nonhomologous end joining; refs. 46, 47), and Rhp51 (a homo-
logue of budding yeast and mammalian Rad51, essential for
homologous recombination; ref. 48). No effect on the intra-S-
phase checkpoint was observed in cells deleted for the genes
encoding Rad13, pKu70, Lig4, and Rhp51 (see Fig. 6 B and C,
which is published as supporting information on the PNAS web
site).

Discussion
DNA-Repair and Recombination Processes Contribute Minimally to the
Slowing of S Phase in Fission Yeast. We have attempted to test the
hypothesis that inhibition of DNA synthesis in response to MMS
damage is mediated in part by competition between replication
and recombination�repair processes (23, 25, 26). We measured
the effects of deleting several genes involved in DNA repair or
recombination. Our results indicate that individual deletions of
most of these genes had no detectable effect on MMS-induced
slowing of S phase in fission yeast. However, deletion of the
genes encoding Rqh1 and Srs2 (repair and recombination heli-
cases similar to budding yeast Sgs1 and Srs2) does have a small
effect on MMS-induced slowing of S phase. The effect of a
double deletion of the rqh1 and srs2 genes was not significantly
different from the effects of the single deletions. Our observa-
tions are consistent with the earlier demonstration by Paulovich
et al. (21) that deletions of genes essential for base excision
repair, nucleotide excision repair, mismatch repair, homologous
recombination, and mutagenic bypass synthesis all fail to affect
MMS-dependent slowing of S phase in budding yeast. Thus, of
the tested yeast mutations in repair or recombination genes, the
only ones that affect damage-induced slowing of S phase are rqh1
and srs2 in fission yeast, the corresponding genes (SGS1 and
SRS2) in budding yeast, and the Rad50 complex in budding yeast.
These results suggest that damage-induced, checkpoint-
independent slowing of replication forks (1) is probably not a
consequence of DNA repair processes interfering with fork
movement. However, these results do not permit distinction
between several other possibilities: (i) direct repair-independent
stalling at damaged sites may be responsible for most or all
damage-induced slowing of replication forks; (ii) processes
requiring the Rqh1�Sgs1 and Srs2 helicases (such as recombi-
national damage bypass) may contribute to fork slowing; and�or
(iii) in budding yeast, action of the Rad50 complex at damaged
sites may contribute to fork slowing.

The available data also do not permit distinction between roles

Fig. 3. Effects of the Rqh1 and Srs2 helicases on MMS-induced slowing of
DNA synthesis. (A) Analyses were as in Methods and Fig. 1, except that MMS
was added 3 h after release. (B) The srs2�, rqh1�, and rad3� mutations were
introduced by mating into a cdc25 strain. Strains bearing the indicated mu-
tations were synchronized to G2 by incubation at 36°C for 4 h, then released
by shift to 25°C (at T0). MMS was added at 60 min, and samples were taken for
flow cytometric analysis at the indicated times (see Methods).
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for Rqh1�Sgs1 and Srs2 in directly slowing replication forks and
in checkpoint signaling, which would lead to inhibition of origin
firing. Evidence from budding yeast suggests that Sgs1 (22) and
Srs2 (23) do indeed play important roles in checkpoint signaling.
However, this does not exclude the possibility that they may also
contribute, in checkpoint-independent fashion, to replication
fork slowing.

Considering the importance of the Rad50 complex to intra-
S-phase checkpoint signaling in mammals (4, 5) and budding
yeast (42), it may seem surprising that we do not detect a role for
the Rad50 complex in fission yeast. There are two possible
explanations for this apparent discrepancy. First, previous stud-
ies demonstrating the importance of the Rad50 complex for the
intra-S-phase checkpoint have used DNA damaging agents that
produce double-strand breaks (4, 5, 42), which are the preferred
substrate of the Rad50 complex (49). In contrast, we used MMS
as a damaging agent. MMS leads to significant double-strand
breakage only at high concentration (50). Second, Rad50-
complex-dependent checkpoint signaling in mammals is initiated
by ATM and in budding yeast by ATM’s homolog, Tel1 (Table
1). Budding yeast Tel1 (42, 43) appears to play a more important
role in cellular responses to DNA damage than does fission yeast
Tel1 (15), whose function appears largely confined to telomeres.
It is possible that contribution of the fission yeast Rad50 complex
(and Tel1) to damage-induced slowing of S phase may become
detectable when a larger portion of the damage is due to
double-strand breaks.

The Fission Yeast Intra-S-Phase Checkpoint Is Mediated by a Single
Signaling Pathway, Which Resembles the SdNTP-M Checkpoint. Our
results indicate that in fission yeast all six checkpoint-Rad

proteins, the Cds1 kinase, the Rad4�Cut5 protein, and to a lesser
extent the repair and recombination helicases, Srs2 and Rqh1,
are required for slowing S phase in response to DNA damage
(Fig. 4). With the exception of Srs2 and Rqh1, these are the same
proteins that are required for the SdNTP-M checkpoint (which
inhibits mitosis when replication forks are blocked by dNTP
starvation), and they are somewhat different from the proteins
required for the G2-M checkpoint, where Rhp9�Crb2 is required
and Chk1 is required instead of Cds1 (reviewed in ref. 8).

The evidence for a single intra-S-phase checkpoint pathway in
fission yeast is surprising, because in budding yeast at least two
signaling pathways contribute to the intra-S-phase checkpoint
(21–24) (Fig. 4). One of these resembles the budding yeast
SdNTP-M signaling pathway. This pathway requires DNA poly-
merase � (51) and Dpb11 (35), the homologue of Rad4�Cut5.
The other budding yeast intra-S-phase checkpoint signaling
pathway resembles the budding yeast G2-M pathway and requires
Rad9 (21, 24, 52), the homologue of Rhp9�Crb2. Our results
indicate that an Rhp9�Crb2-dependent pathway is not used for
the intra-S-phase checkpoint in fission yeast.

The single fission yeast intra-S-phase signaling pathway sug-
gested by our data partially resembles the Dpb11-dependent
branch of the budding yeast signaling pathway (Fig. 4). Because
Dpb11 interacts and cooperates with budding yeast DNA poly-
merase � both during DNA synthesis and in checkpoint signaling
(35), it seems likely that fission yeast polymerase � will also prove
to be important for signaling in both the SdNTP-M and intra-S-
phase checkpoints.

In an attempt to evaluate this hypothesis, we have tested all
available DNA polymerase � alleles (53, 54), none of which

Fig. 4. Models for the S. pombe and S. cerevisiae intra-S-phase checkpoint pathways. The S. pombe model is based on the protein requirements for the fission
yeast MMS-induced intra-S-phase checkpoint, as demonstrated previously (16) and in this paper. The boxes representing the Srs2 and Rqh1 helicases are shown
with dashed outlines both to indicate that there is only partial dependence of S-phase slowing on these helicases and to emphasize that it is not yet known
whether these helicases are in fact part of the intra-S-phase checkpoint (as suggested here) or contribute to checkpoint-independent replication fork slowing.
The S. cerevisiae model is based on studies in other laboratories of the proteins required for the budding yeast MMS-induced intra-S-phase checkpoint and of
the genetic interactions between them (21–24, 28, 35, 51, 57, 58). The S. cerevisiae model shows only proteins homologous to those tested by us in S. pombe.
In both cases, the upstream proteins are grouped in large boxes to indicate that their order of action is still uncertain (13, 24). We infer that the fission yeast
pathway and the Dpb11 branch of the budding yeast pathway are activated by stalled replication forks, because replication proteins are involved in both cases
(Rad4�Cut5 in fission yeast, Dpb11 and DNA polymerase � in budding yeast).
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precisely matches the checkpoint-deficient alleles of budding
yeast DNA polymerase � (51). In all cases, the rate of DNA
replication in the presence of MMS was slowed to the same
extent as in wild type (data not shown). Further testing with
mutant alleles that match the checkpoint-deficient polymerase �
alleles from budding yeast is needed to more rigorously evaluate
this hypothesis.

The apparent existence of a single replication-fork-dependent
signaling pathway in S-phase fission yeast cells is consistent with
the cell-cycle specificity of the downstream kinases in fission
yeast: Cds1 is activated by DNA damage or replication fork
blockage only in S phase, whereas Chk1 is activated by DNA
damage only in G2 (16, 17, 55, 56). In contrast, the budding yeast
homologue of Cds1, Rad53, can be activated in G1, S, and G2
(25). Because there are no replication forks present during G1 or
G2, it follows that Rad53 must be capable of being activated by
fork-independent as well as fork-dependent pathways. During S

phase, a significant portion of Rad53 associates with replication
forks (22). It is likely that the same will prove to be true for Cds1
in fission yeast.
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