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ABSTRACT
We have identified an S-phase DNA damage checkpoint in Schizosaccharomyces pombe. This checkpoint

is dependent on Rad3, the S. pombe homolog of the mammalian ATM/ATR checkpoint proteins, and
Cds1. Cds1 had previously been believed to be involved only in the replication checkpoint. The requirement
of Cds1 in the DNA damage checkpoint suggests that Cds1 may be a general target of S-phase checkpoints.
Unlike other checkpoints, the S. pombe S-phase DNA damage checkpoint discriminates between different
types of damage. UV-irradiation, which causes base modification that can be repaired during G1 and
S-phase, invokes the checkpoint, while g-irradiation, which causes double-stranded breaks that cannot be
repaired by a haploid cell if induced before replication, does not invoke the checkpoint. Because the
same genes are required to respond to UV- and g-irradiation during G2, this discrimination may represent
an active suppression of the g response during S-phase.

CELL cycle delay is a general response to DNA dam- damage checkpoint. The former prevents mitosis in re-
age. Such a delay is considered a checkpoint if the sponse to unreplicated DNA, while the latter slows repli-

arrest is an active response that can be overridden by a cation in response to damaged DNA. Several of the
mutation or by drug treatment (Hartwell and Wein- checkpoint rad gene products are homologous to other
ert 1989). Three major DNA damage checkpoints have proteins involved in DNA metabolism. For instance,
been studied in eukaryotic cells: The G1 DNA damage Rad1 is similar to the Ustilago maydis Rec1 exonuclease
checkpoint arrests cells at Start (the yeast equivalent of (Thelen et al. 1994), and Rad3 is similar to DNA-PK, a
the mammalian restriction point) before commitment protein kinase that binds, and is activated by, broken
to a new mitotic cell cycle; the S-phase DNA damage DNA ends (Hartley et al. 1995). Thus, the checkpoint
checkpoint delays the progression of replication; and rad gene products may be involved directly in the recog-
the G2 DNA damage checkpoint prevents cells from nition of DNA damage.
proceeding through mitosis (reviewed in Elledge The next part of the G2 DNA damage checkpoint
1996). Of these, the G1 and G2 DNA damage check- consists of the Chk1 protein kinase, the Rad24 14-3-3
points are the best understood (Furnari et al. 1997; protein, and Crb2 (al-Khodairy et al. 1994; Ford et al.
Hansen and Oren 1997; Peng et al. 1997; Sanchez et 1994; Saka et al. 1997; Walworth et al. 1993). These
al. 1997; Sidorova and Breeden 1997). proteins are required for the G2 DNA damage check-

The mechanism of the G2 DNA damage checkpoint point but not for the S-M replication checkpoint. Fur-
is conserved between mammals and the fission yeast thermore, both Crb2 and Chk1 are phosphorylated in
Schizosaccharomyces pombe (Ford et al. 1994; Furnari et response to DNA damage in a checkpoint rad gene
al. 1997; Peng et al. 1997; Sanchez et al. 1997; Savitsky dependent manner (Saka et al. 1997; Walworth and
et al. 1995). In S. pombe the G2 DNA damage checkpoint

Bernards 1996). They are therefore believed to trans-
has been genetically dissected into three parts. The first mit the DNA damage signal, but not the S-M replication
part is comprised of six known proteins, the products signal, from the checkpoint rad gene products to the
of the “checkpoint rad genes.” These proteins, Rad1, third part of the checkpoint, the basic cell cycle machin-
Rad3, Rad9, Rad17, Rad26, and Hus1, are required for ery that regulates mitosis. Specifically, Chk1 binds to
the G2 DNA damage checkpoint, as well as the S-M and phosphorylates the Cdc25 mitotic inducer, thus
replication checkpoint that prevents mitosis until the providing a link between the G2 DNA damage check-
completion of S-phase (al-Khodairy and Carr 1992; point pathway and cell cycle regulation (Furnari et al.
al-Khodairy et al. 1994; Enoch et al. 1992). The S-M 1997).
replication checkpoint is distinct from the S-phase DNA The ultimate target of the G2 DNA damage check-

point is the activity of Cdc2. This checkpoint arrests
cells in G2 by preventing the dephosphorylation and
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(1994)], NR1626 [h2 leu1-32 ura4-D18 cdc10-V50 ; Marks et al.ary is regulated by inhibitory phosphorylation on tyro-
(1992)] NR1826 [h2 leu1-32 ura4-D18 ade6-704 rad3::ura41;sine-15 (Gould and Nurse 1989). This phosphorylation
the kinase domain deletion from Bentley et al. (1996)],

is catalyzed by the Wee1 and Mik1 protein kinases NB2117 (h2 leu1-32 ura4-D18 cds1::ura41; Boddy et al. (1988)],
(Featherstone and Russell 1991; Lee et al. 1994; and NR2192 (h2 leu1-32 ura4-D18 cdc10-V50 cds1::ura41). Un-

less otherwise stated, all strains were grown in yeast extractLundgren et al. 1991; Parker et al. 1992; Russell and
with supplements (YES) medium, a rich yeast extract basedNurse 1987) and removed by the Cdc25 phosphatase
medium, at 258. Synthetic proline (SP) medium is a modifica-(Millar et al. 1991; Russell and Nurse 1986). The
tion of Edinburgh Minimal Medium 2(EMM2), a defined min-

checkpoint acts through the Chk1-dependent inhibi- imal medium, with 1.2 mg/ml proline as the sole nitrogen
tion of Cdc25 to prevent mitosis in response to DNA source and supplemented with 75 mg/ml each of adenine,

histidine, leucine, and uracil (Fantes and Nurse 1977). Syn-damage (Furnari et al. 1997).
chronous cultures were prepared by centrifugal elutriationAll three parts of the S. pombe G2 DNA damage-check-
with a Beckman JE-5.0 elutriation rotor (Creanor and Mit-point pathway are conserved in mammalian cells. ATM,
chison 1979). For synchronization of SP cultures, cells were

the mammalian homolog of Rad3, is required for the grown in SP medium for at least three generations and then
G1, S-phase, and G2 DNA damage checkpoints (Savit- elutriated into YES. The percentage of cells having passed
sky et al. 1995). While it is unclear how ATM invokes mitosis was determined microscopically as the number of cells

having begun or finished septation, divided by the total num-the S-phase checkpoint, it is believed to interact with
ber of cells. For the asynchronous hydroxyurea (HU) blockmammalian Chk1 in the G2 checkpoint. Furthermore,
experiment, cells were grown to mid-log phase and thenthe mammalian G2 DNA damage checkpoint appears shifted to 12 mm HU/YES for 4 hr. For the synchronous HU

to include the mammalian homologs of Chk1 and block/UV-irradiation experiments, small cells in early G2 were
Rad24 and to involve the phosphorylation of Cdc25 by collected by elutriation into 12 mm HU/YES. Cells were al-

lowed to complete one cell division and arrest in the followingChk1 (Peng et al. 1997; Sanchez et al. 1997). Finally,
S-phase, which is concurrent with cytokinesis (Nasmyth et al.in vertebrates, the timing of mitosis is controlled by the
1979). When all cells in the culture had divided, and thus justinhibitory phosphorylation of Cdc2 on tyrosine-15, as well
accumulated in S-phase, they were released from the HU block

as on theronine-14 (Krek and Nigg 1991; McGowan and immediately irradiated. The time of irradiation was desig-
and Russell 1993; Norbury et al. 1991), and, as in nated 0 min. We estimate that cells spent between 10 and 50

min arrested at the HU block.S. pombe, this phosphorylation is targeted by the G2 DNA
Irradiation: Cells were g-irradiated while suspended in YESdamage checkpoint (Blasina et al. 1997; Jin et al. 1996).

medium with 3.3 Gy/min from a 137Cs source at room tempera-It appears that many of the upstream checkpoint pro-
ture, approximately 238. For UV-irradiation, cells were filtered

teins can elicit various checkpoints, presumably through onto Metricel 45 mm membrane (Gelman Sciences) at 1 OD
different downstream targets. For instance, in Saccharo- unit/cm2, irradiated at 254 nm with a Stratalinker (Stratagene)

and immediately resuspended in liquid. For the kill curvesmyces cerevisiae, Rad9p, Rad24p, and Rad53p are re-
in Figure 4B, cells were plated at 300 CFU/plate and thenquired for the G1, S-phase, and G2 DNA damage check-
irradiated. G1 cells were synchronized at the cdc10 executionpoints (Allen et al. 1994; Paulovich and Hartwell
point by a 4-hr incubation at 358. Asynchronous log phase

1995; Siede et al. 1994); likewise, in mammals, ATM is cells, 80% of which are in G2 (Nasmyth et al. 1979), were
required for all three checkpoints (Beamish et al. 1994; used to represent G2 cells.

FACS analysis: Cells were prepared for fluorescence acti-Painter and Young 1980; Savitsky et al. 1995); and
vated cell scanning (FACS) analysis by overnight fixation inin S. pombe the checkpoint rad genes are required for
70% EtOH at 48, followed by a 10-min incubation at roomboth the G2 DNA damage and S-M replication check-
temperature in 0.1 N HCl, 0.5% Triton X-100, and then 2 hr

points (al-Khodairy and Carr 1992; al-Khodairy et at 378 in 250 mg/ml RNase A in 13 phosphate buffered saline
al. 1994; Enoch et al. 1992). In contrast to the progress (PBS). Cells were resuspended in 2.5 mg/ml propidium iodide

in 13 PBS at approximately 2 3 106 cells/ml, and analyzedbeing made on understanding the downstream targets
on a Becton-Dickinson FACSort. For the quantitation of theof these proteins in the G1 and G2 DNA damage check-
percentage of cells in S-phase presented in Figure 3B, thepoint (Kastan et al. 1992; Sidorova and Breeden 1997;
cells were prepared as above but stained with 1 mm Sytox

Weinert 1997), little is known about how they elicit Green (Molecular Probes), which gives lower background and
the S-phase checkpoint. We have undertaken a study of better peak definition than propidium iodide staining,

allowing for more accurate identification of cells in S-phase.the G1 and S-phase checkpoints in S. pombe with the
The data were quantitated with the ModFit LT FACS datagoal of elucidating the different targets of the conserved
curve fitting software package (Becton-Dickinson), which fitsupstream checkpoint genes at different points in the
Gaussian peaks at 1C and 2C and counts the data points

cell cycle. between the 1C and 2C curves as S-phase cells.

MATERIALS AND METHODS RESULTS

Growth and manipulation of S. pombe strains: General meth- g-Irradiation during G1 does not significantly delay
ods for studying fission yeast were performed as described

passage through Start or S-phase: We initially examined(Moreno et al. 1991). The following strains were used: PR109
the S. pombe G1 DNA damage checkpoint. Because(h2 leu1-32 ura4-D18), NR1592 [h2 leu1-32 ura4-D18 ade6-704

chk1::ura41; also known as rad27::ura41; al-Khodairy et al. S. pombe cells have a very short G1 under normal vegeta-



1731An S-Phase Checkpoint in S. pombe

tive condition, we used nitrogen limiting growth condi- above, we irradiated pre-Start G1 cells with 200 J/m2 of
254 nm UV radiation. Cells UV-irradiated during G1tions that cause cells to grow more slowly and with an

elongated G1 (Fantes and Nurse 1977). Synchronized show a 1- to 2-hr delay of S-phase (Figure 2). Further-
more, these cells show a 2- to 3-hr delay in mitosis. Thus,G1 cells were obtained by growing cultures in SP, a

synthetic medium with proline as a nitrogen source, some forms of DNA damage during G1 are capable of
eliciting an S-phase checkpoint.and separating the small G1 cells by elutriation. For the

experiments presented inFigures 1 and 2, we used cdc10- UV-, but not g-, irradiation at a G1 block delays pas-
sage through S-phase: To confirm our results by anV50 cells. Cdc10 is a transcription factor required for

passage through Start (Lowndes et al. 1992; Nurse and independent method with cells grown in rich media,
we examined the radiation response of cells arrested inBissett 1981). The temperature-sensitive cdc10-V50 mu-

tation allowed us to confirm that the G1 cells we pro- G1 by a mutation in cdc10. As above, g-irradiated cells
show no significant delay in entry to or passage throughduced were pre-Start. When the cells were shifted to

358 immediately after elutriation they arrested before S-phase,while UV-irradiated cells show a distinct S-phase
checkpoint (Figure 3A). For the UV-irradiation, we ir-S-phase, demonstrating that they had not passed the

cdc10 execution point, the definition of Start in S. pombe radiated with a range of doses from 0 to 200 J/m2. Fig-
ure 3A shows the FACS data for 0 and 200 J/m2. Figure(data not shown). Experiments with wild-type cells gave

similar results (data not shown). 3B shows the quantitation of the percentage of cells in
S-phase for all four doses. This quantitation shows thatPre-Start G1 cells were irradiated with 400 Gy of

g-radiation and followed through S-phase and mitosis. the entry into S-phase is slightly delayed in a dose-depen-
dent manner and that progression through S-phase isThis treatment does not cause a significant delay in the

entry into S-phase (Figure 1A and B), or progression greatly slowed, again in a dose-dependent manner. At
the higher doses, as many as half of the cells do notthrough S-phase (Figure 1C). There is a slight, perhaps

10 min, delay in entry into S-phase seen in Figure 1A complete S-phase within the course of the experiment.
Given the relatively low resolution of FACS analysis, weand a slight slowing of progression through S-phase

seen in the higher percentage of cells with S-phase DNA cannot determine if the delay of entry into S-phase
represents a G1 delay, with unfired replication origins,content in the irradiated samples at 3.5 and 4 hr in

Figure 1C. These are minor effects and, for reasons or a delay at the beginning of S-phase, with fired origins
but arrested replication forks.discussed below, we believe that they are not checkpoint

related. rad3 and cds1 are required for the S-phase checkpoint:
We next investigated the requirement for various knownWhile g-irradiation in G1 does not activate an S-phase

checkpoint, g-irradiation in G1 does cause a strong G2 checkpoint genes in the UV-induced S-phase DNA dam-
age checkpoint. This was complicated by the fact thatcheckpoint. Cells irradiated with 400 Gy during G2 delay

mitosis for about 2 hr after the end of the irradiation it is difficult to block checkpoint mutants in G1. Cells
doubly mutant for cdc10 and any of the six checkpoint(Figure 1B) and retain full viability (Figure 1D). In

contrast, cells irradiated during G1 delay mitosis for at rad genes or chk1 fail to arrest properly in G1 at the cdc10
execution point and instead proceed through mitosisleast 6 hr after irradiation. These cells then enter mitosis

with slower kinetics and many do not divide properly without replicating (Carr et al. 1995). In addition, cells
mutant for rad1 or rad3 are unable to grow in SP me-(Figure 1B and data not shown). Furthermore, cells

irradiated during G1 are sensitive to g-irradiation and dium (N. Rhind, unpublished results). This is presum-
ably related to the fact that mutations in the checkpointshow high inviability at relatively low doses (Figure 1D).

These effects are presumably due to the fact that double- rad genes are synthetically lethal with wee1 mutations
(al-Khodairy and Carr 1992), and that wee1 activitystrand breaks caused by g-irradiation during G1 cannot

be repaired because of the lack of a homologous chro- is reduced in nitrogen limited media, such as SP
(Fantes and Nurse 1977). Since all six checkpoint radmatid and are thus lethal, but they are recognized as

damage in G2 and invoke the G2 DNA damage check- genes are synthetically lethal with wee1, we predict that
they would all fail to grow in SP medium. So, insteadpoint.

UV-irradiation during G1 delays passage through of irradiating cells during G1, we irradiated them during
an early S-phase HU block. Checkpoint rad gene mu-S-phase: One possible explanation for the lack of a G1

or S-phase checkpoint in response to g-radiation is that tants do not delay mitosis in response to HU arrest;
thus, we could not arrest an asynchronous populationsuch DNA damage checkpoints exist, but, because the

g-ray-induced damage is irreparable, they are not acti- with HU because some cells would divide before others
had arrested. However, although the checkpoint radvated. We therefore examined the response to UV-irra-

diation. UV-irradiation causes single-strand damage, gene mutants do not delay mitosis in response to HU
arrest, they do grow to the normal size for mitosis beforewhich is thought to be repaired by nucleotide excision

mechanisms that do not require a homologous chroma- dividing, even in HU, and this takes about 3 hr after
S-phase. Therefore, we synchronized cultures by elu-tid (Lindahl 1982) and should therefore be reparable

in G1. Using the same experimental strategy described triation so that the cells would enter S-phase at about
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Figure 1.—g-Irradiation during G1 does not cause a delay in replication. (A) NR1626 (h2 leu1-32 ura4-D18 cdc10-V50) cells
were grown in SP medium, a poor nitrogen source, which greatly elongates G1 (Fantes and Nurse 1977). A synchronous popu-
lation of pre-Start G1 cells was prepared by elutriation and half was irradiated with 400 Gy of g-radiation between 0 and 2 hr.
Progression through S-phase was monitored by FACS analysis and is plotted as percent cells having passed the beginning of
replication. Progression through mitosis was monitored microscopically and is plotted as percent cells having passed the beginning
of septation. Open triangles, percent of unirradiated cells having begun replication; open squares, percent of G1 irradiated cells
having begun replication; closed triangles, percent of unirradiated cells having completed mitosis; closed squares, percent of
G1 irradiated cells having completed mitosis. (B) A longer time course of a similar experiment shows that g-irradiation during
G1 blocks mitosis for longer than g-irradiation during G2, presumably because replication of damaged DNA creates irreparable
damage. The G1 irradiated cells never fully divide and many undergo an aberrant mitosis (data not shown). Cells were irradiated
with 400 Gy either in G1, between 0 and 2 hr, or G2, between 4 and 6 hr. The symbols are the same as in A, and closed circles
represent the percent of G2 irradiated cells having completed mitosis. (C) The FACS data used for the quantitation in A. Each
individual histogram plots number of cells vs. amount of fluorescence. The numbers to the left indicate the times after elutria-
tion at which the samples were taken. “Pre” is the asynchronous culture before elutriation. Cells in the right column were
irradiated with 400 Gy in G1, between 0 and 2 hr. (D) Cells from the experiment in B were plated for viability after irradiation
in G1 or G2.

the same time. Then, by adding HU, we could arrest would enter mitosis. This approach not only allowed
us to look at the checkpoint gene requirement for thisall the cells in early S-phase with HU, irradiate them,

and release them from the HU block while they were checkpoint, it also demonstrated that the cells do not
have to be irradiated before the beginning of S-phasestill relatively small. This way, we could examine their

S-phase delay before they reached the size at which they to invoke the checkpoint.
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Wild-type cells irradiated during early S-phase show
a UV-induced S-phase delay (Figure 4A) similar to that
seen when cells are irradiated in G1 (Figure 3A). This
delay consists of both a delay in entry into bulk replica-
tion, which happens at 60 min in the untreated culture
and 80 min in the irradiated culture, and progression
though S-phase, which is completed by 80 min in the
untreated culture and is not completed by 120 min in
the irradiated culture. In contrast, a strain mutant for
rad3 does not delay S-phase after irradiation, and repli-
cates with kinetics very similar to that of unirradiated
cells (Figure 4A). The dependence on the rad3 gene
demonstrates that the S-phase delay is a checkpoint
response, as opposed to a physical block to replication
(Hartwell and Weinert 1989). The role of Rad3 in
the S-phase checkpoint is consistent with Rad3 and its
homologs, being involved in DNA damage recognition
in a variety of different checkpoints. Likewise, the fact
that chk1 is not required is consistent with the observa-
tion that Chk1 interacts specifically with the mitotic
control machinery (Furnari et al. 1997). The check-
point is also dependent on cds1, a gene which has pre-
viously been implicated in the S-M replication check-
point (Murakami and Okayama 1995; Murray et al.
1997; Saka et al. 1997).

While the rad3 and cds1 mutations greatly reduce the
UV-induced S-phase delay, there remains a small but
reproducible difference in the level of FACS signal at
the later timepoints in Figure 4A. This slight reduction
in FACS signal in response to irradiation is seen in all
experiments, whether the cells were irradiated with g
or UV, and whether they were irradiated during G1 or
S-phase (Figures 1A, 3A, 4A). Although it is possible
that these data represent a very subtle checkpoint re-
sponse that is independent of the known checkpoint
pathways, other explanations seem more likely. One
possibility is that physical damage caused by the radia-
tion slightly impedes replication. Alternatively, it is pos-
sible that irradiation inhibits mitochondrial DNA repli-
cation, which would lower the background FACS signal.

The effect of eliminating the S-phase DNA damage
checkpoint was investigated by arresting cdc10 cells or
cdc10 cds1 double-mutant cells in G1 and by UV-irradiat-
ing them. Since cds1 is not required for the G2 DNA
damage checkpoint or for resistance to UV-irradiation
during G2 (Murakami and Okayama 1995; Figure 4B),
any difference in viability between cdc10 cells or cdc10
cds1 double-mutant cells would be attributable to the
loss of the S-phase checkpoint. Although both strains
are dramatically more sensitive to UV-irradiation during
G1 than in G2, the elimination of the S-phase check-

Figure 2.—UV irradiation during G1 causes a delay in repli- point by the mutation in cds1 has no significant effect
cation. (A) Pre-Start G1 NR1626 (h2 leu1-32 ura4-D18 cdc10- on the UV sensitivity of cells in G1 (Figure 4B).V50) cells, prepared and analyzed as in Figure 1, were irradi-
ated with 200 J/m2 of 254 nm UV radiation at 1 hr after
elutriation. The symbols are the same as in Figure 1. (B) The DISCUSSIONFACS data used for the quantitation in A.

We have investigated the checkpoint response of
S. pombe to DNA damage caused during G1 or S-phase.
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We find that some damage, that caused by UV-irradia-
tion, invokes an S-phase delay, while other damage, that
caused by g-irradiation, does not. Since this S-phase
delay requires the rad3 and cds1 genes, it meets the
empirical definition of a checkpoint.

That one sort of DNA damage would invoke a check-
point, while another would not, is unexpected. In previ-
ous studies of budding and fission yeast DNA damage
checkpoints, DNA damage caused by UV- or g-irradia-
tion or by chemical alkylating agents have all invoked
similar responses when directly compared (al-Kho-

dairy and Carr 1992; al-Khodairy et al. 1994; Wal-

worth and Bernards 1996). One example of UV- and
g-irradiation leading to different results is the induction
of p53 in mouse prostate cells (Lu and Lane 1993). In
response to g-irradiation, the cells show a rapid and
transient accumulation of p53, while UV-irradiation
causes a slower, sustained expression of p53. However,
since the difference seen is in the kinetics of p53 accu-
mulation, it could reflect a difference in the kinetics of
induction and repair of the two types of damage, as
opposed to a difference in the checkpoint response.

One obvious difference between UV- and g-radiation
is the spectrum of damage each causes (Ramotar and
Masson 1996). g-Irradiation-induced DNA damage is
predominantly double-strand breaks, which cannot be
efficiently repaired by a haploid cell, such as S. pombe,
during G1 because their repair requires a sister-chroma-
tid recombination template. Conversely, UV-irradiation
causes mainly base modifications that can be repaired
without a template by nucleotide excision repair. Thus,
one model to explain the different responses to the
different sorts of damage in S. pombe postulates that
double-strand breaks are recognized as irreparable dam-
age, and thus the checkpoint signal is suppressed. In
this case, the lack of delay in response to g-irradiation
would be an active process that can be thought of as
instant adaptation. Another possibility is that double-
strand breaks are simply not recognized as damage dur-
ing G1 due to the lack or inactivity of some protein that
is required to recognize double-strand breaks but not
base modifications. At the moment, we cannot distin-
guish between these or other possible models. However,
the S-phase checkpoint requires rad3, which is also re-
quired for recognition of double-strand breaks by the
G2 DNA damage checkpoint ( Jimenez et al. 1992) and
which, as a DNA-PK homolog (Hartley et al. 1995), is
hypothesized to recognize damaged DNA. So it seems
likely that the basic S-phase DNA damage checkpoint
machinery is shared with the G2 DNA damage check-

Figure 3.—UV, but not g, irradiation at a G1 block causespoint. Furthermore, S. cerevisiae, which has a similar
a delay in replication. (A) NR1626 (h2 leu1-32 ura4-D18 cdc10-

S-phase checkpoint, responds to G1 g-irradiation even V50) cells were arrested in pre-Start G1 by a 4-hr incubation
when haploid (Siede et al. 1994), so the simple fact that at 358 and irradiated (dashed line) with either 100 Gy of

g-radiation or 200 J/m2 of UV radiation or mock irradiatedthe damage is irreparable cannot generally explain the
(solid line) immediately before release. (B) Quantitation oflack of a checkpoint response. It is also possible that
the UV induced S-phase delay at different doses.the important difference between UV and g-radiation

is that UV causes many more lesions and that the delay
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of S-phase we observe is dependent on the number
of lesions induced. Although we cannot exclude this
possibility, we do not favor it for two reasons. First, the
doses used, 200 J/m2 and 400 Gy, cause roughly the same
length of delay of mitosis when administered during G2
(Figures 1 and 2). Second, the doses used are within
the range that kills less that 20% of wild-type cells but
greater than 99% of rad3D cells (Figure 1 and data not
shown; see also al-Khodairy and Carr 1992). So all
of the cells are receiving many potentially lethal lesions.

The requirement of cds1 for the S-phase DNA damage
checkpoint is surprising. Previously, cds1 was thought
to act only in response to replication arrest because it is
not required for resistance to UV during G2 (Murakami

and Okayama 1995). However, the role of cds1 in the
S-phase DNA damage checkpoint suggests that it may
be a general target required for the inhibition of replica-
tion in response to a variety of checkpoint signals. Since
HU inhibits nucleotide synthesis and thus prevents rep-
lication (Henderson and Paterson 1973), it is not
possible to observe a cds1 dependent S-phase delay in
response to a HU block. But perhaps in a HU block, cds1
is required to arrest replication before DNA polymerase
actually runs out of nucleotides, and this arrest is re-
quired to allow efficient resumption of replication upon
release from the HU block. This would explain the role
of cds1 in recovery from a HU block (Murray et al.
1997) and provide a uniform role for it in the two
checkpoints. Such a model predicts that at low doses of
HU, which slow but do not prevent replication, cds1
should be required to regulate the rate of replication.

It is presumed that the purpose of DNA damage
checkpoints is to allow time for DNA repair to occur
before proceeding with the next cell cycle event. This
has been shown to be true for G2 DNA damage check-
points in budding yeast, fission yeast, and mammalian

Figure 4.—rad31 and cds11 are required for the replication
cells (al-Khodairy and Carr 1992; Blasina et al. 1997; delay. (A) PR109 (h2 leu1-32 ura4-D18), NR1826 (h2 leu1-32

ura4-D18 ade6-704 rad3::ura41), NR1592 (h2 leu1-32 ura4-D18Weinert and Hartwell 1988). However, there is no
ade6-704 chk1::ura41) or NB2117 (h2 leu1-32 ura4-D18evidence that checkpoints that delay passage through
cds1::ura41) cells, blocked in HU and elutriated to obtain aG1 or S-phase in response to DNA damage lead to en-
synchronous S-phase population, were irradiated with 200 J/

hanced DNA damage resistance. On the contrary, in m2 of UV radiation (dashed line) or mock irradiated (solid
mouse fibroblast cells, the p53 dependent G1 check- line), immediately after release. (B) The cds1 dependent repli-

cation delay does not contribute to UV resistance. NR1626point makes cells more sensitive to a range of DNA
(h2 leu1-32 ura4-D18 cdc10-V50) and NR2192 (h2 leu1-32 ura4-damaging treatments due to the checkpoint dependent
D18 cdc10-V50 cdc1::ura41) cells, arrested in pre-Start G1, wereapoptosis of damaged cells (Lowe et al. 1993). More-
irradiated with various doses of UV radiation immediately after

over, failure of the mammalian S-phase checkpoint does release and plated for viability. Asynchronous log phase cells,
not seem to correlate with sensitivity to G1 g-irradiation 80% of which are in G2, were used to represent G2 cells.
(Zdzienicka 1996). Likewise, imposition of a G1 arrest
in budding yeast does not increase resistance of rad9
mutant cells to G1 UV or g-irradiation (W. Siede, per- well as S-phase, implying that DNA damage remains

even after the S-phase delay (Figure 2A). Thus, evensonal communication). Our results that the S-phase
DNA damage checkpoint in S. pombe does not contribute the unperturbed S-phase checkpoint is unable to delay

bulk replication until all DNA damage is repaired.significantly to G1 DNA damage resistance, while sur-
prising, seems to support the idea that G1 and S-phase Whether the damaged DNA is replicated (Kadyk and

Hartwell 1993), or small regions of unreplicated,checkpoints are less important to cellular survival than
the G2 checkpoint. In this context, it is worth noting damaged DNA remains after the completion of bulk

synthesis, is unknown. Likewise, in S. cerevisiae, S-phasethat wild-type cells UV-irradiated in G1 delay mitosis as
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is slowed but not stopped by the presence of continuous, spends with a vulnerable 1C DNA content. Since G1/S
checkpoints do not seem to be as important for resis-chemically induced DNA damage (Paulovich and

Hartwell 1995). Consistent with this observation, wild- tance to damage, even presumably reparable damage, as
G2 checkpoints, the elimination of the G1 DNA damagetype cells are much more sensitive to UV damage in G1

than in G2 (Figure 4B). Perhaps not all UV-induced checkpoint may not have a dramatic effect on the fitness
of the organism. This line of reasoning predicts thatdamage can be repaired by nucleotide excision repair,

and recombination is more important in the repair of other haploid fungi, such as Ustilago maydis, should also
lack G1 checkpoints.UV damage than previously thought. This idea is sup-

ported by the fact that mutants lacking Rhp54, a S. pombe We thank Michael Boddy for providing the cds1 deletion allele.
recombinational repair protein homologous to S. cerevis- Members of the Scripps Cell Cycle group, particularly Duncan Clarke

and Clare McGowan, provided helpful discussions. N.R. was sup-iae Rad54p, are very sensitive to UV radiation (Muris

ported by a National Institutes of Health postdoctoral fellowship.et al. 1996).
This work was funded by a National Institutes of Health grant awardedThe S. pombe S-phase DNA damage checkpoint ap-
to P.R.

pears to be quite similar to that seen in S. cerevisiae. In
S. cerevisiae, there is a checkpoint that delays progression
through S-phase in response to UV-irradiation, g-irradi-

LITERATURE CITEDation, and alkylating DNA damage (Paulovich and
Hartwell 1995; Siede et al. 1994). This checkpoint is al-Khodairy, F., and A. M. Carr, 1992 DNA repair mutants defin-

ing G2 checkpoint pathways in Schizosaccharomyces pombe.dependent on Mec1p, the homolog of ATM and S. pombe
EMBO J. 11: 1343–1350.

Rad3; Rad24p, the homolog of S. pombe Rad17; and
al-Khodairy, F., E. Fotou, K. S. Sheldrick, D. J. Griffiths, A. R.

Lehmann et al., 1994 Identification and characterization of newRad53p, the homolog of S. pombe Cds1. These two check-
elements involved in checkpoint and feedback controls in fissionpoints are, in turn, similar to the ATM-dependent
yeast. Mol. Cell Biol. 5: 147–160.

S-phase checkpoint in mammalian cells, the failure of
Allen, J. B., Z. Zhou, W. Siede, E. C. Friedberg and S. J. Elledge,

1994 TheSAD1/RAD53 protein kinase controls multiple check-which is referred to as radio-resistant DNA synthesis
points and DNA damage-induced transcription in yeast. Genes(Painter and Young 1980). Given how little is known
Dev. 8: 2401–2415.

about the S-phase DNA damage checkpoint that pre-
Beamish, H., K. K. Khanna and M. F. Lavin, 1994 Ionizing radiation

and cell cycle progression in ataxia telangiectasia. Radiat. Res.vents radio-resistant DNA synthesis in mammalian cells
138: S130–133.and about the high degree of conservation of the G2

Bentley, N. J., D. A. Holtzman, G. Flaggs, K. S. Keegan, A. DeMag-

DNA damage checkpoint between S. pombe and mam-
gio et al., 1996 The Schizosaccharomyces pombe rad3 checkpoint
gene. EMBO J. 15: 6641–6651.mals, study of the S. pombe S-phase DNA damage check-

Berdy, J., 1980 CRC Handbook of Antibiotic Compounds. CRC Press,point may provide new insights into the checkpoint
Boca Raton, FL.

controls required for mammalian genome stability.
Blasina, A., E. S. Paegle and C. H. McGowan, 1997 The role of

inhibitory phosphorylation of CDC2 following DNA replicationThe major difference between the DNA damage
block and radiation-induced damage in human cells. Mol. Biol.checkpoints of fission yeast on one hand and budding
Cell 8: 1013–1023.

yeast and mammals on the other is that fission yeast
Boddy, M. N., B. Furnari, O. Mondesert and P. Russell, 1988

Replication checkpoints enforced by kinases Cds1 and Chk1.seem to lack a pre-Start G1 DNA damage checkpoint.
Science 280: 909–912.We cannot rule out the possibility that there is a G1

Carr, A. M., M. Moudjou, N. J. Bentley and I. M. Hagan, 1995
checkpoint in response to UV because cells irradiated The chk1 pathway is required to prevent mitosis following cell-

cycle arrest at ‘start’. Curr. Biol. 5: 1179–1190.in G1 do show a brief delay of entry into S-phase (Figure
Creanor, J., and J. M. Mitchison, 1979 Reduction of perturbations3). The resolution provided by FACS does not allow us

in leucine incorporation in synchronous cultures of Schizosaccharo-
to determine if cells delay in G1, with unfired replication myces pombe. J. Gen. Microbiol. 112: 385–388.

Elledge, S. J., 1996 Cell cycle checkpoints: preventing an identityorigins, or at the beginning of S-phase, with fired origins
crisis. Science 274: 1664–1672.but arrested replication forks. However, the same delay

Enoch, T., A. M. Carr and P. Nurse, 1992 Fission yeast genes
is seen when the cells are irradiated in early S-phase, in involved in coupling mitosis to completion of DNA replication.

Genes Dev. 6: 2035–2046.an HU arrest (Figure 4), so a pre-Start G1 DNA damage
Fantes, P., and P. Nurse, 1977 Control of cell size at division incheckpoint is not required for the effect. It has been

fission yeast by a growth-modulated size control over nuclear
previously speculated that haploid organisms should division. Exp. Cell Res. 107: 377–386.

Featherstone, C., and P. Russell, 1991 Fission yeast p107wee1 mi-minimize the amount of time they spend in G1 so as to
totic inhibitor is a tyrosine/serine kinase. Nature 349: 808–811.minimize their sensitivity to radiation (Nasmyth et al.

Ford, J. C., F. al-Khodairy, E. Fotou, K. S. Sheldrick, D. J. Grif-

1991). This idea may be especially true for unicellular
fiths et al., 1994 14-3-3 protein homologs required for the DNA
damage checkpoint in fission yeast. Science 265: 533–535.fungi; at least one class of fungicides, the bleomycins,

Furnari, B., N. Rhind and P. Russell, 1997 Cdc25 mitotic inducercause double-strand DNA breaks (Berdy 1980). Consis-
targeted by chk1 DNA damage checkpoint kinase. Science 277:

tent with this speculation, S. pombe, which is haploid, 1495–1497.
Gould, K. L., and P. Nurse, 1989 Tyrosine phosphorylation of thegenerally controls its cell cycle at the G2/M transition

fission yeast cdc21 protein kinase regulates entry into mitosis.(Nurse and Fantes 1981). It may be that S. pombe has
Nature 342: 39–45.

eliminated all G1 checkpoints, save for those required
Hansen, R., and M.Oren, 1997 p53; from inductive signal tocellular

effect. Curr. Opin. Genet. Dev. 7: 46–51.for mating, in order to further minimize the time it



1737An S-Phase Checkpoint in S. pombe

Hartley, K. O., D. Gell, G. C. Smith, H. Zhang, N. Divecha et al., mass on the cell cycle timing and duration of S-phase in fission
yeast. J. Cell Sci. 39: 215–233.1995 DNA-dependent protein kinase catalytic subunit: a relative

Norbury, C., J. Blow and P. Nurse, 1991 Regulatory phosphoryla-of phosphatidylinositol 3-kinase and the ataxia telangiectasia
tion of the p34cdc2 protein kinase in vertebrates. EMBO J. 10:gene product. Cell 82: 849–856.
3321–3329.Hartwell, L. H., and T. A. Weinert, 1989 Checkpoints: controls

Nurse, P., and Y. Bissett, 1981 Gene required in G1 for commit-that ensure the order of cell cycle events. Science 246: 629–634.
ment to cell cycle and in G2 for control of mitosis in fission yeast.Henderson, J. F., and A. R. P. Paterson, 1973 Nucleotide Metabolism:
Nature 292: 558–560.An Introduction. Academic Press, New York.

Nurse, P., and P. Fantes, 1981 Cell cycle controls in fission yeast—aJimenez, G., J. Yucel, R. Rowley and S. Subramani, 1992 The
genetic analysis, pp. 85–98 in The Cell Cycle, edited by P. C. L.rad31 gene of Schizosaccharomyces pombe is involved in multiple
John. Cambridge University Press, Cambridge.checkpoint functions and in DNA repair. Proc. Natl. Acad. Sci.

Painter, R. B., and B. R. Young, 1980 Radiosensitivity in ataxia-USA 89: 4952–4956.
telangiectasia: a new explanation. Proc. Natl. Acad. Sci. USA 77:

Jin, P., Y. Gu and D. O. Morgan, 1996 Role of inhibitory CDC2
7315–7317.phosphorylation in radiation-induced G2 arrest in human cells.

Parker, L. L., S. Atherton-Fessler and H. Piwnica-Worms, 1992J. Cell Biol. 134: 963–970.
p107wee1 is a dual-specificity kinase that phosphorylates p34cdc2

Kadyk, L. C., and L. H. Hartwell, 1993 Replication-dependent
on tyrosine 15. Proc. Natl. Acad. Sci. USA 89: 2917–2921.sister chromatid recombination in rad1 mutants of Saccharo-

Paulovich, A. G., and L. H. Hartwell, 1995 A checkpoint regu-myces cerevisiae. Genetics 133: 469–487.
lates the rate of progression through S phase in S. cerevisiae in

Kastan, M. B., Q. Zhan, W. S. el-Deiry, F. Carrier, T. Jacks et al.,
response to DNA damage. Cell 82: 841–847.1992 A mammalian cell cycle checkpoint pathway utilizing p53

Peng, C. Y., P. R. Graves, R. S. Thoma, Z. Wu, A. S. Shaw et al.,and GADD45 is defective in ataxia-telangiectasia. Cell 71: 587– 1997 Mitotic and G2 checkpoint control: regulation of 14-3-3597. protein binding by phosphorylation of Cdc25C on serine-216.
Krek, W., and E. A. Nigg, 1991 Mutations of p34cdc2 phosphorylation Science 277: 1501–1505.sites induce premature mitotic events in HeLa cells: evidence for

Ramotar, D., and J. Y. Masson, 1996 Saccharomyces cerevisiae DNAa double block to p34cdc2 kinase activation in vertebrates. EMBO repair processes: an update. Mol. Cell. Biochem. 158: 65–75.
J. 10: 3331–3341.

Rhind, N., B. Furnari and P. Russell, 1997 Cdc2 tyrosine phos-
Lee, M. S., T. Enoch and H. Piwnica-Worms, 1994 mik11 encodes phorylation is required for the DNA damage checkpoint in fission

a tyrosine kinase that phosphorylates p34cdc2 on tyrosine 15. J. yeast. Genes Dev. 11: 504–511.
Biol. Chem. 269: 30530–30537.

Russell, P., and P. Nurse, 1986 cdc251 functions as an inducer in
Lindahl, T., 1982 DNA repair enzymes. Annu. Rev. Biochem. 51: the mitotic control of fission yeast. Cell 45: 145–153.

61–87.
Russell, P., and P. Nurse, 1987 Negative regulation of mitosis by

Lowe, S. W., H. E. Ruley, T. Jacks and D. E. Housman, 1993 p53- wee11, a gene encoding a protein kinase homolog. Cell 49: 559–
dependent apoptosis modulates the cytotoxicity of anticancer 567.
agents. Cell 74: 957–967.

Saka, Y., F. Esashi, T. Matsusaka, S. Mochida and M. Yanagida,

Lowndes, N. F., C. J. McInerny, A. L. Johnson, P. A. Fantes and 1997 Damageand replication checkpoint control in fissionyeast
L. H. Johnston, 1992 Control of DNA synthesis genes in fission is ensured by interactions of Crb2, a protein with BRCT motif,
yeast by the cell-cycle gene cdc101. Nature 355: 449–453. with Cut5 and Chk1. Genes Dev. 11: 3387–3400.

Lu, X., and D. P. Lane, 1993 Differential induction of transcription- Sanchez, Y., C. Wong, R. S. Thoma, R. Richman, Z. Wu et al., 1997
ally active p53 following UV or ionizing radiation: defects in Conservation of the Chk1 checkpoint pathway in mammals: link-
chromosome instability syndromes? Cell 75: 765–778. age of DNA damage to Cdk regulation through Cdc25. Science

Lundgren, K., N. Walworth, R. Booher, M. Dembski, M. Kirsch- 277: 1497–1501.
ner et al., 1991 mik1 and wee1 cooperate in the inhibitory tyro- Savitsky, K., A. Bar-Shira, S. Gilad, G. Rotman, Y. Ziv et al., 1995
sine phosphorylation of cdc2. Cell 64: 1111–1122. A single ataxia telangiectasia gene with a product similar to

Marks, J., C. Fankhauser, A. Reymond and V. Simanis, 1992 Cyto- PI-3 kinase. Science 268: 1749–1753.
skeletal and DNA structure abnormalities result from bypass of Sidorova, J. M., and L. L. Breeden, 1997 Rad53-dependent phos-

phorylation of Swi6 and down-regulation of CLN1 and CLN2requirement for the cdc10 start gene in the fission yeast Schizo-
transcription occur in response to DNA damage in Saccharomycessaccharomyces pombe. J. Cell Sci. 101: 517–528.
cerevisiae. Genes Dev. 11: 3032–3045.McGowan, C. H., and P. Russell, 1993 Human Wee1 kinase inhib-

Siede, W., A. S. Friedberg, I. Dianova and E. C. Friedberg, 1994its cell division by phosphorylating p34cdc2 exclusively on Tyr15.
Characterization of G1 checkpoint control in the yeast Saccharo-EMBO J. 12: 75–85.
myces cerevisiae following exposure to DNA-damaging agents. Ge-Millar, J., C. McGowan, G. Lenaers, R. Jones and P. Russell, 1991
netics 138: 271–281.p80cdc25 mitotic inducer is the tyrosine phosphatase that activates

Thelen, M. P., K. Onel and W. K. Holloman, 1994 The REC1 genep34cdc2 kinase in fission yeast. EMBO J. 10: 4301–4309.
of Ustilago maydis involved in the cellular response to DNA

Moreno, S., A. Klar and P. Nurse, 1991 Molecular genetic analysis
damage encodes an exonuclease. J. Biol. Chem. 269: 747–754.of fission yeast Schizosaccharomyces pombe. Methods Enzymol. 194:

Walworth, N., S. Davey and D. Beach, 1993 Fission yeast chk1795–823.
protein kinase links the rad checkpoint pathway to cdc2. Nature

Murakami, H., and H. Okayama, 1995 A kinase from fission yeast
363: 368–371.responsible for blocking mitosis in S phase. Nature 374: 817–819.

Walworth, N. C., and R. Bernards, 1996 rad-dependent response
Muris, D., K. Vreeken, A. Carr, J. Murray, C. Smit et al., 1996 Isola-

of the chk1-encoded protein kinase at the DNA damage check-tion of the Schizosaccharomyces pombe RAD54 homologue, rhp541,
point. Science 271: 353–356.a gene involved in the repair of radiation damage and replication

Weinert, T., 1997 A DNA damage checkpoint meets the cell cyclefidelity. J. Cell Sci. 109: 73–81. engine. Science 277: 1450–1451.
Murray, J. M., H. D. Lindsay, C. A. Munday and A. M. Carr, 1997

Weinert, T. A., and L. H. Hartwell, 1988 The RAD9 gene controls
Role of Schizosaccharomyces pombe RecQ homolog, recombination, the cell cycle response to DNA damage in Saccharomyces cerevisiae.
and checkpoint genes in UV damage tolerance. Mol. Cell Biol. Science 241: 317–322.
17: 6868–6875.

Zdzienicka, M. Z., 1996 Mammalian X ray sensitive mutants: a tool
Nasmyth, K., L. Dirick, U. Surana, A. Amon and F. Cvrckova, 1991 for the elucidation of the cellular response to ionizing radiation.

Some facts and thoughts on cell cycle control in yeast. Cold Cancer Surv. 28: 281–293.
Spring Harb. Symp. Quant. Biol. 56: 9–20.

Nasmyth, K., P. Nurse and R. S. Fraser, 1979 The effect of cell Communicating editor: G. R. Smith




