S-phase-specific activation of Cdsl
kinase defines a subpathway

of the checkpoint response

In Schizosaccharomyces pombe

Howard D. Lindsay,! Dominic J.F. Griffiths,>®> Rhian J. Edwards,* Per U. Christensen,*
Johanne M. Murray,? Fekret Osman,® Nancy Walworth,* and Antony M. Carr*®

Medical Research Council (MRC) Cell Mutation Unit, Sussex University, Falmer, Sussex BN1 9RR, UK; 2School
of Biological Sciences, Sussex University, Falmer BN1 9SQ, UK; ®Department of Biochemistry Oxford University, Oxford
0OX1 3QU, UK; “ University of Medicine and Dentistry of New Jersey, Robert Wood Johnson Medical School,

Piscataway, NJ 08854-5635 USA

Checkpoints that respond to DNA structure changes were originally defined by the inability of yeast mutants
to prevent mitosis following DNA damage or S-phase arrest. Genetic analysis has subsequently identified
subpathways of the DNA structure checkpoints, including the reversible arrest of DNA synthesis. Here, we
show that the Cdsl kinase is required to slow S phase in the presence of DNA-damaging agents. Cdsl is
phosphorylated and activated by S-phase arrest and activated by DNA damage during S phase, but not during
G, or G,. Activation of Cdsl during S phase is dependent on all six checkpoint Rad proteins, and Cdsl
interacts both genetically and physically with Rad26. Unlike its Saccharomyces cerevisiae counterpart Rad53,
Cdsl is not required for the mitotic arrest checkpoints and, thus, defines an S-phase specific subpathway of
the checkpoint response. We propose a model for the DNA structure checkpoints that offers a new perspective
on the function of the DNA structure checkpoint proteins. This model suggests that an intrinsic mechanism
linking S phase and mitosis may function independently of the known checkpoint proteins.
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Checkpoint pathways that respond to changes in DNA
structure ensure the integrity of the DNA. After detec-
tion of specific DNA or DNA-protein structures, a signal
is transduced to effector molecules that implement
checkpoint-dependent responses such as cell-cycle arrest
(Elledge 1996). Many components of the DNA-structure
checkpoint pathways have been identified (Carr and
Hoekstra 1995). In the fission yeast Schizosaccharomy-
ces pombe, a group of six checkpoint Rad proteins (Rad1l,
Rad3, Rad9, Rad17, Rad26, and Hus1) are thought to par-
ticipate in the monitoring and signaling processes that
detect both DNA damage and incomplete DNA replica-
tion (Al-Khodairy and Carr 1992; Enoch et al. 1992; Row-
ley et al. 1992; Al-Khodairy et al. 1994). Central to this
group is the Rad3 protein, which shares homology with
both budding yeast and human checkpoint proteins
(Savitsky et al. 1995; Bentley et al. 1996; Cimprich et al.
1996). Rad3 is a member of a larger subfamily of protein
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kinases that share structural similarities. This subfamily
consists of large proteins with a lipid kinase-related do-
main at the carboxyl terminus. One member, DNA-P-
Kcs, is well characterized as a protein kinase that is ac-
tivated by association with DNA-binding subunits (Jeggo
etal. 1995). By analogy with DNA-PK, we have proposed
that Rad3 is activated by the other checkpoint Rad pro-
teins, which may interact with the specific DNA or
DNA-protein structures generated by DNA damage and
DNA synthesis (Carr 1997).

DNA structure checkpoints respond to several distinct
signals. The best characterized are DNA damage caused
by UV or v-irradiation and S-phase arrest resulting from
hydroxyurea (HU) exposure. In response to DNA dam-
age, but not S-phase arrest, Chkl kinase becomes phos-
phorylated in a manner dependent on Rad3 and the other
checkpoint Rad proteins (Walworth and Bernards 1996).
Thus, in this case, an effector is activated only in re-
sponse to specific inputs. Thus, the damage and replica-
tion checkpoints can be formally considered as distinct
pathways.

The DNA structure checkpoints were first identified
by their effects on mitosis (Weinert and Hartwell 1988;
Enoch and Nurse 1990). The checkpoint pathways, how-
ever, control other responses. For example, following
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treatment with HU, the checkpoint Rad proteins are es-
sential to enable cells to survive S-phase arrest. In the
absence of the checkpoint Rad proteins, HU causes rapid
cell death during S phase (Enoch et al. 1992; Carr 1994),
even though DNA synthesis can continue after the HU
is removed. Thus, checkpoint-dependent reversible S-
phase arrest is vital to survival when replication is per-
turbed. A related phenotype is also seen when check-
point mutants are exposed to DNA damage during S
phase: Survival of S-phase cells is dependent on a func-
tional checkpoint pathway (Al-Khodairy et al. 1994).

In Saccharomyces cerevisiae, two proteins (Mecl and
Rad53) have been identified that are involved in both the
DNA damage and the DNA replication checkpoints.
Mecl (Kato and Ogawa 1994; Weinert et al. 1994) is a
homolog of Schizosaccharomyces pombe Rad3. Rad53 is
a protein kinase that is phosphorylated and activated in
response to DNA damage and HU exposure (Allen et al.
1994; Sanchez et al. 1996; Sun et al. 1996). Rad53 acti-
vation is dependent on Mecl, but null mutants of
RAD53 are only partially defective in G, arrest after
DNA damage (Pati et al. 1997). In S. pombe, a structural
homolog of Rad53, called Cdsl, has been identified as a
multicopy suppresser of a temperature-sensitive DNA
polymerase o mutation (Murakami and Okayama 1995).
Cdsl was proposed to link DNA replication to the mi-
totic machinery. Cdsl is not required to prevent mitosis
following DNA damage.

In this report we show that Cdsl is a protein Kinase
that is phosphorylated and activated by DNA-replication
arrest and activated by DNA damage. The activation by
DNA damage is only seen in S phase, suggesting that the
Cdsl response is specific to replication structures. The
major effect of Cdsl deletion is not the inappropriate
onset of mitosis, but an inability of cells to properly
regulate S phase when challenged during replication. We
propose a model for Cds1 function in which Cds1 defines
a subpathway of the DNA structure checkpoints that
prevents irreversible lethal DNA damage from occurring
when DNA synthesis is perturbed.

Results

S-phase arrest causes mitotic delay in the absence
of Cdsl

Cds1 has been reported to link S phase to mitosis (Mu-
rakami and Okayama 1995). In cdsl null mutants ar-
rested in S phase by HU, however, mitotic arrest is es-
sentially normal during the first 6 hr (Fig. 1A and Fig. 3
of Murakami and Okayama 1995), approximately the
length of time that HU delays bulk DNA synthesis
(Sazer and Sherwood 1990). Despite this mitotic delay,
there is rapid and irreversible loss of viability associated
with entry into S phase in the presence of HU (Mu-
rakami and Okayama 1995). Rapid loss of viability dur-
ing S phase is also seen with the checkpoint rad class of
mutants (Enoch et al. 1992; Carr 1994).

Cdsl is required for the response to DNA damage

It has been reported that cdsl mutant cells are not sen-
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sitive to DNA damage (Murakami and Okayama 1995).
These studies used UV as the DNA-damaging agent. We
find that Cds1 null cells are significantly sensitive to UV
(Fig. 1B) and ionizing radiation (Fig. 1C), despite the fact
that they maintain a normal G, checkpoint when irra-
diated (Fig. 1D). To characterize this sensitivity further,
we have created double mutants with a number of well
characterized checkpoint mutants (Fig. 1B,C).

The Chkl mutant is unable to arrest mitosis after
DNA damage, but is more resistant to radiation than the
checkpoint rad group of mutants (Al-Khodairy et al.
1994). Interestingly, a specific allele of one of the check-
point rad genes, rad26.T12, has been characterized that
retains a normal mitotic arrest after DNA damage, but is
still sensitive to DNA-damaging agents (Al-Khodairy et
al. 1994). Genetic studies of chkl.d rad26.T12 double
mutants show that these cells have a similar phenotype
to the rad26.d null mutant. This led us to propose that
rad26.T12 is defective in a subpathway of the checkpoint
response that is independent of mitotic arrest (Al-Kho-
dairy et al. 1994).

We have created cdsl.d chkl.d double mutants and
compared the sensitivities with the respective single
mutants and with the rad26.d null mutant. cdsl.d
chkl.d double-mutant cells are more sensitive to DNA
damage than the two single mutants, as would be ex-
pected from their distinct phenotypes. The double mu-
tant shows an equivalent sensitivity to rad26.d (Fig.
1B,C). We have also created cdsl.d rad26.T12 double
mutants and compared the sensitivity of these with the
respective single mutants. The double mutants are no
more sensitive to DNA damage than the most sensitive
single mutant (Fig. 1B,C). This is also true for the cdsl.d
rad26.d double mutant (data not shown).

The classical interpretation of epistasis analysis in re-
pair studies is as follows: Two mutants that do not give
additional sensitivity when combined (compared with
the most sensitive single mutant) act in the same path-
way. Conversely, two null mutations that give increased
sensitivity when combined act in distinct pathways. The
simplest interpretation of our data is that the cdsl-de-
pendent DN A-damage response and the chk1-dependent
DNA-damage response both require the correct function
of the checkpoint rad pathway. Therefore, we can sepa-
rate the checkpoint rad pathway into two subpathways,
one mediated by Chk1, which arrests mitosis, and one
mediated by Cds1, which is independent of mitotic ar-
rest. rad26.T12 mutant cells would appear to be defec-
tive in the Cdsl, but not the Chk1, dependent pathway.
We will refer to the Cdsl-mediated response as the
checkpoint rad-dependent S-phase recovery pathway.

cdsl is a multicopy suppressor of rad26.T12

Sequence analysis of the rad26.T12 allele identified a
single arginine to tryptophan mutation at position 541 of
the Rad26 protein (see Materials and Methods). This site
is 74 amino acids from the carboxyl terminus of the pro-
tein. An allele of rad26 with a defect in sensing slowed
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DNA replication has been described recently (Uchiyama
et al. 1997). This phenotype results from a duplication of
6 amino acids within Rad26, at position 511, 30 amino
acids distant from the rad26.T12 mutation. To investi-
gate the potential involvement of a carboxy-terminal
Rad26 domain in the checkpoint rad-dependent recovery
pathway, we deleted incremental carboxy-terminal re-
gions. Removal of the carboxy-terminal 11 amino acids
of rad26 (604-614) did not affect function. Removal of
the 31 amino acids (584-614) resulted in a phenotype
similar to the null mutant (Fig. 2B; see Materials and
Methods), despite the fact that a correct size protein is
produced (data not shown). Therefore, the carboxyl ter-
minus does not encode a defined functional domain in-
volved in the recovery pathway.
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To further investigate the relationship between Cdsl
and the checkpoint rad-dependent recovery pathway, we
transformed rad26.d and rad26.T712 cells with a plasmid
containing a cdsl genomic clone. As controls, we used
an empty vector and a wild-type rad26 gene. cdsl over-
expression rescues much of the radiation sensitivity and
HU sensitivity of the rad26.T12 allele (Fig. 2A), consis-
tent with Cdsl functioning either in parallel or down-
stream of Rad26. This effect is unlikely to be the result
of any cell-cycle delay imposed by the overexpression, as
cell-cycle delay following irradiation is proficient in the
rad26.T712 strain (Al-Khodairy et al. 1994). Furthermore,
Cds1 does not unduly affect the cell cycle as judged by
cell length at mitosis in these experiments.

The common involvement of Rad26 and Cdsl in the
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Figure 2. cdsl is a multicopy suppresser of rad26.T12 mutant cells. (A) rad26 null and rad26.T12 mutant cells were transformed with
rad26 genomic DNA, cdsl genomic DNA, or an empty vector control (pAL). Cells were serially diluted (from 107 cells/ml to 10*
cells/ml), spotted onto plates and irradiated at the doses indicated. Cells were also spotted onto plates containing a range of HU
concentrations. (B) rad26 null cells were transformed with the rad26 genomic clone, the empty vector (pAL) or rad26 constructs
containing carboxy-terminal deletions. Numbers correspond to the length of the constructs (amino acids). Full-length Rad26 is 614
amino acids. Cells were diluted to the concentrations shown and either spotted onto plates and irradiated at the doses indicated or
spotted onto plates containing different concentrations of HU. (C) Cdsl immunoprecipitates with Rad26 in S. pombe extracts.
Wild-type S. pombe was transformed with REP41 (leucine selection) and REP42 (uracil selection) plasmids containing cdsl and rad26
cDNA tagged with either HA or Myc epitopes. Immunoprecipitation was carried out on extracts from logarithmically growing cells,
after 18 hr growth without thiamine. Immunocomplexes were processed for Western blotting with anti-Myc antibody. Rad26 asso-
ciates with itself (lane 3) and with Cds1 (lanes 7,8). The empty vector (lanes 1,2,4,5) was used as control. We estimate overexpression
at [60x of wild-type protein levels. Comparing the amount of Cdsl precipitated with Rad26 to total protein, we estimate [3%-5%
recovery. (D) Immunoprecipitations were repeated by use of proteins expressed in rabbit reticulocyte lysate. In this case, Rad26 was
seen to associate with itself, but not with Cds1, suggesting bridging proteins or posttranslational modification are required for the
Rad26-Cds1 interaction. This would be consistent with levels of recovery.

checkpoint rad-dependent recovery pathway, and the al- tagged constructs of Rad26 and Cdsl at moderate levels
lele-specific suppression of rad26.T12 phenotypes, sug- in S. pombe and assayed for coimmunoprecipitation (Fig.
gest that Rad26 and Cdsl may physically interact. To 2C). HA-Rad26 is able to precipitate Myc-Cdsl, and
test this hypothesis, we have expressed HA- and Myc- HA-Cds1 is able to precipitate Myc-Rad26. In addition,
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Rad26, but not Cdsl, appears to form homomultimers,
as HA-Rad26 precipitates Myc-Rad26 when the two
constructs are expressed in the same cell. To determine
if these interactions were direct, or require either bridg-
ing proteins or specific posttranslational modification,
we translated Rad26 and Cds1 in rabbit reticulocyte ly-
sates for coimmunoprecipitation (Fig. 2D). Rad26 did not
precipitate with Cdsl, but still interacted with itself.
Thus, we conclude that bridging proteins or modifica-
tions are required for Cds1-Rad26, but not Rad26-Rad26
interactions.

Cdsl is a protein kinase and phosphoprotein activated
by S-phase arrest and DNA damage

To verify that Cdsl is a protein kinase, we purified over-
expressed GST-Cds1 fusion protein from S. pombe and
established conditions under which it will phosphory-
late myelin basic protein (MBP) in vitro (data not shown).
Specificity for Cdsl was shown by an equivalent purifi-
cation of a GST fusion protein carrying an Asp to Glu
mutation in residue 312 of the kinase domain. This Ki-
nase dead protein did not have kinase activity for MBP
(data not shown). A rabbit polyclonal antibody to Cdsl
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protein was used to detect Cds1 protein in asynchronous
wild-type cells. By immunoprecipitation (IP) and West-
ern blotting after SDS-PAGE, a single band is seen that
migrates at [50 kD, near the predicted molecular weight
of 51.9 kD for Cds1 (Fig. 3A). This band is absent in IP’s
from cdsl null mutant cells. In addition, the antibody
recognizes overexpressed Cdsl (data not shown), verify-
ing its specificity.

Following incubation of cells in HU, a mobility shift
for Cdsl is evident by SDS-PAGE; Cdsl migrates as a
more diffuse band, with an apparent increase in molecu-
lar mass of several kilodaltons (Fig. 3A,B). The mobility
shift can be reversed by phosphatase treatment (Fig. 3B),
indicating that it is a result of phosphorylation. To as-
certain if Cdsl phosphorylation correlates with in-
creased kinase activity, IP kinase assays against an MBP
substrate was used to measure the Cdsl-dependent Ki-
nase activity from treated and untreated cells. Cdsl-de-
pendent activity increases markedly in IP kinase assays
performed on extracts prepared from cells treated with
HU (Fig. 3A). By overexpressing Cdsl and kinase-dead
Cdsl [5-fold in cds1 null cells, we have shown that the
activity observed is dependent on the integrity of the
Cdsl kinase domain (Fig. 3A). These data indicate that
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Figure 3. Cdsl is phosphorylated during S-phase arrest. (A) (Left) Immunoprecipitation (top) and kinase activity (bottom) from
wild-type and Cds1 null cells by use of affinity-purified Cds1 sera or preimmune sera identifies Cds1 as a single band migrating at 52
kD. In extracts from cells treated with HU, Cds1 undergoes an apparent increase in molecular weight (second lane). Kinase activity
against MBP in the IPs correlates with the presence of Cdsl and increases in cells treated with HU. To show the specificity of the
kinase activity to Cds1, wild-type or kinase-dead Cds1 protein were expressed in cdsl null cells, immunoprecipitated (top, right) and
assayed for kinase activity (bottom, right). (B) The Cds1 mobility shift can be reversed by phosphatase treatment. Ten and twenty units
of CIAP restored the mobility of Cdsl from HU-treated cells to that of Cdsl from untreated cells. Twenty units of heat-treated CIAP
does not affect Cds1l mobility. (C) Cdsl kinase can be activated by DNA damage. Asynchronous cultures of wild-type and chkl1 null
cells were subjected to 500 Gy of ionizing radiation. Cell extracts were made at time points following irradiation and assayed for Cds1
kinase activity. Wild-type cells showed a small but reproducible increase in Cds1 Kinase activity. chk1 cells showed a greater increase
in Cds1 kinase activity. (D,E) Cds1 phosphorylation (D) and activation (E) following HU treatment is dependent on the function of the
checkpoint Rad proteins. Cds1 phosphorylation is not seen in immunoprecipitates from radl, rad3, rad9, rad17, rad26, or husl null
mutants but is evident in wild-type (WT) and chkl mutants. IP-kinase activity is much reduced or absent in the checkpoint rad null

strains when compared with wild-type and chkl null cells.
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the phosphorylation event signifies the activation of the
Cdsl kinase.

Because cdsl.d mutants are sensitive to DNA damage,
we have investigated Cdsl activation following treat-
ment with ionizing radiation. By use of IP kinase assays,
we can detect activation of the Cds1 kinase in wild-type
cells after irradiation (Fig. 3C). Because wild-type cells
accumulate in G, following irradiation, we have also
tested chk1l mutant cells, which do not arrest in G, after
DNA damage (Al-Khodairy et al. 1994). Increased levels
of activation were seen. We have been unable to detect a
mobility shift of Cdsl1 following DNA damage (data not
shown). The kinase activity of Cdsl following DNA
damage does not reach the levels seen following treat-
ment with HU. Thus, we cannot determine if the phos-
phorylation event observed following HU treatment is
distinct from that which occurs after DNA damage, or if
Cdsl is partially phosphorylated in response to DNA
damage.

The increases in Cdsl phosphorylation and kinase
activity are dependent on the checkpoint Rad proteins

The Cdsl homolog in S. cerevisiae, Rad53, is a phospho-
protein that is activated by HU treatment and DNA
damage. Rad53 activation is dependent on Mec1, the ho-
molog of S. pombe Rad3 (Sanchez et al. 1996; Sun et al.
1996). By use of null mutants of the six checkpoint rad
genes, we have shown that the phosphorylation (Fig. 3D)
and activation (Fig. 3E) of Cds1 induced by HU is largely
dependent on the function of the six checkpoint Rad
proteins, Radl, Rad3, Rad9, Radl7, Rad26, and Husl.
Both rad3.d and rad26.d mutants are completely unable
to phosphorylate or activate Cdsl. Low, but reproduc-
ible, levels of activation are seen in rad9.d, rad17.d, and
husl.d mutants. A moderate level of activity is seen in
radl.d cells. In no case was a Cdsl mobility shift seen.

Our genetic analysis places Cdsl function in the
checkpoint rad-dependent recovery pathway, a subpath-
way of the checkpoint response. This subpathway has
also been identified as defective in the rad26.T12 mu-
tant, and we find evidence of an association between
Cdsl and Rad26. It is therefore possible that the major
function of Rad26 is in the recovery pathway. To address
this, we followed the kinetics of Cds1 phosphorylation
and activation in response to HU in rad26.T12 cells (Fig.
4A). Compared with wild type, there is a reduction in
Cdsl activity, and Cdsl does not become phosphory-
lated. Quantification (Fig. 4B) of Cdsl kinase activity
shows less than half the activity seen in wild-type cells.
These data are consistent with a role for Rad26 in medi-
ating the Cds1 response.

Cdsl is not active during normal S phase

In S. cerevisiae, it is not clear if Rad53 is activated during
S phase of the normal cell cycle (Sanchez et al. 1996; Sun
et al. 1996). If Cds1 is activated and phosphorylated dur-
ing unperturbed S phase, the increased activity following
HU treatment or DNA damage may be a consequence of
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Figure 4. Activation of Cdsl kinase is decreased in rad26.T12
mutant cells. (A) Logarithmically growing wild-type and
rad26.T12 cells were treated with 20 mm HU and Cds1 mobility
(top) and kinase activity (bottom) were assayed from cell ex-
tracts prepared at 30 min intervals. (B) The activation of Cdsl
kinase is reduced in rad26.T12 cells in response to HU when
quantified by Phospholmager analysis of the autoradiograph
shown in A.

cells accumulating in S phase. We have studied Cdsl
phosphorylation and activity in synchronized cells. Cells
were synchronized in two ways; either by a temperature
shift and release strategy with a temperature-sensitive
¢cdc10.V50 mutant [cdc10 mutants arrest the cell cycle at
start, during G, (Aves et al. 1985)] or by centrifugal
elutriation. No evidence of either a mobility shift or re-
producible activation of Cdsl kinase was seen as cells
proceeded through unperturbed S phase (Fig. 5B,D; data
not shown). On occasion, low levels of Cds1 activity, but
not phosphorylation, are detected in late S phase [i.e.,
Fig. 5B, 90(-)]. This is not consistent, however, and may
represent experimental artefacts or low levels of sponta-
neous replication stalling in synchronous cultures.

The most likely explanation for Cdsl activation dur-
ing HU treatment is that Cdsl is activated in response to
stalled DNA replication. To rule out the alternative pos-
sibility that HU treatment itself will activate Cdsl irre-
spective of cell-cycle position, we synchronized wild-
type cells by elutriation and treated aliquots with HU
during either G, or G,/S phase. We observed that the
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Figure 5. Activation of Cdsl Kkinase is A

S-phase dependent. (A) Septation of wild- =
type cells synchronized in G, by elutria- |
tion. The culture was divided into three
and incubated at 30°. HU was added (20
mwm) at either t=0 (O) or t = 60 (@) min;
control (M). The cell-cycle stage of the
culture was followed by septation index
by Calcofluor and DAPI staining. Un-
treated cells show two peaks in septa-
tion. The second peak is missing in the 0
HU-treated culture indicating the activa-

tion of the replication checkpoint. (B)

Samples were taken from all three cul- =
tures and processed for Cdsl kinase as- A
say. Cdsl kinase does not activate during
G, despite the presence of 20 mm HU
(30+, 60+). Cds1 kinase activity accumu-
lates after 90 min when the majority of
the cells have entered or are entering S
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30°C. Cells irradiated in G, at t=0 do
not activate Cdsl kinase after irradia-

+ Temp 0C

WT  ofci7  cde22  cdof cde®0  odei Pole
A 3T X 3T M 3IT M AT I 3T X 3T I IV

R S

tion, whereas cells entering S phase after

irradiation develop significant activity. Consistent with the S-phase dependency of the kinase activation cells irradiated late in S
phase/G, (t = 90,110) fail to generate significant Kinase activity compared with the unirradiated control. (E) cdc10.V50 cells irradiated
at the permissive temperature (26°C) show activation of Cdsl kinase whereas cells irradiated and held at the restrictive temperature
(37°C) do not, thus showing that Cds1 kinase is not activated by DNA damage during G, phase. (F) Activation of Cds1 by temperature
shift in various cdc mutants defective in DNA synthesis. Logarithmic cultures of wild-type, cdc6, cdcl7, cdc20, cdc21, cdc22, and pola
cells grown at 27°C were split into two samples, one was incubated for a further 2 hr, 30 min at 27°C, whereas the other was incubated
at 37°C for 2 hr, 30 min before extracts were prepared and tested for IP kinase activity.

activation of Cds1 and its associated mobility shift (data
not shown) occurs at a time commensurate with the ef-
fect of HU during S phase (Fig. 5A,B), and is not an effect
of the HU itself. Thus, we conclude that HU induced
Cdsl activation is specific to perturbed S phase.

Cdsl is activated by DNA damage during S phase

In S. cerevisiae, Rad53 is activated by DNA damage dur-
ing G4, S phase, and post S phase. Because there are sig-
nificant phenotypic differences between rad53 and cdsl
mutants in the two yeasts, we investigated the cell-cycle
specificity of Cdsl activation by DNA damage. In syn-
chronous wild-type cells generated by elutriation, Cdsl
activation was only seen when cells were irradiated dur-
ing the G, /S period of the cell cycle, and did not occur in
cells irradiated during G, phase (Fig. 5C,D at 0 min).
Thus, Cds1 activation occurs only in G, and/or S phase.
To distinguish between G, and S phase, we arrested cells
at start with the cdc10.V50 mutant before treating them
with radiation (Fig. 5E). G, arrested cells did not activate
Cdsl after irradiation when held in G,. These two ex-
periments allow us to conclude that Cdsl1 is activated by
DNA damage only during S phase.
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Cdsl activation in a range of temperature-sensitive
cdc mutants

To define more precisely at which point during S phase
Cdsl is able to be activated, we have studied the activa-
tion of Cdsl in a range of temperature-sensitive cdc mu-
tants defective in various replication proteins (Fig. 5F).
We find that Cdsl is strongly activated only in tempera-
ture-sensitive polymerase a (D’Urso et al. 1995; Franc-
esconi et al. 1997) and temperature-sensitive polymerase
€ (cdc20) mutants following a temperature shift. Cdsl is
not activated in temperature-sensitive polymerase &
(cdc6) (lino and Yamamoto 1997) or in cdc21 (Mcm pro-
tein) (Mairorano et al. 1996) and is only moderately ac-
tivated in late S phase cdcl17 (DNA ligase) mutant cells
(Barker et al. 1987). Cdsl is activated in cdc22 (ribo-
nucleotide reductase) mutants (Fernandez-Sarabia et al.
1993), consistent with the data by use of HU.

Cdsl null mutants are defective in an S phase
DNA-damage checkpoint

S. cerevisiae mecl and rad53 mutants are defective in
slowing down S phase when treated with the DNA-dam-



aging agent methylmethane sulfonate (MMS). We have
tested the ability of wild-type, rad3, chk1, cdsl, rad26,
and rad26.T712 mutant cells to slow S phase in response
to MMS. By use of two different methods to synchronize
cells in G, we have shown that wild-type cells have this
checkpoint response, and that it is lost in rad3 mutants
(Fig. 6A,B). By use of one of the synchronization meth-
ods, we have further shown that cdsl mutant cells, but
not chkl mutant cells, have also lost this checkpoint. As
expected, rad26 null mutant cells behave in a similar
manner to rad3. Consistent with our genetic data,
rad26.T712 mutant cells are also defective in slowing S
phase when DNA is damaged (Fig. 6B). These data are
consistent with Cdsl and Chkl defining specific sub-
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pathways of the checkpoint Rad response. They also
show that rad26.T12 mutants are specifically defective
in the Cds1-dependent, but not the Chk1-dependent re-
sponse.

Loss of Cds1 results in the abnormal activation
of Chkl by HU

A clue to the biological significance of Cdsl activation
can be seen by examining the phenotype of the cdsl.d
chkl.d double mutant, and the behavior of the DNA
damage-specific Chkl kinase in cdsl null cells. Unex-
pectedly, after HU treatment, cdsl.d chkl.d double mu-
tants enter mitotic catastrophe and form cuts in a man-
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Figure 6. The S-phase progression checkpoint requires rad3, rad26, and
cdsl. (A) rad” cells (h™ cyrl sxa2) and rad3 mutant cells (h"cyrl sxa2 rad3)
were synchronized in G, by centrifugal elutriation (collecting early G,
cells) followed by exposure to P factor. Cells were released from P factor-
induced G, arrest in either the presence or absence of 0.033% MMS and
S-phase progression followed by FACS. Attempts to synchronize other
checkpoint mutants this way were complicated by the morphological
changes associated with the cyrl sxa2 background. (B) Wild-type, rad3,
cdsl, chkl, rad26, and rad26-T12 cells were synchronized in G, by nitrogen
starvation, released into the cell cycle in the presence or absence of 0.033%
MMS and followed by FACS. As before, rad3 cells are unable to slow S
phase in response to DNA damage. Similarly, cdsl and rad26 are required
for this checkpoint, whereas chkl is not. Cells carrying the rad26.T712
mutation also have a defect in this checkpoint.
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ner identical to the checkpoint rad null mutants such as
rad3.d and rad26.d (Fig. 7A). From this analysis, it is
apparent that the mitotic delay seen in cdsl null mu-
tants is dependent on Chk1, which is primarily involved
in the DNA-damage checkpoint at mitosis (Walworth et
al. 1993; Al-Khodairy et al. 1994). There are two possible
explanations for this. Either Cds1 and Chk1 play redun-
dant overlapping roles to arrest mitosis in the presence of
the S-phase inhibitor HU, or the Chk1 kinase is acti-
vated when cds1 null mutant cells are treated with HU.

Chk1 kinase has been shown to be phosphorylated in
response to DNA damage, and this phosphorylation
event correlates to Chkl function. Furthermore, Chkl
has been shown not to be phosphorylated in response to
HU treatment, which is consistent with its lack of a
HU-sensitive phenotype (Walworth and Bernards 1996).
These observations allow us to distinguish between the
two possibilities discussed above. We have created a
cdsl null mutant strain, in which the chkl gene is
tagged in the genome by three HA epitopes (Walworth
and Bernards 1996) and compared the phosphorylation of
Chk1 in the presence and absence of Cdsl function fol-
lowing HU treatment (Fig. 7B). Chkl becomes rapidly
phosphorylated in response to HU only when Cdsl is
absent, and not when it is present. Thus, the function of
Cds1 during HU treatment prevents a situation in which
Chk1 becomes phosphorylated. Because Chk1 normally
responds specifically to DNA damage, we speculate that
the activity of Cdsl prevents the occurrence of DNA-
damage structures during S-phase arrest.

Discussion

We have shown that HU and DNA damage both activate
the Cds1 kinase during S phase, but not during G; or G..
At least in the case of HU arrest, this is reflected by a

A

phosphorylation event that results in a mobility shift of
Cdsl on SDS-PAGE. We have also shown that Cdsl is
activated at the restrictive temperature in temperature-
sensitive mutants of DNA polymerase « and €, but not
DNA polymerase &. Cdsl activation is dependent on the
correct functioning of the checkpoint rad pathway, and
Cdsl is able to interact with Rad26. Whereas cdsl mu-
tant cells have a normal mitotic checkpoint after DNA
damage, they are defective in regulating S phase in the
presence of DNA-damaging agents. Together, these data
show that the cdsl defines a subpathway of the check-
point rad response that is specific to S phase. The evo-
lutionary conservation of the DNA structure-dependent
checkpoint pathways may have significant conse-
quences for our understanding of carcinogenesis. During
evolution there have been significant alterations in
checkpoint protein function between different species
(Carr and Hoekstra 1995). This is most clearly docu-
mented for the large lipid kinase motif proteins, such as
Rad3 (S. pombe), Mec1/Tell (S. cerevisiae), and Atm/Atr
(mammalian species) (Zakian 1995). Our data suggest
that the same is true for the Cds1-Rad53 kinases.

Activation of Cds1 is specific to S phase

In S. cerevisiae, Rad53 is involved in all the known DNA
structure checkpoint responses including G; and G, ar-
rest after DNA damage, and G, arrest during HU treat-
ment (Allen et al. 1994). The Rad53 protein can be phos-
phorylated and activated in response to DNA damage at
different points in the cell cycle, and is similarly phos-
phorylated and activated during S phase and G, arrest
(Sanchez et al. 1996; Sun et al. 1996). In contrast, Cds1 is
not involved in the DNA damage-dependent arrest of
mitosis and is only activated by DNA damage during S
phase. Furthermore, whereas S-phase arrest by HU or

% septated cells

Figure 7. Mitotic arrest in cdsl mutants is
dependent on Chk1 activation. (A) Synchro-
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nous cultures of appropriate strains were
tested for the mitotic checkpoint in re-
sponse to HU as in Fig. 1. (®) -Hu; (O) + HU.
(B) The phosphorylation-dependent mobil-
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temperature-sensitive polymerase « and e mutants
causes activation of Cds1, the cdsl null mutant does not
have a defect in mitotic arrest when S phase is blocked
by HU. Interestingly, a temperature-sensitive DNA poly-
merase & mutant did not result in Cdsl activation at the
restrictive temperature, and activation was low in mu-
tants arrested in late S phase.

Cds1 defines a subpathway of the DNA-structure
checkpoint response

The phosphorylation and activation of Rad53 in response
to S-phase arrest is dependent on Mecl, and in response
to DNA damage is dependent on Mecl and Mec3
(Sanchez et al. 1996; Sun et al. 1996). Furthermore, Tell
overexpression can restore HU and damage dependent
Rad53 phosphorylation (Sanchez et al. 1996). In S.
pombe, we find that Cdsl activation and phosphoryla-
tion in response to HU arrest is dependent on all six of
the checkpoint Rad proteins. In S. pombe, Radl and
Rad17 are required for all the checkpoint-dependent re-
sponses to DNA damage and S-phase arrest (Al-Khodairy
and Carr 1992), whereas in S. cerevisiae the homologous
proteins are only required for the DNA-damage re-
sponses and not the HU response (Weinert et al. 1994).
Interestingly, a slight activation of Cdsl is evident in
radl, rad9, rad1l7, and husl null mutants.

Genetic analysis shows that Cdsl acts in a separate
branch of the checkpoint response from Chk1l. Combin-
ing the phenotypic observations of chkl and cdsl mu-
tants with the biochemistry of the kinases suggests that
the checkpoint Rad proteins are involved in sensing and
signaling the presence of specific DNA or DNA protein
structures, and activate Chkl or Cdsl as appropriate.
Chk1 appears to be activated by DNA damage-specific
structures, whereas Cdsl is activated by DNA replica-
tion-specific structure. This could reflect cell cycle and
DNA metabolism-specific localization of the checkpoint
Rad proteins, and suggests that the putative complex(es)
formed between these proteins are capable of monitoring
a range of distinct structures. By comparison with DNA-
PK, in which the catalytic subunit (also a large lipid Ki-
nase motif protein) is activated by the Ku heterodimer
when it associates with DNA ends, it is interesting to
speculate that the Rad3 kinase is activated by associa-
tion with distinct subunits (perhaps Radl, Rad9, Rad17,
Rad26, and Husl), which may interact with different
DNA or DNA-protein structures. In this context, it
would also be possible to envisage an explanation for the
different requirements in S. pombe and S. cerevisiae for
these proteins. Perhaps in S. pombe, Rad3 function is
compromised by loss of any associated subunits,
whereas in S. cerevisiae, Mecl function could be more
tolerant.

The genetics and cell-cycle specific activation of Cdsl
offers an opportunity to dissect out the specific function
of Cds1 within the network of closely related checkpoint
responses. Cdsl acts primarily to ensure the reversible
arrest of DNA synthesis. This subpathway of the check-
point rad response was first observed during studies on
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the husl mutant (Enoch et al. 1992). husl null mutants,
in common with other checkpoint rad mutants, lose vi-
ability very rapidly on exposure to HU during S phase.
Furthermore, by use of the rad26.T12 mutant, which re-
tains a normal G, arrest after DNA damage (Al-Khodairy
et al. 1994), it has been possible to associate an element
of the radiation sensitivity seen in checkpoint rad mu-
tants with radiation exposure during the G,/S phase of
the cell cycle. Because epistasis and biochemical analy-
sis shows that the radiation sensitivity associated with
loss of Cdsl function is caused by a defect in the same
pathway as that defined by the rad26.T12 mutation, and
because cdsl and rad26.T12 mutants share a defect in
slowing S phase when exposed to DNA-damaging agents,
it is now possible to formally propose two distinct
checkpoint rad dependent DNA metabolism responses:
Chk1 mediated G, arrest and Cds1 mediated S-phase re-
covery.

Cds1 function may prevent DNA damage
accumulating when S phase is arrested

Contrary to the published report, we show that cds1 null
mutant cells do not have a significant defect in mitotic
arrest following HU exposure. cdsl cells, however, die
during S-phase arrest, in a manner independent of mito-
sis (Murakami and Okayama 1995). A further effect of
HU treatment in cdsl null mutant cells is the activation
of the DNA-damage checkpoint kinase Chk1. Because
the double mutant cdsl.d chkl.d does not arrest mitosis
after exposure to HU, we can conclude that this un-
scheduled activation of Chkl in response to HU is the
reason cdsl single-mutant cells arrest mitosis in re-
sponse to HU. The fact that Chk1 is not normally phos-
phorylated when cells are treated with HU, indicates
that this is not because Cds1 and Chk1 kinase play over-
lapping redundant roles during S-phase arrest. Instead,
we propose that the inappropriate activation of the Chk1l
kinase in cdsl.d cells in response to HU is a consequence
of the accumulation of unrepairable DNA-damage struc-
tures during S-phase arrest, which, in turn, activate the
DNA-damage checkpoint.

Cdsl may interact with replication proteins to inhibit
the formation of, or stabilize, replication structures
during S-phase perturbations

Cdsl acts downstream of the checkpoint Rad group of
proteins and enables cells to arrest DNA synthesis re-
versibly in response to HU or DNA damage, thereby pre-
venting the accumulation of unrepairable DNA lesions.
It is not yet clear what the substrates of Cds1 kinase are.
Possible substrates would be the components of the rep-
lication apparatus such as polymerase a-primase (Marini
et al. 1997) or even upstream activators of replicon ini-
tiation such as the Hskl kinase (the S. pombe homolog
of S. cerevisiae Cdc7) (Masai et al. 1995). In response to
DNA-replication inhibition or DNA damage, the Cdsl1-
dependent checkpoint response may prevent the initia-
tion of new replicons, and/or stabilize existing replicons
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to prevent replication fork collapse and irreparable dam-
age. It has been pointed out recently that if two replica-
tion forks that are converging collapse, this will create a
region of unreplicated, and potentially unrepairable,
DNA (Elledge 1996). The prevention of such a scenario
during perturbations to S phase is certainly an important
consideration.

Two models for the DNA-structure checkpoint
pathway(s) during S-phase perturbations

In these studies, we have defined a role for Cdsl in an S
phase-specific pathway that allows cells to arrest S phase
reversibly, and, thus, tolerate the consequence of HU or
DNA-damage treatments during S phase. Whereas cdsl
null mutants do not show a significant mitotic arrest
defect in the first 6 hr when DNA replication is inhib-
ited, the delay seen in these cdsl null cells is unexpect-
edly dependent on the Chk1 kinase. On the basis of the
current data relating to S. pombe DNA structure check-
points, we propose two models for the action of the
checkpoints in response to perturbations in S phase. (Fig.
8A,B).

Model A Cdsl has two separate targets. The first is the
replication machinery. Here, Cdsl acts to stabilize S-
phase events in response to DNA-replication arrest or
DNA damage. The second is the mitotic apparatus. Here,
Cds1 targets proteins that regulate p34°9°2 activity, as
has been proposed for Chkl (Furnari et al. 1997;
O’Connell et al. 1997; Peng et al. 1997; Sanchez et al.
1997). If Cdsl is directly transducing the mitotic arrest
signal, in its absence the unscheduled activation of Chk1l
is obscuring the phenotypic effect.

Model B Cdsl has a single target, the replication ma-
chinery, in which Cdsl would act to stabilize S-phase
events. To account for the loss of mitotic checkpoint
function after HU exposure in cdsl.d chkl.d double mu-
tants, we suggest that a, as yet uncharacterized, mecha-
nism links replication directly to p34°92 through a
checkpoint Rad-independent pathway. This intrinsic
mechanism would, however, require stable replication
structures to maintain the link between S phase and mi-
tosis. During normal S phase, this may be active repli-
cation itself. During S-phase arrest, the maintenance of
S-phase structures would require the checkpoint Rad and
Cdsl-dependent pathway. An easily conceptualized
mechanism for the link between S phase and mitosis in
such a model is the sequestration of p34°*? complexes
to replication structures, which would keep it unavail-
able for mitotic initiation. Interestingly, Orp2, Cdc18,
and p34°°2 may be complexed together during S-phase
initiation (Leatherwood et al. 1996; Brown et al. 1997),
and Orp2 overexpression is able to arrest the cell cycle
independently of the checkpoint rad pathway (Leather-
wood et al. 1996).

At present, either variation of our model is consistent
with the reported data. One important prediction of the
first model is that there is no intrinsic mechanism that
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Figure 8. Model for the function of Cdsl in the S-phase arrest
response. (A) Checkpoint Rad-dependent activation of Cdsl by
perturbations to S-phase acts to ensure both S-phase arrest, by
phosphorylating components of the replication complex, and
mitotic arrest by phosphorylating a substrate that leads to in-
activation of the mitotic apparatus. (B) Cds1 only acts to phos-
phorylate and stabilize the replication machinery. This prevents
inappropriate DNA damage and maintains the structure(s) that
are activating a Cdsl independent mitotic arrest signal. This
signal would also be independent of the checkpoint Rad pro-
teins, until such time as replication was perturbed, when main-
tenance of the appropriate replication structures becomes a pre-
requisite.

ensures the alternation of S phase and M phase in unper-
turbed cells, because Cds1 (and probably Rad53) activity
is not detected during normal S phase. In yeast, there are
no published data that allow us to conclude whether
such an intrinsic checkpoint is operating. In mammalian
cells, however, fusing S phase and G, cells shows that
normal S phase inhibits mitosis, consistent with an in-
trinsic checkpoint (Rao and Johnson 1970).

At present, we favor our second model. One reason for
this is that it allows for the activity of an intrinsic check-
point mechanism. Furthermore, it explains an anomaly
in the phenotype of the checkpoint rad mutants. When S
phase is inhibited in synchronized S-phase cells, mitosis
is apparently advanced by [30 min relative to untreated
cells in radl, rad3, rad9, rad17, rad26, and husl mutants
(i.e., Figs. 1A and 7A). This suggests an intrinsic (check-
point Rad independent) signal is being lost. This effect is
not seen in cdc2.3w cells (Enoch and Nurse 1990;
Sheldrick and Carr 1993), which are also defective in the
mitotic checkpoint, but in a downstream event indepen-



dent of the effects within S phase. An important conse-
guence of the second model is that it determines that the
activity of the checkpoint Rad proteins does not have a
direct role in the intrinsic checkpoint mechanism link-
ing S phase and mitosis. The checkpoint Rad proteins
would function as ancillary replication proteins required
to coordinate S phase only when S phase is perturbed.

At first sight, the checkpoint Rad proteins are directly
involved in the DNA-damage checkpoint, which acts
through Chkl. Recent evidence in S. cerevisiae, how-
ever, clearly shows that the downstream effectors of the
checkpoint pathway can operate normally in the com-
plete absence of Mecl and many other checkpoint pro-
teins when a fragment of an unrelated protein is ex-
pressed (Pati et al. 1997). This apparent anomaly of a
checkpoint without the key checkpoint proteins is con-
sistent with our model, and could be explained if the role
of the checkpoint Rad proteins in the DNA-damage
checkpoint were analogous to what we propose in the
DNA-replication checkpoint, that is, they act to stabi-
lize specific structures in order that these are available to
an as yet uncharacterized mechanism. In S. pombe, this
could be (as an example) the direct association of Chk1l
with damage/repair structures.

Materials and methods
Genetics, molecular biology, and cell biology techniques

Double mutants were created by standard genetic techniques
(Gutz et al. 1974). Cell-survival analysis and checkpoint mea-
surements were performed as described previously (Al-Khodairy
et al. 1994). Cells were synchronized by elutriation (Aves et al.
1985), or by a 3 hr temperature shift from 27°C to 35°C of either
a cdc25.22 mutant strain or a cdc10.V50 mutant strain.

Analysis of rad26

The mutation responsible for the rad26.T12 phenotype was
identified by sequencing genomic PCR products generated
with PCR primers 5'-TTCAAACAACTAAGCTTACGCAT-
AAACGAG-3', TCTAATGAATGGATCCAACCACCAAATA-
CG, GAGCCTGATGAAAGCTTTACTTTCTCTACA, TAAT-
TTGCGAGGATCCGGGTGCGGGACGGG with rad26.T12
and wild-type DNA. Nested deletion analysis of rad26 was
performed by site-directed mutation (primers: GGAAGTTGC-
GTCTCTTAGATAATGAAACAGATGA, TGAACAAAAGC-
GTTTTAGATAATGAAACAGATGA, TGAAAATGCGTTA-
CAATAGATAAT-GAAACAGATGA, TTTAGTATGTCTTG-
TTTAGATAATGAAACAGATGA) to generate genomic clones
of rad26 (based on plasmid pRad26) lacking the appropriate re-
gions of the rad26 ORF. The following mutants were tested for
function by complementation of the radiation and HU-sensitive
phenotypes (C indicates carboxyl terminus): rad26.d604-C,
rad26.d584-C, rad26.d564-C, rad26.d541-C. Suppression anal-
ysis was performed with a genomic clone of cdsl kindly pro-
vided by T. Wang (Stanford University, CA).

Antibodies for Cdsl

GST-Cds1 protein was expressed in S. pombe, purified on glu-
tathione agarose, and used to immunize rabbits. Sera was tested
for reactivity against purified protein, S. pombe extracts con-
taining expressed epitope-tagged protein, wild-type S. pombe
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cell extracts, and cdsl null mutant cells. When compared with
preimmune serum, the antibody clearly recognized a Cds1-spe-
cific band, which could also be seen in wild-type cells. Several
nonspecific bands of approximately the same molecular weight
were also seen on Western blots of total wild-type cell extract,
even when the antibody was affinity purified against the origi-
nal antigen. Immunoprecipitation prior to Western analysis
abolished these bands, leaving a single Cds1-specific band.

Preparation of protein extract

Logarithmically growing cells were washed in PBS, then washed
in lysis buffer [50 mm Tris (pH 7.5), 80 mm B-glycerophosphate,
250 mm NacCl, 15 mm nitrophenylphosphate, 50 mm NaF, 5 mm
EDTA, 1 mm DTT, and 0.1% NP-40 supplemented with prote-
ase inhibitor cocktail (AEBSF, leupeptin, aprotinin, pepstatin,
bestatin, and E-64 all at 10 pg/ml final concentration)]. Cells
were disrupted with glass beads (BDH), in lysis buffer in a mik-
rodismembranator (Braun) for 3 x 1 min at 2000 rpm. Protein
extract was cleared at 14,000 rpm in a microfuge at 4°C for 5
min and either used fresh or from frozen (LN, and storage at
-80°C). Preparation of cell extracts from cells expressing tagged
proteins from the nmtl promotor: Cells were grown in the pres-
ence of thiamine (promotor repressed), washed several times in
distilled water and then inoculated into minimal medium lack-
ing thiamine with the relevant selection. Cells were grown in
the absence of thiamine (promoter active) for 18 hr.

Immunoprecipitation of Cdsl and immunoblotting

One milligram of total protein was diluted to 500 pl with lysis
buffer and incubated with Cds1 affinity-purified antibody at a
dilution of 1:250 at 4°C for 2 hr. Immunocomplexes were col-
lected with protein A agarose (Sigma) for 1 hr at 4°C with mix-
ing. Pellets were washed five times with lysis buffer, boiled in
SDS sample buffer, and loaded onto 10% [200:1 acrylamide/bis
acrylamide (National Diagnostics)], SDS—polyacrylamide gels.
Proteins were transferred to nitrocellulose (MSI). The mem-
branes were blocked with Blotto (PBS, 1% fat free milk powder,
0.05% Tween 20) and incubated in Blotto plus Cdsl antisera
(1:1000 dilution), washed in Blotto, and incubated with peroxi-
dase-conjugated secondary antibody (1:5000 dilution. DAKO).
The procedure for coimmunoprecipitations was essentially the
same as above, except 1 pl of anti-HA (BaBco) was used per
sample. Anti c-Myc at a dilution of 1:1000 (Pharmingen) was
used to probe the subsequent Western blots. Chemiluminescent
detection of HRP-conjugated secondary antibodies was carried
out by mixing 10 ml of 100 mm Tris at pH 8.5, 5.4 mm H,0,
with 25 pl of 90 mm p-coumaric acid (Sigma) and 50 ul of 250
mm luminol (Fluka).

Cdsl kinase assay

Alternatively, immunoprecipitates were processed for Cdsl Ki-
nase activity. Protein A pellets were washed three times in lysis
buffer and three times in kinase buffer (10 mm HEPES at pH 7.5,
75 mm KCI, 5 mm MgCl,, 0.5 mm EDTA, 1 mm DTT). Twenty
microliters (50% slurry) of bead pellet was incubated with 10 pl
of x2 kinase buffer, 5 uCi of a-*2P]JATP (ICN), 1 ul 2 mm ATP, 5
ul of myelin basic protein (1 mg/ml of stock) at 30°C for 15 min.
The reaction was stopped by the addition of 20 ul of 2x SDS
sample buffer. Samples were run on 15% polyacrylamide gels,
fixed in 40% methanol, 10% acetic acid, and dried down, before
exposure to film (Hyperfilm, Amersham). Kinase assays were
also carried out on GST and 2myc6His-Cds1 fusion proteins.
Protein expressed from the nmtl1 promoter was purified on glu-
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tathione-agarose (Sigma) or nickel NTA agarose (Qiagen). DTT
and EDTA were omitted from lysis, and wash buffers used for
nickel NTA purification.

The Kkinase activity observed is Cdsl specific, because a Cdsl
kinase dead mutant, when expressed in cdsl null cells, does not
have appreciable kinase activity when compared with similar
experiments with wild-type Cds1. During the production of the
cDNA by PCR (primers 5-GAGAGACATATGGAAGAA-
CCA-3’ and 5'-AGAGAGGTCGACACTCGA-3') and the site
directed mutagenesis to produce the kinase dead allele cds1.KD
(Primer 5'-GCCAAGCCAAATTCAGATATTTTAAGATGG-3'),
we sequenced the constructs to avoid unwanted mutations.
During this analysis, we identified two separate changes com-
pared with the published sequence. These were verified as cor-
rect by sequencing the same region of the genomic clone. The
modified sequence, including introns, of the cdsl1 gene has been
submitted to the database with the accession no. AJ222869.

Phosphatase treatment

Immunoprecipitates were washed three times in lysis buffer and
three times in calf alkaline phosphatase (CIAP) buffer (50 mm
Tris at pH 8.0, 5 mm MgCIL,), treated with the indicated units of
CIAP (GIBCO BRL) for 30 min at 37°C and then processed for
Western blotting.

S-phase checkpoint analysis

Method 1 Early G, cells from log-phase cultures of cyrl sxa2
strains were collected by centrifugal elutriation. After 30 min
incubation in minimal media at 30°C, P-factor was added to a
final concentration of 1pug/ml. Samples were scored for septa-
tion every 30 min. After the peak of septation, the culture was
divided in two. One-half was treated with 0.033% MMS (final
concentration), and cultures were incubated for 30 min at 30°C.
Cells were harvested by centrifugation, washed three times
with water to release them from the P-factor-induced G, arrest,
resuspended in minimal media or minimal media + 0.033%
MMS, and incubated for 4 hr at 30°C. Samples were taken at the
time of release and then every 30 min and fixed in 70% EtOH
(Sazer and Sherwood 1990). Fixed cells were treated with RNase,
stained with propidium iodide, and analyzed for DNA content
with a Coulter Epics Elite flow cytometer.

Method 2 For starvation-induced synchronization in G,, log-
phase cells grown in minimal media were harvested, washed
three times with water, resuspended in minimal media lacking
a nitrogen source and incubated 18 hr at 27°C. Afterward, cells
were harvested, washed with water, and allowed to recover by
incubation in complete media at 30°C for 1.5 hr. The cells were
then harvested, washed twice in water, and divided into two
cultures in minimal media, one containing 0.033% MMS. The
cultures were incubated at 30°C and samples were taken every
half hour and fixed in 70% EtOH. Fixed cells were processed as
described above including one step of sonication and analyzed
for DNA content with a Becton-Dickinson FACScan flow cy-
tometer.
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