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Introduction

The process of DNA replication is strictly monitored, and 
unscheduled stalling of the replication fork is efficiently detected 
and dealt with to suspend the cell cycle, repair DNA lesions, if 
any, and to ultimately restart replication. This process, called 
replication checkpoint, is evolutionarily conserved, and plays 
crucial roles in the maintenance of genome integrity.1-7

Checkpoint signaling involves a series of conserved factors 
that transduce the fork arrest/DNA damage signals to DNA 
repair, cell cycle, cell death or senescence machinery. In the fis-
sion yeast Schizosaccharomyces pombe, the initial detection of 
stalled replication forks involves Rad3ATR-Rad26ATRIP kinase, the 
Rad17-RFC clamp loader protein complex and the Rad9-Hus1-
Rad1 (9-1-1) checkpoint clamp protein complex.8 The Rad3ATR-
Rad26ATRIP kinase is recruited to the stalled fork via RPA and 
Rad17 protein, which may bind to the exposed single-stranded 
DNA. Rad3 activates the checkpoint effector kinase Cds1 by 
a mechanism that requires mediator/adaptor protein Mrc1  
(related to mammalian Claspin). In S. pombe, the sensor kinase 
Rad3 phosphorylates a cluster of SQ/TQ motifs in the middle 
of Mrc1. The phospho-SQ/TQ cluster on Mrc1 is thought to 
recruit Cds1 to stalled replication forks by a phospho-dependent 
interaction with the forkhead-associated (FHA) domain of Cds1. 

In fission yeast, replication fork arrest activates the replication checkpoint effector kinase Cds1Chk2/Rad53 through 
the Rad3AtR/Mec1-Mrc1Claspin pathway. Hsk1, the Cdc7 homolog of fission yeast required for efficient initiation of DNA 
replication, is also required for Cds1 activation. Hsk1 kinase activity is required for induction and maintenance of Mrc1 
hyperphosphorylation, which is induced by replication fork block and mediated by Rad3. Rad3 kinase activity does not 
change in an hsk1 temperature-sensitive mutant, and Hsk1 kinase activity is not affected by rad3 mutation. Hsk1 kinase 
vigorously phosphorylates Mrc1 in vitro, predominantly at non-SQ/tQ sites, but this phosphorylation does not seem to 
affect the Rad3 action on Mrc1. Interestingly, the replication stress-induced activation of Cds1 and hyperphosphorylation 
of Mrc1 is almost completely abrogated in an initiation-defective mutant of cdc45, but not significantly in an mcm2 or 
polε mutant. these results suggest that Hsk1-mediated loading of Cdc45 onto replication origins may play important 
roles in replication stress-induced checkpoint.
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Cds1 is then phosphorylated by Rad3 at Thr11 and the phos-
phorylated Cds1 molecules dimerize by two identical intermo-
lecular interactions between phosphorylated Thr11 and the FHA 
domain. Dimerization promotes autophosphorylation and its 
activation.9,10 Finally, the effector kinase mediates the cell cycle 
arrest and other signals, a part of which restrains the progres-
sion of S phase, most notably by inhibiting firing of late origins 
and slowing the fork rate. A study in budding yeast suggested 
that the level of checkpoint kinase activation correlates with the 
numbers of pre-Replication Complex (preRC) structures formed 
during G

1
.11 It has been reported that primed, single-stranded 

DNA is sufficient to activate checkpoint in Xenopus egg extracts, 
and more recently, it was suggested that continued synthesis of 
primer RNAs at the stalled fork stimulates checkpoint activa-
tion.12 However, the precise requirements of the fork structures 
for checkpoint activation have not been clarified.

Cdc7 kinase is a conserved serine-threonine kinase that plays 
an important role in initiation of DNA replication.13-15 Cdc7 in 
a complex with its activation subunit Dbf4 phosphorylates Mcm 
subunits in the prereplicative complex. This facilitates associa-
tion of Cdc45 and other replisome proteins to assemble active 
replication forks.16-18 Recent studies have suggested diverse roles 
of Cdc7 in regulation of chromosome dynamics including DNA 
replication checkpoint.
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which can be detected as mobility-shifted bands on SDS-PAGE 
(Fig. 1A, lane 2; B, lane 3). Phosphatase treatment confirmed 
that this mobility-shift is due to phosphorylation (Sup. Fig. 1).23

We previously reported that Cds1 kinase activation by HU 
depends on Hsk1 function.20 Therefore, we have examined the 
effect of hsk1-89 mutation on the hyperphosphorylation of Mrc1. 
At the permissive temperature (25°C), the extent of HU-induced 
hyperphosphorylation was reduced (Fig. 1A, lane 4), and it was 
almost completely eliminated at the non-permissive tempera-
ture (30°C) in hsk1-89 (Fig. 1B, lane 5). The mobility-shift was 
only partially lost in rad3Δ cells (Fig. 1B, lane 9),23 as compared 
to hsk1-89 cells. It is known that the residual phosphorylation 
depends on Tel1.23

Since it was previously reported that the extent of replication 
checkpoint may depend on the number of the preRC assembled 
in G

1
 phase,11,24 the reduced initiation efficiency in hsk1-89 may 

indirectly affect checkpoint response. Therefore, we first acti-
vated the checkpoint in hsk1-89 at the permissive temperature 
and then raised the temperature to the non-permissive tempera-
ture. Phosphorylation of Mrc1 was detected, albeit at a reduced 

We previously reported that Hsk1/Cdc7 kinase is required for 
checkpoint kinase activation induced by replication fork stress in 
fission yeast and human cells.19,20 In this communication, we have 
analyzed the roles of Hsk1 kinase and other replication factors 
in the activation of the replication checkpoint in fission yeast. 
We show that Hsk1 kinase activity is required for induction and 
maintenance of hyperphosphorylation of Mrc1. Furthermore, 
among the preRC and replication fork components examined, 
Cdc45 was shown to be essential for checkpoint activation. We 
will discuss the possibility that the loading of Cdc45 onto chro-
matin may be a critical signal that ensures sufficient activation of 
the checkpoint signal.

Results

Hyperphosphorylation of Mrc1 induced by replication stress is 
eliminated in hsk1-89. Treatment of cells with HU or aphidicolin 
induces checkpoint responses. In fission yeast, initial activation of 
Rad3-Rad26 is followed by Cds1 kinase activation through Mrc1 
protein.1,21,22 In this process, Mrc1 is hyperphosphorylated,21-23 

Figure 1. HU-induced hyperphosphorylation of Mrc1 is impaired in hsk1-89. (A and B) the whole cell extracts prepared from the indicated cells were 
analyzed by western blotting using anti-Myc (A), anti-Mrc1 (B) and anti-α-tubulin (A and B) antibodies. After addition of 15 mM HU (A) or 25 mM HU 
(B) to the cultures grown at 25°C, the cells were kept growing at 25°C for 4 hrs (A) or at 30°C (non-permissive for hsk1-89) for 3 hrs (B). Arrows indicate 
phosphorylated forms of Mrc1 protein. (A) Lanes 1 and 2, Kt2791; lanes 3 and 4, MS346; lanes 5 and 6, MS401. (B) Lane 1, MS252; lanes 2 and 3, YM71; 
lanes 4 and 5, Ko147; lanes 7 and 8, NI485. Slight increase of hyperphosphorylation of Mrc1 in swi1Δ cells may be due to increased fork damages in 
this strain. (C and D) the whole cell extracts prepared from YM71 (hsk1+, lanes 1–7) and Ko147 (hsk1-89, lanes 8–14) were analyzed by western blotting 
using antibodies indicated. After addition of 15 mM HU to the cells grown at 25°C, they were shifted to 30°C for 4 hrs (C) or kept at 25°C throughout the 
experiment (D). In (C and D), the samples were analyzed on 7.5% SDS-pAGe (polyacrylamide:bisacrylamide = 99:1) containing 25 μM phos-tag  
(1st, 2nd and 5th parts) or on 6.5% SDS-pAGe (99:1) containing 25 μM phos-tag (3rd and 4th parts).
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Hsk1 activity in the initiation of DNA replication and in cellular 
responses to replication stress.

Assays of endogenous kinase activities of Rad3, Hsk1 and 
Cds1. To biochemically dissect the relationships among Rad3, 
Hsk1 and Cds1, we adapted or developed assay systems to mea-
sure their kinase activities. Hsk1 kinase assays were conducted by 
utilizing a Flag-tagged Hsk1 strain. Purified Mrc1 protein was 
vigorously phosphorylated by the anti-Flag antibody immuno-
precipitate from the tagged strain (Fig. 3A, lanes 3 and 4) but not 
by that from the non-tagged strain (Fig. 3A, lanes 1 and 2). Rad3 
kinase assays were similarly developed by utilizing a Myc-tagged 
Rad3 strain. The anti-Myc antibody immunoprecipitate from the 
tagged strain but not from a non-tagged strain phosphorylated 
the full-length Mrc1 protein or GST-Mrc1 (569–662) contain-
ing the SQ/TQ clusters of Mrc1 (Fig. 3B, lanes 1, 2, 4 and 5). 
Phosphorylation of Mrc1 by Rad3 was also detected by the phos-
phorylated SQ/TQ antibody (Sup. Fig. 4B). We found that 8 
mM Mn2+ stimulated Rad3 kinase activity while suppressing 
nonspecific kinase activities. Cds1 kinase was measured by reac-
tions in a crude extract using the GST-Wee1 N-terminal poly-
peptide (1–70; GST-Wee170) as a substrate (Sup. Fig. 2),27 or 
by phosphorylation assays using anti-Cds1 immunoprecipitates 
(data not shown).

Since the hyperphosphorylation of Mrc1 partially depends on 
Rad3 kinase, we have examined whether Rad3 kinase activity 
decreases in hsk1-89. We have not detected significant difference 
in the extent of Mrc1 phosphorylation between the Rad3 from the 
wild-type and that from the hsk1-89 cells (Fig. 4A, lanes 4–7). 
Similarly, the Hsk1 kinase activity was not affected by rad3Δ 
(Fig. 4B, lanes 5–8). These results indicate that Rad3 and Hsk1 
kinase activities do not cross-regulate with each other, although 
we cannot exclude a possibility that they functionally interact in 
a more local manner such as at the stalled forks.

Mrc1 is phosphorylated by both Rad3 and Hsk1 kinases in 
vitro. Purified Hsk1-Dfp1/Him1 kinase efficiently phosphory-
lates purified Mrc1 protein.28 We estimate about 2–3 molecules 
of phosphates incorporated on an average per a molecule of Mrc1 
protein, based on the quantification of the level of 32P incorpo-
ration. The Vmax and Km for the substrate Mrc1 protein was 
estimated to be 0.154 pmole/min and 9.0 nM (Sup. Fig. 3), 
comparable to or even better than those estimated for the MCM 
substrate of human Cdc7 kinase.28 We also purified the Mrc1-6A 
mutant protein in which the six SQ/TQ sites in the SQ/TQ clus-
ters were mutated to AQ23 and compared the level of phosphor-
ylation by Hsk1 kinase. The level of phosphorylation was not 
significantly affected by the 6A mutation (Fig. 5, lanes 5 and 7), 
indicating that Hsk1 mainly phosphorylates other serine/threo-
nine residues of Mrc1 in vitro. Indeed, Mrc1 did not react with 
the phosphorylated SQ/TQ antibody after phosphorylation by 
Hsk1 (Sup. Fig. 4B). We also conducted Rad3 kinase assays 
with this mutant Mrc1 protein as a substrate. Wild-type Mrc1 
was phosphorylated by Rad3, generating a hyper-shifted form, 
reminiscent to what is observed in vivo (Fig. 5, lane 2). Rad3 
did phosphorylate the 6A mutant, albeit at a reduced level, but 
the characteristic mobility-shift was largely lost (Fig. 5, lane 4). 
These results indicate that at least some of the six SQ/TQ sites 

level compared to the wild-type cells, at 4 hrs after addition of 
HU (Fig. 1C, lane 10), at which time temperature was raised 
to the non-permissive temperature (30°C). At 1 hr after the 
temperature shift (5 hrs after HU addition), the mobility-shift 
was almost completely lost in hsk1-89 cells (Fig. 1C, lane 11), 
while that in the wild-type strain was maintained until 8 hrs 
after HU addition (Fig. 1C, lane 7). Under this condition, Cds1 
activation, as revealed by the mobility-shift on a Phosgel, was 
detected at 2 hrs after the HU addition (Fig. 1C, lane 2), and was 
maintained until 8 hrs after shift to 30°C in the wild-type cells  
(Fig. 1C, lane 7), while that in hsk1-89 cells mostly disappeared 
at 5 hrs after HU addition (1 hr after the temperature shift;  
Fig. 1C, lane 11). In contrast, at 25°C, phosphorylation of Mrc1 
stayed until 7 hrs after HU addition and the hyperphosphory-
lated form of Cds1 was also detected for 8 hrs even in hsk1-89 
(Fig. 1D). These results indicate that Hsk1 kinase activity is 
required for maintaining the hyperphosphorylated state of Mrc1. 
Since the replication forks were present in amount sufficient to 
activate the checkpoint to a certain extent at the time of tempera-
ture shift, this result suggests that Hsk1 is directly required for 
maintenance of hyperphosphorylation of Mrc1 in the presence of 
replication stress. Alternatively, the proper replication fork struc-
tures may not be maintained in hsk1-89 cells at a non-permissive 
temperature, thus inactivating the checkpoint activation.

Phosphorylation of Mrc1 in response to fork arrest requires 
the kinase activity of Hsk1. Kinase activity of Hsk1 is essential 
for viability and for initiation of DNA replication under normal 
conditions. We examined whether the kinase activity of Hsk1 is 
required for HU-induced phosphorylation of Mrc1. We introduced 
plasmids expressing mutant forms of Hsk1 in which the kinase 
activity is inactivated (Hsk1-kd; kinase-dead, K129D) or attenu-
ated [Hsk1-ka; kinase-attenuated, KK-RS (= K129R-K130S)]25 
as well as wild-type Hsk1 into hsk1-89 cells and examined the 
phosphorylation of Mrc1 at the nonpermissive temperature 
(30°C). Although wild-type Hsk1 restored the growth at 30°C 
and HU-resistance in hsk1-89, Hsk1-kd did not do so. Hsk1-ka 
restored the growth of hsk1-89 at 30°C only after overproduction 
(Fig. 2A). However, the strain was still sensitive to 8 mM HU 
under this condition, suggesting that the replication is not com-
pletely restored. Under this condition, the hyperphosphorylation 
of Mrc1 in hsk1-89 was restored by Hsk1 but not by Hsk1-kd 
or Hsk1-ka (Fig. 2C, lanes 20, 24, 28 and 32), suggesting that 
Hsk1 kinase activity is strictly required for the checkpoint induc-
tion. It is also interesting to note that the requirement of the 
kinase activity may be more stringent for HU-resistance and 
HU-induced hyperphosphorylation of Mrc1 than for normal 
growth. Although pREP81-hsk1+ can restore the growth of hsk1-
89 at 30°C when cells are grown in the presence of thiamine that 
represses hsk1+ expression from the thiamine-repressible nmt81 
promoter,26 this level of expression cannot completely restore the 
HU resistance and hyperphosphorylation of Mrc1 in hsk1-89 cells 
under the same condition (Fig. 2C, lane 12). Hsk1-ka can restore 
the growth of hsk1-89 at 30°C in the absence of thiamine, but 
it is still partially sensitive to HU and Mrc1 hyperphosphoryla-
tion is not restored under the same condition (Fig. 2C, lane 12). 
These results suggest that there are different requirements for 
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Figure 2. Wild-type Hsk1 but not kinase-negative or kinase-attenuated Hsk1 restores HU resistance or hyperphosphorylation of Mrc1 in hsk1-89. 
pRep81 (Vec), pRep81-Hsk1 wild-type (Hsk1wt), pRep81-Hsk1 K129D (Hsk1-kd; kinase-dead) or pRep81-Hsk1 KK129,130RS[KK-RS] (Hsk1-ka; kinase-atten-
uated) was transformed into hsk1+ (YM71) or hsk1-89 (Ko147) cells. (A) Five-fold serial dilutions of exponentially growing cells harboring each plasmid 
indicated were plated on eMM supplemented with Uracil (eMMura) agar medium with or without thiamine and incubated at 25 or 30°C for seven days 
as indicated. one set of plates (right part for each temperature) contained 8 mM HU. (B and C) the same set of cells were grown at 25°C in eMMura 
with or without thiamine as indicated. For HU-treatment at 25°C, 15 mM HU was added to the half of the culture and the other half was non-treated. 
the incubation was continued for 4 hrs at 25°C. For HU-treatment at 30°C, 25 mM HU was added to the half of the culture and the other half was non-
treated. the incubation was continued for 3 hrs at 30°C. the whole cell extracts were prepared and analyzed by western blotting to detect Mrc1 and 
Hsk1 proteins.
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Figure 3. Kinase assays of endogenous Hsk1 and Rad3 kinase activities. Kinase assays were conducted as described in “experimental procedures” with 
anti-Flag antibody (A) or anti-Myc antibody (B) immunoprecipitates. (A) Vigorous phosphorylation of Mrc1 is detected with immunoprecipitated Flag-
Hsk1 protein. extracts were prepared from non-tagged (lanes 1 and 2, YM71) or from Flag-tagged Hsk1 strain (lanes 3 and 4, MS335) grown at 30°C. 
Cells were non-treated (lanes 1 and 3) or incubated with 12 mM HU for 2 hrs (lanes 2 and 4). Lane 5, reaction with purified Hsk1-Dfp1/Him1 complex; 
lane 6, reaction without kinase. Upper, autoradiogram; lower, silver staining. (B) phosphorylation of GSt-Mrc1 (569–662 aa) polypeptide (lanes 1–3) 
or Mrc1 full-length polypeptide (lanes 4–6) by the immunoprecipitated Rad3-Myc protein. extracts were prepared from non-tagged (lanes 1 and 4, 
YM71) or Myc-tagged Rad3 strain (lanes 2 and 5, SH5142). Lanes 3 and 6, reactions without kinase. Left, autoradiogram; right, CBB staining.

Figure 4. Rad3 or Hsk1 kinase activity is not affected in hsk1-89 or rad3Δ cells, respectively. Kinase assays were conducted as described in “experimen-
tal procedures” with anti-Myc antibody (A) or anti-Flag antibody (B) immunoprecipitates. (A) extracts were prepared from non-tagged (lanes 2 and 3, 
YM71), Myc-tagged Rad3 (lanes 4 and 5, SH5142) and Myc-tagged Rad3 hsk1-89 (lanes 6 and 7, SH5431) strains. Cells were grown at 25°C and 12 mM HU 
was added (lanes 3, 5 and 7) or non-treated (lanes 2, 4 and 6), and incubation was continued for 1.5 hrs at 30°C. Lane 1, reaction without kinase. the 
reactions were conducted in the presence of 8 mM magnesium acetate, and thus the background phosphorylation of Mrc1 in non-tagged extract is 
observed. the shifted band, representing Rad3-mediated phosphorylation, is generated only by the tagged extract. Upper, autoradiogram; middle, 
silver staining; lower, immunoblot with anti-Myc antibody. (B) extracts were prepared from non-tagged (lanes 1–4) or Flag-tagged Hsk1 (lanes 5–8) 
strain. Lanes 1, 2, 5 and 6, rad3+: lanes 3, 4, 7 and 8; rad3Δ. Cells were grown at 30°C and 12 mM HU was added (lanes 2, 4, 6 and 8) or non-treated (lanes 
1, 3, 5 and 7), followed by further incubation for 1.5 hrs. Lane 9, reaction with purified Hsk1-Dfp1/Him1 complex; lane 10, reaction without kinase. Lanes 
1 and 2, YM71; lanes 3 and 4, NI392; lanes 5 and 6, MS337; lanes 7 and 8, MS420. Upper, autoradiogram; lower, silver staining.
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three strains did not show any growth. In contrast, hsk1-89 cells 
did not grow at 30°C, but grew well at 37°C.

We then examined Mrc1 and Cds1 proteins in these strains 
after treatment with HU. As before, we induced the checkpoint 
at 25°C, a permissive temperature, by adding HU at 12 mM for  
4 hrs, raised the incubation temperature to 30°C or 37°C and 
then further continued the incubation. The hyperphosphoryla-
tion of Mrc1 was observed in cdc19-ts cells at 25°C, and this shift 
was not affected by temperature shift to 30°C. The hyperphos-
phorylation stayed for 2 hrs after shift to 37°C, similar to the wild 
type. The phosphorylated form of Cds1 protein was detected for 
4 hrs after shift to 37°C. In cdc20-ts cells, the hyperphosphoryla-
tion of Mrc1 was detected at 30°C, but its level was diminished 
at 30°C compared to the wild-type. After shift to 37°C, the weak 
hyperphosphorylation was observed at one hr after shift, but 
then disappeared. The phosphorylated form of Cds1 protein was 
detected at 30°C, and also at 37°C albeit at a reduced level. In the 
goa1-ts mutant, no mobility shift was observed during the entire 
course of the time course. Even at 25°C, a permissive temperature 
at which the goa1-ts cells can grow, the hyperphosphorylation of 
Mrc1 was not detected. Similarly, the mobility-shift of Cds1 was 
not observed at any temperature, except that a weak shifted band 
appeared at a very late time point (Fig. 6B). Thus, Cdc45 protein 
seems to be specifically required for HU-induced Cds1 activa-
tion, whereas the cdc19-ts mutation has little effect on Cds1 acti-
vation even at a non-permissive temperature. The cdc20-ts (polε) 
mutation appears to affect the HU-responses to a greater extent 
than cdc19-ts, but the mobility-shift of Mrc1 and Cds1 is still 
observed, albeit at a reduced level.

goa1 was originally isolated as G
1
 arrest mutant, and cannot 

enter S phase at a non-permissive temperature.29,30 We measured 
the Cds1 kinase activity in goa1-U53 by directly measuring its 
kinase activity in the anti-Cds1 antibody immunoprecipitates. At 
37°C, Cds1 kinase activity after HU treatment was significantly 
reduced in goa1-U53. In another allele of cdc45, sna41-928,31 
Cds1 kinase activity was also reduced, but more mildly compared 
to goa1-U53 (Fig. 7A). The hyperphosphorylation of Mrc1 was 
completely gone in goa1-U53, as shown above, and it was also 
reduced in sna41-928, although a low level of hyperphosphory-
lated form was observed (Fig. 7B).

In budding yeast, Cdc7 is known to be required for loading 
of Cdc45 onto origins.32 Similarly, in Xenopus egg extracts and 
human cells, Cdc7 has been shown to be required for loading 
of Cdc45 onto chromatin.16,33,34 We also previously reported that 
Hsk1 is required for chromatin loading of Cdc45.16 In order to 
show more directly that Hsk1 is required for loading of Cdc45 
onto origins, we conducted chromatin immunoprecipitation 
assays of Cdc45. ori

Chr2-1266
 is an early-firing origin, which fires in 

the presence of HU (Fig. 8A),35,36 and Cdc45 binds to this origin 
at an early S phase in cell cycle-synchronized cells (Fig. 8B). On 
the other hand, in hsk1-89 cells, binding of Cdc45 to this ori-
gin was not observed under the same condition (Fig. 8B). It was 
previously reported that Cdc45 loading onto ARS2004 requires 
Hsk1 function.37 Thus, these results are consistent with the criti-
cal role of the initiation function of Cdc45, namely the loading 
onto replication origins, in Cds1 activation.

in the SQ/TQ cluster of Mrc1 are phosphorylated by Rad3 
(and likely Tel1) both in vivo and in vitro. Thus, Hsk1 some-
how stimulates the Rad3-mediated phosphorylation of these 
SQ/TQ sites on Mrc1. We attempted to “pre-phosphorylate” 
Mrc1 with Hsk1 and then examine whether this stimulated 
Rad3-mediated phosphorylation, but we did not observe such 
an effect (Sup. Fig. 4). We co-overexpressed Hsk1-Dfp1/Him1  
(wild-type or kinase-negative) and Mrc1 in E. coli cells and 
purified Mrc1 in order to generate Mrc1 protein that has been 
phosphorylated by Hsk1. We then compared the efficacy of 
Rad3-mediated phosphorylation of the non-treated Mrc1 and 
Hsk1-treated Mrc1. We did not detect a difference in the extent 
of phosphorylation (Sup. Fig. 4), suggesting that Rad3 action on 
Mrc1 is not affected by prior phosphorylation by Hsk1.

Cdc45 is required for replication stress-induced hyperphos-
phorylation of Mrc1 and checkpoint activation. To obtain 
insights into how Hsk1 is involved in checkpoint-induced hyper-
phosphorylation of Mrc1, we examined the effects of mutations 
in other replication factors. The mutants examined were tem-
perature sensitive (ts) mutants of cdc19 (mcm2), goa1 (cdc45) and 
cdc20 (polε). First, the growth of these strains was examined at 
various temperatures (Fig. 6A). All the strains except for hsk1-89 
exhibited similar growth at 25°C. goa1 (g one arrest 1) arrests the 
cell cycle with 1C DNA content at a non-permissive temperature, 
indicative of defect in G

1
-S transition (Fig. 6C).29 goa1-ts showed 

poor growth at 30°C, but the cdc19-ts and cdc20-ts strains grew at 
a rate similar to the wild type at this temperature. At 37°C, these 

Figure 5. effect of a mutation of the SQ/tQ cluster of Mrc1 protein on 
its phosphorylation in vitro. Kinase assays were conducted as described 
in “experimental procedures” with anti-Myc antibody immunopre-
cipitates (lanes 1–4), with purified Hsk1-Dfp1/Him1 complex (lanes 5 
and 7) or without kinase (lanes 6 and 8). extracts were prepared from 
non-tagged (lanes 1 and 3, YM71) or Myc-tagged Rad3 (lanes 2 and 4, 
SH5142) strains grown at 30°C. Substrates used were the wild-type Mrc1 
protein (lanes 1, 2, 5 and 6) or Mrc1-6A mutant protein (lanes 3, 4, 7 and 
8). the proteins were analyzed on 7.5% SDS-pAGe (polyacrylamide: 
bisacrylamide = 99:1). Upper, autoradiogram (short exposure); middle, 
autoradiogram (long exposure); lower, silver staining.
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Figure 6. effect of HU on the hyperphosphorylation of Mrc1 and Cds1 in various replication protein mutants. (A) Cells indicated were serially diluted, 
spotted on YeS plates and were incubated at the temperatures shown for 6 days. (B) YM71 (wild-type), NI291 (cdc19), NI285 (cdc20) or NI735 (goa1) cells 
were grown at 25°C and 12 mM HU was added and incubation was continued for 4 hrs (lanes 1–3). then, the temperature was shifted to 30°C or to 37°C 
for additional 4 hrs (lanes 4–7 or lanes 8–11, respectively). the whole cell extracts prepared at the times (after addition of HU) indicated were analyzed 
by western blotting using antibodies indicated. the proteins were analyzed on 7.5% SDS-pAGe (polyacrylamide:bisacrylamide = 99:1) for Mrc1 and 
α-tubulin or on 6.5% SDS-pAGe (99:1) containing 25 μM phos-tag and 50 μM MnCl2 for Cds1 protein. (C) DNA contents of the cells indicated were ana-
lyzed by FACS. Cells were grown at 25°C and 12 mM HU was added (HU) or non-treated (-) and incubation of each population was continued at 25°C 
(the row indicated as “25°C”) or 30°C (the row indicated as “30°C”) or 37°C (the row indicated as “37°C”) for 4 hrs.
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in other temperature-sensitive mutants  
(such as cdc19 and cdc20) defective in the 
processes of DNA replication. In these 
mutants, FACS profile of DNA contents 
suggested arrest in late S to G

2
 phase 

(data not shown). However, Cds1 kinase 
appeared to be still activated by HU in 
theses mutants at a nonpermissive tem-
perature (Fig. 6B), suggesting that Hsk1 
is specifically required for Cds1 kinase 
activation.

Mrc1 is hyperphosphorylated upon 
HU treatment, and this phosphorylation 
is required for Cds1 activation.9,21,23 We 
found that it is dependent not only on 
Rad3/Tel1, but also on Hsk1 function 
(Fig. 1A and B). Inactivation of Hsk1 
after Mrc1 is hyperphosphorylated by 
HU leads to rapid loss of its hyperphos-
phorylation (Fig. 1C), indicating that 
Hsk1 is required for maintaining the 
phosphorylated state of Mrc1.

The HU-induced hyperphosphoryla-
tion of Mrc1 is completely lost in rad3Δ 
tel1Δ and also in mrc1-6A mutant, 
in which the Rad3 target sites are 
mutated.23 The mobility-shift of Mrc1 
by Rad3 kinase in vitro also depends on 
these sites (Fig. 5). Thus, one possibility 
is that Rad3 is inactive in hsk1-89 cells. 
However, we did not observe any differ-
ence in Rad3 kinase activity between the 
wild type and hsk1-89 cells (Fig. 4A). 
The active Rad3 kinase in hsk1-89 cells 

suggests that at least part of the initial “sensor” step for the stalled 
replication fork may be intact in this mutant. Hsk1 kinase activ-
ity was not affected by rad3Δ (Fig. 4B), indicating that Rad3 
and Hsk1 kinases function independently. We previously showed 
that replication stress-induced relocation of ATR in nucleus is 
not affected by Cdc7 depletion in mammalian cells.19

How does Hsk1 contribute to hyperphosphorylation of Mrc1 
after replication stress? Rad3 may recognize Mrc1 in complex 
with Hsk1 more efficiently than free Mrc1, since we previously 
reported that Hsk1 interacts with Mrc1.39 However, kinase activ-
ity of Hsk1 is required for Mrc1 hyperphosphorylation (Fig. 2), 
suggesting that Hsk1-Mrc1 interaction alone is not sufficient. 
Thus, prior phosphorylation of Mrc1 by Hsk1 may stimulate the 
Rad3-mediated phosphorylation of the SQ/TQ cluster of Mrc1 
protein. However, prior phosphorylation of Mrc1 with Hsk1 
(either by purified kinase or coexpression in E. coli cells) did not 
result in enhanced phosphorylation of SQ/TQ sites of Mrc1 by 
Rad3 kinase (Sup. Fig. 4).

We therefore examined the effect of mutations of other replica-
tion factors on HU-induced checkpoint activation. cdc19 encodes 
MCM2, essential for preRC formation. cdc19-P1 mutation is 
known to cause loss of viability at a non-permissive temperature 

Figure 7. Cds1 kinase activity and Mrc1 hyperphosphorylation in the goa1-U53 and sna41-928 
mutants. (A) Kinase assays were conducted with anti-Cds1 antibody immunoprecipitates and MBp 
(as substrate), as described in “experimental procedures”. Wild-type (YM71), cds1Δ (NI453), goa1-U53 
(NI735) and sna41-928 (HM328) cells growing exponentially in YeS at 30°C were shifted to 37°C for 
15 min, followed by incubation with or without 12 mM HU for further 2 h at 37°C. Upper, autora-
diogram; lower, silver staining. the level of phosphorylation is shown in the accompanying graph. 
(B) Cells, as indicated, were grown at 25°C and split into two portions. to one part, 15 mM HU was 
added and the other half was non-treated and both were further incubated at 30°C for 3 hrs. the 
whole cell extracts were prepared and were analyzed by western blotting using anti-Myc antibody. 
Arrow indicates the phosphorylated form of Mrc1 protein that is specifically observed in HU-treated 
cells. (A) Lanes 1 and 2, YM71; lanes 3 and 4, NI453; lanes 5 and 6, NI735; lanes 7 and 8, HM328. (B) 
Lanes 1 and 2, YM71; lanes 3 and 4, NI453; lanes 5 and 6, HM328; lanes 7 and 8, NI735.

Discussion

A series of signal transduction pathways are induced when repli-
cation fork is blocked. In this so-called replication stress check-
point pathway, the initial cellular reaction is activation of the 
sensor kinase, Rad3 in fission yeast or ATR in mammalian cells, 
which is followed by activation of a transducer/adapter protein, 
Mrc1 in fission yeast or Claspin in mammals, ultimately lead-
ing to activation of “effector” checkpoint kinases, Cds1 in fission 
yeast or Chk1 in mammals.1,38 The effector kinases then regulate 
the progression of S phase or M phase. We have shown that Cdc7 
kinase is required for the activation of the checkpoint kinase in 
response to replication fork stress both in fission yeast and mam-
mals.19,20 More recently, it was shown, by using a Cdc7 bypass 
strain, that Cdc7 is required for replication stress-induced activa-
tion of Rad53 checkpoint kinase in budding yeast.18 In this com-
munication, we have shown that Hsk1 kinase activity is required 
for induction and maintenance of hyperphosphorylation of Mrc1 
induced by replication fork block.

Activation of Cds1 effector kinase in response to HU addi-
tion is severely compromised in hsk1-89 mutant at the non-per-
missive temperature.20 Activation of Cds1 kinase was assessed 
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is required for loading of Cdc45 onto an early-firing origin in 
fission yeast (Fig. 8). Our results indicate specific and essential 
roles of Hsk1-Cdc45 in activation of replication checkpoint. It 
has been reported in budding yeast that sufficient levels of preRC 
are required for checkpoint activation.11 The results reported here 
suggest that activated origins, more specifically the loading of 
Cdc45 at the origins, rather than the presence of preRC, may be 
critical for checkpoint activation. This discrepancy may be due 
to the fact that in budding yeast most of the preRC are utilized, 
while in fission yeast, only subset of the preRC is actually utilized 
for initiation,35,36 thus making the effect of the preRC defect less 
profound.

Studies in Xenopus egg extracts indicated that specific struc-
tures including primed single-stranded DNA are sufficient for 
activation of checkpoint.43,44 Since the generation of these struc-
tures would require the loading of Cdc45 and formation of an 
active replication fork, requirement of Hsk1 and Cdc45 may sim-
ply reflect the necessity to generate sufficient numbers of replica-
tion fork structures. However, cdc20 (polε) mutant which is a 
part of the fork assembly can activate checkpoint, indicating that 
assembly of fully-equipped replisome may not be necessary for 
checkpoint activation. Partial defect in Cds1 activation as well 
as in Mrc1 hyperphosphorylation was observed also in another 
allele of cdc45, sna41-928 (Fig. 7). It was reported before that 
loading of Cdc45 onto origins is reduced in sna41-928.31 More 
severe effect on Mrc1 and Cds1 activation was observed in goa1-
U53 than in sna41-928. This is probably because of intrinsic 
difference between these mutant alleles. goa1-U53 is specifically 
defective in initiation and arrest with 1C DNA content at the 
non-permissive temperature, whereas sna41-928 is defective in 
both initiation and elongation and arrests with mostly S phase 
DNA content at the nonpermissive temperature.31,45 These obser-
vations further reinforce our conclusion that the initiation step, 
i.e., the loading of Cdc45 onto origins, is crucial for checkpoint 
activation. Our results also suggest that continuous loading of 
Cdc45 onto origins may be required to maintain the activated 
state of Cds1.

We cannot exclude the possibility that an unknown Hsk1 
substrate may be required for HU-induced checkpoint reactions. 
Another possibility is that Hsk1, together with Cdc45, may be 
actively required to maintain the proper replication fork structure 
capable of sending the checkpoint signals, and disruption of this 
structure in hsk1-89 may lead to inefficient phosphorylation by 
Rad3/Tel1 kinase. Rapid loss of the hyperphosphorylated form 
of Mrc1 after shift of hsk1-89 to a non-permissive temperature is 
consistent with this possibility. More experiments are needed to 
evaluate these possibilities.

Experimental Procedures

Fission yeast strains. General techniques. Methods for genetic 
and biochemical analyses of fission yeast have been described 
previously in reference 46 and 47. Fission yeast strains used in 
this study are listed in Table 1. 

Preparation of extracts from yeast cells. For immunoblot-
ting, whole cell extracts from approximately 107 cells were made 

with reduced amount of mcm40 and suggested to have a defect in 
elongation phase of DNA replication.41 cdc20 encodes a catalytic 
subunit of DNA polymerase ε and is essential for initiation.42 
goa1+ encodes Cdc45 and goa1-U53 mutant arrests with 1C DNA 
content with defect in initiation.29,30 We found that Cds1 is acti-
vated and Mrc1 is hyperphosphorylated in cdc19-P1 at a per-
missive temperature and temperature shift to a non-permissive 
temperature did not eliminate hyperphosphorylation of Mrc1 or 
Cds1 in this mutant. Similarly, Cds1 and Mrc1 hyperphosphory-
lation was observed in cdc20 at both permissive and non-permis-
sive temperatures, although their extents were reduced compared 
to wild-type or cdc19-P1. Similarly, hyperphosphorylation of 
Mrc1 in response to HU was observed in cdc30 encoding Orp1 
or in cdc21 encoding Mcm4 (data not shown). In contrast, Cds1 
activation and hyperphosphorylation of Mrc1 was almost com-
pletely inhibited in goa1 mutant even at a permissive temperature 
(Fig. 6B). This indicates that sufficient level of Cdc45 activity is 
required for checkpoint activation in fission yeast cells.

It has been known that Cdc7 is required for loading of Cdc45 
onto preRCs at origins in budding yeast.32 We show that Hsk1 

Figure 8. Hsk1 is required for association of Cdc45 with an early-firing 
origin. (A) nda3-KM311 cells arrested in M phase were released into YeS 
media containing 25 mM HU and 200 μM BrdU at 30°C. After incuba-
tion for 30 min, cells were harvested and BrdU incorporation at ars2004 
(a known early-firing origin), oriChr2-1266 and non-ori1 genomic loci were 
analyzed as described in “experimental procedures”. (B) the wild-type 
or hsk1-89 cells were released from M phase at 30°C, as described in 
“experimental procedures”. Cdc45-3Flag was immunoprecipitated with 
anti-Flag antibody at each time point indicated. Co-immunoprecip-
itated DNA was quantified by real-time pCR. Signal enrichment was 
calculated by normalizing the amount of precipitated oriChr2-1266 DNA 
by that of precipitated non-ori1 DNA. the suffix in oriChr2-1266 indicates 
the distances in kilobase pairs from the left end of the Chromosome 2. 
oriChr2-1266 corresponds to ori2059 in reference 35.
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(Santa Cruz), and mouse anti-α-tubulin monoclonal antibody 
(B-5-1-2, Sigma) were used. Rabbit anti-Hsk1 antibody, rabbit 
anti-Dfp1/Him1 antibody and Rabbit anti-Mrc1 antibody were 
described previously in reference 39 and 48. Rabbit anti-Cds1 
antibody was a kind gift from Dr. Teresa Wang and Dr. Nick 
Rhind.

In vitro kinase assays of Hsk1 kinase. The total cell extracts 
were prepared from the cells expressing Flag-tagged Hsk1 at 
the hsk1+ genomic locus. Hsk1 kinase was immunoprecipitated 
using anti-Flag antibody, and the immunoprecipitates were used 
for in vitro kinase assays using Mrc1 protein as a substrate. The 
immunoprecipitates similarly prepared from the extract of a non-
tagged strain were used as a negative control. Mrc1 protein with 
N-terminal RGS-his tag and C-terminal Flag tag was overpro-
duced in insect cells or in E. coli and was purified as described 
in reference 49. Hsk1 in a complex with GST-tagged Dfp1/
Him1 was overproduced in insect cells, purified with glutathione 
Sepharose beads and was used for a positive control reaction.

In vitro kinase assays of Cds1 kinase. Cds1 kinase assays were 
conducted by using immunoprecipitated Cds1 on MBP as a sub-
strate.20 Kinase assays of Cds1 were conducted also by incubating 
the cell lysates with [γ-32P] ATP in the presence of GST-Wee170 
polypeptide27 and analyzing the phosphorylation of GST-Wee170 
after pull-down with glutathione Sepharose beads.

In vitro kinase assays of Rad3 kinase. The total cell extracts 
were prepared from the cells expressing Myc-tagged Rad3 at 
the rad3+ genomic locus. Rad3 kinase was immunoprecipitated 
using anti-Myc antibody. The immunoprecipitates similarly 
prepared from the extract of a non-tagged strain were used as a 
negative control. The immunoprecipitates were used for in vitro 
kinase assays using Mrc1 protein mentioned above as a substrate 
in a reaction mixture containing 40 mM Hepes KOH [pH 7.6],  
40 mM potassium glutamate, 1 mM DTT, 8 mM MnCl

2
 and 

100 μM ATP with [γ-32P] ATP. In some experiments, 8 mM 
magnesium acetate was used in place of MnCl

2
.

Chromatin immunoprecipitation (ChIP) assay and real-
time PCR. nda3-KM311 strains were incubated at 20°C for 
5 h (or 8 h for the cells with hsk1-89 background) to induce 
arrest in M phase and then released into growth by shifting to 
30°C, a restriction temperature for hsk1-89. ChIP assay was per-
formed as described previously in reference 37 and 50 with some 
modifications. We disrupted collected cells (2.5 x 108 cells) by 
Multi-beads Shocker (Yasui-kikai Co., Osaka) and DNA was 
sheared to about 600 bp by sonication. Immunoprecipitation 
was performed by using monoclonal anti-FLAG M2 antibody 
(SIGMA). After incubation of lysate with antibody and protein 
G beads (Dynal) for 3 h, beads were washed three times with 
buffer. Co-immunoprecipitated DNA was purified by MiniElute 
Reaction Cleanup Kit (QIAGEN). The following primers were 
used for amplifying the DNA: ori

Chr2-1266
, sense 5'-GAG GAA 

AGG GGT GAA AGA A-3', anti-sense 5'-CGC TAC AAC 
AAT CCC TAA A-3'; ars2004, sense 5'-CTT TTG GGT AGT 
TTT CGG ATC C-3', anti-sense 5'-ATG AGT ACT TGT CAC 
GAA TTC-3'; non-ori1, sense 5'-TCG AAG ATC CTA CCG 
CTT TC-3', anti-sense 5'-GAT TCA CAT AAC CCG CTA 
GC-3'. Real-time PCR was performed by using SYBR Premix 

by the “boiling method”, as described previously.48 For immu-
noprecipitation, approximately 108 cells from 50 ml culture were 
harvested and washed once with PBS. The cells were then resus-
pended in 0.5 ml of IP buffer (20 mM Hepes KOH [pH 7.6], 50 
mM potassium acetate, 5 mM magnesium acetate, 0.1 M sorbi-
tol, 0.1% TritonX-100, 2 mM DTT, 20 mM NaOVa, 50 mM 
β-glycerophosphate and Sigma protease inhibitors) and were bro-
ken with glass beads using a Multi-Beads Shocker (Yasui Kikai; 
Osaka, Japan). The resulting high speed supernatants were used 
for immunoprecipitation, as described previously in reference 39.

Detection of phosphorylation-induced mobility-shift of pro-
teins on SDS-PAGE. Phosphorylation of Mrc1 and Cds1 was 
detected on 7.5% SDS-PAGE (99:1) or 8% SDS-PAGE (59:1), 
respectively, which was run at 200V. In some cases, mobility shift 
was analyzed by running the samples on SDS-PAGE contain-
ing 25 μM phos-tag (NARD institute, Hyogo, Japan) prepared 
according to the manufacturer’s recommendations. In Mn2+-
Phos-tag-modified acrylamide gel, phosphorylated proteins 
migrate slower than non-phosphorylated proteins due to the 
interaction of phosphate groups with Mn2+-Phos-tag.

Antibodies. Mouse anti-Flag M2 monoclonal anti-
body (Sigma), mouse anti-Myc (A-14) monoclonal antibody 

Table 1. Schizosaccharomyces pombe strains used in this study

Strain Genotype

YM71 h- leu1-32 ura4-D18

Ko147 h- leu1-32 ura4-D18 hsk1-89:ura4+

NI392 h- leu1-32 ura4-D18 ade6-M216 rad3::ura4+

MS335 h- leu1-32 ura4-D18 hsk1-3FLAG:kan

MS337 h+ leu1-32 ura4-D18 hsk1-3FLAG:kan

MS113 h+ leu1-32 ura4-D18 cds1::ura4+ hsk1-3FLAG:kan

MS420 h+ leu1-32 ura4-D18 hsk1-3FLAG:kan rad3::ura4+

Kt2791 h- leu1-32 ura4-D18 mrc1-13myc:kan

SH2219 h- leu1-32 ura4-D18 swi1-3FLAG:kan mrc1-13myc:kan

MS346 h- leu1-32 ura4-D18 mrc1-13myc:kan hsk1-89:ura4+

MS401 h- leu1-32 ura4-D18 mrc1-13myc:kan swi1::kan

NI453 h- leu1-32 ura4-D18 cds1::ura4+

MS252 h- leu1-32 ura4-D18 mrc1::kan

NI485 h+ leu1-32 ura4-D18 ade6 rad3::ura4+

SH5142 h- leu1-32 ura4-D18 ade6-704 rad3-nmycx8

SH5431 h- leu1-32 ura4-D18 ade6 rad3-nmycx8 hsk1-89:ura4+

NI285 h+ leu1-32 ura4-D18 ade6 cdc20

NI291 h+ leu1-32 cdc19-P1

NI735 h- leu1-32 ura4-D18 ade6-M216 goa1-U53

MS193 h- leu1-32 ura4-D18 cdc21

NI920 h- leu1-32 ura4-D18 ade6-M216 cdc30

HM328 h- sna41-928

HM360 h+ leu1-32 mrc1-13myc:kan cdc45-3FLAG:kan nda3-KM311

HM363
h+ leu1-32 mrc1-13myc:kan cdc45-3FLAG:kan hsk1-89:ura4+ 

nda3-KM311

KYp103
h- leu1-32 ura4-D18 cdc21-3FLAG:kan aur:aur1r-Adh1-tK-

Adh1-sceNt1 nda3-KM311
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Note
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Ex Taq (TAKARA) and LightCycler 480 (Roche Diagnostics). 
The extent of enrichment of origin DNA was calculated as fol-
lows. The levels of amplified ori

Chr2-1266
, ars2004 and non-ori1 

(30 kb away from ars2004) DNA fragments were determined by 
real-time PCR, and then the ratio of ori

Chr2-1266
 to non-ori1 or 

ars2004 to non-ori1 was calculated for each time point. BrdU 
incorporation and ChIP analyses were performed as described in 
reference 50.
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