
Association of Chk1 with 14-3-3 proteins
is stimulated by DNA damage
Lin Chen,1,2 Ting-Hsiu Liu,3 and Nancy C. Walworth1,2,4,5

1Department of Pharmacology, University of Medicine and Dentistry of New Jersey (UMDNJ)–Robert Wood Johnson
Medical School, 2Joint Graduate Program in Biochemistry, UMDNJ and Rutgers University, 3Graduate Program
in Microbiology and Molecular Genetics, Rutgers University, and 4The Cancer Institute
of New Jersey, Piscataway, New Jersey 08854 USA

The protein kinase Chk1 is required for cell cycle arrest in response to DNA damage. We have found that the
14-3-3 proteins Rad24 and Rad25 physically interact with Chk1 in fission yeast. Association of Chk1 with
14-3-3 proteins is stimulated in response to DNA damage. DNA damage results in phosphorylation of Chk1
and the 14-3-3 proteins bind preferentially to the phosphorylated form. Genetic analysis has independently
implicated both Rad24 and Rad25 in the DNA-damage checkpoint pathway. We suggest that DNA
damage-dependent association of phosphorylated Chk1 with 14-3-3 proteins mediates an important step along
the DNA-damage checkpoint pathway, perhaps by directing Chk1 to a particular substrate or to a particular
location within the cell. An additional role for 14-3-3 proteins in the DNA-damage checkpoint has been
suggested based on the observation that human Chk1 can phosphorylate Cdc25C in vitro creating a 14-3-3
binding site. Our results suggest that in fission yeast the interaction between the 14-3-3 proteins and Cdc25
does not require Chk1 function and is unaffected by DNA damage, in sharp contrast to the interaction
between the 14-3-3 proteins and Chk1.
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The cellular response to DNA damage includes a tran-
sient arrest of cell cycle progression, presumably to al-
low time for DNA repair (Hartwell and Weinert 1989;
Elledge 1996). A number of proteins important for the
DNA-damage checkpoint pathway have been identified
genetically. Mutants lacking such proteins are unable to
arrest the cell cycle in response to DNA damage and die
at doses of damaging agents that would be tolerated by
wild-type cells (Weinert and Hartwell 1988; Enoch et al.
1992; Rowley et al. 1992; Walworth et al. 1993; Weinert
and Hartwell 1993; al-Khodairy et al. 1994; Ford et al.
1994; Weinert et al. 1994). The fission yeast protein ki-
nase Chk1 is essential for cell cycle arrest when DNA is
damaged (Walworth et al. 1993; al-Khodairy et al. 1994).
Chk1 is phosphorylated in response to damage, and
phosphorylation is dependent on the function of several
other gene products including Rad3, a fission yeast ho-
molog of the gene ATM, which is defective in the human
genetic disorder ataxia telangiectasia (Savitsky et al.
1995; Walworth and Bernards 1996).

Like Chk1, the protein encoded by the fission yeast
rad24 gene is important for cell cycle arrest in response
to DNA damage (Ford et al. 1994). rad24 encodes a mem-
ber of the 14-3-3 family of proteins. A mutant allele of

rad24 was identified in a genetic screen for checkpoint-
defective mutants. A second 14-3-3 family member in
Schizosaccharomyces pombe, encoded by the rad25
gene, was found to suppress the rad24 defect when pre-
sent on a multicopy plasmid (Ford et al. 1994). Mutation
of rad25 results in mild sensitivity to DNA-damaging
agents and a marginal reduction in the duration of mi-
totic delay following irradiation (Ford et al. 1994). Simul-
taneous disruption of rad24 and rad25 is lethal. In mam-
malian cells, seven isoforms of 14-3-3 proteins have been
identified (Aitken 1996). These proteins are thought to
play roles on signal transduction pathways, perhaps as
scaffolding or adapter proteins that bring together signal-
ing molecules. Although little is known about the bio-
logical function of 14-3-3 proteins, the crystal structures
of two isoforms have been solved (Liu et al. 1995; Xiao et
al. 1995). These structures suggest that 14-3-3 proteins
exist as dimers with each monomer containing nine he-
lices that surround a groove. One interpretation of the
crystal structure suggests that the groove could accom-
modate an amphipathic helix (Liu et al. 1995). Consis-
tent with this proposal, the 14-3-3 protein-binding do-
main on the platelet adhesion receptor, glycoprotein Ib-
IX, has been mapped to a serine-rich sequence that could
form a helix with serine residues clustered on one side
(Du et al. 1996).

A number of additional proteins have been identified
that bind to 14-3-3 proteins (Aitken 1996). Association of
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the protein kinase Raf-1 with 14-3-3 proteins requires a
serine residue at amino acid 259 (Michaud et al. 1995).
On the basis of this observation, Muslin et al. (1996)
defined a consensus motif for 14-3-3 protein binding con-
sisting of RXXp–SXP (where X is any amino acid and p–S
is phosphorylated serine). This motif is found in several
proteins that have been shown by various techniques to
associate with 14-3-3 proteins (Muslin et al. 1996).
Nonetheless, it remains to be determined whether all
proteins that bind to 14-3-3 proteins contain some form
of this motif or whether this motif is necessary for 14-3-3
binding in all of the proteins that do contain it. One
example of a protein that does contain the motif and has
been shown to bind to 14-3-3 proteins is Cdc25. Cdc25 is
a phosphatase that dephosphorylates and activates the
cyclin-dependent kinase Cdc2 leading to entry into mi-
tosis. Using Cdc25 as the bait for a two-hybrid protein
interaction screen, Conklin and coworkers (1995) iden-
tified two 14-3-3 isoforms, b and e, as Cdc25A- and
Cdc25B-binding proteins. Subsequently, Cdc25B and an-
other Cdc25 isoform, Cdc25C, were found to contain the
RXXp–SXP consensus sequence for 14-3-3 association.
The phosphorylated serine in Cdc25C lies at amino acid
position 216. As is the case for Raf-1, phosphorylation of
Ser216 within the RXXp–SXP motif is important for as-
sociation of Cdc25C with 14-3-3 proteins in vitro (Peng
et al. 1997).

The regulation of Ser-216 phosphorylation is cell cycle
dependent. Ser-216 is phosphorylated during interphase,
but unphosphorylated in mitosis. Cdc25C–14-3-3 com-
plexes exist during interphase but are absent in cells in
mitosis (Peng et al. 1997). Thus, it has been proposed
that dephosphorylation of Ser-216 is coincident with en-
try into mitosis and further that Ser-216-phosphorylated
Cdc25C is kept inactive through its interaction with 14-
3-3 proteins (Peng et al. 1997). The fission yeast protein
kinase Chk1 as well as the protein kinase encoded by the
human homolog of Chk1 are capable of phosphorylating
Cdc25C on Ser-216 in an in vitro assay (Peng et al. 1997;
Sanchez et al. 1997). These observations led to the propo-
sition that DNA damage might lead to phosphorylation
of Cdc25C by Chk1 and subsequent binding to 14-3-3
proteins (Peng et al. 1997; Sanchez et al. 1997; Weinert
1997). According to the model, phosphorylated Cdc25C
bound to 14-3-3 proteins would be prevented, by an as-
yet-unidentified mechanism, from dephosphorylating
Cdc2 and driving cells into mitosis. Although attractive,
most aspects of this model remain to be tested. In par-
ticular, it has not yet been determined whether phos-
phorylation of Cdc25C by Chk1 and association of
Cdc25C with 14-3-3 proteins occur in response to DNA
damage. In the Xenopus system it has been demon-
strated that Cdc25 is stoichiometrically bound to 14-3-3
proteins in interphase extracts (Kumagai et al. 1998b).
Thus, if Chk1 promotes the association between Cdc25C
and 14-3-3 proteins it may do so simply to prevent the
dissociation of a Cdc25–14-3-3 complex that is already
present in the cell. Recently, it has been demonstrated
that depletion of Xenopus Chk1 from egg extracts re-
duces phosphorylation of Cdc25 by only 20%, which

suggests that additional kinases are capable of phos-
phorylating that site (Kumagai et al. 1998a). Other ki-
nases have been identified that phosphorylate Ser-216 of
human Cdc25C, including C-TAK1 (Peng et al. 1998). In
addition, the protein kinase Cds1 is capable of phos-
phorylating fission yeast Cdc25 in vitro on the same
sites phosphorylated by Chk1 (Zeng et al. 1998).

The proposition that Chk1 regulates entry into mito-
sis in response to DNA damage by preventing activation
of Cdc25 is consistent with genetic experiments that
have been carried out in fission yeast (Furnari et al. 1997;
Rhind et al. 1997). Tyrosine-phosphorylated Cdc2 has
been shown to persist following DNA damage during the
time in which entry into mitosis is delayed (O’Connell
et al. 1997; Rhind et al. 1997). This observation is con-
sistent with all models of Cdc2 function: During G2

Cdc2 is tyrosine phosphorylated and it becomes dephos-
phorylated as cells enter mitosis (Gould and Nurse
1989). Whether maintenance of tyrosine phosphoryla-
tion is responsible for cell cycle arrest or a consequence
of it is open to question. It is possible that the check-
point pathway signals arrest through alternative path-
ways but that eliminating tyrosine phosphorylation of
Cdc2 overrides the checkpoint-induced arrest.

Overexpression of Chk1 results in the accumulation of
elongated cells in the G2 phase of the cell cycle (Wal-
worth et al. 1993; O’Connell et al. 1997). In these G2-
arrested cells, Cdc2 is phosphorylated on tyrosine
(O’Connell et al. 1997). Cells lacking the Wee1 protein
kinase, which inactivates Cdc2 by phosphorylation of
Tyr-15, do not elongate within the same time frame as
do wild-type cells (Furnari et al. 1997; O’Connell et al.
1997), suggesting that Chk1-dependent cell cycle arrest
could be mediated, at least in part, by Wee1 function.
Consistent with this suggestion, recombinant Chk1 can
phosphorylate recombinant Wee1 in vitro (O’Connell et
al. 1997). However, Wee1 activity is not altered by Chk1
phosphorylation (O’Connell et al. 1997). As noted above,
the alternative model, that Chk1 regulates Cdc25 activ-
ity, has also been proposed (Furnari et al. 1997; Peng et
al. 1997; Sanchez et al. 1997; Weinert 1997). Thus, al-
though it is likely that cell cycle arrest in response to
DNA damage is mediated through the regulation of Cdc2
activity, the precise role of Chk1 in this process is not
yet clear.

To further define the function of Chk1 we searched for
proteins that associate with it by performing a yeast two-
hybrid screen using full-length S. pombe Chk1 as the
bait. Both fission yeast 14-3-3 proteins, Rad24 and
Rad25, interact with Chk1 in this screen. Because mu-
tation of rad24 results in a defective DNA-damage
checkpoint (Ford et al. 1994), we pursued the interaction
between Chk1 and Rad24/Rad25 in more detail. We find
that Chk1 associates with Rad24 and Rad25 in vivo and
that the association is stimulated at least 10-fold by
DNA-damage. Furthermore, the phosphorylated form of
Chk1 preferentially associates with the 14-3-3 proteins.
The stimulated association of Chk1 with 14-3-3 proteins
is compromised in mutants defective for the DNA-dam-
age checkpoint pathway. These observations suggest
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that complex formation between Chk1 and 14-3-3 pro-
teins is an important step in the response of fission yeast
cells to DNA damage.

Results

Physical interaction of 14-3-3 proteins with Chk1

To identify proteins that may physically interact with
Chk1, we performed a two-hybrid screen using S. pombe
Chk1 as bait. Several interacting proteins were identified
including Rad25, a member of the 14-3-3 family of pro-
teins. The second 14-3-3 family member in fission yeast
is encoded by the rad24 gene and, when cloned into the
appropriate vector (see Materials and Methods), Rad24
also interacts with Chk1 in the two-hybrid assay. The
domain of Chk1 necessary for interaction with Rad24
and Rad25 was mapped by constructing amino- and car-
boxy-terminal deletion mutants of Chk1 and assaying
for interaction in the two-hybrid assay (Fig. 1). The cata-
lytic domain of Chk1 lies in the amino-terminal half of
the protein ending with amino acid 272 (Walworth et al.
1993). A region of Chk1 within the noncatalytic domain,
including amino acids 285–312, appears to be important
for interacting with both Rad24 and Rad25 (Fig. 1).

The protein kinase Chk1 becomes phosphorylated
when cells are exposed to DNA-damaging agents. Phos-
phorylation of Chk1 requires the activity of several ge-
netically defined components of the DNA-damage
checkpoint including rad1, rad3, rad9, rad17, rad26
(Walworth and Bernards 1996), and hus1 (N.C. Wal-
worth, unpubl.). To test whether rad24 or rad25 function
is required for Chk1 phosphorylation we constructed
strains in which disruptions of either rad24 or rad25
were combined with an epitope-tagged allele of chk1
(chk1:ep) (Walworth and Bernards 1996). Cells were ex-

posed to the topoisomerase I poison camptothecin (CPT)
to generate DNA damage (Wan et al. 1999) and lysates
were prepared for Western blot analysis. As shown in
Figure 2, the Chk1 (p56chk1) polypeptide becomes phos-
phorylated following exposure of cells to CPT. Phos-
phorylation of Chk1 decreases its mobility on SDS-
PAGE. As shown in Figure 2, no phosphorylation of
Chk1 is seen in a strain with a mutation in the rad3 gene
that is defective in the ability to arrest the cell cycle in
response to DNA damage (al-Khodairy and Carr 1992;
Matsumoto 1997). Phosphorylation of Chk1 appears to
be as efficient in a rad25 deletion strain (rad25D) as it is
in a wild-type (rad+) background consistent with the ob-
servation that the rad25D strain has an essentially intact
checkpoint. In a rad24 deletion strain (rad24D), a low
level of Chk1 phosphorylation is detected. This could
reflect the fact that the rad24D mutant is not completely
defective in the DNA damage checkpoint. Cells lacking
rad24 function are sensitive to DNA damage generated
by UV light or g radiation but not as sensitive as cells
lacking chk1 (Ford et al. 1994). Disruption of chk1 re-
sults in the complete absence of G2 delay following ir-
radiation whereas disruption of rad24 results in a partial
delay (Ford et al. 1994). The partial delay accomplished
by a rad24D mutant after DNA damage may be caused by
Rad25 function as increasing the copy number of rad25
can complement the radiation sensitivity of rad24 (Ford
et al. 1994). Similarly, it is possible that the low level of
Chk1 phosphorylation in a rad24D mutant is caused by
Rad25 function.

The interaction between the fission yeast 14-3-3 pro-
teins and Chk1 was tested in vitro. GST, GST–Rad24,
and GST–Rad25 were purified from Escherichia coli and
incubated with a fission yeast lysate in which epitope-
tagged Chk1 was overexpressed. Glutathione–Sepharose
(GSH–Sepharose) was added to the lysate to precipitate
the GST–14-3-3 proteins along with any associated pro-
teins. Western blot analysis of the precipitates demon-
strated that Chk1 could bind to GST–Rad24 or GST–
Rad25 but not to GST alone (data not shown). We have
been unable to produce full-length Chk1 as a fusion pro-
tein with GST in E. coli. Therefore, we expressed GST–
Chk1 in S. pombe from a regulatable promoter (nmt1)
that is repressed by thiamine (Maundrell 1993). Under
repressing conditions, sufficient GST–Chk1 is produced
to complement the UV sensitivity of a chk1 deletion

Figure 2. Dependence of Chk1 phosphorylation on compo-
nents of the DNA-damage checkpoint pathway. Wild-type
(NW223), rad3.T80 (NW324), rad24D (NW250), and rad25D

(NW278) cells, in which genomic chk1+ was replaced by
chk1:ep (Walworth and Bernards 1996), were grown to mid-log
phase, after which portions of cell culture were incubated with
40 µM CPT for 2 hr to generate DNA damage. Lysates were
prepared and analyzed by immunoblot with antibody to the HA
epitope (12CA5).

Figure 1. A domain of Chk1 within amino acids 286–312 is
important for interaction with 14-3-3 proteins. Full-length
Chk1 (amino acids 1–496) or amino- and carboxy-terminal trun-
cation mutants (indicated by the amino acid number) were ex-
pressed as fusions with the DNA-binding domain of Gal4 from
the vector pAS2. Rad24 and Rad25 were expressed as fusions
with the transactivation domain of Gal4 from the vector pACT.
A yeast strain, Y190, was transformed with pAS2–Chk1 vectors
and pACT/Rad24 or pACT/Rad25 and assayed for expression of
HIS3 and lacZ. (+) The fusion proteins interact allowing expres-
sion of the reporter genes; (−) no His+ colonies were obtained.

Chk1–14-3-3 interaction stimulated by DNA damage
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strain (data not shown) suggesting that GST–Chk1 is a
functional protein. Cells were grown for 12 hr in the
absence of thiamine to derepress the nmt1 promoter and
then CPT was added for 2 hr to generate DNA damage.
Lysates were made and GSH–Sepharose added to precipi-
tate GST-Chk1 and associated proteins. Western blot
analysis of the precipitates demonstrated that both
Rad24 and Rad25 associate with GST–Chk1 in S. pombe
(Fig. 3).

Association between 14-3-3 proteins and Chk1 is
stimulated by DNA damage

To confirm the interaction between Chk1 and the 14-3-3
proteins in vivo, we placed GST–Rad24 and GST–Rad25
under the control of the nmt1 promoter for expression in
S. pombe. Expression of GST–Rad24 or GST–Rad25 from
the pREP1 plasmid with a wild-type nmt1 promoter al-
lows high-level expression of the proteins when cells are
grown in the absence of thiamine. In the presence of
thiamine, a low level of expression is achieved. Low-
level expression of either GST–Rad24 or GST–Rad25
complements the UV sensitivity of the rad24D strain
indicating that GST–Rad24 and GST–Rad25 are func-
tional proteins (data not shown).

To determine whether Chk1 associates with 14-3-3
proteins in S. pombe, GST–14-3-3 precipitates were as-
sayed for the presence of Chk1 by Western blot analysis.
As shown in Figure 4, Chk1 associates with both Rad24
and Rad25. Strikingly, the association of Chk1 with ei-
ther Rad24 or Rad25 is stimulated when cells are ex-
posed to CPT to generate DNA damage. Quantitation
suggests that the amount of Chk1 bound to either GST–
Rad24 or GST–Rad25 is increased ∼10-fold by DNA dam-
age.

14-3-3 proteins preferentially associate
with phosphorylated Chk1

We wished to determine whether the increased associa-
tion of Chk1 with the 14-3-3 proteins was caused by
association of the phosphorylated form of Chk1. GST–
Rad24 and GST–Rad25 migrate on SDS-PAGE with ap-
proximately the same mobility as Chk1 preventing the

resolution of the two forms of Chk1 in lanes that also
contain the GST–14-3-3 proteins (see Fig. 4). Chk1 can be
detected, however, in immunoprecipitates of Rad24 or
Rad25 from S. pombe cells (Fig. 5). Furthermore, both the
phosphorylated and unphosphorylated forms of Chk1
can be readily resolved in this assay. As shown in Figure
5A, it is apparent that the 10-fold increase in the amount
of Chk1 that is associated with the 14-3-3 proteins is due
primarily, if not exclusively, to association of the phos-
phorylated form. Control experiments demonstrate that
the abundance of Rad24 and Rad25 was unchanged by
DNA damage and that equal amounts of Rad24 and
Rad25 were immunoprecipitated from CPT-treated and
untreated cells (Fig. 5B,C). The coimmunoprecipitation
experiment also demonstrates that phosphorylated Chk1
is present in cells that have not been exposed to agents
that damage DNA. As seen in Figure 5A, lane 5, the
Rad24 antiserum precipitates phosphorylated Chk1 from
cells that have not been treated with CPT. On occasion

Figure 3. Fission yeast 14-3-3 proteins bind
to GST–Chk1 in vivo. Strains with disrup-
tions of chk1 (NW291), rad24 (NW296), or
rad25 (NW300) were transformed by pREP1–
GST–Chk1. Cells in early log phase were
washed free of thiamine and incubated for 12
hr in the absence of thiamine to induce expres-
sion of GST–Chk1. Cells were treated for 2 hr
with 40 µM CPT and lysates prepared as de-
scribed in Materials and Methods. GSH–Seph-
arose was added to precipitate GST–Chk1 and
associated proteins. Precipitates were separated by SDS-PAGE and probed by immunoblot with antibodies to Rad24 (UMDNJ-21) and
Rad25 (UMDNJ-18) followed by detection with ECL. Antibodies to Rad24 and Rad25 show little cross-reactivity by Western blot, as
no signal is seen in the GST–Chk1 pull-down from a rad24D strain with the anti-Rad24 antibody. Similarly, little signal is seen in the
GST–Chk1 pull-down from a rad25D strain with the anti-Rad25 antibody.

Figure 4. Association of Chk1 with 14-3-3 proteins is stimu-
lated by DNA damage. Wild-type cells (NW223) were trans-
formed by pREP1–GST, pREP1–GST–Rad24, or pREP1–GST–
Rad25. Expression of the GST proteins was induced by incubat-
ing cells in PMA media without thiamine for 12 hr. CPT was
then added to 40 µM for an additional 2 hr. Lysates were pre-
pared and GST proteins precipitated with GSH–Sepharose. Pre-
cipitates were washed and separated by SDS-PAGE, followed by
immunoblot analysis with mAb12CA5 for the detection of 3×
HA-tagged Chk1 (Chk1:ep). (Lysate) Lanes contain lysate from
cells expressing GST prior to addition of GSH–Sepharose. The
shadow band in the GST–Rad24 precipitates is caused by dis-
tortion of the Chk1 protein by the presence of a large amount of
GST–Rad24 protein on the gel, which has the same mobility as
Chk1. Immunoblot analysis of serial dilutions of these samples
indicates that binding of Chk1 to GST–Rad24 or GST–Rad25 is
stimulated ∼10 fold after DNA damage.
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low levels of phosphorylated Chk1 can be detected by
Western blot analysis of lysates prepared from wild-type
cells that have not been exposed to a DNA damaging
agent (N.C. Walworth, unpubl.). It is possible that Rad24
acts as an affinity reagent for isolating phosphorylated
Chk1 and the small amount of phosphorylated Chk1
that may be present in undamaged cells is concentrated
in the Rad24 immunoprecipitate.

DNA damage-stimulated association is dependent on
the checkpoint pathway

Because phosphorylation of Chk1 in response to DNA
damage is dependent on several components of the
checkpoint pathway, we predicted that the increased as-
sociation of Chk1 with 14-3-3 proteins would also be
dependent on these proteins. To test this possibility,
Rad24 was immunoprecipitated from checkpoint-defec-
tive strains harboring mutations in rad1, rad3, rad9,
rad17, and rad26. As a control, a DNA repair-defective

mutant (rad13D) with an intact G2 checkpoint was ex-
amined. Cells were grown to mid-log phase and treated
with CPT for 2 hr. Lysates were prepared and Rad24 was
immunoprecipitated. Immunoprecipitates were exam-
ined for the presence of Chk1 by Western blot analysis.
As shown in Figure 6A, there is no change in the amount
of Chk1 that coimmunoprecipitates with Rad24 in the
checkpoint-defective strains (lanes 5–14). Identical re-
sults were seen when Rad25 was immunoprecipitated
from these lysates (data not shown).

We also tested whether a mutant allele of Chk1 that is
unable to function on the checkpoint pathway could as-
sociate with 14-3-3 proteins. Mutation of a conserved
lysine residue (lysine 38 to alanine, K38A) in the cata-
lytic domain of Chk1 compromises its ability to func-
tion in the DNA-damage checkpoint pathway (Walworth
and Bernards 1996). When the Chk1K38A allele is inte-
grated as the sole copy of Chk1 in the genome (NW307),
the cells are as sensitive to UV light or CPT treatment as
a chk1D disruption strain (Wan et al. 1999). The
Chk1K38A protein is not phosphorylated in response to
DNA damage (Walworth and Bernards 1996). The
NW307 strain was transformed with the plasmids that
express GST–Rad24 and GST–Rad25 and assayed for the
association of Chk1K38A with the 14-3-3 proteins. As
shown in Figure 6B, although the Chk1K38A protein

Figure 5. Increased association of Chk1 with 14-3-3 proteins is
specific to the phosphorylated form of Chk1. (A) Wild-type cells
(NW223) were grown to mid-log phase and then treated with 40
µM CPT for 2 hr. Lysates were prepared and immunoprecipi-
tated with Rad24 or Rad25 antiserum or the corresponding pre-
immune sera. Immunoprecipitates were resolved on 7.5% SDS-
PAGE and subjected to immunoblotting with mAb12CA5.
Some background detection of Chk1 is apparent in precipitates
with the preimmune sera (lanes 1–4). The background level of
the phosphorylated and unphosphorylated forms of Chk1 in
these control precipitates reflects the abundance of each in the
lysate. Samples of lysate prior to immunoprecipitation were
included on the gel (lanes 9,10) to provide markers for the phos-
phorylated and unphosphorylated forms of Chk1. (B,C) The
abundance of 14-3-3 proteins in lysates and in immunoprecipi-
tates is unaffected by DNA damage. The samples shown in A
were diluted, electrophoresed on 12% gels, and immunoblotted
with antibody to Rad24 (B) and Rad25 (C). In B the samples from
lanes 1,2,5,6,9, and 10 of A correspond to lanes 1–6. In C the
samples from lanes 3,4,7,8,9, and 10 of A correspond to lanes
1–6.

Figure 6. Increased association of Chk1 with 14-3-3 proteins is
checkpoint dependent. (A) Rad24 was immunoprecipitated with
antibody UMDNJ-21 from strains with chk1:ep and mutations
in the checkpoint genes rad1-1 (NW238), rad3.T80 (NW324),
rad9D (NW247), rad17D (NW249), rad26D (NW251). Wild-type
cells (NW223) and a strain defective in DNA repair but with an
intact G2 checkpoint (rad13D, NW248) were included as con-
trols. CPT treatment and immunoprecipitation of Rad24 were
carried out as described in the legend to Fig. 5. Chk1 was de-
tected by immunoblot analysis with mAb12CA5. Immunopre-
cipitates are shown in lanes 3–16. Samples of lysate from wild-
type cells (lanes 1,2) are included as controls to demonstrate the
mobilities and relative abundance of the two forms of Chk1. (B)
Association of Chk1K38A with 14-3-3 proteins is not increased
after DNA damage. A strain with integrated chk1K38A:ep that
shows no phosphorylation of Chk1K38A after DNA damage
was transformed by pREP1–GST–Rad24 or pREP1–GST–Rad25.
Expression of GST-14-3-3 proteins, CPT treatment, and precipi-
tation of GST proteins was carried out as described in the legend
to Fig. 4 and in Materials and Methods. Chk1K38A was detected
by immunoblot with mAb12CA5. No Chk1K38A precipitates
with GST alone (data not shown).
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does associate with each of the 14-3-3 proteins, the as-
sociation is not stimulated by DNA damage.

Association of Rad24 and Rad25 with Cdc25 does not
require Chk1 function

Recently it has been demonstrated that Xenopus and hu-
man Cdc25 associate with 14-3-3 proteins. To test
whether fission yeast Cdc25 binds to fission yeast 14-3-3
proteins in vivo, we immunoprecipitated the 14-3-3 pro-
teins from S. pombe strains with an epitope-tagged allele
of Cdc25 integrated into the chromosome (Nefsky and
Beach 1996). Following exposure of cells to CPT, lysates
were prepared and immunoprecipitates with Rad24 or
Rad25 antisera were isolated and analyzed by Western
blot analysis for the presence of Cdc25 protein. As
shown in Figure 7, A and B (lanes 3,4), Cdc25 associates
with Rad24 and Rad25, respectively. Consistent with ex-
periments performed in a Xenopus in vitro system
(Kumagai et al. 1998b), no dramatic alteration in the
amount of Cdc25 associated with the 14-3-3 proteins is
seen in vivo following DNA damage. Apparent increases
in the amount of Cdc25 coprecipitated with 14-3-3 pro-
teins from CPT-treated cells reflects an increase in the
amount of Cdc25 that is extracted from the cells as as-
sayed by Western blot analysis of the total cell lysates
(Fig. 7C). Quantitative Western blot analysis of serial
dilutions of both lysate samples and immunoprecipitates
indicates that the difference in abundance of Cdc25 in
samples prepared from CPT-treated and untreated cells
is no more than twofold (data not shown).

We next evaluated the association between Cdc25 and
the 14-3-3 proteins for dependence on Chk1 function. In
a strain lacking Chk1, Cdc25 coprecipitates with Rad24
(Fig. 7A, lanes 5,6) and Rad25 (Fig. 7B, lanes 5,6) both
before and after exposure to CPT. It has recently been
reported that the fission yeast protein kinase Cds1 phos-
phorylates fission yeast Cdc25 on the same sites that are
phosphorylated by Chk1 (Zeng et al. 1998). The sites
phosphorylated by Chk1 and Cds1 have been suggested
to be important for Cdc25 binding to 14-3-3 proteins
(Zeng et al. 1998). Therefore, we tested whether Cdc25–
14-3-3 association occurs in cells lacking both Chk1 and
Cds1. As shown in Figure 7 (lanes 7,8), Cdc25–14-3-3
association does not require either Chk1 or Cds1 func-
tion either before or after DNA damage.

Discussion

The DNA-damage checkpoint pathway is required to
prevent entry into mitosis in the presence of DNA dam-
age. We have demonstrated that the protein kinase Chk1
associates with the fission yeast 14-3-3 proteins, Rad24
and Rad25. This association is stimulated 10-fold by
DNA damage (Fig. 4), and it is the phosphorylated form
of Chk1 generated in response to DNA damage that pref-
erentially binds to the 14-3-3 proteins (Fig. 5). Whereas
the amount of DNA damage generated in the experi-
ments shown here results in phosphorylation of only

30%–50% of Chk1, the increased association of Chk1 to
the 14-3-3 proteins is attributable almost exclusively to
binding of the phosphorylated form. To our knowledge,
this is only the second example of an association be-
tween a target protein and a 14-3-3 protein that changes
in response to activation of a signal transduction path-
way. The other example of such regulation is the in-
creased association between the protooncogene Cbl and
14-3-3t in T lymphocytes (Liu et al. 1996) following T-
cell activation by anti-CD3. In contrast, Raf1 association
with 14-3-3t remains constant in these cells (Liu et al.
1996).

Whereas association of Chk1 with 14-3-3 proteins is
stimulated by DNA damage, association of 14-3-3 pro-

Figure 7. Association of Cdc25 with 14-3-3 proteins before and
after DNA damage is not dependent on Chk1 or Cds1. Strains
with integrated cdc25:3HA were exposed to 40 µM CPT for 2 hr.
Lysates were prepared and subjected to immunoprecipitation
with antibody to Rad24 (UMDNJ-55) and Rad25 (UMDNJ-56).
(A) Rad24 immunoprecipitates were separated by SDS-PAGE
and immunoblotted with antibody to detect Cdc25 (12CA5, top)
and Rad24 (UMDNJ-55, bottom). The samples in lanes 1 and 2
are precipitates of wild-type cells with preimmune sera. The
samples in lanes 3–8 are precipitates with Rad24 antisera
(UMDNJ-55). (Lanes 3,4 Wild-type cells (BN71); (lanes 5,6)
chk1D cells (NW291); (lanes 7,8) chk1D cds1D cells (NW373). (B)
Rad25 immunoprecipitates were separated by SDS-PAGE and
immunoblotted with antibody to detect Cdc25 (12CA5, top) and
Rad25 (UMDNJ-55, bottom). The samples in lanes 1 and 2 are
precipitates of wild-type cells with preimmune sera. The
samples in lanes 3–8 are precipitates with Rad25 antisera
(UMDNJ-56). (Lanes 3,4) Wild-type cells (BN71); (lanes 5,6)
chk1D cells (NW291); (lanes 7,8) chk1D cds1D cells (NW373).
(C) Samples of the lysates used for immunoprecipitation in A
and B were immunoblotted for Cdc25 protein with mAb12CA5.
The amount of Cdc25 in the lysates is increased no more than
twofold by DNA damage (estimated by Western blot analysis of
serial dilutions of the samples from wild-type cells).
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teins with GST–Chk1 does not appear to change in cells
treated with CPT (Fig. 3). We believe that this result is
attributable to the fact that GST–Chk1 is overexpressed
in this experiment in order to recover sufficient Chk1 for
the assay. We and others have observed that overexpres-
sion of Chk1 leads to a cell cycle delay in the absence of
DNA damage (Walworth et al. 1993; Ford et al. 1994;
Furnari et al. 1997; O’Connell et al. 1997). When Chk1 is
overexpressed in cells it is not possible to detect a mo-
bility shift of Chk1 following DNA damage (N.C. Wal-
worth, unpubl.). Thus, in the cells used for this experi-
ment, it is possible that the DNA-damage checkpoint
pathway leading to phosphorylation of Chk1 is not acti-
vated because the cells are already experiencing a mi-
totic delay. Alternatively, because GST–Chk1 is overex-
pressed, it is possible that the pool of 14-3-3 proteins
available for binding to Chk1 has been depleted.

Phosphorylation of Chk1 and its stimulated associa-
tion with 14-3-3 proteins requires an intact DNA-dam-
age checkpoint pathway. In strains with mutations in
the genetically defined components of the checkpoint
pathway, rad1, rad3, rad9, rad17, rad26, and hus1, Chk1
is not phosphorylated in response to DNA damage. The
association between Chk1 and Rad24 is not stimulated
in these strains consistent with the suggestion that in-
creased complex formation is dependent on an intact
checkpoint signaling pathway (Fig. 6A). Mutation of the
conserved lysine residue in the Chk1 catalytic domain
(K38A) compromises its ability to function in the DNA
damage checkpoint (Walworth and Bernards 1996). This
mutant protein is not phosphorylated in response to
DNA damage and its association with 14-3-3 proteins
following DNA damage is not stimulated (Fig. 6B).

Immunoprecipitation experiments clearly demon-
strate that it is the phosphorylated form of Chk1 that
associates with 14-3-3 proteins following DNA damage
(Fig. 5). It has been proposed that binding partners for
14-3-3 proteins contain a sequence motif surrounding a
phosphorylated serine residue (Muslin et al. 1996). Sev-
eral proteins that have been shown to bind to 14-3-3
proteins contain the RXXp–SXP motif and, in some
cases, mutation of the serine residue to an alanine has
been shown to compromise binding to 14-3-3 proteins
(Peng et al. 1997). Although phosphorylation of Chk1
correlates with its ability to associate with 14-3-3 pro-
teins, Chk1 does not contain a motif that matches the
RXXp–SXP motif. Other motifs have been suggested to
be important for binding of target proteins to 14-3-3 pro-
teins including a serine-rich patch on one side of an a-he-
lix (Du et al. 1996) or an amphipathic a-helix (Xiao et al.
1995). We are currently trying to define the 14-3-3 pro-
tein binding site on Chk1 in more detail.

Recent evidence from in vitro experiments suggests
that human Chk1 is capable of phosphorylating the ty-
rosine phosphatase Cdc25C on Ser-216. Phosphorylation
of Ser-216 is necessary for association of Cdc25C with
14-3-3 protein family members (Peng et al. 1997). An
attractive model was proposed to explain the events that
govern cell cycle arrest in response to DNA damage (Fur-
nari et al. 1997; Peng et al. 1997; Sanchez et al. 1997;

Weinert 1997). The model proposes that in response to
DNA damage, Chk1 becomes phosphorylated in a Rad3-
or ATM-dependent manner. Chk1 phosphorylates Cdc25
to create a binding site for association of a 14-3-3 protein.
When bound to 14-3-3 protein, Cdc25 is prevented from
dephosphorylating and thus activating Cdc2. With the
exception of Rad3-dependent Chk1 phosphorylation
(Walworth and Bernards 1996), none of the subsequent
steps of the model have been shown to occur in response
to DNA damage. Our data suggest that this model re-
quires revision. The association of Cdc25 with 14-3-3
protein in fission yeast does not require Chk1 function.
On DNA damage, the apparent twofold increase in the
binding of Cdc25 to 14-3-3 proteins reflects an increase
in the total amount of Cdc25 present in the lysate. Thus,
the increase in Cdc25 concentration could represent, for
example, a change in extractability of Cdc25 or stabili-
zation of the protein following DNA damage. Regardless,
this behavior of Cdc25 is not Chk1 dependent. Our re-
sult is consistent with observations made with a Xeno-
pus in vitro system demonstrating that 95% of Cdc25 is
bound to 14-3-3 protein in interphase extracts and that
no change in the association of Cdc25 with 14-3-3 pro-
teins is seen following activation of a checkpoint path-
way (Kumagai et al. 1998b). It has been suggested, there-
fore, that Chk1 may simply maintain phosphorylation of
Cdc25 that is normally present during interphase, allow-
ing Cdc25 to remain bound to 14-3-3 protein in an inac-
tive state at a time when the cell might otherwise prog-
ress into mitosis (Kumagai et al. 1998b). Our data sug-
gest, however, that association of Cdc25 to 14-3-3
protein is not sufficient to prevent entry into mitosis.
Cells with a disrupted allele of Chk1 clearly do not arrest
the cell cycle in response to DNA damage (al-Khodairy et
al. 1994), yet the Cdc25–14-3-3 complex is present in
these cells just as it is in wild-type cells both before and
after DNA damage (Fig. 7). Because the Cdc25–14-3-3
complex exists in cells that have no Chk1, phosphoryla-
tion of Cdc25 in the absence of DNA damage must be
carried out by another protein kinase. Consistent with
our observations it has been demonstrated recently that
depletion of Xenopus Chk1 from egg extracts reduces
phosphorylation of Xenopus Cdc25 in an in vitro assay
by no more than 20% (Kumagai et al. 1998a).

Recently it has been demonstrated that the protein
kinase Cds1, like Chk1, can phosphorylate fission yeast
Cdc25 in vitro on sites that influence 14-3-3 protein
binding (Zeng et al. 1998). It is not known, however,
whether either kinase phosphorylates those sites in vivo
(Zeng et al. 1998). Our results indicate that, in cells lack-
ing both Cds1 and Chk1, Cdc25 still associates with 14-
3-3 proteins both before and after DNA damage (Fig. 7).
Furthermore, cells expressing a mutant allele of Cdc25
(Cdc25–S3) lacking the 3 phosphorylation sites still
show a significant checkpoint arrest when treated with
hydroxyurea (Zeng et al. 1998). Even in strains express-
ing the Cdc25–S3 mutant that additionally have the
wee1 or mik1 genes deleted, more than 60% of the cells
still arrest the cell cycle (Zeng et al. 1998). Finally, fis-
sion yeast completely lacking Cdc25 function, but kept
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alive by a semidominant allele of cdc2 (cdc2-3w cdc25D),
are not sensitive to DNA damage generated by UV light
(al-Khodairy and Carr 1992). In contrast, cells lacking
Chk1 or Rad24 function are sensitive to UV light (Wal-
worth et al. 1993; al-Khodairy et al. 1994). Thus, it is
highly unlikely that phosphorylation of Cdc25 by Chk1
and/or Cds1 is sufficient to mediate the checkpoint ar-
rest that leads to survival after DNA damage.

We hypothesize that association of 14-3-3 proteins
with phosphorylated Chk1 following DNA damage plays
a critical role in the checkpoint response (Fig. 8).
Whereas it is possible that this interaction mediates the
targeting of Chk1 to Cdc25, it is clear that phosphoryla-
tion of Cdc25 by Chk1 (or by Chk1 and Cds1 acting
redundantly) to create a 14-3-3 binding site is not suffi-
cient to explain how cell cycle arrest is achieved. Wee1
has also been suggested to be a target of Chk1 as over-
production of Chk1 in fission yeast, like DNA damage,
leads to Wee1 phosphorylation (O’Connell et al. 1997).
However, despite the fact that Chk1 can phosphorylate
Wee1 in vitro, this phosphorylation event has no effect
on the catalytic activity of Wee1 (O’Connell et al. 1997).
We anticipate that there will be additional targets of
Chk1 that mediate DNA damage-dependent cell cycle
arrest before mitosis (Fig. 8).

Although the association between Chk1 and 14-3-3
proteins is increased 10-fold, the significance of this as-
sociation is not yet clear. The association could target
Chk1 to a relevant substrate or to a particular subcellular
location. It is also possible that binding of Chk1 to 14-3-3
alters Chk1 catalytic activity. Clearly, however, the as-
sociation of Chk1 with 14-3-3 proteins correlates with

phosphorylation of Chk1, an event that appears to be
necessary for Chk1 function when DNA is damaged
(Walworth and Bernards 1996). Therefore, it is likely that
stimulated Chk1–14-3-3 association is an integral step in
the DNA-damage checkpoint pathway. To prove that the
association is essential for the function of the pathway it
will be necessary to identify a mutant Chk1 protein that
is phosphorylated in response to DNA damage but fails
to bind to 14-3-3 proteins: Such a mutant allele would be
expected to be checkpoint defective. An alternative ap-
proach would be to identify mutant alleles of Rad24 or
Rad25 that are specifically defective in binding to Chk1
and assess their functionality in the checkpoint re-
sponse. These approaches and screens for additional
Chk1 substrates are under way.

Materials and methods

Yeast strains, media, and growth conditions

Yeast strains used in these studies are listed in Table 1. S.
pombe strains were transformed using the LiAc transformation
procedure as described (Moreno et al. 1991). S. pombe strains
were grown in pombe minimal (PM) medium with the appro-
priate supplements at 75 µg/ml in the presence or absence of 20
µM thiamine or in rich yeast extract (YE) medium as indicated.
Standard recipes were used for YE (Moreno et al. 1991), and
minimal medium was prepared using Edinburgh minimal me-
dium (EMM) from Bio-101 according to the manufacturer’s in-
structions. Cells were grown at 30°C. Strains were constructed
by random spore analysis. The identity of the chk1::ura4
cds1::ura4 double mutant was confirmed by comparing the abil-
ity of the cells to arrest in the presence of hydroxyurea (HU)

Figure 8. Model of the DNA-damage checkpoint pathway. In
response to DNA damage, Chk1 becomes phosphorylated in a
manner that is dependent on the activity of Rad3 and other
checkpoint Rad proteins. The association of Chk1 with 14-3-3
proteins is stimulated by phosphorylation of Chk1. Phosphory-
lated Chk1 communicates with target proteins to propagate the
signal for arrest. Wee1 and Cdc25 have been suggested as po-
tential in vivo targets of Chk1; however, it is likely that other
targets exist as well (see text for discussion).

Table 1. Yeast strains

Strain Genotype

NW158 h+, chkl<ura4, ura4–D18, leu1–32, ade6–216
NW223 h+, chkl:ep, leu1–32, ade6–216
NW238 h+, chkl:ep, rad1–1, leu1–32, ade6–216
NW247 h+, chkl:ep, rad9<ura4, ura4–D18, leu1–32,

ade6–216
NW248 h+, chkl:ep, rad13<ura4, ura4–D18, leu1–32,

ade6–216
NW249 h+, chkl:ep, rad17<ura4, ura4–D18, leu1–32,

ade6–216
NW250 h+, chkl:ep, rad24<ura4, ura4–D18, leu1–32,

ade6–216
NW251 h+, chkl:ep, rad26<ura4, ura4–D18, leu1–32,

ade6–216
NW278 h+, chkl:ep, rad25<ura4, ura4–D18, leu1–32,

ade6–216
NW291 h+, chkl<ura4, ura4–D18, leu1–32,

cdc25(HA)3

NW296 h+, rad24<ura4, ura4–D18, leu1–32,
cdc25(HA)3

NW300 h+, rad25<ura4, ura4–D18, leu1–32,
cdc25(HA)3

NW307
NW324
NW373

h+, chklK38A:ep, leu1–32, ade–216
chk1:ep, rad3T.80, leu1–32, ade6–216
chk1<ura4, cds1<ura4, ura4–D18, leu1–32,

ade6–216, cdc25(HA)3

BN71 h+, cdc25(HA)3, ura4–D18, leu1–32, ade6–216
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relative to either single mutant. After 4 hr in the presence of 12
mM HU, the septation index of either single mutant was <5%
whereas the double mutant was 68%.

Two-hybrid screen

Plasmids, strains, and the S. pombe cDNA library for the two-
hybrid screen were generously provided by Dr. Stephen J.
Elledge (Baylor College of Medicine, Houston, TX). Chk1 was
cloned into the pAS1–CYH2 vector using an NdeI site engi-
neered at the initiation codon of Chk1 (see below) and by filling
in an XhoI site at the 38 end of the cDNA. This fragment was
cloned into the vector cut with NdeI and SmaI to generate pAS–
Chk1. The reporter strain Y190 was used for the two-hybrid
screen (Bai and Elledge 1997). Transformation of Y190 with
pAS–Chk1 did not produce His+ colonies. Cotransformation of
Y190 with pAS–Chk1 and the S. pombe cDNA library in the
pACT vector gave rise to 77 colonies that could grown in the
absence of histidine and the presence of 3-aminotriazole (3-AT)
at 25 mM. These colonies were assayed for the production of
b-galactosidase on nitrocellulose filters as described (Bai and
Elledge 1997). False positives were eliminated by crossing Y190
strains that had been forced to lose the pAS–Chk1 plasmid but
retained the pACT–library plasmids to Y187 tester strains car-
rying GAL4 DNA-binding domain fusion protein vectors that
expressed lamin, p53, SNF1, and CDK2. After retesting, nine
positive clones were identified. Of these, one encodes Rad25,
three encode a putative 40S ribosomal subunit protein, one en-
codes a DEAD-box protein (Dep1) to be described elsewhere
(H.-Y. Liu and N.C. Walworth, in prep.), one encodes a putative
homolog of ATP citrate–lyase, and three others encode novel
proteins. The cDNA for Rad24 was amplified by PCR from the
pACT cDNA library using the oligonucleotides listed below and
cloned into the pACT vector. Interaction with Chk1 was tested
by cotransforming pAS–Chk1 (or truncation mutants, described
below) and pACT–Rad24 into Y190 and testing for His protot-
rophy and b-galactosidase production.

PCR and construction of plasmids for two-hybrid assays

Amplification of DNA fragments by PCR was done with Vent
DNA polymerase (New England Biolabs) according to the manu-
facturer’s instructions.

An NdeI site was introduced into the chk1 cDNA at the start
codon to facilitate cloning into the two-hybrid bait vector
(pAS1–CYH2). A fragment of the 58 end of chk1 was amplified
using an oligonucleotide that introduced an NdeI site at the
initiation codon. The oligonucleotide for the 58 end was
58CCCTTTACACCAACATATGGCTCA. The NdeI site is un-
derlined. The oligonucleotide for the 38 end was 58GTCA-
TAAAGCTTATCTATAATGG, which includes base changes
that would mutagenize chk1 to include a HindIII site. However,
this change is not relevant to the experiments described here.
Following amplification and purification, the fragment was di-
gested with NdeI and AatII for cloning back into the chk1
cDNA in pBluescript to create pBS/Chk1–NdeI. The chk1 se-
quence includes an NdeI site 47 base pairs upstream from the
ATG. Thus, by digesting the cDNA with NdeI and introducing
the fragment with NdeI at the start site, 47 base pairs of 58

untranslated region are deleted. The fragment was sequenced to
ensure that no other mutations were introduced.

The rad24 cDNA was amplified from the S. pombe cDNA
library in pACT1 using 58CGCACATTTTGGATCCTTTGG-
TAAAA and 58CGGGATCCACAGAGCTATCTATGCGTCG-
CC as primers. BamHI sites are underlined. The fragment was

digested with BamHI and cloned into the BamHI site of pACT2
(Bai and Elledge 1997) and pREP1 (Maundrell 1993).

Oligonucleotides for cloning of truncated Chk1 alleles are
listed below. Fragments of chk1 were amplified by PCR such
that an NdeI site (underlined) was introduced at the 58 end for
fusion in frame with the GAL4 activation domain in pAS1–
CYH2. For the carboxy-terminal truncations, the amplified frag-
ments were digested with AatII (within chk1) and BamHI (en-
gineered in the oligonucleotides, underlined below) and cloned
into pAS–Chk1. Stop codons (bold) were included in the 38 prim-
ers for amplification of the amino-terminal truncations. For the
amino-terminal truncations, the fragment amplified includes
the stop codon and some 38-untranslated region. Fragments
were digested with NdeI (engineered in the oligonucleotides)
and AvrII (a site within the 38 end of Chk1) and cloned into
pAS–Chk1. Primers were amino-terminal 1, 58-CCCTTTA-
CACCAACATATGGCTCA; carboxy-terminal 272, 58-GGC-
GGATCCTTAAAGCCATGGGTGCTGTAC; carboxy-termi-
nal 319, 58CGCGGATCCTTAACCGCTATCGTTTTGAGAT-
GC; amino-terminal 286, 58-TAGTCTATCATATGGCCGA-
TCCTGTAGCATTGGC; amino-terminal 313, 58-GGATT-
ACTCATATGGCATCTCAAAACGATAGC; carboxy-termi-
nal 496, 58-GATATTTGCTCGAGAAAGCG. Primer combina-
tions for the following truncation constructs were pAS–chk1(1–
272) amino-terminal 1 and carboxy-terminal 272; pAS–chk1 (1–
319) amino-terminal 1 and carboxy-terminal 319; pAS–chk1
(286–496) amino-terminal 286 and carboxy-terminal 496; pAS–
chk1 (313–496) amino-terminal 313 and carboxy-terminal 496.

Construction of plasmids for GST fusion proteins

For expression in E. coli, rad24 and rad25 cDNAs were cloned
into the vector pGEX-1 (Smith and Johnson 1988). The BamHI
fragment of rad24 was moved from pREP1/rad24 into pGEX-1
resulting in the incorporation of three additional amino acids
between GST and Rad24. The BamHI fragment of rad25 was
moved from pACT/rad25 into pGEX-1 using the BamHI site in
the polylinker of pACT1 and a BamHI site 38 of the stop codon
in rad25. This construction results in the incorporation of 11
additional amino acids between GST and Rad25.

For expression as GST fusion proteins in S. pombe, Rad24 and
Rad25 were first cloned into pREP1 as BamHI fragments. For
Rad24, the BamHI sites were introduced during amplification
by PCR as described above. For Rad25, the BamHI site in the
polylinker of the pACT vector and a BamHI site 38 of the stop
codon were used for cloning. A PstI–NdeI fragment from
pREP1–KZwis1 (a generous gift of Dr. Paul Russell, Scripps Re-
search Institute, La Jolla, CA) containing the nmt1 promoter
and GST coding sequence was cloned into pREP1/rad24 and
pREP1/rad25 resulting in fusion of GST with either Rad24 or
Rad25. Therefore, included in these constructs downstream of
GST is a thrombin cutting site and a stretch of glycine residues
plus the 3 or 11 additional amino acids encoded by the 58-un-
translated regions of rad24 and rad25, respectively. pREP1/GST
was generated by amplifying GST from pGEX-2T (Smith and
Johnson 1988) using 58CGGGATCCTACATATGTCCCC-
TATACTAGG and 58GCGGATCCTCATTTTGGAGGATG-
GTCG. The BamHI sites are underlined. The carboxy-terminal
oligonucleotide includes an in-frame stop codon. The BamHI
fragment from the amplified product was cloned into pREP1.

Expression of GST-14-3-3 proteins in E. coli
and antibody production

Plasmids were transformed into E. coli strain BL21. Cells were
grown at 37°C and induced to express GST, GST–Rad24, or
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GST–Rad25 by addition of 4 µM IPTG for 2 hr at 37°C. Lysates
were prepared in PBS by sonication followed by centrifugation
at 13,000 rpm in an SS-34 rotor for 10 min. Lysates were loaded
onto a GSH–sepharose (Pharmacia) column, washed with PBS,
and eluted with 50 mM glutathione. GST–Rad24 and GST–
Rad25 were provided to Cocalico Biologicals Inc. (Reamstown,
PA) for the generation of antibodies in rabbits. The anti-Rad24
antibodies are UMDNJ-21 and UMDNJ-55 and the anti-Rad25
antibodies are UMDNJ-18 and UMDNJ-56.

Expression of GST fusion proteins in S. pombe
and camptothecin treatment

Cells were grown in the presence of 20 µM thiamine to repress
the nmt1 promoter until expression was desired. To induce ex-
pression, cells were grown to early log phase, washed with PMA
lacking thiamine, and resuspended in PMA. After 12 hr of in-
duction, CPT was added to 40 µM and incubation continued for
2 hr. CPT lactone was obtained from the Drug Synthesis and
Chemistry Branch, Developmental Therapeutics Program, Di-
vision of Cancer Treatment, National Cancer Institute, Na-
tional Institutes of Health (NIH). CPT was dissolved in DMSO
to 10 mM and aliquots were stored at −20°C.

Preparation of lysates and precipitation
of GST-containing proteins

Cell lysates were prepared based on the method described by
Ansari et al. (1999). After cells were harvested, they were
washed with cold ddH2O once, then again with HMKGD buffer
(10 mM HEPES at pH 7.9, 5 mM MgCl2, 150 mM KCl, 10%
glycerol, 0.5 mM DTT). Cells were resuspended in HMKGD
buffer and frozen in liquid nitrogen. Frozen cells were lysed in
liquid nitrogen by grinding with a pestle and mortar. After
gentle stirring for 30 min at 4°C, lysates were centrifuged at
18,000 rpm in an SS-34 rotor for 30 min. Supernatant from this
spin was then subjected to another 1 hr centrifugation at 37,000
rpm in a Ti70 rotor. The supernatant from the second spin was
used as ‘lysate’ for all experiments. Aliquots of lysate were
stored at −80°C. Chk1, Cdc25, Rad24, Rad25, and GST or GST
fusions all remained soluble in the lysates.

To precipitate GST and GST fusion proteins, 50 µl of gluta-
thione (GSH)–Sepharose was added to 1 ml of lysate containing
1.25 mg of protein. Incubation was carried out at 4°C with con-
tinuous rocking of the tube. GSH–Sepharose was pelleted by
centrifugation at 3000 rpm in a microcentrifuge for 3 min. The
beads were washed four times with 10 ml of HMKGD buffer and
were resuspended in 15 µl of 2× Laemmli sample buffer for
running on SDS-PAGE.

Immunoprecipitation of 14-3-3 proteins and immunoblotting

Lysates were prepared as described above, thawed on ice, and
centrifuged at 14,000 rpm for 5 min in a microcentrifuge. Prior
to the addition of antibody, the lysates were cleared by incuba-
tion with 15 µl of protein A–Sepharose (Pharmacia) for 15 min.
The Sepharose beads were removed by centrifugation. To 1 ml
of cleared lysate containing 10 mg of protein, 150 µl of Rad24 or
Rad25 antibody or preimmune serum was added and incubated
for 1 hr at 4°C. The lysate and antibody mixture was spun for 5
min at 14,000 rpm in a microcentrifuge to remove any protein
aggregates. Protein A–Sepharose was added (50 µl) and incu-
bated for 1 hr at 4°C to precipitate the immune complexes. The
immunoprecipitates were washed four times with 1 ml of
HMKGD buffer by centrifugation at 3000 rpm in a microcen-

trifuge. Precipitates were resuspended in 2× Laemmli sample
buffer and resolved on SDS-PAGE.

For immunoblot analysis, proteins were transferred to nitro-
cellulose (Schleicher & Schuell, BA83). Blocking of the mem-
branes and all antibody incubations and washes were done with
1% milk and 0.05% Tween 20 in PBS. mAb12CA5 was used at
a 1:1000 dilution, and antibodies to Rad24 and Rad25 were used
at a 1:10,000 dilution. Peroxidase-conjugated secondary anti-
bodies were obtained from Boehringer-Mannheim (goat anti-
mouse) and Jackson Immunoresearch (goat anti-rabbit) and used
at 1:2500 and 1:50,000, respectively. Chemiluminescent detec-
tion of the peroxidase-conjugated secondary antibodies was
done with the luminol (Renaissance) detection reagent from
New England Nuclear Life Sciences Products. Filters were ex-
posed to Kodak BioMax film for 2 min to 1 hr.
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