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In fission yeast as well as in higher eukaryotic organisms, entry into mitosis is delayed in cells containing
damaged or unreplicated DNA. This is accomplished in part by maintaining the Cdc25 phosphatase in a
phosphorylated form that binds 14-3-3 proteins. In this study, we generated a mutant of fission yeast Cdc25
that is severely impaired in its ability to bind 14-3-3 proteins. Loss of both the DNA damage and replication
checkpoints was observed in fission yeast cells expressing the 14-3-3 binding mutant. These findings indicate
that 14-3-3 binding to Cdc25 is required for fission yeast cells to arrest their cell cycle in response to DNA
damage and replication blocks. Furthermore, the 14-3-3 binding mutant localized almost exclusively to the
nucleus, unlike wild-type Cdc25, which localized to both the cytoplasm and the nucleus. Nuclear accumulation
of wild-type Cdc25 was observed when fission yeast cells were treated with leptomycin B, indicating that Cdc25
is actively exported from the nucleus. Nuclear exclusion of wild-type Cdc25 was observed upon overproduction
of Rad 24, one of the two fission yeast 14-3-3 proteins, indicating that one function of Rad 24 is to keep Cdc25
out of the nucleus. In support of this conclusion, Rad 24 overproduction did not alter the nuclear location of
the 14-3-3 binding mutant. These results indicate that 14-3-3 binding contributes to the nuclear exclusion of
Cdc25 and that the nuclear exclusion of Cdc25 is required for a normal checkpoint response to both damaged

and unreplicated DNA.

The cell division cycle is a series of temporally regulated
events, with each event being dependent upon the proper ex-
ecution of the preceding event. Checkpoints maintain the or-
der of events in the cell cycle by preventing cell cycle progres-
sion at inappropriate times (18). The DNA replication
checkpoint monitors S-phase completion and prevents mitosis
in its absence, and the G,/M DNA damage checkpoint moni-
tors genome integrity and delays the onset of mitosis when
damage is detected. In most organisms the DNA replication
and damage checkpoints prevent entry into mitosis by main-
taining Cdc2 in its tyrosine-phosphorylated (inhibited) form (4,
21, 50, 51). In higher eukaryotic organisms, the Weel and
Mytl protein kinases negatively regulate mitosis by phosphor-
ylating Cdc2. Weel phosphorylates Cdc2 exclusively on ty-
rosine 15, whereas Mytl is capable of phosphorylating Cdc2 on
both threonine 14 and tyrosine 15 (8, 19, 20, 30, 34, 35, 37, 38,
46, 47, 59). In the fission yeast, Schizosaccharomyces pombe,
the Weel and Mikl1 tyrosine kinases negatively regulate mito-
sis by phosphorylating Cdc2 on Tyr 15 (13, 27, 44, 45). Cdc25
is a universally conserved protein phosphatase that promotes
mitotic entry by dephosphorylating Cdc2 on Tyr 15/Thr 14,
thereby activating Cdc2 (11, 17, 28, 53, 55). A major effort in
cell cycle research has been to elucidate how checkpoint path-
ways interface with the cell cycle machinery to maintain Cdc2
in its inhibited form and hence to prevent entry into mitosis.

In all eukaryotic organisms, phosphoinositide 3-like kinases
contribute an important if not essential checkpoint function. In
fission yeast, the phosphoinositide 3-like kinase SpRad3 is a
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critical component of both the DNA replication and damage
checkpoints. Downstream of SpRad3 are two structurally dis-
tinct protein kinases, SpChkl and SpCdsl (2, 39, 56, 57).
SpChk1 becomes hyperphosphorylated in a Rad3-dependent
manner in response to DNA damage (57), and SpCdsl be-
comes hyperphosphorylated in S-phase in a Rad3-dependent
manner in response to both DNA damage and replication
blocks (29, 32). Phosphorylation increases the intrinsic protein
kinase activity of SpCdsl (29, 32). chkl™ cells fail to arrest
their cell cycle in the presence of DNA damage and subse-
quently die (2, 56), whereas cdsl ™~ cells do arrest their cell cycle
when treated with hydroxyurea (HU) (39). HU is an inhibitor
of ribonucleotide reductase, and cells treated with HU become
depleted for deoxyribonucleotides and arrest DNA synthesis.
The HU arrest in cdsI~ cells is dependent upon chkl ™, which
is normally dispensable in this pathway (6, 29, 62). cdsI ™~ cells
are still sensitive to HU treatment, indicating that Cdsl is
required for recovery from replication blocks, and Chkl is
unable to complement this essential function (39). Mammalian
counterparts of Chkl and Cds1 have recently been reported (5,
9, 14, 33, 52).

Cdc25, Mikl1, and Weel have all been implicated as targets
of the G,/M checkpoint pathways. Mik1 protein levels increase
in a Cdsl-dependent manner when DNA synthesis is inhibited
by HU (6). In addition, loss of Mikl exacerbates the check-
point defect observed in cells expressing a phosphorylation
mutant of Cdc25 that is partially defective in 14-3-3 binding
(62). The SpWeel tyrosine kinase (42) and the SpCdc25 pro-
tein phosphatase (15, 16, 62) are potential substrates of the
SpChk1 protein kinase. In the case of SpCdc25, phosphoryla-
tion by Chkl enables 14-3-3 binding (62). The Xenopus laevis
and human Chk1 protein kinases also phosphorylate Cdc25 on
14-3-3 binding sites (25, 52). Disruption of the interactions
between Cdc25 and 14-3-3 compromises G,/M checkpoints in
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humans (49), in fission yeast (62), and in Xenopus laevis (26).
Studies conducted with several organisms indicate that G,/M
checkpoints operate to maintain Cdc25 in a 14-3-3-bound form
rather than to induce 14-3-3 binding (26, 31, 49, 62). In fission
yeast, 14-3-3 binding keeps Cdc25 out of the nucleus, and the
nuclear exclusion of Cdc25 requires Chk1 function in the pres-
ence of DNA damage (31). Chkl also binds directly to 14-3-3
proteins in response to DNA damage, but the significance of
this interaction awaits further study (10).

In a previous study, we demonstrated that SpCdsl and
SpChk1 phosphorylate Cdc25 on equivalent sites in vitro (62).
Three of the phosphorylation sites were identified as S99,
S$192, S359. Substitution of alanine for each of the three serines
reduced but did not eliminate the binding of 14-3-3 to
SpCdc25. In addition, fission yeast cells induced to express a
triple mutant of Cdc25 containing alanine in place of serine at
each of the three phosphorylation sites were partially impaired
in their ability to arrest cell cycle progression in response to
HU treatment. We concluded that Cdsl and Chkl regulate
Cdc25/14-3-3 interactions as part of the checkpoint response to
replication blocks. However, it was recently reported that fis-
sion yeast cells lacking both Cds1 and Chkl1 still contain Cdc25
bound to 14-3-3 proteins both before and after DNA damage
(10). The authors interpreted their findings to indicate that the
cellular response to DNA damage in fission yeast does not
involve phosphorylation of Cdc25 by Cdsl and Chkl in the
regulation of Cdc25/14-3-3 interactions. Because several pro-
tein kinases have been implicated in regulating Cdc25/14-3-3
interactions, we believed that the best way to address the
importance of 14-3-3/Cdc25 interactions to G,/M checkpoint
control in fission yeast was to generate a mutant of Cdc25 that
no longer bound 14-3-3. In this study, we generated a mutant
of Cdc25 that is severely impaired in its ability to bind to 14-3-3
proteins. We then monitored the ability of fission yeast cells
expressing this mutant to arrest cell cycle progression in the
presence of unreplicated or damaged DNA. In addition, we
monitored the intracellular location of wild-type Cdc25 as well
as phosphorylation site mutants of Cdc25. Results demonstrate
that in fission yeast, the cellular response to DNA damage and
replication blocks does require Cdc25/14-3-3 interactions and
that one function of 14-3-3 binding is to keep Cdc25 out of the
nucleus.

MATERIALS AND METHODS

General procedures and reagents. Growth of yeast strains and plasmid trans-
formations were done by standard methods (36). Recombinant baculoviruses
were generated with the BAC-TO-BAC Baculovirus Expression System (GIBCO
BRL). Glutathione S-transferase (GST)-Cdc25 and mutants were detected with
affinity-purified GST antibody. Rad 24 and insect cell 14-3-3 proteins were
detected with 14-3-3 (K-19) antibodies (Santa Cruz). HA-tagged Rad 24 was
detected with 12CAS5 (Boehringer Mannheim). Bound primary antibodies were
detected with horseradish peroxidase-conjugated anti-mouse or anti-rabbit sec-
ondary antibodies (Cappel) and an enhanced chemiluminescence substrate de-
tection system (Amersham Life Sciences, Inc.). Microcystin was purchased from
Calbiochem. LLnL (N-acetyl-Leu-Leu-norleucinal), leupeptin, aprotinin, phe-
nylmethylsulfonyl fluoride, DAPI (4',6-diamidino-2-phenylindole), HU, glutathi-
one (GSH)-agarose beads, protein A-Sepharose, and Calcofluor were purchased
from Sigma Chemical Co. Methyl methanesulfonate (MMS) was purchased from
Acros.

Yeast strains. All strains are derived from 9724~ and 975h . Full genotypes
are as follows: TE282 (cdc25-22 leul-32 h™), TE938 (cdc25-22 mikl:ura4™
ade6™ leul-32 ura4-D18 h™) (62), and TE236 (leul-32 ura4-DI18 h™) (22).

Plasmids used for bacterial expression studies. The complete coding sequence
of fission yeast Cdc25 (596 amino acids; Swiss-Prot accession no. P06652) was
cloned into pPGEX2TN(EcoNI-Hpal) (62) as an NdeI-Smal fragment to generate
pGEX2TN(Hpal)-Cdc25Sp. PCR was used to generate the deletion and point
mutants described below. All mutations were verified by sequencing.

(i) pGEX2TN(Hpal)-Cdc25(1-184). PCR primers GGAATTCCATATGGA
TTCTCCGCTTTCTTCACTT (Ndel site underlined) and TCCCCCGGGTCA
ACGAAGGTAGGAATCAAAAGA (Smal site underlined) were used to am-
plify nucleotides encoding the first 184 amino acids of Cdc25. The PCR product
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was digested with Ndel and Smal and then subcloned into pGEX2TN(EcoNI-
Hpal).

(ii) pGEX2TN(Hpal)-Cdc25(150-306). PCR primers GGAATTCCATATGA
TTGCTTACAGCTTTAAGCCT (Ndel site underlined) and CTAGTCTAGAT
TAAAATCTTCTAAGTGTAGAGAGGGAATGCATGGCAGTAGGAGA
ATCATT (Xbal site underlined) were used to amplify nucleotides encoding
amino acids 150 to 596 of Cdc25. The PCR product was digested with Ndel and
BglII and subcloned into the Ndel-BglII site of pGEX2TN(Hpal)-Cdc25Sp to
generate  pGEX2TN(Hpal)-Cdc25(150-596). pGEX2TN(Hpal)-Cdc25(150-596)
was digested with HindIII, blunt ended, and recircularized to generate pGEX2TN
(Hpal)-Cdc25(150-306).

(iii) pGEX2TN(Hpal)-Cdc25(315-596). PCR primers CGGATCCCATATG
TTACCCAAGATAAATAAA (Ndel site underlined) and CTAGTCTAGATT
AAAATCTTCTAAGTGTAGAGAGGGAATGCATGGCAGTAGGAGAAT
CATT (Xbal site underlined) were used to amplify nucleotides encoding the
COOH terminus of Cdc25. The PCR product was digested with Ndel and Xbal
and then subcloned into pGEX2TN(Hpal)-Cdc25Sp.

(iv) pGEX2TN(Hpal)-Cdc25(3A). pGEX2TN(Hpal)-Cdc25(3A) encodes Cdc25
with alanines substituted for S99, S192, and S359.

(v) pGEX2TN(Hpal)-Cdc25(9A). pGEX2TN(Hpal)-Cdc25(9A) encodes Cdc25
with alanines substituted for S99, S148, S178, S192, S204, S206, S234, S359, and
T226.

Oligonucleotides used to generate Cdc25 phosphorylation site mutants. Oli-
gonucleotides used to generate Cdc25 phosphorylation site mutants are as fol-
lows (mutations are underlined): S148A (CGTGTTTCCGCCACTATTGCT
TAC and GATAGCAATAGTGGCGGAAACACG), S99A (CGATCTCTTG
CTITGTACTGTAGAA andTTCTACAGTACAAGCAAGAGATCG), S178A
(TCGAGTTCTGCTTTTGATTCC and GGATACAAAAGCAGAACTCGA),
S192A (CTCACGTTCTCGAGCATCAGGCAACGC and GCGTTGCCTGAT
GCTCGAGAACGTGAG), S204A (TTGCGATCCAGAGCGAGTTCCTCA
TAT and ATATGAGGAACTCGCTCTGGATCGCAA), S206A (ATCCAGA
TCGAGTGCCTCATATTCCAT and ATGGAATATGAGGCACTCGATCTG
GAT), S204A and S206A (TCCAGAGCGAGTGCCTCATAT and ATATGA
GGCACTCGCTCTGGA), T226A (CGCCATTTGGCTITATGCCTTA and
TAAGGCATAAGCCAAATGGCG), S234A (CGTACCTGTGCTCAGTCGA
GCAAC and GTTGCTCGACTGAGCACAGGTACG), S359A (TCGTACCCAA
GCCATGTTTCTCAA and TTGAGAAACATGGCTTGGGTACGA), T561A
(ACGAAACGCTGCTTTTATGC and GCATAAAAGCAGCGTTTCGT), and
S567A (CGTACTAAAGCTTATACTTTT and AAAAGTATAAGCTTTAG
TACG).

Plasmids used for fission yeast studies. pREP81-cdc25" was made by sub-
cloning the NdeI-Smal fragment of Cdc25Sp from pGEX2TN(Hpal)-Cdc25Sp
into pREPS81 (a gift of T. Enoch). pREP81-cdc25(34) and pREP81-cdc25(9A4)
were made by replacing the Ndel-Bg/ll fragment of pREP81-cdc25" with the
Ndel-Bglll fragment of pGEX2TN(Hpal)-Cdc25(3A) and pGEX2TN(Hpal)-
Cdc25(9A), respectively. pPREP41x-GFP was made by amplifying the green flu-
orescence protein (GFP) coding sequence from pVT-102U-GFP (54) and clon-
ing the PCR product into the Smal site of pREP41X. pVT-102U-GFP contains
two mutations (F64L and S65T) to enhance the GFP signal, and our PCR
primers were designed to eliminate the Ndel site within the GFP sequence:
5'-end primer (ATGAGTAAAGGAGAAGAACTT), 3'-end primer (GGGAA
GTGACATATGACCTCCACCTTTGTATAGTTCATCCATGCC) (Ndel site
underlined); Ndel 5'-end primer (CTGTTTCATGTGATCTGGGTA), and
Ndel 3’-end primer (TACCCAGATCACATGAAACAG). pREP41x-GFP-WT,
pREP41x-GFP-34, and pREP41x-GFP-94 were made by subcloning the Ndel-
Smal fragments of Cdc25Sp from pGEX2TN(Hpal)-Cdc25Sp, pGEX2TN
(Hpal)-Cdc25(3A), and pGEX2TN(Hpal)-Cdc25(9A), respectively, into
pREP41x-GFP. HA-Rad24 was amplified from pBB131-Rad24 (62) with the
5'-end primer CCATGGCTTACCCATACGATGTTCCAGATTACGCTGCA
GGAATGTCTACTACTTCTCGTGAAGAT (Ncol site underlined) and the
3’-end primer GGAATTCCTATCTATGCGTCGCCTTGG (EcoRI site under-
lined). The PCR product was blunt ended and cloned into the Smal site of
pUCI9 to generate pUC19-HA-Rad24. pUC19-HA-Rad24 was digested with
Ncol and EcoRI, and HA-Rad24 was cloned into pBB131 to generate pBB131-
HA-Rad24. To make pREP2-HA-rad24 and pREP82-HA-rad24, HA-Rad24 was
amplified from pBB131-HA-Rad24 with the 5'-end primer CAGGGAATTCC
ATATGGCTTACCCATACGATGTTCCAGAT (Ndel site underlined) and the
3’-end primer GATCCCCCGGGCTATCTATGCGTCGCCTTGG (Smal site
underlined), and the PCR product was digested with Ndel and Smal and cloned
into pREP2 and pREPS2, respectively. Mutations in the putative nuclear export
sequence (NES) of Rad24 were made by PCR with the following two mutagenic
primers: TCTACTTTAGCCATGCAATTGGCGCGTGAC and GTCACGCG
CCAATTGCATGGCTAAAGTAGA (mutations underlined) to generate
PREP82-HA-rad24(1222A, L226A).

PREP3x-GST-cdc25(WT), pREP3x-GST-cdc25(3A), and pREP3x-GST-cdc25
(9A) were made by subcloning the Hpal-Smal fragments from pGEX2TN
(Hpal)-Cdc25(Sp), pGEX2TN(Hpal)-Cdc25(3A), and pGEX2TN(Hpal)-Cdc25
(9A), respectively, into the Smal site of pREP3X (gift of T. Enoch).

Plasmids used for insect cell expression studies. pPFASTBAC1-GST-Cdc25
(WT) and pFASTBAC1-GST-Cdc25(9A) were made by subcloning the Hpal-
Smal fragment encoding GST-Cdc25Sp and GST-Cdc25(9A) from pGEX2TN
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(Hpal)-Cdc25Sp and pGEX2TN(Hpal)-Cdc25(9A), respectively, into the Stul
site of pPFASTBAC1 (GIBCO BRL).

Identification of residues of Cdc25 phosphorylated by Cdsl in vitro. To iden-
tify phosphorylation sites, full-length and truncated forms (amino acids 1 to 184,
150 to 306, and 315 to 596) of Cdc25Sp were purified from bacteria as GST
fusion proteins. Kinase assays were performed in vitro with purified Cdsl as
described previously (62). Trypsin digestion, reverse-phase high-pressure liquid
chromatography (HPLC), and Edman degradation of selected HPLC fractions
were performed to identify potential phosphorylation sites (49, 62). Alanines
were substituted for potential phosphorylation sites and experiments were re-
peated to confirm the loss or movement of an HPLC fraction.

14-3-3-binding assays. The in vitro binding studies with phosphorylated Cdc25
and recombinant Rad 24 were performed essentially as described previously (62).
Briefly, 1 to 2 pg of GST-Cdc25 was purified from JM109-expressing cells by
using agarose beads, phosphorylated with 50 ng of GST-Cdsl1 at room temper-
ature for 30 min, washed, and then incubated at room temperature for 15 min
with 100 .l of binding buffer containing BL21 lysates with 200 to 600 ng of Rad24
or Rad24(I222A, L226A). GSH beads were washed three times with LiCl buffer
(50 mM Tris [pH 8.0], 0.5 M LiCl). To monitor Cdc25/14-3-3 interactions in
insect cells, S9 cells were infected with recombinant baculovirus encoding GST-
Cdc25-WT or GST-Cdc25-9A. Two days after infection, cells were lysed in
NETN buffer (43) and GST-fusion proteins were purified on GSH-agarose
beads. Precipitates were washed with LiCl buffer and were resolved by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). Coprecipita-
tion of insect cell 14-3-3 proteins was determined by Western blotting. For
binding studies conducted with fission yeast, TE236 was sequentially transformed
with either pREP82-HA-rad24 or pREP82-HA-rad24(1222A, L226A) along with
pREP3x-GST-cdc25(WT), pREP3x-GST-cdc25(34), or pREP3x-GST-cdc25
(94). Cells were grown for ~ 20 h at 30°C in medium lacking thiamine, pelleted,
and washed once with lysis buffer (50 mM Tris [pH 7.4], 1 mM EDTA, 0.2 M
NaCl, 50 mM NaF, 0.1% Nonidet P-40, 10% glycerol, 2 mM dithiothreitol, 1 pM
microcystin, 100 puM LLnL, 20 wM leupeptin, 0.15 U of aprotinin per ml, 2 mM
phenylmethylsulfonyl fluoride). The cells were resuspended in 30 pl of lysis
buffer, 0.6 g of glass beads was added, and the cells were broken by shaking in a
Fast-Prep machine (Bio 101, Inc.). Cell lysates were recovered by two washes
with 0.5 ml of lysis buffer each followed by centrifugation. Supernatants from the
two washes were combined and clarified again by centrifugation. Approximately
80 pg of total cellular protein was reserved for SDS-PAGE, 1 to 2 mg of protein
was incubated with GSH-agarose beads, and 0.5 to 1 mg of protein was immu-
noprecipitated with 12CAS5 antibody prebound to protein A-Sepharose. After
incubation at 4°C for 60 to 80 min, the beads were washed four times with 0.5 ml
of lysis buffer. Proteins were resolved by SDS-PAGE and analyzed by Western
blotting. GST-Cdc25 was detected with GST antibody, and HA-Rad24 was de-
tected with 12CAS.

Checkpoint studies. Yeast cells were grown in Edinburgh minimal medium
(Bio 101, Inc.) with appropriate selections (36). The DNA replication checkpoint
was analyzed as described previously (12, 62). Briefly, TE282 and TE938 trans-
formed with pREP81-cdc25", pREP81-cdc25(34), or pREP81-cdc25(94) were
grown at 30 to 32°C for about 40 h. The cells were diluted to an absorbance at
595 nm of 0.2, and HU was added to a final concentration of 12 mM. For analysis
of cuts, cells were grown in HU for the indicated times and then fixed and stained
with DAPI. At least 100 cells were counted for each data point. To determine the
septation index of control cells or cells treated with MMS (0.1%), the cells were
harvested at the indicated time points, fixed with methanol, and stained with
Calcofluor and DAPI as described previously (12). Septa were detected as bright
lines in cells stained with Calcofluor and DAPI.

Localization of GFP-Cdc25 proteins in fission yeast. TE236 cells containing
pREP41x-GFP, pREP41x-GFP-WT, pREP41x-GFP-34, and pREP41x-GFP-94
alone or in combination with pREP2-HA-rad24 were grown for 16 to 20 h at 30°C
in the absence of thiamine. Living cells were observed and photographed with an
Olympus microscope equipped with a digital camera. In some cases, leptomycin
B was added to a final concentration of 20 ng/ml or MMS was added to a final
concentration of 0.03%. The cells were observed after 1 to 3 h of incubation.

RESULTS

The Cdsl and Chk1 protein kinases phosphorylate Cdc25 on
equivalent sites in vitro to create 14-3-3 binding sites (62).
Serines 99, 192, and 359 were previously identified as three of
the sites phosphorylated by Cdsl and Chkl (62). A triple
mutant of Cdc25, containing alanine in place of serine at each
of the three phosphorylation sites (Cdc25-3A), is impaired in
its ability to bind 14-3-3 proteins relative to wild-type Cdc25.
Furthermore, fission yeast cells expressing Cdc25-3A are par-
tially compromised in their ability to arrest cell cycle progres-
sion in response to replication blocks (62). Fission yeast cells
expressing a single substitution of alanine in place of serine 99
are also partially impaired in their ability to arrest cell cycle

MoL. CELL. BIOL.

progression in response to HU treatment (15). These findings
indicate that 14-3-3 binding to Cdc25 is an important compo-
nent of the DNA replication checkpoint response. We wished
to generate a mutant of Cdc25 that was incapable of binding to
14-3-3 proteins in order to reexamine the role of Cdc25/14-3-3
interactions in the DNA replication checkpoint and to deter-
mine whether Cdc25/14-3-3 interactions are also important in
the DNA damage checkpoint. The approach we took was to
identify all of the sites in Cdc25 that are phosphorylated by
Cdsl in vitro and to substitute alanines for each phosphory-
lated residue. Various mutated forms of Cdc25 were then
generated and tested for their ability to bind to 14-3-3 proteins.
One mutant, denoted Cdc25-9A, was found to be severely
impaired in 14-3-3 binding and was therefore used throughout
this study (see below).

Identification of 12 residues of Cdc25 phosphorylated by
Cdsl in vitro. Kinase assays were performed to identify all of
the residues of Cdc25 that were phosphorylated by Cdsl in
vitro. Cds1 was purified as a GST fusion protein from baculo-
virus-infected insect cells as described previously (62). Cdsl
kinase assays were then performed in vitro in the presence of
bacterially purified Cdc25 (both full length and various subdo-
mains). Radiolabeled Cdc25 was subjected to trypsin proteol-
ysis, and phosphopeptides were analyzed by reverse-phase
HPLC (Fig. 1A). Selected fractions were then subjected to
Edman degradation (see Materials and Methods). Several
phosphorylation sites were identified by this approach. Pro-
teins containing mutations substituting alanine for serine/thre-
onine at identified phosphorylation sites were made, and the
experiments were repeated to confirm the sequencing data.
This approach enabled us to identify nine new phosphorylation
sites in addition to the three identified previously (Fig. 1A and
C). These new sites include S148, S178, S204, S206, T226,
S234, T561, S567, and T569. In this study, we characterized a
mutant of Cdc25 (denoted Cdc25-9A) which contains alanine
in place of either serine or threonine at positions 99, 148, 178,
192, 204, 206, 226, 234, and 359. As seen in Fig. 1B, Cdc25-9A
was poorly phosphorylated by Cdsl in vitro and was defective
in 14-3-3 binding (see below).

Cdc25-9A protein containing nine phosphorylation site mu-
tations is defective in 14-3-3 binding. Three assays were used
to monitor the ability of 14-3-3 proteins to bind to wild-type
and mutant forms of Cdc25. In the first assay, Cds1 was used to
phosphorylate wild-type and mutant forms of Cdc25 in vitro.
Phosphorylated forms of Cdc25 were then incubated with sol-
uble Rad 24 (14-3-3) protein. The binding of 14-3-3 to Cdc25
was monitored by immunoblotting (Fig. 2A). Rad 24 binding is
not detected in the absence of Cdc25 phosphorylation (62). As
reported previously (62), phosphorylation of Cdc25 by Cdsl
facilitated 14-3-3 binding in vitro (lane 1) and mutation of
serines 99, 192, and 359 resulted in reduced 14-3-3 binding
relative to wild-type Cdc25 (lane 2). The Cdc25-9A protein
containing nine phosphorylation site mutations was severely
impaired in its ability to bind 14-3-3 proteins in this assay (lane
3). In a second assay, recombinant baculoviruses encoding
GST-Cdc25 and GST-Cdc25-9A were generated and used to
infect insect cells. Complex formation with endogenous insect
cell 14-3-3 proteins was monitored by immunoblotting (Fig.
2B). As seen in Fig. 2B, a complex between GST-Cdc25 and
14-3-3 could readily be detected in insect cells (lanes 1 and 2).
In contrast, 14-3-3 did not detectably associate with the
Cdc25-9A protein (lanes 3 and 4). In the third assay, Cdc25-
WT, Cdc25-3A, and Cdc25-9A were individually coexpressed
as GST fusion proteins in fission yeast along with HA-tagged
Rad 24 (Fig. 2C). Coprecipitation of Rad 24 with wild-type
Cdc25 was observed by using GSH-agarose to isolate GST-



VoL. 19, 1999

A

15000
Cdc25-WT
10000 -
cpm
5000 -
(1 T T T 4
0 20 40 60 80 100 120 140
Fractions
15000
Cdc25-9A
10000 |
cpm
5000
» &
$ S
& fé (f
0 . A‘ Lo ’J_L

0 20 40 60 80 100 120 140

Fractions

C
$99: RSLSCTV
S148: RVSSTIA
S178: RSSLSSSSFDS
$192: RSRSSGN
S204, S206: RSRSSSSYS
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S§359: RRTQSMFL
T561: RNATFMR
S567, T569: RTKSYTFGQ

Consensus 14-3-3 binding sequence: RSXSXP

FIG. 1. Identification of 12 residues of Cdc25 phosphorylated by Cdsl in
vitro. (A and B) Cdc25-WT and Cdc25-9A were purified as GST fusion proteins,
and kinase assays were performed in vitro in the presence of the Cdsl protein
kinase. Radiolabeled GST-Cdc25-WT (A) and GST-Cdc25-9A (B) were digested
with trypsin, and the tryptic peptides were resolved by reverse-phase HPLC.
Column fractions were collected and monitored for the presence of radioactivity.
Identified residues are shown above the fraction in which they elute. Peptides
containing phosphorylated S234 and S567/T569 elute in more than one fraction.
(C) Phosphorylation sites (bold and italics) and neighboring residues. The con-
sensus sequence for 14-3-3 binding as defined by Muslin et al. (40) is indicated.

Cdc25-WT followed by immunoblotting with antibody specific
for the HA tag (lane 4). Significantly less Rad 24 was observed
to coprecipitate with Cdc25-3A (lane 5), and interactions be-
tween Cdc25-9A and Rad 24 were not observed in this assay
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FIG. 2. Association between Cdc25 and 14-3-3 proteins in vitro and in vivo.
(A) Cdc25-WT (lane 1), Cdc25-3A (lane 2), and Cdc25-9A (lane 3) were purified
as GST fusion proteins, and kinase assays were performed in vitro in the pres-
ence of the Cdsl protein kinase. Binding assays were then performed in the
presence of purified Rad 24, and the reaction products were subjected to SDS-
PAGE. Association of Rad 24 with Cdc25 was monitored by immunoblotting for
Cdc25 (top) and Rad 24 (bottom). (B) Lysates were prepared from Sf9 insect
cells infected with recombinant baculovirus encoding either GST-Cdc25-WT
(WT; lanes 1 and 2) or GST-Cdc25-9A (lanes 3 and 4). GSH-agarose was used
to precipitate the Cdc25 protein from either 400 pg (lanes 1 and 3) or 600 pg
(lanes 2 and 4) of total cellular lysate. Precipitates were resolved by SDS-
PAGE and immunoblotted for Cdc25 (top) and endogenous insect cell 14-3-3
proteins (bottom). (C) TE236 cells (leul-32 ura4-D18 h™) cotransformed with
pREP82-HA-rad24 and pREP3x-GST-cdc25(WT), pREP3x-GST-cdc25(34), or
pREP3x-GST-cdc25(94) were grown in thiamine-free medium for ~20 h. Ly-
sates were prepared and analyzed directly by SDS-PAGE (lanes 1 to 3) or were
incubated with GSH-agarose beads (lanes 4 to 6) prior to SDS-PAGE. Copre-
cipitation of Cdc25 with Rad 24 was analyzed by Western blotting. Lanes 1 to 3
represent 5% of the input lysate used in the precipitation assays. The experi-
ments were all performed at least three times.

<«+— HA-Rad24

(lane 6). We analyzed several combinations of mutations in
SpCdc25 and never found a single mutation that completely
eliminated 14-3-3 binding (unpublished result). This indicates
that fission yeast Cdc25 has more than one 14-3-3 binding site,
but how many of the nine residues mutated in Cdc25-9A ac-
tually contribute to 14-3-3 binding is not known.

DNA replication and damage checkpoints are defective in
fission yeast cells expressing Cdc25-9A. To investigate the role
of phosphorylation on 14-3-3 binding sites in the DNA repli-
cation checkpoint, wild-type cdc25™", a cdc25 mutant contain-
ing alanine substitutions at positions 99, 192, and 359 (cdc25-
3A4), and a cdc25 mutant containing alanine substitutions at
positions 99, 148, 178, 192, 204, 206, 226, 234, and 359 (cdc25-
94) were introduced into TE282, a fission yeast strain bearing
a temperature-sensitive allele of cdc25. Expression of the ex-
ogenous wild-type and mutant cdc25 was controlled by a weak-
ened nmt1™ promoter on the REP81-based vector (3). cdc25™,
cdc25-34, and cdc25-94 were expressed to similar levels and
fully rescued the cell cycle arrest of cdc25-22 at the restrictive
temperature, as indicated by the absence of elongated cells
(data not shown). Neither cdc25", cdc25-34, nor cdc25-9A4
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FIG. 3. Mutation of canonical 14-3-3 binding sites disrupts the checkpoint response to unreplicated DNA. (A and B) cdc25-22 (TE282) (A) and cdc25-22 mikl~
(TE938) (B) cells were transformed with pREP81-cdc25" (WT), pREP81-cdc25(34) (3A), or pREP81-cdc25(94) (9A). Cells were treated with HU and analyzed as
described previously (62). At the indicated times, cells were fixed and stained with DAPI and the percentage of cut cells was determined by counting at least 100 cells.
Five to seven independent transformants were assayed for each data point. (C and D) Photographs of HU-treated cdc25* mikl~ cells (C) and cdc25-9A4 mikl~ cells

(D) at 6 h. Bar, 10 pm.

significantly advanced mitosis as judged by the absence of
“wee” cells in the cultures, indicating that Cdc25 and the mu-
tant proteins were not overexpressed to a level that perturbed
mitotic timing (data not shown).

To test the integrity of the checkpoint response to unrepli-
cated DNA, cach strain was incubated in HU and the forma-
tion of cuts was monitored (Fig. 3). Cuts are indicative of cells
undergoing cytokinesis without nuclear division and are scored
by counting cells with a single nucleus located to one side of
the division plate or cells with nuclei bisected by the division
plate (Fig. 3D). As reported previously (62), cells expressing
wild-type Cdc25 had an intact checkpoint response whereas
cells expressing Cdc25-3A had a partially compromised check-
point response (Fig. 3A). Interestingly, cells expressing
Cdc25-9A showed a significant defect in their response to HU,
with 35% of the cells exhibiting a cut phenotype by 8 h (Fig.
3A). To test the contribution of the Mik1 tyrosine kinase to the

checkpoint response, Cdc25, Cdc25-3A, and Cdc25-9A were
each expressed in TE938 (cdc25-22 mikl ). Each strain was
incubated in HU and analyzed for cuts as described above (Fig.
3B to D). Cells expressing wild-type Cdc25 had a largely intact
checkpoint response, as indicated by the presence of elongated
uninucleate cells (Fig. 3C). Cells expressing Cdc25-9A were
severely impaired in their ability to arrest cell cycle progression
in the presence of unreplicated DNA (Fig. 3D), with 75% of
the cells exhibiting cuts by 8 h (Fig. 3B). Cells expressing
Cdc25-3A had a phenotype intermediate between those ob-
served for Cdc25-WT and Cdc25-9A (Fig. 3A and B) (62).
We next examined the integrity of the DNA damage check-
point response in cells expressing either Cdc25-WT or the
Cdc25-9A mutant protein (Fig. 4). When exponentially grow-
ing cultures of cells (TE282 and TE938) expressing Cdc25-WT
were treated with MMS to induce DNA damage, cell cycle
arrest was observed. Arrest was characterized by a rapid drop
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FIG. 4. Mutation of canonical 14-3-3 binding sites disrupts the checkpoint response to damaged DNA. cdc25-22 (TE282) (A and B) and cdc25-22 mikl~ (TE938)
(C and D) cells were transformed with pREP81-cdc25" (WT) or pREP81-cdc25(94) (9A). Cells were either untreated (—MMS) or incubated with 0.1% MMS
(+MMS). At the indicated times, samples were harvested and processed for Calcofluor and DAPI staining. The septation index [(number of septated cells/total number
of cells) X 100] was determined. Three independent transformants were assayed for each data point.

in the septation index in treated cells compared with untreated
cells and simultaneous elongation and accumulation of uninu-
cleate cells (Fig. 4A and C). This was in contrast to cells
expressing Cdc25-9A, where a transient drop in the septation
index was observed 30 min after MMS treatment and was
followed by a rise and stabilization from 60 to 240 min (Fig. 4B
and D). Thus, cells expressing Cdc25-9A continued to divide in
the presence of damaged DNA. Furthermore, cells expressing
Cdc25-9A were more sensitive to killing by MMS than were
cells expressing Cdc25-WT (data not shown).

Intracellular localization of wild-type and phosphorylation
site mutants of Cdc25. It has recently been reported that the
two fission yeast 14-3-3 proteins (Rad 24 and Rad 25) function
to keep Cdc25 out of the nucleus throughout interphase and in
response to checkpoint activation (31). We therefore examined
the subcellular localization of Cdc25-WT and the two phos-

phorylation site mutants (Cdc25-3A and Cdc25-9A) under a
variety of conditions (Fig. 5). Wild-type and mutant Cdc25
proteins tagged with GFP were expressed, and live fission yeast
cells were visualized by microscopy. GFP-Cdc25 and its mu-
tants were able to rescue cdc25-22, demonstrating that the
GFP tag did not affect Cdc25 function (data not shown). GFP
alone was found to be both cytoplasmic and nuclear (Fig. 5A).
GFP-tagged Cdc25-WT also localized to both the cytoplasm
and the nucleus (Fig. 5B). Nuclear accumulation of Cdc25-WT
(Fig. 5F) but not GFP (Fig. SE) was observed upon treatment
of cells with leptomycin B (LMB), an inhibitor of the export
factor exportin 1 (Crm1) (23, 41). This indicates that wild-type
Cdc25 is actively exported from the nucleus in a Crm1-depen-
dent fashion. Overexpression of Rad 24 resulted in the nuclear
exclusion of Cdc25-WT (Fig. 5J), and this effect was reversed
by treatment of cells with LMB (data not shown). GFP local-
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FIG. 5. Localization of Cdc25 and phosphorylation site mutants in fission yeast. TE236 (leul-32 ura4-D18 h™) transformed with pRep41x-GFP or pREP41x-GFP-
cdc25(WT), pREP41x-GFP-cdc25(3A4), or pREP41x-GFP-cdc25(9A4), in the absence (A to H and M) or in the presence (I to L) of pREP2-HA-rad24 were grown in
thiamine-free medium for ~ 20 h. In some cases, cultures were incubated for 1 to 2 h with 20 ng of LMB per ml prior to analysis (E to H). In one case, cells were treated
with 0.03% MMS and photographed 2 h later (M). Live cells were observed by using a conventional fluorescence microscope. Bar, 10 wm.

ization was not altered upon overproduction of Rad 24 (Fig.
5I). These results support a role for 14-3-3 binding in keeping
Cdc25 out of the nucleus. A more pronounced nuclear local-
ization was observed for GFP-Cdc25-3A (Fig. 5C) compared
with wild-type Cdc25, and overproduction of Rad 24 resulted
in an enhanced nuclear exclusion (Fig. 5K). As was observed
for Cdc25-WT LMB treatment resulted in the nuclear accu-
mulation of Cdc25-3A (Fig. 5G). Strikingly, GFP-Cdc25-9A
exhibited preferential nuclear localization (Fig. 5D), and nei-
ther LMB treatment (Fig. 5SH), overproduction of Rad 24 (Fig.
5L), nor MMS treatment (Fig. 5SM) substantially altered the
localization of Cdc25-9A.

Mutations in putative NES of Rad 24 impairs binding to
Cdc25. It has been proposed that Rad 24 contains an NES that
contributes an “attachable” NES to mediate the nuclear export
of Cdc25 (31). The sequence comprising the putative NES
consists of the sequences STLIMQLLRDNLTLW (amino ac-
ids 219 to 233), and this sequence is conserved in Rad 25 as
well as all of the mammalian 14-3-3 homologs. A mutant of
Rad 24 containing alanine in place of isoleucine 222 and
leucine 226 is more nuclear than wild-type Rad 24 and fails to
deplete Cdc25 from the nucleus upon irradiation (31). These
results demonstrate that 1222 and L1226 are required for Rad
24 function. However, the question remains whether these
residues actually comprise an authentic NES, given that this
sequence regulates the interactions between 14-3-3 and its
binding partners. For example, mutations within this region of
14-3-3¢ disrupt the interactions of 14-3-3¢ with Rafl, Cbl and
c-Ber (58). Thus, it is possible that mutation of 1222 and L.226
in Rad 24 actually reduces the affinity of Rad 24 for Cdc25
rather than disrupting an NES function. To test this hypothe-

sis, we generated a mutant of Rad 24 containing alanine in
place of 1222 and L1226 and tested its ability to bind to Cdc25
in vitro (Fig. 6A) and in fission yeast (Fig. 6B). As seen in Fig.
6, Rad 24(1222A, L226A) showed a slight reduction in elec-
trophoretic mobility on SDS gels compared with wild-type Rad
24. More strikingly, Rad 24(I222A, L226A) appeared severely
impaired in its ability to bind to Cdc25 both in vitro and in vivo,
indicating that mutation of residues 1222 and L1226 perturbs
stable interactions between Cdc25 and 14-3-3.

DISCUSSION

In this study, we generated a mutant of SpCdc25 that is
severely impaired in its ability to bind to the fission yeast 14-3-3
proteins (Rad 24 and Rad 25). When expressed in fission yeast,
this mutant Cdc25 protein localized almost exclusively to the
nucleus, in contrast to wild-type Cdc25, which localized to both
the cytoplasm and the nucleus. Inhibition of Crm1-mediated
nuclear export resulted in the nuclear accumulation of wild-
type Cdc25, indicating that wild-type Cdc25 normally shuttles
between the nucleus and the cytoplasm. Overproduction of
Rad 24 caused wild-type Cdc25 to localize exclusively to the
cytoplasm, whereas nuclear localization of the 14-3-3 binding
mutant was not altered upon Rad 24 overproduction. Finally,
cells expressing the 14-3-3 binding mutant exhibited defective
G,/M checkpoint responses. Taken together, these results sug-
gest that 14-3-3 binding regulates the intracellular compart-
mentalization of Cdc25 and establish that 14-3-3 binding to
Cdc25 is required for fission yeast cells to arrest cell cycle
progression if damaged or incompletely replicated DNA is
detected.
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FIG. 6. Rad 24(I1222A, L226A) is impaired in its ability to bind to Cdc25. (A)
GST-Cdc25 was purified on GSH beads, phosphorylated by Cdsl in vitro, and
incubated with ~200 ng of Rad 24 or Rad 24(1222A, L226A). Precipitates were
washed and subjected to SDS-PAGE. Association of Rad 24 with Cdc25 was
monitored by immunoblotting for Cdc25 (top) and Rad 24 (bottom). Lanes: 1
and 2, 50 ng of Rad24 and Rad24(1222A, L226A) as input controls, respectively;
3 and 4, binding of phosphorylated GST-Cdc25 to Rad24 and Rad24(1222A,
L226A), respectively. (B) TE236 cells (lewI-32 ura4-D18 h™) cotransformed with
pREP3x-GST-cdc25(WT) and either pREP82-HA-rad24 (lanes 1 and 3) or
pREP82-HA-rad24(12224, L226A) (lanes 2 and 4) were induced for ~ 20 h.
Lysates were prepared and analyzed directly by SDS-PAGE (lanes 1 and 2) or
were incubated with anti-HA antibody bound to protein A beads (lanes 3 and 4)
prior to SDS-PAGE. Coimmunoprecipitation of Cdc25 with Rad 24 was ana-
lyzed by Western blotting. Lanes 1 and 2 represent 10% of the input lysate used
in the precipitation assays. IgG, immunoglobulin G.

To identify residues in Cdc25 that mediate 14-3-3 binding
upon phosphorylation, we first identified residues in Cdc25
that are phosphorylated by the Cdsl protein kinase in vitro.
We previously demonstrated that both the Cdsl and Chkl
protein kinases phosphorylate Cdc25 in vitro at 14-3-3 binding
sites but identified only three of the sites at that time (62).
Cdsl1 was used in this study because it is more active than Chk1
when overproduced in insect cells. In total, we identified 12
phosphorylation sites and then characterized a mutant of
Cdc25 with 9 of these residues mutated to alanine (denoted
Cdc25-9A) because this mutant was severely impaired in its
ability to bind 14-3-3 proteins. Importantly, Cdc25-9A fully
complemented the cdc25-22 temperature-sensitive allele at the
nonpermissive temperature, demonstrating that the nine mu-
tations do not grossly affect the function of Cdc25. Human and
Xenopus Cdc25C each have a single phosphorylation site that
mediates 14-3-3 binding, and in both cases mutation of this
residue ablates 14-3-3 binding (26, 49). In contrast, fission
yeast Cdc25 has several phosphorylation sites, and it is not
known how many actually contribute to 14-3-3 binding. The
14-3-3 binding sites in human and Xenopus Cdc25C match well
with the consensus 14-3-3 binding sequence (40, 60), while
those in fission yeast Cdc25 match less well (Fig. 1C). Through-
out the course of this study, we analyzed several combinations
of mutations in SpCdc25 and never found a single mutation
that completely eliminated 14-3-3 binding. This indicates that
fission yeast Cdc25 has more than one 14-3-3 binding site.
Given that 14-3-3 is a dimer with the capability of binding two
phosphorylation sites simultaneously (60), it is possible that in
fission yeast, two lower-affinity residues function together to
facilitate high-affinity 14-3-3 binding.

By tagging wild-type and mutant forms of Cdc25 with GFP,
we observed the subcellular localization of Cdc25 in living cells
(Fig. 5). In most cases, GFP-Cdc25 was observed to be evenly
distributed throughout the cell. However, some cells showed
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enhanced nuclear fluorescence while others exhibited a more
pronounced cytoplasmic fluorescence. These results are con-
sistent with those reported by Lopez-Girona et al. (31). Nu-
clear accumulation of Cdc25-WT was observed when cells
were treated with LMB. This indicates that Cdc25 normally
shuttles between the nucleus and the cytoplasm. Cdc25-WT
was excluded from the nucleus upon Rad 24 overproduction,
indicating that Rad 24 binding contributes to the nuclear ex-
clusion of Cdc25. Further evidence in favor of 14-3-3 proteins
regulating the nuclear exclusion of Cdc25 comes from the
analysis of the two Cdc25 mutants. Cdc25-3A and Cdc25-9A
were distinguishable in terms of 14-3-3 binding, nuclear local-
ization, and responses to Rad 24 overproduction. The
Cdc25-9A mutant, which was severely impaired in 14-3-3 bind-
ing, localized to the nucleus, and neither Rad 24 overproduc-
tion nor DNA damage affected its nuclear location. The
Cdc25-3A mutant, which was partially defective in 14-3-3 bind-
ing, showed more nuclear localization than Cdc25-WT but less
than Cdc25-9A did, and, unlike Cdc25-9A, Cdc25-3A was par-
tially excluded from the nucleus upon Rad 24 overproduction.
Given that 14-3-3 is competent to bind Cdc25, the simplest
interpretation of our data is that 14-3-3 binding either reduces
the rate of nuclear import of Cdc25 or enhances its rate of
nuclear export.

Rad 24 reportedly contains an NES, and it has been pro-
posed that Rad 24 contributes an “attachable” NES to mediate
the nuclear export of Cdc25 (31). The sequence comprising the
putative NES consists of the sequence STLIMQLLRDNLT
LW (amino acids 219 to 233). A mutant of Rad 24 containing
alanine in place of isoleucine 222 and leucine 226 [Rad
24(1222A, L226A)] is reported to be more nuclear than wild-
type Rad 24 and to be unable to deplete Cdc25 from the
nucleus upon irradiation (31). We confirmed that Rad
24(1222A, L226A) was more nuclear than wild-type Rad 24
and that overexpression of wild-type Rad 24 but not
Rad24(1222A, L226A) resulted in the nuclear exclusion of
Cdc25 (Fig. 5 and data not shown). Furthermore, cell elonga-
tion was noted upon overexpression of wild-type but not mu-
tant Rad24 (data not shown). These results are consistent with
the NES hypothesis, which states that 14-3-3 contributes an
NES to export Cdc25 from the nucleus. However, we found
that Rad 24(I222A, L226A) was severely impaired in its ability
to bind to Cdc25 both in vitro and in vivo (Fig. 6). Further-
more, fluorescence polarization experiments with a fluoresce-
in-labelled phospho-Raf peptide as ligand demonstrated that
Rad24(1222A, L226A) had a K, at least 30 times higher than
wild-type Rad24 (data not shown). Thus, the phenotypes de-
scribed for the Rad24(1222A, L226A) mutant by Lopez-Gi-
rona et al. (31) could easily be accounted for by the failure of
the Rad 24 mutant to efficiently bind to Cdc25 or possibly to
other target proteins. Interestingly, Xenopus Cdc25 contains its
own NES, and in this case 14-3-3 binding appears to regulate
the rate of nuclear import of Cdc25 as opposed to its nuclear
export (24, 61). Thus, it is possible that 14-3-3 binding perturbs
the nuclear import of fission yeast Cdc25 rather than actually
promoting its nuclear export by providing an attachable NES
or that the same sequence in Rad 24 has dual functions.

Upon completion of DNA synthesis or after recovery from
DNA damage, Cdc25 must accumulate in the nucleus to pro-
mote mitotic entry. This could be accomplished by either re-
duced phosphorylation or enhanced dephosphorylation of
Cdc25 followed by loss of 14-3-3 binding. Differential subcel-
lular localization provides a level of regulation that potentially
explains how phosphorylation of Cdc25 and subsequent 14-3-3
binding function to prevent premature activation of Cdc2 in
response to G,/M checkpoint activation. However, in the ab-
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sence of checkpoint activation, fission yeast cells expressing
Cdc25-9A were indistinguishable from those expressing
Cdc25-WT, even though Cdc25-9A was constitutively nuclear.
Given that fission yeast Cdc2 has been reported to be nuclear
(1, 7), these results indicate that nuclear colocalization of
Cdc25 with Cdc2 is not sufficient to advance cells into mitosis
from S phase during a normal cell cycle. Thus, the importance
of 14-3-3/Cdc25 interactions in coupling S-phase completion to
M-phase entry during a normal cell cycle is unclear due to the
apparent lack of any phenotype in cells expressing Cdc25-9A.

In an earlier study, we demonstrated that reduced 14-3-3
binding to Cdc25 coupled with a deletion in mikl™ partially
compromised the DNA replication checkpoint. Here we show
that a more complete disruption of Cdc25/14-3-3 interactions
coupled with mikl™ deletion results in an almost complete
bypass of the DNA replication checkpoint. We also establish a
role for 14-3-3/Cdc25 interactions in the DNA damage check-
point, since cells expressing the 9A mutant of Cdc25, which is
severely impaired in 14-3-3 binding, do not arrest cell cycle
progression following DNA damage. Thus, in fission yeast,
14-3-3 binding to Cdc25 is required for cell cycle arrest in
response to both DNA damage and replication blocks.

Studies conducted with a wide variety of organisms indicate
that G,/M checkpoints operate to maintain Cdc25 in a 14-3-
3-bound form rather than to induce 14-3-3 binding. In humans,
Cdc25C is bound to 14-3-3 proteins throughout interphase
(49). A similar situation exists in Xenopus (that is, Cdc25 is
stoichiometrically bound to 14-3-3 proteins throughout inter-
phase), and so it is unclear how checkpoints could further
stimulate the binding of 14-3-3 (26). That checkpoints operate
to maintain rather than induce 14-3-3 binding to Cdc25 is also
supported by studies with fission yeast. In fission yeast, activa-
tion of the DNA replication checkpoint with HU did not alter
the phosphorylation state of Cdc25, suggesting that the DNA
replication checkpoint operates to maintain Cdc25 in a phos-
phorylated state to ensure 14-3-3 binding (62). In addition, the
amount of 14-3-3 bound to Cdc25 has not been observed to
change during G,/M checkpoint responses in fission yeast (10,
31).

In humans there are at least three protein kinases that po-
tentially regulate the interactions between Cdc25 and 14-3-3
proteins. These kinases include C-TAK1 (43, 48), Chk1 (5, 52),
and Cds1/Chk2 (5, 9, 33). Elimination of Chkl in either Xeno-
pus or fission yeast does not detectably alter the levels of 14-3-3
bound to Cdc25 (10, 25, 31). A recently published study re-
ported that fission yeast cells lacking both Cds1 and Chk1 still
contain Cdc25 bound to 14-3-3 proteins both before and after
DNA damage (10). The authors interpreted their findings to
indicate that neither Chkl nor Cdsl function is required for
Cdc25/14-3-3 interactions either before or after DNA damage.
Given what we know about the interactions between the hu-
man and fission yeast Cdc25 proteins with 14-3-3, it is perhaps
not unexpected that loss of Cds1 and Chk1 could affect check-
point function without noticeably affecting overall 14-3-3/
Cdc25 interactions. As indicated above, at least three kinases
potentially regulate Cdc25/14-3-3 interactions in humans. C-
TAKI resides in the cytoplasm, whereas Chk1 and Cds1/Chk2
are in the nucleus. Thus, elimination of any two of the kinases,
as was done by Chen et al. (10), would not be expected to
eliminate the interactions between Cdc25 and 14-3-3 in human
cells. Furthermore, the studies of Lopez-Girona et al. (31) and
the findings reported here indicate that the major role of
14-3-3 binding in the case of fission yeast is to keep Cdc25 out
of the nucleus. Thus, elimination of two nuclear checkpoint
kinases (Chkl and Cdsl) could abrogate the checkpoint re-
sponse by allowing Cdc25 to accumulate in the nucleus without
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affecting 14-3-3 binding to the bulk population of Cdc25 re-
maining in the cytoplasm. Furthermore, Lopez-Girona et al.
(31) showed that DNA damage does not cause Cdc25 to be
excluded from the nucleus in the absence of Chkl, indicating
that Chk1 does indeed regulate Cdc25 function in fission yeast.

In summary, our data support the hypothesis that both the
DNA replication and the DNA damage checkpoints use sim-
ilar mechanisms to arrest the cell cycle in fission yeast. The
mechanism involves maintaining Cdc25 in a phosphorylated
form that binds 14-3-3 proteins. 14-3-3 binding keeps Cdc25
out of the nucleus, away from its substrate, either by inhibiting
nuclear import or by indirectly facilitating nuclear export. The
net effect is to prevent Cdc25 from activating Cdc2 and thereby
to delay entry into mitosis. At this time, Cds1 and Chk1 remain
viable candidate kinases for mediating Cdc25/14-3-3 interac-
tions during a G,/M checkpoint response.
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