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ABSTRACT
Wee1 and Cdc25 are conserved regulators of mitosis. Wee1 is a kinase that delays mitosis via inhibitory
phosphorylation of Cdk1, while Cdc25 is a phosphatase that promotes mitosis by removing the inhibitory
phosphorylation. Although Wee1 and Cdc25 are conserved proteins, it has remained unclear whether
their functions and regulation are conserved across diverse species. Here, we analyzed regulation of Wee1
and Cdc25 in fission yeast. Both proteins undergo dramatic cell cycle-dependent changes in
phosphorylation that are dependent upon PP2A associated with the regulatory subunit Pab1. The
mechanisms that control Wee1 and Cdc25 in fission yeast appear to share similarities to those in budding
yeast and vertebrates, which suggests that there may be common mechanisms that control mitotic entry
in all eukaryotic cells.

KEYWORDS
Cdc25; Cell cycle; fission
yeast; PP2APab1; Wee1

Introduction

Mitosis is a conserved feature of all eukaryotic cells. One might
therefore expect the signals that control mitosis to be conserved
as well. Two important conserved regulators of mitosis are the
Wee1 kinase and the Cdc25 phosphatase. Wee1 delays mitosis
by phosphorylating and inhibiting cyclin-dependent kinase 1
(Cdk1), the master controller of mitosis.1 Cdc25 promotes
mitosis by removing the inhibitory phosphorylation.2-5 Pio-
neering work in fission yeast discovered that Wee1 mutants
cause premature passage through mitosis at a reduced cell
size.6,7 This observation led to the idea that Wee1 and Cdc25
function in a cell size checkpoint that delays mitosis until suffi-
cient growth has occurred.8 However, there is no evidence yet
that Wee1 and Cdc25 function in a cell size checkpoint in ver-
tebrate cells. Moreover, it has proven difficult to discover sig-
naling mechanisms that link the activity of Wee1 and Cdc25 to
cell growth or size. A coherent understanding of the function
and regulation of Wee1 and Cdc25 in diverse species has not
yet emerged.

In budding yeast, Wee1 is initially phosphorylated by
mitotic Cdk1, which activates Wee1 to bind and inhibit
Cdk1.9,10 Thus, Cdk1 activates its own inhibitor. Activation of
Wee1 by Cdk1 is opposed by a form of protein phosphatase 2A
associated with the Cdc55 regulatory subunit (PP2ACdc55).10

The opposing activity of PP2ACdc55 is thought to restrain acti-
vation of Wee1, thereby allowing a low level of Cdk1 activity to
accumulate in early mitosis to initiate early mitotic events.
Later in mitosis, Wee1 undergoes additional multi-site phos-
phorylation events that promote inactivation of Wee1. There is
extensive evidence that each of these mechanisms is conserved
in vertebrates.11-15

Like Wee1, Cdc25 also undergoes cell cycle-dependent
changes in phosphorylation. Cdk1 phosphorylates and activates
Cdc25 in a conserved feedback loop that promotes Cdk1 activa-
tion.16-22 An additional layer of control has been observed in
budding yeast.18 In this case, Cdc25 is hyperphosphorylated
early in the cell cycle by an unknown kinase. Cdc25 then
undergoes dephosphorylation during entry into mitosis.
Genetic data suggest that hyperphosphorylation of Cdc25 early
in the cell cycle is inhibitory, and that dephosphorylation is
necessary for full activity. Dephosphorylation of Cdc25 during
entry into mitosis is performed by PP2ACdc55.18,23 Thus far, this
added layer of control has appeared to be an oddity of budding
yeast, although in Xenopus there is evidence for an additional
kinase that phosphorylates Cdc25 in opposition to PP2A.20,24

There is also evidence that human Cdc25C is phosphorylated
on an inhibitory site during interphase by the kinases Chk1
and C-TAK1, which promotes the binding of a 14–3–3
protein.25,26

There is little evidence that the mechanisms that control
Wee1 and Cdc25 in budding yeast and vertebrates are con-
served in fission yeast. For example, fission yeast Wee1 has
not been observed to undergo significant changes in phos-
phorylation during the cell cycle. Similarly, although PP2A
has emerged as a critical regulator of Wee1 and Cdc25 in
budding yeast and vertebrates, there is limited evidence for
a similar role in fission yeast.27,28 A significant problem has
been detecting the low abundance Wee1 protein by western
blot in fission yeast. Here, we have analyzed regulation of
fission yeast Wee1 and Cdc25 using new reagents and
methods that yield improved sensitivity and preservation of
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phosphorylation. The results suggest that key mechanisms
that control Wee1 and Cdc25 are conserved, which raises
the hope that it may yet be possible to discover common
mechanisms that control mitosis and cell size in all eukary-
otic cells.

Results

Wee1 and Cdc25 undergo changes in phosphorylation
during the cell cycle in Schizosaccharomyces pombe.

We used western blotting to analyze changes in the abundance
and phosphorylation of Wee1 and Cdc25 in synchronized cells
progressing through 2 rounds of cell division. Since epitope
tags often disrupt function, we raised polyclonal antibodies
against Wee1 and Cdc25. The antibodies recognized multiple
isoforms of both Wee1 and Cdc25 (Fig. 1A, B). Phosphatase
treatment caused the isoforms to collapse into a single band,
which indicated that they represented phosphorylated forms of
the protein (Fig. 1C).

To obtain a synchronous population of cells, we used cen-
trifugal elutriation to isolate small cells in G2 phase. In addition
to monitoring Wee1 and Cdc25, we used a polyclonal antibody
to detect Cdc13, the fission yeast homolog of cyclin B, and a
phospho-specific antibody to detect Wee1-dependent inhibi-
tory phosphorylation of Cdk1 at tyrosine 15 (Fig. 2A). Cells
were fixed and stained with DAPI and calcofluor to assay
nuclear division and formation of the septum that forms in late
mitosis to complete cell division (Fig. 2B). We focused primar-
ily on events observed during the second cell cycle, since this
cycle is less likely to show perturbations associated with
elutriation.

Cdc13 was detected in cells isolated by elutriation, confirm-
ing that they were in G2 phase (Fig. 2A). Cyclin levels dropped
during anaphase and then reappeared as cells entered the sec-
ond mitosis. For example, in the second cell cycle cyclin levels
dropped at 220 minutes when cells were in anaphase (peak of
binucleate cells) and then reappeared at 240 min just after sep-
tation in early G2 and remained high during G2. Inhibitory
phosphorylation of Cdk1 largely coincided with Cdc13 levels,

which suggested that it could be present on at least a fraction of
Cdk1 throughout much of mitosis (Fig. 2, A and B). Alterna-
tively, it is possible that inhibitory phosphorylation of Cdk1
occurs only during mitotic entry, and the prolonged presence
of inhibitory phosphorylation of Cdk1 is due to imperfect
synchrony.

Multiple forms of Wee1 could be detected during the cell
cycle. A partially phosphorylated form of Wee1 appeared at the
end of G2 and in early mitosis (marked with an asterisk in
Fig. 2A). More extensively hyperphosphorylated forms of
Wee1 appeared as cells progressed through mitosis; we refer to
these forms as hyperphosphorylated Wee1 (marked with 2
asterisks in Fig. 2A). For example, in the second cell cycle,
Wee1 phosphorylation was initiated at the end of G2
(180 minutes) and reached a maximum level at metaphase
(200 minutes), just before Cdc13 degradation in anaphase
(220 minutes). Hyperphosphorylated forms of Wee1 appeared
to precede a decrease in levels of Cdc13 and Cdk1-Y15 phos-
phorylation. A decrease in Wee1 protein levels occurred as cells
progressed through anaphase and septation, which correlated
with the lowest levels of Cdc13 and Cdk1-Y15 phosphorylation
(time points 100–120 and 220–240 min, Fig. 2, A and B). A pre-
vious study observed similar fluctuations in Wee1 protein
levels.29

We also analyzed the behavior of a version of Wee1 tagged
with 3 copies of the HA epitope (Fig. S1). Wee1–3XHA showed
reduced phosphorylation compared with untagged Wee1. For
example, hyperphosphorylated forms of Wee1–3XHA were dif-
ficult to detect, and a higher fraction of Wee1–3XHA appeared
to persist in a dephosphorylated form. Cell cycle-dependent
changes in Wee1 phosphorylation that can be detected via elec-
trophoretic mobility shifts were largely eliminated, although
cell cycle-dependent changes in protein abundance were largely
unaffected. Others have found that Wee1–3XHA suppresses
cell size defects caused by deletion of the genes for Cdr1 or
Cdr2, which are upstream regulators of Wee1 (J. Moseley, per-
sonal communication). Thus, genetic data further suggest that
a 3XHA tag interferes with Wee1 function.

Cdc25 underwent large changes in phosphorylation during
the cell cycle. In the first cell cycle, Cdc25 was

Figure 1. Characterization of polyclonal antibodies that recognize Wee1 and Cdc25. (A) An anti-Cdc25 antibody was used to probe samples from wild type and cdc25D
cdc2–3w cells. (B) An anti-Wee1 antibody was used to probe samples from wild type, wee1–3xHA, and wee1D cells. The HA tag causes a shift in the electrophoretic mobil-
ity of bands corresponding to Wee1. (C) Western blots of log phase Cdc25 and Wee1 with or without treatment with λ-phosphatase. Asterisks indicate background bands
that serve as loading controls.
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hyperphosphorylated in G2 or early mitosis and became
dephosphorylated when cyclin levels were high (Fig. 2A, com-
pare 20 and 40 minute time points). Cdc25 then became hyper-
phosphorylated as cyclin levels began to decline at 80 min and
remained hyperphosphorylated through the peak of septation.
In the second cell cycle, Cdc25 underwent dephosphorylation
as Cdc13 levels increased (Fig. 2A, compare time points 140
and 160 min). At the end of the second mitosis, Cdc25 again
underwent hyperphosphorylation as mitotic cyclin levels
declined. A previous study also observed that Cdc25 undergoes
hyperphosphorylation as mitotic cyclin levels decline.30 How-
ever, in the previous study hyperphosphorylation of Cdc25 did
not persist during interphase, which may be due to the use of
sample preparation methods that did not fully preserve
phosphorylation.

To investigate whether cell cycle dependent changes in
phosphorylation of Cdc25 are dependent upon Cdk1, we
used a mutant version of Cdc25 that lacks all minimal
Cdk1 consensus sites (cdc25–13A). Previous work has
shown that cdc25–13A causes increased cell size, presum-
ably due to a failure in the positive feedback loop the pro-
motes mitotic entry.19 The mutant eliminated
electrophoretic mobility shifts caused by phosphorylation in
asynchronously growing cells (Fig. 3A). It also eliminated
cell cycle-dependent changes in phosphorylation of Cdc25
that can be detected by electrophoretic mobility shifts in
synchronized cells (Fig. 3B and C). Thus, the phosphoryla-
tion of Cdc25 detected under the conditions of these experi-
ments is dependent upon Cdk1 consensus sites. Previous
work found that cdc25–13A becomes phosphorylated during
a prolonged mitotic arrest caused by depolymerization of

microtubules, which suggests that at least one kinase in
addition to Cdk1 can phosphorylate Cdc2519. However, we
did not detect activity of this kinase in synchronized wild
type cells.

Both wild type Cdc25 and cdc25–13A proteins underwent
cell cycle-dependent changes in abundance, with the amount of
Cdc25 decreasing when mitotic cyclin levels are low (Fig. 2A
and Fig. 3B).

Wee1 and Cdc25 are regulated by PP2A

In budding yeast, both Wee1 and Cdc25 are controlled by
PP2ACdc55.10,18,23 PP2ACdc55 opposes the initial partial hyper-
phosphorylation of Wee1 and is also required for dephosphory-
lation of Cdc25 during mitotic entry. Due to these roles,
inactivation of Cdc55 causes constitutive partial phosphoryla-
tion of Wee1, as well as constitutive hyperphosphorylation of
Cdc25. There is also evidence that the Cdc14 phosphatase binds
to Wee1 and controls its phosphorylation.31

The phosphatases that control Wee1 and Cdc25 in budding
yeast have also been implicated in fission yeast, although much
less is known about their roles. For example, PP2A is thought
to control mitotic events and nutrient modulation of cell size in
fission yeast; however, the underlying mechanisms and targets
have remained unknown.27 Pab1, the fission yeast homolog of
the Cdc55 regulatory subunit, causes cell size defects and has
been genetically linked to regulation of Wee1 or Cdc25.27,28,32

Clp1, the fission yeast homolog of Cdc14, causes reduced cell
size and has been implicated in controlling inhibitory phos-
phorylation of Cdk1, although the mechanisms are poorly
understood.33-35

Figure 2. Cell cycle-dependent changes in phosphorylation of Wee1 and Cdc25.
Fission yeast cells were synchronized by centrifugal elutriation and released into
fresh medium at 30�C. The data in panels A and B were generated from the same
time course to allow direct comparison of the timing of cell cycle events. (A) West-
ern blots showing the behavior of Wee1, Cdc25, Cdc13, and Cdk1 inhibitory phos-
phorylation during the cell cycle. A background band was used as a loading
control. A single asterisk is used to mark a partially phosphorylated form of Wee1;
2 asterisks mark more extensively phosphorylated forms referred to in the text as
hyperphosphorylated forms. Inhibitory phosphorylation of Cdk1 was detected
using a phospho-specific antibody. (B) A fluorescence microscopy assay using DAPI
and calcofluor staining was used to determine the percentage of binucleated cells
and cells undergoing septation.

Figure 3. Cell cycle-dependent changes in phosphorylation of Cdc25 are
dependent upon Cdk1 consensus sites. (A) Cdc25 was analyzed by western
blot in asynchronous wild type, cdc25-13A and cdc25D cdc2-3w cells. (B)
Cdc25, Cdc13, and Cdk1 inhibitory phosphorylation were analyzed by western
blot in cdc25–13A cells synchronized by centrifugal elutriation. a-tubulin was
used as a loading control. (C) A fluorescence microscopy assay using DAPI
and calcofluor staining was used to determine the percentage of binucleated
cells and cells undergoing septation.

430 R. LUCENA ET AL.



To explore how PP2A controls mitosis in fission yeast, we
tested whether pab1D cells show defects in phosphorylation of
Wee1 or Cdc25 in cells synchronized by centrifugal elutriation.
pab1D cells had a significantly longer cell cycle: whereas wild
type cells required 120 min to complete the cell cycle (i.e. the
time from the first peak of septation to the second peak),
pab1D cells required 180 min. Wee1 failed to undergo signifi-
cant changes in phosphorylation during the cell cycle in pab1D
cells (Fig. 4). Direct comparison of key time points in wild type
and pab1D cells indicated that pab1D caused Wee1 to remain
in the partially phosphorylated form throughout the cell cycle
(Fig. S2). Similarly, Cdc25 was hyperphosphorylated through-
out the cell cycle and failed to undergo normal dephosphoryla-
tion when mitotic cyclin levels rise (Figs. 4 and S2). Thus,
pab1D largely eliminated cell cycle-dependent changes in phos-
phorylation of Wee1 and Cdc25. Cell cycle-dependent changes
in Wee1 and Cdc25 protein levels appeared to be unaffected by
pab1D.

We also tested the effects of clp1D on phosphorylation of
Wee1 and Cdc25. The cell cycle was 20 min longer in clp1D
cells compared with wild type cells. Cell cycle dependent
changes in Wee1 phosphorylation were reduced, and a signifi-
cant fraction of Wee1 persisted in a dephosphorylated form
(Figs. 5A, B and S2). clp1D caused Cdc25 to persist in a phos-
phorylated form, and it largely eliminated cell cycle dependent
changes in Cdc25 phosphorylation, similar to pab1D. However,
some phosphorylation and dephosphorylation of Cdc25 could
still be detected in clp1D cells. For example, hyperphosphory-
lated forms of Cdc25 could be detected at 40 and 180 min, and
a dephosphorylated form was detected between 120 and
180 min.

To determine whether Pab1 and Clp1 play overlapping
roles in controlling phosphorylation of Wee1 and Cdc25,
we tested pab1D clp1D double mutants to determine if
loss of both phosphatases causes additive effects (Fig. 5C
and D). In pab1D clp1D cells, Wee1 phosphorylation dur-
ing the cell cycle most closely resembled clp1D single

mutants, which suggests that Clp1 is required for hyper-
phosphorylation of Wee1 in pab1D cells. Phosphorylation
of Cdc25 was similar in the single or double mutants, so
there was no evidence for additive effects.

Discussion

Evidence for conserved mechanisms of mitotic control

These observations provide new insight into mechanisms that
control Wee1 and Cdc25. A number of similarities between fis-
sion yeast and budding yeast suggest the existence of conserved
mechanisms. For example, in both yeasts, Wee1 shifts to a par-
tially phosphorylated form in early mitosis and to fully phos-
phorylated forms later in mitosis, followed by destruction
(Fig. 2 and refs. 9, 10, 36-38). Similarly, Cdc25 in both yeasts
undergoes dephosphorylation as mitotic cyclin levels rise
(Fig. 2 and refs. 18, 23). Our analysis also points to a conserved
role for PP2APab1/Cdc55 in coordinately regulating Wee1 and
Cdc25. In both yeasts, inactivation of PP2APab1/Cdc55 causes

Figure 4. PP2APab1 is required for cell-cycle dependent changes in phosphory-
lation of Wee1 and Cdc25. (A) Wee1, Cdc25, Cdc13, and Cdk1 inhibitory phos-
phorylation were analyzed by western blot in pab1D cells synchronized by
centrifugal elutriation, as in Figure 2. A background band was used as a load-
ing control. (B) A fluorescence microscopy assay using DAPI and calcofluor
staining was used to determine the percentage of binucleated cells and cells
undergoing septation.

Figure 5. Inactivation of Clp1 and PP2APab1 does not show additive effects upon
phosphorylation of Wee1 or Cdc25. (A, C) Western blots of Wee1, Cdc25, Cdc13,
and Cdk1 inhibitory phosphorylation during the cell cycle in clp1D and pab1D
clp1D cells synchronized by centrifugal elutriation. A background band was used
as a loading control. (B, D) A fluorescence microscopy assay using DAPI and calco-
fluor was used to determine the percentage of binucleated cells and cells undergo-
ing septation.
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Wee1 to accumulate in a partially phosphorylated form, while
also blocking full hyperphosphorylation (Fig. 2, Fig. 3, Fig. S2
and refs. 10, 23). Similarly, inactivation of PP2APab1/Cdc55 in
both yeasts causes a failure in cell cycle-dependent dephosphor-
ylation of Cdc25 (Fig. 2, Fig. 3, Fig. S2 and refs. 18, 23).

Previous work in vertebrates, budding yeast and fission yeast
suggests that Cdk1 phosphorylates and activates Cdc25 during
mitotic entry in a positive feedback loop that promotes further
Cdk1 activation 16-22 This model for Cdc25 activation suggests
that Cdc25 should undergo Cdk1-dependent hyperphosphory-
lation during mitotic entry and should remain phosphorylated
during mitosis, when Cdc25 must be active to maintain Cdk1
activity. However, we observed that Cdc25 becomes hyperphos-
phorylated only as mitotic cyclin levels decline at the end of the
first mitosis. Cdc25 then remains hyperphosphorylated and
undergoes dephosphorylation as cyclin levels rise during the
second mitosis. Hyperphosphorylation of Cdc25 late in mitosis
as cyclin levels decline was also observed in a previous study.30

These observations are not consistent with simple versions of
the positive feedback model, but do not rule out the model.
One possibility is that phosphorylation of a subset of sites
drives positive feedback, while phosphorylation of another set
of sites plays roles late in mitosis that remain to be discovered.

Dephosphorylation of Cdc25 as cyclin levels rise is also
observed in budding yeast. Moreover, in both budding yeast
and fission yeast, dephosphorylation of Cdc25 during the cell
cycle is dependent upon PP2APab1/Cdc55. An apparent difference
between budding yeast and fission yeast is that dephosphoryla-
tion of Cdc25 as mitotic cyclin levels rise in budding yeast is
thought to occur on sites that are not Cdk1-consensus sites.
Previous work suggested that casein kinase 1 phosphorylates
Cdc25; however, more recent work suggests that the effects of
casein kinase 1 are likely to be indirect (V. Thai and D. Kellogg,
unpublished data). The kinase responsible for hyperphosphory-
lation of budding yeast Cdc25 therefore remains unknown.

Our data here suggest that dephosphorylation of fission
yeast Cdc25 as cyclin levels rise occurs mainly on Cdk1 consen-
sus sites. However, we detect some Cdc25 hyperphosphoryla-
tion and dephosphorylation in clp1D cells. Since Clp1 is
thought to play an important role in dephosphorylation of
Cdk1 sites, this observation suggests the existence of Cdc25
phosphorylation events that are not controlled by Cdk1 or
Clp1. In addition, the cdc25–13A mutant eliminated phosphor-
ylation of Cdc25 that can be detected by an electrophoretic
mobility shift; however, this does not rule out the possibility
that another kinase phosphorylates Cdc25 in a manner that is
dependent upon prior phosphorylation of Cdc25 on Cdk1 con-
sensus sites.

Genetic analysis of Wee1 suggested that it controls mitotic
entry.6,39 However, we found that inhibitory phosphorylation
of Cdk1 could be detected as long as mitotic cyclin was present
(Fig. 2). Since mitotic cyclin destruction is initiated at the
beginning of anaphase,40 this observation suggests that inhibi-
tory phosphorylation is present on a fraction of Cdk1 through
much of mitosis. Inhibitory phosphorylation of Cdk1 during
mitosis is also detected in budding yeast, where it has been
shown to control the duration of metaphase.41 There is also evi-
dence that human Wee1 controls the duration of mitotic events
that occur after mitotic entry, and that Drosophila Wee1

controls the morphology of the mitotic spindle.42,43 Thus, it is
possible that Wee1 carries out conserved functions after mitotic
entry.

Numerous observations suggest that the mechanisms that
control Wee1 and Cdc25 in budding and fission yeast are con-
served in vertebrates. For example, there is evidence in both
yeast and vertebrates that Cdk1 binds and directly phosphory-
lates Wee1, which triggers formation of a Wee1-Cdk1 complex
in which Wee1 inhibits Cdk1.9-13 Moreover, there is evidence
in both yeast and vertebrates that PP2A opposes phosphoryla-
tion of Wee1 by Cdk1.10-12,18,23 The opposing activity of
PP2ACdc55 is thought to set a threshold that limits activation of
Wee1 by Cdk1, thereby allowing a low level of Cdk1 activity to
accumulate in early mitosis.10 Another mechanism that appears
to be shared between yeast and vertebrates is that full hyper-
phosphorylation of Wee1 leads to its inactivation.9,12,13,15

Finally, a kinase other than Cdk1 phosphorylates Cdc25 in
opposition to PP2A in vertebrates, which suggests that the
added layer of Cdc25 control observed in budding yeast may be
conserved in vertebrates.20,24

Wee1 and Cdc25 have been under study for 4 decades, yet a
coherent understanding of their function and regulation across
diverse species has remained elusive. The discovery that a num-
ber of mechanisms that control Wee1 and Cdc25 may be con-
served in fission yeast, budding yeast and vertebrates raises the
hope that it may yet be possible to define a core set of common
signaling mechanisms that control Wee1 and Cdc25 in all
eukaryotic cells, leading to a unified understanding of the sig-
nals that integrate mitotic entry with cell growth.

Materials and methods

Yeast methods and strains

The strains used in this study are listed in Table S1. Cells were
grown at 30�C in standard YES media with supplements (Sun-
rise Science 2011–500). clp1D pab1D strain was made amplify-
ing the pab1D::kanR cassette from JJ1745 using the oligos:
ACTGAGCTTTTGACTCGCCG and TGTATCGATT-
CACGGCATAC. The resulting fragment was transformed into
JJ2068 and positives clones were checked by PCR and G418
resistance.

Production of polyclonal antibodies that recognize Wee1
and Cdc25

Antibodies that recognize Wee1 (anti-SpWee1) and Cdc25
(anti-SpCdc25) were generated by immunizing rabbits with
fusion proteins expressed in bacteria. Plasmids that express
Wee1 and Cdc25 were constructed with the Gateway cloning
system. Briefly, PCR products that encode the first 200 amino
acids of Wee1 or the first 300 amino acids of Cdc25 were
cloned into the entry vector pDONR221 (Wee1 oligos:
GAAAACCTGTACTTCCAGTCCatgagctcttcttctaataccagcag
and GTACAAGAAAGCTGGGTCTCActttcgcagcttctgagcag-
gagt; Cdc25 oligos: GAAAACCTGTACTTCCAGTCCatg-
gattctccgctttcttcactttc and GTACAAGAAAGCTGGGTCTC
Aagaattatcattgcaagcaccaaaatc. Gene-specific sequences are in
lower case). The resulting donor plasmids were used to
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generate plasmids that express proteins fused at their N-termi-
nus to 6XHis or GST, using expression vectors pDEST17
(6XHis) and pDEST15 (GST).

The 6XHis-Cdc25 fusion was expressed in BL21 cells and
purified in the presence of 8M urea using standard procedures,
yielding 4 mg from 4 Ls of bacterial culture. A milligram of the
purified protein was used to immunize a rabbit. Since the yield
of 6XHis-Cdc25 was low, a GST-Cdc25 fusion was purified
using standard procedures, yielding 12 mg from 4 Ls of culture.
The purified GST-Cdc25 fusion was linked to Affigel 10 to gen-
erate an affinity column for purification of antibody.

The 6XHis-Wee1 fusion protein was purified in the presence
of 8M urea using standard procedures, yielding 60 mg from 4
Ls of culture. Some of the purified protein precipitated after
dialysis into 25 mM HEPES, pH 7.6, 150 mM NaCl, 30% glyc-
erol. Therefore, the protein was solubilized with a minimal
amount of sodium dodecyl sulfate (approximately 0.1%) and
coupled to Affigel 15 to generate a column for affinity purifica-
tion of antibody.

Synchronization by centrifugal elutriation

To prepare cells for centrifugal elutriation, 3 L of cells were
grown overnight in YES media at 30�C to an OD595nm of 0.5.
Centrifugal elutriation was performed at 25�C using a Beckman
J6-MI centrifuge equipped with a JE-5.0 rotor. The culture was
pumped into a 40 ml chamber at 35 ml/min at a rotor speed of
2,800 rpm. After the elutriation, small G2 cells at OD595nm 0.25
were released into fresh YES media at 30�C and samples were
taken at 20 min intervals. At each time point, 1.6 ml of culture
were collected for western blotting, and 0.5 ml were collected
and fixed with 70% ethanol for binucleated cells and septation
index.

Western blotting

Samples were collected and processed for western blotting as
described previously.44 Briefly, 1.6ml of cell culture was centrifuged
at 13,000 rpm for 15 s. The supernatant was removed and 250ml of
glass beads were added before freezing in liquid nitrogen. Sample
buffer (65 mM Tris-HCl, pH 6.8, 3% SDS, 10% glycerol, 50 mM
NaF, 100 mM ß-glycerophosphate, 5% 2-mercaptoethanol, 2 mM
phenylmethylsulfonylfluoride [PMSF]) was added and samples
were immediately lysed in a Multibeater-16 (Biospec Products) for
2min. The PMSFwas added from a 100mMstock in 100% ethanol
immediately before addition of sample buffer to the cells. Samples
were centrifuged for 10 s, immediately placed in a boiling water
bath for 5 min, and then centrifuged for 5 min at 13,000 rpm. To
normalize protein levels across the time course, the amount of sam-
ple buffer added to each sample was increased proportionally to the
optical density of the culture, starting with 120 ml in the first
sample.

SDS-PAGE was carried out as described previously.10,45

Briefly, samples were loaded on SDS-PAGE gels containing 9%
acrylamide and 0.14% bisacrylamide (Wee1, Cdc25 and Cdc13)
and 15% acrylamide and 0.086% bisacrylamide for Cdk1-Y15
phosphorylation. The dimensions of the resolving gel were
145£65£1 mm. Gels were run on the constant current setting
at 20 mA per gel until a 58 kD marker was at the bottom of the

gel in the case of Wee1 and Cdc25, and until a 29 kD marker
was at the bottom of the gel in the case of Cdc13 and Cdk1-
Y15 phosphorylation. After transferring to nitrocellulose, blots
were probed overnight on a rocker platform at 4�C with rabbit
anti-Wee1 at 1 mg/ml, rabbit anti-Cdc25 at 3 mg/ml, rabbit
anti-Cdk1 Y15P at a dilution of 1:1,000 (Cell Signaling 9111S),
rabbit anti-Cdc13 at a dilution 1:5,000 (a kind gift from Paul
Nurse) and a-tubulin at a dilution 1:5,000 (Sigma T5168).
Antibodies were diluted in a phosphate buffered saline solution
containing 3% dry milk (1X PBS, 0.25 M NaCl, 0.1% Tween
20) except for anti-Cdk1 Y15, that was diluted in 5% w/v BSA,
1X TBS, 0.1% Tween 20. All blots were probed with an
HRP-conjugated donkey anti-rabbit secondary antibody (GE
Healthcare NA934V) at a dilution of 1:5,000 for 45 min at
room temperature. Secondary antibodies were detected via
chemiluminescence with Advansta ECL reagents.

A minimum of 3 biological replicates were carried out for
each time course, which gave similar results.

Lambda phosphatase treatment

1.6 ml of wildtype cells at optical density of 0.5 were pelleted at
13,000 rpm. The supernatant was removed and 250 ml of glass
beads were added before freezing in liquid nitrogen. Cells in the
pellet were lysed by bead-beating directly into either 300 ml of λ
phosphatase buffer (50 mMHEPES pH 7.5, 100 mMNaCl, 2 mM
DTT, 0.01% Brij 35, 1 mM MnCl2, 2 mM PMSF, New England
Biolabs P0753L) or into 300 ml of phosphatase inhibitor buffer
(50mMHEPES pH 7.5, 100mMNaCl, 2 mMDTT, 0.01% Brij 35,
1 mMMnCl2 2 mM PMSF, 50 mMNaF, 100 mM ß-glycerophos-
phate, 20 mM okadaic acid). Samples were bead-beaten for 1 min
and then transferred to an ice water bath for 1 min and centrifuged
for 1 min at 13,000 rpm. A 20 ul sample of each lysate was taken
and 400 U of λ-phosphatase (New England Bioloabs P0753L) was
added to the sample lysed into λ phosphatase buffer, which was
then incubated at 30�C for 30min. Reactions were stopped by add-
ing 4X SDS-PAGE sample buffer (260 mM Tris-HCl, pH 6.8, 12%
SDS, 40% glycerol, 20% 2-mercaptoethanol) followed by incuba-
tion in a boiling water bath for 5min.

Microscopy

Fixed cells were imaged using a Delta Vision microscope (GE
Healthcare) equippedwith a 60XN.A. 1.40 oil-immersion objective
(Olympus). Cells were stained with DAPI (Sigma D9542) and Cal-
cofluor (Sigma F3543) as described previously 46
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Cdk1 cyclin-dependent kinase 1;
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