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Cyclin-dependent kinase 1 (Cdk1) kinase dephosphorylation and
activation by Cdc25 phosphatase are essential for mitotic entry.
Activated Cdk1 phosphorylates Cdc25 and other substrates, fur-
ther activating Cdc25 to form a positive feedback loop that drives
the abrupt G2/mitosis switch. Conversely, mitotic exit requires
Cdk1 inactivation and reversal of Cdk1 substrate phosphorylation.
This dephosphorylation is mediated, in part, by Clp1/Cdc14, a
Cdk1-antagonizing phosphatase, which reverses Cdk1 phosphory-
lation of itself, Cdc25, and other Cdk1 substrates. Thus, Cdc25
phosphoregulation is essential for proper G2–M transition, and
its contributions to cell cycle control have been modeled based on
studies using Xenopus and human cell extracts. Because cell ex-
tract systems only approximate in vivo conditions where proteins
interact within dynamic cellular environments, here, we use Schiz-
osaccharomyces pombe to characterize, both experimentally and
mathematically, the in vivo contributions of Cdk1-mediated phos-
phorylation of Cdc25 to the mitotic transition. Through comprehen-
sive mapping of Cdk1 phosphosites on Cdc25 and characterization
of phosphomutants, we show that Cdc25 hyperphosphorylation
by Cdk1 governs Cdc25 catalytic activation, the precision of mitotic
entry, and unvarying cell length but not Cdc25 localization or
abundance. We propose a mathematical model that explains
Cdc25 regulation by Cdk1 through a distributive and disordered
phosphorylation mechanism that ultrasensitively activates Cdc25.
We also show that Clp1/Cdc14 dephosphorylation of Cdk1 sites on
Cdc25 controls the proper timing of cell division, a mechanism that is
likely due to the double negative feedback loop between Clp1/Cdc14
and Cdc25 that controls the abruptness of the mitotic exit switch.

mitotic bistability | multisite phosphorylation

Cyclin-dependent kinases (CDKs) are key regulators of the
eukaryotic cell cycle. At mitotic entry, the Cdc25 family

phosphatases activate Cdk1-CyclinB complexes by removing in-
hibitory phosphorylations on Cdk1 catalyzed by Wee1 family
kinases. Activated Cdk1-CyclinB phosphorylates its substrates
and drives mitotic entry (1, 2). Cell cycle modeling showed that
a bistable trigger facilitates the switch-like transition between in-
terphase and mitosis (3–5). Bistability ensures that there can only
be two stable steady states for the system (interphase or mitosis);
it predicts a Cdk1 activity threshold for mitotic entry and a lower
activity threshold for mitotic exit, thus giving rise to hysteresis in
the system.
Xenopus laevis and human cell extract studies found that

the bistable mitotic switch is modulated by at least two feedback
loops: the Cdk1-Wee1 double negative feedback loop, in which
Cdk1 and Wee1 inactivate one another by phosphorylation, and
the Cdk1-Cdc25 positive feedback loop, where Cdk1 phosphor-
ylates and activates Cdc25, while Cdc25 dephosphorylates and
further activates Cdk1 (3–7). In addition to a positive or double
negative feedback loop, bistability requires an ultrasensitive re-
sponse of at least one component of a feedback loop (8, 9). It has
been proposed that Cdc25 activation and Wee1 inactivation by
Cdk1 are ultrasensitive in nature; their activity follows sigmoid
signal response curves (rising and decreasing, respectively) as
a function of Cdk1 activity (10, 11). In Xenopus egg extracts,

ultrasensitivity in Wee1 inactivation is attributed to competition
between essential and nonessential Cdk1 phosphosites on Wee1
and between Wee1 and other Cdk1 substrates (6). In addition,
Cdk1 multisite phosphorylation of XCdc25C contributes to its
ultrasensitive activation (7). Although ex vivo and mathematical
models suggest that both Cdk1-Wee1 and Cdk1-Cdc25 feedback
loops contribute to the robustness of the mitotic entry switch,
perturbation of the feedback loops in vivo in cycling cells has yet to
be analyzed.
Mitotic exit and the spindle assembly checkpoint may also

be modulated by a bistable switch (12–14). In Saccharomyces
cerevisiae, Cdc14, a phosphatase that dephosphorylates Cdk1
substrates (15, 16), adds abruptness to the metaphase–anaphase
switch by interacting with Securin, a protein that protects sister
chromatid separation until anaphase onset in an ultrasensitive
positive feedback loop. Cdc14 dephosphorylates Securin to tar-
get it for ubiquitylation and degradation. Degradation of Securin
activates Separase, which also activates Cdc14 (13). Our labora-
tory and other groups found that Clp1, the Schizosaccharomyces
pombe Cdc14 ortholog, dephosphorylates Cdc25 on Cdk1 phos-
phosites, and this dephosphorylation correlates with Cdc25 in-
activation and degradation (17, 18). Because Cdc25 activates Cdk1,
the activity of which inhibits Clp1 activity (19), the interaction
between Clp1 and Cdc25 may form a feedback loop that con-
tributes to the mitotic exit switch in S. pombe.
Here, we use S. pombe to further understand how Cdc25

phosphorylation by Cdk1 contributes to the mitotic entry and
exit switches in cycling cells. Using this in vivo model, we suggest
a mechanism of direct Cdk1 activation and Clp1 inactivation of
Cdc25. Also, we find that the Cdk1-Cdc25 positive feedback loop
is important for the precision of mitotic entry and maintenance
of uniform cell length. Finally, we suggest that the interactions of
Clp1, Cdk1, and Cdc25 create a double negative feedback loop
that significantly contributes to the robustness of mitotic exit,
specifically controlling the timing of cell division.

Results
Characterization of Cdk1- and Clp1-Specific Phosphosites on Cdc25.
To examine how Cdk1 phosphorylation of Cdc25 affects the
mitotic entry and exit switches, we eliminated Cdk1 phosphosites
on Cdc25 by mutating all 13 Ser and Thr in the minimal Cdk1
consensus sites (Ser/Thr-Pro) outside of the Cdc25 catalytic
domain to nonphosphorylable alanines (Cdc25-13A). In vitro,
active recombinant Cdk1-CycB phosphorylated recombinant
maltose binding protein tagged Cdc25 (MBP-Cdc25) but not
MBP-Cdc25-13A (Fig. 1A), indicating that all major in vitro
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Cdk1 sites were abolished in Cdc25-13A. Through tandem af-
finity purification of Cdc25 from prometaphase-arrested cells,
when Cdc25 is maximally phosphorylated (17, 18, 20) followed by
liquid chromatography-tandem mass spectrometry, we identified
phosphorylation on all but two of these Cdk1 consensus sites
(Fig. S1 and Table S1).
We next looked at Cdc25-13A phosphostatus in vivo. Endog-

enously tagged Cdc25-13A-V5 or Cdc25-V5 phosphorylation was
assessed by SDS-PAGE mobility in cells arrested in prometaphase.
Most of the gel shift caused by phosphorylation was eliminated in
Cdc25-13A-V5, consistent with Cdk1 being the major kinase for
Cdc25 in mitosis; however, some remained, suggesting that another
kinase(s) contributes to mitotic Cdc25 phosphorylation (Fig. 1B).
Clp1 reverses Cdk1-dependent phosphorylation on Cdc25 (17,

18). We, therefore, expected that the mobility shift of Cdc25-13A
would not be affected by clp1Δ. Indeed, Cdc25-13A-V5 displayed
the same SDS-PAGE mobility with or without Clp1 (Fig. 1C and
Fig. S2C), indicating that Cdc25-13A is not a Cdk1 substrate
in vivo and that Clp1 is unable to affect the phosphorylation of
Cdc25 caused by another protein kinase(s).

Abolishing Cdk1 Phosphosites on Cdc25 Delays Mitotic Entry. We
next asked if eliminating Cdk1 phosphosites on Cdc25 altered
mitotic entry. S. pombe grows lengthwise during interphase and
stops growing at mitotic entrance, and therefore, cell length at
septation equates to cell length at mitotic entrance (21). The in-
creased septation length of cdc25-13A cells relative to wildtype (WT)
(Fig. 1D) indicated a mitotic entrance delay. In mitotic entrance in
mutants that are already longer than WT (cdc2-L7, cdc13-117,
cdc2-33, cdr1Δ, and cdr2Δ), cdc25-13A-V5 exacerbated their
defects (Fig. 2A). In strains that enter mitosis prematurely
(clp1Δ and wee1Δ), cdc25-13A-V5 delayed their mitotic entry
(Fig. 2A). Thus, direct Cdk1 phosphorylation of Cdc25 is
important for promoting mitotic entry.
If the Cdk1-Cdc25 positive feedback loop affects the precision

of mitotic entrance, then disrupting this loop would be expected to
increase the variation of mitotic entry timing and thus, septation

length within the population. Indeed, cdc25-13A-V5 strains
exhibited a two- to sixfold increase in variation of cell length,
determined by increased standard deviation, compared with
cdc25-V5 cells (Fig. 2A and Fig. S2A). To examine the regulation
of mitotic timing on a single-cell level, we followed individual
cells for two to five divisions by time-lapse microscopy and cal-
culated the difference in septation lengths between mother and
daughter cells. Compared with cdc25+ cells, cdc25-13A cells in
every genetic background had significantly more varied lengths
between generations (Fig. 2B and Fig. S3, representative examples).
The increased spectrum of cdc25-13A cell lengths within a pop-
ulation and between generations shows that the precision of mitotic
entrance is disrupted when Cdk1 cannot phosphorylate Cdc25.

Cdk1 Phosphorylation Does Not Affect Cdc25 Concentration. Cdk1
phosphorylation of Cdc25 could influence Cdc25 activity, Cdc25
abundance, or both. We asked if Cdk1 phosphorylation modulates
Cdc25 abundance by measuring GFP fluorescence of Cdc25-GFP
or Cdc25-13A-GFP cells. Cells in interphase were grouped
according to cell lengths in 2-μm intervals, and mitotic cells, as
judged by spindle pole body (SPB) separation, were separated
into prometaphase and anaphase cells (Fig. 3A).
During interphase, Cdc25-GFP and Cdc25-13A-GFP fluores-

cence increased as a function of cell length. cdc25-GFP cells
reached mitosis at 13.5–15.5 μm with Cdc25-GFP fluorescence at
49.2 ± 4.0 arbitrary units (AUs). At the same length, cdc25-13A-
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Fig. 1. Characterization of Cdc25 phosphomutant. (A) Recombinant MBP-
Cdc25, MBP-Cdc25-13A, or MBP was incubated with active Cdk1-CyclinB
(Cdk1) or kinase-dead Cdk1-CyclinB (Cdk1-KD) in an in vitro kinase assay.
Proteins were separated by SDS-PAGE and visualized by Coomassie blue
(CB; Lower) and autoradiography (Upper). (B and C) Cdc25-V5 was immu-
noprecipitated from the indicated strains arrested in prometaphase, and
immunoprecipitates were treated or not with λ-phosphatase before immu-
noblotting with anti-Cdc25 antibody (Upper). Cdk1 levels from lysates used
for immunoprecipitates are visualized with PSTAIRE antibody (Lower).
(D) Light microscopy images of cdc25+ and cdc25-13A cells. Cell lengths at
septation were measured, and SEM is presented.
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GFP cells compared with cdc25-GFP had no significant differ-
ence in GFP fluorescence (47.0 ± 2.0 AU). However, cdc25-13A
cells did not enter mitosis until they were significantly longer (with
89.4 ± 5.2 AU) (Fig. 3A). These results suggest that more Cdc25-
13A-GFP than Cdc25-GFP is needed to induce mitotic entry.
To pursue this idea further, we used hydroxyurea (HU) to

block cdc25-GFP and cdc25-13A-GFP cells in S phase and moni-
tored Cdc25 abundance and cell length as cells were released back
into the cell cycle. During the S-phase arrest, cdc25-GFP and
cdc25-13A-GFP cells were not significantly different in Cdc25
protein levels, which was assessed by GFP fluorescence, or length
(Fig. 3B). Since HU blocks cells in S phase by activating the
DNA replication checkpoint and cdc25-13A cells arrested upon

HU treatment (Fig. 3B and Fig. S2B), we conclude that Cdc25-
13A remains responsive to checkpoint kinases that phosphory-
late Cdc25 upon DNA damage (22). After release from the HU
block, cdc25-13A-GFP cells septated after cdc25-GFP cells (Fig.
S2B). These results suggest that the delay in mitotic entry in
cdc25-13A cells results from a change in Cdc25-specific activity.
We also measured Cdc25 abundance in late interphase cells

compared with cells in mitosis. There was no significant change
in GFP fluorescence levels between late interphase and mitotic
cdc25-GFP or cdc25-13A-GFP cells (Fig. 3A), suggesting again
that the increased Cdk1 activity at mitotic entry does not affect
Cdc25 abundance. Interestingly, neither cdc25-GFP nor cdc25-
13A-GFP cells had significant changes in GFP fluorescence levels
between metaphase and anaphase (Fig. 3A), suggesting that Clp1
dephosphorylation of Cdc25 after metaphase also does not
mediate Cdc25 degradation. It is worth noting that Cdc25-13A-
GFP localization was indistinguishable from the localization of
Cdc25-GFP at all cell cycle stages.
We also examined the abundance and phosphostatus of Cdc25-

13A and Cdc25 during mitotic progression by immunoblotting.
Cells were arrested in prometaphase, released, and sampled
at intervals. Although the phosphorylation level of Cdc25 and
Cdc25-13A decreased, Cdc25-13A was less phosphorylated ini-
tially and dephosphorylated faster in both clp1+ and clp1Δ strains
(Fig. S2C), suggesting that kinases and phosphatases other than
Cdk1 and Clp1 modulate Cdc25 phosphostatus in mitosis, and
it is possible that kinases/phosphatases responsible for regulating
Cdc25 during checkpoint and stress responses (22) contribute to
this phosphoregulation. Neither Cdc25 nor Cdc25-13A decreased
in abundance as cells exited mitosis, confirming that Cdk1-mediated
phosphorylation is not involved in protecting Cdc25 from deg-
radation (Fig. S2C). Thus, although clp1Δ cells have elevated
Cdc25 levels (17, 18, 20), this finding must be an indirect effect of
Clp1 on another cellular process.

Cdk1 Phosphorylation Activates Cdc25. We next examined if Cdk1
phosphorylation directly enhances Cdc25 activity using a pre-
viously described assay (17, 20). Immunoprecipitated Cdc25 or
Cdc25-13A from prometaphase-arrested cells was tested for its
ability to stimulate inactive Cdk1-Cdc13 in protein lysates derived
from interphase cells. Cdk1 activation was measured using the
exogenous substrate, histone H1. Compared with Cdc25-13A,
Cdc25 stimulated significantly higher histone H1 phosphory-
lation by Cdk1 (Fig. 3 C and D). Thus, we conclude that Cdk1
phosphorylation does not affect Cdc25 abundance but directly
activates Cdc25.

Multisite Phosphorylation of Cdc25 by Cdk1 Contributes to Cdc25
Activity. To examine if there are preferred Cdk1 sites on Cdc25
responsible for its activation, we performed an in vitro Cdk1
kinase assay followed by 2D tryptic peptide mapping and found
one major and multiple other Cdc25 phosphopeptides (Fig. S4A).
By LC-MS/MS analysis, Ser143 was identified as a prominent
phosphosite (Fig. 4 A and B). When S143 was mutated to
nonphosphorylable alanine to produce Cdc25-S143A, the major
phosphopeptide was eliminated from the 2D map (Fig. S4A). We
replaced cdc25+ with cdc25-S143A and found that this mutation
did not significantly change septation length (14.6 ± 0.1 μm)
compared with WT (14.2 ± 0.1 μm) (Fig. 4B and Fig. S4C). This
finding indicated that, although S143 is a favored phosphosite
in vitro, it is not necessary for efficient Cdc25 activation in vivo.
Next, we mutated five sites (cdc25-5A) identified from in vitro
Cdc25 phosphorylation or variations of these sites in clusters of
three mutations (cdc25-3A-1 and cdc25-3A-2) to alanines and
replaced endogenous cdc25+ with these mutants (Fig. 4 A and B
and Fig. S4C). These mutations increased cell length only by
0.9–1.3 μm, showing that loss of these sites is not sufficient to
reduce Cdc25 activity significantly. Mutating five other in vivo
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Fig. 3. Cdk1 phosphorylation regulates Cdc25 activity at mitotic entrance.
(A) Cdc25-GFP or Cdc25-13A-GFP fluorescence was quantified in cells at
various lengths (25–50 cells per group). Cells in different phases of mitosis,
determined by Sid4-RFP–marked SPB positions, are indicated with arrows,
interphase cells are unmarked, and average length and fluorescence in-
tensity of these cell groups were measured separately. SEM is presented as
error bars, and SD is listed. (B) The indicated strains were blocked in S phase
with HU, and cells were visualized by DIC and fluorescence microscopy. Tip
to tip lengths were measured. Cdc25-GFP or Cdc25-13A-GFP fluorescence
was averaged and calculated as a percentage of average WT Cdc25-GFP
intensity. SEM is presented. (C) nda3-KM311, nda3-KM311 cdc25-V5, and
nda3-KM311 cdc25-13A-V5 were blocked at prometaphase, and protein lysates
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body (row 2). The remaining lysates were subjected to immunoprecipitation
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resolved by SDS-PAGE and detected by immunoblotting (row 1). Next, Cdk1-
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activities of Cdc25 and Cdc25-13A in five separate experiments performed
as in C were averaged, and the SEM is presented. P value was determined
using the Student’s t test.
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Cdk1 sites on Cdc25 identified by MS (cdc25-5A-2) (Fig. 4 A
and B, Figs. S1 and S4C, and Table S1) also did not increase
cell length to a large extent (15.5 ± 0.2 μm) (Fig. 4B). Thus,
Cdk1 does not seem to have preferred sites of phosphorylation
for Cdc25 activation.
Cdk1 phosphorylation could activate Cdc25 by a stepwise

mechanism, in which a specific number of phosphorylations is
necessary for full Cdc25 activation or a progressive mechanism,
in which Cdc25 is gradually activated as it becomes more highly
phosphorylated. Furthermore, phosphorylation could occur in an
ordered or disordered manner (8, 11, 23). To differentiate between
these possibilities, we created more Cdc25 mutants, decreasing two
available Cdk1 phosphosites in each subsequent phosphomutant
(cdc25-7A to cdc25-11A) (Fig. S4C) and immunoprecipitated
endogenously V5-tagged Cdc25 proteins. The extent of Cdc25
SDS-PAGE phosphoshift decreased progressively as phosphosites

were eliminated (Fig. S4B). However, the mutation of particular
sites did not seem to preclude phosphorylation at other sites
(Fig. S4B), suggesting that phosphorylation is disordered, al-
though we cannot rule out that a preferred order exists in WT
Cdc25. For these mutants, the change in cell length between
subsequent phosphomutants was initially small; however, cell
length increased more with additional mutations (Fig. 4B), sug-
gesting gradual Cdc25 activation with an increasing number
of phosphorylations.
Cdc25 phosphorylation may also occur by a distributive mech-

anism, in which each phosphorylation on Cdc25 requires a separate
Cdk1 binding and unbinding event, as modeled in silico (7, 10).
Alternatively, Cdk1 can act as a priming kinase for subsequent
processive phosphorylation by itself (24). Using an in vitro kinase
assay in which the amount of Cdk1 was varied, we found that in-
termediate levels of Cdk1 yielded partially phosphoshifted Cdc25,
indicating the existence of partially phosphorylated Cdc25 isoforms
(Fig. 4C). Because processive phosphorylation would yield small
amounts of fully shifted protein even at low Cdk1 concen-
trations, we conclude that Cdc25 phosphorylation by Cdk1 is
most likely distributive.

Mathematical Model of Cdc25 Activation and Mitotic Entrance. The
contribution of Cdk1 phosphorylation on Cdc25 to the bistability
of the G2/M transition was previously modeled (10). We modi-
fied this model by assuming that Cdk1 phosphorylates Cdc25 in
a cooperative, disordered manner (SI Materials and Methods).
Furthermore, we assumed a linear increase in Cdc25 activity with
increasing Cdk1 phosphorylation, which results in an ultrasensitive
response of Cdc25 to active Cdk1 [referred to as mitosis-promoting
factor (MPF)] (Fig. S5A). These assumptions lead to a bistable
response of MPF to Cdc25 levels, which is shown by S-shaped
curves in Fig. 5A. The S-shaped curve is composed of three
branches: top and bottom branches correspond to stable mitosis
and interphase steady states, respectively, with a middle branch
representing unstable steady states (Fig. 5A, dotted branch).
During interphase, MPF activity rises slowly as Cdc25 concen-
tration increases. When Cdc25 levels reach the end of the lower
branch, the Cdk1-Cdc25-Wee1 feedback loops engage to fully
activate Cdk1 and abruptly switch cells into mitosis (the top
branch on the curve). Once in mitosis, MFP activity is high, and
the system stays in mitosis until the Cdc25 level drops below
a lower threshold than was required for mitotic entry, at which
point the system transitions abruptly to interphase (Fig. 5A). In
this system, there is a threshold level of Cdc25 required to reach
mitosis. Because Cdc25 levels increase as the cell grows, we assume
that this Cdc25 threshold for MPF activation is proportional to size
at mitotic entry. Using this model, we tested mathematically how
decreasing available phosphosites on Cdc25 would alter mitotic
entry. Fig. 5A shows that, as the number of potential phosphosites
decreases, the Cdc25 threshold for MPF activation increases, im-
plying that mitotic entry is delayed and cell size is increased.
This observation fits our experimental data showing increased cell
lengths at septation in Cdc25 phosphomutants (Fig. 4B and Fig.
S5B). The mathematical model also predicts a significant decrease
in both Cdc25 activity and ultrasensitivity as the number of phos-
phosites on Cdc25 is reduced (Fig. S5 A and B).
To see if our model could predict the variation in cell lengths

for cdc25-13A at mitotic entrance (Fig. 2), we generated the size
distribution for 104 cells at mitotic entrance for cdc25+ and cdc25-
13A cells by randomly varying model parameters (SI Materials and
Methods). Indeed, not only is the modeled cdc25-13A average size
larger than WT cells, but importantly, the distribution of sizes
in the mutant is much wider than WT (Fig. 5 B and C). This
prediction could account for part of the experimental variation
that we observed (Fig. 2), and emphasizes the role of the Cdk1-
Cdc25 positive feedback loop in controlling the abruptness of the
mitotic switch.
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Finally, we used our model to explore the contribution of dis-
rupting Cdc25 phosphorylation (Cdc25-13A) in mitotic entrance
mutants (cdc2-L7, cdc2-33, cdc13-117, clp1Δ, cdr1Δ, and cdr2Δ)
(Fig. S5C). The strong consensus between experimental data and
calculated lengths of mitotic entrance mutants (Fig. S5 A–C)
emphasizes the contribution of Cdc25 multisite phosphorylation
in the abruptness of mitotic entrance within the dynamic of
multiple protein interactions.

Cytokinesis Timing Is Controlled by Clp1 Dephosphorylation of Cdc25.
Retention of Cdk1 phosphorylation on Cdc25 in clp1Δ cells
delays Cdk1 inactivation (17). To define which steps of mitotic
exit are altered as a result, we monitored mitotic progression
until septation in clp1+ cdc25-GFP, clp1+ cdc25-13A-GFP, clp1Δ
cdc25-GFP, and clp1Δ cdc25-13A-GFP cells by measuring the
distance between SPBs (marked by Sid4-RFP) as an indication
of spindle length. S. pombe has three phases of spindle dynamics
(23). In phase 1, a 2- to 2.5-μm spindle is formed. In phase 2,
spindle length is maintained while chromosomes align and begin
to separate (metaphase and anaphase A). Phase 3 corresponds
to anaphase B, where the spindle elongates. After phase 3, the
mitotic spindle collapses, and cells divide.
Because Clp1 dephosphorylates Cdc25 during anaphase (17, 18),

we measured the time in and after phase 3 to assess the contri-
bution of Cdc25 dephosphorylation. Phase 3 was significantly
longer in cdc25-13A-GFP cells for both clp1+ and clp1Δ strains
(25.6 ± 1.1 and 24.6 ± 1.2 min, respectively) compared with
cdc25-GFP cells (22.0 ± 1.3 and 21.4 ± 2.2 min, respectively)
(Fig. 6A). This change reflects the longer cell septation length
(19.5 ± 1.0 μm for clp1+ cdc25-13A-GFP and 20.2 ± 0.8 μm
for clp1Δ cdc25-13A-GFP cells) and time required for the spindle

to fully elongate compared with clp1+ cdc25-GFP and clp1Δ
cdc25-GFP cells (14.5 ± 0.4 and 12.9 ± 0.4 μm, respectively). In
clp1Δ cdc25-GFP cells, time from mitotic spindle collapse at the
end of phase 3 to septation was at least 10 min longer compared
with all other strains, which were not significantly different between
one another (Fig. 6A); this finding confirmed that Clp1 de-
phosphorylation of Cdc25 plays an important role in controlling the
time to cell division. Eliminating Cdk1 phosphorylation in cdc25-
13A cells restored normal timing of this cell cycle phase (Fig. 6A).
To probe if Clp1 and Cdc25 are involved in a double negative

feedback loop that contributes to the abruptness of cytokinesis,
we calculated the variation of time from anaphase onset to cell
septation (mitotic exit) in individual cells. If a feedback loop
exists, then removing the ability of Clp1 to dephosphorylate Cdc25
in clp1Δ cells should reduce the synchrony of mitotic exit. Indeed,
we found that clp1Δ cdc25+ cells had a significantly larger range
in mitotic exit times compared with all other strains (Fig. 6B).
Thus, our data indicate that Clp1 and Cdc25 are in a double
negative feedback loop that regulates the precise timing of cy-
tokinesis, and this finding may explain the low but reproducible
rate of cytokinetic failure in clp1Δ cells (25, 26).

Discussion
In this study, we used S. pombe as an in vivo model to explore
the interactions between Cdk1, Clp1, and Cdc25. In vivo systems
provide volume constraint, organelle compartmentalization,
and precise activation of cell cycle checkpoints, variables that
cannot be accounted for in the cell extract systems used thus far
to study bistability in mitotic control. We show in vivo that Cdk1
phosphorylates Cdc25 on at least 11 and probably, 13 sites and
that this multisite disordered phosphorylation activates Cdc25
and is crucial for the precision of the mitotic entrance switch and
as a result, the maintenance of constant cell length and size.
Division lengths and growth rates for undisturbed S. pombe

cells are remarkably invariant (27). However, cdc25-13A cells
have increased division length variance, a mark of a disturbed
mitotic switch. Although size differences in a population could
be caused by subpopulations with distinct but stable mitotic
switches, our single-cell analysis showed that mitotic entry was
less predictable in each cdc25-13A cell irrespective of the mother’s
division length. Thus, we show that, when the Cdk1-Cdc25 positive
feedback loop is removed, it manifests as decreased precision in
mitotic timing. Whether reduced mitotic entry precision in cdc25-
13A cells is caused by a more stochastic but sharp mitotic switch
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or graded Cdk1 activity creating difficulty in executing a specific
function (e.g., SPB separation) remains to be explored.
Our study shows that Cdk1 likely phosphorylates Cdc25 in

a disordered and distributive manner, confirming previous in
silico models postulating that only a distributive multisite phos-
phorylation mechanism can result in ultrasensitivity in protein
phosphorylation (10). Although a preferred Cdk1 phosphoryla-
tion site on huWee1 is important for its degradation at mitosis
(28), whether a specific Cdk1 site on Cdc25 is important to ac-
tivate Cdc25 has not been systematically studied. The relative
ease of genetic manipulation in S. pombe allowed us to study the
effect on mitotic entry by eliminating subsets of Cdk1 sites on
Cdc25. Our data provide no evidence of selective requirements
for individual sites; rather, we propose that all 13 Cdk1 phos-
phosites on Cdc25 contribute equally to mitotic entry by the ul-
trasensitive phosphorylation and subsequent activation of Cdc25.
In all species, Cdc25 proteins have at least 6 and up to 13 pos-

sible Cdk1 phosphosites according to the minimal Cdk1 consensus
sequence, allowing for the possibility of ultrasensitive Cdc25 acti-
vation by multisite phosphorylation. In humans, three Cdc25
isoforms with different numbers of potential Cdk1 phosphosites
contribute to mitotic entrance (29). Thus, different numbers of
available phosphosites combined with varying localization may
provide temporal control in ultrasensitive activation of different
Cdc25 isoforms. Beside multisite phosphorylation, other mecha-
nisms also may contribute to the ultrasensitive responses of Cdc25
to Cdk1, such as competition among Cdk1 substrates and protein
phosphoisoforms for enzyme binding (6, 30) and regulation of
opposing enzymes like Clp1 (31).
We also suggest that there is a double negative feedback loop

between Clp1 and Cdc25 operating at mitotic exit. Our work con-
firms and extends previous work (17) showing that Clp1 dampens
Cdk1 activity by dephosphorylating and inactivating Cdc25. Clp1
facilitates proper contractile ring dynamics and timely cytokinesis

by antagonizing Cdk1 phosphorylations that negatively regulate
the septation initiation network (SIN) and antagonize contractile
ring formation (26, 32–35). Our data show that abrogation of
Clp1-Cdc25 feedback reduces the abruptness of cytokinesis.
Therefore, unlike S. cerevisiae Cdc14, which facilitates the mitotic
exit switch at the metaphase–anaphase transition (13, 14, 36), S.
pombe Clp1 controls the abruptness of the mitotic exit switch
primarily by promoting proper SIN and contractile ring activity.

Materials and Methods
Immunoprecipitations and Immunoblots. Whole-cell lysates were prepared in
supplemented (1 mM PMSF, 1 mM benzamidine) Nonidet P-40 buffer as
described (17). Lysates were immunoprecipitated with anti-V5 antibody for
Cdc25-V5. Immunocomplexes were mixed with SDS sample buffer and boiled
before separation by 8% acrylamide SDS-PAGE. They were visualized by
immunoblot using anti-Cdc25 (gift from Paul Russell, Scripps Research In-
stitute, La Jolla, CA) or anti-Cdk1 (PSTAIRE; Invitrogen) antibodies.

In Vitro Kinase and Cdc25 Activity Assays. Recombinant MBP fusion proteins
were produced and purified from Escherichia coli. Recombinant Cdk1-Cdc13
(Cdk1-CyclinB in S. pombe) was purified from baculovirus-infected insect
cells. In vitro Cdk1 kinase and Cdc25 phosphatase assays were performed as
previously described (17, 20) (SI Materials and Methods).

Microscopy. Details on microscopy settings and analytical methods are in
SI Materials and Methods.

Mathematical Model. Details are in SI Materials and Methods.
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