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The temporal phosphorylation of cell cycle-related proteins by
cyclin-dependent kinases (Cdks) is critical for the correct order of
cell cycle events. In budding yeast, CDC28 encodes the only Cdk and
its association with various cyclins governs the temporal phos-
phorylation of Cdk substrates. S-phase Cdk substrates are phos-
phorylated earlier than mitotic Cdk substrates, which ensures the
sequential order of DNA synthesis and mitosis. However, it remains
unclear whether Cdk substrates are dephosphorylated in tempo-
rally distinct windows. Cdc14 is a conserved protein phosphatase
responsible for the dephosphorylation of Cdk substrates. In bud-
ding yeast, FEAR (Cdc14 early anaphase release) and MEN (mitotic
exit network) activate phosphatase Cdc14 by promoting its release
from the nucleolus in early and late anaphase, respectively. Here,
we show that the sequential Cdc14 release and the distinct deg-
radation timing of different cyclins provides the molecular basis for
the differential dephosphorylation windows of S-phase and mi-
totic cyclin substrates. Our data also indicate that FEAR-induced
dephosphorylation of S-phase Cdk substrates facilitates anaphase
progression, revealing an extra layer of mitotic regulation.

Cdc14 phosphatase � spindle � Clb5 � Clb2 � anaphase

Among the 6 B-type cyclins in budding yeast, S-phase-
expressed Clb5 is important for DNA synthesis, whereas

mitotic cyclin, Clb2, appears during G2/M phases and plays a key
role in mitosis. The association with different cyclins endows
Cdk1 with substrate specificity, which contributes to the tem-
poral phosphorylation of Cdk substrates. The phosphorylation
efficiency of 150 Cdk substrates by Clb5-Cdk1 and Clb2-Cdk1
was compared using in vitro kinase assay (1). The study indicates
that some Cdk substrates are phosphorylated more efficiently by
Clb5-Cdk1 than by Clb2-Cdk1. Clb2-Cdk1 has been found to
possess higher intrinsic kinase activity, allowing efficient phos-
phorylation of mitotic Cdk1 targets. One fundamental question
that remains unanswered is whether Clb5 and Clb2 substrates are
dephosphorylated with distinct windows.

Structural and kinetic data support a role for phosphatase
Cdc14 in the preferential dephosphorylation of proteins modi-
fied by proline-directed kinases, such as Cdk1 (2). The regulation
of Cdc14 in budding yeast is achieved through its subcellular
localization. During most of the cell cycle, Cdc14 is sequestered
within the nucleolus by associating with a nucleolar protein
Net1/Cfi1 (3, 4). During late anaphase, the activation of the
MEN pathway results in Cdc14 release from the nucleolus, which
inactivates Clb2-Cdk1 (5). Before the activation of the MEN
(mitotic exit network), yeast cells exhibit a brief FEAR (Cdc14
early anaphase release)-dependent release of Cdc14 during early
anaphase (6). FEAR pathway promotes Cdc14 release by inac-
tivating the protein phosphatase 2A (PP2ACdc55), which dephos-
phorylates Net1 and prevents Cdc14 release (7–9). Nevertheless,
the biological significance of the two waves of Cdc14 release
induced by FEAR and MEN remains unclear. Here, we present
evidence indicating that FEAR-induced Cdc14 release during
early anaphase and the degradation of S-phase cyclin Clb5 leads
to the dephosphorylation of Clb5 substrates, which facilitates
chromosome segregation.

Results
S and M Phase Cyclin Substrates Are Dephosphorylated by Cdc14 with
Distinct Time Windows. Sld2 is a Clb5-specific substrate and its
phosphorylation is essential for DNA replication (1, 10). As an
S-phase cyclin substrate, Sld2 phosphorylation is insensitive to
the presence of Swe1, an inhibitory kinase for Clb2-Cdk1 (11,
12). In contrast, the phosphorylation of Pol12, the B subunit of
DNA polymerase �, is blocked in the presence of Swe1, indi-
cating that Pol12 might be a Clb2-Cdk1 substrate (13). Our in
vitro kinase assay further confirmed that Pol12 is a preferred
substrate of Clb2-Cdk1, but not Clb5-Cdk1 [supporting infor-
mation (SI) Fig. S1 A]. Consistently, clb5� strains exhibited
compromised phosphorylation of Sld2, but not Pol12 (Fig. S1B).
In addition, high levels of Sic1, the Cdk1 inhibitor, decreased
Pol2 phosphorylation significantly (Fig. S1C). Therefore, Sld2
and Pol12 were used as the representatives of S and M-phase
cyclin-specific substrates in this study. We first compared the
temporal phosphorylation of Sld2 and Pol12 during cell cycle on
the basis of band shift (10, 14). The phosphorylation of Sld2
occurred earlier than that of Pol12, consistent with the func-
tional windows of Clb5 and Clb2. Interestingly, Sld2 also
exhibited earlier dephosphorylation than Pol12. Sld2 became
dephosphorylated 60 min after G1 release, whereas the de-
phosphorylation of Pol12 occurred at 120 min, demonstrating
the distinct temporal windows for dephosphorylation of dif-
ferent Cdk substrates (Fig. 1A). Because phosphatase Cdc14 is
believed to be responsible for the dephosphorylation of Cdk
substrates (2), the modification of Sld2 and Pol12 was com-
pared in WT and cdc14–1 mutant cells and their dephosphor-
ylation was abolished in cdc14–1 cells incubated at 37°C (Fig.
1B). Altogether, S and M-phase cyclin substrates exhibit
differential temporal windows of dephosphorylation, and the
dephosphorylation depends on Cdc14.

Because Sld2 exhibits earlier dephosphorylation, we reasoned
that other Clb5 substrates might be dephosphorylated earlier as
well. Ase1, Sli15, the other known Clb5-specific substrates (1),
also exhibited earlier dephosphorylation than Pol12, the Clb2
substrate (Fig. S2). Although there is no evidence indicating that
Ask1 is a Clb5-Cdk1 substrate, its phosphorylation during S-
phase suggests that it could be phosphorylated by Clb5-Cdk1
(15). The dephosphorylation of Ask1 also occurred much earlier
than Pol12, suggesting that Clb5 substrates are dephosphory-
lated earlier than Clb2 substrates.

The Different Role of MEN and FEAR in the Dephosphorylation of Sld2
and Pol12. FEAR and MEN promote Cdc14 release during early
and late anaphase, respectively. Because Cdc14 dephosphory-
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lates Cdk substrates, we reasoned that cells lacking FEAR and
MEN pathways should show defective dephosphorylation of Cdk
substrates. Therefore, the dephosphorylation kinetics of Sld2
and Pol12 were first examined in cdc15–2 mutants, wherein the
MEN is inactive when grown at 37°C (16). As shown in Fig. 1B,
Sld2 and Pol12 became dephosphorylated after their phosphor-
ylation in synchronized WT cells incubated at 37°C, but the
dephosphorylation of Pol12 was totally blocked in cdc15–2
mutant. In contrast, Sld2 could still be dephosphorylated in
cdc15–2 cells, even though the dephosphorylation was incom-
plete (Fig. 2A). As FEAR induces a brief Cdc14 release in
cdc15–2 mutant cells (6), active FEAR might be responsible for
Sld2 dephosphorylation. To test this idea, we examined Sld2
dephosphorylation in cells lacking both FEAR and MEN. Strik-
ingly, deletion of either SLK19 or SPO12, which encode FEAR
components (6), abolished Sld2 dephosphorylation completely
in cdc15–2-arrested cells (Fig. 2B). Because Ask1 and Sli15 are
likely Clb5 substrates, their dephosphorylation was also com-
pared in cdc15–2 and cdc15–2 slk19� mutants. Like Sld2, Ask1
and Sli15 could be dephosphorylated in cdc15–2-arrested cells
and deletion of SLK19 abolished the dephosphorylation (Fig.
S3), indicating that FEAR-induced Cdc14 release promotes the
dephosphorylation of Clb5 substrates but not those of Clb2. We
therefore conclude that FEAR and MEN-induced sequential
Cdc14 release contributes to the differential temporal dephos-
phorylation of S and M-phase Cdk substrates.

FEAR Mutants Are More Sensitive to High Levels of Clb5 Protein. If the
function of FEAR is to promote the dephosphorylation of Clb5
substrates, then FEAR may function as a Clb5-Cdk1 terminator.
Therefore, high levels of Clb5 protein might be toxic to FEAR
mutants. Indeed, slk19� or spo12� FEAR mutant cells contain-
ing PGAL-CLB5 plasmids grew poorly on galactose plate when
Clb5 was overproduced (Fig. 3A). Overexpression of CLB2 also
showed toxicity to FEAR mutants, presumably due to the mitotic
exit defects (6). However, overexpression of CLB5 and CLB2
exhibited different toxicity toward MEN mutants. Overexpres-
sion of CLB2 caused lethality in MEN mutant strains mob1–77
and cdc15–2, because the function of MEN pathway is to
inactivate Clb2-Cdk1. In contrast, CLB5 overexpression showed
much less or no toxicity to mob1–77 and cdc15–2 mutant cells
(Fig. 3A), suggesting that FEAR mutant cells are more sensitive
to CLB5 overexpression than MEN mutants cells.

To address why Clb5 and Clb2 are toxic to FEAR mutants, we
compared the cell cycle progression of WT and FEAR mutant
cells overexpressing CLB2 or CLB5. High levels of either Clb2
or Clb5 in WT cells led to the accumulation of large budded cells
and deletion of SLK19 exaggerated the phenotype. The DAPI
staining revealed that CLB2 overexpression increased the pop-
ulation of large budded cells with divided nuclei. In contrast,
CLB5 overexpression led to the increase of large budded with an
undivided nucleus in both WT and alk19� cells (Fig. 3B). spo12�
mutants responded to the overexpression of CLB5 or CLB2 in a
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Fig. 1. Cdk1 substrates exhibit differential temporal dephosphorylation. (A)
Cell cycle-regulated phosphorylation and dephosphorylation of Pol12 and
Sld2. Cells with indicated genotypes were synchronized in G1 phase with
�-factor and then released into YPD medium at 30°C. Cells were collected
every 20 min to prepare protein samples. The protein phosphorylation was
determined after Western blotting with anti-myc antibody on the basis of
band shift. (B) The dephosphorylation of Sld2 and Pol12 depends on Cdc14.
G1-synchronized cells with indicated genotype were released into YPD at 37°C.
The phosphorylation of Sld2 and Pol12 was determined as described in A.
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Fig. 2. The dephosphorylation of Clb5 and Clb2 substrates in MEN and FEAR
mutants. (A) The dephosphorylation of Sld2 and Pol12 in cdc15–2 mutants.
G1-arrested cdc15–2 SLD2-myc and cdc15–2 POL12-myc cells were released
into YPD medium and incubated at 37°C. Cells were collected at 20 min
intervals for the preparation of protein samples. Budding index and the
immunoblots of Sld2 and Pol12 are shown. (B) The dephosphorylation of Sld2
in cdc15–2 mutant cells depends on FEAR. G1-synchronized cdc15–2, cdc15–2
slk19�, and cdc15–2 spo12� mutants with myc-tagged Sld2 were released into
YPD medium at 37°C. Cells were harvested every 20 min for the preparation of
protein samples. The phosphorylation of Sld2 was examined after Western
blotting.
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similar manner as slk19� did (data not shown). Therefore, high
levels of Clb5 and Clb2 are toxic to FEAR mutants for distinct
mechanisms. High level of Clb2 blocks the cell cycle in telophase
in FEAR mutants, whereas CLB5 overexpression interferes with
chromosome segregation.

Because the FEAR controls Cdc14 release by inhibiting
PP2ACdc55 (9), the FEAR pathway is hyperactive in cdc55�
mutants, wherein the B-regulatory subunit of PP2A is deleted (7,
8). To further confirm that CLB5 overexpression is toxic to
FEAR mutants, we examined the growth of FEAR mutants
overexpressing CLB5 in the absence of Cdc55. When Clb5 is
overproduced, cdc55� mutant cells grew better than WT cells,
and the poor growth phenotype of slk19� and spo12� cells
induced by CLB5 overexpression was completely suppressed by
cdc55�. In contrast, deletion of BFA1, which encodes a negative
regulator of MEN, was unable to do so. Unlike Clb5, deletion of
either CDC55 or BFA1 was able to suppress the toxicity caused
by Clb2 overproduction (Fig. 3C). Therefore, CLB2 overexpres-
sion is toxic to both FEAR and MEN mutants, but high levels of

Clb5 are only toxic to FEAR mutants, supporting the opposite
roles of Clb5 and FEAR in cell cycle regulation.

Released Cdc14 Induced by FEAR or MEN Does Not Show Substrate
Specificity. We next asked why active FEAR only induces the
dephosphorylation of Clb5 substrates, but not those of Clb2. To
test the possibility that FEAR-induced Cdc14 exhibits specificity
toward Clb5 substrates, the dephosphorylation of Sld2 was
examined in cells with hyperactive FEAR or MEN. Nocodazole
is a microtubule poison that arrests cells at metaphase with
nucleolar localized Cdc14. Deletion of CDC55 results in Cdc14
release in nocodazole-treated cells due to the activation of
FEAR (7, 8). Cells lacking Bfa1, the negative regulator of MEN,
also show released Cdc14 in the presence of nocodazole (17). In
nocodazole-arrested cells, Sld2 exhibited hyperphosphorylated
forms, but deletion of CDC55 or BFA1 led to Sld2 dephosphor-
ylation (Fig. 4A), indicating that either FEAR or MEN-induced
Cdc14 release is able to dephosphorylate Clb5 substrates.
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Fig. 3. The comparison of the toxicity of high levels of Clb2 and Clb5 to FEAR and MEN mutant cells. (A) Overexpression of CLB5 and CLB2 shows differential
toxicity to FEAR and MEN mutants. Stationary phase cells with vector, PGAL-CLB2 or PGAL-CLB5 plasmids were 10-fold diluted and spotted onto URA dropout plates
containing either glucose or galactose. The plates were scanned after 3-day incubation at room temperature. (B) CLB5 overexpression leads to nuclear division
defects. WT and slk19� cells with either vectors or PGAL-CLB2, PGAL-CLB5 plasmids were incubated in raffinose medium to midlog phase. Galactose was added
into the medium to a final concentration of 2% and cells were collected at 0 and 4 h for the examination of budding index and nuclear division after DAPI staining.
The percentage of large budded cells and cells with unseparated nucleus and the nuclear morphology in some representative cells are shown. (C) Hyperactive
FEAR, but not MEN, suppresses the toxicity of CLB5 overexpression. Stationary phase cultures with indicated genotypes were tenfold diluted and spotted onto
URA dropout plates containing glucose or galactose. The plates were scanned after 3 day incubation at 30°C.
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Differential Clb5 and Clb2 Levels Contribute to the Distinct Dephos-
phorylation Windows of Cdk1 Substrates. Clb5 is degraded before
anaphase entry, whereas Clb2 levels are high until late anaphase.
In cdc15–2-arrested cells, Clb2 protein levels were high, but little
Clb5 protein was detected (Fig. 4B). We reasoned that the low
levels of Clb5 in cdc15–2 cells could shift the equilibrium toward
a hypophosphorylated state for Clb5 substrates after FEAR-
induced Cdc14 release. If that is the case, high levels of Clb5 are
expected to decrease the dephosphorylation of Clb5 substrates.
To test this possibility, cdc15–2 SLD2-myc cells with either a

vector or a PGAL-CLB5 plasmid were first arrested with nocoda-
zole at 25°C and then released into galactose medium and
incubated at 37°C (Fig. 4C). As expected, Sld2 dephosphoryla-
tion was decreased in cells overexpressing CLB5 (Fig. 4D).
Nevertheless, a transient dephosphorylation was still observed
after release for 20 min, indicating that the briefly released
Cdc14 overwhelmed Clb5-Cdk1.

If the low levels of Clb5 contribute to the dephosphorylation
of Clb5-specific substrates during early anaphase, inactive Clb2-
Cdk1 should also allow the dephosphorylation of Clb2 substrates
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Fig. 4. Low levels of Clb5 contribute to the dephosphorylation of Clb5-specific substrates during early anaphase. (A) The dephosphorylation of Sld2 in
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round of cell cycle. Cells were harvested to analyze the phosphorylation of Sld2.
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in a similar manner. To test this idea, we used the same protocol
to examine the dephosphorylation of Clb2 substrate Pol12 in
cdc15–2 cells overproducing Sic1, the Cdk inhibitor in budding
yeast. High levels of Sic1 resulted in the dephosphorylation of
Pol12 and this process was dependent on FEAR, as deletion of
SLK19 totally abolished Pol12 dephosphorylation (Fig. 4E). We
also examined the Sld2 dephosphorylation in cells expressing
Clb5-db� (destruction box deleted) from its endogenous pro-
moter, as deletion of the destruction box stabilizes Clb5 (18).
Stabilized Clb5 clearly impaired Sld2 dephosphorylation in
cdc15–2 mutants (Fig. 4F). Therefore, the combination of the
unavailability of Clb5 protein and FEAR-induced Cdc14 release
during early anaphase contributes to the dephosphorylation of
Clb5 substrates, because the substrates are unable to be rephos-
phorylated once they are dephosphorylated.

FEAR-Induced Cdc14 Release Is Required for Anaphase Progression.
What is the biological significance of the dephosphorylation of
Clb5-Cdk1 substrates during early anaphase? The dephosphor-
ylation of Ase1 and Fin1, two Clb5-Cdk1 substrates, has been
shown to promote spindle stabilization and elongation (19, 20).
The reversal of Clb5-Cdk1-imposed phosphorylation might be
critical for the normal spindle behavior during anaphase. Hence,
the spindle morphology in cdc15–2-arrested telophase cells was
examined in the presence and absence of FEAR. After G1
release into YPD medium at 37 °C for 150 min, 82% of cdc15–2
single mutant cells exhibited fully elongated spindles, but the
numbers were decreased to 37% and 39% in cdc15–2 slk19� and
cdc15–2 spo12� cells, respectively (Fig. 5B). Although deletion
of either SLK19 or SPO12 resulted in broken and short spindles
in cdc15–2 background, cdc15–2 slk19� cells showed more severe
broken spindle phenotype, presumably due to the direct role of
Slk19 in spindle stability (Fig. 5 C and D) (19, 21). These
observations suggest that FEAR may facilitate spindle elonga-
tion by antagonizing Clb5-Cdk1 function.

We further examined the chromosome segregation in cdc15–2
single and cdc15–2 slk19�, cdc15–2 spo12� double mutants by
visualizing GFP-tagged Mtw1, a kinetochore protein (22). More
than 80% of cdc15–2-arrested cells showed fully separated
kinetochore clusters after G1 release for 150 min, i.e., the two
GFP dots had migrated to the ends of two daughter cells, but the
number was reduced to �50% in the double mutants, indicating
the role of FEAR in chromosome segregation. We also exam-
ined chromosome separation at centromeric and telomeric re-

gions by visualizing Nuf2-Cherry and GFP-marked telomere on
chromosome V (Tel-GFP) (23–25). Although no kinetochore
separation delay was observed in cdc15–2 slk19� and cdc15–2
spo12� cells, we noticed a telomere separation delay in the
double mutants, consistent with the previous reports (Fig. S4)
(24, 26). Interestingly, the double mutant cells showed more
frequent asynchronous separation of telomeres and kineto-
chores, as indicated by a single Tel-GFP dot and two separated
Nuf2-Cherry dots (Fig. S4). Collectively, our data suggest that
FEAR-induced Cdc14 release during early anaphase promotes
spindle elongation by reversing Clb5-Cdk1-imposed phosphor-
ylation, which facilitates spindle elongation and the subsequent
chromosome segregation, especially at telomeric regions.

Discussion
Cyclin-dependent substrate specificity ensures the unique tem-
poral phosphorylation window for a given Cdk substrate, which
is important to the correct order of cell cycle events, but it
remains unclear whether protein phosphatase plays a role in this
regulation. Here, we show evidence indicating that the FEAR
and MEN-induced waves of Cdc14 release provide the molecular
basis for the sequential dephosphorylation of Clb5 and Clb2
substrates. Our data also suggest that the differential dephos-
phorylation windows of Clb5 and Clb2 substrates are not due to
the substrate specificity of Cdc14 phosphatase. Instead, the low
Clb5 protein levels contribute to the dephosphorylation of
Clb5-specific substrates during early anaphase, because the
substrates cannot be rephosphorylated once dephosphorylated
by Cdc14. Therefore, in addition to the tightly regulated Cdk
activity, the two waves of Cdc14 release induced by FEAR and
MEN are also critical for the temporal phosphorylation of Cdk
substrates, which limits the function of a given Cdk substrate
within a specific window during the cell cycle.

Why do S-phase Cdk substrates need to be dephosphorylated
during early anaphase? Among the Clb5-specific substrates, the
phosphorylation of Sld2 has been proven to be essential for DNA
replication (10), but it remains unclear whether the dephosphor-
ylation of Sld2 is necessary to terminate DNA replication and
reset the machinery for the following S-phase. Clb5-specific
substrates also include some microtubule-associated proteins,
such as Ase1 and Fin1 (1). As the dephosphorylation of Ase1 and
Fin1 facilitates spindle stabilization and elongation (19, 20), the
phosphorylation of these proteins by Clb5-Cdk1 may inhibit
anaphase. Therefore, Clb5-Cdk1 not only promotes DNA rep-
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Fig. 5. FEAR pathway facilitates anaphase progression. G1-arrested cdc15–2, slk19� cdc15–2 and spo12� cdc15–2 cells with GFP-tagged TUB1 were released
into YPD medium at 37°C. Cells were removed every 30 min for the examination of spindle morphology by fluorescence microscopy. The budding index and the
percentage of cells with elongated spindles are shown in A and B. (C) The percentage of cells with broken spindle at the indicated time points is shown. (D) Some
representative cells at 150 min after G1 release are shown. The percentage of cells with broken or fully elongated spindles is a result of three experiments.
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lication, but also functions as a negative regulator of anaphase.
FEAR-induced Cdc14 release relieves the inhibition imposed by
Clb5-Cdk1.

Mammalian cells express Cdc14A and Cdc14B, the homo-
logues of budding yeast Cdc14. PRC1, the human homologue of
Ase1, also becomes dephosphorylated during metaphase to
anaphase transition and this modification is essential for the
spindle midzone formation (27). Therefore, budding yeast and
mammalian cells may share a conserved mechanism to stimulate
anaphase through the dephosphorylation of some Cdk sub-
strates. In summary, our work reveals a new layer of regulation
of the transition from metaphase to anaphase in budding yeast.
FEAR-induced Cdc14 release during early anaphase reverses
Clb5-Cdk1-imposed protein phosphorylation, which facilitates
spindle elongation and the subsequent chromosome segregation.

Materials and Methods
Yeast Strains and Plasmids. All of the yeast strains are derivatives of Y300
isogenic to W303 and are listed in Table S1. The clb5-db� mutant was con-
firmed with PCR. Epitope-tagging of endogenous genes was carried out using
a PCR-based method. The YPD medium was used for the growth of yeast
strains except for those carrying plasmids. Cells harboring plasmids were
grown in URA dropout medium before G1 release. For Clb5 and Sic1 induction,

YEP-galactose was used. Nocodazole treatment, �-factor treatment, and pro-
tein analysis were performed as previously described (13).

Microscopy. The analysis of Tub1-GFP, Mtw1-GFP, Tel-GFP, and Nuf2-Cherry in
fixed cells was carried out using fluorescence microscopy. The Tub1-GFP cells
were fixed in 3.7% formaldehyde for 30 min at room temperature, whereas
other strains were fixed for 5 min for the examination of fluorescence signal.
Three hundreds cells were counted for each sample.

Protein Kinase Assay. The POL12 gene was cloned into pTBSG vector and the
resulting plasmid was transformed into a bacteria strain for the preparation
of Pol12 protein (28). To prepare Clb-Cdk1, 60 ml of WT, CLB2-HA, and
CLB5-HA cells were collected and resuspended in RIPA buffer containing
protease inhibitors. The cell lysates were immunoprecipitated and resus-
pended in 20 �l kinase buffer containing Pol12, Histone H1, or no substrate.
After incubation, the reactions were ended and the samples were separated
with SDS/PAGE gel. The gel was then dried and exposed to a phosphorimager.
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