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Degradation of mitotic cyclins on exit from M phase occurs by ubiquitin-mediated proteolysis. The
ubiquitination of mitotic cyclins is regulated by the anaphase-promoting complex (APC) or cyclosome. Xe-p9,
the Xenopus homolog of the Suc1/Cks protein, is required for some step in mitotic cyclin destruction in
Xenopus egg extracts. Specifically, if p9 is removed from interphase egg extracts, these p9-depleted extracts are
unable to carry out the proteolysis of cyclin B after entry into mitosis and thus remain arrested in M phase.
To explore the molecular basis of this defect, we depleted p9 from extracts that had already entered M phase
and thus contained an active APC. We found that ubiquitin-mediated proteolysis of cyclin B was not
compromised under these circumstances, suggesting that p9 is not directly required for ubiquitination or
proteolysis. Further analysis of extracts from which p9 had been removed during interphase showed that, at
the beginning of mitosis, these extracts are unable to carry out the hyperphosphorylation of the Cdc27
component of the APC, which coincides with the initial activation of the APC. p9 can be found in a complex
with a small fraction of the Cdc27 protein during M phase but not interphase. The phosphorylation of the
Cdc27 protein (either associated with the APC or in an isolated, bacterially expressed form) by recombinant
Cdc2/cyclin B is strongly enhanced by p9. Our results indicate that p9 directly regulates the phosphorylation
of the APC by Cdc2/cyclin B. These studies indicate that the Suc1/Cks protein modulates substrate
recognition by a cyclin-dependent kinase.
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The transitions of the cell cycle are controlled by the
cyclin-dependent kinases (Cdks) and numerous Cdk-
regulatory factors (for review, see Coleman and Dunphy
1994; King et al. 1994; Morgan 1997). The Cdks consist
of a catalytic subunit and a positive regulatory partner
called cyclin. An important member of the Cdk family is
maturation-promoting factor (MPF), which contains the
protein kinase Cdc2 and a B-type cyclin (Dunphy et al.
1988; Gautier et al. 1988, 1990; Murray and Kirschner
1989; Murray et al. 1989; Gautier et al. 1990; Milarski et
al. 1991). At the G2/M transition, the action of MPF
results in the phosphorylation of numerous structural
and regulatory proteins that are responsible for the pro-
gression of mitosis.

A third protein component of Cdk/cyclin complexes
belongs to the Suc1/Cks family of proteins. This protein
has been implicated in Cdk regulation through both ge-
netic and biochemical methods. Suc1 (in fission yeast)
and Cks1 (in budding yeast) were both identified on the

basis of their ability to suppress certain temperature-sen-
sitive mutations of Cdks (Hayles et al. 1986a,b; Brizuela
et al. 1987; Hindley et al. 1987; Hadwiger et al. 1989;
Moreno et al. 1989; Tang and Reed 1993; Basi and Dra-
etta 1995). In human cells, two homologs of the Cks1
protein have been isolated (Richardson et al. 1990).

Xe-p9, the Xenopus homolog of the Suc1/Cks protein,
has also been identified, and its biochemical functions
have been analyzed in Xenopus egg extracts (Patra and
Dunphy 1996). These studies have revealed that Xe-p9
(hereafter referred to simply as p9) has a role in multiple
cell cycle transitions. Immunodepletion of p9 from in-
terphase egg extracts prevents entry into mitosis, sug-
gesting that p9 regulates the activation of Cdc2/cyclin B
at the G2/M boundary. Because p9-depleted interphase
extracts can be induced to enter mitosis by addition of
the recombinant Cdc2-AF mutant, which cannot serve
as a substrate for the inhibitory phosphorylations on
Thr-14 and Tyr-15 (Solomon et al. 1992; Kumagai and
Dunphy 1995), p9 appears to be required, directly or in-
directly, for the activation of Cdc2 by the Cdc25-cata-
lyzed dephosphorylation of Thr-14 and Tyr-15 (Dunphy
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and Kumagai 1991; Gautier et al. 1991). Strikingly, p9-
depleted extracts that have been induced to enter mitosis
by the Cdc2-AF mutant are unable to degrade mitotic
cyclins. Consequently, these p9-depleted mitotic ex-
tracts are unable to re-enter interphase and the next
round of the cell cycle. The ability of p9 to regulate in-
activation of MPF through proteolysis of the cyclin B
protein suggests that p9, besides binding to Cdc2/cyclin
B, might also interact with other molecules.

The anaphase-promoting complex (APC) or cyclosome
plays a pivotal role in the completion of mitosis (Lamb et
al. 1994; Irniger et al. 1995; King et al. 1995; Tugendreich
et al. 1995). The APC has been shown to be essential for
the degradation of mitotic cyclins (King et al. 1995; Pe-
ters et al. 1996; Kotani et al. 1998) as well as regulators of
chromosome transmission such as Pds1, Cut2, and Ase1
(Cohen-Fix et al. 1996; Funabiki et al. 1996; Juang et al.
1997). In addition, the Cdc20 and Hct1/Cdh1 family of
proteins appears to regulate the APC in a substrate-spe-
cific manner (Schwab et al. 1997; Visintin et al. 1997).
Destruction of mitotic cyclins occurs through ubiquitin-
mediated proteolysis, which includes components called
E1 (the ubiquitin-activating enzyme), E2 (the ubiquitin-
conjugating enzyme), and E3 (the ubiquitin-ligase activ-
ity). The concerted action of these three components re-
sults in the ubiquitination of a protein and its targeting
for destruction by the proteasome (for review, see
Ciechanover 1994; Murray 1995; King et al. 1996; Hoyt
1997). In Xenopus, the E1 and E2 components are con-
stitutively active, but the ubiquitin-ligase activity of E3
is activated only at M phase. This activity is associated
with the large, multimeric 20S complex called the APC
or cyclosome (King et al. 1995; Sudakin et al. 1995). Re-
cently, many subunits of the APC, such as BIME (APC1),
RSI1 (APC2), Cdc27 (APC3), and Cdc16 (APC6) have
been identified in several organisms, thus establishing
the APC as a key, evolutionarily conserved regulator of
ubiquitin-mediated proteolysis (Irniger et al. 1995; King
et al. 1995; Tugendreich et al. 1995; Peters et al. 1996;
Yamashita et al. 1996; Zachariae et al. 1996, 1998; Kra-
mer et al. 1998; Yu et al. 1998).

Several subunits of the APC are phosphorylated after
entry into M phase (King et al. 1995; Peters et al. 1996;
Yamada et al. 1997). In particular, APC1–BIME and
APC3–Cdc27 undergo extensive hyperphosphorylation
that results in a substantial reduction in electrophoretic
mobility. Phosphorylation of the APC appears to be
functionally important, as treatment of the APC with
phosphatase abolishes its ubiquitin-ligase activity (King
et al. 1995; Lahav-Baratz et al. 1995; Peters et al. 1996). In
a cell-free system from clam oocytes, the inactive, inter-
phase cyclosome can be activated by incubation with
Cdc2/cyclin B, while the active mitotic form can be in-
activated by treatment with an okadaic acid-sensitive
phosphatase (Lahav-Baratz et al. 1995). Biochemical
characterization of the APC in Xenopus suggests that the
activation of the APC may depend on multiple kinases,
including Cdc2/cyclin B (King et al. 1995).

In this report, we describe our investigation of the
mechanism by which the absence of p9 compromises the

ability of mitotic extracts to degrade cyclin B. In prin-
ciple, the lack of p9 could result in a failure in the acti-
vation of the APC or in some other step in APC regula-
tion, the inability of an active APC to mediate ubiquiti-
nation of cyclin B in the absence of p9, or a defect in the
degradation of polyubiquitinated cyclin B by the protea-
some when p9 is missing. Our results indicate that the
mitotic phosphorylation of the APC, which coincides
closely with its activation, does not occur normally in
the absence of p9. In experiments with recombinant pro-
teins, we find that p9 strongly enhances the phosphory-
lation of the Cdc27 component of the APC by the Cdc2/
cyclin B complex.

Results

Depletion of p9 from extracts containing an active
APC has no effect on cyclin B destruction

Previously, we reported that depletion of p9 from inter-
phase extracts of Xenopus eggs abolished the ability of
these extracts to degrade cyclin B after entry into mitosis
(Patra and Dunphy 1996). In this study, we have inves-
tigated further the molecular basis of the inability of
these p9-depleted extracts to carry out ubiquitin-medi-
ated proteolysis of cyclin B. In principle, this defect
could involve a failure in the activation of the APC, the
inability of an active APC to mediate ubiquitination of a
Cdc2–cyclin B complex lacking p9, or a defect in the
recognition of ubiquitinated cyclin B by the proteasome
in the absence of p9.

To distinguish between these possibilities, we first de-
pleted p9 from a mitotic extract in which the APC is
already present in its active, hyperphosphorylated state
(Fig. 1). For this purpose, we added an amino-terminally
truncated version of cyclin B1 (Dcyclin B) to interphase
egg extracts containing cycloheximide. Egg extracts to
which Dcyclin B has been added rapidly enter mitosis,

Figure 1. Depletion of p9 from a mitotic extract has no effect
on the degradation of cyclins. Demembranated sperm nuclei
were added to a cycloheximide-containing interphase extract.
After nuclear assembly (50 min), Dcyclin B (80 nM) was added to
drive the extract into mitosis and arrest it at mitosis. This mi-
totic extract, in which cyclin degradation is activated, was then
subjected to immunodepletion with anti-p9 antibodies (p9-de-
pleted) or control rabbit anti-mouse IgG antibodies (mock). For
the add-back experiment, His6–p9 (5 ng/µl) was added to a por-
tion of the p9-depleted extract. A Cdc2–AF/cyclin B1 complex
(10 nM) was added to these extracts. The destruction of cyclin B1
was monitored by processing of aliquots (2 µl) for immunoblot-
ting with anti-cyclin B1 antibodies.
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but cannot exit mitosis because this truncated cyclin
lacks a destruction box and thus cannot undergo ubiqui-
tination (Glotzer et al. 1991). Importantly, however, Dcy-
clin B is fully competent for activation of the cyclin de-
struction machinery (Glotzer et al. 1991; Luca et al.
1991).

Next, we treated the mitotic extracts containing Dcy-
clin B with either control or anti-p9 antibodies bound to
protein A beads. As described previously, treatment of
egg extracts with anti-p9 antibodies resulted in the quan-
titative removal of p9. As expected, there was no reduc-
tion in the amount of p9 in mock-depleted extracts
treated with control antibodies (data not shown; see Pa-
tra and Dunphy 1996). Then, we added full-length cyclin
B1 (which contains a destruction box) to mock-depleted
extracts, p9-depleted extracts, or p9-depleted extracts to
which recombinant His6-p9 had been restored after the
immunodepletion procedure.

We observed that mock-depleted mitotic extracts were
able to degrade the full-length cyclin B rapidly (within 15
min), indicating that activation of the APC had occurred
normally (Fig. 1, lanes a–d). Significantly, cyclin B1 de-
struction occurred with similar kinetics in p9-depleted
extracts (Fig. 1, lanes e–h). Similar results were obtained
with p9-depleted extracts containing exogenously added
His6–p9 (Fig. 1, lanes i–l). Taken together, these obser-
vations suggest that p9 is not required for the recognition
of Cdc2/cyclin B by the APC or the proteasome, as both
ubiquitination and proteolysis of cyclin B can proceed
normally in p9-depleted extracts in which the APC is
already active.

p9 is required for the hyperphosphorylation
of the Cdc27 component of the APC

The activation of the APC on entry into mitosis closely
correlates with the hyperphosphorylation of several of
its subunits. In the case of Cdc27 (APC3), this phos-
phorylation results in a substantial reduction in the mo-
bility of Cdc27 in SDS gels (King et al. 1995; Peters et al.
1996; Yamada et al. 1997). To assess whether p9 might
be required for the mitotic hyperphosphorylation of the
APC, we depleted p9 from interphase extracts. As de-
scribed previously, p9-depleted extracts are unable to en-
ter mitosis because of a failure to activate Cdc2 by de-
phosphorylation of its inhibitory Tyr-15 and Thr-14 resi-
dues (Patra and Dunphy 1996). However, p9-depleted
interphase extracts can be induced to enter mitosis by
the addition of the Cdc2-AF/Dcyclin B complex, which
contains a mutant Cdc2 subunit that cannot undergo
inhibitory phosphorylation. As described previously (Pa-
tra and Dunphy 1996), p9-depleted extracts driven into
mitosis with Cdc2-AF/Dcyclin B cannot carry out degra-
dation of full-length cyclin B1 (Fig. 2B, lanes f–n). In con-
trast, mock-depleted extracts or p9-depleted extracts
containing exogenously added His6–p9 can degrade full-
length cyclin B1 when triggered to enter mitosis with
Cdc2-AF/Dcyclin B (Fig. 2B, lanes a–e and o–s, respec-
tively). Strikingly, when we examined the phosphoryla-
tion state of Cdc27 in these various extracts, we ob-

served that the hyperphosphorylation of Cdc27 was
strongly compromised in the absence of p9. In particular,
there was only a slight retardation in the electrophoretic
mobility of Cdc27 in p9-depleted extracts on induction
of mitosis with Cdc2-AF/Dcyclin B (Fig. 2A, lanes e–l),
indicating that most, but not all, of the mitotic phos-
phorylation of Cdc27 depends on the presence of p9. In
contrast, Cdc27 underwent extensive phosphorylation at
mitosis in either mock-depleted extracts or p9-depleted
extracts containing His6–p9, as indicated by a substan-
tial decrease in the electrophoretic mobility of Cdc27 in
SDS gels (Fig. 2A, lanes a–d and m–q, respectively).

In addition to Cdc27, other regulators of mitosis not
associated with the APC also undergo phosphorylation
during M phase. Such proteins include Cdc25 (Izumi et
al. 1992; Kumagai and Dunphy 1992), Wee1 (Parker and
Piwnica-Worms 1992; McGowan and Russell 1993;
Mueller et al. 1995a; Watanabe et al. 1995), and Myt1
(Mueller et al. 1995b; Liu et al. 1997), which collectively
regulate the inhibitory phosphorylation of Cdc2. To as-
sess whether the phosphorylation of these components
might also be compromised in the absence of p9, we

Figure 2. Lack of hyperphosphorylation of Cdc27 correlates
with the inability of extracts to degrade cyclins when p9 is
depleted prior to mitosis. (A) Interphase egg extracts containing
cycloheximide were immunodepleted with control and anti-p9
antibodies. Demembranated sperm nuclei were added to a
mock-depleted extract (lanes a–d), a p9-depleted extract (lanes
e–l), and a p9-depleted extract containing 5 ng/µl of His6–p9
(lanes m–q). After a 50-min incubation, a Cdc2-AF/Dcyclin B
complex (10 nM) was added to drive the extracts into mitosis. At
the indicated times after addition of complex, aliquots (2 µl)
were removed for immunoblotting with anti-Cdc27 antibodies.
The time at which the extracts entered mitosis is indicated by
the circled letters. (B) In the same experiment as in A, after the
extracts had entered mitosis, full-length human cyclin B1 was
added, and its destruction was monitored by immunoblotting
with antibodies against human cyclin B1. (Lanes a–e) Mock-
depleted extract; (lanes f–n), p9-depleted extract; (lanes o–s) p9-
depleted extract to which recombinant His6–p9 (5 ng/µl) was
added.
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subjected mock-depleted and p9-depleted extracts to im-
munoblotting with anti-Cdc25, anti-Wee1, and anti-
Myt1 antibodies (Fig. 3). Under conditions where the ab-
sence of p9 largely abolished mitotic hyperphosphoryla-
tion of Cdc27 (Fig. 3A), the phosphorylation of Cdc25,
Wee1, and Myt1 did occur on entry of p9-depleted ex-
tracts into mitosis (Fig. 3B). However, the phosphoryla-
tion of these proteins, especially Cdc25 and Wee1, was
delayed by about 30 min relative to the phosphorylation
that occurred in control extracts (Fig. 3B). In other ex-
periments, we treated p9-depleted interphase extracts
with okadaic acid, a phosphatase inhibitor that induces
premature mitosis in Xenopus egg extracts and other ex-
perimental systems (Félix et al. 1990a; Jessus et al. 1991;
Picard et al. 1991). Although Cdc25, Wee1, and Myt1 all
became phosphorylated on addition of okadaic acid, the
hyperphosphorylation of Cdc27 did not occur in these
p9-depleted, okadaic acid-treated extracts (data not
shown). Taken together, these results indicate that p9 is

required at mitosis for the phosphorylation of Cdc27
component of the APC but is less important for the phos-
phorylation of several other mitotic phosphoproteins
such as Cdc25, Wee1, and Myt1. Furthermore, the defect
in phosphorylation of Cdc27 in the absence of p9 cannot
be bypassed by the addition of phosphatase inhibitor
(e.g., okadaic acid) that strongly inhibits anti-mitotic
phosphatase activity.

p9 and Cdc27 can be coimmunoprecipitated
during mitosis

To explore the relationship between p9 and the APC in
greater detail, we asked whether these components
could associate physically with one another during the
course of the cell cycle. For this purpose, we immuno-
precipitated both interphase and M-phase extracts with
anti-p9 or control antibodies and then immunoblotted
the immunoprecipitates with anti-Cdc27 antibodies (Fig.
4A). We observed that the hyperphosphorylated Cdc27
present in M-phase extracts could clearly be immuno-
precipitated with anti-p9 antibodies (Fig. 4A, lane d),
whereas little, if any, of the hypophosphorylated Cdc27
in interphase extracts could be coimmunoprecipitated
specifically with p9 (Fig. 4A, lane f). To pursue this ob-
servation further, we performed immunoprecipitation of
M phase and interphase extracts with anti-Cdc27 anti-
bodies and then processed these immunoprecipitates for
immunoblotting with anti-p9 antibodies (Fig. 4B). Con-
sistent with the results described above, we found that
p9 could be detected in the anti-Cdc27 immunoprecipi-
tates from M-phase but not interphase egg extracts. In
quantitation experiments, we estimate that ∼2% of the
p9 and Cdc27 can be coimmunoprecipitated during M
phase (data not shown). By immunoblotting the anti-
Cdc27 immunoprecipitates with antibodies against
Xenopus Cdc2 and cyclin B2, we could also detect Cdc2
and cyclin B2 in association with a complex containing
Cdc27 during M-phase. During interphase, neither Cdc2
nor cyclin B2 (which is absent in these cycloheximide-
containing interphase extracts) could be found in anti-
Cdc27 immunoprecipitates (Fig. 4B). In conclusion, p9,
Cdc2, and cyclin B2 can be found in a complex with
Cdc27 during M phase.

The phosphorylation of APC components
by recombinant Cdc2/cyclin B is strongly enhanced
by p9

In principle, the association of p9 with the Cdc27 during
M phase could reflect a targeting of the p9/Cdc2/cyclin
B complex for ubiquitination by the APC. An alterna-
tive, but not mutually exclusive, explanation is that be-
cause phosphorylation and activation of the APC depend
on active Cdc2/cyclin B, p9 could direct this Cdk to APC
components such as Cdc27 to facilitate their phosphory-
lation. To address this notion, we tested the ability of a
recombinant Cdc2/cyclin B complex to phosphorylate
APC components in the absence and presence of p9 in
vitro. For these experiments, we utilized two different

Figure 3. Comparison between the phosphorylation of Cdc27
versus that of Cdc25, Wee1, and Myt1 during the transition
from interphase to mitosis in the absence of p9. (A) Interphase
egg extracts containing cycloheximide were immunodepleted
with control and anti-p9 antibodies as in Fig. 2A. At the indi-
cated times after addition of the Cdc2-AF/Dcyclin B complex,
aliquots (2 µl) were removed for immunoblotting with anti-
Cdc27 antibodies. The time of mitosis is indicated by the
circled letters. (Lane a) 2 µl of CSF extract; (lanes b–e) mock-
depleted extract; (lanes f–l) p9-depleted extract; (lanes m–q) p9-
depleted extract containing 5 ng/µl of His6–p9. (B) In the same
experiment as in A, the phosphorylation states of the Cdc25,
Myt1, and Wee1 proteins were investigated. Aliquots (2 µl) were
taken at 15-min intervals and processed for immunoblotting
with antibodies against the Xenopus Cdc25 (top), Myt1
(middle), and Wee1 (bottom). (Lane a) 2 µl of CSF extract; (lanes
b–e) mock-depleted extract; (lanes f–j) p9-depleted extract.
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preparations of the APC: one that had been immunoiso-
lated from egg extracts with anti-Cdc27 antibodies and
another that had been partially purified by ion-exchange
chromatography. Furthermore, we utilized bacterially
expressed His6–Cdc27 as a substrate in these studies.

In the first set of experiments, we isolated the hypo-
phosphorylated APC from interphase egg extracts with
anti-Cdc27 antibodies (Fig. 5A). Then, we incubated the
immunoprecipitated APC with either a dimeric Cdc2/
Dcyclin B complex or a trimeric p9/Cdc2/Dcyclin B
complex in the presence of [g-32P]ATP. As assessed by
silver staining, we determined that these two prepara-
tions contained equivalent amounts of Cdc2 and Dcyclin
B (data not shown). As shown in Figure 5A (lane f), we
observed that p9/Cdc2/Dcyclin B elicited substantial

phosphorylation of two polypeptides that correspond to
the hyperphosphorylated forms of the Cdc27 and BIME
proteins, as determined by immunoblotting with anti-
Cdc27 and anti-BIME antibodies (data not shown). In
contrast, the phosphorylation of Cdc27 and BIME was

Figure 5. Phosphorylation of the Cdc27 and BIME subunits of
the APC by recombinant Cdc2/cyclin B is strongly stimulated
by p9. (A) The Xenopus APC was immunoprecipitated from
interphase extracts with anti-Cdc27 antibodies bound to Affi-
prep protein A beads (lanes d–f). In parallel, immunoprecipita-
tions with control antibodies were also carried out (lanes a–c).
The immunoprecipitates were washed as described in Materials
and Methods. These washed immunoprecipitates were used as
substrates for a Cdc2/Dcyclin B complex (lanes b,e) or a p9/
Cdc2/Dcyclin B complex (lanes c,f). Lanes a and d were used as
controls in which kinase buffer (5 mM Tris-HCl at pH 7.5, 10
mM MgCl2, 1 mM DTT, 0.1 mg/ml ovalbumin, 1 µM okadaic
acid, and 100 µM ATP containing 5 µCi of [g-32P]ATP) only was
added. Phosphorylation was analyzed by SDS-PAGE in a 8%
polyacrylamide gel. (B) The interphase form of the Xenopus
APC was partially purified from egg extracts by ion-exchange
chromatography as described in Materials and Methods and
used as a substrate for the Cdc2/Dcyclin B complex (lanes d,g),
the p9/Cdc2/Dcyclin B complex (lane e,h), and Plx1 (lane f–h).
Following the kinase reactions, the samples were processed for
immunoblotting with anti-Tsg24 antibodies (BIME; top) and
anti-Cdc27 antibodies (bottom). Lane a depicts the partially pu-
rified APC from mitotic egg extracts; lane b shows a control
containing a kinase buffer only; lane c contains no kinase but
recombinant His6–p9 (10 ng/µl).

Figure 4. Cdc27 coimmunoprecipitates with p9 during M
phase. (A) p9 was immunoprecipitated with anti-p9 antibodies
from cycloheximide-containing CSF extracts (M) or interphase
extracts (I). The antibodies (100 µg/ml) were recovered by use of
protein A–Sepharose beads (100 µl per ml of extract). The beads
were washed four times with EB buffer (80 mM b-glycerolphos-
phate, 20 mM EGTA, 15 mM MgCl2 at pH 7.3) containing 2 mM

sodium orthovanadate and 25 mM sodium fluoride, followed by
two washes with HBS. The beads were then subjected to SDS-
PAGE in a 10% polyacrylamide gel and processed for immuno-
blotting with anti-Cdc27 antibodies. (Lane a) 2 µl of CSF ex-
tract; (lane b) 2 µl of interphase extract; (lanes c, e) protein A
beads containing control antibodies that were incubated in CSF
and interphase extracts, respectively; (lanes d, f) protein A beads
containing anti-p9 antibodies that were incubated in CSF and
interphase extracts, respectively. The panel depicts an immu-
noblot with anti-Cdc27 antibodies. (B) The experiment was re-
peated as in part A except that anti-Cdc27 antibodies were used
for the immunoprecipitation. The panels depict immunoblots
with anti-Cdc27, anti-Xenopus cyclin B2, anti-Cdc2, and anti-
p9 antibodies, as indicated. (Lane a) Two microliters of CSF
extract; (lanes b, d) protein A beads containing control antibod-
ies that were incubated in CSF and interphase extracts, respec-
tively; (lanes c, e) protein A beads containing anti-Cdc27 anti-
bodies that were incubated in CSF and interphase extracts, re-
spectively.

Role of p9 in cyclin B destruction

GENES & DEVELOPMENT 2553



much lower in the presence of a Cdc2/Dcyclin B com-
plex lacking p9 (Fig. 5A, lane e). p9 does not appear to
increase the intrinsic catalytic activity of the Cdc2/Dcy-
clin B complex in these assays because the autophos-
phorylation of Dcyclin B is similar in the presence and
absence of p9 (Fig. 5A, cf. lanes e and f), and both com-
plexes display similar histone H1 kinase activity (see
Fig. 6).

In parallel experiments, we treated an APC fraction
from interphase egg extracts that had been partially pu-
rified by ion-exchange chromatography with Cdc2/Dcy-
clin B or p9/Cdc2/Dcyclin B (Fig. 5B). In addition, we
incubated this fraction with the Xenopus Polo-like ki-
nase Plx1, either alone or in combination with Cdc2/
Dcyclin B or p9/Cdc2/Dcyclin B. To assess phosphoryla-
tion of the APC, we performed immunoblotting with
anti-Cdc27 or anti-Tsg24 (BIME) antibodies. In the case
of Cdc27, we observed that p9/Cdc2/Dcyclin B elicited
the appearance of hyperphosphorylated Cdc27 whereas
Cdc2/Dcyclin B alone had little effect (Fig. 5B, bottom,
cf. lanes d and e). Active Plx1 alone did not cause hyper-
phosphorylation of Cdc27 under these conditions. How-
ever, Plx1 appeared to enhance the phosphorylation of

Cdc27 in the presence of both p9/Cdc2/Dcyclin B and, to
a lesser extent, Cdc2/Dcyclin B (Fig. 5B, lanes f–h). In the
same samples, the BIME protein also displayed a subtle
but reproducible reduction in electrophoretic mobility
when treated with p9/Cdc2/Dcyclin B but not Cdc2/
Dcyclin B (Fig. 5B, top, lanes d, e).

To pursue these observations further, we utilized a
bacterially expressed form of the human His6–Cdc27
protein as a substrate (Fig. 6). These experiments were
aimed at addressing the issue of whether p9 affects the
phosphorylation of Cdc27 by Cdc2/Dcyclin B directly or
acts indirectly through some other component in the
APC preparations. We incubated His6–Cdc27 with vary-
ing concentrations of either Cdc2/Dcyclin B or p9/Cdc2/
Dcyclin B in the presence of [g-32P]ATP. Consistent with
the results described above, p9 strongly stimulated the
phosphorylation of His6–Cdc27 by recombinant Cdc2/
Dcyclin B so that His6–Cdc27 migrated at its hyperphos-
phorylated position in SDS gels (Fig. 6A, top, lanes c–h).
Although Plx1 did phosphorylate His6–Cdc27, it did not
elicit hyperphosphorylation of this substrate under these
conditions (Fig. 6A, lane i). In strong contrast to His6–
Cdc27, the phosphorylation of Dcyclin B was similar in
the absence and presence of p9 (Fig. 6A, bottom, lanes
c–h). Finally, both the Cdc2/Dcyclin B and p9/Cdc2/
Dcyclin B complexes phosphorylated the general Cdk
substrate histone H1 to similar extents (Fig. 6B). Thus, it
appears that p9 acts by facilitating the recognition of
His6–Cdc27 by Cdc2/Dcyclin B rather than increasing
the inherent catalytic activity of Cdc2/Dcyclin B.

Discussion

In this study we have analyzed the role of p9, a Xenopus
homolog of the Cdk-associated Suc1/Cks protein, at mi-
tosis in Xenopus egg extracts. As described previously,
egg extracts that are induced to enter M phase in the
absence of p9 are unable to carry out proteolysis of the
mitotic B-type cyclins (Patra and Dunphy 1996). How-
ever, the molecular basis of this defect was not resolved
previously. Similarly, fission yeast cells lacking the Suc1
protein become arrested in M phase by an unknown
mechanism (Moreno et al. 1989; Basi and Draetta 1995).
The proteolysis of cyclin B after entry into mitosis is
achieved by the ubiquitin-dependent, APC-mediated
proteasomal pathway (for review, see Ciechanover 1994;
Murray 1995; King et al. 1996; Hoyt 1997). This pathway
involves a series of concerted biochemical steps, one or
more of which apparently requires the involvement of
p9. Although the E1 and E2 components of this pathway
are constitutively active throughout the cell cycle, the
E3 component or ubiquitin ligase is activated only on
entry into mitosis (King et al. 1995; Lahav-Baratz et al.
1995; Peters et al. 1996). The APC is essential for E3
activity, but other proteins such as those in the Cdc20
and Cdh1/Hct1 family of proteins, may also be neces-
sary, even though apparently they are not permanent
constituents of the APC (Schwab et al. 1997; Visintin et
al. 1997). Once cyclin B undergoes polyubiquitination, it
is delivered to the proteasome, where it is subjected to

Figure 6. p9 strongly enhances the phosphorylation of the iso-
lated, recombinant His6–Cdc27 protein by Cdc2/Dcyclin B. (A)
The human Cdc27 protein with a histidine-tag at its amino-
terminal end (His6–Cdc27) was expressed in bacteria and tested
as a substrate for the Cdc2/Dcyclin B complex (lanes c,e,g), the
p9/Cdc2/Dcyclin B complex (lanes d,f,h), and Plx1 (lane i) in the
presence of [g-32P]ATP. Lanes e and f contain twice as much
kinase as lanes c and d, and lanes g and h contain four times
more kinase. Lane a is control to which kinase buffer only has
been added. Lane b contains no kinase but recombinant His6–p9
(10 ng/µl). (B) The Cdc2/Dcyclin B (lane a) and p9/Cdc2/
Dcyclin B complexes (lane b) exhibit very similar histone H1
kinase activity.
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rapid and processive proteolysis. Cdc2 remains stably
bound to polyubiquitinated cyclin B (Amon et al. 1994;
Brandeis and Hunt 1996; Yamano et al. 1996), but both
Cdc2 and p9 are spared from destruction by the protea-
some.

In principle, p9 could be required for ubiquitin-medi-
ated degradation of cyclin B at any one of several steps.
The activation of the APC at mitosis is known to be
dependent on active Cdc2/cyclin B (Luca and Ruderman
1989; Félix et al. 1990b; Hershko et al. 1994; Lahav-
Baratz et al. 1995; Sudakin et al. 1995). The mechanism
by which Cdc2/cyclin B triggers activation of the APC
has been unresolved, but the critical target(s) of Cdc2/
cyclin B in this pathway could require p9 for properly
controlled phosphorylation. Another explanation would
be that Cdc2/cyclin B cannot serve as a substrate for
APC-dependent ubiquitin ligase activity when p9 is not
associated with the Cdk complex. In this scenario, p9
would act as a specificity factor in targeting cyclin B for
polyubiquitination by the active APC. Finally, another
model would be that the complex of Cdc2 and polyubiq-
uitinated cyclin B could not interact properly with the
proteasome in the absence of p9.

To distinguish among these possibilities, we depleted
p9 from M-phase extracts in which the APC is already
active. If p9 were required directly for the ubiquitination
and/or proteolysis of cyclin B, then removal of p9 at this
time should abolish cyclin B destruction. Alternatively,
if p9 plays a regulatory role in switching on or allowing
the manifestation of ubiquitin-ligase (E3) activity, then
the immunodepletion of p9 from extracts in which the
cyclin destruction machinery has already been activated
should not have any effect on cyclin B degradation. Our
results indicate that p9 acts by controlling E3 activity, as
depletion of p9 from extracts already in M phase has no
effect on the ability of these extracts to degrade cyclin B.
This observation is clearly not consistent with the no-
tion that p9 is required directly for recognition of cyclin
B by either the E3-ubiquitin ligase or the proteasome.
Instead, our results strongly suggest that activation of
the APC cannot occur in the absence of p9.

To explore how p9 might affect regulation of the APC,
we have examined the phosphorylation of the Cdc27
component of the APC in extracts that have been in-
duced to enter mitosis in the absence of p9. Normally,
Cdc27 and a number of other subunits of the APC (e.g.,
APC1-BIME) undergo phosphorylation at M phase as the
cyclin destruction machinery is switched on. Phosphory-
lation of the APC appears to be important for its activity
at mitosis, because treatment of the APC with phospha-
tase abolishes ubiquitin–ligase activity (King et al. 1995;
Lahav-Baratz et al. 1995; Peters et al. 1996). Signifi-
cantly, we find that the mitotic hyperphosphorylation of
the Cdc27 protein is abolished in extracts that have en-
tered M phase in the absence of p9. These same extracts
are totally incapable of carrying out the destruction of
cyclin B. Taken together, our results strongly support a
model in which p9 is required for activation of the cyclin
destruction machinery.

In an effort to investigate how p9 might be regulating

the destruction machinery, we examined whether p9
could associate physically with components of the APC
and/or direct phosphorylation of the APC by the Cdc2/
cyclin B complex. We found that some p9 can be found
in a complex with the Cdc27 component of the APC at
mitosis, but not during interphase. Similar results have
been obtained in the clam oocyte system (Sudakin et al.
1997). However, only a small proportion of the Cdc27
appears to be associated with p9 at M phase in Xenopus
egg extracts, suggesting that this is a weak or transient
interaction.

In another series of experiments, we investigated
whether p9 could direct the phosphorylation of the APC
by the Cdc2/cyclin B complex. It is clear that activation
of Cdc2/cyclin B at mitosis turns on the cyclin destruc-
tion machinery, but the molecular mechanism of this
phenomenon has not been elucidated. The APC can be
depleted from Xenopus egg extracts by the MPM-2 anti-
body, which recognizes a phosphopeptide epitope on mi-
totic phosphoproteins (King et al. 1995). However, al-
though Cdc2 can create the MPM-2 epitope on substrate
proteins, other kinases such as Plx1, the Xenopus Polo-
like kinase, also clearly possess this capacity (Kuang and
Ashorn 1993; Kumagai and Dunphy 1996). There is a
decided lag between the appearance of active Cdc2/
cyclin B and the phosphorylation of Cdc27 and activa-
tion of the APC (Hershko et al. 1994; Lahav-Baratz et al.
1995; Sudakin et al. 1995). This observation might sug-
gest that there is an intermediary step(s) or modulating
event(s) between activation of Cdc2/cyclin B and the
APC. Consistent with this possibility, it has been re-
ported that the murine Polo-like kinase (Plk) and Cdc2/
cyclin B can collaborate to activate the APC in vitro
(Kotani et al. 1998). Kotani et al. observed that Cdc2/
cyclin B did not phosphorylate the APC directly but
acted indirectly by activating Plk. However, it is not
known whether Cdc2/cyclin B is the physiological acti-
vator of Plk in vivo. Similarly, Descombes and Nigg
(1998) have implicated Plx1 in the control of cyclin deg-
radation in cytostatic factor (CSF)-arrested Xenopus egg
extracts. Furthermore, proteins in the Cdc20 and Cdh1/
Hct1 family are essential for APC functions (Dawson et
al. 1995; Sigrist et al. 1995; Schwab et al. 1997; Visintin
et al. 1997; Shirayama et al. 1998). Collectively, these
findings suggest that Cdc2/cyclin B is necessary but not
sufficient for activation of the APC.

We find that recombinant Cdc2/cyclin B can bring
about phosphorylation of APC components such as the
Cdc27 and BIME proteins, but this reaction occurs effi-
ciently only in the presence of p9. This effect is most
obvious in the case of the Cdc27 component of the APC,
but the Cdc2-dependent phosphorylation of BIME is also
enhanced by p9. In the case of Cdc27, the p9-stimulated
phosphorylation was observed with several distinct
Cdc27-containing preparations. In particular, we utilized
an APC fraction that had been partially purified by ion-
exchange chromatography, an APC preparation that had
been immunopurified with anti-Cdc27 antibodies, and
recombinant His6–Cdc27 from bacteria. In all three
cases, the presence of p9 in the Cdc2/cyclin B complex
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strongly stimulated the phosphorylation of Cdc27. Be-
cause this effect could be observed even with bacterially
expressed His6–Cdc27, it appears that p9 directly en-
hances the ability of Cdc2/cyclin B to phosphorylate the
Cdc27 protein. Although there is one report that the fis-
sion yeast Suc1 protein can suppress the phosphoryla-
tion of intermediate filament proteins by Cdc2 (Ku-
subata et al. 1992), our studies represent the first ex-
ample in which a Suc1/Cks protein can be shown to
modulate the functional properties of a Cdk by promot-
ing phosphorylation of a Cdk substrate. This observation
rationalizes why the Suc1/Cks protein is needed for cell
cycle progression. As discussed above, the APC is most
likely regulated by an additional kinase(s) besides Cdc2/
cyclin B in vivo. In the future, it will be important to
assess the relative contributions of Cdc2/cyclin B and
other kinases such as the Polo-like kinases under condi-
tions where Cdc2/cyclin B contains an associated p9
subunit. For example, Kotani et al. (1998) did not observe
that baculovirus-expressed Cdc2/cyclin B could phos-
phorylate the APC, but this Cdk did not contain a re-
combinant Suc1/Cks protein.

The rationale for why Cdc2/cyclin B should require an
accessory subunit to phosphorylate Cdc27 efficiently re-
mains to be resolved. In structural studies, it has been
found that the human Cks1 protein contains a potential
anion binding pocket that could interact with a phos-
phate group (Arvai et al. 1995; Bourne et al. 1996). Hu-
man Cks1 is located on the same face of the Cdk as the
catalytic site. The orientation of the anion-binding
pocket suggests that it would most likely bind to a phos-
phate moiety in a ligand that interacts with the Cdk/
cyclin complex (e.g., a substrate) rather than a phosphate
in the Cdk/cyclin complex itself. Interestingly, Cdc27 is
multiply phosphorylated at mitosis, which raises the
possibility that the extent of phosphorylation of Cdc27
could influence its recognition by p9/Cdc2/cyclin B. In
this scenario, p9/Cdc2/cyclin B would have a low affin-
ity for unphosphorylated or hypophosphorylated Cdc27
and a higher affinity for more extensively phosphory-
lated Cdc27. In principle, this action of p9 as a docking
factor might help to explain some characteristic features
in the kinetics of cyclin B destruction, such as the re-
quirement for a threshold concentration of Cdc2/cyclin
B and the lag between the activation of Cdc2/cyclin B
and the activation of the APC.

In conclusion, we have demonstrated that p9 directly
regulates phosphorylation of the APC at mitosis. This
observation should aid in unraveling the complex series
of events that result in the metaphase–anaphase transi-
tion in eukaryotic cells. Moreover, it will be important
to assess whether p9 controls the phosphorylation of
Cdk substrates involved in other cell cycle processes.

Materials and methods

Preparation of recombinant, untagged Xe-p9 in Sf9
insect cells

To prepare a full-length recombinant p9 lacking a histidine tag,
we subcloned the NdeI–EcoRI fragment of pVL1393N–His6–p9

(Patra and Dunphy 1996) into pVL1393 that had been digested
with NdeI and EcoRI. The resulting vector was used for the
production of untagged p9 in Sf9 insect cells (Kumagai and Dun-
phy 1995).

Preparation of Cdc2/cyclin B complexes

A Cdc2/Dcyclin B complex was prepared as described in Kuma-
gai and Dunphy (1995). Because high concentrations of p9 in-
hibit activation of Cdc2 by the Cdk-activating kinase (D. Patra
and W.G. Dunphy, unpubl.), a p9/Cdc2/Dcyclin B complex con-
taining equimolar amounts of all three proteins was prepared as
follows. Nickel-agarose beads containing Dcyclin B (25 µl) were
incubated with 500 µl of a Cdc2-containing Sf9 cell lysate for 20
min at 22°C in the presence of 0.5 mM ATP and 10 mM MgCl2.
The beads were washed three times with HEPES-buffered saline
(HBS; 10 mM HEPES-KOH at pH 7.5, 150 mM NaCl) and then
incubated with 500 µl of a p9-containing Sf9 cell lysate at 4°C
for 30 min. The beads were isolated by centrifugation and then
incubated further with a fresh 500-µl aliquot of p9-containing
lysate for 30 min. The beads were then washed three times with
HBS and eluted with 250 mM imidazole in HBS. The kinase
complexes were then used at a final dilution of 1 : 10 in HBS
(1 : 100 for assessing histone H1 kinase activity). Complexes
between the Cdc2–AF mutant and either truncated Dcyclin B1
or the full-length cyclin B1 were prepared by gel filtration chro-
matography with a SMART system (Pharmacia; Kumagai and
Dunphy 1995).

Preparation of Xenopus egg extracts

CSF-arrested extracts from unactivated Xenopus eggs were pre-
pared as described (Murray 1991). Activation of these egg ex-
tracts by the addition of CaCl2 (0.4 mM) and visual monitoring
of the assembly and disassembly of nuclei formed around sperm
chromatin (500 demembranated Xenopus sperm nuclei per mi-
croliter of extract) were described previously (Kumagai and
Dunphy 1995; Mueller et al. 1995a). In some cases, cyclohexi-
mide (100 µg/ml) was added as described in the legends to Fig-
ures 1–4.

Processing of anti-Cdc27 immunoprecipitates for treatment
with kinases

To immunoprecipitate the Xenopus APC from interphase ex-
tracts to investigate the phosphorylation of APC subunits by
the Cdc2/Dcyclin B complex or the p9/Cdc2/Dcyclin B com-
plex, anti-Cdc27 antibodies (Tugendreich et al. 1995; King et al.
1995) were first bound to Affi-prep protein A support beads (Bio-
Rad) at 4°C for an hour. After washing the beads with HBS,
interphase extracts containing cycloheximide (100 µg/ml) were
added, mixed thoroughly, and incubated at 4°C for 2 hr. The
beads were then recovered by centrifugation and washed accord-
ing to the protocol of King et al. (1995) with minor modifica-
tions. The beads were first washed six times with 20 mM Tris-
HCl (pH 7.7), 500 mM KCl, 0.1 mM CaCl2, 1 mM MgCl2, 1 mM

DTT, 0.5% NP-40 and then washed twice with 20 mM Tris-HCl
(pH 7.7), 100 mM KCl, 0.1 mM CaCl2, 1 mM MgCl2, 1 mM DTT.
Finally, the beads were washed twice with HBS.

Partial purification of the APC from Xenopus egg extracts

The Xenopus APC was prepared from high-speed supernatants
of both CSF-arrested (M phase) and interphase egg extracts as
described in King et al. (1995). Fractionations of the high-speed
supernatants were performed with a 6-ml Source 15 Q column
(Pharmacia) that was eluted with six column volumes of a linear
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salt gradient from 100 to 500 mM KCl in buffer Q (20 mM Tris-
HCl at pH 7.7, 0.1 mM CaCl2, 1 mM MgCl2, 1 mM DTT). Frac-
tions (2.5 ml) were collected and analyzed by immunoblotting
with anti-Cdc27 and anti-Tsg24 (BIME) antibodies. Fractions
containing peak amounts of both the Cdc27 and BIME proteins
were collected, desalted on PD10 columns (Pharmacia), and
concentrated to 500 µl by use of Centriprep-10 concentrators
(Amicon). The concentrated fractions were aliquoted and stored
at −70°C.

Preparation of recombinant His6–Cdc27 in bacteria

To prepare a full-length recombinant human Cdc27 with a six-
histidine tag at its amino-terminal end (His6–Cdc27) in bac-
teria, a PCR product containing the entire cDNA of Cdc27 was
first prepared with pSTU16 as the template (Tugendreich et
al. 1993). In this construct, the initiating codon (ATG) was
converted into an NdeI restriction site with the primers 58-
TGAGTCCACATATGACGGTGCTGCAGGAACCC-38 and
58-CGGAATTCCCAGAAGTTAAAATTCATCACTTTCAGC-
TGC-38. After digestion of the PCR product with NdeI and
EcoRI, it was then subcloned into the bacterial expression vec-
tor pET9-His6 (Shou and Dunphy 1996) that had been digested
with NdeI and EcoRI. The His6–Cdc27 protein was expressed in
BL21(DE3)pLysS cells and purified by nickel agarose chroma-
tography.

Miscellaneous

Preparation of recombinant His6–p9 in Sf9 insect cells, prepa-
ration of antibodies against a carboxy-terminal peptide of p9,
and depletion of p9 from M-phase and interphase egg extracts
with these anti-p9 antibodies bound to protein A–Sepharose
beads (Sigma) were performed as reported previously (Patra and
Dunphy 1996). Antibodies against the human cyclin B1 were
obtained from Upstate Biotechnology (Lake Placid, NY). Anti-
bodies against Xenopus Cdc25, Wee1, and Myt1 were described
previously (Kumagai and Dunphy 1992; Mueller et al. 1995a,b).
Antibodies against human Cdc27 were generously supplied by
Dr. P. Hieter (University of British Columbia, Vancouver, B.C.,
Canada), and antibodies against the mouse Tsg24 (BIME; Star-
borg et al. 1994) were kindly provided by Dr. C. Hoog (Karolin-
ska Institutet, Stockholm, Sweden). Immunoblotting with vari-
ous antibodies was done as described (Coleman et al. 1993) by
use of 125I-labeled protein A (ICN, Cleveland, OH) or 125I-la-
beled sheep anti-mouse IgG antibodies (Amersham, Arlington
Heights, IL). Detection of p9 in Figure 4B and the Cdc27 and
BIME proteins in Figure 5B was performed by chemilumines-
cence (ECL, Amersham) with a goat anti-rabbit-IgG–HRP con-
jugate (Bio-Rad). Coimmunoprecipitation of Cdc27 with p9
from egg extracts was performed with 100 µg/ml of anti-p9
antibodies as described (Mueller et al. 1995a; Patra and Dunphy
1996). Coimmunoprecipitation of p9 with Cdc27 from egg ex-
tracts was performed by use of a rabbit polyclonal antiserum (10
µl of serum per 100 µl of egg extract) directed against the human
Cdc27 protein (King et al. 1995; Tugendreich et al. 1995). Puri-
fication of active Plx1 from Sf9 cells treated with okadaic acid
was performed as described previously (Kumagai and Dunphy
1996). Protein concentrations were determined by use of a Bio-
Rad protein assay kit with bovine serum albumin or lysozyme
as the standard.
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