RESEARCH COMMUNICATION

The spindle checkpoint
requires cyclin-dependent
kinase activity

Vincenzo D’Angiolella,’ Cecilia Mari,>
Donatella Nocera,® Linda Rametti,® and
Domenico Grieco'>*

'Dipartimento di Biologia e Patologia Molecolare e Cellulare
L., Califano Medical School, University of Napoli, Federico II,
Pansini 5, 80131 Napoli, Italy; 2Facolta’ di Scienze
Biotecnologiche, University of Napoli, Federico II, Pansini 5,
80131 Napoli, Italy; ®*Dipartimento di Medicina Sperimentale,
G. Salvatore, Medical School, University of Catanzaro, T.
Campanella, 88100 Cantanzaro, Italy

The spindle checkpoint prevents anaphase onset until
completion of mitotic spindle assembly by restraining
activation of the ubiquitin ligase anaphase-promoting
complex/cyclosome-Cdc20 (APC/CS4°2%), We show that
the spindle checkpoint requires mitotic cyclin-depen-
dent kinase (cdk) activity. Inhibiting cdk activity over-
rides checkpoint-dependent arrest in Xenopus egg ex-
tracts and human cells. Following inhibition, the inter-
action between APC/C and Cdc20 transiently increases
while the inhibitory checkpoint protein Mad2 dissoci-
ates from Cdc20. Cdk inhibition also overcomes Mad2-
induced mitotic arrest. In addition, in vitro cdkl-phos-
phorylated Cdc20 interacts with Mad2 rather than APC/
C. Thus, cdk activity is required to restrain APC/CC%¢2°
activation until completion of spindle assembly.

Received April 10, 2003; revised version accepted August 8,
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At the end of mitosis, activation of the ubiquitin ligase
anaphase-promoting complex/cyclosome (APC/C) in as-
sociation with its coactivator Cdc20 (APC/CS920) ini-
tiates proteolysis of the anaphase inhibitor securin and
of mitotic cyclins leading to anaphase onset (Peters
2002). From telophase to G1, in yeast and somatic mam-
malian cells, APC/C associates with a different coacti-
vator, Cdhl (APC/CSM!, Peters 2002). In early embry-
onic cell cycles, that lack G1, Cdhl is not expressed, and
APC/C activity depends only on Cdc20 (Lorca et al.
1998; Peters 2002). The spindle checkpoint, a safeguard
mechanism that prevents defects in chromosome segre-
gation, inhibits anaphase onset until the mitotic spindle
is correctly assembled (Peters 2002). The spindle check-
point blocks APC/CC920 gctivation.

Phosphorylation of key elements may have a role in
timing the events that lead to mitosis exit and in regu-
lating the spindle checkpoint function. Phosphorylation
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of APC/C subunits by cdk and Polo-like kinase appears
to help APC/C activity. However, cdk activity blocks
APC/CCd! activation (Peters 2002). In addition, recent
evidence indicates that cdk activity is required for the
efficient function of the spindle checkpoint protein
Bublp in fission yeast (Yamaguchi et al. 2003). Whether
cdk activity has a role in the checkpoint-dependent con-
trol of APC/CS9°20 activation in higher eukaryotes is
unclear (Kramer et al. 2000, Yudkovsky et al. 2000). We
have now used cycling Xenopus egg extracts and human
cells to investigate the role for mitotic cdk activity in the
spindle checkpoint function.

The spindle checkpoint does not inhibit cyclin A deg-
radation; thus, cdkl activity is sustained by cyclin B un-
der checkpoint conditions (Peters 2002). In somatic cells,
cyclin E is degraded during S phase and its abundance has
been reported to be very low in mitosis (Dulic et al.
1992). Because of the low abundance of its partners, cy-
clin A and cyclin E, cdk2 may not have a crucial role for
mitotic arrest induced by the spindle checkpoint in so-
matic cells (Peters 2002). In Xenopus embryos and egg
extracts cyclin E is not degraded during S phase, and
cyclin E-cdk2 activity oscillates during mitosis, regulat-
ing several aspects of this phase of the cell cycle (Gua-
dagno and Newport 1996; D’Angiolella et al. 2001; Tun-
quist et al. 2002). Cyclin E-cdk2 appears required to
stimulate the cdkl activation pathways at the onset of
mitosis (Guadagno and Newport 1996). In addition, we
and others have recently shown that cyclin B degrada-
tion depends on the proteolysis-independent down-regu-
lation of cyclin E-cdk2 activity at the end of mitosis, and
that constitutively active cyclin E-cdk2 induces check-
point-like mitotic arrest (D’Angiolella et al. 2001; Tun-
quist et al. 2002; Tunquist and Maller 2003).

Results and Discussion

Cdk activity is required to prevent activation of the
cyclin degradation pathway in checkpoint-arrested
egg extracts

The spindle checkpoint can be activated in Xenopus egg
extract by adding large amounts of demembranated
sperm nuclei in the presence of the microtubule inhibi-
tor nocodazole (Minshull et al. 1994). To study the role
for mitotic cdk activity in the spindle checkpoint, we
first asked whether the activity of cdk2 was stabilized,
along with that of cdkl, under checkpoint conditions.
We monitored the kinase activity of M-phase promoting
factor (MPF; the cyclin B-cdkl complex) and cyclin B
stability, as well as cdk2 activity during incubation at
23°C of control extracts and extracts in which the
spindle checkpoint was activated. In the control sample,
MPF activity and cyclin B abundance increased until 20
min and fell by 30 min (Fig. 1A). Cdk2 activity was
higher during mitosis (Fig. 1A, 20 min) and declined
thereafter (D’Angiolella et al. 2001). In the checkpoint
sample, stabilization of cyclin B and MPF activity was
accompanied by stabilization of cdk2 activity (Fig. 1B).
To determine the relevance of sustained cdk2 activity for
the checkpoint, we added to a portion of checkpoint-
arrested extract the cdk inhibitor protein p21/Cipl/Wafl
(as a glutathione-S-transferase fusion protein; GST-Cipl)
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Figure 1. Cdk activities in checkpoint-arrested egg extracts. MPF
(O; cyclin B-cdkl) and cdk2 (M) kinase activities and autoradio-
graphs of [*°S]-labeled extracts proteins (the position of cyclin B is
indicated) from portions of a cycling Xenopus egg extract during
incubation at 23°C. (A) Control extract (+nocodazole). (B) Check-
point-arrested extract (+demembranated sperm nuclei + nocodazole).
Portions of the checkpoint-arrested extract received after 22 min of
incubation: (C) GST-Cipl (100 nM). (D) Roscovitine (2 uM; in
DMSO). (E) MAPK activity in a checkpoint-arrested extract. (F)
MAPK activity in a portion of the checkpoint-arrested extract that
received GST-Cipl (100 nM) after 22 min of incubation. The addi-
tion of GST or DMSO to checkpoint-arrested extracts did not re-
verse cell cycle arrest (data not shown).

at a concentration that preferentially inhibits cyclin
E-cdk2 rather than MPF (D’Angiolella et al. 2001). The
inhibitor overcame checkpoint-dependent arrest restor-
ing degradation of cyclin B and inactivation of cdkl and
cdk2 (Fig. 1C). Roscovitine, a different cdk inhibitor with
equal potency for both cdkl and cdk2, overcame arrest as
well (Fig. 1D). MAPK activity, that plays a role in the
checkpoint (Minshull et al. 1994), also dropped after cdk
inhibition (Fig. 1EF). GST-Cipl (even at 2 pM; see be-
low) or Roscovitine (2 uM) did not directly inhibit MAPK
activity in kinase assays (data not shown). Exit from mi-
tosis was confirmed by analysis of nuclear morphology
(data not shown). Thus, both cdk1 and cdk2 activities are
stabilized under checkpoint conditions, and inhibiting
both cdks or just cdk2 overrides cell cycle arrest. Cdk2
may perform specific phosphorylations required by the
checkpoint to block cell cycle progression. Alterna-
tively, considering the effects of Roscovitine and that
cdk2 is a potent activator of cdkl in egg extracts (Gua-
dagno and Newport 1996), cdk2 activity may be required
to sustain cdkl activity, and the latter activity may be
directly involved in checkpoint control. The evidence
we will show below indicates that cdkl rather than
cdk?2 directly performs phosphorylations relevant to the
checkpoint action.

Spindle checkpoint requires cdk activity

Cdk activity is required for Mad2-dependent
mitotic arrest

Unattached kinetochores activate the checkpoint pro-
tein Mad2 through complex mechanisms (Shah and
Cleveland 2000). Activated Mad2 inhibits APC/C®4¢20
by binding Cdc20 (Peters 2002). Checkpoint-dependent
arrest in egg extracts depends on Mad2 (Chen et al. 1996).
Mitotic cdk activity may affect Mad2 activation or the
action of activated Mad2 on APC/C®92° The mecha-
nisms that activate Mad2 are still not completely under-
stood; however, it is known that an excess of recombi-
nant Mad2 blocks APC/C920 in egg extracts mimick-
ing the effects of activated Mad2 (Li et al. 1997). We
asked whether Mad2-induced mitotic arrest was sensi-
tive to cdk inhibition. Stabilization of MPF activity and
cyclin B was reached by adding recombinant Mad2 to a
cycling extract (Fig. 2A,B). Cdk2 activity was also stabi-
lized under these conditions (Fig. 2B). Furthermore, cell
cycle arrest was rapidly overcome by addition of either
p21/Cipl/Wafl or Roscovitine (Fig. 2C,D). At higher
Mad2 concentrations, however, mitotic arrest becomes
resistant to cdk inhibitors (data not shown). These re-
sults indicate that mitotic cdk activity helps Mad2 to
inhibit APC/C<4¢2°  although a role for cdk in Mad2 ac-
tivation is not ruled out.

Cdk activity affects the interactions of Cdc20 with
Mad2 and APC/C in HeLa cells

It has been shown that cdk inhibitors overcome spindle
checkpoint-dependent arrest in somatic mammalian
cells and in yeast. However, this has been interpreted as
due to inappropriate APC/CS! activation, otherwise
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Figure 2. Requirement for cdk activity in Mad2-induced mitotic
arrest. MPF (0J) and cdk2 (M) kinase activities and autoradiographs of
[3°S]-labeled extracts proteins (the position of cyclin B is indicated)
from portions of a cycling Xenopus egg extract during incubation at
23°C. (A) Control extract, buffer added prior to incubation. (B) Re-
combinant human Mad2 (80 ug/uL of extract; + Mad2) added prior to
incubation. GST-Cipl (C) or Roscovitine (D) were added to samples
of the Mad2-treated extract portion after 40 min incubation. GST or
DMSO did not reverse Mad2-dependent cell cycle arrest (data not
shown).
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inhibited by cdk activity (Zur and Brandeis 2001; Peters
2002). In the light of our observations in a system that
depends only on APC®4?° for degradation (Lorca et al.
1998), we reconsidered this issue asking whether sus-
tained cdk activity is, instead, required to keep APC/
C©9°20 jphibited in checkpoint-arrested somatic human
cells. We treated HeLa cells with nocodazole for 14 h to
activate the checkpoint. Checkpoint-arrested cells were
collected and either Roscovitine (dissolved in dymethyl-
sulfoxide; DMSO) or DMSO, as control, was added in the
continuous presence of nocodazole. Shortly after Rosco-
vitine addition, sister chromatids lost cohesion and then
started to decondense (Fig. 3A); securin was rapidly de-
graded followed by bulk cyclin Bl degradation (Fig. 3B).
No significant changes were detected in chromosome
morphology and protein stability after DMSO addition
(Fig. 3A,B, control). The temporal degradation order of
securin and cyclin Bl was similar to that observed in
cells recovering from checkpoint arrest after nocodazole
wash out (Fig. 3B, NWO).

When cells are released from checkpoint arrest by no-
codazole wash out, activation of APC/CS92° requires
Mad2 dissociation from Cdc20 (Fang et al. 1998). To
know whether cdk inhibition relieved Mad2-dependent
block of APC/CS920 we performed a series of experi-
ments involving immunoprecipitation followed by im-
munoblotting to determine the interactions of Cdc27, an
APC/C subunit, Cdc20, and Mad2 in checkpoint-ar-
rested cells after Roscovitine addition. We found that the
amount of Mad2 bound to Cdc20 was drastically reduced
20 min after Roscovitine addition, whereas Cdc20 bind-
ing to Cdc27 was maintained (Fig. 3C). Cdc20 progres-
sively dissociated from Cdc27 presumably because of
APC/C dephosphorylation (Fang et al. 1998; Kramer et
al. 2000; Peters 2002). No significant changes were de-
tected after 90 min from DMSO addition in control
checkpoint-arrested cells (data not shown). Thus, cdk in-
hibition induces dissociation of Mad2 from Cdc20. Simi-
lar data were obtained using the nontransformed human
cell line HUV-EC-C (data not shown). We also tested
Alsterpaullone, Purvalanol A, and Indirubin 3’ monox-
ime—other known cell permeable inhibitors of cdkl—as
well as UO 126, SB 203589, and H89, potent cell perme-
able inhibitor of other kinases like MEK1, p38, and PKA
(Davies et al. 2000). Within 40 min of addition to check-
point-arrested HeLa cells, all the cdkl inhibitors re-
versed cell cycle arrest and induced dissociation of Mad2
from Cdc20 while the other inhibitors did not induce
any of these events (Fig. 3D). Thus, although the MEK-
MAPK, p38 and PKA pathways have been implicated in
the spindle checkpoint of mammalian cells (Peters
2002), their role appears more indirect than that of cdkl
for checkpoint control.

We also found that the interaction of Cdc20 with
Cdc27 increased early after cdk inhibition. This was bet-
ter observed at very short time points after Roscovitine
addition (Fig. 4A; similar results were also obtained with
Indirubin 3’ monxime or Purvalanol A; data not shown).
The transient increase in Cdc20-Cdc27 interaction
could also be observed in cells released from checkpoint
arrest shortly after nocodazole washout (Fig. 4B). These
findings are consistent with the observation that cdk
phosphorylation of Cdc20 inhibits binding to Cdc27 in
vitro (Yudkovsky et al. 2000). We conclude that cdk ac-
tivity restrains APC/CS92C activation until proper as-
sembly of the mitotic spindle in somatic human cells by
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Figure 3. Cdk inhibition overrides checkpoint-dependent arrest in
HelLa cells. Checkpoint-arrested HeLa cells were collected 14 h after
nocodazole addition. DMSO, as control, or Roscovitine were then
added in the continuous presence of nocodazole and samples taken
at the indicated time points. (A) Chromosomes were stained with
Giemsa. Arrowheads (Control) or brackets (Roscovitine) indicate
maintenance or loss of sister chromatid cohesion. (B) Securin and
cyclin Bl were visualized by immunoblot from total cell lysates;
securin and cyclin Bl were also visualized from cells taken after
nocodazole washout (NWO). In A, sister chromatid cohesion was
lost in about 80% of cells 20 min after Roscovitine addition. (C)
Cdc20 or Cdc27 were immunoprecipitated from samples taken at
the indicated time points from Roscovitine addition (Ip) and asso-
ciated Cdc27, Cdc20, and Mad2 were detected by immunoblot (Ib);
the total amount of Mad2 is also shown. (Mk Ip) Mock precipita-
tions; (Ig) immunoglobulin. (D) Checkpoint-arrested HeLa cells
were collected 14 h after nocodazole addition and split into seven
dishes. Then, DMSO (lane 1), Alsterpaullone (800 nM; lane 2), In-
dirubin 3’ monoxime (6 uM; lane 3), Purvalanol A (600 nM; lane 4),
UO 126 (30 uM; lane 5), SB 203589 (30 uM; lane 6), and H89 (30 pM;
lane 7), were individually added in the continuous presence of no-
codazole, and cells harvested after additional 40 min incubation.
Cdc20 was immunoprecipitated (Ip) and associated Cdc27 and Mad2
were detected by immunoblot (Ib), the total amount of Mad2, cyclin
B1, and cdkl is also shown. UO 126, SB 203589, and H89 were also
tested in a range of concentration from 30 nM to 50 uM giving
similar results (not shown).

stabilizing Cdc20-Mad2 interaction and reducing Cdc20
binding to APC/C.

Cdc20 binding to Cdc27 and Mad? is affected by
cdk1 phosphorylation

A possible target for cdk action in regulating Cdc20 in-
teraction with APC/C and Mad2 could be Cdc20 itself.
Cdc20 contains multiple cdk phosphorylation sites and
is phosphorylated during mitosis and under checkpoint
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Figure 4. Cdk1 inhibition affects Cdc20 phosphorylation and bind-
ing to Cdc27 and Mad2 in Hela cells. Cdc20 was immunoprecipi-
tated (Ip) and associated Cdc27 or Mad2 were detected by immuno-
blot (Ib) from checkpoint-arrested cells taken at the indicated time
points from Roscovitine addition (A) and nocodazole washout (B).
Optical density values of Cdc27 bound to Cdc20 are indicated
(Cdc27 od; arbitrary units). (Mk Ip) Mock precipitations. (C, Ieft)
Immunoblot of Cdc20 from thymidine-arrested (T) and from noco-
dazole-arrested HeLa cells taken at the indicated time points after
Roscovitine addition. (Right) Immunoblot of Cdc20 from thymi-
dine-arrested cells (T), from nocodazole-arrested cells nontreated (0)
and treated (APP) in vitro with X\ protein phosphatase and from no-
codazole-arrested cells after 20 min from Roscovitine addition (20).

conditions (Kramer et al. 2000; Yudkovsky et al. 2000;
Peters 2002). Mutation of several of these sites substan-
tially reduces Cdc20 phosphorylation by mitotic egg ex-
tracts and by cdkl (Kramer et al. 2000; Yudkovsky et al.
2000). In addition, it has been shown by in vitro studies
that phosphorylated Cdc20 is a poorer stimulator of
APC/C activity than non- or hypophosphorylated Cdc20
(Kramer et al. 2000) and that cdk-dependent phosphory-
lation of Cdc20 inhibits binding to Cdc27 (Yudkovsky et
al. 2000). Thus, under checkpoint conditions, cdkl-de-
pendent phosphorylation of Cdc20 may affect the ability
of Cdc20 to bind APC/C and Mad2. Phosphorylated
Cdc20 has retarded mobility on SDS-PAGE (Fang et al.
1998; Kramer et al. 2000). To analyze the phosphoryla-
tion status of Cdc20 in checkpoint-arrested cells after
cdk inhibition, we separated HeLa proteins in longer
SDS-PAGE runs to better visualize changes in Cdc20
mobility. Cdc20 mobility increased after Roscovitine ad-
dition to checkpoint-arrested cells, suggesting that it be-
comes dephosphorylated (Fig. 4C; similar results were
also obtained with Indirubin 3’ monxime or Purvalanol
A; data not shown). Cdc20 isolated from checkpoint-ar-
rested cells also showed increased mobility after treat-
ment with \ protein phosphatase, indicating that the in-
creased mobility can be ascribed to dephosphorylation
(Fig. 4C). The timing of Cdc20 dephosphorylation is
compatible with the hypothesis that dephosphorylation
of Cdc20 increases binding to APC/C while it decreases
it to Mad2.

We used egg extracts to study in more detail the rel-
evance of Cdc20 phosphorylation for the interaction
with APC/C and Mad2. We, first, asked whether Cdc20
phosphorylation depended on cdkl or cdk2 activity in
egg extracts. To this end we used cytostatic factor-ar-
rested (CSF) M-phase extracts. In these extracts, cdkl
activity is sustained by redundant mechanisms so that
cdk2 can be inhibited leaving cdkl activity unaffected
(Tunquist et al 2002). After 30 min incubation in CSF-

Spindle checkpoint requires cdk activity

arrested extracts, [*°S]-labeled Cdc20 wild type under-
went phosphorylation as shown by the previously de-
scribed (Kramer et al. 2000) mobility shift on SDS-PAGE
(Fig. 5A, cf. lanes 1 and 2). Low concentration of p21/
Cipl/Wafl, added from time O of incubation, selectively
inhibited cdk2 but did not prevent the Cdc20 wild-type
gel mobility shift (Fig. 5A, lane 3). On the contrary, high
concentrations of p21/Cipl/Wafl inhibited also cdkl
and prevented the Cdc20 wild-type gel mobility shift
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Figure 5. Cdkl-dependent phosphorylation of Cdc20 is required for
Mad2-dependent arrest. (A) [>°S]-labeled Cdc20 wild-type (wt) was
produced in reticulocyte lysates and incubated with portions of a
CSF-arrested egg extract in the presence of cycloheximide. Samples
were taken at time O (lane 1), after 30 min incubation without fur-
ther additions (lane 2), after 30 min incubation in the presence of
100 nM GST-Cipl added from time O (lane 3; Cip1 low), and after 30
min incubation in the presence of 2 pM GST-Cipl added from time
0 (lane 4; Cipl high). Autoradiographs show [3°S]-labeled Cdc20 in
the extract samples (top), histone H 1 phosphorylated (P-HH1) by
cdk2 (middle), or cdkl (bottom) immunoprecipitated (Ip) from ex-
tract samples 1, 2, 3, and 4. (B) [**S]-labeled Cdc20 wild type (wt) and
seven-phosphorylation-sites mutant (7A) were produced in reticulo-
cyte lysates (-Cdk1) and incubated with active cdkl (+Cdk1). Phos-
phorylated wild-type and 7A Cdc20 were then incubated with por-
tions of a CSF-arrested extract containing recombinant human
Mad2 (80 pg/uL of extract) and cycloheximide for 30 min at 23°C.
Cdc27 or Mad2 were immunoprecipitated (Ip) and the amount of
bound wild-type (wt) and 7A Cdc20 detected by autoradiography.
(Mk) Mock precipitations. (C) A CSF-arrested extract was labeled
with [**S]-methionine and cysteine for 30 min, then cycloheximide
and buffer (Control) or recombinant human Mad2 (+Mad2) were
added and incubation prolonged for 30 min at 23°C. Subsequently,
cdkl phosphorylated Cdc20 wild type and 7A were added to Mad2
containing extract portions (1 reticulocyte lysate/40 extract) and
incubation further prolonged for 5 min. CaCl, was then added, and
samples taken at the indicated time points. The addition of nonpro-
grammed reticulocyte lysate (up to 1/10 extract volume) did not
affect Mad2-dependent arrest.
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(Fig. 5A, lanes 4,5). These results indicate that cdkl rather
than cdk2 is responsible for Cdc20 phosphorylation.

To know whether cdk1l-dependent phosphorylation af-
fected the ability of Cdc20 to interact with Cdc27 and
Mad2 in egg extracts, we used [*°S]-labeled Cdc20 wild
type and a previously described (Yudkovsky et al. 2000)
mutant Cdc20 version nonphosphorylatable at seven cdk
phosphorylation sites (7A). Using this mutant, it has
been shown that cdkl-phosphorylated Cdc20 binds
poorly to Cdc27 in vitro (Yudkovsky et al. 2000). Cdc20
wild type and 7A were independently pretreated with
active cdkl (Fig. 5B, -Cdkl and +Cdk1) and then incu-
bated in CSF-arrested extracts with recombinant Mad?2.
Cdc27 or Mad2 were isolated 30 min later and the
amount of bound Cdc20 wild type or 7A was determined.
Higher binding of Cdc20 7A than wild type was observed
to Cdc27, consistent with previous observations (Fig. 5B;
Yudkovsky et al. 2000). Conversely, Mad2 preferentially
bound Cdc20 wild type than 7A (Fig. 5B). Although cdk-
dependent phosphorylation of Cdc20 in vivo may not be
so extensive as in vitro, these data show that cdk-phos-
phorylated Cdc20 interacts more efficiently with Mad2
than Cdc27. This is consistent with the in vivo findings
that cdk inhibition induces dissociation of Cdc20 from
Mad2 and a transient increase of Cdc20 binding to Cdc27
(Figs. 3C, 5B).

We next tested whether Cdc20 7A, resistant to cdkl
phosphorylation, could overcome Mad2-dependent mi-
totic arrest. A CSF-arrested extract was preincubated for
30 min with excess of Mad2. Then, similar amounts of
Cdc20 wild type and 7A, prephosphorylated by cdkl,
were added to the Mad2-containing extract. Incubation
was prolonged for 5 min and then CaCl, was added to
inactivate CSF. In the control extract cyclins were rap-
idly degraded after CaCl, addition (Fig. 5C). In the ex-
tract treated with excess of Mad2, cyclins remained
stable for at least 40 min after CaCl, addition. Cyclins
remained stable as well in the extract containing Mad2
and Cdc20 wild type. Cyclin degradation was, instead,
restored in the extract containing Mad2 and Cdc20 7A
(by 20 min; Fig. 5C). Thus, Mad2-dependent arrest was
maintained in the presence of the cdkl-phosphorylated
wild-type Cdc20 but not of the phosphorylation-resis-
tant mutant Cdc20 version. Similar results were ob-
tained when the checkpoint was activated by nuclei and
nocodazole (data not shown).

Our observations, from Xenopus egg extracts and hu-
man somatic cells, indicate a crucial role for cdkl activ-
ity in the regulation of the spindle checkpoint. Cdkl ac-
tivity appears required to inhibit APC/C©9¢20 activation by
stabilizing Cdc20-Mad2 interaction and reducing Cdc20
binding to APC/C via direct phosphorylation of Cdc20.

In Xenopus egg extracts and embryos, cyclin E-cdk2
activity is relevant for many aspects of the M phase, and
we find it also involved in checkpoint control. It is pos-
sible that, under checkpoint conditions, cyclin E-cdk2 is
required to sustain cdkl activity (Guadagno and New-
port 1996), and that this is ultimately responsible to in-
hibit APC/C®920 activation (Fig. 5A). It is presently un-
clear why cyclin E-cdk2 plays a role in mitotic events in
this system, while it does not appear to be so relevant for
mitosis in somatic cells (Tunquist and Maller 2003).
Many reports also indicate that MAPK participates in
checkpoint regulation in egg extracts (Tunquist et al
2002). MAPK may participate directly in checkpoint
regulation, as suggested by recent evidence (Chung and
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Chen 2003), and also indirectly, like cdk2, by sustaining
cdkl activity (Tunquist and Maller 2003).

In mammalian cells, cdk2 may not have a crucial role
in spindle checkpoint-dependent arrest because the
abundance of its partners, cyclin A and E, is very low
under checkpoint conditions (Peters 2002, and the rel-
evance of the MAPK pathway in mitosis and spindle
checkpoint is not yet completely understood (Roberts et
al. 2002). Some human cancers, however, show deregu-
lated cyclin E expression and cyclin E-cdk2 activity is
present at high levels also in mitosis (Gray-Bablin et al.
1996). Our observations in the embryonic system may
provide a framework to explain some aspects of the on-
cogenic potential of deregulated cyclin E expression and
why this causes chromosomal instability in somatic
mammalian cells (Spruck et al. 1999).

During mitosis, cdkl may perform positive phos-
phorylations of APC/C, a prerequisite for its activity (Pe-
ters 2002), but at the same time, by phosphorylating
Cdc20, it lessens interaction between APC/C and Cdc20
and provides a precondition for inhibitory checkpoint
proteins, activated at unattached kinetochores like
Mad2, to interact with Cdc20. Thus, upon completion of
mitotic spindle assembly, activated checkpoint proteins
are no longer produced and active APC/<92° can begin to
form. An alternative hypothesis could be that the check-
point mechanism acts also by sustaining the pathways
that control and maintain cdk activation (Grieco et al.
1996; D’Angiolella et al. 2001). Thus, upon completion
of mitotic spindle assembly, an early and transient pro-
teolysis-independent drop in cdkl activity may help
rapid APC/C920 reactivation by increasing the Cdc20-
APC/C interaction and inducing the dissociation of ac-
tivated checkpoint proteins from Cdc20.

Materials and methods

Egg extracts and cell culture

Xenopus egg extracts were prepared and spindle checkpoint activation
was obtained essentially as described (Grieco et al. 1994; Minshull et al.
1994). Extracts proteins were labeled by adding [*°S]-methionine (400
pCi/mL; Amersham) to extracts at time O of incubation. MPF and cdk2
kinase activities were measured as previously described (D’Angiolella et
al. 2001). MAPK activity was measured as myelin basic protein (MBP)
kinase activity in anti-Xen-MAPK (p42) immunoprecipitates (IPs; phos-
phorylated MBP was quantified by densitometry). HeLa were grown in
DMEM (GIBCO) supplemented with 10% fetal calf serum, glutamine,
and penicillin/streptomycin. To activate the checkpoint, cells were first
treated for 18 h with 2 mM thymidine, then released for 3 h into fresh
medium before nocodazole (400 ng/mL; Calbiochem) addition. Fourteen
hours later, mitotic cells were recovered by shake-off and allowed to rest
for 30 min in new dishes. Then, either DMSO or Rosacovitine (30 pM;
Calbiochem) in DMSO were added. For nocodazole wash-out experi-
ments, mitotic cells were recovered by shake-off and washed once with
prewarmed phosphase-buffered saline (PBS) before incubation in pre-
warmed fresh medium; time O corresponds to cells that were washed
once in ice-cold PBS and immediately lysed. To visualize chromosomes,
cells were first incubated with hypotonic medium (1:4 with dH,0), fixed
with methanol, and stained with Giemsa (Sigma). For cell extracts, cell
pellets were lysed with 5 volumes of 15 mM HEPES at pH 7.4, 400 mM
NaCl, 0.1% NP40, and protease inhibitors. Lysates were incubated 30
min on ice and then spun two times for 20 min at 13,000 rpm in a
refrigerated microfuge. N protein phosphatase treatment (Calbiochem)
was performed on Cdc20 immunoprecipitated from nocodazole arrested
HelLa cell as previously described (Kramer et al. 2000).

Antibodies and immunoprecipitations
Anti-Xenopus MAPK, anti-Xenopus cdk2, and antihuman Mad2 antibod-
ies were a generous gift of Dr. J. Maller (Department of Pharmacology,



University of Colorado, Denver) and Dr. R. Benezra (Memorial Sloan-
Kettering Cancer Center, New York). All other antibodies were pur-
chased from Santa Cruz Biotechnology. IPs from egg extracts were per-
formed as follows: 5-15 uL of extracts samples were diluted in 250 uL
ice-cold buffer containing 15 mM HEPES at pH 7.4, 150 mM NacCl, 0.1%
NP40, and protease inhibitors. Samples were incubated with 2 ng anti-
body for 2 h on ice, mixed with 20 uL of 50% protein A + G-sepharose
suspension, and further incubated with rotation at 4°C for 2 h. Bead
pellets were washed two times with low (150 mM NaCl) and three times
with high (400 mM NaCl) salt buffer and a final wash in kinase reaction
buffer (Grieco et al. 1994). IPs from HeLa cells were performed similarly
starting from 400-pL extract using 4 pg antibody and 30 pL of 50% pro-
tein A + G-sepharose suspension. Mock precipitations (MK) were per-
formed with nonimmune Ig from time 0 samples. Primary antibodies on
immunoblots were revealed by proxidase-conjugated protein A and pro-
tein G (Bio-Rad) using an ECL kit (Amersham) according to the manu-
facturer’s instructions.

Recombinant proteins

Plasmids to express Cdc20 wild type and 7A were a generous gift of Dr.
A. Hershko (Technion-Israel Institute of Technology, Haifa, Israel). Pro-
teins were in vitro transcribed and translated in the presence of [3>°S]-
labeled methionine and cysteine (promix; Amersham) using a T7-TNT
coupled system (Promega). Plasmid to express histidine-tagged-human
Mad2 was a generous gift of R. Benezra. Bacterially expressed 6X-histi-
dine-Mad2 was prepared by Ni-NTA-agarose (Qiagen) chromatography
essentially as described by the manufacturer. After binding, the Ni-N-
TA-agarose column was washed with 100 volumes of 5 mM imidazole,
15 mM HEPES at pH 7.4, 150 mM NaCl, 0.1% NP40, and protease in-
hibitors. Protein was eluted with 250 mM imidazole, 20 mM HEPES, 50
mM KCI. Imidazole was removed by concentration-dilution cycles using
centricon 10 (Amicon). Active cdkl for in vitro phosphorylation reac-
tions was isolated by IP from CSF-arrested extracts. Phosphorylation re-
actions with in vitro transcribed-translated Cdc20 proteins were per-
formed as described (Yudkovsky et al. 2002). For incubation with egg
extracts, 1 volume of reticulocyte lysates was incubated with 20 volumes
of egg extract. Endogenous reticulocyte lysates Cdc27 was immunodepleted
after in in vitro translation and prior to phosphorylation.
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