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The mitotic checkpoint system delays anaphase until all chromo-
somes are correctly attached to the mitotic spindle. When the
checkpoint is turned on, it promotes the formation of the mitotic
checkpoint complex (MCC), which inhibits the ubiquitin ligase
anaphase-promoting complex/cyclosome (APC/C). MCC is com-
posed of the checkpoint proteins BubR1, Bub3, and Mad2 bound
to the APC/C activator Cdc20. When the checkpoint is satisfied,
MCC is disassembled and APC/C becomes active. Previous studies
have shown that the Mad2-binding protein p31°°™°* promotes the
dissociation of Cdc20 from BubR1 in MCC in a process that requires
ATP. We now show that a part of MCC dissociation is blocked by
inhibitors of cyclin-dependent kinases (Cdks) and that purified
Cdk1-cyclin B stimulates this process. The mutation of all eight
potential Cdk phosphorylation sites of Cdc20 partially prevented
its release from BubR1. Furthermore, p31°°™" stimulated Cdk-cat-
alyzed phosphorylation of Cdc20 in MCC. It is suggested that the
binding of p31°°™** to Mad2 in MCC may trigger a conformational
change in Cdc20 that facilitates its phosphorylation by Cdk, and
that the latter process may promote its dissociation from BubR1.

cell cycle | spindle checkpoint

he mitotic (or spindle assembly) checkpoint system ensures

the accuracy of chromosome segregation by delaying ana-
phase initiation until all chromosomes are correctly attached to
the mitotic spindle by their kinetochores (1-3). This checkpoint
system inhibits the action of the anaphase-promoting complex/
cyclosome (APC/C), a ubiquitin ligase that targets for degrada-
tion inhibitors of mitotic exit, such as securin and cyclin B (4-6).
When the checkpoint is activated, APC/C is suppressed by in-
hibitory factors such as the mitotic checkpoint complex (MCC),
composed of the checkpoint proteins BubR1, Bub3, and Mad2
bound to the APC/C activator Cdc20 (7). Another inhibitor,
mitotic checkpoint factor 2 (MCF2), has been separated from
MCC (8) but its composition is not known. The molecular events
involved in the assembly of APC/C inhibitors when the check-
point is activated, and in their disassembly when the checkpoint
is satisfied, remain obscure.

We have been studying the mechanisms of the release of APC/C
from mitotic checkpoint inhibition. For this purpose, we used
extracts from nocodazole-arrested cells that faithfully reproduced
downstream events of the mitotic checkpoint system (9). When
such extracts were incubated in the presence of ATP, APC/C was
converted to an active form following a lag period. This process
was accompanied by the release of inhibitory factors from APC/C
and the disassembly of MCC (8, 9). We found that the hydrolysis of
ATP at the f—y position was required for both for the activation of
APC/C and for the disassembly of MCC (10); this was different
from the previously described requirement of checkpoint in-
activation for ubiquitylation (11, 12), because the latter process
involves the cleavage of the a—f bond of ATP (13). We have
furthermore observed that f—y-hydrolyzable ATP is needed for
the action of p31°°™" (a Mad2-binding protein known to be in-
volved in checkpoint silencing and mitotic exit) (14-16) to pro-
mote MCC dissociation (17). Surprisingly, this process caused the
dissociation of Cdc20 from BubR1 in MCC, even though p31°°™¢*
binds to Mad?2 in this complex (17). The mode of action of ATP in
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MCC dissociation remained unknown. In the present investigation
we examined the possibility that the ATP requirement of MCC
dissociation reflects the involvement of phosphorylation of some
protein(s) involved.

Results

Cyclin-Dependent Kinase Promotes the Disassembly of MCC. We
previously found that ATP was required for exit from mitotic
checkpoint (10) and observed that ATP cooperated with the
Mad2-binding protein p31°°™* to promote the disassembly of
MCC (17). However, the mode of the action of ATP in these
processes remained unknown. We therefore examined the possi-
bility that the ATP dependence of MCC disassembly may reflect
the involvement of protein phosphorylation. In the experiment
shown in Fig. 14, the influence of protein kinase inhibitors on the
disassembly of MCC was examined. For this purpose, we used
a previously established assay that followed the release of MCC
components from BubR1 immunoprecipitates derived from
checkpoint extracts (17). In this partially purified system, the joint
supplementation of ATP and p31°°™' caused synergistic release
of Cdc20 and Mad2 from BubR1 (17). We found that the addition
of staurosporine, an inhibitor of many protein kinases (18),
markedly inhibited the release of MCC components in a similar
incubation with ATP (Fig. 14, lane 5 vs. 2), or with both ATP and
p31°°™¢! (lane 7 vs. 4). Similar results were obtained with p27/P*,
a specific inhibitor of cyclin-dependent kinases (Cdks) (19) (Fig.
14, lanes 6 and 8 vs. 2 and 4). However, in both cases, the sup-
pression of MCC disassembly by the protein kinase inhibitor was
partial, even though both inhibitors were supplemented at high,
maximally effective concentrations. The inhibition of MCC dis-
sociation by p27%P! indicated that Cdk action was involved in
a part of the process promoted by ATP and p31°°™<",

The above data on the effects of the Cdk inhibitor suggested
that a Cdk is presumably associated with BubR1 immunopreci-
pitates. Extracts of nocodazole-arrested cells (from which BubR1
immunoprecipitates were prepared) contain high levels of cyclin
B-activated Cdk, but little if any cyclin E- or cyclin A-stimulated
kinase activities, because these cyclins are degraded at earlier
stages of the cell cycle. To test whether Cdkl—cyclin B can indeed
stimulate MCC disassembly, we tried to remove this protein kinase
from anti-BubR1 immunoprecipitates. As described previously,
these immunoprecipitates were prepared by washing with buffer
containing low salt concentration (17) (Methods), to prevent dis-
sociation of material weakly associated with MCC. We found that
low-salt wash BubR1 immunoprecipitates indeed contained con-
siderable levels of cyclin B1 and histone H1 kinase, a measure of
Cdk activity (Fig. 1B, Left); most of this could be removed by
washing immunoprecipitates with high-salt buffer (Fig. 1B, Right),
and it thus represented material weakly associated with MCC.
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Fig. 1. Influence of protein kinase inhibitors and of Cdk1-cyclin B on the disassembly of MCC. (A) Effects of staurosporine and p27<®" on MCC dissociation.
The release of MCC components from anti-BubR1 immunoprecipitates to supernatants was determined as described in Methods. Where indicated, additions
were at the following concentrations: ATP, 5 mM; p31<°™¢*, 250 nM; staurosporine, 10 pM; p27¥P1 1.5 uM. (B) Influence of high-salt washes of anti-BubR1
immunoprecipitates on levels of associated Cdk1-cyclin B. Anti-BubR1 immunoprecipitates were subjected to washes with buffers containing low- or high-salt
concentrations, as described in Methods. Samples of 2 uL of beads were subjected to immunoblotting for cyclin B. Histone kinase activities associated with
similar immunoprecipitates were determined as described (30) and were expressed relative to that washed with low salt, which was 900 units/uL of beads. (C)
Cdk1-cyclin B stimulates the release of MCC components from anti-BubR1 immunoprecipitates washed with high-salt buffer. Incubation conditions were as in
A, except that anti-BubR1 immunoprecipitates were washed with buffers containing low- or high-salt concentrations, as indicated. Where indicated, purified

Cdk1-A88-cyclin B (1,000 units) was added (30).

Notably, the high-salt wash did not remove significant amounts of
MCC components (Mad2 or Cdc20) from BubR1 immunopreci-
pitates. We then examined the effects of purified Cdk1-cyclin B on
MCC dissociation in BubR1 immunoprecipitates subjected to
high-salt vs. low-salt wash. As shown in Fig. 1C, the addition of the
protein kinase stimulated the release of MCC components in both
preparations. However, the release of MCC components was
more stringently dependent upon the supplementation of Cdkl-
cyclin B in the preparation subjected to high-salt wash. Thus, with
BubR1 immunoprecipitates incubated with the combination of
p31°°™* and ATP, there was much less release of MCC compo-
nents in the high-salt wash than in the low-salt wash preparation
(Fig. 1C, lane 10 vs. 4), and thus the stimulatory effect of Cdk1-
cyclin B was much more prominent (lane 12 vs. 6), presumably due
to the depletion of endogenous Cdkl—cyclin B by the high-salt
wash. The influence of Cdk was most marked in the incubation
that contained p31°°™* (Fig. 1C, lane 12), but could also been seen
at a lesser degree in its absence (lane 11), which could be due to
low amounts of endogenous p31°°™" bound to MCC, or to
a p31°°™“independent action of Cdk. These results indicate that
some phosphorylation reaction catalyzed by Cdkl-cyclin B pro-
motes the dissociation of MCC.

p31°°™** Stimulates Cdk-Catalyzed Phosphorylation of Cdc20 in MCC.
We next questioned the target of the Cdk-catalyzed phosphory-
lation reaction involved in the dissociation of MCC and whether
the phosphorylation is influenced by p31°°™", For this purpose,
BubR1 immunoprecigitate was incubated with [y->>P]JATP, and
the incorporation of *?P-phosphate into proteins was examined.
As shown in Fig. 24, lane 1, several proteins in the immuno-
precipitate were phosphorylated, including a ~150-kDa protein
and a ~55-kDa protein. The 150-kDa protein was possibly
BubR1, because this protein kinase is autophosphorylated in
immunoprecipitates from mitotic cells (20). The 55-kDa band
corresponded to the size of Cdc20. We also found that the ad-
dition of p31°°™* stimulated the phosphorylation of the 55-kDa
protein, but not of the 150-kDa protein (Fig. 24, lane 2). In
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addition, His6-p31°°™* added to this incubation was also phos-
phorylated (lane 2, ~34-kDa protein). Because the phosphory-
lation of Mad2 has been reported to regulate negatively its
checkpoint activity (21, 22), we searched for its phosphorylation
in the present system, but could not detect phosphorylated
protein in the molecular mass region of Mad2 (~25 kDa).

To examine whether the ~55-kDa phosphorylated protein was
indeed Cdc20, BubR1 immunoprecipitates labeled with **P-phos-
phate from a similar incubation were dissociated with SDS, diluted
by buffer containing nonionic detergent, and then reimmunopre-
cipitated with antibody directed against Cdc20. This reprecipitation
procedure identified the 55-kDa phosphorylated protein as Cdc20
(Fig. 24, lanes 3 and 4). The results thus indicated that Cdc20 in
MCC is phosphorylated by a protein kinase associated with anti-
BubR1 immunoprecipitates, and that this reaction was stimulated
by p31°°™, The protein kinase that phosphorylated Cdc20 was
identified as Cdk, by the inhibition of both basal and p31°°™"-
stimulated phosphorylation by staurosporine and p27%"* (Fig. 2B).
In most experiments, approximately twofold stimulation of Cdc20
phosphorylation by p31°°™* was observed (Fig. 2C).

Phosphorylation of Cdc20 Stimulates Its Release from BubR1. The
above results suggested a possible relationship between p31-
stimulated phosphorylation of Cdc20 and the disassembly of
MCC, but did not prove that this is the mechanism. We
attempted to gain direct evidence for this notion by testing the
influence of mutations in phosphorylation sites of Cdc20 on its
release from BubR1. In the experiment shown in Fig. 34, the
validity of this approach was tested with *°S-labeled wild-type
Cdc20. In vitro-translated 3°>S-Cdc20 was exchanged into MCC,
which was then isolated by immunoprecipitation with anti-
BubR1 antibody (Methods). Immunoprecipitates were washed
with low-salt buffer and incubated under conditions similar to
those in Fig. 14; the release of *>S-Cdc20 to the supernatant was
then determined. The dissociation of **S-Cdc20 from BubR1 was
stimulated by ATP (Fig. 14, lane 2) and further stimulated by the
combination of ATP and p31°°™' (lane 4). The release of
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Fig. 2. Influence of p31°°™e on Cdk-catalyzed phosphorylation of Cdc20
in MCC. (A) Incorporation of 32P-phosphate into proteins of anti-BubR1
immunoprecipitates. Inmunoprecipitates were incubated with [y->2P]ATP as
described in Methods, in the absence or presence of p31°°™¢", as indicated.
Samples of the total reaction mixture (lanes 1 and 2) or following reimmu-
noprecipitation with anti-Cdc20 (lanes 3 and 4; Methods) were subjected to
SDS/PAGE and storage phosphor autoradiography. The positions of molec-
ular mass marker proteins (kDa) are indicated. (B) Effects of protein kinase
inhibitors on the phosphorylation of Cdc20 in anti-BubR1 immunoprecipi-
tates incubated with or without p31°°™®", Experimental conditions were as in
A. Where indicated, protein kinase inhibitors were added at concentrations
similar to those described in Fig. 1A. 32P-labeled Cdc20 was isolated by
reimmunoprecipitation with anti-Cdc20, as described in Methods. (C) Effect
of p31°°™e on time course of phosphorylation of Cdc20 in MCC. Experi-
mental conditions were as in A, lanes 3 and 4. Samples taken at different
times were analyzed for the incorporation of 32P-phosphate into Cdc20.
Results are expressed relative to the value obtained with p31<°™¢* at 60 min.

labeled Cdc20 was markedly, but not completely, suppressed by
the protein kinase inhibitors staurosporine and p27'?! (Fig. 14,
lanes 5-8). These characteristics of the release of recombinant
Cdc20 from BubR1 were similar to those of the release of en-
dogenous Cdc20 (Fig. 14).

We next tested the effect of mutation of Cdk phosphorylation
sites of Cdc20 on its release from binding to BubR1. Human
Cdc20 contains eight Ser/Thr-Pro sequences that are potential
Cdk phosphorylation sites. We used a mutant of Cdc20 in which
Ser or Thr residues in all eight sites were converted to Ala (Cdc20-
8A). Mutant Cdc20 bound to BubR1 was isolated by immuno-
precipitation with anti-BubR1 as described previously, and the
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effect of ATP on its release was then compared with that of wild-
type Cdc20 in the presence of p31°°™. As shown in Fig. 3B, the
ATP-stimulated release of Cdc20-8A from BubR1 was much less
than that of wild-type Cdc20. As could be expected, the protein
kinase inhibitor staurosporine inhibited a great part of the release
of wild-type Cdc20, but not of the nonphosphorylatable mutant.
The residual release of Cdc20 in the presence of staurosporine was
of similar magnitude for the wild-type and mutant proteins. We
found that this residual release of Cdc20-8A also required hy-
drolysis of ATP at the p-y position, because it did not take place in
the presence of the nonhydrolyzable ATP analog adenosine 5'-
(B,y-imido) triphosphate (AMP-PNP; Fig. 3B). These findings
indicated that a part of the disassembly of MCC required Cdk-
catalyzed phosphorylation of Cdc20. Another process involved
in MCC disassembly also required ATP hydrolysis, but was not
sensitive to the protein kinase inhibitor staurosporine.

Discussion

We were studying the molecular mechanisms of mitotic check-
point inactivation and observed that ATP is required for the re-
lease of APC/C from checkpoint inhibition and for the disassembly
of MCC (10). It was furthermore found that ATP cooperates with
the Mad2-binding protein p31°°™" to promote MCC disassembly
(17). However, the mode of the action of ATP in these processes
remained unknown. In the present investigation, we examined the
possibility that ATP may be needed for a phosphorylation process
involved in MCC disassembly. We found that the general protein
kinase inhibitor staurosporine and the specific Cdk inhibitor
p275%P! inhibit a part of ATP- and p31°°™°stimulated release of
MCC components from anti-BubR1 immunoprecipitates (Fig.
14). When Cdkl-cyclin B associated with anti-BubR1 immuno-
precipitates was depleted by high-salt washes, the supplementation
of purified Cdkl-cyclin B strongly stimulated MCC disassembly
(Fig. 1C). To identify the target of Cdkl-catalyzed phosphoryla-
tion, we examined the incorporation of *?P-phosphate into pro-
teins associated with BubR1 immunoprecipitates (Fig. 24). Based
on previous reports on the involvement of Mad2 phosphorylation
in checkpoint inactivation (21, 22), we searched for the phos-
phorylation of Mad2, but could not detect it in this system (Fig.
2A4). However, we noted that the phosphorylation of Cdc20 by
Cdk was stimulated by p31°°™* (Fig. 2). The notion that Cdk-
catalyzed phosphorylation of Cdc20 has a role in MCC disassembly
was corroborated by the finding that mutation of all Cdk phos-
phorylation sites of Cdc20 decreased its release from BubR1 to an
extent similar to that obtained with staurosporine (Fig. 3B).

Based on these observations, we propose the model shown in
Fig. 4 for the involvement of p31°°™** and Cdc20 phosphorylation
in MCC disassembly. This scheme also shows further processes in
the disassembly to MCC that remain to be elucidated. We assume
that p31°°™' binds to Mad2 in MCC (step 1). This notion is based
on the information that p31°°™* can bind to Cdc20-bound Mad2
(15, 16) and on our previous observation that the binding of
p31°°™<t to different MCC-related complexes is proportional to
their content of Mad2 (17). We also assume that the binding of
p31°°™! to Mad2 in MCC decreases the affinity of Cdc20 to
BubR1, possibly by a conformational change induced in Cdc20.
This suggestion is based on the finding that in the absence of ATP,
p31°°™<! causes a small but significant release of Cdc20 and Mad2
from BubR1 (17) (Fig. 14). We furthermore assume that the
p31°°™“_Mad2-induced conformational change in Cdc20 exposes
some phosphorylation sites in Cdc20 to the action of Cdk (Fig. 4,
step 2), which may provide explanation for the stimulatory in-
fluence of p31°°™°" on Cdk-catalyzed phosphorylation of Cdc20 in
MCC (Fig. 2). It is proposed that this phosphorylation of Cdc20
further decreases its affinity to BubR1, thus accounting for the
strong synergistic effect of p31°°™*" and phosphorylation to dis-
sociate MCC (Fig. 4).
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Fig. 3. Phosphorylation of Cdc20 stimulates its release from BubR1. (A) Effects of ATP, p31°°™, and protein kinase inhibitors on the release of **S-labeled
wild-type Cdc20 from BubR1 immunoprecipitates. 3°5-Cdc20 WT was incubated with extracts from nocodazole-arrested cells, and material bound to BubR1 was
isolated by immunoprecipitation as described in Methods. Anti-BubR1 immunoprecipitates were incubated under conditions similar to those described in Fig.
1A, and the release of 3°5-Cdc20 was determined by storage phosphor analysis. (B) Influence of mutation of Cdk phosphorylation sites of Cdk on its release
from BubR1. **s-labeled Cdc20 WT or Cdc20-8A were incubated with extracts from nocodazole-arrested cells and subjected to immunoprecipitation with anti-
BubR1. These immunoprecipitates were incubated with indicated additions at the following concentrations: ATP or AMP-PNP, 5 mM; staurosporine, 10 pM. All
incubations contained p31<°™¢t (250 nM). The release of 3°S-labeled material was expressed as the percentage of that in BubR1 immunoprecipitates at time 0.

Though the proposed sequence of events may account for
a pathway for the dissociation of MCC, other pathways apparently
also exist and remain to be elucidated. We found that Cdc20 still
bound to Mad2 is released in this process (17), so an additional, as
yet undefined step presumably separates the components of this
subcomplex (Fig. 4, step 3). We also observed that a part of ATP-
stimulated release of MCC components was insensitive to staur-
osporine (Fig. 14), an inhibitor of most protein kinases (18).
Similarly, the residual, staurosporine-insensitive release of the
nonphosphorylatable mutant Cdc20-8A from BubR1 was pro-
moted by ATP, but not by the nonhydrolyzable analog AMP-PNP
(Fig. 3B). It thus seems that there is an alternative pathway for
MCC dissociation that requires ATP hydrolysis, but is insensitive
to the action of staurosporine (Fig. 4, step 4)—this may reflect the
involvement of a staurosporine-insensitive protein kinase or of
a chaperone-assisted process in MCC dissociation. The existence
of a staurosporine-insensitive but ATP-requiring pathway for
MCC dissociation may explain the observation that in crude
extracts incubated with ATP, staurosporine does not inhibit the
dissociation of MCC (10). More investigation is needed to define
the mechanisms of this alternate pathway for MCC dissociation.

An additional unsolved problem is that the phosphorylation of
Cdc20 is involved not only in MCC disassembly, but also in the
opposite process of turning on the mitotic checkpoint, accom-
panied by the assembly of MCC (23-25). Several protein kinases
were proposed to be involved in this process, including Bubl
(23), MAP kinase (24), and Cdk (25). Most sites in Cdc20
phosphorylated by Bubl1 are different from Cdk phosphorylation
sites, whereas those phosphorylated by MAP kinase are similar.
It may be that the phosphorylation of different sites of Cdc20, or

CBuby> Guw> AT
ubR1 +p3qcomet BubR1 BubR1
s T e o ;
R P
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ATP? @
\ )
4 3
Cdc20, Mad2, p31

Fig. 4. Proposed sequence of events in the disassembly of MCC (Discussion).
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a combination of different sites, is involved in MCC disassembly
or assembly. We examined the possible influence of mutation of
each individual Cdk phosphorylation site on the disassembly of
MCC, but none of the eight individual mutations had any sig-
nificant influence, as opposed to the properties of the 8A mutant.
It thus seems that multisite phosphorylation of Cdc20, maybe at
a combination of some specific sites, is involved in the disas-
sembly of MCC.

Still another, long-standing mystery is that though p3
binds to MCC already during active mitotic checkpoint (14, 26,
27), it acts only later to promote checkpoint silencing and exit
from mitosis (14, 15, 26-28). It is possible that p31°°™" is con-
verted to an active form when the checkpoint is turned off, or
that an inhibitor of p31°°™*" action is eliminated at that time by
some signal linked to the state of the mitotic checkpoint system.
Such regulation of p31°°™" activity would explain what prevents
premature activity of this protein to disassemble MCC during
active checkpoint, when Cdk activity is high. Much further in-
vestigation is needed to gain better understanding of the mo-
lecular mechanisms of checkpoint inactivation.

While this paper was under review, the crystal structure of
Schizosaccharomyces pombe MCC was published (29). The struc-
ture shows that Mad2 binds to both Cdc20 and Mad3/BubR1 and
thus stabilizes their interaction. p31°°™°" may bind to the same
interface and thus may inhibit the assembly of MCC. In this study,
truncated derivatives of Cdc20 and BubR1 were used for crystal
formation (Cdc20/SIp1 residues 87-488 and Mad3/BubR1 resi-
dues 1-223). Therefore, this structure lacks the N-terminal region
of Cdc20 that contains four Cdk phosphorylation sites, as well as
a great part of the C-terminal region of Mad3/BubR1. Due to this
limitation, it is not possible to predict from this structure the Cdk
phosphorylation sites that are likely to affect Cdc20-BubR1 in-
teraction. Further structural studies may test our proposal of
possible conformational alterations in Cdc20 elicited by p31°°™¢*
binding and by Cdc20 phosphorylation.

1COm€t

Methods

Extracts from nocodazole-arrested Hela cells were prepared as described
previously (9). To isolate MCC free of APC/C, extracts were subjected to se-
quential immunoprecipitations with anti-Cdc27 followed by anti-BubR1
antibodies [both bound to Affi-Prep Protein A beads (Bio-Rad)], as described
(10, 17). These anti-BubR1 immunoprecipitates were used for MCC disas-
sembly experiments. Unless otherwise stated, anti-BubR1 immunoprecipi-
tates were washed 3-4 times with 1-mL portions of a low-salt buffer
consisting of 50 mM Tris-HCl (pH 7.2), 1 mg/mL BSA, 20% (vol/vol) glycerol,
and 0.5 mM DTT. Where indicated (high-salt wash), immunoprecipitates
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were washed twice with a similar buffer that contained 0.3 M NaCl and then
twice with low-salt buffer. All immunoprecipitates were finally resuspended
in 4 vol of low-salt buffer. The release of MCC components from anti-BubR1
immunoprecipitates to supernatants was determined as described previously
(17). Recombinant his6-p31°™et (17) and p27XP' (30) were expressed and
purified as described previously. Cdk1-A88-cyclin B was prepared and puri-
fied as described (31). Cdk activity was determined by the phosphorylation
of histone H1 (31).

The phosphorylation of proteins in BubR1 immunoprecipitates was de-
termined with a reaction mixture that contained, in a volume of 30 pL, 25 mm
Tris-HCl (pH 7.2), 15 mM MgCl,, 1 mM DTT, 1 mg/mL BSA, 60 mM -glycerol
phosphate, 15 mM p-nitrophenyl phosphate, 0.06 mM ATP that contained
2.5 uCi [y-32P]ATP, and 3 pL anti-BubR1 beads. Following incubation at 23 °C
with shaking at 1,400 rpm for 1 h, a 10-uL sample was withdrawn for the
estimation of the incorporation of 32P-phosphate into all proteins. Another
sample of 15 pL was used for reimmunoprecipitation of Cdc20 as follows.
The sample was denatured by boiling in the presence of 1% SDS, diluted 10-
fold with PBS containing 1% Nonidet P-40 and 1 mg/mL BSA, and repreci-
pitated with 5 pg of polyclonal anti-Cdc20 antibody (9) and 10 pL Affi-Prep
Protein A beads. Following three washes with PBS that contained 1%
Nonidet P-40 and 2 mg/mL BSA, samples were subjected to SDS/PAGE. The
incorporation of 32P-phosphate into Cdc20 was detected by storage
phosphor analysis.
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3%s-labeled wild-type Cdc20 and a mutant in which Ser/Thr residues in all
eight potential Cdk phosphorylation sites were converted to Ala (Cdc20-8A)
were prepared by in vitro transcription-translation with TnT T7 Quick kit
(Promega), [3>SImethionine (Amersham), and pT7T3 plasmids (32). The
plasmid for the expression of Cdc20-8A was prepared from that of Cdc20-7A
(32) by introducing the mutation T106A. Because reticulocyte lysates used
for in vitro translation contain significant amounts of APC/C, the portion of
355.Cdc20s bound to APC/C was removed by immunodepletion with anti-
Cdc27 antibodies, as described (32).

To estimate the release of 3°S-labeled wild-type and mutant Cdc20s from
BubR1, they were first exchanged into MCC as follows. Extracts from noco-
dazole-arrested cell were subjected to immunodepletion with anti-Cdc27 (to
prevent binding of labeled Cdc20s to APC/C), and supernatants were mixed
with 0.05 vol of in vitro-translated 3°S-Cdc20 preparations. The samples were
incubated on ice for 3 h and then subjected to immunoprecipitation with
anti-BubR1 protein A beads, as described above. The release of 3°S-labeled
Cdc20 constructs was determined as described for that of endogenous MCC
components, and was estimated by storage phosphor analysis.

ACKNOWLEDGMENTS. We thank Jonathan Gromis for skillful technical
assistance. Parts of this work were carried out during the stay of A.H. at
the Marine Biological Laboratory (Woods Hole, MA). This work was
supported by the Israel Science Foundation and the Diane and Guilford
Distinguished Chair of the Israel Cancer Research Fund.

17. Teichner A, et al. (2011) p31°™* promotes disassembly of the mitotic checkpoint
complex in an ATP-dependent process. Proc Nat/ Acad Sci USA 108:3187-3192.

18. Karaman MW, et al. (2008) A quantitative analysis of kinase inhibitor selectivity. Nat
Biotechnol 26:127-132.

19. Polyak K, et al. (1994) Cloning of p27Kip1, a cyclin-dependent kinase inhibitor and
a potential mediator of extracellular antimitogenic signals. Cell 78:59-66.

20. Chan GKT, Jablonski SA, Sudakin V, Hittle JC, Yen TJ (1999) Human BUBR1 is a mitotic
checkpoint kinase that monitors CENP-E functions at kinetochores and binds the cy-
closome/APC. J Cell Biol 146:941-954.

21. Wassmann K, Liberal V, Benezra R (2003) Mad2 phosphorylation regulates its asso-
ciation with Mad1 and the APC/C. EMBO J 22:797-806.

22. Kim S, et al. (2010) Phosphorylation of the spindle checkpoint protein Mad2 regulates
its conformational transition. Proc Nat/ Acad Sci USA 107:19772-19777.

23. Tang Z, Shu H, Oncel D, Chen S, Yu H (2004) Phosphorylation of Cdc20 by Bub1
provides a catalytic mechanism for APC/C inhibition by the spindle checkpoint. Mo/
Cell 16:387-397.

24. Chung E, Chen RH (2003) Phosphorylation of Cdc20 is required for its inhibition by the
spindle checkpoint. Nat Cell Biol 5:748-753.

25. D'Angiolella V, Mari C, Nocera D, Rametti L, Grieco D (2003) The spindle checkpoint
requires cyclin-dependent kinase activity. Genes Dev 17:2520-2525.

26. Westhorpe FG, Tighe A, Lara-Gonzalez P, Taylor SS (2011) p31<°™"mediated ex-
traction of Mad2 from the MCC promotes efficient mitotic exit. J Cell Sci 124:
3905-3916.

27. Varetti G, Guida C, Santaguida S, Chiroli E, Musacchio A (2011) Homeostatic control of
mitotic arrest. Mol Cell 44:710-720.

28. Hagan RS, et al. (2011) p31°™* acts to ensure timely checkpoint silencing subsequent
to kinetochore attachment. Mol Biol Cell 22:4226-4246.

29. Chao WC, Kulkarni K, Zhang Z, Kong EH, Barford D (2012) Structure of the mitotic
checkpoint complex. Nature 484:208-213.

30. Ganoth D, et al. (2001) The cell-cycle regulatory protein Cks1 is required for SCF®<P2).
mediated ubiquitinylation of p27. Nat Cell Biol 3:321-324.

31. Sudakin V, Shteinberg M, Ganoth D, Hershko J, Hershko A (1997) Binding of activated
cyclosome to p13©U), Use for affinity purification. J Biol Chem 272:18051-18059.

32. Yudkovsky Y, Shteinberg M, Listovsky T, Brandeis M, Hershko A (2000) Phosphory-
lation of Cdc20/fizzy negatively regulates the mammalian cyclosome/APC in the
mitotic checkpoint. Biochem Biophys Res Commun 271:299-304.

Miniowitz-Shemtov et al.


www.pnas.org/cgi/doi/10.1073/pnas.1204081109

