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The mitotic (or spindle assembly) checkpoint system ensures accu-
rate chromosome segregation by preventing anaphase initiation
until all chromosomes are correctly attached to the mitotic spindle.
It affects the activity of the anaphase-promoting complex/cyclo-
some (APC/C), a ubiquitin ligase that targets inhibitors of anaphase
initiation for degradation. The mechanisms by which this system
regulates APC/C remain obscure. Some models propose that the
system promotes sequestration of the APC/C activator Cdc20 by
binding to the checkpoint proteins Mad2 and BubR1. A different
model suggests that a mitotic checkpoint complex (MCC) composed
of BubR1, Bub3, Cdc20, and Mad2 inhibits APC/C in mitotic check-
point [Sudakin V, Chan GKT, Yen TJ (2001) J Cell Biol 154:925–936].
We examined this problem by using extracts from nocodazole-
arrested cells that reproduce some downstream events of the
mitotic checkpoint system, such as lag kinetics of the degradation
of APC/C substrate. Incubation of extracts with adenosine-5�-
(�-thio)triphosphate (ATP[�S]) stabilized the checkpoint-arrested
state, apparently by stable thiophosphorylation of some proteins.
By immunoprecipitation of APC/C from stably checkpoint-arrested
extracts, followed by elution with increased salt concentration, we
isolated inhibitory factors associated with APC/C. A part of the
inhibitory material consists of Cdc20 associated with BubR1 and
Mad2, and is thus similar to MCC. Contrary to the original MCC
hypothesis, we find that MCC disassembles upon exit from the
mitotic checkpoint. Thus, the requirement of the mitotic checkpoint
system for the binding of Mad2 and BubR1 to Cdc20 may be for
the assembly of the inhibitory complex rather than for Cdc20
sequestration.

mitosis � spindle checkpoint � ubiquitin

The mitotic checkpoint (also called spindle assembly check-
point) system is a surveillance mechanism that delays an-

aphase initiation until all chromatids are correctly attached to
the mitotic spindle via their kinetochores (reviewed in refs. 1–4).
Thus, this system ensures accurate segregation of chromosomes
in mitosis. When this checkpoint system is turned on, it inhibits
the activity of anaphase-promoting complex/cyclosome (APC/
C), a multisubunit ubiquitin ligase that is necessary for exit from
mitosis. APC/C targets for degradation cell cycle regulatory
proteins such as mitotic cyclins and securin, an inhibitor of
anaphase initiation (reviewed in refs. 5 and 6). The activity of
APC/C is tightly controlled in the cell cycle. It is inactive in the
S phase, G2 phase and in early mitosis and becomes active in late
mitosis. The activation of APC/C in mitosis is initiated by its
phosphorylation (7). The phosphorylation of APC/C in late
mitosis allows its activation by the regulatory protein Cdc20 (8,
9). APC/CCdc20 is the target of the mitotic checkpoint system, so
it can become active only after the mitotic checkpoint system has
been satisfied. After exit from mitosis, APC/C becomes dephos-
phorylated, but it is kept active in G1 by the action of another
activator protein, Cdh1 (reviewed in refs. 5 and 6).

The components of the mitotic checkpoint system were ini-
tially identified by genetic studies in yeast, and homologous
proteins were found in vertebrate cells. These include the

checkpoint proteins Mad1, Mad2, and Bub3, protein kinases
Bub1, BubR1, and Mps1, as well as kinetochore proteins such as
CENP-E. Most checkpoint proteins and protein kinases are
concentrated on unoccupied kinetochores when the checkpoint
is active, suggesting that some of the important interactions
between these proteins may take place at the kinetochores
(reviewed in refs. 1–4).

Although these studies, employing approaches of yeast genet-
ics and mammalian cell biology, were very important in describ-
ing the properties and identifying many components of this
checkpoint system, they could not provide sufficient information
on the mode of action of most components and how the system
inhibits its downstream target, the APC/C. To gain insight into
the molecular mechanisms, biochemical approaches are neces-
sary. Presently available biochemical information is scanty and,
in some cases, controversial. It has been shown that Mad2, a
protein whose interaction with the APC/C activator Cdc20 is
essential for the mitotic checkpoint in vivo (10, 11) and inhibits
the activity of APC/CCdc20 in vitro (12, 13). Mad2 exists in two
conformations, of which the closed conformer preferentially
binds Cdc20 (14, 15). Elegant models have been proposed
according to which the activation of the checkpoint promotes
binding of Cdc20 to the closed conformer of Mad2 and thus
sequesters Cdc20 from APC/C (refs. 16 and 17; reviewed in ref.
18). However, the concentrations of Mad2 required to inhibit
APCCdc20 in vitro, including that of the closed conformer (18),
are much higher than its physiological levels (19). Another
Cdc20-binding checkpoint protein, BubR1, has been reported to
inhibit the activity of APCCdc20 in vitro, by itself (20) or syner-
gistically with Mad2 (19). In this case, too, the binding of BubR1
to Cdc20 was thought to sequester this protein and thus prevent
the activation of APC/C by Cdc20.

As opposed to the above-described ‘‘Cdc20 sequestration’’
models, Sudakin et al. (21) proposed that an inhibitory complex,
composed of BubR1, Bub3, Cdc20, and Mad2, inhibits the
activity of APC/C in mitotic checkpoint. This complex, which was
called the mitotic checkpoint complex (MCC), was found to be
present and active both in mitosis and in the interphase, but only
the mitotic form of APC/C was sensitive to inhibition by MCC.
The authors proposed that some modification of APC/C en-
hances its inhibition by MCC (21). Thus, the MCC model implies
that APC/C is inactivated by the mitotic checkpoint, not neces-
sarily because of the sequestration of Cdc20 but because of the
action of an inhibitory complex.
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In the present investigation, we subjected the mitotic check-
point system to biochemical analysis, using extracts from no-
codazole-arrested cells that faithfully reproduce some of its
downstream events. We found that inhibitory factors are spe-
cifically associated with APC/C in the checkpoint-arrested state,
and identified one of these factors as being similar to MCC. We
observed, however, that MCC is disassembled upon exit from the
checkpoint-arrested state.

Results
Presence of a Labile Inhibitor of APC/C in Extracts from Nocodazole-
Arrested Cells. We first examined whether some characteristics of
the mitotic checkpoint system can be reproduced in extracts from
nocodazole-arrested mammalian cells. Nocodazole prevents the
formation of the mitotic spindle and thus produces a strong
mitotic checkpoint signal that inhibits the APC/C. Such soluble
extracts from nocodazole-arrested cells do not contain chromo-
somes (which are removed with the particulate fraction) but still
contain some factor(s) that prevent the action of APC/C, as
indicated by the kinetics of the degradation of securin, a
substrate of APC/C. As shown in Fig. 1A, lanes 1–4, when
extracts from checkpoint-arrested cells were incubated with
[35S]securin at 23°C, there was an initial lag for �2 h that was
followed by rapid degradation of the labeled substrate. Lag
kinetics were observed previously by Sudakin et al. (21) in the
formation of ubiquitinylated products of cyclin B in similar
extracts. The lag resembles the properties of the checkpoint
system in intact cells (see Discussion). In different preparations
of extracts from nocodazole-arrested cells, there was some
variability in the duration of the lag period, but the general
characteristics of the kinetics of the degradation of [35S]securin
remained similar. Preincubation of extracts for 3 h at 23°C before
the addition of [35S]securin abolished the initial lag (Fig. 1 A,
lanes 5–8). The rapid degradation of [35S]securin in preincu-
bated extracts was mediated by APC/C, as indicated by the
observation that it was effectively competed by unlabeled N-

terminal fragment of cyclin B, a good substrate for APC/C (22),
but not by a similar fragment that contained mutant destruction
box sequence (data not shown). The abolition of the lag in the
degradation of [35S]securin in preincubated extracts could be due
to the formation of an activator in the course of preincubation
or to the decay of a labile inhibitor. To distinguish between these
possibilities, we examined the kinetics of the degradation of
[35S]securin by a mixture of preincubated and untreated extracts.
As shown in Fig. 1B, the rapid initial degradation of [35S]securin
in preincubated (‘‘activated’’) extract was effectively prevented
by the addition of untreated extract from checkpoint-arrested
cells. These findings indicated the presence of labile inhibitor(s)
of APC/C-mediated protein degradation in extracts from no-
codazole-arrested cells.

Stabilization of Checkpoint-Arrested State by ATP[�S]. Because the
biochemical isolation of a labile inhibitor can be greatly facili-
tated by its prior stabilization, we searched for means to stabilize
the checkpoint-arrested state of these extracts. The lability of the
inhibitor could be due to several processes, such as the disas-
sembly of an inhibitory complex or the dephosphorylation of
factors whose inhibitory influence requires a phosphorylated
state. The involvement of protein phosphorylation in the mitotic
checkpoint system has been suggested by previous observations
such as that several components of the system are protein kinases
(1–4) and that the checkpoint-arrested state is associated with
the phosphorylation of kinetochore proteins (23). We have first
tested the influence of staurosporine, an inhibitor of several
protein kinases, on the kinetics of the degradation of [35S]securin
in extracts from checkpoint-arrested cells. As shown in Fig. 2A,
the duration of the lag period in the degradation of [35S]securin
was considerably shortened, although not completely abolished,
by this protein kinase inhibitor. This suggested that some
staurosporine-sensitive protein kinases are involved in the main-
tenance of the checkpoint-arrested state.

One way to prevent the dephosphorylation of proteins is by the
use of the ATP analogue ATP[�S]. This analogue, in which an
oxygen in �-phosphate of ATP is substituted by sulfur, may act
with some protein kinases, but thiophosphorylated proteins are
not subject to the action of protein phosphatases (24). We
therefore tested the influence of preincubation of extracts with
ATP[�S] on the kinetics of the degradation of [35S]securin. As
shown in Fig. 2B, preincubation of extract with ATP[�S] signif-
icantly stabilized the inhibited state of APC/C-mediated securin
degradation. Thus, between 2 and 3 h of incubation, when
[35S]securin was rapidly degraded in untreated extract, it re-
mained stable in extract preincubated with ATP[�S] (Fig. 2B).
This effect of ATP[�S] was not due to interference with �–�
bond hydrolysis of ATP because preincubation with the nonhy-
drolyzable �–� ATP analogue AMP-PNP yielded degradation
kinetics essentially similar to those obtained with ATP (Fig. 2 B).
These results are compatible with the interpretation that stable
thiophosphorylation of some proteins prevents the activation of
APC/C in extracts from checkpoint-arrested cells.

Inhibitory Factor from Checkpoint-Arrested Extract Is Associated with
APC/C and Can Be Dissociated with Increased Salt Concentration. We
next tried to isolate the putative inhibitor of APC/C from stably
checkpoint-arrested extracts. We reasoned that if APC/C is the
target of the inhibitor, it is possible that part of the inhibitory
factor is directly bound to APC/C. In the experiment shown in
Fig. 3A, extracts were first incubated with either ATP[�S]
(‘‘arrested’’ extract) or with ATP (‘‘activated’’ extract) and then
were subjected to immunoprecipitation by antibodies directed
against Cdc27 (a subunit of APC/C) covalently linked to protein
A beads. The activity of immunoprecipitated APC/C to ligate
[35S]securin to ubiquitin was assayed in the presence of E1,
E2C/UbcH10, and recombinant Cdc20. Without addition of

Fig. 1. Existence of labile inhibitor(s) of APC/C in extracts from nocodazole-
arrested cells. (A) Lag kinetics of the degradation of [35S]securin in extract
from nocodazole-arrested cells and influence of preincubation of extract. The
degradation of 35S-labeled securin was determined as described in Methods,
in the presence of either untreated extract (lanes 1–4) or of extract that had
been preincubated (23°C, 3 h) with an ATP regeneration mixture (lanes 5–8).
(B) Inhibition of the degradation of [35S]securin in preincubated extract by
untreated extract. The degradation of [35S]securin was determined in the
presence of untreated extract (filled squares), preincubated extract (filled
triangles), or a 1:1 mixture of untreated and preincubated extracts (open
triangles).
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Cdc20, there was very little ubiquitinylation activity in either
preparation, even after prolonged incubation (Fig. 3A, lanes 2
and 5). This suggested that immunoprecipitated APC/C prepa-
rations may not contain sufficient amounts of active Cdc20. With
added Cdc20, marked formation of high-molecular-weight
[35S]securin–ubiquitin conjugates was observed in immunopre-
cipitate from activated extract (Fig. 3A, lanes 6 and 7). APC/C
immunoprecipitated from checkpoint-arrested extract had less,
although significant, ubiquitinylation activity under these con-
ditions (Fig. 3A, lanes 3 and 4). Quantitative immunoblotting
showed that, in both preparations, �90% of APC/C was bound
to anti-Cdc27 beads. Thus, the results indicated that part of
APC/C immunoprecipitated from checkpoint-arrested extracts
is in an inhibited state.

The partial suppression of ubiquitinylation activity of APC/C
immunoprecipitated from checkpoint-arrested extracts could be
due to weak binding to APC/C of inhibitory factor(s). We
therefore tried to remove the putative inhibitor by washing the
immunoprecipitate bound to anti-Cdc27 beads with a variety of
conditions. We found that washing of beads with buffer con-
taining 0.3 M salt caused a significant increase in ubiquitinyla-
tion activity of APC/C immunoprecipitated from checkpoint-
arrested extracts (Fig. 3B, left side). By contrast, a similar salt
wash of APC/C immunoprecipitated from activated extract had
very little effect on ubiquitinylation activity (Fig. 3B, right side).
These observations indicated that some inhibitory factor(s) are

dissociated from APC/C by increased salt concentration and that
this inhibitory material is specific to the checkpoint-arrested
state.

We next tried to recover the inhibitory factor from salt eluates
of APC/C immunoprecipitates. Anti-Cdc27 immunoprecipitates
from arrested and activated extracts were eluted with 0.3 M KCl,
eluates were concentrated, and salt was removed by repeated
ultrafiltration (see Methods). The effects of salt eluates on the
activity of APC/C to ubiquitinylate 125I-labeled N-terminal
fragment of cyclin B was tested in a purified system consisting of
affinity-purified mitotic APC/C (25) and recombinant Cdc20. As
shown in Fig. 3C, lanes 3 and 4, the addition of increasing
amounts of salt eluates from APC/C immunoprecipitated from
checkpoint-arrested extracts markedly inhibited the formation of
cyclin–ubiquitin conjugates. Similar amounts of salt eluates from
anti-Cdc27 immunoprecipitates from activated extracts had
much less inhibitory activity (Fig. 3C, lanes 5 and 6).

MCC Accounts for Part of APC/C-Associated Inhibitory Activity. We
next tried to gain some information on the composition of the
inhibitory factor(s) isolated by the approach described above. It
has been reported that an MCC consisting of BubR1, Mad2,
Cdc20, and Bub3 inhibits the activity of mitotic APC/C (21).
Although MCC was found to be present and active in both
mitosis and the interphase (21), other investigators reported that
MCC components such as Mad2 and BubR1 are preferentially
bound to APC/C in mitotic checkpoint (13, 26, 27). We therefore
examined whether these proteins are present in salt eluates of
anti-Cdc27 immunoprecipitates from checkpoint-arrested and
activated extracts. As shown in Fig. 4A, lane 1, significant
amounts of BubR1, Cdc20, and Mad2 were found in salt eluate
of APC/C isolated from checkpoint-arrested extracts. The levels
of all these proteins were much less in salt eluate derived from
activated extracts by a similar procedure (Fig. 4A, lane 2). Thus,
the presence of MCC proteins correlated with inhibitory activity
in these preparations.

To further examine whether MCC, or an MCC-like complex,
indeed account for inhibitory activity, we subjected salt eluate of
anti-Cdc27 immunoprecipitate from checkpoint-arrested ex-
tracts to immunodepletion by an anti-Cdc20 antibody. As shown
in Fig. 4B, this treatment removed most Cdc20 from the prep-
aration, as compared with a sham-treated preparation. Immu-
nodepletion of Cdc20 was accompanied by removal of BubR1
and Mad2. These results indicated that BubR1 and Mad2 in this
preparation are in a complex with Cdc20.

We next examined the effects of immunodepleted and sham-
treated preparations on the inhibition of the ubiquitinylation
activity of APC/CCdc20. As shown in Fig. 4C, lanes 3 and 4,
increasing amounts of sham-treated salt eluate strongly inhibited
the formation of cyclin–ubiquitin conjugates. Similar amounts of
anti-Cdc20-treated preparation caused less inhibition (Fig. 4C,
lanes 5 and 6), indicating that part of inhibitory activity is due to
MCC or a related complex. However, it is notable that although
immunodepletion with anti-Cdc20 caused nearly complete re-
moval of MCC components (Fig. 4B), considerable inhibitory
activity remained in this preparation (Fig. 4C, lanes 5 and 6).
These data suggest that, in addition to MCC, some other
inhibitory factors may be associated with APC/C when the
mitotic checkpoint system is active.

MCC Is Disassembled in Exit from Checkpoint-Arrested State. We next
asked why much less MCC components are associated with
APC/C in extracts that had exited from checkpoint arrest
(activated extracts) than in checkpoint-arrested extracts (Fig.
4A). This could be due to dissociation of MCC from APC/C or
to disassembly of MCC itself. To distinguish between these
possibilities, we examined the total amount of assembled MCC
in differently treated extracts. In the experiment shown in Fig.

Fig. 2. Protein phosphorylation is required for maintenance of the check-
point-arrested state of APC/C. (A) Influence of staurosporine on the kinetics of
the degradation of [35S]securin in extracts from nocodazole-arrested cells. The
kinetics of [35S]securin degradation was determined in the presence (filled
circles) or absence (open circles) of 10 �M staurosporine. (B) Preincubation of
extracts with the ATP analogue ATP[�S], but not with AMP-PNP, stabilized the
checkpoint-arrested state. Extracts from nocodazole-arrested cells were ei-
ther untreated or preincubated (23°C, 3 h) with 2 mM ATP, ATP[�S], or
AMP-PNP, as indicated, before the supplementation of [35S]securin and ‘‘deg-
radation mixture’’ (see Methods).
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4D, differently treated extracts (untreated, activated by incuba-
tion with ATP or arrested by incubation with ATP[�S]) were
subjected to immunoprecipitation with anti-Cdc20, and then
immunoprecipitates were blotted with antibodies directed
against different proteins. Loading controls showed that all
immunoprecipitates contained comparable amounts of Cdc20
(Fig. 4D, bottom blot). All immunoprecipitates also contained
roughly similar amounts of the Cdc27 subunit of APC/C, sug-
gesting that incubation of extracts with ATP or ATP[�S] did not
affect appreciably the binding of Cdc20 to APC/C. By contrast,
there was a marked decrease in the amounts of BubR1 and Mad2
associated with Cdc20 after incubation of extract with ATP,
which had been released from checkpoint arrest (Fig. 4D, lane
2). A similar incubation with ATP[�S], which prevents exit from
checkpoint, prevented the dissociation of BubR1 and Mad2 from

Cdc20 (Fig. 4D lane 3). These findings indicated that a large part
of MCC disassembles upon exit from the checkpoint-arrested
state.

Discussion
In this study, we tried to use an unbiased biochemical approach
to gain some insight into the mechanisms by which the mitotic
checkpoint system inhibits the activity of the APC/C ubiquitin-
protein ligase. Such an approach requires a cell-free system that
faithfully reproduces properties of mitotic checkpoint control in
vitro. It seems that extracts from nocodazole-arrested cells, which
do not contain chromosomes, recapitulate at least some down-
stream events of the mitotic checkpoint system because they
carry out the degradation of securin with lag kinetics (Fig. 1 A).
A lag is expected by observations such as that in PtK1cells; there

Fig. 3. Inhibitory factor from checkpoint-arrested extract is associated with APC/C and can be dissociated with increased salt concentration. (A) Ubiquitinylation
of [35S]securin by APC/C immunoprecipitated from checkpoint-arrested and activated extracts. ‘‘Arrested’’ and ‘‘activated’’ extracts were prepared, and
adsorption of APC/C to anti-Cdc27 beads was carried out as described in Methods. The ligation of [35S]securin to ubiquitin was carried out as described in Methods,
with samples of 1-�l anti-Cdc27 beads, for the time periods indicated. Where indicated, 2 ng of recombinant Cdc20 was added. (B) Ubiquitinylation activity of
APC/C immunoprecipitated from checkpoint-arrested extracts is stimulated by high-salt wash. Adsorption to anti-Cdc27 beads, followed by washes with Buffer
A was carried out as described in Methods. Subsequently, beads were washed two more times with either Buffer A (open bars), or Buffer A that contained 0.3
M KCl (filled bars). Ubiquitinylation of [35S]securin was estimated in samples of 1 �l of anti-Cdc27 beads incubated for 20 min at 20°C in the presence of 2 ng of
Cdc20. (C) Salt eluate of APC/C immunoprecipitate from checkpoint-arrested extracts inhibits cyclin–ubiquitin ligation by purified APC/CCdc20. Salt eluates of
anti-Cdc27 immunoprecipitates of checkpoint-arrested and activated extracts were prepared, and the ubiquitinylation of [125I]-cyclin was assayed as described
in Methods. Numbers on the right indicate the position of molecular mass marker proteins (in kilodaltons).

Fig. 4. MCC accounts for a part of APC/C-associated inhibitors. (A) Presence of BubR1, Cdc20, and Mad2 in salt eluates of APC/C immunoprecipitates from
checkpoint-arrested and activated extracts. Samples of 5 �l of these preparations (see Methods) were separated on a 10% polyacrylamide-SDS gel and blotted
with the indicated antibodies. (B) Immunodepletion by anti-Cdc20 of salt eluate of APC/C immunoprecipitate from checkpoint-arrested extract. Samples of 30
�l of salt eluates were treated with 10 �l of Affi-prep Protein A beads to which 10 �g of affinity-purified polyclonal anti-Cdc20 antibody (provided by Tim Yen)
or no antibody (‘‘Sham’’) had been previously adsorbed. After rotation at 4°C for 2 h, beads were removed by centrifugation. Samples of 5 �l of supernatants
were subjected to immunoblotting as described above. (C) Immunodepletion by anti-Cdc20 removes a part of inhibitory activity. The indicated amounts of the
preparations described in (B) were added to cyclin ubiquitinylation assay in the presence of purified APC/C and Cdc20. (D) MCC disassembled in extract incubated
with ATP but not with ATP[�S]. Samples of 5 �g of polyclonal anti-Cdc20 antibody (sc-8358; Santa Cruz Biotechnologies) were adsorbed to 10 �l of Affi-prep
Protein A beads, and then beads were mixed with 40 �l of either untreated extract from nocodazole-arrested cells (lane 1) or extracts that had been incubated
with either ATP (lane 2) or ATP[�S], as described in Methods. After rotation at 4°C for 2 h, beads were washed three times with Buffer A and then were suspended
in 40 �l of Buffer A that contained 10 mg/ml BSA. Samples of 5 �l of bead suspension were boiled with SDS electrophoresis sample buffer, separated on 10%
polyacrylamide-SDS gel, and blotted with the indicated antibodies.
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is a delay between the attachment of the last chromatid to the
mitotic spindle and the onset of anaphase (reviewed in ref. 28),
a process that requires the degradation of securin. This delay is
very sensitive to temperature and was prolonged to several hours
in incubation of cells at 21–23°C (28), a temperature similar to
that used in our in vitro incubations. At least part of the lag was
due a labile inhibitor, as indicated by the observation that
addition of untreated extract to preincubated extract prevented
the rapid initial degradation of securin (Fig. 1C).

Another property of the cell-free system that is consistent with
the characteristics of mitotic checkpoint in intact cells is the
involvement of protein phosphorylation in the inhibition of
APC/C. Several components of the mitotic checkpoint system
are protein kinases (1–4), the phosphorylation of kinetochores
has been correlated with the checkpoint-arrested state (23), and
phosphorylation of Cdc20 (29–31) and of some checkpoint
proteins (1–4) was proposed to be involved in mitotic checkpoint
control. Although protein kinase activation is presumably initi-
ated at the kinetochores, and the extracts used in this study do
not contain chromosomes, it seems that they still contain some
active protein kinases and phosphorylated protein components
because the lag is shortened by staurosporine, an inhibitor of
some protein kinases (Fig. 2 A). In addition, the checkpoint-
arrested state could be stabilized by ATP[�S], but not by the
nonhydrolyzable �–� ATP analogue AMP-PNP (Fig. 2B). This
observation is compatible with the interpretation that stable
thiophosphorylation of some component(s) prevents exit from
the checkpoint-arrested state. Although this assumption remains
to be examined, and the putative stably thiophosphorylated
components have to be identified, treatment with ATP[�S] was
found to be convenient to produce stably checkpoint-arrested
extracts.

Our attempt to isolate inhibitors from checkpoint-arrested
extracts was based on the assumption that if APC/C is their
target, it is possible that part of inhibitory factors is bound to
APC/C. We indeed isolated inhibitory factors from immuno-
precipitated APC/C by elution with moderately high salt con-
centration (Fig. 3). The specificity of inhibitory factor(s) in this
salt eluate for the checkpoint-arrested state was indicated by the
finding that inhibition was much more pronounced with material
derived from checkpoint-arrested than from activated extract
(Fig. 3C). Examination of the composition of this preparation
showed that part (although not all) inhibitory activity could be
accounted for by a MCC that contains Cdc20, BubR1, and Mad2
(Fig. 4). Inhibitory activity was not simply due to the presence
of Mad2 and BubR1 in this preparation because the concentra-
tion of Mad2 in MCC is several orders of magnitude lower than
that of free Mad2 required to inhibit APC/C (21), whereas the
amount of BubR1 in our preparation was �30-fold lower than
that of recombinant BubR1 required to produce a similar
inhibition in the presence of 5 �M Mad2 (data not shown).

Our observations are clearly not compatible with a Cdc20
sequestration model because practically all Mad2 and BubR1 in
the inhibitor preparation are already bound to Cdc20 (Fig. 4B),
and yet this preparation inhibits APC/C activity in the presence
of exogenous recombinant Cdc20 (Fig. 4C). Our findings are also
not in complete agreement with the MCC hypothesis, at least in
its original form, because MCC was reported to be present and
active in both mitosis and interphase (21), whereas we find that
BubR1 and Mad2 dissociate from Cdc20 when extracts are
activated by incubation with ATP (Fig. 4D). It rather seems that
the requirement for binding of Mad2 and BubR1 to Cdc20 when
the mitotic checkpoint system is active is not merely for the
sequestration of Cdc20 but also to the formation of an MCC
complex that inhibits the activity of APC/CCdc20. Obviously,
much more work is needed to determine the composition of the
different inhibitory complexes and to delineate the processes
that cause the assembly of MCC when the mitotic checkpoint

system is turned on and its disassembly upon exit from mitotic
checkpoint. The role of various phosphorylation events and the
mechanisms by which the inhibitory factors affect the activity of
APC/CCdc20 also remain to be elucidated.

Methods
Preparation of Extracts from Nocodazole-Arrested Cells and Treat-
ments with ATP�S or ATP. Extracts from nocodazole-arrested
HeLa cells were prepared as described (32), with slight modi-
fications. Briefly, HeLa S3 cells in spinner culture were treated
with 2 mM thymidine for 24 h, released from thymidine arrest
for 3 h, and then treated with 0.1 �g/ml nocodazole for 11 h. Cells
were washed with ice-cold PBS and suspended in 75% of pellet
volume of a hypotonic buffer that contained 20 mM Hepes-
NaOH (pH 7.6), 5 mM KCl, 1 mM DTT, 10 �g/ml leupeptin, and
10 �g/ml chymostatin. Cells were lysed by freeze–thawing, and
lysates were centrifuged at 16,000 � g for 1 h. The supernatants
were collected, glycerol was added to 10% (vol/vol), and extracts
were stored at �70°C in small samples. Protein concentration of
extracts was in the range of 15–20 mg/ml.

To prepare stably checkpoint-arrested extracts, the samples
were supplemented with 5 mM MgCl2 and 2 mM ATP[�S]
(Roche, Indianapolis, IN) and incubated at 23°C for 3 h. Extracts
that have exited from checkpoint arrest (activated extracts) were
prepared similarly, except that ATP[�S] was replaced by an
ATP-regenerating system that contained 10 mM phosphocre-
atine, 0.1 mg/ml creatine phosphokinase, and 1 mM ATP. In
both preparations, some insoluble material appeared after in-
cubation that was removed by centrifugation (16,000 � g, 6 min).

Binding of APC/C to Anti-Cdc27 Beads and Elution of APC/C-Associated
Material with High Salt. Affinity-purified polyclonal antibodies
raised against a C-terminal fragment of the Cdc27 subunit of
APC/C were covalently linked to Affi-prep protein A beads
(Bio-Rad, Hercules, CA) as described (33). Twenty-microliter
samples of anti-Cdc27 beads were washed with Buffer A (50 mM
Tris�HCl, pH 7.2/1 mM DTT/10% glycerol/1 mg/ml BSA) and
then were mixed with 100 �l of checkpoint-arrested or activated
extract. The samples were rotated at 4°C for 1 h, and then beads
were washed four times with 1-ml portions of Buffer A.

To elute material associated with APC/C, washed beads were
suspended in 1 ml of Buffer A that also contained 0.3 M KCl.
Samples were mixed at 4°C for 10 min, and then beads were
removed by repeated centrifugation. The supernatants were
concentrated by centrifuge ultrafiltration (Centricon-10; Milli-
pore, Billerica, MA), diluted 10-fold with a buffer consisting of
50 mM Tris�HCl (pH 7.2), 1 mM DTT, and 10% glycerol, and
concentrated to a volume of �50 �l. The salt eluates were stored
at �70°C.

Assay of the Degradation of [35S]Securin. 35S-labeled securin was
produced by in vitro transcription–translation as described (34).
Reaction mixtures contained 10 �l of extract and 1 �l of 10�
degradation mixture that contained 100 mM Tris�HCl (pH 7.6),
50 mM MgCl2, 10 mM DTT, 10 mg/ml ubiquitin, 100 mM
phosphocreatine, 1 mg/ml creatine phosphokinase, 5 mM ATP,
and 0.1 mg/ml E2C/UbcH10. The reaction was initiated by the
addition of 1 �l of [35S]securin, mixtures were incubated at 23°C,
and, at various times, samples of 2 �l were withdrawn and rapidly
quenched with electrophoresis SDS sample buffer and subjected
to SDS-polyacrylamide gel electrophoresis.

Assay of Ubiquitinylation of [35S]Securin or of [125I]Cyclin. The liga-
tion of ubiquitin to [35S]securin was assayed in a reaction mixture
that contained in a volume of 10 �l: 40 mM Tris�HCl (pH 7.6),
5 mM MgCl2, 10% glycerol, 1 mM DTT, 1 mg/ml BSA, 2 mM
ATP[�S], 5 mg/ml ubiquitin, 1 �M ubiquitin aldehyde, 0.1 �g of
E1, 0.2 mg of E2C/UbcH10, 2 ng of recombinant purified Cdc20
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(34), APC/C bound to anti-Cdc27 beads as specified, and 0.2 �l
[35S]securin. Preparations of [35S]securin had been previously
treated with anti-Cdc27 beads to remove APC/C present in
reticulocyte lysate (29). After incubation at 20°C with continu-
ous shaking, reaction products were resolved by SDS-
polyacrylamide gel electrophoresis. The ubiquitinylation of 125I-
labeled N-terminal fragment of cyclin B (33) was assayed in a
similar reaction mixture, except that it contained 1 �l of affinity-
purified mitotic APC/C (25) with 1 �M okadaic acid, and
samples were incubated at 30°C for 30 min.

Immunoblotting and Immunoprecipitation. The following antibod-
ies were used for immunoblotting: Cdc27 (#610455; BD Trans-

duction Laboratories, Lexington, KY); Cdc20, sc-13162 (E7)
(Santa Cruz Biotechnologies, Santa Cruz, CA); Mad2 (#610769;
BD Transduction Laboratories); and BubR1 (BL1455; Bethyl
Laboratories, Montgomery, TX). For immunoprecipitation of
Cdc20, we used (as described in figure legends) either polyclonal
antibody from Santa Cruz Biotechnologies (sc-8358) or an
affinity-purified polyclonal antibody generously provided by Dr.
Tim Yen (Fox Chase Cancer Center, Philadelphia, PA).
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