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The mitotic (or spindle assembly) checkpoint system prevents pre-
mature separation of sister chromatids in mitosis and thus ensures
the fidelity of chromosome segregation. Kinetochores that are not
attached properly to the mitotic spindle produce an inhibitory signal
that prevents progression into anaphase. The checkpoint system acts
on the Anaphase-Promoting Complex/Cyclosome (APC/C) ubiquitin
ligase, which targets for degradation inhibitors of anaphase initia-
tion. APC/C is inhibited by the Mitotic Checkpoint Complex (MCC),
which assembles when the checkpoint is activated. MCC is composed
of the checkpoint proteins BubR1, Bub3, and Mad2, associated with
the APC/C coactivator Cdc20. The intermediary processes in the
assembly of MCC are not sufficiently understood. It is also not clear
whether or not some subcomplexes of MCC inhibit the APC/C and
whether Mad2 is required only for MCC assembly and not for its
action on the APC/C. We used purified subcomplexes of mitotic
checkpoint proteins to examine these problems. Our results do not
support a model in which Mad2 catalytically generates a Mad2-free
APC/C inhibitor. We also found that the release of Mad2 from MCC
caused a marked (although not complete) decrease in inhibitory
action, suggesting a role of Mad2 in MCC for APC/C inhibition. A
previously unknown species of MCC, which consists of Mad2, BubR1,
and two molecules of Cdc20, contributes to the inhibition of APC/C
by the mitotic checkpoint system.

cell cycle | ubiquitin | protein degradation

he mitotic (or spindle assembly) checkpoint system is a sur-

veillance mechanism that monitors correct attachment of
chromosomes to the mitotic spindle and thus ensures the fidelity
of chromosome segregation (1-4). Kinetochores that are not
attached, or are incorrectly attached to the spindle, generate an
inhibitory signal that prevents progression into anaphase by in-
hibiting the Anaphase-Promoting Complex/Cyclosome (APC/C)
ubiquitin ligase. APC/C ubiquitylates securin and cyclin, the deg-
radation of which is necessary for chromosome segregation and
for exit from mitosis. When the checkpoint is activated, a Mitotic
Checkpoint Complex (MCC), which inhibits the APC/C, is as-
sembled. MCC is composed of the checkpoint proteins BubR1,
Bub3, and Mad2, associated with the APC/C coactivator Cdc20
(5). When the checkpoint is extinguished, MCC is disassembled
(6-8). Disassembly of MCC is initiated by the release of Mad2, a
process carried out by the joint action of the TRIP13 AAA-
ATPase and the Mad2-binding protein p31°°™" (9-12).

The intermediary processes in the assembly of MCC and the
possible role of different subcomplexes of MCC in the inhibition
of APC/C are not sufficiently understood. When the checkpoint
is activated, an early event that takes place on the kinetochore
is the conversion of Mad2 from an open (O-Mad2) to a closed
(C-Mad2) conformation that forms a tight complex with Cdc20
(1, 3). It has been proposed that the C-Mad2-Cdc20 (MC)
subcomplex associates with BubR1-Bub3 to form the MCC (2, 4),
but this has not yet been tested by direct experimentation. The
roles of Cdc20-BubR1 intermediary subcomplexes are more ob-
scure. [Bub3 is constitutively associated with BubR1, but has no
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appreciable influence on MCC function or structure (13, 14).
Therefore, Bub3 was omitted from the subcomplexes of BubR1
and the mitotic checkpoint complexes described in this paper.]
Cdc20 may bind to two different sites on BubR1. When the mi-
totic checkpoint is active, Cdc20 associates with a binding site at
the N-terminal region of BubR1 in a process that requires Mad2
and that leads to MCC assembly (13, 15). Cdc20 also binds tightly
to a second site at an internal region of BubR1 (15, 16, 17). The
latter process does not require Mad2 and is not dependent on the
mitotic checkpoint. The binding of Cdc20 to the internal site has
been reported to inhibit the APC/C in vitro by the sequestration
of Cdc20 (16, 17), but the role of this process in the regulation
of APC/C with bound Cdc20 (APC/C®*") is not clear. It is also
not clear whether or not Mad2-containing MCC is the major
checkpoint inhibitor of APC/C. Nilsson et al. (18) reported that,
in checkpoint complexes from HeLa cell extracts, only a small
fraction of Cdc20 is associated with Mad2 and suggested that the
role of Mad2 may be limited to the loading of Cdc20 onto BubR1.
Cleveland and coworkers (19) furthermore proposed that Mad2-
free Cdc20-BubR1 is the main checkpoint inhibitor of APC/C.
These authors also suggested that C-Mad2 catalytically amplifies
the production of the Cdc20-BubR1 inhibitor. According to this
hypothesis, following the loading of Cdc20 onto BubR1, Mad2
dissociates and then binds another molecule of Cdc20 to produce
the Cdc20-BubR1 inhibitor (19).

In the present study, the roles of subcomplexes of mitotic
checkpoint proteins in MCC assembly and in the regulation of
APC/C activity were investigated by the use of purified sub-
complexes. Our results do not support the catalytic model of
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C-Mad2 action. We furthermore find that the release of Mad2
from MCC decreases markedly, but not completely, its APC/C
inhibitory action, suggesting that that the presence of Mad2 in
MCC is important for the inhibition of APC/C%%, A previously
unknown species of MCC, which consists of Mad2 and two mol-
ecules of Cdc20 bound to the two binding sites of BubR1, con-
tributes to the inhibition of APC/C%*.

Results

Isolation of Recombinant Subcomplexes of MCC. To study the role of
different subcomplexes of mitotic checkpoint proteins in MCC
assembly and in APC/C inhibition, the subcomplexes were pre-
pared from recombinant checkpoint proteins. The subcomplex of
Mad2 with Cdc20 (MC) was formed by coexpression in insect
cells of Flag-Mad2 and his6-Cdc20, followed by two steps of
affinity purification (S Materials and Methods). This preparation
of the Mad2-Cdc20 subcomplex had close to equimolar pro-
portions of Mad2 and Cdc20 (Fig. S1B).

Based on previous information, two different types of BubR1-
Cdc20 subcomplexes in which Cdc20 binds to different sites of
BubR1 could be expected. BubR1 has a Cdc20-binding site in its
N-terminal region (Fig. 1, “site 1”), which is involved in its
Mad2-dependent assembly into MCC (13, 14, 15). In the absence
of Mad2, Cdc20 binds strongly to a second site on BubR1, which
is in its middle region (Fig. 1, “site 2”) (15, 16, 17). A subcomplex
of Cdc20 bound to site 2 of BubR1 (“BC-2”) was formed by
coexpression in insect cells of BubR1 and Cdc20 without Mad2.
Following purification, the preparation of BC-2 had close to
equimolar amounts of BubR1 and Cdc20 (Fig. S1C).

We used recombinant MCC (S Materials and Methods and Fig.
S1A) to produce a recombinant subcomplex in which Cdc20 is
bound to site 1 in BubR1 (“BC-1”). We reasoned that because
Cdc20 in MCC is bound to site 1 (14), following the release of
Mad2 from MCC, residual Cdc20 attached to BubR1 remains
bound to site 1. To minimize possible rebinding of Cdc20 to site 2
in BubR1, we took advantage of the information that binding of
Cdc20 to site 2 requires an invariant Phe residue (“Phe box”) and
a destruction box (“D2 box”) (17) (Fig. 1). Indeed, we have con-
firmed the observation (17) that the binding of Cdc20 to site 2 was
markedly reduced in a variant of BubR1 that contained mutations
in the Phe- and D2 boxes, both in vitro (Fig. S2, Left) and in
proteins coexpressed in insect cells (Fig. S2, Right). To produce
BC-1, we have therefore assembled recombinant MCC containing
A-Phe, A-D2 box mutant of BubR1 and then subjected it to the
joint action of TRIP13 and p31°™ to liberate Mad2 (9). As ex-
pected, the amount of Mad2 bound to BubR1 was markedly re-
duced following this treatment (Fig. S1D, lane 2 vs. lane 1).
Subsequently, BC-1 was further purified (SI Materials and Methods)
to remove reagents used for its formation (Fig. S1D, lane 3).

Mad2-Cdc20 Subcomplex Is a Preferred Precursor for MCC Formation.
We first used our preparation of recombinant purified Mad2-
Cdc20 to examine its putative role in MCC formation. A consid-
erable body of evidence indicates that, when the mitotic checkpoint

KEN1 D1 KEN2 Phe D2
N Cc
Cdc20 binding Cdc20 binding
Site 1 Site 2
AA 26-306 AA 528-558

Fig. 1. Schematic drawing of Cdc20-binding sites in human BubR1. Cdc20-
binding site 1 is at the N-terminal region of BubR1- and Cdc20-binding site
2 is in the middle region of BubR1. The conserved functional motifs KEN1,
KEN2, D1 box, D2 box, and Phe box are indicated on the top. The Cdc20-
binding sites and their amino acid (AA) positions are shown below.
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is active, the Mad2-Cdc20 subcomplex is formed at kinetochores
not attached to the mitotic spindle (1-4). It has been assumed
that Mad2-Cdc20 then assembles into MCC (2, 4), but, to our
knowledge, this assumption has not been tested by direct exper-
imentation. We used our preparation of recombinant Mad2-
Cdc20 (MC) to examine its role in MCC assembly by a direct
biochemical procedure. In the experiment shown in Fig. 24, we
compared the efficiency of the binding to BubR1 of the MC
subcomplex with that of free Mad2 and Cdc20 by incubating
equal concentrations of components followed by immunopre-
cipitation with anti-BubR1. Whereas there was marked binding to
BubR1 of Mad?2 originating from MC, indicating the formation of
MCC (Fig. 24, lane 3), incubation with free Mad2 and Cdc20
resulted in much less binding of Mad2 to BubR1 following (lane
2). Cdc20 from either source was bound to BubR1, but this was
not surprising because free Cdc20 is expected to bind to site 2 of
BubR1. We concluded that MC is a preferred intermediate for
MCC formation. To further examine whether indeed functional
MCC is formed by the assembly of the MC subcomplex with
BubR1, we tested the effects of these incubations on APC/CE4?
activity (Fig. 2B). The activity of APC/C“? was not affected by
BubR1 or MC when supplied by themselves (Fig. 2B, lanes 3 and
5, respectively), but was strongly inhibited following incubation
with a combination of BubR1 and MC that led to MCC assembly
(Fig. 2B, lane 6). By contrast, products of incubation of free Mad2,
Cdc20 and BubR1 inhibited APC/CC? activity only slightly
(Fig. 2B, lane 4). These results indicate that the Mad2-Cdc20
subcomplex is indeed a preferred precursor for the assembly of
MCC that is functional in APC/C inhibition.

Mad2-Cdc20 Subcomplex Does Not Act Catalytically to Produce an
Inhibitor of APC/C. We also could make use of the recombinant
Mad2-Cdc20 subcomplex to examine the hypothesis of Cleveland
and coworkers (19) according to which C-Mad2, or the C-Mad2-
Cdc20 intermediate, acts catalytically to amplify the formation of
BubR1-Cdc20. This hypothesis furthermore assumes that Mad2-
free BubR1-Cdc20, rather than Mad2-containing MCC, is the
major inhibitor of APC/C“Y? (19). To test this hypothesis, we
incubated low concentrations of MC with a large molar excess of
BubR1 and of free Cdc20. Following incubation for different time
periods, we examined the effects of incubation products on the
activity of APC/C“Y®, If MC catalytically produced a BubR1-
Cdc20 inhibitor of APC/C, it would be expected that, with longer
incubation times of MC with excess BubR1 and Cdc20, more in-
hibitor would be produced. However, the degree of inhibition of
APC/CY? did not increase from 30 to 120 min of incubation
(Fig. 2C). Instead, inhibition of APC/C®*? increased only when
the concentration of MC was elevated, possibly reflecting the
amounts of MCC produced. Thus, our results do not support the
catalytic model of Cleveland and coworkers (19).

Comparison of the Effectiveness of BC-1, BC-2, and MCC on APC/C
Inhibition. We next used our preparations of purified recombi-
nant subcomplexes to directly estimate their action on APC/
CC420 activity. In the experiment shown in Fig. 2D, APC/C4?0
was incubated with increasing concentrations of BC-1 or BC-2,
and their effects on cyclin—ubiquitin ligation were monitored.
For comparison, the effects of similar concentrations of MCC
and of free BubR1 were also examined. Under our experimental
conditions, free BubR1 had no appreciable effect on APC/C4*
activity, whereas BC-2 inhibited it only slightly. BC-1 did inhibit
APC/CY20 byt with less effectiveness than MCC. Thus, in-
hibition of 50% of APC/C“* activity was obtained with ~40 nM
BC-1, compared with ~10 nM of MCC. We conclude that, con-
trary to previous suggestions (18, 19), Mad2-containing MCC is
a more effective inhibitor of APC/C®‘“*” than are Mad2-free
subcomplexes, although significant inhibition remains with a sub-
complex in which Cdc20 is bound to site 1 of BubR1 (BC-1).
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Fig. 2. The Mad2-Cdc20 subcomplex is a preferred precursor for MCC formation, but does not act catalytically to produce an inhibitor of APC/C activity.
(A) The Mad2-Cdc20 subcomplex is a preferred substrate for MCC assembly. Reaction mixtures contained in the volume of 20 pL: 50 Mm Tris-HCl (pH 7.6),
100 mM NaCl, 5 mg/mL BSA, 1 mM DTT, and 10% (vol/vol) glycerol. The indicated additions were at 150 nM. Following incubation at 23 °C for 60 min, samples
were subjected to immunoprecipitation with anti-BubR1 as described in Materials and Methods. Sham treatment was under similar conditions with non-
immune rabbit IgG. Samples of immunoprecipitates were subjected to immunoblotting for the indicated proteins as described in Materials and Methods.
Numbers on the right side indicate the migration positions of marker proteins (kDa). (B) MCC assembled from the Mad2-Cdc20 subcomplex and BubR1 in vitro
preferentially inhibits APC/C<9%°, APC/CE¥?° bound to anti-Cdc27 beads was prepared as described in Materials and Methods. A total of 100 nM of the
indicated checkpoint proteins was incubated for 1 h at 23 °C, followed by the addition of APC/“2° and further incubation with shaking (1,400 x g) for 1 h at
23 °C. Subsequently, beads were washed three times with Buffer A and were subjected to a cyclin-B ubiquitin ligation assay as described in Materials and
Methods. Finally, samples were subjected to SDS/PAGE and radioautography as described in Materials and Methods. The results indicated at the bottom are
expressed as the percentage of I'?*-cyclin B-(Ub),, conjugates formed relative to APC/C activity with 100 nM Cdc20. Numbers on the right indicate the mi-
gration position of marker proteins (kDa). MC, Mad2-Cdc20. (C) Limiting amounts of Mad2-Cdc20 do not act catalytically to stimulate the formation of an
APC/C inhibitor. BubR1 and Cdc20 (300 nM, each) were incubated with the indicated concentrations of Mad-Cdc20 (MC) for 1 or 2 h. Subsequently, mixtures
were added to immunopurified APC/C*?°, and cyclin ubiquitylation activity was assayed as described in B. Results are expressed as the percentage of APC/C<42°
activity without MC at time 0. (D) Comparison of the effectiveness of BC-1, BC-2, and MCC on the inhibition of APC/C92° activity. Purified MCC and
subcomplexes, at the concentrations indicated, were incubated with APC/C“?°, and samples were subjected to a cyclin-B ubiquitin ligation assay as described
in B. Results are expressed as the percentage of cyclin-ubiquitin conjugates formed relative to APC/C<9?° activity without additions.

It is notable that we do not observe significant inhibition of = Therefore, the question arises whether BC-2 is a nonfunctional side
APC/C“? by free BubR1 (Fig. 2B), although BubR1 was re-  product—or does it serve as an intermediate in the formation of an
ported as an APC/C inhibitor due to its association with Cdc20  inhibitory complex? To address this problem, we examined whether
(16, 17). This may be due to a difference in experimental con- BC-2 can combine with Mad2-Cdc20 to form an MCC-like complex.
ditions: in our procedure, Cdc20 is first bound to APC/C to form  In the experiment shown in Fig. 34, we incubated MC either with
APC/CC*?® (Materials and Methods), which may preclude the —BC-2 or with free BubR1 and examined the formation of products
sequestration of Cdc20 by binding to site 2 of BubR1. bound to APC/C. To enable the identification of the source of

products, we used MC that contained (Myc)3-Cdc20 and BC-2 that
Mad2-Cdc20 Can Combine with BC-2 to Form MCC with an Additional  contained Flag-Cdc20. (Myc)3-Cdc20 migrates more slowly on SDS/
Molecule of Cdc20. Because Cdc20 readily combines with BubR1 ~ PAGE than Flag-Cdc20. MC did not bind to APC/C (Fig. 34, lane
in vitro to form BC-2, it is possible that a similar process takes 1), whereas BC2 did bind (Fig. 34, lane 2). As expected, following
place in cells. This may sequester both Cdc20 and BubR1, which  the incubation of MC with free BubR1, MCC was formed and was
are present at roughly equal concentrations in mitotic cells (16).  bound to APC/C (Fig. 34, lane 4). Following incubation of MC

968 | www.pnas.org/cgi/doi/10.1073/pnas.1524551113 Kaisari et al.


www.pnas.org/cgi/doi/10.1073/pnas.1524551113

o
=

yd
A

A B Apcc™® . o+ 4 4 c

APCICP B:(':z oo aBubR1 IP IP IgG
- : BubR1 + + - - + *
mc + = = + * 250 Bea
- - - + + - +
BubR1 = = + o+ = 150
r MC + + + + + -
BC-2 = + . - o
<100 TRIP13+p31 - + -  + - -
150 125 : . ‘
BubRt —>| s o e [1%0 PiCyclin B(UB)n 75 e —r 150
conjugates }
(Myc) s -50 Myc)3—>e | [
cde20] Flag st 4 bt A5 Cdczo[( Fsl'a; =3 = =[— -50
— 25 : : ‘ ‘
Mad2—> | —_— s L a7 Mad2—> e |o— | 25
1 2 3 4 5 I-Cyclin B =>» - 1 2 3 4 5 &

1 2 3 4
cdc20
%APCIC activity: 0 100 76 6

Fig.3. Mad2-Cdc20 can combine with BC-2 to form MCC with an additional Cdc20 (MCC-1-2). (A) Formation of MCC-1-2 and its binding to APC/C. Incubation
conditions were as described in Fig. 2A. The indicated subcomplexes and BubR1 were added at 150 nM. Reaction products were added to APC/C bound to anti-
Cdc27 beads. Following further incubation for 60 min at 23 °C, proteins bound to APC/C were isolated by precipitation of anti-Cdc27 beads, followed by
washing and APC/C elution with Cdc27 peptide as described in Materials and Methods. Subsequently, supernatants were immunoblotted for the indicated
proteins. Numbers on the right indicate the electrophoretic migration of the marker proteins (kDa). (B) MCC-1-2 is an inhibitor of APC/C<4?°, BC-2 was
incubated with or without MC as indicated. Incubation conditions were as described in Fig. 24, and the final concentration of the specified subcomplexes was
100 nM. Subsequently, the products were added to APC/C 42, and following incubation their effects on cyclin B-ubiquitin ligation activity were determined
as described in Fig. 2B. The results indicated at the bottom are expressed as the percentage of 1'?>-cyclin B-(Ub),, conjugates formed relative to APC/Cc4%°
without additions. Numbers on the right indicate the migration position of marker proteins (kDa). (C) MCC-1-2 is disassembled by the joint action of TRIP13
and p31°™et, Different combinations of Mad2-(Myc);-Cdc20 (MC) with either BubR1 or BubR1-Flag-Cdc20 (BC-2) were incubated at conditions described in
Fig. 2A and then were precipitated with either anti-BubR1 or IgG beads, as indicated. Subsequently, beads were washed three times with Buffer A and then
were incubated with TRIP13 and p31°°™®!, where indicated, under conditions similar to those described in S/ Materials and Methods for BC-1 formation. Sham
treatment was under similar conditions but without TRIP13 and p31°°™*, Finally, the beads were washed, and samples were subjected to immunoblotting for

the indicated proteins. Numbers on the right side indicate the migration position of marker proteins (kDa).

with BC-2, an APC/C-bound product was formed that contained
BubR1, Mad2, and both (Myc)3-Cdc20 and Flag-Cdc20 (Fig. 34,
lane 5). The results thus indicate that MC interacts with BC-2 to
form a product that contains Cdc20 molecules from both MC and
BC-2 and that this product binds to APC/C. We call this product
“MCC-1-2” to indicate that it contains Cdc20 from two different
sources. We suggest that Cdc20 originating from MC binds to site 1
of the BubR1 moiety of MCC-1-2 (Discussion), whereas Cdc20 that
originates from BC-2 remains bound to site 2 of BubR1 in MCC-1-2.
Thus, MCC-1-2 is different from the previously described species of
MCC with two molecules of Cdc20 (20), in which the additional
Cdc20 molecule is bound to the KEN2 box and the D1 box at the
N-terminal region of BubR1.

To examine whether MCC-1-2 is an inhibitor of APC/C, BC-2
was incubated with or without MC, incubation products were
added to APC/C®?°, and their effects on cyclin B-ubiquitin li-
gation activity were determined. As shown in Fig. 3B, BC-2 by itself
inhibited APC/C““? only slightly (lane 3), whereas, following in-
cubation with MC, a strong inhibition of APC/CC?0 was observed
(Fig. 3B, lane 4). These results suggest that MCC-1-2, like MCC, is
a strong inhibitor of APC/C4,

If MCC-1-2 is a bona fide checkpoint inhibitor of APC/C, the
question arises, how is it disassembled when the checkpoint signal is
turned off? We examined the possibility that Mad2 is released from
MCC-1-2 by a joint action of TRIP13 and p31°°™", as is the case with
MCC. In the experiment shown in Fig. 3C, MC was first incubated
with BubR1 to form MCC (lane 1) or with BC-2 to form MCC-1-2
(lane 3). Subsequently, the samples were further incubated with
TRIP13 and p31°™, and Mad? associated with BubR1 was detected
by immunoprecipitation with anti-BubR1. Treatment with TRIP13
and p31°™" promoted the release of Mad2 from MCC-1-2 (lane 4)
as it did from MCC (lane 2). These data indicate that MCC-1-2 may
be disassembled by the joint action of TRIP13 and p31°°™,

Discussion

In this study we investigated the roles of subcomplexes of mitotic
checkpoint proteins in MCC assembly and in the regulation of
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APC/C activity by the use of purified subcomplexes. The prepa-
ration of specific subcomplexes of BubR1 with Cdc20 was hindered
by the existence of two separate Cdc20-binding sites on BubR1
(Fig. 1). We have prepared a subcomplex of Cdc20 bound to site 1
of BubR1 (“BC1”) by releasing Mad2 from recombinant MCC by
treatment with TRIP13 and p31°°™" (9) (Fig. S1D).

The intermediary steps in the assembly of MCC are not suf-
ficiently understood. Because Cdc20 binds preferentially to C-Mad2
(21, 22), it appeared reasonable to assume that the formation of
the C-Mad2-Cdc20 subcomplex follows the conformational tran-
sition of O-Mad2 to C-Mad2 at the kinetochore. Indeed, consid-
erable levels of the C-Mad2-Cdc20 subcomplex were detected in
checkpoint-arrested cells (23). Although the binding of C-Mad2 to
Cdc20 may sequester Cdc20 from activating the APC/C (24), we
observed that, unlike MCC, the Mad2-Cdc20 subcomplex did not
inhibit preformed APC/C““? (Fig. 2B). It has been proposed that
the Mad2-Cdc20 subcomplex associates with BubR1-Bub3 to form
the MCC (2, 4), but this suggestion has not been previously tested
by direct biochemical methods. Using preparations of recombi-
nant purified MC, we showed that it is indeed a preferred pre-
cursor for assembly with BubR1, compared with the lower extent of
assembly from free Mad2 and Cdc20 (Fig. 2). It should be noted that
other investigators observed more significant formation of MCC
from free Mad2 in vitro (19, 25). The difference in results is possibly
due to the higher extent of formation of C-Mad2 from O-Mad2
in vitro under the experimental conditions of these investigators.

Although Mad?2 is undoubtedly required for MCC assembly, it
remained questionable whether or not Mad2-containing MCC is
the major checkpoint inhibitor of APC/C. Nilsson et al. (18) ob-
served that, in checkpoint complexes of extracts from nocodazole-
arrested HelLa cells, only a small fraction of Cdc20 was bound to
Mad2, whereas most of it was associated with BubR1. Cleveland
and coworkers furthermore proposed that Mad2-free Cdc20-
BubR1 complex is the main checkpoint inhibitor of APC/C (19).
These authors also suggested that the role of C-Mad2, or of the
C-Mad2-Cdc20 intermediate, is to catalytically amplify the
production of the putative Cdc20-BubR1 inhibitor of APC/C.
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The availability of purified subcomplexes of MCC in the pre-
sent study allowed us to critically examine these suggestions.
We found that incubation of low concentrations of the C-Mad2-
Cdc20 intermediate with large molar excess of Cdc20 and BubR1
did not lead to a time-dependent progressive increase in the extent
of the inhibition of APC/C““* (Fig. 2C), as would be predicted
by the catalytic model of Cleveland and coworkers (19). Further-
more, direct estimation of the effects of purified BubR1-Cdc20
subcomplexes on the activity of APC/C““* showed that BC-2
inhibited APC/C““?® only slightly, whereas BC-1 did inhibit
APC/C?® although less effectively than MCC (Fig. 2D). We
therefore concluded that the major checkpoint inhibitor of APC/C
is the Mad2-containing mitotic checkpoint complex. It should be
noted that, although the above-mentioned studies reported sub-
stoichiometric amounts of Mad2 (relative to Cdc20 and BubR1) in
mitotic checkpoint complexes (18, 19), they did not actually esti-
mate the action of such complexes on APC/C activity. It is thus
possible that, in checkpoint-arrested living cells, there is a mixture
of MCC, BC-1, and BC-2, of which only MCC powerfully inhibits
the APC/C. The exact role of the Mad2 moiety in the inhibition of
APC/CC®*? remains to be elucidated. It is possible that Mad2 in
MCC interacts with a part of the MCC-binding site of APC/C, but
it is also possible that the role of the Mad2 moiety is more indirect.
Because C-Mad2 in MCC interacts with both Cdc20 and BubR1
(14), it is possible that it promotes conformational alterations in
Cdc20 and/or BubR1 that tighten their interaction with APC/C.
The significant, although decreased, inhibition of APC/C“4?" ac-
tivity by BC-1 (Fig. 2D) suggests that some weak interactions of the
two moieties of this subcomplex with APC/C take place in the
absence of Mad2. These problems should be resolved by detailed
structural analysis of the interaction of MCC with its binding site
on APC/C.

Although the interaction of Cdc20 with site 1 of BubR1 requires
its binding to Mad2 and mitotic checkpoint signaling, the binding
of Cdc20 to site 2 does not. Thus, BC-2 may accumulate in cells
with the rise of Cdc20 levels at the G2/M phases of the cell cycle
(see fig. 1 in ref. 23). The formation of BC-2 may sequester both
Cdc20 and BubR1, which are present in approximately equal
concentrations in mitotic cells (16). We therefore examined the
possibility that BC-2 may interact with MC to form an MCC-like
mitotic checkpoint complex. We indeed found that, under these
conditions, a complex with an additional molecule of Cdc20, MCC-
1-2, is formed, which contains Cdc20 from both MC and BC-2
(Fig. 34). Because Cdc20 originating from MC binds to site 1 of
BubR1 (15), whereas in BC-2 Cdc20 is bound to site 2 (16, 17), it
appears reasonable to assume that MCC-1-2 contains Cdc20
molecules bound to both sites 1 and 2 of BubR1. It should be
noted that MCC-1-2 is different from a complex of MCC with a
second Cdc20, reported previously by Izawa and Pines (20). There,
the additional Cdc20 molecule was bound to KEN2 box and D1
box at the N-terminal region of BubR1. We showed that MCC-1-2
inhibits APC/C activity (Fig. 3B); thus, it may serve as an addi-
tional mitotic checkpoint inhibitor complex to MCC. We also
showed that Mad2 can be released from MCC-1-2 by the joint
action of TRIP13 and p31°°™* (Fig. 3C), similar to their action on
MCC (9). This process may terminate the action of MCC-1-2
when the mitotic checkpoint is inactivated. It is interesting to note
that estimation of the molar ratios of checkpoint complexes from
HeLa cell extracts indicated an ~50% excess of Cdc20 over
BubR1 (18) (Fig. S2). This excess may be explained by the pres-
ence of the dissociation product of MCC-1-2 in these complexes.
Further investigation is required to examine the presence and
abundance of MCC-1-2 in checkpoint-inhibited cells.

Fig. 4 summarizes our proposal for the roles of intermediary
subcomplexes in the assembly of mitotic checkpoint complexes
and in the inhibition of the ubiquitin ligase activity of APC/C?,
When the mitotic checkpoint is active, C-Mad?2 is generated and
associates with Cdc20 to form MC (step 1). MC binds to BubR1
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Fig. 4. Proposed intermediary processes in the assembly and disassembly of
mitotic checkpoint complexes (Discussion). Note that Bub3 is not depicted in
this scheme, but it is constitutively bound to BubR1. M, O-Mad2; C, Cdc20; B,
BubR1; MC, C-Mad2-Cdc20; BC-1, BubR1 with Cdc20 bound to site 1; BC-2,
BubR1 with Cdc20 bound to site 2; BC-1, -2, BubR1 with Cdc20 molecules
bound to sites 1 and 2; MCC, Mitotic Checkpoint Complex (with Cdc20 bound
to site 1 of BubR1); MCC-1-2, Mitotic Checkpoint Complex with Cdc20
molecules bound to sites 1 and 2 of BubR1; APC/C<“?°, Anaphase-Promoting
Complex/Cyclosome with bound Cdc20.

to form MCC (step 2) in a process in which the Cdc20 moiety
binds to site 1 of BubR1. Cdc20 may also bind to site 2 of BubR1
with the formation of BC-2 in a process independent of the mi-
totic checkpoint (step 3). MC may also associate with BC-2 to
form MCC-1-2 (step 4). Both MCC and MCC-1-2 inhibit the
APC/CY2°, When the checkpoint is extinguished, Mad2 is re-
leased from both MCC and MCC-1-2 by the joint action of
TRIP13 and p31°°™" (steps 5 and 6). This process is accompa-
nied by the conversion of C-Mad2 to O-Mad2 (12). The conver-
sion of MCC to BC-1 (step 5) decreases the inhibition of APC/C,
but does not abolish it completely (Fig. 2D). For complete release
of APC/C®? from checkpoint inhibition, the further dissociation
of BC-1 to free BubR1 and Cdc20 is required. The molecular
mechanisms of the disassembly of BC-1, BC-2, and BC-1-2 remain
unknown and require further investigation.

Materials and Methods

Immunoprecipitation and Immunoblotting. Rabbit polyclonal antibodies di-
rected against human proteins were used for immunoprecipitation. All anti-
bodies were purified by affinity chromatography on their respective antigens:
a-Cdc27, 17-amino acid C-terminal peptide of Cdc27; and a-BubR1, an his6-
tagged 38- to 468-aa fragment of BubR1. For immunoprecipitation, all anti-
bodies were bound to Affi-Prep Protein A beads (Bio-Rad) at a concentration
of 0.5 mg/mL of packed beads. For sham immunoprecipitations, purified
rabbit 19G (Pierce) was bound to the Protein A beads at a similar concentra-
tion. For immunoblotting of human proteins, the following mouse mono-
clonal antibodies were used: Cdc27 and BubR1 (BD Transduction Laboratories
3290559 and 612053, respectively); Cdc20 (Santa Cruz Biotechnology sc-13162);
Mad2 (MBL Laboratories K0167); c-Myc (Sigma M5546); and Flag (Sigma F3165).
Immunoblots were detected and quantified with fluorescently labeled sec-
ondary antibodies using an Odyssey (Li-Cor) scanner.

APC/C-Binding Assay. Xenopus interphase egg extracts were prepared as
described (26), and APC/C was immunoprecipitated from these extracts
with anti-Cdc27 antibody bound to Affiprep Protein A (Bio-Rad) beads at
an extract-to-bead ratio of 10:1 (vol/vol) for 2 h at 4 °C. The APC/C beads
were washed twice with a buffer consisting of 50 mM Tris-HCI (pH 7.2),
20% (vol/vol) glycerol, 1 mg/mL BSA, 1 mM DTT, and 0.3 M NaCl and then
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twice with the same buffer without NaCl (Buffer A). APC/C beads (1 pL)
were suspended in 20 pL of Buffer A and were then incubated with
checkpoint proteins or complexes as specified in the figure legends for the
indicated time and temperature with shaking (1,400 x g) by a Thermomix
shaker (Eppendorf). Unbound proteins were removed by washing the beads
three times with Buffer A containing 0.15 M NaCl and 0.1% Triton X-100
("washing buffer”). Then, the APC/C complex was eluted from the beads by
a peptide similar to the 17 C-terminal amino acids of Cdc27 (“Cdc27 pep-
tide”). Elution was carried out with at 2 mg/mL of Cdc27 peptide in 20 pL
of washing buffer for 2 h at 30 °C, and samples of the supernatants were
analyzed by immunoblotting.

Assay of Inhibition of APC/C4?° Activity (Cyclin B-Ubiquitin Ligation Assay).
APC/C from interphase Xenopus extracts was immunopurified on anti-Cdc27
beads, as described above, and then was incubated with recombinant
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