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ABSTRACT Cell cycle progression is monitored by check-
point mechanisms that ensure faithful duplication and accu-
rate segregation of the genome. Defects in spindle assembly or
spindle-kinetochore attachment activate the mitotic check-
point. Once activated, this checkpoint arrests cells prior to the
metaphase-anaphase transition with unsegregated chromo-
somes, stable cyclin B, and elevated M phase promoting factor
activity. However, the mechanisms underlying this process
remain obscure. Here we report that upon activation of the
mitotic checkpoint, MAD2, an essential component of the
mitotic checkpoint, associates with the cyclin B-ubiquitin
ligase, known as the cyclosome or anaphase-promoting com-
plex. Moreover, purified MAD2 causes a metaphase arrest in
cycling Xenopus laevis egg extracts and prevents cyclin B
proteolysis by blocking its ubiquitination, indicating that
MAD?2 functions as an inhibitor of the cyclosome. Thus,
MAD?2 links the mitotic checkpoint pathway to the cyclin B
destruction machinery which is critical in controlling the
metaphase-anaphase transition.

Regulated proteolysis of a group of key cell cycle molecules,
such as p405T©! and cyclin B, plays a critical role in cell cycle
progression (1, 2). These target proteins must first be ubiqui-
tinated by the sequential action of three enzymes: E1 [ubig-
uitin (Ub)-activating enzyme], E2 (Ub-conjugating enzyme),
and E3 (Ub ligase) (3). Once ubiquitinated, the target proteins
are rapidly degraded by the 26S proteasome (4). The Ub-
proteasome-mediated degradation of cyclin B is required for
the exit from mitosis and persists until the onset of the next S
phase (5-7). The cyclin B-Ub ligase, also termed the cyclosome
or anaphase-promoting complex (APC), has recently been
isolated and shown to be required for cyclin B ubiquitination
in vitro (8-10). The cyclosome is a large protein complex with
a sedimentation coefficient of 20 S in Xenopus eggs and clam
oocytes and 36 S in budding yeast (8, 9, 11, 12). It becomes
phosphorylated in M phase and phosphatase treatment inac-
tivates the mitotic form of the cyclosome in vitro (9, 12, 13).
The cyclosome/APC is composed of at least eight subunits
including the BIME, CDC16, CDC23, and CDC27 gene prod-
ucts, which are required for the metaphase-anaphase transi-
tion (4, 9, 11, 12, 14-16), providing further evidence that the
cyclosome is involved in the degradation of the inhibitor(s) of
this transition as well as cyclin B (17).

The metaphase-anaphase transition is monitored by the
mitotic checkpoint, which senses spindle aberrations and re-
sponds by arresting the cell cycle, thereby preventing aberrant
chromosome segregation (18-20). MADI1, MAD2, MAD3,
BUBI, BUB2, BUB3, and MPSI have been identified as
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components of the mitotic checkpoint in budding yeast (18-
20). Recently, Xenopus and human MAD?2 were isolated and
shown to be required for the execution of the mitotic check-
point in vertebrates (21, 22). Once activated, the mitotic
checkpoint arrests the cell cycle prior to the metaphase-
anaphase transition with unsegregated chromosomes and high
levels of cyclin B, suggesting that the cyclosome might be the
target of the response pathway.

In this report we show that: (i) MAD?2 associates with the
cyclosome/APC in vivo when the mitotic checkpoint is acti-
vated and dissociates upon checkpoint release; (if) addition of
exogenous MAD?2 to cycling Xenopus egg extracts results in
inhibition of cyclin B proteolysis and metaphase arrest; and
(#ii) MAD2 generates these effects by inhibiting the Ub ligase
activity of the cyclosome.

MATERIALS AND METHODS

Cell Culture and Synchronization. HeLa cells were cultured
in DMEM/high glucose supplemented with antibiotics and
fetal bovine serum (10%). HeLa cells were synchronized in
G;/S with either 300 uM mimosine or 2 mM hydroxyurea for
12 hr, or in G/M with 100 nM nocodazole (NOC) for 24 hr.
To arrest cells in mitosis, HeLa cells were treated with 50 nM
NOC for 16 hr. Cells were then washed with PBS three times
and subjected to mechanical shake-off. These cells were
subsequently released into NOC-free medium for up to 6 hr.

Immunoprecipitations. HeLa cell extracts were prepared as
described (22) and immunoprecipitated with affinity-purified
anti-MAD?2 or anti-CDC27. MAD?2 (0.5 mg/ml) was added to
A90-arrested Xenopus egg extract and incubated for 10 min at
23°C prior to immunoprecipitation with anti-CDC27 antibod-
ies. The immunoprecipitates were washed six times with wash
buffer (50 mM Tris'HCI, pH 7.5/250 mM NaCl/1% Nonidet
P-40/0.1% SDS/2 mM EDTA/50 mM NaF/0.25 mM
NazV0O,4/1 mM phenylmethylsulfonyl fluoride/0.5 ng/ml apro-
tinin, antipain, pepstatin A, and leupeptin), and then resolved
by SDS/PAGE and subjected to Western blot analysis as
described (22).

Glycerol Gradient Sedimentation. HeLa extracts (1.5 mg)
were layered atop 24-40% glycerol gradients and centrifuged
at 25,000 rpm for 45.5 hr in a Beckman SW40 rotor. Fractions
(0.9 ml) were collected from the bottom of the tube and 75 ul
of each fraction was subjected to Western blot analysis as
indicated.

Cell Cycle Progression in Xenopus Egg Extracts. Electrically
activated Xenopus egg extract was prepared as described (23,
24). Xenopus sperm nuclei were prepared (23) and added to
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extract to a final concentration of 100 nuclei per ul. Newly
synthesized proteins were labeled with [3*S]methionine added
to a final concentration of 0.5 wCi/ul (1 Ci = 37 GBq). Purified
human MAD?2 protein (22) [or an equal volume of buffer (10
mM Tris'HC], pH 7.4/10 mM NacCl) as a dilution control] was
added to a final concentration of 50 ug/ml. Extract was
incubated at 23°C to initiate cycling. Samples were taken at the
indicated times. For [**S]cyclin B proteolysis, 2 ul of extract
was separated by SDS/PAGE (12.5% gel). Histone H1 kinase
samples were diluted 1:50 and processed as described (23, 24).
For the nuclear morphology assay, 1 ul of extract was treated
with fixative (10% formaldehyde) containing Hoechst 33342 as
described (23).

Mitotic Xenopus Egg Extracts. Interphase extract was pre-
pared (23, 24) and cycloheximide was added to a final con-
centration of 0.1 mg/ml. A90-arrested extract was prepared as
described (25, 26) by adding cyclin A90 to interphase extract
and incubating for 40 min at 23°C. Cyclin degradation assays
were initiated by adding [>S]cyclin B2 to the reaction mixtures
(2.2 ul per 20 pl extract). [>S]cyclin was prepared as described
(26) by in vitro translation in interphase Xenopus egg extract.
Aliquots (3 ul) were withdrawn at the time indicated and
analyzed by SDS/PAGE followed by PhosphorImager analysis
(Molecular Dynamics) and autoradiography.

Degradation of Ub-'>’I-Lysozyme Conjugates. Ub-12I-
lysozyme conjugates were prepared as described (27). A90-
arrested extract (36 ul) was incubated with either buffer (10
mM Tris'HC, pH 7.4/10 mM NaCl), MAD2 (1 mg/ml), or S5a
(1 mg/ml) for 10 min at 23°C prior to the addition of
Ub-!?I-lysozyme conjugates (12,700 cpm) in a final volume of
100 pl. Aliquots (25 ul) were taken at the time indicated,
added to 0.875 ml of 1% BSA, and proteins were precipitated
on ice with 100 ul of 100% trichloroacetic acid. The amount
of trichloroacetic acid-soluble protein fragments in the super-
natant fractions was counted in a Beckman Gamma 4000
counter for 10 min. The amount of trichloroacetic acid-soluble
radioactivity in untreated conjugates was subtracted from the
values shown.

Isopeptidase Activity Assay. Isopeptidase rates were mea-
sured as described previously (24). Briefly, A90-arrested ex-
tract was incubated either with buffer or MAD2 (0.5 mg/ml)
for 10 min at 23°C. The reactions were started by adding the
indicated volume of extract to 20 ul of Ub-1?°I-lysozyme
conjugates (9,200 cpm) and 0.5 ul of ATP-regenerating system.
At the indicated times, each reaction was quenched with SDS
sample buffer, subjected to SDS/PAGE, and the 12°I-lysozyme
regenerated from Ub conjugates was quantitated by Phospho-
rImager analysis and calculated as a percentage of the total 121
for each lane. The percentage of unconjugated '?°I-lysozyme
present in untreated conjugates was subtracted from the values
shown.

Ub-Conjugation Assay. Ub-conjugation rates were mea-
sured as described (24). Briefly, the reactions were initiated by
adding 1 ul (3.9 X 10° cpm) of 2°1-Ub (70 pg/ml) to 30 ul of
A90-arrested extract containing buffer or MAD2 (0.5 mg/ml).
At the indicated times, 2 ul of extract was removed and
quenched in SDS sample buffer. SDS/12.5% polyacrylamide
gel was loaded with 24,000 cpm per lane and the percentage of
radioactivity above 100 kDa (high molecular weight conju-
gates) was determined by PhosphorImager analysis. A slight
increase in the amount of 12°I-Ub conjugates was produced in
the presence of MAD?2 relative to the control.

RESULTS AND DISCUSSION

It was first determined whether MAD?2 is physically associated
with the cyclosome in HeLa cells upon activation of the mitotic
checkpoint by NOC treatment (22). As a control, HeLa cells
were also arrested in G;/S with mimosine or hydroxyurea (Fig.
1A4). A decrease in the electrophoretic mobility of a portion of
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CDC27 was observed in NOC-arrested G,/M extracts relative
to G1/S extracts (Fig. 1B). Since about half of the G,/M
population was actually arrested in M phase based on the
measurement of the mitotic index (data not shown), our
findings are consistent with significant phosphorylation of
cyclosome components in mitosis (9, 12, 13). In G;/S, MAD2
was associated with a small fraction of CDC27 (Fig. 1B Left;
longer exposure also revealed low levels of CDC16 in the
anti-MAD2 immunoprecipitates). However, when HeLa cells
were arrested in G,/M, a much higher proportion of
CDC16/27 was immunoprecipitated by the anti-MAD?2 anti-
body (Fig. 1B Right). In addition, anti-CDC27 immunopre-
cipitated both CDC16 and MAD2 from the G,/M extracts, but
not the G;/S extracts, further confirming the MAD?2-
cyclosome association in G,/M (Fig. 1B Right). Interestingly,
we observed that MAD2 preferentially associated with the
phosphorylated forms of CDC27 and CDC16 (Fig. 1C, com-
pare lanes 3 and 6). Physical association between MAD2 and
the phosphorylated cyclosome in G,/M-arrested cells raises
the possibility that MAD2 executes the mitotic checkpoint by
direct association with the cyclosome.

To confirm that MAD?2 was associated with the cyclosome,
G,/M and G4/S HelLa cell extracts were subjected to glycerol
gradient sedimentation. A fraction of MAD2 cosedimented
with the phosphorylated cyclosome in G,/M, but not with the
cyclosome in G;/S (Fig. 1D). Interestingly, unphosphorylated
cyclosome in G;/S extracts sedimented faster than the phos-
phorylated complex in G/M (Fig. 1D). These results docu-
ment the association between MAD?2 and the cyclosome and
demonstrate that this interaction takes place preferentially
when the mitotic checkpoint is activated.

The MAD2-cyclosome interaction was then monitored fol-
lowing the inactivation of the mitotic checkpoint. HeLa cells
arrested in mitosis by NOC treatment were collected by
shake-off and then replated into NOC-free medium. Cyclin B
levels decreased significantly after release (Fig. 1E), indicating
that a substantial portion of the HeLa cells had progressed
through the mitotic arrest. Western blot analysis showed that
MAD?2 and CDC27 levels remained relatively unchanged as
cells progressed through mitosis (Fig. 1F Right), yet anti-
MAD?2 antibodies immunoprecipitated significantly less
CDC27 following removal of NOC (Fig. 1F Left). These data
demonstrate that MAD?2 dissociates from the cyclosome when
the mitotic checkpoint becomes inactivated and suggests that
dissociation may be necessary for the completion of mitosis.

The observed MAD?2-cyclosome interactions suggest that
MAD?2 functions as an inhibitor of the cyclosome. To inves-
tigate the effect of MAD?2 on cell cycle progression in an in
vitro system, recombinant human MAD?2 was added to cycling
Xenopus egg extracts, and cell cycle progression was monitored
by three criteria: cyclin B proteolysis, histone H1 kinase
activity, and nuclear morphology (23) (Fig. 2). In the absence
of exogenous MAD?2, cyclin B was degraded between 60-70
min concomitant with a peak of histone H1 kinase activity,
indicating that the extract had passed through mitosis (Fig. 2
A and B). Nuclear morphology also revealed that the extract
had progressed through mitosis since by 60 min nuclear
envelope breakdown occurred and condensed chromatin was
associated with mitotic spindles (Fig. 2C Left), whereas by 100
min chromatin decondensed and interphase nuclei reformed.
In sharp contrast, addition of MAD2 caused a metaphase
arrest: cyclin B degradation was inhibited (Fig. 24), histone
H1 kinase activity rose to mitotic levels and remained elevated
(Fig. 2B), mitotic spindles persisted, and chromatin remained
highly condensed and aligned on spindles (Fig. 2C Right).

Mitotic Xenopus extracts were also used to determine
whether MAD?2 caused cyclin B stabilization by inhibiting the
cyclin degradation pathway. A nondegradable form of cyclin B
lacking the 90 N-terminal amino acids (cyclin A90) (25, 26) and
the recombinant MAD?2 were added simultaneously to inter-
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Fic. 1. MAD? is associated with the cyclosome/APC in vivo. (4) The cell cycle profiles of HeLa cells treated with either 300 M mimosine

or 2 mM hydroxyurea (HU) for 12 hr, or with 100 nM NOC for 24 hr. HeLa cells were subjected to flow cytometry analysis as described (28). The
cell cycle profile of untreated HeLa cells is also shown. (B) Coimmunoprecipitation of the cyclosome and MAD2 in HeLa cells. Extracts (1.5 mg)
from HeLa cells arrested in G1/S with mimosine or G>/M with NOC were immunoprecipitated with either anti-MAD?2 or anti-CDC27. The
immunoprecipitates and HeLa extracts (75 pg per lane) were subjected to Western blot analysis as indicated. (C) MAD?2 preferentially associates
with the phosphorylated cyclosome in G2/M. Extracts (1.5 mg) from HeLa cells arrested in G1/S or G/M with the indicated treatments were
immunoprecipitated with anti-MAD2. The immunoprecipitates (lanes 1-3) and HeLa extracts (lanes 4-6, 40 ug per lane) were subjected to
low-percentage SDS/PAGE to resolve the phosphorylated CDC16 from the unphosphorylated one. Anti-CDC16 reacted with two closely migrating
bands in G2/M extracts, suggesting that a portion of CDC16 was phosphorylated (12) (lane 6, bottom row). (D) MAD2 and the phosphorylated
cyclosome cosediment in glycerol gradients as a large complex. HeLa cells were arrested in G;/S with mimosine and in G»/M with NOC. Positions
of the 19S regulatory complex of the 26S proteasome, catalase (232 kDa), and BSA (67 kDa) are shown. (E') Immunoblot analysis of the cyclin
B levels after NOC release. HeLa cells were collected at the indicated time points after release from mitotic arrest. Equal amounts of extracts were
then subjected to immunoblot analysis. (F) MAD?2 dissociates from the cyclosome once the mitotic checkpoint becomes inactivated. Extracts were
either directly subjected to Western blot analysis (Right, 60 ug per lane) or immunoprecipitated (1 mg extract) with the affinity-purified anti-MAD?2
and the immunoprecipitates were then subjected to immunoblot analysis (Left). A background band in anti-MAD2 immunoprecipitates is indicated
by an arrow. Note that anti-MAD2 antibodies primarily immunoprecipitated the phosphorylated forms of CDC27.

phase extracts. Cyclin A90 activates M phase promoting factor
and causes a mitotic arrest (A90 arrest), in which the cyclin
degradation machinery is activated and constitutively degrades
full-length cyclin B. Addition of MAD2 did not prevent the
elevation of H1 kinase activity, indicating that the extract had
indeed entered mitosis (data not shown). As shown in Fig. 3 4

and B, MAD2 inhibited cyclin B2 proteolysis in a dose-dependent
manner. Inhibition of cyclin B ubiquitination and proteolysis was
significant even at concentrations of MAD?2 as low as 20 pg/ml
(0.7 uM). Moreover, the effect was specific for MAD2. Prein-
cubation of MAD2 with affinity-purified anti-MAD?2 antibodies
prevented stabilization of cyclin B2 (Fig. 3C).
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FIG. 2. Inhibition of mitotic progression of cycling Xenopus egg extract in the presence of human MAD2 (50 ug/ml). (4) Cyclin B turnover
in the absence and presence of MAD?2. The position of cyclin B is indicated by the arrow. (B) Effect of MAD2 on H1 kinase activity of cycling
extracts. (C) Effect of MAD2 on nuclear morphology in cycling extracts. Each pair of images shows a phase contrast image (Upper) and an image
of fluorescent Hoechst staining for DNA (Lower). Arrows indicate nuclear envelopes and arrowheads indicate mitotic spindles. (Bar = 10 um.)

A90-arrested extracts were also produced in the absence of
MAD? to allow full activation of the cyclosome after which,
MAD?2 was added, and its effect on cyclin proteolysis exam-
ined. The results were consistent with the data presented in
Fig. 3, except that 10-fold more MAD?2 was needed to inhibit
cyclin proteolysis (data not shown). This indicates that MAD2
may be more efficient at preventing the activation of the
cyclosome than inhibiting a fully activated cyclosome, perhaps
due to partial exclusion of the added MAD?2 from the activated
complexes. Nonetheless, the inhibitory effect of MAD2 on
cyclin B proteolysis remained specific: neither recombinant
S5b (a subunit of the 26S proteasome) nor BSA at comparable
levels interfered with cyclin degradation (data not shown).
Moreover, the exogenous MAD?2 associated with the Xenopus
cyclosome as shown by immunoprecipitation (Fig. 3 D).

To directly assay the effect of MAD2 on the cyclin Ub-ligase
activity in Xenopus extracts, methylated Ub was employed
because it causes a buildup of methylated Ub-cyclin B conju-
gates (26). In the presence of MAD2, cyclin B ubiquitination
was substantially reduced (Fig. 4). Similar results were ob-
served in extracts in which A90-arrest was induced prior to the

addition of MAD?2 (data not shown). Finally, cyclin ubiquiti-
nation was not inhibited in the presence of S5a, a Ub-chain
binding component of the 26S proteasome that inhibits cyclin
B degradation in A90 extracts (unpublished results, ref. 30).
These data indicate that MAD?2 inhibits the cyclosome /APC
in Xenopus extracts.

To confirm that inhibition of cyclin B degradation was due
to its failure to become ubiquitinated, we analyzed the effect
of MAD2 on various components of the Ub-proteasome
system: Ub conjugation by a series of enzymes (E1-E3),
deconjugation by isopeptidases, and proteolysis of conjugated
proteins by the 26S proteasome. Fig. 54 shows that degrada-
tion of '%I-lysozyme-Ub conjugates was unaffected by MAD2.
By contrast, conjugate degradation was inhibited by S5a (30).
Isopeptidase activity was monitored by measuring the regen-
eration of I-lysozyme from ?*I-lysozyme-Ub conjugates
(24). As shown in Fig. 5B, MAD?2 had no effect on isopeptidase
activity. Likewise, MAD2 did not inhibit overall '2°I-Ub
conjugation to cellular proteins (Fig. 5C). Thus, MAD2 ap-
pears to preferentially target the cyclin Ub-ligase activity and
not other ligases of the Ub-proteasome system. Finally, MAD?2
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FiG. 3. Inhibition of [3S]cyclin B2 proteolysis in A90-arrested
Xenopus egg extracts by human MAD2. (4) Dose-dependent inhibi-
tion of [3°S]cyclin B2 degradation by MAD?2 in A90-arrested extracts.
Different concentrations of MAD2 were used in the assay as indicated,
with buffer (10 mM Tris-HCl, pH 7.4/10 mM NacCl) used as a control.
(B) Cyclin B2 degradation in the presence of different concentrations
of MAD2 was quantitated by PhosphorImager analysis. The amount
of [3>S]cyclin B2 remaining in the assay mixture vs. time is expressed
as the logarithm of the relative density of the cyclin B band. (C)
[3>S]eyclin B2 degradation in the presence of anti-MAD?2 antibodies.
MAD?2 (3.75 ug) was preincubated with 10 pg of either preimmune
IgG or affinity-purified anti-MAD2 antibodies (22) for 40 min at 23°C,
and then added to A90-arrested extracts. (Final concentration of
MAD?2 in the assay was 0.25 mg/ml). The amount of [3>S]cyclin B2
remaining in the assay vs. time was determined as described in B. (D)
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Fi1G. 4. Inhibition of [**S]cyclin B2-methylated UB conjugation in
A90-arrested extracts by MAD2. Cyclin A90 and either MAD2 (50
pg/ml) or buffer (10 mM TrisHCI, pH 7.4/10 mM NaCl) were added
to interphase extract and incubated for 40 min at 23°C. The extract (20
wl) was transferred to an Eppendorf tube containing 32 ug lyophilized
methylated Ub (1.6 mg/ml final concentration) and incubated for
further 10 min prior to the addition of [3S]cyclin B2. The [33S]cyclin
degradation assay was performed as described in Materials and
Methods. Methylated Ub was prepared as described (29).

is not a competitive substrate for the cyclosome because
radiolabeled MAD2-Ub conjugates have not been detected
and the levels of MAD2 in the extract remain constant
throughout the incubation period (unpublished results). Taken
together, our data indicate that MAD2 acts to specifically
inhibit the Ub ligase activity of the cyclosome.

The in vivo and in vitro observations reported here provide
a biochemical clue as to how MAD2 executes the mitotic
checkpoint. The in vivo association data suggests that a com-
plex including MAD2 and the cyclosome is formed during
mitotic checkpoint activation and dissociates once the check-
point is satisfied. In vitro, the consequence of forcing this
interaction by the addition of exogenous MAD2 was to inhibit
the cyclin B ubiquitination by the cyclosome and is likely to
affect the ubiquitination and degradation of other noncyclin
substrates involved in the metaphase-anaphase transition (31—
33). Interestingly, it has been shown recently in the fission yeast
Schizosaccharomyces pombe that MAD?2 behaves genetically as
a negative regulator of the cyclosome and that overexpression
leads to mitotic arrest (36) in support of the model being
proposed here.

The biochemical mechanism that promotes the interaction
of MAD?2 with the cyclosome during checkpoint activation is
unknown, but may rely on the observed preferential associa-
tion of MAD2 with the phosphorylated forms of the cyclosome
and/or changes in MAD?2 localization. The recent localization
of a portion of MAD?2 (21, 22) and BIME (C. Hoog, personal
communication) at the kinetochore during prometaphase sup-
ports the notion that interaction of MAD2 with a small fraction
of the cyclosome may be critical for MAD2 activity. We
propose that this association is relieved in a coordinate manner
when the checkpoint is satisfied. Whereas inhibition of cyclin
B degradation by exogenously added MAD?2 in Xenopus
extracts is probably due to titration of the cyclosome, it is
unclear whether MAD2 must first associate with other cellular
components to effect this inhibition. Finally, whether MAD2
interacts with the cyclosome during a normal mitosis is cur-

Coimmunoprecipitation of exogenously added MAD2 with Xenopus
egg cyclosome components. MAD2 (0.5 mg/ml) was added to A90-
arrested extract and immunoprecipitated with anti-CDC27 antibodies
or normal rabbit serum (NRS) as a control.
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Fic. 5. Effects of MAD2 on the Ub-proteasome system in A90-
arrested extracts. (4) Degradation of Ub-1%I-lysozyme conjugates in
A90-arrested extract in the presence of MAD?2 or subunit 5a (S5a) of
the 26S proteasome. (B) Isopeptidase activity in A90-arrested extracts.
A90 extract was incubated with either buffer (circles) or MAD2
(squares) for 10 min at 23°C. An aliquot (2 ul (O and O) or 4 ul (@ and
w) was then added to 20 ul of Ub-'2I-lysozyme conjugates and 0.5 ul
ATP-regenerating system to assay for isopeptidase activity as de-
scribed under Materials and Methods. (C) Overall Ub-conjugating
activity of A90-arrested extracts in the absence and presence of MAD2.

rently under investigation. MAD2 could prevent premature
exit from mitosis (37) or high chromosome loss rates (38),
events observed under normal growth conditions in eukaryotic
cells with defective mitotic checkpoints.

Although our data indicates that MAD2 functions as an
effector by targeting the cyclosome, recent evidence implies that
it may also function as a sensor in the checkpoint pathway. Since
a portion of MAD? is localized at the kinetochore prior to the
metaphase-anaphase transition in HeLa cells (21, 22), it could act
locally to monitor kinetochore attachment to the spindle and to
prevent the cyclosome from ubiquitinating the putative inhibi-
tor(s) of sister chromatid segregation. Consistent with these ideas,
it has been shown that MAD?2 functions both upstream and
downstream of MAD! in budding yeast to arrest cells in mitosis
(34, 35). The experiments presented here indicate that inhibition
of the cyclosome by MAD2 is a component of the downstream
signaling pathway. Discovering how MAD? interacts with other
cellular components will be essential for complete understanding
of the mechanism underlying mitotic checkpoint function. None-
theless, our results provide a biochemical explanation as to how
the mitotic checkpoint maintains high levels of cyclin B and keeps
sister chromatids from segregating.
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