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The spindle assembly checkpoint mechanism delays anaphase initiation until all chromosomes are aligned at

the metaphase plate. Activation of the anaphase-promoting complex (APC) by binding of CDC20 and CDH1 is

required for exit from mitosis, and APC has been implicated as a target for the checkpoint intervention. We

show that the human checkpoint protein hMAD2 prevents activation of APC by forming a hMAD2–CDC20–

APC complex. When injected into Xenopus embryos, hMAD2 arrests cells at mitosis with an inactive APC.

The recombinant hMAD2 protein exists in two-folded states: a tetramer and a monomer. Both the tetramer

and the monomer bind to CDC20, but only the tetramer inhibits activation of APC and blocks cell cycle

progression. Thus, hMAD2 binding is not sufficient for inhibition, and a change in hMAD2 structure may

play a role in transducing the checkpoint signal. There are at least three different forms of mitotic APC that

can be detected in vivo: an inactive hMAD2–CDC20–APC ternary complex present at metaphase, a

CDC20–APC binary complex active in degrading specific substrates at anaphase, and a CDH1–APC complex

active later in mitosis and in G1. We conclude that the checkpoint-mediated cell cycle arrest involves hMAD2

receiving an upstream signal to inhibit activation of APC.

[Key W ords: MAD2; CDC20; CDH1; anaphase-prom ot ing com plex; spindle assem bly checkpoin t ; anaphase

in it iat ion]
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Cell cycle progression is m onitored by surveillance

m echanism s that ensure the in tegrity of the genom e and

the fidelity of chrom osom e segregat ion (Elledge 1996).

The spindle assem bly checkpoin t m echanism is thought

to m onitor the at tachm ent of the kinetochores of all

chrom osom es to the m itot ic spindle and the tension

exerted on the kinetochores by m icrotubules (Murray

1994, 1995; Rudner and Murray 1996; N icklas 1997). For

exam ple, the presence of a single unat tached kineto-

chore will act ivate the spindle assem bly checkpoin t

and prevent chrom at id separat ion , anaphase in it iat ion ,

and loss of Cdc2 kinase act ivity. The spindle assem bly

checkpoin t can thus prevent aneuploidy from im proper

chrom osom e separat ion . This checkpoin t m echanism

m ay also funct ion in every cell cycle to determ ine

the norm al t im ing of anaphase in it iat ion (Taylor and

McKeon 1997).

Microtubule destabilizing drugs, such as nocodazole,

act ivate the spindle assem bly checkpoin t . Using these

drugs, genet ic studies have ident ified several com po-

nents of the checkpoin t pathway in budding yeast (Hoyt

et al. 1991; Li and Murray 1991). Mutat ions in any of

these genes, MA D1, MA D2, MA D3 and BU B1, BU B2,

BU B3, cause aberran t m itosis in the presence of noco-

dazole and eventually lead to cell death . MPS1, a gene

required for spindle pole body duplicat ion , has also been

shown to be involved in checkpoin t cont rol (Hardwick et

al. 1996). A com binat ion of genet ic and biochem ical

studies has shown that Bub1p, Bub3p, and Mps1p act

upst ream of Mad1p and Mad2p, whereas Bub2p and

Mad3p act either downst ream of Mad1p and Mad2p, or

in a parallel pathway (Elledge 1996; Rudner and Murray

1996).

Hum an and Xenopus hom ologs of the yeast Mad2p,

hMAD2 and xMAD2, have been cloned and shown to be

required for checkpoin t cont rol (Chen et al. 1996; Li and

Benezra 1996). In addit ion to a general nuclear dist ribu-

t ion , MAD2 protein localizes to only those kinetochores

that have not at tached to the m itot ic spindle. The m u-

rine hom olog of yeast Bub1p also localizes to unat tached

kinetochores during m itosis (Taylor and McKeon 1997).

Those observat ions suggest an im portan t role of k ineto-

chore st ructure in sensing and t ransducing the check-

poin t signal.

Lit t le is known about how the checkpoin t signal is

1Corresponding author.
E-MAIL marc@hms.harvard.edu; FAX (617) 432-0420.

GENES & DEVELOPMENT 12:1871–1883 © 1998 by Cold Spring Harbor Laboratory Press ISSN 0890-9369/98 $5.00; www.genesdev.org 1871

 Cold Spring Harbor Laboratory Press on August 22, 2022 - Published by genesdev.cshlp.orgDownloaded from 

http://genesdev.cshlp.org/
http://www.cshlpress.com


t ransduced to the cell cycle m achinery, leading to

arrest of cell division . Act ivat ion of the anaphase-

prom ot ing com plex (APC), a ubiquit in -cyclin ligase re-

quired for degradat ion of m itot ic cyclins and other cell

cycle regulators, has been shown to be required for

m etaphase → anaphase t ransit ion and for exit from m i-

tosis during the norm al cell cycle (Holloway et al. 1993;

Irn iger et al. 1995; King et al. 1995; Sudakin et al. 1995;

Tugendreich et al. 1995). Although there could be m any

poin ts of in tervent ion , it seem s logical that APC itself

m ight be a target for the checkpoin t cont rol. Recent

studies in fission yeast have ident ified a genet ic in terac-

t ion between MA D2 and A PC (He et al. 1997). In addi-

t ion , hMAD2 has been reported to associate with APC in

nocodazole-arrested HeLa cells, and it has been proposed

that th is associat ion m ay m ediate cell cycle arrest in the

checkpoin t -act ivated cells (Li et al. 1997). However, the

act ivity of hMAD2-associated APC has not been m ea-

sured direct ly, and therefore, the effect of th is associa-

t ion on the APC act ivity rem ains to be determ ined.

The act ivity of APC is cell cycle regulated; it is act ive

from anaphase up to late G1, bu t not in S-phase or G2

(Am on et al. 1994; King et al. 1995; Brandeis and Hunt

1996; Peters et al. 1996; G. Fang, H. Yu, and M.W.

Kirschner, in prep.). It s act ivity is in part cont rolled by

the regulatory factors CDC20 and CDH1/ HCT1

(Schwab et al. 1997; Sigrist and Lehner 1997; Visin t in et

al. 1997; G. Fang, H. Yu, and M.W. Kirschner, in prep.),

and in part by cell cycle-specific phosphorylat ion (King

et al. 1995; Lahav-Baratz et al. 1995; Peters et al. 1996).

CDC20 and CDH1 are WD-40 contain ing proteins, con-

served from yeast to hum an (Weinstein et al. 1994; Daw-

son et al. 1995; Matsum oto 1997; Yam aguchi et al. 1997).

Recent ly we have shown that the hum an hom ologs,

hCDC20 and hCDH1, bind direct ly to and act ivate APC

(G. Fang, H. Yu, and M.W. Kirschner, in prep.). Form a-

t ion of the hCDC20–APC com plex during m itosis corre-

lates roughly with the act ivat ion of the ubiquit inat ion

m achinery during m itosis. However, there is a period in

G2 and M where both CDC20 and APC are present , bu t

where cyclin proteolysis does not occur, suggest ing the

existence of addit ional regulatory m echanism . Recent

genet ic studies in yeast show that Cdc20p in teracts with

Mad2p and is a target for the checkpoin t cont rol (Hwang

et al. 1998; Kim et al. 1998). The role of hCDH1 in the

cell cycle is less clear. Presum ably it has differen t func-

t ions from hCDC20 and m ost likely is responsible for

APC act ivity in G1.

In sum m ary, the discovery of APC, and it s regulators

CDC20 and CDH1 have com plicated our picture of the

regulatory events during m itosis. To bet ter understand

cont rol of m itosis and G1, it is necessary to exam ine the

progression of differen t act ivity states of APC, and to

invest igate how each is regulated. Because APC m ight

also be the principal effector of the spindle checkpoin t

cont rol system , it is expected that som e of the known

checkpoin t genes could in tervene in specific part s of

th is APC network . We report here that APC is a tar-

get for checkpoin t in tervent ion . The checkpoin t protein

hMAD2 form s a ternary com plex with hCDC20 and

APC in vivo, and prevents act ivat ion of APC when the

checkpoin t signal is presen t . Anaphase is in it iated by

dissociat ion of hMAD2 from the com plex; APC is then

act ivated by bound hCDC20. Later in m itosis, hCDH1

binds to and act ivates APC, which allows cells to exit

from m itosis. The checkpoin t -m ediated inhibit ion of

APC has been reconst itu ted in vit ro with purified

hMAD2, hCDC20, and APC. In terest ingly, we found

that the recom binant hMAD2 protein exist s in two dif-

feren t form s, a tet ram er and a m onom er. Only the tet -

ram er inhibit s act ivat ion of APC by hCDC20 in vit ro,

suggest ing a possible role of a hMAD2 st ructure change

in t ransducing the checkpoin t signal.

Results

A PC is not act ive w hen the spindle assem bly

check poin t is act ivated

To test whether APC is a target for the spindle assem bly

checkpoin t pathway, we analyzed direct ly the cyclin

ubiquit inat ion act ivity in checkpoin t -arrested cells.

HeLa cells were synchronized by thym idine, released

and then incubated with nocodazole, which arrested

>90% of cells at prom etaphase (Fig. 1A, lane 3). APC was

im m unopurified from the arrested cells and assayed for

cyclin ubiquit inat ion act ivity. We found m uch lower

APC act ivity in nocodazole-t reated cells com pared with

cells going through m itosis (Fig. 1C, cf. lane 3 with lane

6). When cells were released from the nocodazole arrest ,

a burst of APC act ivity was detected later in m itosis (Fig.

1C, lanes 5,6). As cells progress through G 1, APC act ivity

was reduced (lanes 7,8), bu t was st ill h igher than that in

S phase cells (lane 2). Although the APC act ivity had not

been m easured previously in checkpoin t -arrested cells,

our resu lt s are consisten t with an earlier report on the

stability of the cyclin protein in nocodazole-t reated cells

(Brandeis and Hunt 1996). Therefore, APC is inh ibited in

checkpoin t -arrested cells, and is a target of the spindle

assem bly checkpoin t .

Recom binant hMA D2 exist s in tw o folded states

Genet ic studies in Saccharom yces cerev isiae have iden-

t ified Mad2p as the com ponent of the checkpoin t path-

way m ost distal from the sensory m achinery (Elledge

1996; Rudner and Murray 1996). Therefore, we tested

whether hMAD2 regulates APC. Recom binant hMAD2

tagged with His6 was expressed in Escherich ia coli and

purified to apparen t hom ogeneity. The hMAD2 protein

fract ionated on a gel filt rat ion colum n as two separate

peaks, 30 and 120 kD, corresponding to the m onom er

and tet ram er of hMAD2 (Fig. 2). The existence of the

tet ram er and m onom er is further supported by velocity

gradien t sedim entat ion and chem ical cross-link ing ex-

perim ents. By gradien t sedim entat ion , the hMAD2 tet -

ram er and m onom er sedim ent as 4.4S and 2.2S part icles,

respect ively (data not shown). Assum ing an average

part ial specific volum e for proteins (0.74 gram / m l3), they

correspond to m olecular m asses of 72 and 19 kD. In
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chem ical cross-link ing experim ents, the tet ram er was

cross-linked between subunit s to form m ult iple 50- to

55-kD products by both EDC [1-ethyl-3-(3-dim ethylam i-

nopropyl)carbodiim ide hydrochloride] and DST (disuc-

cin im idyl tart rate), bu t the m onom er was not (data not

shown). We have nam ed the m onom eric form hMAD2m ,

and the tet ram eric form hMAD2t ; as described below

(Fig. 3 and 4), they have differen t act ivit ies.

The difference between m onom er and tet ram er cannot

be at t ribu ted to a post -t ranslat ional m odificat ion , as

they have exact ly the sam e m olecular m ass by m ass

spect rom et ric analysis (25,540.8 ± 1.3 Da for each tet -

ram er subunit and 25,542.5 ± 1.8 Da for the m onom er).

The tet ram er can convert to a dim er, bu t not to the

m onom er. When the purified tet ram er was dilu ted to 0.4

m g/ m l and loaded onto a Superdex 200 colum n, we de-

tected a peak of 60 kD, corresponding to a dim er of

hMAD2. N o absorbance was detected in the m onom eric

region (data not shown). When fract ions from this dim er

peak were reloaded onto the colum n, hMAD2 protein

st ill elu ted as a dim er, not as a m onom er (data not

shown). On the other hand, the m onom er does not seem

to convert to the tet ram er even at h igh protein concen-

t rat ions under nondenaturing condit ions. When the pu-

rified m onom er was concent rated to 1.6 m g/ m l and

loaded onto the Superdex 200 colum n, it st ill elu tes as a

m onom er of 30 kD (data not shown). However, when the

m onom er was denatured with 6 M guanidine hydrochlo-

ride and then slowly refolded at 0.15 m g/ m l, >60% of the

m onom er is converted to the dim er (data not shown).

The hMAD2 dim er has the sam e biochem ical act ivity as

the tet ram er when assayed for inh ibit ion of cyclin ubiq-

u it inat ion and degradat ion in Xenopus ext ract s (see be-

low). Thus, it seem s possible that the hMAD2 m onom er

and oligom ers (dim er and tet ram er) are k inet ically stable

conform ers of the sam e protein . N either the tet ram er

nor the m onom er seem s to be an unfolded form of the

protein . When the protein conform at ion was analyzed by

lim ited proteolysis under nat ive condit ions with t rypsin ,

chym otrypsin , or endoproteinase C, hMAD2t , and

hMAD2m gave rise to the sam e sets of digest ion prod-

ucts, although they differed som ewhat in proteolyt ic

sensit ivity (G. Fang, X. Luo, and M.W. Kirschner, un-

publ.). Finally, hMAD2t , hMAD2m , and hMAD2DC (see

Figure 2. Ident ificat ion of differen t oligom erizat ion states of

the recom binant hMAD2 protein . Oligom erizat ion states of the

recom binant hMAD2 proteins were determ ined by gel filt rat ion

chrom atography with a S100 colum n. Colum n fract ions were

analyzed by SDS-PAGE. The elu t ion peaks of m olecular m ass

standards are labeled at the top of the UV trace. (*) Peak corre-

sponding to void volum e. (WT) Wild-type hMAD2; (DN )

hMAD2DN ; (DC) hMAD2DC.

Figure 1. APC act ivity at differen t stages of cell cycle. HeLa

cells were synchronized at prom etaphase by a thym idine–noco-

dazole block . Cells were collected im m ediately after noco-

dazole t reatm ent (lane 3), or released in to fresh m edium for 0.5,

1, 1.5, 4, and 10 hr (lanes 4–8). Asynchronous cells (lane 1) and

cells arrested at G 1 / S boundary by a double thym idine block

(lane 2) were included as cont rols. (A ) Cell cycle stage was de-

term ined by FACS analysis. (Open bars) G 1; (hatched bars) S;

(solid bars) G 2 / M. (B) Cdc2 kinase was im m unopurified from

cell lysates and assayed for h istone H1 kinase act ivity. (C ) APC

was purified from the cell lysates with ant i-CDC27/ protein A

beads and analyzed for it s ability to ubiquit inate a 125I-labeled

am ino-term inal fragm ent of Xenopus cyclin B1.

MAD2 inhibits APC activation by CDC20
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below) have sim ilar a-helical conten ts by circu lar di-

chroism , and thus, have a sim ilar global st ructure (X.

Luo, H. Yu, G. Fang, and M.W. Kirschner, unpubl.).

Therefore, the ability for hMAD2 to oligom erize m ust be

at t ribu table to subt le folding differences. To begin to un-

derstand the st ructural basis of the m onom er and tet -

ram er conform at ion , we const ructed two m utants,

hMAD2DN and hMAD2DC, with 10 am ino acids t run-

cated from either the am ino or the carboxyl term inus of

hMAD2, respect ively. By gel filt rat ion chrom atography,

hMAD2DN exist s as a dim er (hMAD2DN d) of 53 kD and

a m onom er (hMAD2DN m ) of 28 kD, and hMAD2DC

only exist s as a m onom er of 28 kD (see Fig. 2).

Tetram eric hMA D2 causes m itot ic arrest w hen

in jected in to Xenopus em bryos

To test the biological funct ion of hMAD2, we m icroin-

jected the recom binant hMAD2 tet ram er or m onom er

in to one of the blastom eres in two-cell stage Xenopus

em bryos. In all 40 in jected em bryos, hMAD2t caused an

im m ediate and stable arrest of cell cycle progression on

in jected blastom eres, whereas the unin jected blasto-

m eres cont inued to divide norm ally (Fig. 3A). In ject ion

of hMAD2m had no effect on cell division (Fig. 3A).

When the in jected em bryos were analyzed for h istone H1

kinase act ivity, hMAD2t-in jected blastom eres had a high

level of the kinase act ivity, sim ilar to that detected in

ext ract s arrested at m itosis, whereas hMAD2m -in jected

blastom eres had a m uch lower h istone H1 kinase act iv-

ity (Fig. 3B). Thus, ectopic expression of hMAD2t arrest s

cells at m itosis, consisten t with observat ions that over-

expression of yeast Mad2p causes a cell cycle arrest in

Schizosaccharom yces pom be (He et al. 1997), and that

addit ion of the recom binant MAD2 protein to Xenopus

cycling ext ract s arrest s cell cycle progression (Li et al.

1997).

O ligom eric hMA D2 inhib it s A PC in Xenopus m itot ic

ex tracts

We then tested whether hMAD2t arrest s the cell cycle by

Figure 4. Inh ibit ion of APC by hMAD2 oligom ers in Xenopus m itot ic ext ract s. (A ) Effect of hMAD2 on cyclin degradat ion in Xenopus

ext ract s. hMAD2t , hMAD2m , hMAD2DN d, hMAD2DN m , and hMAD2DC were incubated with Xenopus m itot ic ext ract s for 20 m in

at a final concent rat ion of 0.5 m g/ m l before addit ion of the radioact ive am ino-term inal fragm ent of the Xenopus cyclin B1. Aliquots

of the ext ract s were sam pled at differen t t im es and the stability of the radioact ive cyclin B1 was analyzed by SDS-PAGE. (B–D ) The

state of ext ract s and of APC in ext ract s t reated with hMAD2 tet ram er and m onom er. hMAD2t and hMAD2m were incubated with

Xenopus m itot ic ext ract s for 20 m in at a final concent rat ion of 0.5 m g/ m l. Aliquots of ext ract s were then assayed for h istone H1 kinase

act ivity and for the phosphorylat ion state of CDC27 by Western blot analysis (B). APC was im m unopurified from the hMAD2-t reated

ext ract s with ant i-CDC27 ant ibody beads and analyzed for the cyclin ubiquit inat ion act ivity in the presence of recom binant E1 and

E2 (C ) and for subunit com posit ion by silver stain ing (D ). The m itot ic APC subunit s are labeled as APC1–APC8 in (D ). Because of

phosphorylat ion , the elect rophoret ic m obility of APC1(BIME), APC3(CDC27), APC8(CDC23) is retarded in m itot ic APC; the corre-

sponding in terphase subunit s are labeled by stars. (I) In terphase ext ract s; (M) m itot ic ext ract s; (t ) hMAD2 tet ram er; (m ) hMAD2

m onom er. (E) React ivat ion of hMAD2t-inh ibited APC. hMAD2t was incubated with Xenopus m itot ic ext ract s for 20 m in at a final

concent rat ion of 0.5 m g/ m l. APC was im m unopurified from ext racts with ant i-CDC27 ant ibody beads and incubated with fresh

m itot ic ext ract s (lane 3) or in terphase ext ract s (lane 5) in the absence of hMAD2. As a negat ive cont rol, the APC beads was also

incubated with m itot ic ext ract s that have been preincubated with hMAD tet ram er (lane 2). As a posit ive cont rol, APC was im m uno-

purified direct ly from m itot ic ext ract s in the absence of hMAD2, incubated with m itot ic ext ract s again , and then assayed for cyclin

ubiquit inat ion act ivity (lane 1). The APC beads were then washed st ringent ly and assayed for cyclin ubiquit inat ion act ivity. Act ivity

detected in lane 3 is not at t ribu table to an exchange of hMAD2t-t reated APC with m itot ic APC in ext ract s, as hMAD2t-t reated APC

is also react ivated in APC-depleted m itot ic ext ract s (lane 4). (F) The dom inant effect of m onom eric hMAD2 on the inhibit ion by

hMAD2 tet ram er. hMAD2t was m ixed with either hMAD2m or hMAD2DC and then added to Xenopus m itot ic ext ract s. After addit ion

of the radioact ive am ino-term inal fragm ent of cyclin B, aliquots of ext ract s were sam pled at differen t t im es, and the stability of

radioact ive cyclin B was analyzed by SDS-PAGE.

Figure 3. Block of cell division in Xenopus em bryos by the

tet ram eric hMAD2. (A ) Twenty-five nanoliters of 10 m g/ m l

recom binant hMAD2t and hMAD2m proteins were m icroin-

jected in to one of the blastom eres in two-cell stage Xenopus

em bryos. The em bryos were collected and analyzed 2 hr after

in ject ion . Cell cycle arrest by hMAD2t is stable for at least 8 hr

before cells degenerate. (B) To assay histone H1 kinase assays,

both blastom eres in two-cell stage em bryos were in jected with

hMAD2, and ext ract s from injected em bryos were analyzed for

h istone H1 kinase act ivity. Unfert ilized eggs and equivalen t

aliquots of in terphase and m itot ic ext ract s were also assayed as

cont rols.
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inh ibit ing APC. To assay th is inh ibit ion , hMAD2 pro-

tein was incubated with Xenopus egg ext ract s, which

were arrested in m itosis by addit ion of a nondegradable

form of cyclin B (m itot ic ext ract s) (King et al. 1995). Ra-

dioact ive am ino-term inal fragm ent of Xenopus cyclin B

was then added, and it s stability analyzed. Without ex-

ogenously added hMAD2, >90% of cyclin was degraded

with in 20 m in (Fig. 4A, panel 1). If the ext ract s were

preincubated with hMAD2t or hMAD2DN d, no cyclin

degradat ion was observed up to 60 m in (panels 2, 4). Like

Figure 4. (See facing page for legend .)

MAD2 inhibits APC activation by CDC20

GENES & DEVELOPMENT 1875

 Cold Spring Harbor Laboratory Press on August 22, 2022 - Published by genesdev.cshlp.orgDownloaded from 

http://genesdev.cshlp.org/
http://www.cshlpress.com


hMAD2t , the wild-type hMAD2 dim er, generated either

from a dilu t ion of hMAD2t or from refolding of

hMAD2m (see above), is act ive in inhibit ing cyclin

degradat ion (data not shown). Consisten t with the

m icro-in ject ion experim ents, m onom eric form s of

hMAD2, hMAD2m , hMAD2DN m , and hMAD2DC, have

no effect on cyclin degradat ion (panels 3, 5, 6). Addit ion

of hMAD2t to ext ract s does not change the m itot ic

state of the ext ract s, as h istone H1 kinase act ivity re-

m ains h igh and the CDC27 subunit of APC rem ains hy-

perphosphorylated (Fig. 4B, lane 3). These observat ions

are consisten t with an earlier report on the effect of

MAD2 protein on Xenopus cycling ext ract s (Li et al.

1997).

To determ ine whether th is inh ibitory effect is direct ly

on APC, APC was im m unopurified from hMAD2t-

t reated ext ract s. As shown in Figure 4C (lane 3), APC

isolated from ext ract s that had been incubated with

hMAD2t is m uch less act ive in cyclin ubiquit inat ion

than in terphase APC. Preincubat ion with hMAD2m , as

expected, had no effect on m itot ic APC act ivity, and by

60 m in , 100% of the cyclin B1 was converted to conju-

gates (lane 4). This inh ibit ion of APC by hMAD2t is not

at t ribu table to dissociat ion of APC into subcom plexes,

as all eigh t subunit s st ill form a t igh t com plex in

hMAD2t-t reated ext ract s (Fig. 4D).

The checkpoin t -m ediated inhibit ion is expected to be

reversible once the checkpoin t signal disappears. To test

the reversibility of inh ibit ion by hMAD2, hMAD2t-in -

h ibited APC was im m unopurified and then added back

to in terphase ext ract s in the absence of exogenous

hMAD2 protein . A short incubat ion react ivates the APC

act ivity (Fig. 4E, lane 5), suggest ing that there is an ac-

t ivity in in terphase ext ract s that revert s the hMAD2t-

m ediated inhibit ion of APC. However, a longer incuba-

t ion of hMAD2t-t reated APC with in terphase ext ract s

inact ivates th is t ransien t ly act ive APC (data not shown).

In cont rol experim ents, we found that incubat ion of

m itot ic APC with in terphase ext ract s resu lt s in a con-

t inuous reduct ion in APC act ivity over t im e and leads

to eventual inact ivat ion of m itot ic APC (data not

shown). Thus, the hMAD2t-t reated APC is differen t

from both in terphase and m itot ic APC, as it can be ac-

t ivated t ransien t ly by an in terphase act ivity. Like m i-

tot ic APC, th is t ransien t ly act ive APC is eventually

inact ivated in in terphase ext ract s. In addit ion , m itot ic

ext ract s can also react ivate hMAD2t-inh ibited APC

(Fig. 4E, lanes 3,4), and therefore, if there is a single re-

act ivat ing act ivity, th is act ivity is not cell cycle depen-

dent .

The failu re of hMAD2m to inh ibit APC does not seem

to be at t ribu table to hMAD2m m isfolding in E. coli. In

addit ion to the biophysical data described above, we

show in Figure 4F that the m onom eric form of hMAD2

can act dom inant ly to abolish the inhibitory effect by

hMAD2t . When hMAD2t was incubated with either

hMAD2m or hMAD2DC and then added to Xenopus m i-

tot ic ext ract s, cyclin B was degraded with the sam e ki-

net ics as when no exogenous hMAD2t protein was added

to m itot ic ext ract s.

Tetram eric hMA D2 inhib it s act ivat ion of A PC

through associat ion w ith hCDC20

CDC20, an act ivator of APC, has been shown to be re-

quired for the m etaphase → anaphase t ransit ion (Daw-

son et al. 1995; Visin t in et al. 1997; G. Fang, H. Yu, and

M.W. Kirschner, in prep.). Our data on tem poral act iva-

t ion of APC during m itosis also suggests a crit ical role of

hCDC20 for anaphase in it iat ion (see Fig. 6, below). One

sim ple m odel for the inhibit ion of APC by the check-

poin t pathway is that hMAD2 m ay prevent act ivat ion of

APC by inhibit ing hCDC20. To test th is possibility di-

rect ly, in vit ro-t ranslated hCDC20 was first incubated

with hMAD2 tet ram er or hMAD2DC m onom er and then

added to in terphase APC beads. After incubat ion , the

APC beads were washed and assayed for the cyclin ubiq-

u it inat ion act ivity. hCDC20 by it self act ivated APC very

efficien t ly (Fig. 5A, lane 4). Preincubat ion of hCDC20

with hMAD2t inh ibited com pletely the ability of

hCDC20 to act ivate APC (cf. lane 5 with lane 4), whereas

preincubat ion with hMAD2DC or hMAD2m had no ef-

fect on act ivat ion (lane 6; data not shown). N either

hMAD2 tet ram er nor hMAD2DC m onom er alone af-

fected the basal act ivity level of in terphase APC (lanes

1–3). This inh ibit ion of APC by hMAD2 is not at t ribu t -

able to inhibit ion of binding of hCDC20 to APC, as we

detected the sam e am ount of APC-associated hCDC20

in the presence of either hMAD2 tet ram er or m onom er

(Fig. 5A, lanes 5,6; data not shown).

Given the effect s of hMAD2t on the act ivity of APC,

we asked whether hMAD2 can bind direct ly to hCDC20.

To assay direct binding, hMAD2 tet ram er and

hMAD2DC m onom er were first incubated with radioac-

t ive hCDC20, and then with affin ity-purified ant i-

hMAD2 ant ibodies or cont rol rabbit IgG. After incuba-

t ion , hMAD2 com plexes were im m unopurified, and the

am ount of bound hCDC20 was analyzed by SDS-PAGE.

As shown in Figure 5B, hCDC20 binds to both hMAD2t

and hMAD2DC. Therefore, binding of hMAD2 to

hCDC20 it self cannot be sufficien t for inh ibit ion of

APC. This experim ent also explains why the hMAD2

m onom er blocks the ability of hMAD2 tet ram er to in-

h ibit APC, presum ably by com pet ing for hCDC20 bind-

ing. As we expected, an excess of the hMAD2 m onom er

on a m olar basis is required for th is dom inant effect (data

not shown). Our binding experim ents are in agreem ent

with a recent report on in teract ions between yeast

Cdc20p and Mad2p found in two-hybrid screens (Hwang

et al. 1998; Kim et al. 1998). In addit ion , our in vit ro

biochem ical analysis suggests that a change in hMAD2

st ructure, not it s associat ion with hCDC20, m ay be re-

sponsible for t ransducing the checkpoin t signal.

hMA D2, hCDC20, and A PC form ternary com plexes

during m itosis

To confirm the im portance of the in teract ion between

hMAD2 and hCDC20 in vivo, we exam ined the cell

cycle-dependent associat ion of hMAD2, hCDC20, and

APC in vivo. These experim ents involve Western blot
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analysis as well as im m unoprecipitat ions followed by

Western blot analysis for MAD2, CDC20, CDH1, cyclin

B, and two subunit s of APC (APC2 and CDC27) (Fig. 6).

Asynchronous cells and S-phase cells are in the first and

second lanes. The nocodazole-arrested cells are shown in

lane 3. Cells that were released from the prom etaphase

arrest and harvested at differen t stages of m itosis and G1

are shown in lanes 4–8. Cyclin B1 protein was, as ex-

pected, degraded between 60 and 90 m in after release

from the nocodazole arrest (Fig. 6A, panel I). At the t im e

of arrest and through the period of cyclin disappearance,

APC is present in a phosphorylated form , as assayed by

the m obility retardat ion of CDC27 (panel II). The levels

of hCDH1 and hMAD2 proteins do not vary through cell

cycle (panels IV,V). The level of hCDC20 drops slowly

when cells en ter G1 (panel III). We observed a retardat ion

in m igrat ion rate of m itot ic hCDC20, suggest ing that

hCDC20 is post -t ranslat ionally m odified during m itosis,

consisten t with an earlier report on phosphorylat ion of

CDC20 (Weinstein 1997).

To m easure the com posit ion of various com plexes of

APC with hMAD2, hCDC20, and hCDH1 during the

Figure 5. Inh ibit ion of hCDC20-m ediated act ivat ion of APC

by hMAD2t . (A ) 35S-labeled hCDC20 (lanes 4–6) was incubated

for 30 m in with hMAD2t (lane 5), hMAD2DC (lane 6), or with

buffer (lane 4). As cont rols, rabbit ret icu locyte lysates alone

were incubated with hMAD2t (lane 2), hMAD2DC (lane 3), or

with buffer (lane 1). APC was im m unopurified from Xenopus

in terphase ext ract s with ant i-CDC27 ant ibody beads, and then

incubated with the hMAD2/ hCDC20 m ixture for 60 m in . The

APC beads were washed with buffer and assayed for cyclin ubiq-

u it inat ion act ivity. hCDC20 bound to APC beads was m arked

on the righ t . (t ) hMAD2 tet ram er; (m ) hMAD2DC m onom er. (B)
35S-labeled hCDC20 were incubated with either hMAD2t (lanes

1,2) or hMAD2DC (lanes 4,5) for 30 m in . Affin ity purified ant i-

hMAD2 ant ibody (lanes 1,3,4,6) or rabbit total IgG (lanes 2,5)

were added to the hMAD2/ hCDC20 m ixture. After 90-m in in-

cubat ion , Affi-Prep protein A beads (Bio-Rad) were added and

incubated for another 90 m in . The beads were then washed

st ringent ly, and am ount of hCDC20 bound to the beads was

analyzed by SDS-PAGE. Input lane contains one-ten th am ount

of hCDC20 added to the binding react ions. For experim ents

described in A and B, sim ilar resu lt s were achieved with puri-

fied hCDC20 protein . Briefly, in vit ro t ranslated HA-tagged

hCDC20 was im m unoprecipitated from ret icu locyte lysates

with ant i-HA ant ibody / protein A beads. hCDC20 protein

bound to ant ibody beads was elu ted with the HA pept ide and

purified to apparen t hom ogeneity as analyzed by silver stain ing

(data not shown).

Figure 6. Cell cycle-regulated associat ion of APC with

hCDC20, hCDH1, and hMAD2. HeLa cells were synchronized

at the prom etaphase by a thym idine–nocodazole block . Cells

were collected im m ediately after nocodazole t reatm ent (lane 3,

N ), or released in to fresh m edium for 0.5, 1, 1.5, 4, and 10 hr

(lanes 4–8). Asynchronous cells (lane 1, A) and cells arrested at

G 1 / S boundary by a double thym idine block (lane 2, T) were

included as cont rols. (A ) HeLa cells were lysed with the SDS

sam ple buffer and the levels of cyclin B1, CDC27, hCDC20,

hCDH1, and hMAD2 proteins were determ ined by Western blot

analysis. The arrowhead in panel III poin ts to hCDC20. The

band above is a cross-react ing protein . (B) Ext ract s from HeLa

cells were im m unoprecipitated with either an t i-hMAD2 ant i-

body beads or with ant i-CDC27 ant ibody beads, and the im m u-

noprecipitates were analyzed by Western blot t ing with ant i-

APC2, an t i-hCDC20, or an t i-hCDH1 ant ibodies.
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exit from m etaphase through G1, we perform ed im m u-

noprecipitat ion and Western blot t ing experim ents.

When the cell lysates were im m unoprecipitated with

ant i-hMAD2 ant ibodies, and analyzed with an ant ibody

against APC2, we found that hMAD2 is associated with

APC through m ost of m itosis (Fig. 6B, panel I, lanes 3–6).

To determ ine the tem poral associat ion of hCDC20 with

hMAD2 and APC during m itosis, we perform ed im m u-

noprecipitat ions with hMAD2 or CDC27 and then

probed with ant ibodies to hCDC20. hCDC20 is associ-

ated with hMAD2 during the first 60 m in after release

from nocodazole (Fig. 6B, panel II, lanes 3–5). After that ,

hCDC20 rem ains associated with APC for at least 30

m in (Fig. 6B, panel III, lanes 3–6). Thus, hMAD2–

hCDC20–APC form s a ternary com plex for 60 m in when

cells were first released from prom etaphase arrest .

Thereafter hMAD2 dissociates from the ternary com -

plex, and a hCDC20–APC binary com plex rem ains. It is

during th is t im e, 60–90 m in after release from the noco-

dazole arrest , that APC is act ive and cyclin is degraded

(Fig. 1C and 6A). Associat ion of hCDH1 with APC is

very low when cells were first released from prom eta-

phase arrest and in G 1 (Fig. 6B, panel IV, lanes 3,4,7,8).

However, there is a burst in the level of hCDH1–APC

com plex late in m itosis (panel IV, lanes 5,6).

We also checked the subcellu lar localizat ion of

hMAD2 and hCDC20 by indirect im m uno-fluorescence

ant ibody stain ing. In addit ion to diffusive cytoplasm ic

stain ing, hMAD2 and hCDC20 colocalize to the kineto-

chores during prom etaphase (Fig. 7). It has been shown

that APC also localizes to the kinetochores during m i-

tosis (Jorgensen et al. 1998). Therefore, these data indi-

cated that hMAD2, hCDC20, and APC form a ternary

com plex at the kinetochores during prom etaphase.

Discussion

We show here that the checkpoin t pathway arrest s the

cell cycle by inhibit ing prem ature act ivat ion of APC

before anaphase. The tem poral associat ion of hCDC20

and hCDH1 with APC during m itosis suggests a

crit ical role of CDC20 in act ivat ion of APC at the

m etaphase → anaphase t ransit ion . The checkpoin t pro-

tein hMAD2 binds to the hCDC20–APC com plex in vivo

and prevents act ivat ion of APC before anaphase. The re-

com binant hMAD2 protein exist s either as a tet ram er or

as a m onom er in vit ro. Significan t ly, on ly the tet ram er

inhibit s the CDC20–APC com plex. Thus, a change in

the conform at ion or the oligom erizat ion state of hMAD2

m ay play a role in t ransducing the checkpoin t signal to

APC.

Regulat ion of A PC in the cell cycle

It was proposed that APC, like other m itot ic act ivit ies, is

regulated by phosphorylat ion during m itosis (King et al.

1995; Lahav-Baratz et al. 1995; Peters et al. 1996). How-

ever, recent resu lt s indicate that regulat ion of APC in-

volves m ore than phosphorylat ion . Mitot ic APC is prin-

cipally cont rolled by it s associat ion with differen t posi-

t ive and negat ive regulatory proteins at differen t stages

of m itosis. Phosphorylat ion plays an im portan t , bu t an-

cillary role (G. Fang, H. Yu, and M.W. Kirschner, in

prep.). Binding of these regulatory factors confers a pre-

cise tem poral regulat ion of APC act ivity and a tem poral

order of subst rate degradat ion . On the basis of work pre-

sen ted here, we can ident ify at least th ree differen t APC

com plexes during m itosis: an inact ive MAD2–CDC20–

APC ternary com plex before anaphase, a CDC20–APC

binary com plex act ive at anaphase, and a CDH1–APC

com plex act ive later in m itosis and probably also in G1.

From experim ents presen ted here, we can sketch a

pathway of in terconversion am ong these APC states (Fig.

8). Of the com ponents of the APC regulatory network ,

only the level of the CDC20 protein changes during the

cell cycle. CDC20 synthesis begins in G2 and peaks dur-

ing m itosis. The protein level drops slowly as cells en ter

G1 (Fig. 6; G. Fang, H. Yu, and M.W. Kirschner, in prep.).

The newly synthesized CDC20 m ay be bound to the

checkpoin t protein MAD2, and therefore sequestered

from act ivat ing APC. As cells en ter m itosis, APC is

phosphorylated under indirect cont rol of the Cdc2 ki-

nase (King et al. 1995; Lahav-Baratz et al. 1995; Peters et

al. 1996; data not shown), and phosphorylat ion increases

the affin ity for CDC20 to APC (G. Fang, H. Yu, and M.W.

Kirschner, in prep.). In addit ion , phosphorylat ion of

CDC20 during m itosis m ay also play a role in the cont rol

of CDC20 and APC associat ion . Early in m itosis, MAD2,

CDC20, and APC form a ternary com plex, and th is com -

plex is inact ive in ubiquit inat ing subst rates. The exis-

tence of a MAD2, CDC20, and APC ternary com plex in

vivo is based on the following observat ions. First , by im -

m unoprecipitat ion and Western blot analysis of noco-

dazole-arrested HeLa cells, we detected associat ions of

MAD2 with CDC20, CDC20 with APC, and MAD2 with

Figure 7. hMAD2 and hCDC20 colocalize to k inetochores at

prom etaphase. (A ) HeLa cells were stained with ant i-hMAD2,

CREST, and DAPI. (B) Hela cells were stained with ant i-

hCDC20, CREST, and DAPI. (C ) Hela cells were stained with

ant i-hCDC20, an t i-hMAD2, and DAPI.
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APC (Fig. 6). Second, in vit ro binding experim ents indi-

cate that MAD2 does not in teract direct ly with APC in

the absence of CDC20 (data not shown). On the other

hand, binding of CDC20 to MAD2 does not affect it s

ability to associate with APC (Fig. 5A; data not shown).

Thus, the observed in vivo associat ion between MAD2

and APC (Fig. 6; Li et al. 1997) is m ost likely m ediated

through CDC20.

Recent ly, it has been reported that Mad2p associates

with Cdc20p throughout the cell cycle in the budding

yeast (Hwang et al. 1998). We found that in HeLa cells

hMAD2 associates with hCDC20 only during early m i-

tosis, bu t not in the rest of the cell cycle (Fig. 6). This

apparen t discrepancy could resu lt either from a differ-

ence in the checkpoin t m echanism am ong differen t or-

ganism s, or from differen t experim ental designs. To test

the lat ter possibility, HeLa cells were synchronized at

the G 1 / S boundary by a double thym idine block , and

then released to allow progression through the cell cycle.

Again , hMAD2 was found to associate with hCDC20

only during early m itosis, bu t not in G1, S, and G2 (data

not shown). In addit ion , we detected the hMAD2,

hCDC20, and APC ternary com plex during early m ito-

sis, suggest ing that the checkpoin t m echanism funct ions

during each cell cycle even in the absence of exogenous

spindle-dam aging drugs.

When all the chrom osom es are aligned at the m eta-

phase plate, an unident ified signal causes the MAD2 pro-

tein to dissociate from the ternary com plex, leaving

CDC20 in a binary com plex with APC, which has a high

ubiquit inat ion act ivity. Act ivated APC in turn ubiquit i-

nates anaphase inhibitors, such as Pds1p in S. cerev isiae,

Cut2p in S. pom be, and the putat ive m etazoan equiva-

len t (Cohen-Fix et al. 1996; Funabik i et al. 1996; Yam a-

m oto et al. 1996a; Visin t in et al. 1997), and in it iates the

m etaphase → anaphase t ransit ion . The CDC20-associ-

ated APC has a very lim ited set of subst rates and only

recognizes Dest ruct ion-box (D-box)-contain ing proteins

(Glotzer et al. 1991; King et al. 1996; G. Fang, H. Yu, and

M.W. Kirschner, in prep.).

How is MAD2 released from the MAD2–CDC20–APC

com plex? We have found that the ternary com plex is

stable in the presence of 500 m M KCl and 0.5% N P-40

(data not shown), suggest ing that MAD2 is unlikely to

dissociate from the com plex by it self. Instead, we have

detected a cell cycle-independent act ivity in Xenopus

egg ext ract s that react ivates the MAD2-t reated APC. Be-

cause there is no spindle assem bly checkpoin t in early

em bryonic divisions (Minshull et al. 1994; Clu te and

Masui 1995, 1997), it is not clear whether th is act ivity is

responsible for the dissociat ion of MAD2 from APC at

the m etaphase → anaphase t ransit ion in som at ic cells,

bu t it suggests that certain cofactors are required for

MAD2 dissociat ion .

CDH1 and APC associat ion occurs after the m eta-

phase → anaphase transit ion when cells are ready to exit

from m itosis (Fig. 6). CDH1-associated APC recognizes

substrates with a relaxed D-box specificity (G. Fang, H. Yu,

and M.W. Kirschner, in prep.), suggesting that CDH1–APC

m ight have a m uch broader spectrum of substrates and is

likely to be involved in regulation of m ultiple processes

late in m itosis. The identification of these substrates is an

im portant task in understanding late anaphase events.

CDH1 and APC protein levels do not change during

the cell cycle, and yet there is a dist inct peak of CDH1–

APC com plex late in m itosis (Fig. 6). Although the

m echanism that regulates CDH1 and APC associat ion

rem ains unclear, the absence of associat ion between

CDH1 and APC during early m itosis is unlikely because

of a com pet it ion between CDC20 and CDH1 for APC.

We find that APC im m unopurified from HeLa cells at

differen t stages of m itosis can be further act ivated sev-

eral fold by either CDC20 or CDH1 (data not shown),

suggest ing that even in m itosis CDC20 and CDH1 are

bound to APC at substoich iom et ric levels. The fact that

only a fract ion of APC is act ive at each stage of m itosis

raises an in terest ing quest ion about whether the act i-

vated form s of APC are uniform ly present in the cell, or

whether spat ial cont rol is im posed on the observed tem -

poral cont rol.

Figure 8. A m odel for a regulatory net -

work of APC in the cell cycle.
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As cells exit from m itosis, Cdc2 kinase is inact ivated

because of degradat ion of m itot ic cyclins. Dephosphory-

lat ion of APC m ay cause dissociat ion of the CDC20–

APC com plex, and free CDC20 is slowly degraded. A low

level of CDH1 is associated with APC in G1 cells, and

CDH1 is likely to be responsible for act ivat ion of APC in

G1 (Fig. 8). As cells en ter S-phase, CDH1 dissociates

from APC. Som e event at the G 1 / S t ransit ion , such as

the act ivat ion of S-phase kinases, m ight regulate disso-

ciat ion of hCDH1 from APC and suppress APC act ivity

in S-phase cells (Am on et al. 1994; Am on 1997; Sigrist

and Lehner 1997).

Spindle assem bly check poin t , MA D2, and A PC

At the m olecular level, lit t le is known about the m echa-

n ism of MAD2-m ediated inhibit ion . CDC20 has been

shown to be a subst rate-specific act ivator of APC and

therefore, m ight be involved in subst rate binding (Visin-

t in et al. 1997). Thus, it is possible that associat ion of

MAD2 with CDC20 blocks subst rate binding. Another

possibility is that MAD2 binding m ay induce a confor-

m at ion change in CDC20 so that it is no longer act ive.

Alternat ively, as a CDC20-associated kinase act ivity has

been reported (Weinstein et al. 1994), phosphorylat ion or

dephosphorylat ion of CDC20 m ight play a role in

CDC20 act ivity and in checkpoin t cont rol. Indeed, it has

been reported that in S. cerev isiae a regulatory subunit of

protein phosphatase 2A, Cdc55p, is required for the

spindle assem bly checkpoin t , and that the loss-of-func-

t ion m utat ion in CDC55 suppresses the tem perature

sensit ivity of cdc20-1 (Wang and Burke 1997).

How does MAD2 respond to the checkpoin t signal? In

vit ro, MAD2 protein exist s in two form s: a tet ram er and

a m onom er. By lim ited analyt ical criteria (1D-N MR, cir-

cu lar dichroism , and protease sensit ivity), both form s

seem to be folded and have sim ilar am ounts of a-helical

conten ts. These two form s only in terconvert under de-

naturing condit ions, suggest ing that a substan t ial energy

barrier exist s between two conform ers. Biochem ical

analysis of APC act ivity and experim ents with Xenopus

em bryos and ext ract s indicate that only the oligom eric

form of MAD2 is responsible for t ransducing an inhibi-

tory signal to APC (Figs. 3–5). Although we do not have

in vivo evidence for oligom erizat ion of MAD2 upon ac-

t ivat ion of checkpoin t , it is conceivable that either the

oligom erizat ion of MAD2 or a conform at ion associated

with the MAD2 tet ram eric state m ay t ransduce the

checkpoin t signal. Consisten t with th is m odel, we ob-

served an increase in the level of MAD2 protein in high

m olecular weight com plexes in nocodazole-arrested

HeLa cell lysates by gel filt rat ion , as com pared to lysates

from asynchronous cells. However, the m ajority of

MAD2 protein seem s to exist as a m onom er, even in

nocodazole-arrested HeLa cells (data not shown). In S.

cerev isiae, Mad1p form s a com plex with Mad2p and is

hyperphosphorylated upon act ivat ion of the checkpoin t

(Hardwick and Murray 1995). It is possible that Mad1p

m ay t ransduce the checkpoin t signal through inducing a

change in Mad2p st ructure; the tet ram eric state of

MAD2 in vit ro could m im ic certain aspects of the check-

poin t -induced MAD2 conform at ion . Recent ly, it has

been reported that hum an hom olog of yeast Mad1p can

self-associate (Jin et al. 1998). Thus, we speculate that

binding of MAD2 to MAD1 m ay induce oligom erizat ion

of MAD2.

In sum m ary, we have shown that APC is regulated by

posit ively and negat ively act ing regulatory factors in the

cell cycle and in checkpoin t cont rol. Differen t com -

plexes of APC cont rol differen t events in m itosis and in

G1, presum ably by ubiquit inat ing and degrading specific

subst rates. These findings have great ly enhanced our un-

derstanding of the cont rol of m itosis, and also raise m any

new quest ions about the regulat ion of APC-dependent

proteolysis. For exam ple, what is the exact role of phos-

phorylat ion of CDC20, CDH1, and several APC subunit s

in the regulat ion of cell cycle progression and in check-

poin t cont rol? What determ ines the tem poral order of

MAD2, CDC20, CDH1, and APC associat ion and disso-

ciat ion during m itosis? What cont rols the release of

MAD2 from the inact ive MAD2–CDC20–APC ternary

com plex at the m etaphase to anaphase t ransit ion? Does

MAD2 in vivo exist in two funct ional states and if so,

what factors drive th is allosteric t ransit ion? What is the

funct ion of APC in G1? For exam ple, does it prevent

prem ature DN A replicat ion? What represses the APC

act ivity in S-phase cells? Does APC play a role in cellu lar

differen t iat ion? At the m olecular level, we st ill do not

understand how CDC20 and CDH1 act ivate APC and

how MAD2 inhibit s th is act ivat ion . The ident ificat ion

of the APC regulatory network and it s connect ion

through MAD2 to m itot ic checkpoin t cont rols will al-

low us to address these im portan t quest ions. Further

studies of these regulatory in tervent ions should lead to a

bet ter understanding of the role of proteolysis.

Materials and methods

A nt ibodies

Affin ity-purified ant ibodies against hum an cyclin B1 and

hCDC20 were purchased from Santa Cruz and used at a final

concent rat ion of 1 µg/ m l in im m unoblot t ing experim ents. The

ant i-hMAD2 polyclonal rabbit serum was raised against the re-

com binant hMAD2 protein (a m ixture of tet ram er and m ono-

m er). Ant i-hMAD2 ant ibodies were affin ity-purified with the

hMAD2 m onom er covalen t ly coupled to Affi-Gel 15 (Bio-Rad)

(Harlow and Lane 1988). The ant i-hCDH1 polyclonal rabbit se-

rum was raised against two pept ides derived from the hCDH1

protein : residues 65–79 and residues 108–123. The ant ibodies

were affin ity-purified with each pept ide ant igen coupled sepa-

rately to Sulfolink Gel (Pierce), and in Western blot analysis

both ant ibodies recognize a single band with m olecular m ass

expected for hCDH1, dem onst rat ing the specificity of the ant i-

bodies. The rabbit an t i-APC2 ant ibodies were raised against a

carboxy-term inal fragm ent (residues 701–823) of the hum an

APC2, which was subcloned in to pGEX–2TK (Pharm acia) and

expressed as a GST fusion protein . The fusion protein was pu-

rified and cleaved with throm bin , and the APC2 fragm ent was

separated from GST by gel filt rat ion chrom atography. The rab-

bit an t i-CDC27 ant ibodies were m ade against a carboxy-term i-

nal fragm ent contain ing six tet rat rico pept ide repeats of hum an
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CDC27, which was subcloned in to pET-28a (N ovagen), ex-

pressed with an am ino-term inal His-tag, purified with nickel–

agarose beads (Qiagen).

Expression and purificat ion of the recom binant hMA D2

protein

The hMAD2 protein was tagged with His6 at it s am ino term i-

nus by subcloning the gene in to the expression vector pET-28a

(N ovagen). The recom binant protein was expressed in

BL21(DE3)pLysS and purified with a nickel–agarose colum n

(Qiagen). The hMAD2 protein was then loaded onto a gel filt ra-

t ion colum n, either S100 or Superdex 200 (Pharm acia), and

elu ted with a buffer contain ing 10 m M HEPES (pH 7.7), 100 m M

KCl, 1 m M MgCl2, and 1 m M DTT. The peak fract ions for the

m onom er and tet ram er were pooled separately and concen-

t rated. hMAD2DN and hMAD2DC m utants were const ructed

by PCR m utagenesis, expressed, and purified as described

above.

Microin ject ion of hMA D2 into Xenopus em bryos and histone

H1 k inase assay

Xenopus eggs were fert ilized with sperm s by standard proce-

dures, and em bryos were incubated in 0.1×MMR [5 m M HEPES

(pH 7.8), 100 m M N aCl, 2 m M KCl, 0.1 m M EDTA, 2 m M CaCl2,

and 1 m M MgCl2]. Im m ediately after the first cell division , 25 nl

of 10 m g/ m l hMAD2t or hMAD2m proteins were m icroin jected

in to one of the blastom eres, and the in jected em bryos were

t ransferred to 0.1×MMR with 1% Ficoll. For h istone H1 kinase

assay, both blastom eres in two-cell stage em bryos were in-

jected. Four in jected em bryos were pooled in 15 µl of EB buffer

[80 m M b-glycerophosphate (pH 7.4), 15 m M MgCl2, 10 m M

EGTA, and 0.1% N P-40] in the presence of 10 µg/ m l each of

leupept in , pepstat in , and chym ostat in . Em bryos were frozen

and thawed once, and then spun at 20,000g for 3 m in . Superna-

tan ts 10 µl were used for h istone H1 kinase assay. Xenopus egg

ext ract s were prepared as previously described (King et al. 1995).

Preparat ion of synchronized HeLa cell ex t racts

HeLa S3 cells (ATCC) were grown in Dulbecco’s m odified Ea-

gle’s m edium (DMEM; GIBCO) supplem ented with 10% fetal

bovine serum , 2 m M L-glu tam ine, 100 µg/ m l penicillin , and

st reptom ycin . For synchronizat ion with a double thym idine

block , cells were grown in the presence of 2 m M thym idine

(Sigm a) for 18 hr, washed with PBS, and grown in fresh m edium

without thym idine for 8 hr. Cells were then incubated with 2

m M thym idine for 18 hr to block cells at the G 1 / S boundary. To

arrest cells in m itosis, cells were first t reated with 2 m M thy-

m idine for 18 hr, released in to fresh m edium for 3–4 hrs, and

then blocked with m edium contain ing 100 ng/ m l nocodazole

(Sigm a) for 12 hr. Cells were washed with PBS twice, either

harvested im m ediately or t ransferred in to fresh m edium for 0.5,

1, 1.5, 4, or 10 hr, and then harvested. The cell cycle status of

the sam ples was determ ined by FACS analysis of the DN A con-

ten t .

For preparat ion of ext ract s, cells were lysed with seven vol-

um es of the N P-40 lysis buffer [50 m M Tris-HCl (pH 7.7), 150

m M N aCl, 0.5% N P-40, 1 m M DTT, 10% glycerol, 0.5 µ M oka-

daic acid, and 10 µg/ m l each of leupept in , pepstat in , and chy-

m ostat in ]. The lysates were then cent rifuged for 30 m in at

200,000g to m ake the high speed supernatan t .

Im m unoprecipitat ion and im m unofluorescence

Ant i-CDC27 ant ibodies and ant i-hMAD2 ant ibodies were

coupled covalen t ly to Affi-Prep protein A beads (Bio-Rad) as

described (Harlow and Lane 1988). The beads were washed

twice with 10 volum es of 100 m M glycine (pH 2.5), and neut ral-

ized with 10 m M Tris-HCl (pH 7.5). Three m icroliters of an t i-

CDC27 or ant i-hMAD2 ant ibody beads were incubated with

250 µl of HeLa cell S100 supernatan ts at 4°C for 2 hr. The beads

were washed five t im es with 20 volum es of XB buffer [10 m M

HEPES (pH 7.7), 100 m M KCl, 0.1 m M CaCl2, 1 m M MgCl2, 50

m M sucrose] contain ing 500 m M KCl and 0.5% N P-40, and three

t im es with XB alone. Proteins bound to beads were elu ted with

SDS sam ple buffer, separated by SDS-PAGE (5% –15% ), and ana-

lyzed by Western blot t ing.

Asynchronous HeLa cells growing on cham bered slides (Lab

Tech) were fixed with 4% paraform aldehyde in PBS for 5 m in ,

perm eabilized with PBS contain ing 0.1% Triton X-100, and

blocked with PBS contain ing 0.1% Triton X-100 and 3% BSA.

Cells were then incubated with 5 µg/ m l ant i-hMAD2, 1 µg/ m l

ant i-hCDC20, or 1:500 dilu t ion of CREST serum for overn ight

at 4°C in the presence of the blocking buffer. After washing with

PBS contain ing 0.1% Triton X-100, the slides were blocked with

PBS contain ing 0.1% Triton X-100 and 5% donkey serum and

stained with 1:200 dilu t ion of FITC- or Cy3-coupled secondary

ant ibodies (Jackson Laboratories) for 1 hr at room tem perature.

Slides were washed twice with PBS, once with PBS contain ing 1

µg/ m l DAPI (Sigm a), twice with PBS, and m ounted. The im ages

were viewed with a X100 object ive lens on a Zeiss LSM confocal

m icroscope.

Cyclin degradat ion and ubiquit inat ion assays

To assay cyclin degradat ion in crude m itot ic ext ract s, equal

volum es of 2 m g/ m l hMAD2 and Xenopus m itot ic ext ract s

were m ixed and incubated at room tem perature for 20 m in . The

subst rate used in the assay was an am ino-term inal fragm ent of

Xenopus cyclin B1 (residues 1–102), and was labeled with 125I to

a specific act ivity of 100 µCi / µg using the chloram ine T proce-

dure (Parker 1990). To in it iate the cyclin degradat ion react ion ,

bovine ubiquit in (Sigm a) and the labeled subst rate were added

to the hMAD2-preincubated ext ract s at final concent rat ions of

1.25 m g/ m l and 12.5 ng/ m l, respect ively. React ions were

stopped by SDS sam ple buffer at differen t t im e after subst rate

addit ion and analyzed by SDS-PAGE (5% –15% ). To assay dom i-

nant negat ive effect of hMAD2m , hMAD2t was incubated with

hMAD2m or hMAD2DC for 5 m in at room tem perature. The

protein m ixture was then added to m itot ic ext ract s and incu-

bated for another 20 m in before addit ion of the subst rate to

in it iate degradat ion react ions. The final concent rat ions of

hMAD2t , hMAD2DC, and hMAD2m protein in ext ract s were

0.25, 0.125, and 0.8 m g/ m l, respect ively.

To assay the APC act ivity in HeLa cells, 3 µ l of an t i-CDC27

ant ibody beads were incubated with 500 µl of HeLa cell S100

supernatan ts at 4°C for 2 hr. The APC beads were washed five

t im es with 20 volum es of XB buffer contain ing 500 m M KCl and

0.5% N P-40, and twice with XB. The APC beads were then

assayed for cyclin ubiquit inat ion act ivity. Ubiquit inat ion as-

says were perform ed in a total volum e of 5 µl. The react ion

m ixture contains an energy regenerat ing system , 1.25 m g/ m l of

bovine ubiquit in , 12.5 ng/ m l of labeled subst rate, 200 µg/ m l

wheat E1, 50 µg/ m l Xenopus UBCx, and 2 µl of APC beads. The

react ions were incubated at room tem perature for 1 hr,

quenched with SDS sam ple buffer, and analyzed by SDS-PAGE

(5% –15% gradien t gels). Gels were scanned with a PhosphorIm -

ager (Molecular Dynam ics).

To purify in terphase APC, the ant i-CDC27 beads were incu-

bated with 10 volum es of in terphase Xenopus egg ext ract s for 2

hr at 4°C and washed five t im es with 20 volum es of XB con-

tain ing 500 m M KCl and 0.5% N P-40 and twice with XB. The
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in terphase APC beads were then incubated for 1 hr at room

tem perature with in vit ro t ranslated hCDC20 that had been

preincubated with the hMAD2 protein . After incubat ion , APC

beads were washed twice with XB, and assayed for cyclin ubiq-

u it inat ion act ivit ies.
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