
clathrin-coated endocytic vesicles requires 
GTP hydrolysis, whereas die budding of en­
doplasmic reticulum vesicles and COP-coated 
Golgi vesicles does not and occurs even in the 
presence of GTP7S (26, 27). In our cell-free 
reconstituted assay with the silica-coated plas­
ma membranes, only the latter step (or steps) 
in the formation of free vesicles can be exam­
ined, because the firmly attached silica-coat­
ing prevents movement so that new invagi­
nations cannot readily form. Hence, in this 
assay GTP has stimulated the fission of caveo-
lar invaginations to complete the budding 
process and create free caveolar vesicles. Be­
cause GTP does not stimulate budding in the 
absence of cytosol (19), a specific cytosolic 
factor (or factors), possibly a guanosine 
triphosphatase (GTPase), may bind to the 
caveolae to permit fission. Endothelial cell 
caveolae have been found to contain various 
GTPases bound to the membrane (17). Fur­
ther definition of the molecular mechanisms 
mediating budding remains a challenge for 
the future. 
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and become aligned on the mitotic spindle 
before activation of the cyclin proteolysis 
machinery induces sister chromatid separa­
tion, cyclin B degradation, and loss of his-
tone HI kinase activity of p34"ic2. Inhibi­
tion of spindle assembly with microtubule 
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The spindle assembly checkpoint delays anaphase until all chromosomes are attached 
to a mitotic spindle. The mad (mitotic arrest-deficient) and bub (budding uninhibited by 
benzimidazole) mutants of budding yeast lack this checkpoint and fail to arrest the cell 
cycle when microtubules are depolymerized. A frog homolog of MAD2 (XMAD2) was 
isolated and found to play an essential role in the spindle assembly checkpoint in frog 
egg extracts. XMAD2 protein associated with unattached kinetochores in prometaphase 
and in nocodazole-treated cells and disappeared from kinetochores at metaphase in 
untreated cells, suggesting that XMAD2 plays a role in the activation of the checkpoint 
by unattached kinetochores. This study furthers understanding of the mechanism of cell 
cycle checkpoints in metazoa and provides a marker for studying the role of the spindle 
assembly checkpoint in the genetic instability of tumors. 
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Fig. 1. Amino acid se- 
quence comparison be- 
tween XMAD2 and its hu- 
man, yeast, and C. el- 
egans homologs. Resi- 
dues that are conserved 
in all species are shown in 
bold. Sequences used to 
design degenerate PCR 
oligonucleotides are indi- 
cated by a horizontal line 
above the sequence. Ab- 
breviations for the amino 
acid residues are as fol- 
lows: A, Ala; C, Cys; D, 
Asp; E, Glu; F, Phe; G, 
Gly; H, His; I, Ile; K, Lys; 
L, Leu; M, Met; N, Asn; P, 
Pro; Q, Gln; R, Arg; S, 
Ser; T, Thr; V, Val; W, Trp; 
and Y, Tyr. 

60 
Xenopus M A G Q L T R E . G  I T L K G S A E I V  S E P F F C G I W S  I L Y Q R G I Y P S  E T P T R I Q K Y G  L T L L V S T D P A  

Human M A L Q L S R E Q G  I T L R G S A E I V  A E P F S F G I W S  I L Y Q R G I Y P S  E T F T R V Q K Y G  L T L L V T T D L E  
C. elegans G T R K K  
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120 
X ~ ~ O ~ U S  L K E Y L N K V T D  Q L K D W L Y K C Q  V Q K L V V V I T S  I D S N E I L E R W  Q F D I E C D K T V  K D G .  . I V R E K  

Human L I K Y L N N V V E  Q L K D W L Y K C S  V Q K L V V V I S N  I E S G E V L E R W  Q F D I E C D K T A  K D D . S A P R E K  

C.elegans L Q A F M D P L L Q  Q V E Y W L A K R Q  L K R L V M V I  S E  V K T K E V V E R W  Q P  D I H T E N L A  E E G E N A H R V K  
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180 
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Buddingyeast G E V V Q F K T P S  T N D E K V G A Q V  S Y K Y  

depolymerizing drugs, such as nocodazole 
and benomyl, activates the spindle assembly 
checkpoint and prevents the onset of an- 
aphase. Components of this checkpoint 
have been isolated in the budding yeast 
Saccharomyces cerevisiae. Mutations in the 
MAD (4, 5) or BUB (6, 7) genes result in 
premature exit from mitosis and cell death 
when s~indle assemblv is inhibited. A s~indle 
assembiy checkpoint glso has been des'cribed 
in frog egg extracts (8). The checkpoint is 
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activated and anaphase is inhibited when mi- 
totic extracts are incubated with nocodazole 
and sperm nuclei at a density of greater than 
9000 nuclei per microliter, a nucleocytoplas- 
mic ratio comparable with that of somatic 
cells. Under these conditions, mitogen-acti- 
vated protein kinase activity is essential for 
activation and maintenance of the check- 
point, but the other components involved in 
sensing spindle assembly and chromosome 
alignment are unknown (8). 

The identification of human (9) and 
Caenorhabditis ekgans (GenBank accession 
number T01775) M A D 2  homologs allowed 
us to isolate a cDNA encoding a Xenopus 
homolog by degenerate polymerase chain 
reaction (PCR). This gene (XMAD2; Gen- 

A 
Anti-XMAD2 IgG 

B 

Fertilization 
(f [Gal) 

-7 - - - 
97- metaphase arrest 
55 - 

Bank accession number U66167) contains 
an open reading frame of 203 amino acids 
that encode a protein wi th a predicted mo- 
lecular size of 23 kD, wi th 41 and 81% 
identity wi th the yeast and human sequenc- 
es, respectively (Fig. 1). Despite i t s  similar- 
i ty wi th yeast MadZ, XMADZ did not res- 
cue the benomyl sensitivity of a mad2 mu- 
tant when expressed by a strong galactose- 
inducible promoter (10). Affinity-purified 
antibodies to XMADZ (anti-XMADZ) spe- 
cifically recognized a 25-kD protein in frog 
egg extracts, frog fibroblast cell line XTC, 
and human HeLa cells (Fig. ZA). 

We used anti-XMADZ to determine the 
role of XMADZ. Cytostatic factor (CSF)- 
arrested frog egg extracts are stably arrested at 

Sperm conc. Low High 
MPF 

activity Time (min) 0 15 30 45 60 0 15 30 45 60 

High Cont. Ab 

Anti- 
XMAD2 * 

u - Low 
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29 - Blocked --- Anti- 0 @ XMAD2 

mmm- 
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20- Nocodazole Ab 
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arrest egg mltosls 
t=  -80 min P O  min -10 min 0 min t =  -50 min S O  min 0 min 

1 2 3 4 5 6 7  

Fig. 2. XMAD2 is essential for the spindle assembly checkpoint in frog egg 
extracts. (A) Specificity of affinity-purified anti-XMAD2, lmmunoblot with af- 
finity-purified anti-XMAD2 (23) (lanes 1 to 3) or with control IgG (23) (lanes 4 
to 6) of proteins from CSF-arrested frog egg extracts (lanes 1 and 4), Xeno- 
pus tissue culture cell lysate (lanes 2 and 5), and HeLa cell lysate (lanes 3 and 
6) (24). Lane 7, purified recombinant XMAD2 (6H-XMAD2) (4 kg) (25). Posi- 
tions of molecular size standards (in kilodaltons) are indicated on the left. (B) 
Schematic representation of early stages of the Xenopus life cycle. MPF, 
maturation promoting factor. (C) Inhibition of the spindle assembly check- 
point in CSF-arrested extracts by anti-XMAD2. Autoradiograms of histone 
H I  kinase assays (22) from CSF-arrested extracts at the indicated times after 
calcium was added to overcome the action of CSF. Before high or low 

concentrations of sperm nuclei and nocodazole were added to activate the 
spindle assembly checkpoint, the extracts were incubated with (top to bot- 
tom) control antibodies (Con. Ab), affinity-purified anti-XMAD2, and anti- 
XMAD2 that had been incubated with 6H-XMAD2 (blocked). (D) Disruption of 
checkpoint maintenance by anti-XMAD2. The spindle assembly checkpoint 
was first activated by adding nocodazole and a high concentration of sperm 
nuclei to CSF-arrested extracts (lane a). Control antibodies or anti-XMAD2 
were then added for 30 min before calcium was added (lane 0). Samples 
were taken every 15 min and HI kinase activity measured. The experimental 
procedures are also indicated schematically below (C) and (D) (t, time) and 
are described in (26). Results shown are representative of at least three 
independent experiments. 
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Fig. 3. Localization of 
XMAD2 to the nuclear 
envelope and the nucle- 
us at interphase. (A to F) 
Asynchronous XTC cells 
were fixed and stained 
with anti-XMAD2 or a 
monoclonal antibody to 
lamin B as indicated. 
Cells presented from top 
to bottom panels are at 
interphase and at vari- 
ous stages of mitosis 
and cytokinesis. (G) Cells 
were stained with anti- 
XMAD2 that had been 
incubated with 6H- 
XMAD2. (H and I) Cells 
were extracted with Tri- 
ton X-100 (TX-100) be- 
fore fixation. Anti-XMAD2 
purified from two differ- 
ent rabbits gave essen- 
tially the same staining 
pattern. Phase-contrast 
photographs and corre- 
sponding nuclei stained 
with the DNA dye 
Hoechst 33258 are also 
shown. Cells were pre- 
pared for immunofluo- 
rescent staining as de- 
scribed (27). 

XMADL Lamin DNA Phase contrast metaphase, w i th  h igh  histone H1 kinase 
activitv associated w i th  a CDCZ-cvcl in B 
complex, and can enter interphase in re- 
sponse to  added calcium (1 1, 12) (Fig. ZB). 
Act ivat ion o f  the spindle assembly check- 
po int  makes these extracts insensitive t o  
calcium addition and prevents inactivation 
o f  H1 kinase activity (8). W e  tested wheth- 
er the addition o f  ant i -XMADZ t o  extracts 
affects the spindle assembly checkpoint. 
Extracts containing ant i-XMADZ main- - 
tained active H1 kinase before calcium ad- 
dition, suggesting that this antibody has n o  
effect o n  CSF-mediated mitotic-phase ar- 
rest. At low sperm density, the addition o f  
calcium t o  extracts treated w i t h  either con- 
t ro l  antibodies or ant i -XMADZ led to  rapid 
inactivation o f  H1 kinase, consistent w i th  
the previous demonstration (8) that the 
spindle assembly checkpoint is n o t  active at 
low nuclear density (Fig. 2C). At h igh  
sperm densities, extracts treated w i t h  con- 
t ro l  antibodies maintained h igh  H1 kinase 
activity for at least 60 m i n  after calcium 
addition, showing that the spindle assembly 
checkpoint had been activated. In contrast, 
extracts treated w i t h  ant i -XMAD2 did n o t  
maintain h igh  H1 kinase activity (Fig. ZC) 
and the sperm chromosomes decondensed 
and formed in ter~hase nuclei ( 13 1. indicat- . ,. 
ing that the antibody inhibited the spindle 
assembly checkpoint. This inhibitory activ- 

x i ty  appeared t o  be specific for XMADZ, 
because ant i -XMADZ that had been incu- 
bated w i t h  recombinant 6H-XMAD2 pro- 

Fig. 4. Assoc~atlon of XMAD2 wtth unattached hnetochores. A Loca lza t~~ i  3f khlAD2 to 
ktnetochores at prometaphase and dissoclatlon from chromosomes after metaphase. Asyn- 
chronous HeLa cells were fixed and stained with antl-XMAD2 or a human autoimmune antiser- 
um to kinetochores as indicated. Cells (top to bottom) are at interphase, prometaphase, 
metaphase, and anaphase, and a'cell arrested at mitosis with nocodazole. To facilitate visual- 
ization of the kinetochore staining, asynchronous HeLa cells first were swollen in hypotonic 
buffer (25% Hanks' balanced buffer) for 16 min at room temperature before fixation in 3% 
paraformaldehyde in hypotonic buffer. Cells were statned with anti-XMAD2 or antiserum to 
kinetochores from patients with CREST syndrome. (B) Association of XMAD2 with unattached 
kinetochores of misaligned chromosomes. A newt lung epithelial cell (28) stained with antt- 
XMAD2 [r~ght (29)] and its corresponding differential interference contrast (DIC) picture (left) are 
shown. Spindle poles (arrowheads), k~netochores of a mono-oriented chromosome (hortzontal 
arrows), and kinetochores of a chromosome that had just congressed to the metaphase plate 
(vertical arrows) are indicated. 2-series optical sections were exam~ned to ensure that all labeled 
kinetochores were identified. Bar, 10 pm. 
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tell1 had no eftect 011 H 1  hinase ;~cti\.ity. 
IX.11et1 t11e cllecl,ll~>itlt \\-cis first <lcti\.>ited bl 
1ncul>at111: CSF-arrested extracts \\.it11 a 
1llgl-i c o n c e ~ ~ t r a t i o n  c > i  p e r m  nuelel ,lnii 
n~>coila:ole (Fig. 113, lai-ie a )  f~~llon.eii  13y 
a ~ l ~ l ~ t ~ i ) ~ ~  of anti-XXlA132, c,llci~lrn ,~iliiltion 
.till 111aitivate~i H1  klnahe, ~i-iiiic,lt~ng that 
ShlALJ? is reij~llreLi for m~a~ntenai lce  of the 
c l l c c k y o ~ ~ ~ t  (Fig. I D ) .  

\Y7e cx~amineii localiration of XL)lAD7 
ii~1r11-i~ the cell cycle (Fig. 3). In ii-iterphase 
cells of 211 a?vnc l~ ro~- io~~?  XTC c ~ ~ l t ~ l r e ,  antl- 
Xh'IAD2 Lii-eilo~~~i~-i ,~~-it ly s t~a l~~e i l  the nuclear 
e n ~ e l o p r ,  \v1tl1 mlnor t;llni~-i: in the n ~ ~ c l e l ~ s  
(FI. 14). T h e  s t a ~ ~ ~ ~ n g  \\.,Ii Iilockeil ~t the 
antil>oii~es ivere flrst inc~~l ia ted  n-it11 recorn- 
lyln,lnt XhlAD2 (Fig. 3G),  ~ni l~c~at~i- ig  that 
t h r  ~ t a ~ i - i ~ n g  n-as sl ircif~c to XMAL)?. T h e  
n ~ ~ c l e a r  envelope sta111111g p ~ t t e r n  wa? x-er\- 
\imilar ti> that of the n~~c lea i -  la~l-i~nh (Fie. , % 

3 4 ) .  111 propha\e cell.;, in n-hich the 11~1clrar 
en\.elnpe 1s iil.;>olving, XhlXD? sho\veii illt- 
tube cytupL.~sm~c s t a ~ n ~ n g  13etc)rr the lam~n.: 
\Yere completely dl>,ls>embleil ( F I ~ .  3 ,  R ;111ii 
C). After c\-tok~nesl>, anti-XhlAD2 ili,l not 
locali:e onto the n ~ ~ c l e a r  envelope ~ ln t i l  the 
a5~emlily of n ~ ~ c l e a r  la~111i-i hail 1-eq.111 (Fig. 3 ,  
E <anil F).  Like the lamin?, associati011 i ~ f  
ShlAL32 \vitll the l-i~~clenr en\,elope in ill- 
teryh,l>e cells \v;i? r e l j t an t  to ileter?ent e s -  
traction (Fie. 3H) .  T h r \ e  r e s ~ ~ l t ?  suygest that 
S h l A D ?  m~ay 111tei-act e ~ t h r r  d~i-ectl) or in- 
ilirectly \\-it11 c~>ml>one~-it i  of the ~iuclenr 
lanlins during ~i-iteryh~ase. 

D~lring m~ta> i \ ,  e\>enti<ally ;all ( ~ t  the l a ~ l i i ~ l  
t7roteln hecomes si~lul.le anii can lie removeii 
fro111 cells 131- Jetel-gent tre<atmrnt hehre tis<a- 
tion ( F y .  31). Altho~lgh iietergent extracteii 
the b~11k i ~ f  XhlAD? trom m ~ t o t ~ c  cell,, \omr 
of the protein remalneii ~anil \tailled ;I pairrii 
dots asiici<ateii \vltl-i ciiniien>rii cl~riimo?ome\ 
(Fig. 31). Beca~lse this 11attrr1-i \va> r e~ l l i~ l iwe~ l t  
of a ta l~~ ing  \een with antil)oiiies to klneto- 
chores, n-e compareil the staining patterns of 
SX1.4131 ailii kinetiichi>res. No antllioiiv \va\ 
a\-,~~l,~l.le th'it recag~~ireil frog lil~leroilhores 
t h r o ~ ~ ~ l - i c ~ ~ ~ t  the cell cycle, so \I-e ~lseii HeL2 
cell> 111 \\.l-i~cl~ kii-ietochores co~llii be zta~neil 
i v~ th  a11 a ~ ~ t o i n l m ~ ~ n e  serunl trom patien[< 
\\.it11 CREST svnLlrome (calcini>sis, Ra! i-i;l~~il's 
pllenomenon, e.;olihaseal iiy~nlotility. sclero- 
iiactvly, telangiectcisia) (14).  In inter~ih~ise 
HeLa cells, ant~-XLlAl)I stali-ieii thr  11~1cleai- 
envelope ~anil the n ~ l c l e ~ ~ s  (Flg. +A) .  In pro- 
met;lpll<ase HeLa cell,, anti-XX14DI s t a ~ n e ~ i  
i),iirril iiot\ in a i i i l ~ t ~ i ) ~ ~  to a iliti'~l?e c!-toplasm~c 
5 t c ~ ~ ~ l ~ ~ ~ q  (Fig. 4.4). .All c) t  tile ilots coIoca1i:eil 
\ \ -~ th  the CREST serum ,tainlng (Fig. +.A), 
sho\vi~lg that vertebrate LIAD? liicali:e\ at 
the k~netochore, of slbter chromat1ii5 111 I3rc)- 
metaphase cells. In metaphase anii <allalill,~sr 
cell., anti-XhlAD2 nas not loca1i:eii to k~liet-  
c>cllorc. (Fi:. i A ) ,  \\-hereas kinetochore stain- 
in: w~t l i  the CREST serum \\.a> clearly vi,ll.le. 
T l l ~ ~ s ,  the al>el-ice of XhlAL)? atalnlns at  

l;~netocho~-es at  these stage. \va> not  tile 
rrsult of a yri-icral inahllltv c ~ f  a~~ t lbo i i i e s  to 
17111,i to the l<~ne t~ )c l~o i -e s  of 111~hly con- 
ilcn\eii cllromo~i>mes. 

Tllr  105s of 1;inrtochore-a>si>c~:iteii 
XXIAD' >t<a~~-i~ng from rnetapl~a,e cell> I \  con- 
s~?tc~-it  1 ~ 1 t h  the po>s~l-ll~ti- that XLIADI l~i-iil.; 
(>~-il\- to k~netocllores on cl-iromoiomei that 
are n i ~ t  att,lcllril to r n l c r o t ~ ~ l i ~ ~ l e ~ ,  ;~lthough \ve 
ca~lnot  exclllJe the possibility that 111icrot~1- 
Il~lle 1~111ilin: mask> the epitope 011 XL14D1 
t h ~ t  ~ > L I I -  antllx>dles recogni:e. The obser\<a- 
tlo1-i th'it ,inti-XhlAl32 ~t~ail-ied k~i-ietocllorea 
in i-iocoti~a:ole-,irre5rec1 mltotlc cell> rupporta 
th1, notlon (Fig. i A ) .  F~lrtllermore, 111 newt 
1~11-ig ep~tllellal cells, In \vhlch the lalye iy11-i- 
dle make5 ~t l ~ ~ ~ s ~ ~ h l e  ti1 fc~llinv the movement 
of iniil\ iil~ldl chro~iio?omes, rllr un~attacheii 
l i~net i ichorr~ L I ~  mono-orlenteii chrc>mosomes 
\\-ere labeled coi-is~.;tentlv n-lth ;anti-Xhl4131, 
\vl-ierr,i the ,~ttacheil k~i-ietochore, \Yere la- 
lieleil \-ery n-eably i>r not at all (Fig. 4R). 111 
cells that were flxeii while a cl-iromosi>me n 2s 
congress~1-i: to the metal1hase plate, the ~-ie\vIy 
attacheii al-iii leading kii-ictoclli>re \\-a< labeleii 
but the pre\-iL>~lsly attached ilster klnerocllore 
\\-A, nor. K~iletiichores that h<ail been at the 
met~phase  plate for lonqer perlods \\ere not 
labelei1 (Fie. iB) .  T h e v  r e s ~ l l t  s q g e \ t  t h ~ t  
the lo<< of Xh1AD2 fr i~m 1<~1-ieti)cIli)re5 is re- 
lateil to mlcri)t~~l-.ule c~ttacllmrnt rather thail 
ho\v long the cells I-ia\,e lieen In mitosi.. The 
>t~ai~l i~lg  pattern ot ant~-Sh~l.ID! 111 S T C  ant1 
nelvt lullg cell\ n-a, e>\enti,lll\- i~ientic~al to 
t l ~ ~ a t  In HeLa cell5 ( I ? ) ,  inii~iating that the 
reg~llateii as?L>ciatii)n of Xh14132 ,it l\~neto- 
chore\ i> evol~~tion,lrily coi-i\er\-eil. The  larce 
13001 of free Xh14D1 mav exlst to ensure tllat 
k~~-ietochi>rea that ,Ire not l l(>~lll~i to 11licri1t~1- 
I i ~ ~ l r s  rapliili- l-~nii XhlAD7 and <acti\.;lte the 
spi~ldle c~swml.ly checklioint. 

T h e  >ylndlr ashenll~li- checkyolnt ii-ihil?it> 
anayhase 111 cells tl1,lt l ~ c k  splnLile.; ( 4 ,  6) or 
have chromosonle? that are ii-icorrectly 
ca l ig~~e~ l  011 the >li~~~L1le. 111 b ~ ~ i l i i ~ ~ l q  yeait$ 
>l11gle al~errantly seeregatlng n l~~~~c l - i rnn lo -  
solne can a c t i ~ ~ l t e  the ip~nille-as,seml>l~ 
cllrcklloil-it (15); in anlnl~al cells, kinrtl>- 
cliores t h ~ t  are not attacheil to r n i c r o t ~ ~ h ~ ~ l e h  
or are not 11ndc.r ten>iiin can ~nhi l>i t  tllr 
i>~-i.;et of anapllase ( 16,  17) .  The  obser\ at1011 
that XXIAD1, ;In essential ci)myoi-ie~-it of the 
s131niile assenlbly check1vint, appear? at ~ l n -  
,~ttacheii klnetochi>res i i u r i ~ ~ g  promrtap11,lae 
and Ji\,lL)pear, after attachment hi- lnlcrotll- 
bl11i.s suggests a p ~ t r n t l ~ a l  role for Xh lADl  as 
p,irt ot the nlach111rry \vl-ilch ~~~-iatt , lcheii  
kii-ietochoi-es activate the clleckl)o~~-it. T h e  
klnetoilhorr-as\ociiatiol-i pattern cit XLlAD2 
1s very alm~lar ti> that of a lal~ile phi~spho-  
epltope i-eci)gn~:eil by ~ ~ i ~ i ~ c l o i n a l  .inrilloil\- 
3F3/2 (18, 19) .  Tl-iia eplti)ye 1s pre,ent o n  
kinetiichores that are not attacheil ti> or are 
~ncorrectly aligneil on the s~~~11i11e ilia- 
ayyir,lrs 2s cl-iroll-ios~>mes i>rle~-it correctlv 

( 18-2C). XL'lAD2 is unlikely to be tlle pro- 
tein iletecteil 11y 1F3/2, hrcau\e \ye c~annot 
iietecr posttr,inslatlr)nd moillflcation of 
XhIAL)? ( I $ ) .  It remains to l ~ e  iieter~l-iineii 
\vhether a protein aa,oclateil wlth Xh14D2 
c,lrries the 3F1/1 epitope .:?en at  ~~i-iattacheii 
k~netiichoi-e>. 

O L I ~  T ~ S L I ~ T ,  ilemc~nstrate that tlle syiniile 
a\sembly checkpoint 15 e ~ o l ~ ~ t i o ~ ~ a r i l y  co11- 
\er\-eil anil has a11 import;a~-it role in t h r  cell 
iii\-i\ic>~~ cycle. XL)l.4132 prc>~iiles a ~1>eh11 
tool fi)r a~-ialy:i~-ig tllc mecha~-iism of the 
ip~ni l le  asse~i-il~ly chrclilii>int 111 vrrtebr<atr> 
a \  n.rll ;is a molecl11,lr inarker that ca1-i he 
~lsc.11 to ~ ~ - i ~ e , t i g a t e  n-hether lehloi-is in t h l ~  
checkpn~n t  contrll>ute to t h r  grlletlc ~ n s t ~ a -  
I3llitv of tumor cell>. 
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Identification of a Human Mitotic 
Checkpoint Gene: hsMAD2 

Yong Li and Robert Benezra* 

In Saccharomyces cerevisiae, MAD2 is required for mitotic arrest if the spindle assembly 
is perturbed. The human homolog of MAD2 was isolated and shown to be a necessary 
component of the mitotic checkpoint in HeLa cells by antibody electroporation exper- 
iments. Human, or Homo sapiens, MAD2 (hsMAD2) was localized at the kinetochore after 
chromosome condensation but was no longer observed at the kinetochore in metaphase, 
suggesting that MAD2 might monitor the completeness of the spindle-kinetochore at- 
tachment. Finally, T47D, a human breast tumor cell line that is sensitive to taxol and 
nocodazole, had reduced MAD2 expression and failed to arrest in mitosis after nocoda- 
zole treatment. Thus, defects in the mitotic checkpoint may contribute to the sensitivity 
of certain tumors to mitotic spindle inhibitors. 

Durine  mitosis, the onset of anaahase is - 
demarcated by the separation of sister chro- 
matids and the destruction of cyclin B, 
which are irreversible events that corn~nit a 
cell to complete the division cycle ( I ) .  Mi- 
totic checknoint control ~nechanislns 12) , , 

test the cell's preparedness to undergo divi- 
sion and block cell cycle progression before 
the irreversible events associated with an- 
aphase if the mitotic spindle apparatus is 
not appropriately asse~nbled (3, 4) or if the 
kinetochore is not properly attached to the 
spindle (5). In budding yeast, six nonessen- 
tial eenes have been identified that are - 
required for the execution of the mitotic 
checkpoint: MADI, MAD2, and MAD3 
(3),  and BUBI, BUB2, and BUB3 (4).  
These genes were identified in screens for 
mutants that are hypersensitive to drugs 
that inhibit ~nitotic spindle assembly by 
dep~l~lnerizing microtubules. A similar mi- 

totic checkpoint path\vay also exists in 
higher eukaryotes (5),  but its molecular 
components have not yet been identified. 

We isolated a human cDNA clone (6) in 
a screen for high copy number suppressors of 
thiabendazole (a ~nitotic spindle assembly 
inhibitor) sensitivity in yeast cells lacking 
CBF1, a colnponent of the kinetochore (7). 
Sequence deter~nination of the cDNA re- 
vealed an open reading frame (ORF) of 205 
amino acids (GenBank accession number 
U65410) that is similar to that of the prod- 
uct of the mitotic checkpoint gene iMAD2 
from the budding yeast, S. cerevisiae. The 
two proteins are 40'16 identical and 60% 
similar oIrer the entire ORF (Fig. 1A). We 
therefore refer to the human MAD2 ho- 
lnolog as hsMAD2. The hsMAD2 protein is 
also sirnilar to a MAD2 homolog from Xe-  
nopus Ineuis, ternled XMAD2 (8) (Fig. 1A). 
The protein encoded by hsblAD2 cDNA 
has a predicted molecular size of 23.5 kD 
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tering Cancer Center, I 275 York Avenue, New York, NY residues 64 to 74 and 124 to 134. The fact 
10021, USA. that both hsMAD2 and yeast iMAD2, termed 
*To whom correspondence should be addressed. scMAD2, can partially suppress the thia- 

with 0.5"6 Tr~ton X-100. 2"6 formaldehyde in PHEM 
160 mM Pipes. 25 mM Hepes (pH 71, 10 mM EGTA, 
2 mM magnesum chloride] f o ~  5 min and then fixed 
further In 4% formaldehyde in PHEM for 15 mln 
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described (191, except that the buffer PBS plus 
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(0 5 k m  thick) were captured with a multimoded~g~tal 
fluorescence microscope system. A Nikon Micro- 
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bendazole sensitivity of cbfl null yeast cells 
(9) suggests that without CBFI, the mitotic 
checkpoint is not fully activated. 

To further characterize hsMAD2, we gen- 
erated polyclonal antibodies and affinity-pu- 
rified them (10). Immunoglob~~lin G (IgG) 
fractions from prei~nlnune serum and serum 
raised against hsMAD2 that was first passed 
over an hsMAD2 affinity column (referred to 
as anti-hsMAD2h) were also isolated (10). 
Protein ilnlnunoblot analysis (1 1 )  revealed 
that the affinity-purified anti-hsMAD2 spe- 
cifically recognized a single protein of approx- 
imately 24 kD in HeLa cell extracts that was 
not detected with either preim~nune IgG or 
anti-hsMAD2A (Fig. 1B). Extracts from I-IeLa 
cells that had been transiently transfected 
with an expression vector that encodes hs- 
MAD2 sho\ved increased intensity of the 24- 
kD band, indicating that this protein is prob- 
ably ellcoded by the hsMAD2 cDNA (Fig. 
1B). Thus, the affinity-purified antibody to 
hsMAD2 was highly specific for the protein 
expressed in human cells. 

To determine if hsMAD2 functions as a 
~nitotic checkpoint gene, we introduced affin- 
ity-purified anti-hsMAD2 into HeLa cells by 
electroporation and determined the status of 
the mitotic checkpoint (12). When cells \\.ere 
electroporated with either the prei~nrnune 
IgG, the anti-hs?vlAD2A, or buffer alone, 
many of them became rounded after nocoda- 
zole treatment, which is indicative of cells 
arrested in mitosis (Fig. 2). In contrast, 
cells electroporated with anti-hsMAD2 
sho\ved fewer rounded cells after nocodazole 
treatment (-80 to 90% of the cells that 
survived the electroporation took up IgG, as 
assayed by immunofluorescence). We mea- 
sured the percentage of IgGt cells in mitosis 
(the ~nitotic index, MI) after nocodazole 
treatment of the electroporated cells. The 
average MI of the IgG-L cells electroporated 
with either the preirn~nune IgG or the anti- 
hsMAD2h was about 10% (471 of 1588 
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