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Budding Yeast Cdc2O: A Target of the 
Spindle Checkpoint 

Lena H. Hwang, Lucius F. Lau, Dana L. Smith, Cathy A. Mistrot, 
Kevin G. Hardwick,* Ellen S. Hwang, Angelika Amon, 

Andrew W. Murray? 

The spindle checkpoint regulates the cell division cycle by keeping cells with defective 
spindles from leaving mitosis. In the two-hybrid system, three proteins that are com- 
ponents of the checkpoint, Madl ,  Mad2, and Mad3, were shown to interact with 
Cdc20, a protein required for exit from mitosis. Mad2 and Mad3 coprecipitated with 
Cdc20 at all stages of the cell cycle. The binding of Mad2 depended on Mad1 and that 
of Mad3 on Mad1 and Mad2. Overexpression of Cdc20 allowed cells with a depoly- 
merized spindle or damaged DNA to leave mitosis but did not overcome the arrest 
caused by unreplicated DNA. Mutants in Cdc20 that were resistant to the spindle 
checkpoint no longer bound Mad proteins, suggesting that Cdc20 is the target of the 
spindle checkpoint. 

T h e  spindle checkpoint improves the fi- 
delity of chrotnosoine segregation hy de- 
laying anaphase until all chroinosoines are 
correctly aligned on the mitotic spindle 
(1,  2 ) .  Mutants in the MAD (mitosis arrest 
deficient) and BUB (budding uninhibited 
by beniitnidaiole) genes inactivate the 
checkpoint (3, 4), and overexpressing 
coinponents of the checkpoint call arrest 
cells with normal spindles in mitosis (5- 
7).  T h e  checkpoint prevents ubiquitina- 
tion and destruction of at least two types 
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of protein: the B-type cyclins, which acti- 
vate the protein kinase activity of cyclin- 
dependent kinase ( C d k l ,  known as Cdc28 
in budding yeast and Cdc2 in fission 
yeast), and a protein required to maintain 
the linkage of sister cl~romatids (Pdsl in 
budding yeast and Cut2 in fission yeast) 
(8-1 1 ) .  Ubiquitination is catalyzed by a 
multiprotein complex called the cyclo- 
some or anaphase promoting complex 
( A P C )  (1 2-14). The  reactions that acti- 
vate the A P C  are not i~nderstood, but 
cyclin B and Pdsl/Cut2 destruction de- 
pends on  Cdc20 and H c t l / C d h l ,  two evo- 
lutionarily conserved inembers of the WD 
(Trp-Asp) repeat family of proteins. 
Cdc2O preferentially promotes the de- 
struction of Pdsl/Cut2, and H c t l  pro- 
inotes the destruction of B-type cyclins 
(15, 16). Unlike HCTI, CDC2O is an 
essential gene, and temperature-sensitive 
cdc20 mutants arrest in inetaphase. 
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T h e  lnteractlon hetween Slpl  ( the lno- 
lnolog of Cdc20) and Mad2 in fisslon veast 
( 7 )  Gompted us to investigate the ihter- 
action hetween Cdc20 and coinoonents of 
the spindle assembly checkpoint in bud- 
ding yeast. In the two-hybrid system, 
h lad l ,  hlad2, and hlad3 all showed inter- 
actions with Cdc20 (Fig. l A ) ,  suggesting 
that checkpoint proteins hind to Cdc20. 
We confirlned this suggestion hy iminuno- 
precipitating an epitope-tagged version of 
Cdc20 and probing tlne immunoprecipi- 
tates with antibodies to Mad2 and ;\/lad3 
( 17).  'We examined four conditions: cells 
growing asynchronously, cells arrested in 
G I ,  cells arrested in mitosis hy depolymer- 
ization of the spindle with nocodazole, anL1 
cells arrested in illitosis hy cdc261, a mu- 
tant that inactivates the APC ( 1  8, 19) .  
Both Mad2 and Mad? were present in 
iminunoprecipitates from strains carrying 
epitope-tagged Cdc20 (Fig. 1B). 'We were 
unable to inonitor tlne physical ilnteraction 
between hladl  and Cdc20 because free 
Mad1 binds to antibody-coated beads in 
some control experiments. The  alnnount of 
Mad2 and Mad3 precipitated with Cdc20 
was highest in cells arrested in mitosis, 
lower in asynchronous cells, and still low- 
er in  cells arrested in G , .  The  increased 
association in mitotic cells does not de- 
pend on checkpoint activation, 'ecause 
cells arrested bv inactivation of the A P C  
showed the same interaction bet\veen 
Cdc20 and ;\/lad nroteins as cells arrested 
in mitosis by spindle depolyinerization. 
'We suspect that the different levels of 
Mad-Cdc20 association between lnitotic 
and G ,  cells reflect the level of Cdc20, 
which is high in mitosis and lo\v in G ,  
120). , , 

Because two ;\/lad proteins associate 
with Cdc20, we asked whether they asso- 
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Fig. 1. Association of Madl, Mad2, and Mad3 with A ACTIVATION DOMAIN FUSION 

Cdc20. Two-hybrid association. (A) Haploid strains 
containing fusions between the transcriptional activa- $ MAD1 MAD2 MAD3 SNFl 

tion domain and Cdc20 or Snf4 were crossed to XQ CDCZO 
strains containing fusions between the DNA-binding 9 2 
domain and Mad proteins or Snfl, and the resulting SNF4 
diploids were assayed for P-galactosidase activity. 
Values are shown in Miller units and are the average of 
three independent crosses. The fusions were con- B " 
structed in the vectors pASl -CYH2 (DNA binding do- rn 2 
main) and pACTll (transcriptional activation domain) 2 = $ $  

(32), and all contained the full coding region, except , .. - Mad2 

for the Mad1 fusion, which contains amino acids 313 
to 750 of Madl. The SNFl and SNF4 fusions are 

8ItdlBb- 
control fusions to proteins involved in regulating su- I) - C d ~ 2 0 ~ ~ '  

crose metabolism. (B) Cell cycle regulation of Mad- c 7 - -  
Cdc20 interactions. Coimmunoprecipitation of Cdc20 g 2 2 z g z :  
with Mad2 and Mad3. Strains containing a hemagglu- -- - 
tinin (HA) epitope-tagged version of Cdc20 were - 0 - Mad2 

lysed, then immunoprecipitated with antibodies to the - 
HA epitope, and the immunoprecipitates were ana- 2 - Mad3 

lyzed by protein immunoblotting with antibodies to 
Mad2, Mad3, or HA. Extracts were from exponentially .I - C d ~ 2 0 ~ ~ I  - 
growing cells, cells arrested in G, by treatment with 
a-factor, cells arrested in mitosis by treatment with nocodazole, or cells arrested in mitosis 
by the temperature-sensitive cdc26A mutant (18, 19). The polyclonal antibodies to Mad3 recognize 
a background protein directly below the Mad3 protein. (C) Effect of mad mutants on 
Mad-Cdc20 interactions. Exponentially growing madlA, mad2A, and mad3A strains containing 
HA-tagged Cdc20 were lysed, and the lysates were analyzed for the interactions of Mad2 and Mad3 
with Cdc20. 

A Spindle checkpoint 
1 I 100 1 - 

0 2 4  6 8 1 0 1 2  0 30 60 90 120 
Time (hrs) lime (min) 

,120 .e 90 
60 

E 30 
i= 0 

wild type GA L-CDC20 GA L-CDC20 
cdc23- I 

Fig. 2. Cdc20 overexpression overcomes the spindle and DNA damage 
checkpoints. The indicated strains were subjected to (A) spindle depoly- 
merization by nocodazole, (B) DNAdamage caused by shifting the cdcl3- 1 
mutant to 33"C, or (C) inhibition of DNA replication by hydroxyurea. For 
measurement of rebudding and DNA content (morphological and biochem- 
ical criteria for exit from mitosis), cells were grown in raffinose-containing 
medium, arrested by drug or temperature treatment for 165 rnin, and then 
treated with 2% galactose to induce expression of Cdc20 from the GAL1 
promoter. Samples were taken at the indicated times after galactose ad- 
dition. Arrows indicate the 1 N DNA content of G, cells and 2N content of G, 
cells. The slow rightward shift of the DNA peak in nocodazole-treated 
cdc23-1 cells during the experiment is due to mitochondria1 DNA replica- 
tion. For measurements of cell viability, galactose was added to cells 
growing exponentially in raffinose-containing medium at the same time that 
nocodazole or hydroxyurea was added or the cells were shifted to 33'C. At 
the indicated times, cells were removed and tested for their ability to give 
rise to colonies on glucose-containing medium. 

ciate w i th  CdcZO independently or as part 
o f  a complex. In strains lacking Madl ,  
neither MadZ nor Mad3 was associated 
w i th  CdcZO; in strains lacking MadZ, 
Mad3 failed to bind Cdc2O; whereas 
strains lacking Mad3 had unchanged lev- 
els o f  Mad2 associated w i th  Cdc2O (Fig. 
1C). Deletion o f  any one o f  the three 
MAD genes does not  affect the amount of 
the remaining two Mad proteins (21). 
These observations suggest that the asso- 
ciation o f  MadZ and Mad3 wi th  CdcZO 
depends o n  the presence o f  Madl .  For 
MadZ, the dependence o n  Mad1 probably 
reflects the existence o f  a Madl-Mad2 
complex, which has been detected in bud- 
ding yeast (22). The dependence of Mad3 
binding o n  Mad1 suggests that Mad3 may 
also form part o f  this complex, but we 
cannot exclude the possibility that Mad3 
binds to  an interface created by the inter- 
action o f  a Madl-Mad2 complex w i th  
CdcZO. In some experiments, the level o f  
CdcZO in strains that lacked Mad1 or 
Mad3 was greater than in wild-type 
strains, suggesting that association of 
CdcZO wi th  the Mad proteins may regulate 
the stability or synthesis o f  Cdc2O. 

The association o f  Mad proteins w i th  

B DNA Damage checkpoint 
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Cdc2O suggests that Cdc2O is the target for 
the spindle checkpoint. We therefore test- 
ed whether overexpressing Cdc2O over- 
came any cell cycle checkpoints (23). 
Cells overexpressing Cdc20 from the 
GAL1 promoter were defective in two 
checkpoints: They no longer arrested in 
mitosis in response to spindle depolymer- 
ization (Fig. 2A) or to the DNA damage 
caused by the cdc13-1 mutation [Fig. 2B 
and (24, 25)]. Overexpression of Cdc2O 
bypasses checkpoints by activating the 
APC, because combining the cdc23-1 mu- 
tation, which disrupts APC activity, with 
GAL-CDC2O restores the mitotic arrest to 
cells with damaged spindles or DNA. 
Overexpressing Cdc2O does not overcome 
the cell cycle arrest caused by hydroxyu- 
rea, an inhibitor of DNA synthesis (Fig. 
2C). These results are consistent with the 
idea that the spindle and DNA damage 
checkpoints arrest cells in mitosis by in- 
hibiting Cdc2O and suggest that the DNA 
replication checkpoint uses another 
mechanism to arrest the cell cycle. 

If Cdc2O is the target of the spindle 
checkpoint, it should be possible to isolate 
dominant mutations in Cdc2O that no 
longer respond to the checkpoint. Over- 
expression of MPSI, a component of the 
checkpoint, arrests cells in mitosis even 
though their spindle is still fully function- 
al (5). We mutagenized the CDC20 gene, 

selected for mutants that overcame the 
mitotic arrest caused by Mpsl overexpres- 
sion, and analyzed four of these mutants in 
detail (26). Mutant forms of Cdc20, like 
mad and bub mutants (5), allowed cells 
overexpressing Mpsl to proliferate more 
rapidly than control cells (Fig. 3A). The 
Cdc2O mutants also increased the rate at 
which cells exited mitosis and died after 
treatment with nocodazole (Fig. 3B). The 
checkpoint-resistant Cdc2O mutants also 
weaken the DNA damage checkpoint, 
although this effect is somewhat variable 
(21). The checkpoint-resistant mutants 
complement the temperature-sensitive 
growth defect of cdc20-1 strains. In the 
Edc20-1 strains that carry the mutant plas- 
mids, the spindle checkpoint is inactive 
at 37"C, demonstrating that the check- 
point defect is not due to a dominant 
negative activity of the Cdc2O mutants 
(21). The checkpoint-resistant Cdc20 
mutants greatly diminished the binding of 
Mad2 and Mad3 to Cdc2O (Fig. 3C) but 
had no effect on the overall level of Madl, 
Mad2, or Mad3 in the cell (21). For all 
four mutants, the checkpoint-resistant 
phenotype is conferred by the mutations 
in the region of Cdc2O shown by Kim et al. 
to be required for interaction with Mad2 
in fission yeast (7). Sequencing this region 
revealed that all the mutants had changes 
in a short region of Cdc2O that corre- 

sponds to the region that contains the 
checkpoint-resistant mutation in Slpl 
(Fig. 3D). Hoyt and Schott have also iso- 
lated a dominant allele of CDC20 that 
bypasses the spindle assembly checkpoint 
but not the DNA damage checkpoint 
(25). It is not known if this mutant affects 
the interaction between Cdc2O and the 
Mad proteins. 

The idea that the spindle checkpoint 
specifically inhibits Cdc2O is strengthened 
by comparing the sequences of Cdc2O and 
Hctl. These proteins have homologs in 

, fission yeast, plants, and animals, and 
probably conserve the functional differ- 
ence between Cdc2O and Hctl; Cdc2O is 
required for the proteolysis that drives the 
metaphase-to-anaphase transition, and 
Hctl is required for cyclin B proteolysis 
during G, (15,16). Members of the Cdc20 
family have conserved the region defined 
in fission yeast as the Mad2 interaction 
region (7), but members of the Hctl fam- 
ily lack this homology. It has been sugggst- 
ed that Mad2 inhibits exit from mitosis by 
binding directly to the APC (6), but we 
.have been unable to detect binding of 
Mad2 to the APC in yeast (21). 

We do not yet understand how the 
checkpoint regulates Cdc2O activity. Al- 
though Mad2 and Mad3 are bound to 
Cdc20, this association does not change 
on activation of the checkpoint. Perhaps 

B C mutants 

: ? : $  
+ WildTyp+ CD." % 8 8 8 8 Wild Type CDCZO 
+ CDC20-106 e o u u o u  

CDCZO-706 .- - - 
B - CDC20-107 - Mad2 

CDc20-107 G =I3 - CDC20-720 - - - Mad3 

CDC20-120 ::m 25 --b CDC20-127 - C d c 2 0 ~ ~ ~  

67 CDC2O-727 0 Fig. 3. Dominant Cdc20 mutants that overcome the 
O sp~ndle checkpoint. (A) Cdc20 mutants proliferate de- 

hours spite overexpression of Mpsl.  Strain LH317 (MATa 
60 I ade2- 7 his3-7 1.75 leu2-3,7 12 ura3 TRPl GAL- 

Cell number MPS7) containing centromeric plasmids with wild- 
type or mutant CDC20 were grown to saturation and 

D S I P ; - ~ ~ 6 3  diluted onto galactose-containing plates. After 16 
t' hours, the number of cell bodies plus buds in 100 

fission yeast iSlpll 117 vaeacgfdlntrvlafkldapeakkpvd1r 30 
microcolonies was counted. (B) Cdc20 mutants re- 

buddins yeast (C~CI?O I 190 bud and die rapidly when treated with nocodazole. 
10 Exponentially growing cells of a MATa bar71 deriva- 

tive of W303 containing centromeric plasmids with 

0 2 wild-type or mutant CDC20 were treated with no- 
3 = 3 % - : r  
0 0 0 

codazole (15 pg/ml) for 0, 2, 3.25, and 6 hours and 
m2.q-:p- then plated for viability. Values are expressed as a 

u u u u , z  percentage of the viability before nocodazole addi- 
n - tion. (C) Checkpoint-resistant CDCPO mutants have 
5 diminished binding of Mad2 and Mads. Exponentially 

growing cultures containing HA-tagged wild-type or mutant CDC20 were lysed, lysates were imrnunoprecipitated with antibodies to the HA epitope, and the 
immunoprecipitates were analyzed by protein immunoblotting with antibodies to Mad2, Mad3, or HA. (D) Sequence changes in dominant, checkpoint- 
resistant CDC20 alleles. Shown are changes from the wild-type sequence in four mutants and the comparison with the sequence of Slpl (the fission yeast 
homolog of Cdc20) and the checkpoint-resistant Slpl mutant described by Kim et at. (7). The CDC20-720 allele includes two changes outside this region, 
T ~ p ~ ~ " + S e r  and TrpZ4'-lle; we do not know if these changes are required to confer the mutant phenotype. Abbreviations for the amino acid residues are 
as follows: A, Ala; C, Cys: D, Asp: E, Glu: F, Phe: G,  Gly: I ,  lie: K. Lys; L, Leu; M, Met; N, Asn; P, Pro; Q, Gln: R, Arg: S, Ser: T, Thr: V, Val; and Y, Tyr. 
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modificatioll of one of the Mad proteins 
coilr7erts it into a form that can inhibit as 
well as bind to Cdc2O. Although we have 
not detected modification of hllad? and 
Mad3, Mad1 becomes hyperphosphoryl- 
ated on  activation of the checkpoint (8) .  
A n  alternative possibility is that other, 
undiscovered proteins shovr, checkpoint- 
dependent binding to Mad? or hllad3 and 
inhibit Cdc20 activity. 

Overexpression of Cdc2O and domi- 
llallt Cdc2L7 mutants interferes with both 
the DNA damage and spindle check- 
pilints. The  role of Cdc?O in the D N A  
damage clpzckpoiilt is independent of the 
Mad proteins because mad mutants have 
a n  intact DNA darnage checkpoint (27). 
'We speculate that in  all eukaryotes the 
spindle checkpoint prevents the onset of 
anaphase by inhibiting Cdc20. I11 con- 
trast, inhihitioil of mitotic exit by the 
DNA damage checkpoint is likely to be 
confined to organisms like budding yeast 
that lack a clearly defined trallsitioil be- 
tween G2 and mitosis. In animals and 
fissioil yeast, DNA damage can arrest cells 
ill G2, thus keeping them from entering 
mitosis and c61ldensiilg their chromo- 
somes. In budding yeast, the illitotic spin- 
dle asselubles normally in cells with dam- 
aged or unreplicated DNA. Thus, the 
checkpoints that detect these defects must 
be able to prevent the exit from rather 
than the entry into metaphase. The  bud- 
ding yeast Pdsl protein may be involved 
in this evolutionary shift in the target of 
the D N A  damage checkpoint. Destruction 
of Pdsl and its fission yeast homolog 
(Cut? )  are required to separate sister chro- 
matids (9 ,  1 1 ), and in buddlng yeast Pdsl 
is reqi~ired for the DNA damage check- 
point in  G2 (28) .  O n e  explanation for this 
d i~a l  reiliurernent is that Pdsl acts both as 
a substrate and an inhibitor of the APC,  
with iilhihito^ry function belng iildepen- 
~iei l t  of the destruction box. I11 imdamaged 
cells, Pdsl biililing to the activated A P C  
would partially illhibit A P C  activity, but 
because the A P C  call target Pdsl for de- 
struction, cells could rapidly escape this 
inhibition. D N A  daiuage would illduce 
inodificatiolls of Pdsl that illcreased its 
ability to inhibit the APC; consequently, 
Pdsl and mitotic cyclins vr,ould be stable, 
sister chromatids ivould not separate, and 
cells would remain in metaphase. This 
model exFlaiils why an illdestructible form 
of Pdsl arrests b ~ ~ d d i n g  yeast in meta- 
phase. A similar mutation in Cut2, the 
fission yeast homolog of Pdsl,  prevents 
sister chromatid separation but not cyclin 
B destruction and the exit from mitosis. 
This difference correlates with the differ- 
ent  organizatioil of the cell cycle in the 
twil yeasts. 
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