
added (IG), and phospho-MBP-S~cl p"yCHS6 was 
purlfled away from the react~on components by ad- 
sorpton to 9E10 beads (monoclonal antbody to myc 
covalently coupled to proten A-Sepharose), Beads 
were washed twce w~th  25 mM trls (pH 8 01, 500 mM 
NaCl, and 0.2% octylgucos~de, then tw~ce w~th  25 
mM trls (pH 6.8). P h o s p h o - M B P - S ~ c l p ~ y ~ ~ ~ ~  was 
eluted w~ th  0.1% TFA, and the eluted proten was 
yophzed  In a Speedvac and reconsttuted n 50 mM 
t r~s  (pH 8.8) and 2 M urea. 
MBP-S~I l7ycHs6 was solated from BL21 (DE3) cells 

contanng pLysS by means of consecutve fracton- 
atons on N-NTA (Qagen) and amyose (New En- 
gland BoLabs) affn~ty resins accordng to the man- 
ufacturer s recommended procedures, In F I ~  4, 
[35S]-labeled MBP-Sc l  p" '~cHs6 was expressed and 
purlfled from Tran3jS-labeled E coh cells as de- 
scr~bed (26). 
32P-labeled cells were harvested, vorexed w ~ t h  

mM NaCl. 30 mM DTT, and a protease and phos- 
phatase n h ~ b ~ t o r  cockta  (76) Cell ysates were dl- 
luted to a f ~ n a  concentraton of 0 2°/0 SDS w ~ t h  an 
mmunoprecptaton buffer contanng 50 mM t r s  
(pH 7 5), 500 mM NaCl 1% Tr~ton X-100, and the 
phosphatase and protease n h ~ b ~ t o r  c o c ~ t a s  de- 
scr~bed above. Duted ysates were cent~fuged at 
15 OOOg for 15 m n  and supplemented w~ th  antser- 
um to S ~ c l p  and proteln A beads. Beads were 
washed three tmes w t h  mmunoprecptaton buffer 
and twce w~ th  50 mM t rs  (pH 7.5) and were resus- 
pended In 2 x  SDS sample buffer. 

31. A sngy  and mutply mutated forms of SIC7 were 
generated by a polymerase cha r  reacton (PCR)- 
based strategy (26) PCR was done w ~ t h  5 '  olgos 
contanng T 7  promoter sequences, and w ~ t h  a 3 '  
o g o  ncorporatng an HA ep~tope tag. Detas are 
avaable upon request In v~tro transcr~pt~on and 
transaton of wd- type and mutant PCR tetnpates 

u b q u t n  conjugates formed was calculated by d v d -  
n g  the s ~ ~ n a l  correspond~ng to ub~qu~t~nated 
S c l  pH" forlned dur~ng a 30-mn ncubaton In v~tro 
by the total amount of S c l  transaton product 
present at the star of the react~on W~ld-type 
S ~ c l p ~ "  (65% of whlch was converted to HMW 
u b q u ~ t n  conjugates! was arb~trary assgned a rea- 
tlve value of l .0 

33. C B. Epsten and F R. Cross, Genes Dev. 6, 1695 
(1 992) 

34. We thank M. V C a s t o  for MBP-SC1, L Johnston 
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c r~ tca ly  readng the manuscrpt, and members of 
the laboratory for helpful d~scuss~ons. Suppolted In 
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CDC20 and CDHI: A Family of 
Su bstrate-Specif ic Activators of 

APC-~ependent Proteolysis 
Rosella Visintin, Susanne Prinz, Angelika Amon* 

Proteolysis mediated by the anaphase-promoting complex (APC) triggers chromosome 
segregation and exit from mitosis, yet its regulation is poorly understood. The conserved 
Cdc20 and Cdhl proteins were identified as limiting, substrate-specific activators of 
APC-dependent proteolysis. CDC20 was required for the degradation of the APC sub- 
strate Pdsl but not for that of other APC substrates, such as Clb2 and Asel. Conversely, 
cdh1 I  mutants were impaired in thedegradation of Asel and CIb2 but not in that of Pdsl . 
Overexpression of either CDC20 or CDHl was sufficient to induce APC-dependent 
proteolysis of the appropriate target in stages of the cell cycle in which substrates are 
normally stable. 

Progression through lnitosis requires the  whether A P C  substrates are degraded or not  
precisely timed ubiquitin-dependel~t degra- ( 4 ,  5 ) .  However, degradation of different 
dation of soecific substrates. In  huddine A P C  substrates is not  coordinated, because " 
yeast, degradation of the  Pdsl protein is 
required for the  transition from metaphase 
to anaphase in the cell cycle ( I ) .  Exit from 
mitosis is initiated by proteolysis of mitotic 
cvclins 12). Destruction of the  mitotic soin- , , 

dle-associated protein Ase l  is important for 
the  disasselnbly of the  mitotic spindle dur- 
ing exit from mitosis (3) .  Degradation of all 
these proteins is mediated by a 20s particle 
called the  cyclosome or APC,  ~ v h i c h  func- 
tions as a uhiquitin-protein ligase (4 ,  5 ) .  
T h e  stability of suhstrates of the  APC-de- 
pendent pro;eolysis machinery varies great- 
ly during the  cell cycle. Suhstrates are stable 
during S phase, G2 phase, and early mitosis 
(M) phase but are highly unstable during 
exit from M phase and G I  phase (1 ,  3,  6-8). 
Work in  embryonic extracts has shown that 
A P C  activity is cell cycle regulated, suggest- 
ing that the activity of the  A P C  determines 
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temporal differences are observed (9-1 1) .  
T h e  proteolysis of A P C  substrates, there- 
fore, cannot simply he regulated hy the  
activation or inactivation of A P C .  Regula- 
tion must also occur at the  level of specific 
substrates. W e  identified two highly con- 
served Saccharom?ces cerevisiae proteins that 
function in this manner. Cdc20 and C d h l  
are substrate-specific activators of Al'C.de. 
pendent proteolysis. 

T o  identify regulators of APC-depen- 
dent proteolysis, we screened previously 
identified temperature-sensitive cell divi- 
sion cycle (cdc) mutants for defects in  APC-  
dependent proteolysis. Among these, mu- 
tants defective in  the  CDC20 gene, which 
encodes a protein containing seven WD40 
repeats ( IZ) ,  were of particular interest. 
Saccharomyces cerevisiae cdc20-I mutants 
and Drosophila mutants defective i n  the  
f i z ~ ?  gene, a CDC20 hornolog, arrest in 
metaphase before the  activation of the  
APC-dependent proteolytic program ( I  I - 
14).  T o  analyze the  effects of the  cdc20-I 

inutatlon o n  APC-dependent proteolysls, 
we took advantage of the  fact that m \east 
all known A P C  suhstrates ( the  inltotlc cv- 
cllns Clb2 and Clb3, Pdsl ,  and A s e l )  are 
unstable d u r ~ n g  G,  phase hecause of con- 
tlnuous A ~ ~ - c $ e p e i , d e n t  proteolysis ( I ,  3,  
7, 15).  Wild-type and cdc20-I cells were 
arrested a t  the  permissive temperature in G I  
phase by exposure to the  mating phero- 
mone a-factor, and the  half-lives of Clb2, 
Pdsl ,  and Ase l  were determined after tran- 
sient expression of their respective genes 
from the  galactose (Gal)-inducible GAL1 - 
10 promoter and inactivation of CDC20 by 
temperature shift (1 6) .  T h e  cdc20-1 inuta- 
tion had little if any effect o n  the  half-life of 
Clb2 (Fig. 1,  A and B),  which is consistent 
with the  finding that the  cdc20-1 mutation 
does not  affect ubicluitination of Clb2 in G, 
phase extracts (15).  Similarly, the  cdc20-1 
mutation had little if any effect o n  the  
half-life of Ase l  during G ,  phase (Fig. I ,  C 
and D).  In  contrast, the  half-life of Pdsl was 
prolonged in the  cdc20-I mutant;  Pdsl pro- 
tein declined rapidly in  wild-type cells but 
not  in cdc20-1 mutants (Fig. 1,  E and F). 
These results indicate that cdc20-I mutants 
are defective in  the  degradation of Pdsl but 
not  in that  of Clb2 and Ase l  during the  G I  
phase. 

Because CDC20 was required for the  
degradation of Pdsl,  we hypothesized that  
overexpression of CDC20 might hasten the 
degradation of Pdsl.  T o  test this hypothesis, 
we treated exponentially growing cells car- 
rying CDC20 under the  control of the  
GAL1 -1 0 promoter ( I  7 )  with Gal  to induce 
increased expression of CDC20.  Although 
overexpression of CDC20 did not  affect the  
amount of PDSl R N A  (18) ,  the  hulk of 
Pdsl protein disappeared within 60 min of 
Gal  addition (Fig. 2A).  In  contrast, overex- 
pression of CDC20 had little if any effect 
o n  the  total amounts of Clh2 or Ase l  pro 
tein (Fig. 2A).  T h e  decline i n  the  amount 
of Pdsl brought about by overexpression of 
CDC20 was prohibited in cells carrying a 
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temperature-sensitive allele of CDC23 
(cdc23-1, which encodes a component of 
the APC), suggesting that the decline was 
dependent on APCdependent proteolysis. 
Similar results were obtained with cells ar- 
rested in S phase by hydroxyurea, in which 
Clb2 and Pdsl are stable (1, 7). Overex- 
pression of CDC20 led to a decrease in the 
amount of Pdsl in a CDC23dependent 
manner, although somewhat less efficiently 
than in exponentially growing cells (Fig. 
2B). In contrast, overexpression of CDCZO 
did not affect the total amounts of Clb2 or 
Asel protein (Fig. 2B). In cells treated with 
the microtubuledepolymerizing drug no- 
codazole, Clb2, Pdsl, and Asel are stable 
(1,3, 7). Overexpression of CDC2O in this 
arrest induced a decline in the amount of 
Pdsl, Clb2, and, to a lesser degree, Asel 
(Fig. 2C). Whereas Clb2 normally has a 
half-life of more than 120 rnin in nocoda- 
zole-arrested cells (7), the bulk of Pdsl and 
Clb2 protein decayed within 30 min, sug- 
gesting that rapid protein degradation was 

responsible for the decreased amounts of 
Pdsl and Clb2. Indeed, degradation was 
delayed (in the case of Pdsl) or prevented 
(for Clb2 and Asel) in cells carrying a 
cdc23-1 mutation (Fig. 2C). These results 
indicate that overexpression of CDC20 is 
sufficient to induce APCdependent degra- 
dation of Pdsl in stages of the cell cycle 
when Pdsl is normally stable but that it 
does not affect Clb2 and Asel protein. 
However, this specificity is partially lost in 
cells arrested with nocodazole. 

Our findings raised the question whether 
factors exist that regulate the degradation of 
Clb2 and Asel. A FASTA search (19) 
against all translated open reading frames 
(ORFs) of the S. cerevisiae genome identi- 
fied the ORF YGL003C as similar to that of 
CDC20 (20). We termed this ORF CDHl 
for CDC20 homolog 1. Computer searches 
of protein sequence databases with 
BLASW (21) revealed that CDC20 and 
CDHl are highly conserved among all eu- 
karyotes and that Schizosaccharumyces 

jwmbe and Cmhabditis ekgans also con- 
tain at least two members of the CDCZO/ 
CDHl family. 

Deletion of CDHl (22) had little effect 
on viability and cell cycle progression. Cells 
grew more slowly, and there was a slight 
increase in cells with long anaphase spin- 
dles in exponentially growing cultures (20% 
compared with 14% in wild-type cells). We 
also analyzed the consequences of deleting 
CDHl for the stability of Pdsl, Clb2, and 
Asel. Wild-type GI phase cells obtained by 
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Fig. 2 Degradation of Pdsl induced by overex- 
pression of CDC20. Wild-type cells (A1015) and 
cells wrying a GAL-CDC20 fusion (1 7) ,  either 
wild type for CDC23 (141016) or carrying a 
cdc23- 1 allele (A1 022), were grown to exponen- 
tial phase (A) or incubated in the presence of hy- 
droxyurea (1 0 mg/ml) (B) or nocodazole (1 5 CLg/ 
ml) (C). After 3 hours, Gal was added (t = 0 rnin), 
and samples were withdrawn at the indicated 
times to determine total amounts of Pdsl , Clb2, 
and Asel protein by protein immunoblot analysis. 
Kar2 protein was used as an internal loading con- 
trol. The experiments were canied out at 23°C 
because expression of CDC20 from the GAL 1 - 10 
promoter was weak at 37°C. However, cdc23-1 
mutants are partly defective in Clb2 degradation 
even at 23°C (29). Because the experiment was 
canied out at 23"C, cdc23- 1 mutants presumably 
retained some activity that could account for the 
incomplete inhibikk of Pdsl degradation in the 
nocodazole arrest. 

30 Time (r 

Fig. 1. Defective degradation of Pdsl, but not 
Clb2 and Asel, during G, phase in cdc20-1 rnu- 30 
tants. Wild-type (WT) and cdc20-1 mutants car- 

30 
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rying either CLB2 (K4017 and A977), PDSl (APf * 10 \ I -  10 
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the control of the GAL 3ter (16). w 
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Clb2, Pdsl , or Asel, followed by a shift to the restrictive temperature (35°C) for 45 rnin. The half-life of 
Clb2 (A and B) was determined by pulse-chase analysis (7). The half-lives of Asel (C and D) and Pdsl 
(E and F) were determined by promoter turn-off. After transient induction of Pdsl and Asel from the 
GAL7-10 promoter for 30 min, 2% glucose and cycloheximide (1 rng/rnl) were added (t = 0 min) to 
repress transcription and translatic vely. Pdsl and Asel proteins were visualized by protein 
immunoblot analysis. Cdc28 protei I as an internal loading control. (B, D, and F) DNA content 
analysis. 
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centrifugal elutriation (23) lacked Clb2, 
Pdsl, and Asel protein because of the lack 
of transcription and continuous proteolysis 
(Fig. 3A) (1, 3, 7). In contrast, elutriated 
cdhlA cells lacked Pdsl but contained ab- 
normally large amounts of Clb2 and Asel 
(Fig. 3A). In cdhl A cells, similar amounts of 
Clb2 and Asel were present in GI, S (hy- 
droxyurea arrest), and M phases (nocoda- 
zole arrest), suggesting that their abundance 
does not fluctuate substantially during the 
cell cycle. This may be a consequence of 
defects in protein degradation rather than 
deregulation of transcription. Even overex- 
pression of CLB2 or ASEl from the GAL1 - 
10 promoter does not lead to accumulation 
of the protein in GI  phase cells, because of 
rapid proteolysis (3, 7). Thus, one interpre- 
tation of this result is that cells lacking 
CDHl had degraded Pdsl during exit from 
M phase but that they had failed to degrade 
Clb2 and Asel. 

Althoueh the amount of Clb2 did not cyclins is impaired, mitotic kinase inhibi- 
tion by the kinase inhibitor Sicl (24) 
might be sufficient to trigger exit from M 
phase. Thus, inactivation of both Sicl and 
proteolysis of mitotic cyclins (by deletion 
of CDHl)  should be lethal. Indeed, we 
found such cells to be inviable. cdhlA, 
siclA double-mutant spores germinated 
but arrested as large budded cells after one 
to three divisions. 

If CDHl is important for Clb2 and 
Asel degradation, overexpression of 
CDHl might induce ectopic degradation 
of Clb2 and Asel. Exponentially growing 
cells carrying a GAL-CDHI fusion (22) 
were treated with Gal to induce the ex- 
pression of CDHl. Within 60 min of Gal 
addition, the bulk of Clb2 and Asel dis- 
appeared (Fig. 4A). This decline was ab- 
sent in a cdc23-1 mutant, suggesting that it 
was a result of APC-dependent proteoly- 
sis. In contrast, overexpression of CDHl 
had only minor effects on the total 
amount of Pdsl (Fig. 4A). Similar results 
were obtained with cells arrested in S 
phase with hydroxyurea (Fig. 4B). In no- 
codazole-arrested cells, overexpression of 
CDHl induced degradation of Clb2, Asel, 
and, to some extent, Pdsl (Fig. 4C). It is 
unlikely that mechanisms other than 
APC-dependent proteolysis are responsi- 
ble for the loss of Clb2 and Asel. The 
half-life of Clb2 is normally more than 2 
hours in hydroxyurea- or nocodazole-ar- 
rested cells (7). Furthermore, loss of Clb2 
and Asel brought about by overexpression 
of CDHl was dependent on a functional 
APC. We conclude that overexpression of 
CDHl is sufficient to induce the degrada- 
tion of Clb2 and Asel in exponentially 
growing and hydroxyurea-arrested cells 
but not to induce the degradation of Pdsl. 
The loss of specificity in the nocodazole 
arrest suggests that CDC2O and CDHl are 
capable, at least when overexpressed, of 
partially substituting for each other in this 
arrest point. The reasons for the loss in 
specificity are at present unclear. 

Overexpression of CDHl was lethal and 
caused a specific cell cycle arrest. This ar- 
rest was similar to that caused by lack of the 
mitotic cyclins CLBI, CLB2, CLB3, and 
CLB4 (25, 26). Cells replicated their DNA 

- 
fluctuate much during the cell cycle in 
cdhlA cells. cdhlA mutants were viable. 
suggesting that degradation of mitotic cy- 
clins might not be absolutely required for 
exit from M phase. This observation is 
consistent with previous findings. Moder- 
ate amounts of nondestructible Clb2 do 
not affect exit from M phase (7). Under 
conditions at which proteolysis of mitotic 
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Fig. 4. Degradation of Clb2 and Asel in cells 
overexpressing CDH1. Wild-type cells (A1 01 5) 
and cells carrying a GAL-CDH1 fusion (22), either 
wild type for CDC23 (A1110) or carrying a 
cdc23- 1 allele (A1 1 12), were grown to exponen- 
tial phase (A) or incubated in the presence of hy- 
droxyurea (B) or nocodazole (C). After 3 hours, 
Gal was added (t = 0 min), and samples were 
withdrawn at the indicated times to determine the 
total amount of Pdsl , Clb2, and Asel. Kar2 was 
used as an internal loading control. 

Noc. 
Fig. 5. Terminal phenotype of cells 
overexpressing CDH1. The mitotic 
spindle and nuclear morphology of 
cells overexpressing CDHl (A1 1 10) 
were analyzed 2 hours after Gal ad- 
dition by indirect immunofluores- 

.cence with antibodies to tubulin (A) 
or by 4',6'-diamidino-2-phenylin- 
dole (DAPI) staining (B). (C) DNA 
content 4 hours after Gal addition. C wr CdhlA 

Fig. 3. Presence of Clb2 and Asel during G, 
phase in cdh 1 A mutants. Wild-type cells (A1 01 5) 
or cdh l::HIS3 (cdhl A) mutants (A1 120) were elu- 
triated to obtain small G, phase cells or arrested 
with nocodazole (Noc.) or hydroxyurea (HU) (23). 
(A) Clb2, Pdsl , and Asel. Cdc28 was used as an 
internal loading control. Cyc., cycling. (B) DNA 
content analysis. 
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but arrested with an elongated bud, lacking 
a bipolar mitotic spindle (Fig. 5). This phe- 
notvoe is consistent with our findings that , " 

overexpression of CDHl induces degrada- 
tion of m~to t ic  cyclins. 

We have Identified a family of highly 
conserved WD40-repeat proteins as limit- 
ing activators of APC-dependent proteoly- 
sis. Cdc20 and C d h l  were not general ac- 
tivators of APC-dependent proteolysis, but 
instead they appeared to be substrate spe- 
c~fic .  The WD40-repeat proteln Cdc4 also 
serves as a specificity factor in the degrada- 
tion of substrates of the Skpl/Cdc53-depen- 
dent proteolysis machinery (27). Speclficity 
factors may facilitate the differential regu- 
lation of varlous substrates ubiquitinated by 
the same ub~auit~nat ion machinerr. Cdc20 
and C d h l  may ensure that diffeient sub- 
strates of the APC are degraded at the rlght 
time during M phase. Cdc20 may target 
APC substrates whose degradation is re- 
quired for the metaphase-anaphase transi- 
tlon (such as Pdsl) for degradation, whereas 
C d h l  may trieeer destruction of substrates , UU 

whose degradation IS important for exit 
from M phase (such as Clb2 and Asel) .  
Cdc20 homologs in other species may also 
be substrate-specific activators of Al'C.de. 
pendent proteolysis. 
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Forward and Backward Propagation 
of Dendritic Impulses and Their 
Synaptic Control in Mitral Cells 

Wei R. Chen," Jens Midtgaard, Gordon M. Shepherd 

The site of impulse initiation is crucial for the integrative actions of mammalian central 
neurons, but this question is currently controversial. Some recent studies support clas- 
sical evidence that the impulse always arises in the soma-axon hillock region, with 
back-propagation through excitable dendrites, whereas others indicate that the den- 
drites are sufficiently excitable to initiate impulses that propagate forward along the 
dendrite to the soma-axon hillock. This issue has been addressed in the olfactory mitral 
cell, in which excitatory synaptic input is restricted to the distal tuft of a single primary 
dendrite. In rat olfactory bulb slices, dual whole cell recordings were made at or near the 
soma and from distal sites on the primary dendrite. The results show that the impulse 
can be initiated in either the soma-axon hillock or in the distal primary dendrite, and that 
the initiation site is controlled physiologically by the excitatory synaptic inputs to the 
distal tuft and inhibitory synaptic inputs near the soma. 

T h e  lnitral cell of the mammalian olfacto- 
ry bulb gives rise to one apical dendrite 
(termed ~ r i m a r v  dendrite) and several lat- 
eral basai dendrites (termed secondary den- 
drites) (1).  The primary dendrite extends 
200 to 350 kin in the rat and enters a single 
glomerulus, where it ramifies in a distal tuft 
of branches that receive excitatory synaptic 
input from terminals of olfactory nerve 
(ON) (Fig. 1A).  The secondary dendrites 
extend horizontally in the external plexi- 
form layer (EPL), mediating recurrent and 
lateral synaptic inhibition through reclpro- 
cal dendrodendritic synapses wlth ~nhibito- 
ry granule cell interneurons (2) .  

As inferred by Ramon y Caj a1 in 19 1 1 
and established bv later authors ( 1  ), the 
mall1 function of 'the primary dendrite IS 

clear: It llnks the synaptic response to ol- 
factorv inout in the distal tuft to i in~ulse , L 

output in the axon. This has served as one 

of the best examples proving that distal 
dendritic input is not limited to slow back- 
ground modulation of soma output, but can 
mediate rapid information transmission (3). 
The  location of excitatory synapses exclu- 
sively on  the distal tuft thus furnishes an 
attractive model for investigating the role 
of dendrites in linking excitatory synaptic 
input to Impulse output 111 a mammalian 
central neuron. In addition, the entirely 
separate location of granule cell inhibitory 
input to the soina and secondary dendrites 
prov~des a model for investigating the con- 
trol of excitatory dendritic responses by s ~ -  
aptic inhibition. 

M~tra l  cells were visualized in thick t ~ s -  
sue slices of rat olfactory bulb under an 
infrared different~al interference contrast 
(DIC) microscope (4-6). Pr~mary dendrites 
were clearly visible and could be traced 
from the cell bodies all the way into indi- 
vidual glomeruli. Simultaneous whole cell - 

W R. Chen and G. M. Shepherd, Section of Neurobo- recordings were made from the soma and at 
ogy. Yale Universty School Of Medcine, New Haven. CT various distal sites oll the primary delldrite 
0651 0, USA. 
J. Midtgaard, Depapment of Medical Phys~ology, Unl- near the glolnerular tuft (n = 24 pairs 
vers~ty of Copenhagen, DK-2200 N, Copenhagen, 22 slices). Dual dendritic recordings from 
den mar^ prox~lnal and distal sites (Fig. 1B; n = 5 )  
"To whom correspondence should be addressed. gave results similar to those from soma m d  
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