
creased the. intensity of phalloidin stain
ing, Rho-kinase appears to induce actin 
polymerization to a small extent. The cells 
stimulated by LPA in the presence of stau-
rosporine showed randomly arranged actin 
filaments, but the cells injected with CAT 
in the presence of staurosporine did not 
form stress fibers, indicating that there are 
additional pathways (such as PIP5-K) that 
induce actin polymerization downstream 
of Rho. 
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C/ell cycle-specific proteolysis was first dis
covered as a mechanism for inactivation of 
mitotic cyclins. B-type cyclins are degraded 
through the ubiquitin-proteasome pathway 
(1-3). The cell-cycle specificity of this pro
cess comes from the ubiquitination reaction 
and not from the degradation by the pro-
teasome. Ubiquitination requires the acti
vation of ubiquitin by an El enzyme and its 
subsequent transfer to one of a family of 
ubiquitin-conjugating enzymes (E2 en
zymes). Often, a third activity, the E3, is 
also required and is a determinant of sub
strate specificity (1). The E3 for proteolysis 
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of mitotic cyclins is a multiprotein complex 
termed the cyclosome or anaphase promot
ing complex (4-7). Ubiquitination of mi
totic cyclins requires a sequence motif 
termed the destruction box that is thought 
to be recognized by the APC (2, 8). 

Although the role of the APC in cyclin 
proteolysis is well established, there is now 
mounting evidence that the APC has other 
cell-cycle functions. A requirement for the 
APC during sister chromatid separation was 
deduced from experiments in Xenopus laevis 
egg extracts and in yeast (5, 9, 10). Recent
ly, two APC substrates required for sister 
chromatid separation have been identified: 
Cut2, in fission yeast, and Pdsl, in budding 
yeast (11). A role for the APC in some 
aspect of DNA replication has also been 
inferred from the finding that alleles of 
Saccharomyces cerevisiae CDC 16 and 
CDC27 allow more than one complete 
round of DNA replication during a single 
cell cycle (12). 

We found that the APC regulates the 
mitotic apparatus by targeting a component 

APC-Mediated Proteolysis of Ase1 and the 
Morphogenesis of the Mitotic Spindle 
Yue-Li Juang, James Huang, Jan-Michael Peters,* 

Margaret E. McLaughlin, Chin-Yin Tai, David Pellmant 

The molecular mechanisms that link cell-cycle controls to the mitotic apparatus are 
poorly understood. A component of the Saccharomyces cerevisiae spindle, Ase1, was 
observed to undergo cell cycle-specific degradation mediated by the cyclosome, or 
anaphase promoting complex (APC). Ase1 was degraded when cells exited from mitosis 
and entered G r Inappropriate expression of stable Ase1 during G1 produced a spindle 
defect that is sensed by the spindle assembly checkpoint. In addition, loss of ASE1 
function destabilized telophase spindles, and expression of a nondegradable Ase1 
mutant delayed spindle disassembly. APC-mediated proteolysis therefore appears to 
regulate both spindle assembly and disassembly. 
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of the yeast spindle, Asel, for degradation. 
ASEl (for anaphase spindle elongation) en- 
codes a yeast nonmotor microtubule-bind- 
ing protein [MAP (13)] that localizes to the 
anaphase spindle midzone, where spindle 
fibers from opposite poles overlap. Together 
with another nonmotor MAP, Asel is re- 
quired for anaphase B, the elongation of the 
spindle and separation of the spindle poles 
(13). 

half-lives of 5 and 50 min, respectively 
[Fig. 1, B and C (16)l. Therefore, like 
mitotic cyclins, Asel expression is regu- 
lated by both transcriptional and proteo- 
lytic mechanisms. 

At least four of the APC subunits, 
CDC16, CDC23, CDC27, and BIME/ 
APC1, are highly conserved between yeast 
and vertebrate cells (5-7, 15, 17). In yeast, 
mutations in CDC16, CDC23, (2x26 ,  or 
APCl block the rapid degradation of Clb2 
in G, cells. To determine if the GI-specific 
degradation of Asel requires the yeast 
APC, we measured the half-life of Asel in 
GI-arrested CDC23 and temperature-sensi- 
tive cdc23 strains at the nonpermissive tem- 
perature. Asel was stable in the GI-arrested 
cdc23 strain but not in the CDC23 strain 
(Fig. 2, A and B). Flow cytometry con- 

,firmed that these strains remained arrested 
in the G, phase throughout the experiment 
(Fig. 2B). 

The Asel polypeptide contains five se- 
quences with similarity to the cyclin destruc- 
tion box (2.18). To determine if any of these 
sequences is a functional destruction box, all 
of the conserved residues in each of these 
sequences were mutated to alanine. Muta- 
tion of only one of these sequences (amino 
acids 760 to 768, Arg-Gln-Leu-&-Pro-Ile- 
Pro-Leu-&, c h a n i  to &-Gln-Leu-&- 
Pro-Ile-Pro-Leu-&) produced an Asel pro- 
tein that was stable in G1 cells (Fig. 2, C and 
D). This mutant, hereafter referred to as 
Aseldb, is apparently functional because it 
both complements asel A mutant phenotypes 
and displays normal localization. The fact 
that Asel degradation requires both CDC23 
and a destruction box sequence suggests that 
Asel is an APC substrate. 

Because of the localization of Asel to the 

spindle midzone, we reasoned that Asel 
might have a role in maintaining the inter- 
action between the two half-s~indles and 
further, that Asel degradation Aight have a 
role in spindle disassembly. Therefore, we 
tested whether loss of Asel altered the struc- 
ture of the spindle in a mutant, cdcl5, that 
blocks cell-cycle progression at the end of 
mitosis. ASEl cdcl5 and aselA cdcl5 strains 
were arrested at the nonpermissive tempera- 
ture, and spindle structures were visualized 
by tubulin immunofluorescence. The ASEl 
cdcl5 strain arrested in telophase, with long 
spindles and segregated chromosomes (94% 
of cells, Fig. 3A, a and c). In contrast, al- 
though chromosome segregation was com- 
pleted, the spindles in the asel A cdcl5 strain 
fell apart, leaving structures resembling the 
astral microtubules observed in GI cells 
(91% of cells, Fig. 3A, b and d). These asel A 
cdcl.5 cells remained arrested and did not 
undergo cytokinesis. This experiment dem- 
onstrates that in the absence of Asel, telo- 
phase spindles disassemble. 

Because Asel is required for the stability 
of telophase spindles, we tested whether the 
expression of nondegradable Asel at the 
end of mitosis would block or delay spindle 
disassembly. The expression of Asel or 
Asel-db was induced in cdcl5-arrested 
cells, and spindle morphology was deter- 
mined at intervals after release to the per: 
missive temperature in medium containing 
the mating pheromone a-factor to produce 
a GI block. Expression of Asel-db caused a 
delay in spindle disassembly (Fig. 3B). 
GALI-driven expression of Asel had no 
effect on spindle disassembly (1 9, 20). Pro- 
tein immunoblotting confirmed that Asel 
but not Asel-db was degraded after release 
from the cdcl5 block (Fig. 3C). 

. , 

Consistent with our genetic analysis that 
suggests a function for ASEl late in mitosis, 
the pattern of ASEl mRNA expression dur- 
ing the cell cycle closely paralleled that of 
the mitotic cyclin, CLB2 (Fig. 1A) (14). 
The amount of Asel protein is also regulat- 
ed during the cell cycle. Like Clb2, Asel is 
not detected during G, and is present in 
largest amounts during mitosis. Although 
Clb2 appears to be degraded during mid- 
anaphase, Asel persists throughout mitosis 
and then is abruptly lost as cells undergo 
cytokinesis (1 3, 15). The general similari- 
ties between the pattern of expression of 
Asel and Clb2 prompted us to determine if 
Asel is rapidly degraded during GI. The 
ASEl coding sequence was placed under 
the control of the inducible GALl promot- 
er. and Asel turnover in loearithmicallv " 
growing cells and in G, cells was then 
compared. Asel is rapidly degraded in GI 
cells but is stable in cycling cells, with 
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Fig. 2 Requirement of both CDC23 and a destruction box for proteolysis of Asel. (A) Congenic MATa 
asel A barl CDC23 and MATaasel A barl cdc23-1 strains (5) were grown in the presence or absence 
of a-factor at 24OC, then shifted to 36°C for 30 min, and the half-life of Asel was determined (26, 28). 
(B) Flow cytometty of cells from the last time point in (A). (C) Stability of Asel and Asel -db expressed 
from the GALl promoter in MATa barl aselA cells arrested in GI with a-factor (29). (D) Flow cytometry 
of cells from the last time point in (C). 

Fluorescence Intensity 

Fig. 1. Transcription and cell cycle-specific pro- 
teolysis of Asel. (A) Northem analysis of ASE1, 
CLB2, and ACT1 (actin) mRNA at intervals after 
release of cells from arrest in GI with the mating 
pheromone, a-factor (25). (B) Stability of 35S-la- 
beled Asel in cycling cells and in a-factor-arrest- 
ed GI cells (26). The relative amount of Asel is 
indicated below each lane. ND indicates a time 
point where Asel was not detected. (C) Flow cy- 
tometty of cells at the last time point from (B) (27). 
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Next, we studied the effect of expression 
of Asel-db in G,. when it is normallv not 

I 

expressed. asel A strains containing either 
GAL1 ::ASEl. GAL1 ::ASEl -db. or a con- 
trol vector were arrested in G,, expression 
from the GALl Dromoter was transientlv 
induced, and the cells were released from 
the G, block. In com~arison with the cells 
expressing the control vector or Asel, ex- 
pression of Asel-db in G, delayed cell-cycle 
progression through mitosis. The cells tran- 
siently expressing Asel-db accumulated 
early in mitosis as large budded cells con- 
taining undivided nuclei, short mitotic 
spindles, and 2N DNA content [Fig. 4A 
(21)]. This phenotype is similar to that 
observed when either wild-type Asel or the 
destruction box mutant is induced for long 
periods of time in unsynchronized cells 
(19). 

A checkpoint mechanism has been iden- 
tified that blocks or delays mitosis in the 

presence of abnormal spindles (22). To de- 
termine if the mitotic delay induced by the 
expression of Asel-db is due to a spindle 
defect, we expressed Asel-db in a strain 
lacking a component of the checkpoint, 
MAD1 . Expression of Ase 1 -db in G ,-arrest- 
ed mad1 A cells did not cause a mitotic delay 
(Fig. 4B). However, the absence of this delay 
resulted in decreased viability. Only 20% of 
mad1 A cells transiently expressing ASEl -db 
were viable, whereas transient expression of 
ASEl or the control vector had no effect on 
viability. This demonstrates that the expres- 
sion of Asel-db during G, leads to spindle 
damage when cells subsequently enter mito- 
sis. These observations provide an additional 
rationale for the surprising finding that 
APC-mediated proteolysis remains active 
during G,. APC-mediated proteolysis during 
G, may prevent inappropriate expression of 
Clb2 that would inhibit budding (5,23) and 
may also prevent inappropriate expression of 

3 C 
L s e l d b  ---( 
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---_--------- n-tubulin 
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Fig. 3. Effects of ASE7 mutations on spindle disassem- 
bly. (A) ASEl cdc15-2 (a and c) and ase7A cdc75-2 (b 

30 40 50 60 70 80 and d) stra~ns were arrested at 37°C for 3 hours. Tubulin 
Time (min) immunofluorescence (a and b) and 4'8-amidino-2-phe- 

nylindole (DAPI) staining (c and d) were done as de- 
scribed (13). (B) An ASE7 cdc75-2 strain containing either GAL1::ASEl or GAL1::ASEl-db integrated at 
the LEU2 locus was arrested for 3 hours at 37"C, expression from the GALl promoter was induced for 
3 hours with galactose, cells were then released from the cdcl5 block into medium containing a-factor. 
and samples were taken at intervals for tubulin immunofluorescence. Two hundred cells were counted 
at each time point. The ASEl-db-expressing cells had a significantly higher percentage of telophase 
spindles than did the ASEl-expressing cells at 40, 50. and 60 min, with respective P values of 0.005, 
0.001, and ~0 .001  (using a binomial comparison of the proportions). Similar results were observed in 
four independent experiments. (C) Amount of Asel protein from (6). Methods are as described (73). 

Asel, which would interfere with spindle 
assembly. 

Our findings suggest that the APC may 
have two important roles in regulating the 
function of the mitotic spindle: it may me- 
diate the disassembly of the spindle and 
prevent proteins that are normally assem- 
bled onto the spindle late from accumulat- 
ing too early. Because the nondegradable 
Asel protein delays but does not block 
spindle disassembly, we expect that other 
proteins that contribute to the stability of 
the spindle are targeted for degradation by 
the APC. Indeed, two components of the 
mammalian mitotic apparatus, CENP-E and 
CENP-F, are degraded at the end of mitosis 
(24). The localization of APC subunits to 

T I I I I I 

0 25 50 75 100 125 
Time (min) 

Fig. 4. Activation of the spindle assembly check- 
point from transient expression of Asel -db in GI 
cells. (A) MATa aselA bar1 strains containing 
GALl::ASEl, GAL1::ASEl-db, or a 2p control 
vector were arrested with a-factor, and GALl ex- 
pression was induced for 3 hours with galactose. 
GALl expression was then repressed with glu- 
cose, the cells were released from the GI block by 
washing into fresh medium, and samples were 
taken at intervals for DAPI staining and differential 
interference contrast microscopy. The percent- 
age of cells that are budded and contain a single 
nucleus (early mitosis) is indicated. (B) The tran- 
sient expression experiment from (A) was repeat- 
ed for strains with the following genotypes: 
GAL1::ASEl MAD1, GAL1::ASEl -db MAD1, 
GAL1::ASEl rnadlA, and GAL1::ASEl-db 
rnadlA. 
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the  spindle also supports a general role for 
the  A P C  in regulating the  mitotic appara- 
tus (7) .  , , 

Our  findings also broaden the  scope of 
cellular processes under A P C  control. In  
addition to  controlling the  abundance of 
mitotic cyclins, t he  A P C  regulates sister 
chromatid cohesion, the  cellular D N A  con- 
tent,  and the  function of the  mitotic spindle 
(5, 10-12). T h e  A P C  proteolytic system 
may therefore he a global cell-cycle regula- 
tor much like the  cyclin-dependent kinases. 
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Combinatorial Control Required for the 
Specificity of Yeast MAPK Signaling 

Hiten D. Madhani and Gerald R. Fink 

In yeast, an overlapping set of mitogen-activated protein kinase (MAPK) signaling com- 
ponents controls mating, haploid invasion, and pseudohyphal development. Paradox- 
ically, a single downstream transcription factor, Stel2, is necessary for the execution of 
these distinct programs. Developmental specificity was found to require a transcription 
factor of the TENATTS family, Tecl, which cooperates with Stel2 during filamentous 
and invasive growth. Purified derivatives of Stel 2 and Tecl bind cooperatively to en- 
hancer elements called filamentation and invasion response elements (FREs), which 
program transcription that is specifically responsive to the MAPK signaling components 
required for filamentous growth. An FRE in the TECl promoter functions in a positive 
feedback loop required for pseudohyphal development. 

Because common signaling components such 
as the MAPK cascade respond to a large num- 
ber of different stimuli, it is not clear how 
specific signals are produced. 111 Saccharomyces 
cerevisiae. elements of the MAPK nathrvav 
required for the mating pheromone response 
are also required for haploid invasive growth 
and diploid pseudohyphal development. 
These shared factors include Ste20, S t e l l ,  
Ste'i, and Ste l2  (1, 2).  The  first three act in 
sequence and are homologs of the mammalian 
kinases PAK (p21-activated kinase), MEKK 
(MAP kinase kinase kinase), and klEK (MAP 
k~nase k~nase),  respectively (3). T h e  tran- 
scription factor Ste l2  is a terminal compo- 
nent  of these signaling cascades, function- 
ine downstream of the  kinases to  drive u 

either sexual differentiation or filamentous 
and invasive growth (3). In  inatnmalian 
cells, myriad stimuli activate MAPK path- 

Wh~tehead lnst~tute for B~omedica Research, 9 Cam- 
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ways, yet only a handful of target transcrip- 
tion factors have been identified (4). 
Therefore, 11.2 addressed the  question of 
how a common target of MAPK signaling 
pathlvays, S te l2 ,  can direct more than one 
distinct developmental program. 

S t e l 2  binds coonerativelv to  nherolnone 
response eleinents ~ P R E ~ )  of t h i  consensus 
sequence T G A A A C A  (5, 6), and two or 
more of these elenlents are necessary and 
sufficient to program pheromone-respon- 
sive transcriotion 17). Because S t e l 2  can , , 

act alone during mating, we thought that 
there might exist a pathway-specific tran- 
scription factor that retargets S t e l 2  during 
filainentation and invasion through coop- 
erative D N A  hindino (comhinatorial con- " ,  

trol). T h e  expression of the  reporter gene 
FG(TyA)::lacZ depends specifically o n  the  
MAPK signaling coinponents that promote 
filamentous and invasive growth (8). Tran- 
scrintion of FG(T?A)::lacZ is driven bv a 
fragment of the  retktransposon T y l ,  whose 
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