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Anaphase initiation has been postulated to be controlled through the ubiquitin-dependent proteolysis of an 

unknown inhibitor. This process involves the anaphase promoting complex (APC), a specific ubiquitin ligase 

that has been shown to be involved in mitotic cyclin degradation. Previous studies demonstrated that in 

Saccharomyces cerevisiae, Pdsl protein is an anaphase inhibitor and suggested that it may be an APC target. 

Here we show that in yeast cells and in mitotic Xenopus extracts Pdslp is degraded in an APC-dependent 

manner. In addition, Pdslp is directly ubiquitinated by the Xenopus APC. In budding yeast Pdslp is degraded 

at the time of anaphase initiation and nondegradable derivatives of Pdslp inhibit the onset of anaphase. We 

conclude that Pdslp is an anaphase inhibitor whose APC-dependent degradation is required for the initiation 

of anaphase. 
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The metaphase to anaphase transition is an important 
step in the eukaryotic cell cycle. This process is believed 

to be regulated, at least in part, through sister chromatid 
pairing (for review, see Holm 1994; Miyazaki and Orr- 

Weaver 1994). Sister chromatid pairing is thought to be 
mediated by cohesion factors that act as a "molecular 

glue" in associating the sister chromatids along their en- 

tire length. These cohesion factors counteract the pole- 
ward forces exerted by spindle motors, thereby prevent- 
ing precocious sister chromatid separation. At meta- 
phase, the replicated and paired sister chromatids 
congress to the spindle midzone through their bipolar 

attachments to the spindle microtubules. At anaphase, 
the cohesion factors are inactivated and the sister chro- 

matids separate synchronously and move to opposite 
poles by means of their spindle attachment. Misregula- 
tion of the cohesion factors could lead to precocious sis- 
ter chromatid separation. If this occurs prior to the for- 
mation of a stable bipolar spindle attachment, the sepa- 
rated chromatids would not be identified as sisters, 

thereby diminishing the cell's ability to segregate the 
two sister chromatids to opposite poles. Anaphase initi- 
ation is also controlled by checkpoints that arrest the 
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cell cycle prior to anaphase in response to spindle or 
DNA damage, thus allowing time for repair (for review, 

see Hartwell and Kastan 1994). Following DNA or spin- 
dle damage, a premature initiation of anaphase caused by 

precocious sister chromatid separation would abolish 
this repair period, leading to chromosome missegraga- 

tion and the inheritance of damaged DNA. 
How the initiation of anaphase is regulated is not 

clear, but accumulating evidence points to the involve- 

ment of proteolysis via the ubiquitin pathway (Murray et 
al. 1989; Holloway et al. 1993; Irniger et al. 1995). In this 
process, a ubiquitin-conjugating activity (UBC or E2) to- 

gether with a ubiquitin ligase activity (also known as E3) 
attach multiple ubiquitins onto a specific protein sub- 

strate, thereby targeting it for degradation (Ciechanover 
1994; Hershko et al. 1994; Peters 1994; Murray 1995). 
The ubiquitin ligase that is thought to be involved in the 
metaphase to anaphase transition is a multisubunit  com- 
plex called the anaphase promoting complex (APC) (King 

et al. 1995) or cyclosome (Sudakin et al. 1995). APC con- 

tains Cdcl6p, Cdc23p, and Cdc27p (Lamb et al. 1994; 
Irniger et al. 1995; King et al. 1995), homologs of which 
have been found in several organisms, including Saccha- 
romyces cerevisiae, Schizosaccharomyces pombe, Xeno- 
pus laevis, Drosophila melanogaster, Aspergillus nidu- 
fans and human cells (Icho and Wickner 1987; Hirano et 

al. 1990; Sikorski et al. 1990; O'Donnell et al. 1991; Tu- 
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gendreich et al. 1993). Inactivation of these three pro- 

teins in vivo leads to a preanaphase arrest (Culotti and 

Hartwell 1971; Hirano et al. 1988; Tugendreich et al. 

1995). These observations suggest that APC-dependent 

proteolysis inactivates one or more proteins that serve as 
anaphase inhibitors. 

Initially, the only proteins whose degradation was 

known to be required for passage through mitosis were 

the mitotic cyclins (Murray et al. 1989). Indeed, mitotic 

cyclins are largely degraded at the metaphase to 

anaphase transition, making them good candidates for 

being the anaphase inhibitor (Murray et al. 1989). The 

degradation of the mitotic cyclins depends on the pres- 

ence of a degenerate nine-amino-acid motif, known as 

the destruction box (Glotzer et al. 1991). The destruction 

box is required for efficient ubiquitination by APC, and 

consequently in its absence, cyclins become resistent to 

APC-dependent degradation (Glotzer et al. 1991; Amon 

et al. 1994; King et al. 1995; Yu et al. 1996; Zachariae 

and Nasmyth 1996). Surprisingly, nondegradable cyclin 

derivatives inhibit the exit from mitosis, rather than 

anaphase onset (Holloway et al. 1993; Stueland et al. 

1993; Surana et al. 1993; van der Velden and Lohka 

1993). These findings suggest that the anaphase inhibitor 

is an APC substrate other than the mitotic cyclins. In- 

deed, precedence for a noncyclin substrate of APC, 

Cut2p, has recently been demonstrated in fission yeast 
(Funabiki et al. 1996b). 

If anaphase is regulated by a single inhibitor, one 

would expect that in its absence, APC function would no 

longer be required for anaphase initiation. Recently, the 

product of the S. cerevisiae PDS1 gene (for precocious 

dissociation of sister chromatids) was shown to fit this 

criterion: A significant fraction of pdsl  cdcl6  and pdsl  

cdc23 double mutant cells at the nonpermissive temper- 

ature arrested not prior to anaphase, as do the single cdc 

mutants, but rather at the end of mitosis (Yamamoto et 

al. 1996b). This suggests that Pdslp is an anaphase in- 

hibitor whose degradation via APC is required for 

anaphase initiation. Hence, in the absence of Pdslp, the 

requirement for APC in anaphase onset is alleviated. 

Consistent with this is the observation that Pdslp is 

rapidly degraded at G1 (Yamamoto et al. 1996a), a time 
when APC was shown to be involved in cyclin degrada- 

tion (Amon et al. 1994). The failure to exit mitosis in the 

pdsl  cdc l6  and pdsl  cdc23 double mutants probably re- 

sults from the inability to degrade the mitotic cyclins 
due to APC inactivation. 

The putative anaphase inhibitor may also be involved 

in the preanaphase arrest conferred by the spindle and 

DNA damage checkpoints. If this were the case, cells 
lacking the inhibitor would become hypersensitive to 

spindle or DNA damaging agents, presumably as a result 

of the failure to implement a checkpoint arrest. Indeed, 

cells lacking PDS1 were found to be hypersensitive to 

nocodazole, a microtubule depolymerizing drug that 
causes spindle disassembly, and to gamma irradiation, 
which causes primarily double-stranded breaks in the 

DNA (Yamamoto et al. 1996b). Furthermore, cells lack- 
ing Pds 1 p failed to maintain sister chromatid cohesion in 

the presence of nocodazole (although DNA replication 

and rebudding remained inhibited), and failed to arrest 

altogether following gamma irradiation (Yamamoto et 

al. 1996b). These observations suggest that Pdslp is re- 

quired for the preanaphase checkpoint arrest. 

These results prompted us to examine the role of 

Pdslp in the metaphase to anaphase transition. Specifi- 

cally, we set out to examine whether Pdslp is degraded 

in an APC-dependent manner, whether it is degraded at 

the time of anaphase initiation, and whether its degra- 

dation is important for its function as an anaphase in- 

hibitor. To this end, we tested the dependence of Pdslp 

stability on APC function both in vivo and in vitro. Fur- 

thermore, Pdslp derivatives that were resistant to deg- 

radation were generated and their effect on cell cycle 

progression was examined. Based on the results pre- 

sented here we suggest that Pdslp is indeed an anaphase 

inhibitor whose APC-dependent degradation is required 

for the metaphase to anaphase transition. 

R e s u l t s  

Pdslp is degraded in vivo in an APC-dependent  

m a n n er 

S. cerevisiae strains defective for APC function arrest at 

the nonpermissive conditions prior to anaphase, presum- 

ably because of the inability to degrade the anaphase 

inhibitor. The ability of the PDS1 deletion to bypass this 

arrest (Yamamoto et al. 1996b) suggested that perhaps 

Pdslp is an APC substrate. To examine whether APC is 

involved in Pdslp degradation, the stability of Pdslp was 

examined in G~-arrested cells, a phase of the cell cycle in 

which APC is active in Clb2p degradation (Amon et al. 

1994). If Pdslp degradation requires APC function, one 

would expect that the stability of Pds 1 p would be greater 

in G~-arrested cells defective for APC function, that is, 

cdcl 6 or cdc23 cells, than in Gl-arrested wild-type cells. 

For this purpose PDS1 was placed under control of the 

GALl promoter and introduced on a centromere-based 

plasmid into wild-type or cdc16-123 cells. These cells 

were arrested in G1 with oL factor at 23~ and then 

shifted to 37~ to inactivate the cdcl  6-123 gene product. 

Following the temperature shift, PDS1 mRNA was ex- 

pressed for a period of 30 rain by the induction and sub- 

sequent repression of the expression from the GALl pro- 
moter. The stability of Pdslp was monitored by exam- 

ining the protein levels at 30 and 60 min after the 

repression of the GALl promoter. 
The results in Figure 1A show that Pdslp is unstable 

in Gl-arrested wild-type cells, but is stable in Gl-ar- 
rested cdc16-123 cells. Both strains maintained a 1N 

DNA content as assayed by flow cytometry analysis 

(data not shown), excluding the possibility that Pdslp 

was stabilized as a result of an escape from the G1 arrest. 

Furthermore, the PDS1 mRNA was equally unstable in 
wild-type and mutant cells (Fig. 1B), suggesting that the 

presence of Pdslp in cdc16-123 cells at 30 and 60 min 
following transcriptional repression truly reflects an in- 
crease in protein stability and not an alteration in gene 
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and Cdc23p-dependent  manner ,  suggesting tha t  APC is 

involved in Pds lp  degradation.  

Pds lp  has a n ine-amino-ac id  mot i f  located near  its 

amino - t e rminus  tha t  resembles  the des t ruc t ion-box mo- 

tif of B-type cycl ins (Yamamoto  et al. 1996a; Figure 2A). 

To examine  whe the r  this  sequence is a func t iona l  de- 

s t ruc t ion  box, two types of m u t a t i o n s  were generated: 

p d s i - m d b ,  in  wh ich  the conserved RXXL was replaced 

by AXXA, and p d s l - A d b ,  in  w h i c h  the  sequence coding 

for the puta t ive  des t ruc t ion  box was deleted and replaced 

by a XhoI res t r ic t ion site, w h i c h  encodes a leucine  and a 

g lu tamic  acid (Fig. 2A). To examine  the s tabi l i ty  of these 

Pds lp  derivatives, the  pds l  m u t a n t  alleles and the wild- 

type PDS1 gene were placed under  control  of a GALl  

promoter  on centromere-based p lasmids  and in t roduced  

indiv idual ly  in to  wild- type cells. Using  a strategy s imi lar  

Figure 1. The degradation of Pdslp is dependent on CDC16p 
function. Wild-type, cdci6-123, and cdc16-123 cells carrying 
CDC16 on a plasmid (strains K1534, K4438, and K4438/pTK21, 
respectively) were transformed by a centomere-based plasmid 
carrying GAL1-PDS1 (pOC30 for strains in A and B, POC29 for 
strains in panel C). All strains were grown in YEP + raffinose to 
early log phase at 23~ and were arrested in G~ with ~ factor 
(final concentration 2 x 10-7 M). When >90% of the cells ap- 

peared morphologically to be arrested, the cultures were shifted 
to 37~ After 30 rain, the expression of PDS1 from the GALl 

promoter was induced for a period of 30 rain by the addition of 
galactose (2% final concentration, at time -30) followed by the 
subsequent addition of glucose (2% final concentration, at time 
0). Samples of equal cell densities were taken at the indicated 
time points (while maintaining the Ga arrest at the elevated 
temperature), and assayed by immunoblotting for Pdslp (A and 
C) or by Northern analysis for PDS1 and ACT1 mRNA (B). 
Pdslp specific bands almost always appear as a doublet, with a 
minor form migrating slightly slower than the major form. The 
nature of these different forms is currently unknown. 

expression or m R N A  stabil i ty.  The  enhanced  s tabi l i ty  of 

Pds lp  in  the  cdc l6  s t ra in  was direct ly related to the de- 

f ic iency in Cdc l6p  ac t iv i ty  because Pds lp  was unstable  

in Gl-arres ted cdc16-123 cells tha t  carried wild-type 

CDC16 on a cent romere-based p lasmid  (Figure 1C). Sim- 

ilarly, Pds lp  was stable in Gt-arrested cdc23-1 cells but  

not  in  the isogenic wild- type s t ra in  (data not  shown). 

These  resul ts  indica te  tha t  Pds lp  is degraded in a Cdc 16p 

Figure 2. Pdslp contains a destruction box motif that is in- 
volved in Pdslp degradation by APC. (A) The amino acid se- 
quence (single letter amino acid code) of the Pdslp destruction 
box starting at position 85 of the protein (full-length Pdslp con- 
sists of 373 amino acids) (Yamamoto et al. 1996a). The consen- 
sus sequence of the destruction box was derived from Glotzer et 
al. (1991). Two destruction-box mutant derivatives of PDS1 

were generated as described in the text. (B) Wild-type cells 
(K1534) containing PDS1, pdsl-mdb, and pdsl-Adb under a 
GALl promoter on centromere-based plasmids (pOC56, pOC57, 
and pOC58, respectively) were grown at 30~ to early log-phase 
in YEP + raffinose and arrested in G1 with a factor. When >90% 
of the cells appeared morphologically to be arrested, the expres- 
sion from the GALl promoter was induced for 30 min as de- 
scribed for Fig. 1. Protein samples were taken every 10 min and 
the levels of the Pdslp derivatives were examined by Western 

blot analysis. 
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to the one described above, these cells were arrested in 

G 1 wi th  ~ factor and the expression of either PDS1 or its 

mutan t  derivatives from the GALl promoter was in- 

duced for 30 min.  Samples were taken every 10 min  fol- 

lowing the transcriptional shut-off and Pds 1 p levels were 

monitored by Western blot analysis. As can be seen in 

Figure 2B, wild-type Pdslp  levels dropped significantly 

after 20 min,  whereas no significant change in the levels 

of the destruction box mutan t  gene products was ob- 

served throughout the course of the experiment (>70 

min). These results demonstrate that Pdslp degradation 

requires an intact destruction box, suggesting that Pdslp 

is a direct substrate of APC. 

Pdslp ubiquitination by APC 

To test whether  Pds lp  is an APC substrate, the ability of 

purified APC to promote Pdslp  ubiqui t inat ion in vitro 

was examined. Because APC has so far only been purified 

from Xenopus, we ini t ia l ly  tested whether  Pdslp is de- 

graded in the crude Xenopus egg extracts, an in vitro 

system that fai thfully reproduces the cell cycle regula- 

tion of mitot ic  cyclin degradation (Murray and Kirschner 

1989; Murray et al. 1989; Glotzer et al. 1991; Holloway 

et al. 1993). Figure 3A shows that aSS-labeled Pdslp was 

stable in an interphase extract but was rapidly degraded 

in a mitot ic  extract, resembling the behavior of cyclin B 

in these extracts (Glotzer et al. 1991). The mitotic insta- 

bil i ty of Pds lp  was APC-dependent because Pdslp was 

not degraded in mitot ic  extracts immuno-depleted of 

APC wi th  anti-Cdc27p antibodies, whereas depletion 

wi th  nonspecific control antibodies had no significant 

effect (Fig. 3B, cf. the level of Pdslp at 60 mins  and 10 

min). Moreover, high molecular  mass forms of Pdslp ap- 

pear following incubat ion wi th  the untreated and con- 

trol-depleted extracts, but not following incubation with 

the APC-depleted extract (Fig. 3B). As will  be described 

below, these forms are l ikely to be ubiquit inated forms 

of Pdslp,  and their absence in the APC-depleted reaction 

further suggests that Pdslp  is an APC substrate. Mitotic 

degradation of Pds lp  in Xenopus extracts was also de- 

pendent on an intact  destruction box, as the Pdslp de- 

struction box mutan t  derivatives were significantly 

more stable than the wild-type protein (Fig. 3C). We 

noted that the efficiency of Pdslp  degradation varied 

from one extract preparation to another (Figs. 3A-C). 

Nonetheless,  the average half-life of Pdslp was >90 min  

in interphase extracts, - 1 2  m i n  in mitot ic  extracts, and 

>60 m i n  in APC-depleted mitot ic  extracts. The half 

lives of both destruction-box Pdslp mutants  in mitotic 

extracts was >60 min.  These results are consistent with 

the involvement  of APC in Pdslp  degradation. 

To test whether  the degradation of Pdslp was a result 

of ubiqui t ina t ion  by APC, ass-labeled Pdslp was incu- 

bated in reaction mixtures  containing immuno-purif ied 

Xenopus APC and either one of two E2's, UBC4 or 
UBCx. The ubiqui t in  ligase activity of APC can be de- 

tected by the appearance of a characteristic ladder of in- 

creasingly higher molecular  mass products that repre- 

sent conjugates of the radiolabeled substrate protein 

Figure 3. Pdslp is degraded in mitotic Xenopus egg extracts in 
an APC-dependent manner. {A) aSS-labeled Pdslp was incubated 
in reaction mixtures containing either interphase or mitotic 
Xenopus egg extracts, as described under Materials and Meth- 
ods. Samples were removed at the indicated time points and 
analyzed by SDS--PAGE and Phosphorlmaging. (B) aSS-labeled 
Pdslp was incubated in reaction mixtures that contained mi- 
totic Xenopus egg extracts that were either left untreated, de- 
pleted with preimmune antibodies (control-depleted) or immu- 
nodepleted with anti-Cdc27p antibodies {APC-depleted). Sam- 
ples were taken at the indicated time points and processed as 
described in A. Occasionally in these extracts Pdslp was ini- 
tially converted to a slower migrating form, the nature of which 
is currently unknown (see also panel C). {C) aSS-labeled wild- 
type Pdslp (from plasmid pOC59) and its destruction-box mu- 
tant derivatives R85A, L88A (the protein product of pdsl-mdb 
from plasmid pOC60) and ADB (the protein product of pclsI- 
adb from plasmid pOC61) were incubated in reaction mixtures 
containing mitotic Xenopus egg extracts and analyzed as de- 
scribed in A. 

wi th  different numbers  of ubiqui t in  residues {King et al. 

1995). As can be seen in Figure 4A, the reconstituted 

system promoted the formation of high molecular  mass 

conjugates of Pdslp in an APC-dependent reaction that 

resembled the ubiqui t inat ion of an amino- terminal  frag- 

ment  of cyclin B. The molecular  masses of modified 

Pdslp in the ladder {Fig. 4A) differed by an average of 

9-kD increments,  in agreement wi th  a modificat ion that 
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Figure 4. Pdslp is ubiquitinated by APC. (A) Immunopurified APC coupled to Cdc27p antibody beads (APC) and preimmune control 
beads (C) were assayed for the ability to ubiquitinate 3SS-labeled Pds lp or a cyclin B-protein A fusion (13-91-prA) in the presence of 
purified ubiquitin, E1 and either UBC4 or UBCx. The reaction products were analyzed as described in Materials and Methods. The 
molecular masses of the modified 3SS-labeled Pdslp bands that can be individually distinguished are indicated. (B) 3SS-labeled Pdslp 
wild-type (lanes 1-6) and destruction-box mutant (R85A, L88A) (lanes 7-10) were analyzed in APC ubiquitination assays as in A. (C) 
3SS-labeled Pdslp was analyzed in APC ubiquitination assays containing methylated ubiquitin. Note that only conjugates of lower 
molecular mass are formed as compared with the conjugates generated in reactions containing unmodified ubiquitin only (reactions 
in B and C are from the same experiment). 

is a result of the conjugation of one to several ubiquitins.  

The processivity of the reaction, which is determined by 

the number  of ubiqui t ins  conjugated per substrate mol- 

ecule, was greater wi th  UBC4 than with UBCx, as can be 

seen from the distr ibution of the modified 3SS-labeled 

Pdslp  bands (Fig. 4A, note the smear at the top of the 

U B C 4 + A P C  lane). When these reactions were carried 

out in the presence of methylated ubiquitin,  an inhibitor 

of ubiqui t in  chain elongation, Pdslp  forms of much  

lower molecular  mass were generated (Fig. 4C), confirm- 

ing that the slow migrating Pdslp  forms represent ubiq- 

ui t inated Pdslp.  

As ment ioned  above, the stability of Pdslp  in the mi- 

totic Xenopus egg extracts could be enhanced by mutat- 

ing its destruction box. To test whether  this effect re- 

sulted from inefficient ubiqui t inat ion by APC, the ubiq- 

u i t inat ion of 3SS-labeled wild-type Pdslp  and the Pdslp 

destruction-box mutan t  R85A, L88A was examined in 

reconstituted APC reaction mixtures (Fig. 4B). In reac- 

tions containing APC and UBC4, the ubiqui t inat ion of 

the Pdslp  destruction box mutan t  was significantly less 

than that of wild-type Pdslp  (cf. lanes 3 and 7, note the 

absence of the mul t ip le  ubiqui t in  conjugated forms in 

lane 7). In these reactions the amount  of modified wild- 

type Pdslp  was five-fold greater than the amount  of mod- 

ified Pdslp  destruction-box mutant ,  as determined by 

densitometry.  Similarly, in reactions containing UBCx, 

the amount  of modified wild-type Pdslp was three-fold 

higher than the amount  of modified Pdslp destruction 

box mutan t  (cf. lanes 5 and 9). Mutat ion of the Pdslp 

destruction box did not result  in the complete loss of 

ubiquitination, as has been observed previously wi th  

similar destruction box mutants  of cyclin B (Yu et al. 

1996), but rather led to a significant reduction in the 

number  of ubiqui t ins  that were conjugated per protein. 

This suggests that muta t ions  in the destruction box re- 

duce the affinity between APC and its substrates. Pro- 

teins with shorter ubiqui t in  chains are not efficiently 

recognized by the 26S proteosome (Chau et al. 1989), 

resulting in their stabilization. Taken together, these re- 

sults strongly suggest that Pdslp  is a substrate of APC 

and that efficient recognition of Pdslp  by APC is medi- 

ated by the Pdslp destruction box. 

Pdslp is degraded prior to anaphase initiation 

Because Pdslp appeared to be a substrate of APC, it was 

of interest to determine when  in the cell cycle Pdslp  is 

degraded, and whether  its degradation correlates with 

the stages of the cell cycle at which  APC is active, 

namely, from early mitosis  to the G1/S boundary (Amon 

et al. 1994). As endogenous levels of Pdslp  could not be 

detected wi th  the ant i-Pdslp antibodies available, the 

wild-type PDS1 gene was replaced wi th  a construct en- 

coding a hemagglut in in  epitope-tagged version of PDS1, 

PDS1 ::HA. The PDS1 ::HA allele was found to fully com- 

plement  the known pdslz~ phenotypes (data not shown). 

To determine when during the cell cycle Pdslp  is 

present, PDS1 ::HA under the control of wild-type PDS1 

promoter was introduced into a cdcl 5 strain, which  ar- 

rests late in mitosis when  grown at 37~ The levels of 

Pds lp -HA were then examined in these cells when ar- 
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rested in G 1 (by t reatment  with ~ factor), M (by treat- 

ment  wi th  nocodazole), or in late M (by growth at 37~ 

P d s l p - H A  was present in M phase-arrested cells, but not 

in G 1 cells, and the level of Pds lp -HA in late M was 

greatly reduced (Fig. 5A). The reduced level of Pdslp in 

the cdcl5 cells arrested at 37~ was not a result of a 

general instabi l i ty  of the protein at the elevated temper- 

ature because P d s l p - H A  was stable in wild-type, cdcl 6, 

and cdcl3 cells that were incubated for 3 hr at 37~ (data 
not shown). 

To determine the pattern of Pdslp expression with 

greater precision, PDS1 ::HA cells were released synchro- 

nously from a hydroxyurea (HU) arrest, in which cells 

are blocked in early S phase as large budded cells with a 

single nucleus. Cell morphology, as well as Pds lp -HA 

and f3-tubulin levels were determined at various t ime 

points following the release. As can be seen in Figure 5B, 

the level of Pds 1 p -HA decreased at 75 min  following the 

release and rose again at - 3 0  min  later. When comparing 

this pattern wi th  the cellular morphology (Fig. 5C), one 

can observe a strong correlation between the decrease in 

the level of Pds lp -HA and the decrease in the fraction of 

cells wi th  a preanaphase morphology (large-budded cells 

wi th  a single nucleas). This suggests that Pdslp is de- 

graded as cells enter anaphase. The level of Pdslp--HA 

increases prior to the increase in the fraction of pre- 

anaphase cells in the subsequent cell cycle, in agreement 

wi th  the finding that Pdslp is present in small-budded, 

late G1 cells (Yamamoto et al. 1996a; see below). 

Fusing the HA epitope to Pdslp  also enabled us to use 

indirect immunof luorescence  to visualize the endoge- 

nous levels of Pdslp  in unperturbed cycling cells. An 

asynchronous population of wild-type diploid cells, ho- 

mozygous for PDSI::HA, was fixed and immunos ta ined  

for Pds lp-HA.  These cells were then examined for bud 

morphology, DNA distribution, and positive staining for 

the HA epitope, thus correlating the cell cycle stage with 

the presence of Pds lp-HA.  In cells that were stained for 

the antigen, a general nuclear staining could be observed 

(Fig. 6). Presently, we cannot determine whether this sig- 

nal is distributed throughout the nucleoplasm or is con- 

fined to the chromosomes.  No signal was observed in the 

control PDSI cells, demonstrat ing that this staining was 

specific to the HA antigen. Strikingly, the HA-specific 

staining was restricted to cells that were in between the 

late G1 (small budded cells) and preanaphase (large bud- 

ded cells wi th  a single nucleus) stages of the cell cycle. 

HA-specific staining was not observed in anaphase or 

telophase cells and only rarely detected in unbudded 

cells. These results suggest that in normal cycling cells, 

Pdslp  is degraded shortly before or at the onset of 

anaphase, and reappears at the t ime of bud emergence, as 

was suggested from our analysis of staged cells (Fig. 5). 

Pdslp degradation is required for the initiation 

of anaphase 

Our results suggest that Pdslp  is degraded via APC ubiq- 

u i t inat ion at the t ime of anaphase initiation. It was 

therefore of interest to determine whether  this degrada- 
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Figure 5. Pdslp is present at G~/M but not in late M or G~. (A) 
A cdc15-2 strain containing PDSI::HA (OCF1515-7D) was 
grown to early log phase at 23~ and then divided into four 
separate cultures. One culture was left untreated and the re- 
maining three were arrested in either G~ with a factor [final 
concentration 2 • 10- 7 M), in M with nocodazole (final concen- 
tration 15 ~g/ml) or in late M (telophase) by temperature shift- 
ing to 37~ The cultures were grown under these conditions for 
4 hr at which time the percentage of cells that appeared arrested 
at the expected cell cycle stage was 93% for the e~ factor treated 
culture, 91% for the nocodazole treated culture, and 90% for the 
temperature shifted culture. Samples of equal cells densities 
were harvested and analyzed for Pdslp-HA {upper panel} or 
13-tubulin (lower panel) by Western blot analysis. Duplicate 
samples from identical conditions were ffactionated side by 
side. (B,C) Wild-type cells harboring PDSI::HA (OCF1521.0) 
were grown at 30~ and arrested in early S phase with HU. 
When >90% of the cells appeared morphologically to be ar- 
rested, the cells were released from the arrest by washing out 
the drug. Samples were taken at the indicated time points and 
analyzed for Pdslp-HA and [3-tubulin by Western blot analysis, 
and for cell morphology by DAPI staining. In panel C, the per- 
centage of preanaphase cells [large-budded with a single nucleus 
{[3)] and the relative amount of Pdslp-HA [normalized to the 
amount of [3-tubulin (@)] is presented for each time point. 
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ii 

Figure 6. Pdslp is undetectable in anaphase, telophase, and 
unbudded cells. A PDSI::HA homozygous diploid strain 
(OCF1507) and a wild-type PDS1 diploid strain (OCF1511) were 
grown to early log phase at 30~ and processed for immunoflu- 
orescence as described in Materials and Methods. It should be 
noted that the distribution of cell types as seen in the PDS1 ::HA 
strain panels does not reflect the cell type distribution in this 
culture (which was identical to that of the wild type PDS1 cul- 
ture). Rather, these particular fields were chosen in order to 
demonstrate the type of signal seen in cells of different stages of 
the cell cycle. 

tion is important  for the transit ion from metaphase to 

anaphase. If this were the case, one would expect that 

the expression of nondegradable Pds 1 p derivatives would 

be deleterious to the cell, as the cells would not be able 

to ini t iate anaphase properly. Indeed, at tempts to trans- 

form wild-type ceils wi th  centromere-based plasmids 

carrying pds l -mdb  or pdsl-Adb expressed from the 

wild-type PDSI promoter did not yield viable transfor- 

mants  (data not shown), suggesting that even low levels 

of the destruction box-mutated Pdslp were lethal. To 

overcome the toxicity of the Pdslp  destruction-box mu- 

tants, the expression of the pdsl destruction-box mu- 

tants, as well  as that  of PDS1, was placed under the con- 

trol of the GALl promoter. As expected, under constitu- 

tive inducing conditions the expression of the de- 

struction box pdsl mutants ,  as well  as that of the wild- 

type PDS1, was found to be lethal (data not shown). To 

examine the effect of the destruction box Pdslp mutants  

on the cell cycle, wild-type cells and cells carrying one of 

the galactose-inducible constructs described above were 

arrested in early S phase wi th  HU and the expression 

from the GALl promoter was induced for 1 hr. Following 

the transcriptional repression, the HU was removed and 

the cells were released from the S-phase block. Cell cycle 

progression and Pdslp  levels were monitored. 

The rate of recovery from the HU block was ini t ial ly 

the same for the wild-type cells and cells that had tran- 

siently overexpressed either PDS1, pds l -mdb  or pds l -  

Adb, as all cultures gave rise to a s imilar  fraction of cells 

with a 2N DNA content wi th in  40 m i n  (Fig. 7A) 

The cellular morphology, as determined by 4 ' ,6 '-dia-  

mid ino-2-phenyl indole  (DAPI) staining (Fig. 7B), re- 

vealed that the wild-type cells proceeded through the 

cell cycle, such that 60 m i n  following the release from 

the HU arrest - 6 0 %  of the cells were in either anaphase 

or telophase. However, cells that had transient ly overex- 

pressed either form of the Pdslp  destruction box mutant  

failed to init iate anaphase (Fig. 7B), and remained ar- 

rested at the preanaphase stage for at least 1 hr after the 

wild-type strain had init iated anaphase. This was evi- 

dent by their dumbbel l  shape, their 2N DNA content, 

their undivided nucleus wi th  a short spindle, and the 

lack of sister chromatid separation (Fig. 7A, D,E). It is 

noteworthy that when cells cont inuously overexpressed 

the Pdslp destruction box mutan ts  for >6 hr, vir tual ly 

no anaphase or telophase cells were observed, although 

with t ime a small  population of cells that appeared to be 

aploid accumulated, as if following an ini t ial  arrest some 

cells underwent cytokinesis in the absence of nuclear 

division (data not shown). 

Cells that had transiently overexpressed wild-type 

Pdslp while  arrested in early S phase exhibited a delay in 

init iat ing anaphase, as seen by the delay relative to the 

wild-type cells in the decline in the fraction of G2/M 

figures, in the appearance of anaphase/ te lophase cells, 

and in the appearance of cells wi th  1N DNA content 

(Fig. 7A, B). In these cells, the appearance of a significant 

fraction of cells wi th  anaphase/ te lophase morphology 

( -80  min  following the release from the HU block) cor- 

related wi th  a significant decrease in the level of Pdslp  

(Fig. 7C), further supporting the notion that Pdslp  deg- 

radation is required for the ini t ia t ion of anaphase. Taken 

together, these results demonstrate that nondegradable 

Pdslp derivatives block anaphase ini t ia t ion and suggest 

that the degradation of Pdslp via APC-dependent ubiq- 

ui t inat ion is required for the ini t ia t ion of anaphase. 

Could the inhibi tory affect of the nondegradable Pdslp  

derivatives be the result of a nonspecific inhibi t ion  of 

APC function? To address this question we wanted to 

test the stabili ty of an APC substrate in the presence of 

the Pdslp destruction box mutants .  Because we had 

shown that Pdslp is an APC substrate, we examined 

whether wild-type Pdslp is degraded at the preanaphase 

arrest induced by a Pdslp  destruction-box mutant .  For 

this purpose, the GALl-pdsl-mdb construct was intro- 

duced into cells carrying PDSI::HA. These cells were 

arrested in early S phase wi th  HU and the expression 

from the GALl promoter was induced for 1 hr, as de- 

scribed above. Following the  repression of expression 

from the GALl promoter, the cells were released from 

the HU block, and the Pds lp -HA and ~-tubulin levels as 

well as cell morphology were monitored (Fig. 8B). As 

controls, PDSI::HA cells lacking the GALl inducible 

construct were also arrested in HU, treated wi th  galac- 

tose, and released in the presence of e~ factor (Fig. 8A) or 

in the presence of nocodazole (Fig. 8C). As can be seen in 
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Figure 8. Pdslp destruction-box mutants 
do not inhibit APC activity. PDS1 ::HA cells 
(OCF1521.0) and PDSI::HA cells contain- 
ing GALl-pdsI-mdb (1521.2) were arrested 
in early S phase with HU. When >85% of 
the cells appeared morphologically to be ar- 
rested, galactose was added to all cultures. 
After 1 hr, the cells were washed with 
YEP + glucose, to shut off expression from 
the GALl promoter and to release the ceils 

from the HU block, and released from the 
HU block in the presence of alpha factor 

1 (A,B) or in the presence of nocodazole (C). 
~ Samples were taken every 30 min and ex- 
~ amined for cell morphology (by DAPI stain- 
.... , ing) and levels of Pdslp--HA and ~-tubulin 
~ (by Western blot analysis). For each culture, 

the relative amount of Pdslp-HA (normal- 
ized to the level of ~3-tubulin and assigning 
the level of Pdslp-HA at time 0 as 1.0) is 

--D- Percent of p . . . . . .  phase ceUs compared with the fraction of preanaphase 
Relati . . . . .  o u n t o f P d s l p - H A  cells (lower panels). The increase in the 

amount of Pdslp-HA seen at the late time points in A probably resulted from cells that had escaped the c~ factor arrest, as was evident 
by cell morphology (data not shown). 

Figure 8A, the  level of P d s l p - H A  in o therwise  wild- type 

cells decreased w h e n  cells exited the preanaphase state. 

In the  presence of the des t ruct ion-box Pds lp  mutan t ,  the 

cells did no t  in i t i a te  anaphase,  but  none the less  the levels 

of P d s l p - H A  decreased at a rate comparable  to tha t  ob- 

served in wi ld- type cells undergoing anaphase (cf. Fig. 

8A, B). The  degradat ion of P d s l p - H A  in the presence of 

the  Pds lp  des t ruc t ion  box m u t a n t  was not  a result  of the 

prolonged preanaphase  arrest because the Pds 1 p - H A  lev- 

els r ema in  h igh  in cells arrested prior to anaphase by 

t r e a tmen t  w i t h  nocodazole  (Fig. 8C). These  resul ts  indi- 

cate tha t  APC is act ive in the presence of the Pds lp  

des t ruct ion-box mutan t s .  Moreover,  this  s t rongly sug- 

gests tha t  the  inab i l i ty  to in i t i a te  anaphase is direct ly 

caused by the inabi l i ty  to degrade the  Pds lp  destruct ion-  

box mutan t s .  

D i s c u s s i o n  

Several l ines of evidence impl ica te  APC in Pds lp  degra- 

dation: First, Pdslp,  wh ich  is n o r m a l l y  not  detected in 

extracts of Gl-arrested wild- type cells, is stabil ized in 

G~-arrested cells tha t  are impai red  in APC funct ion .  The  

APC-dependent  degradat ion of Pds lp  in G~ is s imi lar  to 

tha t  observed for Clb2p, an es tabl i shed APC substrate  

(Amon et al. 1994). Second, m u t a t i o n s  in the  puta t ive  

dest ruct ion-box mot i f  of Pds lp  e n h a n c e d  pro te in  stabil- 

Figure 7. The presence of Pdslp coincides with the inability to initiate anaphase. A wild-type strain (OCF1517.0) and strains 
containing GAL1-PDSI (OCF1517.1), GALl-pdsl-mdb (OCF1517.2), or GALl-pdsl-Adb (OCF1517.3) were grown to early log phase 
at 30~ in YEP + raffinose and were arrested at early S phase with HU (final concentration 0.1 M). When >85% of the cells appeared 
morphologically to be arrested (-3.5 hr following the addition of HU), the expression from the GALl promoter was induced for 1 hr 
by the addition of galactose (2% final concentration). The cells were then harvested, washed twice in YEP+glucose, and then 
resuspended YEP + glucose in the original volume. Samples where taken every 20 min and processed for FACS analysis, DAPI staining, 
Western blot analysis, immunofluorescence, and FISH as described in Materials and Methods. (A) FACS analysis of the DNA content 
in wild-type, GAL1-PDS1, and GALl-pdsl-mdb strains from samples taken at the indicated time points. (B) The cell-type distribu- 
tion of wild-type (2]), GAL1-PDS1 ( 0 ), GALl-pdsl-mdb (@), and GALl-pdslAdb IA) at the HU arrest and following the release and 
GALl-dependent transcription shut off (time 0). Only the fraction of large-budded cells with a single nucleus (preanaphase cells, top) 
and large-budded cells with separated DNA masses (anaphase and telophase cells, bottom) are shown. (C) The protein levels of Pdslp 
(top) or Pdslp(R85A L88A) (the product of pdsl-mdb, bottom) at the indicated time points as detected by Western blot analysis using 
anti-Pds l p antibodies. (D) DAPI staining and indirect immunofluorescence using anti-~-tubulin antibodies of GALl-pdsl-mdb cells 
taken 100 min after HU release and treated as described in Materials and Methods. (E) FISH analysis of the GALl-pdsl-mdb cells at 
the time of the HU arrest (open bars) and 2 hr following the GALl-transcription shut-off and release from the HU block (solid bars). 

Each FISH signal corresponds to one sister chromatid or two sister chromatids that have not separated (Guacci et al. 1994). Had the 
sister chromatids separated, an increase in the number of nuclei with two FISH signals would have been expected (Guacci et al. 1994; 
Yamamoto et al. 1996b). The probe used was of a cetromere proximal probe of chromosome 16. Similar results were obtained when 
a centromere distal probe of chromosome 16 was used (data not shown). The total number of nuclei counted was 300 (for the 
HU-arrested cells) and 600 (for the 2 hr time point). 
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ity even in APC-proficient strains, consistent with the 

requirement for a destruction box in the APC-dependent 

degradation of Clb2p (Surana et al. 1993). Third, Pdslp is 

degraded in Xenopus egg extracts in an APC-dependent 

manner. Finally, in a reconstituted system, the Xenopus 

APC was capable of promoting Pdslp ubiquitination in a 

manner that was dependent on the presence of a func- 

tional destruction box. Based on these results we con- 

clude that Pdslp is a direct target of APC. 

Using both immunofluorescence and immunoblotting 

analysis we were able to establish that Pdslp is present 

in cells from late G 1 and until the point of anaphase 

initiation, and that the time of its degradation correlates 

with the time of anaphase onset. Moreover, we have 

shown that not only is Pdslp degraded in an APC-depen- 

dent manner, but that its degradation is important for its 

function as an anaphase inhibitor. Indeed, when Pdslp 

was rendered nondegradable by inactivating its destruc- 

tion box, anaphase did not occur. Furthermore, when 

Pdslp was transiently overexpressed, there was a corre- 

lation between the delay in anaphase initiation and the 

extent of Pdslp degradation. We conclude that the deg- 

radation of Pdslp via APC ubiquitination is an integral 

part of its biological function as an anaphase inhibitor. 

An alternative explanation for the inhibitory effect of 

the nondegradable Pdslp derivative is that anaphase was 

inhibited not because of the inability to degrade Pdslp 

per se, but because of competition of the Pdslp destruc- 

tion-box mutant with other putative APC substrates. Al- 

though we cannot eliminate this possibility, it is un- 

likely. We demonstrated that in the presence of the 

Pdslp destruction-box mutants APC was active, as seen 

by the degradation of endogenous Pdslp-HA while the 

cells were maintained in the preanaphase arrest (this 

study). This is similar to the case of the cyclin B destruc- 

tion box mutants, where it has been shown that wild- 

type cyclin B was degraded in the presence of stable cy- 

clin B derivatives (Glotzer et al. 1991; Luca et al. 1991). 

The reduced levels of ubiquitination of the destruction 

box mutants observed in vitro suggest that they have 

lower affinity for APC and, hence, are likely to be poor 

competitors for APC function. Another indication that 

Pdslp itself needs to be degraded at the metaphase to 

anaphase transition is the ability of a pdslA to bypass the 

cdcl6 or cdc23 preanaphase arrest (Yamamoto et al. 

1996b). Taken together, we suggest that the inability to 
initiate anaphase in the presence of the Pdslp destruc- 

tion box mutants was not the result of competition for 

APC activity, but resulted directly from the inability to 
degrade this form of Pdslp. 

In a previous study of PDS1 (Yamamoto et al. 1996a) 

GAL1-PDS1 expression was induced in nocodazole-ar- 

rested cells from which the drug was removed subse- 

quently. Under these conditions Pdslp was detected in 

telophase cells, but was absent from G1 cells. This result 

differs from the finding presented here that Pdslp--HA 

was not detected by immunofluorescence in telophase 

cells. This difference may be the result of the excess 

amounts of Pdslp caused by its overproduction. Alter- 
natively, Pdslp produced in nocodazole-arrested cells 

may be partially exempt from degradation. We suggest 

that prior to anaphase initiation, Pdslp is present in a 

complex, and that this complexed form is specifically 

targeted for APC-dependent degradation at the time of 

anaphase onset. In nocodazole-arrested cells, ectopically 

expressed Pdslp may be excluded from this previously 

assembled complex and spared from degradation. This 

exclusion is consistent with a preliminary result that 

expression of a Pdslp destruction box mutant in nocoda- 

zole-arrested cells does not inhibit anaphase initiation 

upon removal of the drug (O. Cohen-Fix and D. Kosh- 

land, unpubl.). It is, therefore, possible that during mito- 

sis, APC recognizes its targets as part of larger com- 

plexes, a feature that may also contribute to the speci- 

ficity of APC-dependent degradation. Upon exiting mi- 

tosis, both complexed and noncomplexed Pdslp are 

degraded, perhaps to set the stage for a new cell cycle. 

Is Pdslp the only negative regulator of anaphase? 

Three observations argue against this possibility. First, 

assuming that anaphase onset must be regulated in every 

cell cycle, pdslA strains are still viable, albeit very sick 
(Yamamoto et al. 1996a). Second, in the pdslA cdcl6 or 

pdsl3 cdc23 double mutants only -50% of the cells can 

bypass the preanaphase block of the single cdcl6 or 

cdc23 strains (Yamamoto et al. 1996b). Finally, in the 

absence of Pdslp only -50% of the cells show premature 

sister chromatid separation when arrested in nocodazole 

(Yamamoto et al. 1996b). These results suggest that per- 

haps there is another anaphase inhibitor that is also an 

APC substrate and that partially complements Pdslp ac- 

tivity in inhibiting anaphase. No homologs of Pdslp 

were identified in S. cerevisiae and so far none have been 

found in other organisms. However, the Cut2 gene of S. 

pombe has been shown recently to have properties sim- 

ilar to those of Pdslp: Cut2p contains two destruction 

box motifs, and its degradation requires a functional 

Cut9p, a homolog of Cdcl6p and, therefore, likely a sub- 

unit of fission yeast APC (Funabiki et al. 1996b). In ad- 

dition, Cut2p derivatives that lack the destruction box 

inhibit the onset of anaphase (Funabiki et al. 1996). In- 

terestingly, Cut2p associates with Cutlp (Funabiki et al. 

1996a), a homolog of the S. cerevisiae gene ESP1 (Uzawa 

et al. 1990; McGrew et al. 1992) with which Pdslp may 

have genetic interactions (V. Guacci, O. Cohen-Fix, and 

D. Koshland, unpubl.). The distribution of the charged 

amino acids in Cut2p resembles that of Pdslp, in that 
there is clustering of acidic and basic residues (Uzawa et 

al. 1990; Yamamoto et al. 1996a). However, there is no 

extensive sequence homology between the two proteins. 

The localization of Cut2p and Pdslp is different: Cut2p 

is associated with the spindle (Funabiki et al. 1996b), 

whereas Pdslp shows a general nuclear localization. 

Moreover, Cut2p is essential whereas Pdslp is not. Some 

phenotypes of pdsl mutant strains have yet to be exam- 

ined in cut2 mutants. These include the examination of 

whether cut2 mutants have a defect in maintaining sis- 
ter chromatid cohesion when arrested in metaphase, 

whether the absence of Cut2p alleviates the requirement 
for APC function at the metaphase to anaphase transi- 

tion, and whether cut2 mutants are sensitive to ionizing 
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radiat ion.  We are cur ren t ly  invest igat ing whe the r  Cut2p 

is func t iona l ly  homologous  to Pdslp.  

Our  resul ts  demons t ra t e  tha t  APC can ub iqu i t ina te  a 

prote in  o ther  t han  the  mi to t i c  cyclins.  Genet ic  data im- 

ply the  exis tence of addi t ional  substrates,  such as Cut2p 

(Funabiki  et al. 1996b) and Ase lp  (David Pel lman,  pers. 

comm.).  These  f indings suggest tha t  APC is not  involved 

in  the  degradat ion of a single regulator  tha t  in turn  acti- 

vates a cascade of events.  Rather,  APC is involved in the 

degradat ion of mu l t ip l e  regulators  at different stages of 

mi tos i s  (i.e., anaphase  in i t i a t ion  by the degradation of 

Pds lp  and the exit  of mi tos i s  by the degradation of 

Clb2p), as predicted by Hol loway  et al. (1993). This  raises 

the in teres t ing  ques t ion  of how APC recognizes different 

substrates,  and wha t  provides the temporal  regulat ion 

where  different substra tes  are degraded at different 

stages of the cell cycle. In this  regard, it  wil l  be interest-  

ing to examine  mi to t i c  cycl in  degradat ion in cells ar- 

rested prior to anaphase  by the Pds lp  dest ruct ion-box 

m u tan t .  

A l though  these studies provide signif icant  insights  

in to  Pds lp  regulat ion,  we k n o w  l i t t le  about  how Pdslp  

acts as an anaphase  inhibi tor .  Pds lp  may  be a s t ructural  

c o m p o n e n t  of sister ch romat id  cohes ion and the inhibi-  

t ion  of sister ch romat id  separat ion may  in itself be suf- 

f ic ient  to inh ib i t  the onset  of anaphase.  Al ternat ively ,  

Pds lp  may  regulate  cohes ion  or o ther  cellular  funct ions  

tha t  in  tu rn  lead to a preanaphase  arrest. If this is the 

case, the r equ i remen t  for Pds lp  degradat ion in the init i-  

a t ion  of anaphase  raises the possibi l i ty  tha t  the cohesion 

factor i tself is no t  degraded at the onset  of anaphase and 

is inac t iva ted  by a different mechan i sm.  Pds lp  is also 

essent ia l  for exert ing a preanaphase  D N A  damage check- 

po in t  arrest (Yamamoto  et al. 1996b), and i t  wil l  be of 

in teres t  to de te rmine  whe the r  Pds lp  inhibi t s  anaphase 

in the  same m a n n e r  in the case of the D N A  damage 

checkpo in t  as i t  does under  no rma l  growth condit ions.  

The  iden t i f i ca t ion  of cel lular  componen t s  w i th  which  

Pds lp  in teracts  should  help in e lucidat ing the act iv i ty  of 

Pds lp  at the  molecu la r  level. 

Materials  and m e t h o d s  

Plasmids and strains 

Plasmid: pTK21 was a generous gift from R. Wickner (National 
Institutes of Health, Bethesda, MD) (Icho et al. 1987). pOC29 
and pOC30 carry the PDS1 open reading frame plus 80 bp of 5' 
flanking sequence ligated into the Sinai site of p415GAL1 and 
p416GAL1, respectively (Mumberg et al. 1994). pOC52 is a 
pUC19-based plasmid carrying PDSI::HA and URA3, which 
was integrated at an XbaI site located 3' of the PDS1 open read- 
ing frame. PDSI::HA is an in frame fusion of the triple HA 
repeat at the BglII site of PDS1 (position 520 relative to the first 
open reading frame base), pOC56, pOC57, and pOC58 carry 
PDS1, pds l -mdb,  and pdsl-Adb, respectively ligated into the 
Sinai site of p416GAL1 (Mumberg et al. 1994). pOC59, pOC60, 
and pOC61 were constructed by ligating PDS1, pdsl-mdb,  and 
pdsl-Adb,  respectively, into the Sinai site of pCS2 + (Turner 
and Weintraub 1994). Strains K1534 (MATa ade2 trpl canI leu2 

his3 ura3 bar) and K4438 (as K1534 but cdc16-123) were a gen- 
erous gift from K. Nasmyth (Forschung Institut f~ir Molekulare 

Pathologie, Vienna, Austria). OCF1511: Mata/Mate~ barl ~bar1 

ura3/ura3 leu2/LEU2 TRP1/trpl. OCF1507: as OCF1511 ex- 
cept also PDSI::HA URA3/PDSI::HA URA3. OCF1517.0, 
OCF1517.1, OCF1517.2, and OCF1517.3 are as K1534 except 
that LEU2, PDSI LEU2, pds l -mdb  LEU2, or pdsl-Adb LEU2 

were integrated at leu2 of K1534, respectively. OCF1515-7D: 
MATa barl cdc15-2 PDSI::HA URA3 (ura3). OCF1521.0: Mata 

PDSI::HA URA3 (ura3) leu2::LEU2 his3 trpl ade2. OCF1521.2: 
as OCF1521.0 except leu2::GALl-pdsl-mdb LEU2. The pdsl 

destruction-box mutants were constructed using the Trans- 
former Mutagenesis kit by Clontech (Palo Alto, CA) according 

to manufacturer's instructions. 

Media and reagents 

All media for yeast cultures were prepared as described previ- 
ously (Rose et al. 1990). YEP media contained 1% yeast extract, 
2% bactopeptone, and 2.5 mg/1 adenine. Carbon sources (glu- 
cose, raffinose, or galactose) were used at 2% final concentra- 
tion. Rfactor, HU, and 4 DAPI were purchased from Sigma 
Chem. Co. (St. Louis, MO). Nocodazole was purchased from 

Aldrich Chem. Co. (Milwaukee, WI). 

In vitro degradation and ubiquitination assay 

[3SS]methionine labeled proteins were generated from pOC59, 
pOC60, and pOC61, using a coupled transcription and transla- 

tion rabbit reticulocyte lysate system containing SP6 RNA 
polymerase (Promega). For degradation assays, 4 ~1 translation 
mixture were incubated at room temperature with 16 ~1 inter- 
phase or mitotic Xenopus egg extracts (King et al. 1995), con- 
taining 100 ~g/ml cycloheximide, 1.25 mg/ml bovine ubiquitin 
(Sigma), energy mix (7.5 mM creatine phosphate, 1 mM ATP, 1 
mM MgC12, 0.1 mM EGTA}, and, in the case of the mitotic ex- 
tract, a bacterially expressed non-degradable 890 fragment of sea 

urchin cyclin B (Glotzer et al. 1991). Samples were removed at 
various time points, mixed with SDS sample buffer and ana- 
lyzed by SDS-polyacrylamide gel electrophoresis (PAGE) and an 
ImageQuant analysis using a Molecular Dynamics PhosphorIm- 
ager. Immunodepletions of extracts with Cdc27p antibodies 

(Tugendreich et al. 1995) or preimmune antibodies were done as 
described (King et al. 1995). For ubiquitination assays, 2 ~1 of 

the translation mixture were incubated for 20 min at room tem- 
perature in a 10-~l reaction mixture containing 5 ~l of immu- 

nopurified mitotic Xenopus APC bound to CDC27 antibody 
beads (King et al. 1995}, 1.25 mg/ml bovine ubiquitin bacteri- 
ally expressed and purified, wheat E1 and either Xenopus UBC4 
or UBCx (50 ~g/ml each) (Yu et al. 1996), and 10 mM Tris-HC1 
(pH 7.7), 100 mM KC1, 1 mM MgC12 and energy mix. Reactions 

were stopped by addition of SDS sample buffer and analyzed as 
above. Methylated ubiquitin was the kind gift of Renee Yew 
(Harvard Medical School, Cambridge, MA) and was used at a 
concentration of 3 mg/ml. An in vitro translated fusion protein 
consisting of the amino-terminal residues 13-92 of sea urchin 
cyclin B fused to protein A (13-91-prA; Glotzer et al. 1991) was 
used as a positive control in degradation and ubiquitination 
assays. Quantitation of the distribution of the radiolabeled 

bands was done by using the ImageQuant program version 1.1 
from Molecular Dynamics (Sunnyvale, CA). 

Other methods 

Isolation of RNA and Northern blot analysis were carried out as 
described (Megee et al. 1995). PDS1 mRNA was detected using 
a radiolabeled DNA fragment containing the PDS1 open reading 
frame. ACT1 mRNA was detected using a radiolabeled EcoRI- 

BamHI fragment containing an intronless A CT1 gene from plas- 
mid KCe44 (Chapman and Boeke 1991) (a generous gift from J. 
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Boeke, Johns Hopkins University Medical School, Baltimore, 
MD). Labeling was done using the Random Primer DNA label- 
ing Kit (Boehringer Mannheim). 

For Western blot analysis, protein extracts were prepared as 

described (Payne et al. 1987) and electro blotting was done onto 

a Protran membrane (Schleicher and Schuell, Keene, NH). The 

primary antibodies used were rabbit polyclonal anti-Pdslp (Ya- 

mamoto et al. 1996a), 12CA5 monoclonal antibody against the 

hemagglutinin epitope (BAbCO, Richmond, CA); and rabbit 

polyclonal 206-1 raised against the last 12 carboxy-terminal 

amino acids of yeast ~3-tubulin Ca generous gift from Frank So- 
lomon, MIT, Cambridge, MA). The secondary antibodies used 
were horseradish peroxydase-conjugated goat antirabbit or goat 

antimouse antibodies {Bio-Rad, Hercules, CA). The protein 

bands were detected by the Renaissance Chemiluminescence 

reagent (DuPont NEN, Boston, MA). To quantify the chemilu- 
minescent signal, the autoradiographs were scanned and ana- 

lyzed using ImageQuant. Several different exposures of each gel 

were analyzed to confirm that the measurements were within 

the linear signal range. Indirect immunofluorescence was car- 

ried out as described (Kilmartin and Adams 1984). When Pdslp-- 

HA was visualized, cells were fixed for 20-25 min only {longer 

fixation times resulted in loss of HA-dependent immunofluo- 

rescence). The primary antibodies used were 12CA5 monoclo- 

nal antibody against hemagglutinin antigen (BAbCO, Rich- 

mond CA), and YOL1/34 monoclonal antibody against a tubu- 
lin {Serotec, Indianapolis, IN). Fluorescent in situ hybridization 
{FISH) was carried out as described {Guacci et al. 1994). 
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