The EMBO Journal Vol.17 No.5 pp.1336-1349, 1998

The Polo-like kinase Cdcbp and the WD-repeat
protein Cdc20p/fizzy are regulators and substrates
of the anaphase promoting complex in

Saccharomyces cerevisiae

Masaki Shirayama, Wolfgang Zachariae,
Rafal Ciosk and Kim Nasmyth’

Institute of Molecular Pathology, Dr. Bohr-Gasse 7, 1030 Vienna,
Austria

Corresponding author
e-mail: nasmyth@nt.imp.univie.ac.at

Proteolysis mediated by the anaphase promoting com-
plex (APC) has a crucial role in regulating the passage
of cells through anaphase. Destruction of the anaphase
inhibitor Pds1p is necessary for separation of sister
chromatids, whereas destruction of the mitotic cyclin
Clb2p is important for disassembly of the mitotic
spindle, cytokinesis and re-replication of the genome.
Pdslp proteolysis precedes that of Clb2p by at least
15 min, which helps to ensure that cells never re-
replicate their genome before they have separated
sister chromatids at the previous mitosis. What triggers
Pds1p proteolysis and why does it not also trigger that
of Clb2p? Apart from sharing a dependence on the
APC, these two proteolytic events differ in their
dependence on other cofactors. Pdslp proteolysis
depends on a WD-repeat protein called Cdc20p,
whereas Clb2p proteolysis depends on another, related
WD protein called Hctl/Cdhlp. On the other hand,
destruction of Clb2p, but not that of Pdslp, depends
on the Polo-like kinase, Cdc5p. Cdc20p is essential for
separation of sister chromatids, whereas Cdc5p is not.
We show that both Cdc5p and Cdc20p are unstable
proteins whose proteolysis is regulated by the APC.
Both proteins accumulate during late G/M phase and
disappear at a late stage of anaphase. Accumulation
of Cdc20p contributes to activation of Pds1p proteolysis
in metaphase, whereas accumulation of Cdc5p facilit-
ates the activation of Clb2p proteolysis.
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Introduction

The Anaphase Promoting Complex (APC) is a large,

of these events presumably depends on the destruction of
specific proteins by the APC. Destruction of Pdslp in
budding yeast and Cut2p in fission yeast is required for
sister chromatid separation, whereas destruction of mitotic
cyclins is thought to have an important role in disassembly
of the mitotic spindle and in the formation of the pre-
replication complexes at DNA replication origins.

Ubiquitination of unstable proteins such as cyclins
requires an ubiquitin activation enzyme (also called E1),
an ubiquitin conjugating enzyme (E2) and an ubiquitin
protein ligase activity (E3), which is thought to provide
specificity to the reaction (Ciechanover, 1994). The multi-
ubiquitin chain is recognized by the 26S proteasome that
degrades the target proteins (Peters, 1994). The APC is
thought to function as a cell-cycle-regulated ubiquitin
protein ligase specific for substrates containing destruction
boxes (Glotzeret al, 1991; Kinget al, 1995; Sudakin
et al, 1995) and it is generally believed that proteolysis
mediated by the APC is largely, if not solely, regulated
by the state of the APC itself, which is thought to switch
from an inactive to an active state at the onset of anaphase.
This simple picture of the APC switching from an off- to an
on-state due to its phosphorylation state cannot, however,
explain the fact that different APC substrates are degraded
with very different kinetics. In budding yeast, Pdslp
disappears shortly before the onset of anaphase, whereas
Clb2p starts declining only during anaphase B, and yet both
are clearly degraded via the APC. A similar ‘programme’
presumably occurs during animal cell cycles, in which
destruction of cyclin A invariably precedes that of cyclin
B (Huntet al,, 1992). The ubiquitination reaction mediated
by the APC is therefore more complicated than that
suggested by previous biochemical experiments. It is not
understood what distinguishes the destruction kinetics of
different APC substrates. It could in principle be due to
the state (e.g. phosphorylation) of its substrates, to changes
in the activity of the APC itself or to the activity of as
yet unknown cofactors in the ubiquitination process.
Whatever its nature, the regulation is very likely to be
important in ensuring an orderly progression through the
cell cycle.

In this paper, we identify two proteins whose degrad-

multi-subunit ubiquitination machine essential for the ation towards the end of anaphase depends on the APC:
proteolysis of several proteins at the onset of and during the WD40 protein Cdc20p/fizzy and the protein kinase

anaphase (Irnigest al., 1995; Kinget al,, 1995; Sudakin
et al, 1995; Zachariaet al, 1996, 1997). These include

Cdc5p/Polo. Both are evolutionarily conserved cell cycle
regulators. Th&€DC20gene encodes a WD-repeat protein

mitotic cyclins, the anaphase inhibitors Pds1p (Cohen-Fix related toS.cerevisiagHctl/Cdhlp,Drosophilafizzy and

et al, 1996) and Cut2p (Funabiket al, 1996), the
cohesion Scclp (Michaelist al, 1997) and Aselp, a

fizzy-related, which were recently found to be involved
in APC-dependent proteolysis of mitotic cyclins (Dawson

protein associated with the midzone of the mitotic spindle et al, 1995; Sigristet al, 1995; Schwaket al, 1997;
(Juanget al, 1997). Proteolysis mediated by the APC Sigrist and Lehner, 1997; Visintiet al,, 1997). TheCDC5

is required for the separation of sister chromatids, for gene encodes a protein kinase of the Polo family (Kitada
cytokinesis and for re-duplication of chromosomes in the et al, 1993), which is shown to have a function in control
subsequent cell cycle of budding yeast. The occurrenceof the spindle function, chromosome segregation and
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cytokinesis in various organisms (Sunkel and Glover, pole bodies was not detectable later in the cell cycle when
1988; Llamazarest al, 1991; Golsteyret al, 1995; Lee cells undergo nuclear division.

et al, 1995; Ohkureet al,, 1995). Remarkably, Cdc5p and

Cdc20p are not only substrates, but also regulators of APC-Cdcbp and Cdc20p proteolysis depends on the

mediated proteolysis. Cdc20p is required for proteolysis of APC

Pds1p and for the onset of anaphase A (Settlai., 1991), The similarity in the patterns of Cdc5p, Cdc20p and Clb2p
whereas Cdc5p is required for the proteolysis of mitotic accumulation during the cell cycle suggests that the rates
cyclins, for completion of anaphase B and for cytokinesis of proteolysis of Cdc5p and Cdc20p, like that of Clb2p,
(Kitada et al,, 1993). We also show that accumulation of are regulated during the cell cycle. We addressed this
Cdc20p within the nucleus during metaphase plays anissue by expressin@DC5 and CDC20 transiently from
important role in triggering destruction of Pdslp by the the GAL1-10 promoter and measuring protein levels at
APC and that a failure to degrade Cdc5p can interfere 30, 60 and 90 min after repression with glucose. Cdc5p
with terminating Clb2 proteolysis. and Cdc20p made in cells blocked in 8y a-factor are
rapidly degraded, whereas Cdc5p made in cells blocked
in a metaphase-like state by nocodazole is stable (Figure

Results 3A-C). For reasons that will become apparent below, it
The location and abundance of Cdc5p and Cdc20p is harder to interpret the results of such an experiment
varies during the yeast cell cycle with Cdc20p.

Both CDC5 and CDC20 gene products are required for The proteolysis of Cdc5p and Cdc20p that normally
the destruction of mitotic cyclins during anaphase, but occurs during late anaphase fails to occuapt mutants.
neither is a stable constituent of the APC. Their role Both proteins accumulate at high levels inajsc mutant
during anaphase is presumably fundamental, as bothcells incubated at 37°C (data not shown). The APC
proteins are conserved amongst all eukaryo@3C20 probably has a direct role in their destruction. Proteolysis
encodes a protein composed of WD40 repeats, whereaf both proteins ina-factor arrested cells was greatly
CDC5encodes a protein kinase of the Polo family. These reduced in arresteaddc23-1 mutant cells (Figure 3A
facts raise the possibility tha&DC20 and CDC5 might and C). Furthermore, mutation of sequences containing
be regulators of the APC which are not stably associated putative destruction boxes in both Cdc5p and Cdc20p
with it. As the first step towards investigating this notion, (Figure 4A) slowed their rates of proteolysis. Deletion of
we replaced the endogeno@DC5 and CDC20 genes an N-terminal extension in Cdc5p, which contains two
with versions tagged with multiple myc epitopes, which putative destruction boxes but is neither necessary for
allowed us to analyse the cellular location and abundanceactivity nor conserved in other Polo-like kinases, greatly
of Cdc5p and Cdc20p as cells progress through the stabilized Cdc5p (Figure 4B). The N-terminus of Cdc20p
cell cycle. contains also two putative destruction boxes, and deletion
Indirect immunofluorescence showed that both proteins of both of them stabilized Cdc20p, whereas deletion of
accumulated within the nucleus during mitosis (Figure 1A one of the destruction boxes of Cdc20p reduced its
and C). Cdc5p starts to appear after S phase and disappeangsroteolysis (Figure 4C and data not shown). Finally,
shortly before cytokinesis, as chromosomes reach oppositeubiquitination of Cdc5p in G extracts was abolished by
spindle poles of the cell (Figure 1A). Cdc20p accumulates deletion of its N-terminal sequences and did not occur in
in the nucleus at around the same time as Pdsl proteinextracts fromapc mutants (Figure 5).
disappears and remains there until cytokinesis has been
completed (Figure 1C). Neither Cdc5p nor Cdc20p was The phenotype of cdc5 and cdc20 mutants
detected in unbudded or small budded cells. To investigate the roles of Cdc5p and Cdc20p during
We also investigated these cell cycle fluctuations using anaphase, we carefully comparedic5 and cdc20mutant
immunoblotting to measure the abundance of Cdc5p andcells with wild-type cells as they progressed through the
Cdc20p as unbudded;Gells isolated either bw-factor cell cycle. Sister chromatids have been shown to be paired
treatment CDC5-HA3 Figure 2A) or by centrifugal in cdc20mutants by Guacat al. (1994). They had done
elutriation CDC20—-myc18Figure 2B) progress through experiments using cycling culture shifted to 37°C for 3 h
the cell cycle. The concentration of both proteins was low and had not shown kinetics of sister chromatid separation.
from early G to G,, increased as cells formed bipolar We measured the kinetics of sister chromatid separation
mitotic spindles, remained high as cells separated sisterand the rates of disappearance of APC substrates. Unbud-
chromatids and declined to low levels as cells completed ded G cells were isolated by centrifugal elutriation (from
cytokinesis. Unlike Pdslp, which disappears from cells asynchronous cultures growing at 25°C) and incubated at
slightly before sister separation (Cohen-[gixal, 1996; 37°C. cdc20-3mutant cells underwent DNA replication
Figure 1C), Cdc5p and Cdc20p can still be detected in and formed bipolar spindles with identical kinetics (with
cells that have separated their sister chromatids to oppositeregard to budding) as wild-type, but then failed to degrade
spindle poles of the cell. This pattern of accumulation and Pdslp and Clb2p (data not shown) and to separate sister
proteolysis resembles that of the mitotic cyclin Clb2p chromatids (Figure 6Axdc5(msd2-1linutants, in contrast
(Ghiara et al, 1991; Suranaet al, 1991). A similar to cdc20-3 degraded Pdsl1p (Figure 6B) and Clb5p (data
pattern for Cdc5p has been observed by Hardy and notshown) and separated sister chromatids with wild-type
Pautz (1996). kinetics (data not shown, but see below), but failed to
A significant fraction of Cdc5p co-localizes with spindle degrade Clb2p (Figure 6B). They also failed to complete
pole bodies in cells that have just formed bipolar spindles anaphase B. Unlike wild-type cells, in which sister
(Figure 1B). The co-localization of Cdc5p with spindle chromatids move to opposite spindle poles of the cell,
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Fig. 1. Detection of Cdc5p and Cdc20p by immunofluorescence. Cells from asynchronous cultures were fixed with formaldehyde and analysed by
indirect immunofluorescenceA) Appearance of Cdc5p in mitotic cells. Cells o C5-mycl5strain (K6142) were stained with the anti-myc

antibody to detect Cdc5-myc15p. DNA and spindles were stained with DAPI and an anti-tubulin antibody, respeBjivetgogiation of Cdc5p

with spindle pole bodies in early M-phase. Cells cEBC5-myc15 SPC42-GFBtrain (K6780) were double-stained with anti-myc and anti-GFP
antibodies to visualize Cdc5p and the spindle pole body component Spc42p (Donaldson and Kilmartin, 1996) in the s@hé\ppkatance of

Cdc20p prior to the degradation of Pds1p. Cdc20p and Pdslp were detected with the anti-myc ant@BaR0Imyc18§K7143, left) and
PDS1-mycl&ells (K6445, right), respectively. DNA and spindles were detected by staining with DAPI and an anti-tubulin antibody. Cells were
ordered according to cell cycle position from @op) to telophase (bottom).

many sister chromatids arrested on either side of the budkinesis or re-replicates its chromosomes (Pringle and
neck incdc5 mutants. Thusgdc20-3mutant cells fail to Hartwell, 1981). The partial anaphase defect aafc5
initiate anaphase, whereadc5(msd2-1)nutant cells fail mutant cells might be due to the leakiness of the
only to complete its later stages. Importantly, further cell cdc5(msd2-1jnutation. We analysed cells lacking Cdc5p,
cycle progression does not take place in either mutant. which were obtained by expressi@pC5solely from the
Neither thecdc5 nor the cdc20 mutant undergoes cyto- GAL1-10promoter and repressing its expression prior to
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Fig. 2. Fluctuation of Cdc5p and Cdc20p protein levels during the cell cyéle GDC5-HA3cells (K6019) were arrested in;Gvith a-factor and

then released into fresh medium lackiagactor at 25°C. Samples for flow-cytometric analysis of cellular DNA content (top panel) and immunoblot
analysis of Cdc5-HA3p and Clb2p (bottom panel) were withdrawn at the indicated time points. Extracts from strains containing a d€leBan of
(Aclb2) or no epitope tag (wild-type) were used as controls. Cdc28p was detected as a loading d@n8aia(l, unbudded Geells of a
CDC20-myc18strain (K7143) were isolated by centrifugal elutriation and inoculated into fresh medium at 25°C. Samples for flow-cytometric DNA
analysis (top) and immunoblot analysis (bottom) of Cdc20-myc18p and Clb2p were taken at the indicated time points. Extracts from an
asynchronous culture (cycling) or from cells arrested either jrwigh a-factor, or in M-phase with nocodazole, were analysed in parallel. Swiép

was detected as a loading control.

elutriation. These cells separated sister chromatids with ubiquitination of Clb2p and Clb3m vitro (Figure 6D).
wild-type kinetics (Figure 6C), but failed to move The arrest oEdcSmutants in mid-anaphase is not affected
chromatids to opposite spindle poles of the cells. Further- by deletion of MAD2 (Li and Murray, 1991), which is
more, extracts from cells arrested in mid-anaphase by necessary for arresting the cell cycle in response to spindle
depletion of Cdcbp were inactive in promoting the damage (data not shown).
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C Fig. 3. APC-dependent degradation of Cdc5p and Cdc20p in
wild-type cde23-1 Gl_—arrested cells.A) Degradation of Cdc5p in Gdepends or€DC23
& O ) Wild-type (K6217) andcdc23-1cells (K6218) of the genotyp®lATa
O ©3060 90 O ¢ 306090 (min) GAL-CDC5-HA3were arrested in Gwith a-factor in raffinose
e medium at 24°C. The cultures were shifted to 30°C to inactivate
‘D = a— - o == — 4—(Cdc20-myc18p Cdc23p and, 30 min later, expression@AL-CDC5-HA3was induced
‘é’ by addition of galactose. After 30 min of induction, expression from
o ; the GAL promoter was shut off by addition of glucoge= 0) and
oeeP 8ee®® < Svtp samples were taken at the indicated time points. The Cdc5—HA3
protein was detected by immunoblotting (top). Swiép was used as a
loading control.CDC5 andCMD1 mRNAs were detected by Northern
. analysis (bottom panel)Bj Cell cycle-regulated degradation of
wild-type cdc23-1 Cdc5p.GAL-CDC5-HA3cells grown in raffinose medium were
o & 30 60 90 o & 30 60 W (min) arrested in @ with a-factor or in M-phase with nocodazole. Cdc5—
HA3 protein and mRNA were detected after induction and subsequent
< i s repression of th&AL promoter as described in (A)Cj CDC23
% - <+—CDC20 dependent degradation of Cdc20p if. ®ild-type (K7163) and
= cdc23-1cells (K7168) containing two copies GAL-CDC20-myc18
were arrested in & Cdc20 protein and mRNA were detected after
- - o . e o e @ | «—CMD1 induction and subsequent repressiorG#HL-CDC20-myclés
described in (A).
Effects of ectopic expression of CDC20 and CDC5 medium in cells carryingsAL-CDC20 This result may

To investigate the significance of oscillations in the abund- seem to be surprising, because it is currently thought that
ance of Cdc5p and Cdc20p, we expressed each protein aPdslp prevents precocious separation of sister chromatids
inappropriate stages of the cell cycle. In the cage€20Q atleastinnocodazole arrested cells. We have recently found,
we used a strain containing three additional copies of however, that deletion d#DS1does not in fact cause pre-
CDC20under control of th6&AL1-10promoter. We isolated  cocious separation of sister chromatids under normal
unbudded Gcells by centrifugal elutriation from an asyn- growth conditions (R.Ciosk, C.Michaelis, W.Zachariae,
chronous culture growing in raffinose medium and incub- A.Shevchenko, M.Mann and K.Nasmyth, submitted).
ated them either in the presence of glucose, which represse&ctopic expression &DC20is nevertheless deleterious to
GAL1-1Q or galactose, which induces it. In glucose, Pds1p cell proliferation. Strains carrying three copies GAL-
accumulated in most if not all cells during late, @nd CDC20can divide only once in galactose medium at 25°C.
disappeared at around the same time as the separation of We also investigated the effects of expresstigC20
sister chromatids, whereas in galactose, Pds1p accumulatefrom the GAL1-10in cells arrested with nocodazole in
in only a small minority of cells during mitosis and dis- an M phase-like state (Figure 7C). The disruption of
appeared from these cells earlier than it did in glucose microtubules by this drug is normally detected by a
(Figure 7A). The lack of Pds1p accumulation due to ectopic surveillance mechanism (checkpoint) that prevents
CDC20expression did not occur in cells which contain a destruction of Pdslp and Clb2p and the loss of cohesion
disruption ofCDC26(Figure 7B) and are defective in APC  between sister chromatids. Induction @DC20 in a
function (Zachariaet al., 1996). This suggests that prema- culture arrested with nocodazole caused the disappearance
ture accumulation of Cdc20p causes precocious Pds1p pro-of Pdslp within 1 h in 75% of the cells. It also caused
teolysis, which is mediated by the APC. sister chromatid separation in 25% of the cells. Thus,
Ectopic expression oEDC20had, in contrast, little or ~ accumulation of Cdc20p to higher than normal levels
no effect on the timing of sister chromatid separation, which interferes with the mechanism by which mitotic surveil-
occurred with similar kinetics in glucose and galactose lance mechanisms arrest cell cycle progress.
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Fig. 4. Degradation of Cdc5p and Cdc20p depends on sequences containing destructionAjokesalization of putative destruction boxes in
Cdc5p and Cdc20p (black bars) and alignment with destruction boxes of other APC subdBjaBsgriadation of Cdc5p in Sdepends on the
N-terminal 70 amino acids. Cells expressing either HA3-tagged Cde3h{CDC5-HA3 K6217) or a version lacking the NHerminal 70 amino
acids GAL-CDCHZ\N70-HA3 K6614) under the control of th€ AL promoter were arrested in,Gvith a-factor. The Cdc5 proteins and their
mRNAs were detected after induction with galactose and subsequent repression with glucose, as described in FiguEffRAer(t degradation of
Cdc20p in G depends on a sequence related to destruction boxes. Cells expressing fiG#Ltheomoter a mycl18-tagged Cdc20pAL-CDC20-
myc18 K7162) or versions lacking the putative destruction box(€AL-CDC2@DB2-myc18 K7302 andGAL-CDC2@DB3-myc18 K7304) were
arrested in @ with a-factor. The Cdc20 proteins and their mMRNAs were detected after induction and subsequent repressi@Abfptemoter as

described above.

To investigate the effects of ectopic Cdc5p accumula-

Clb2p (Figure 7D), a phenotype which resembles that

tion, we analysed the consequences of expressing fromof mutants lacking all four mitotic B-type cyclins

the GAL1-10 promoter a versionGDC5AN70 lacking
the N-terminal sequences that confer its ubiquitination

(Clbsl, 2, 3 and 4). Although induction @@DC5AN70
did not cause an immediate cessation of cell division,

by the APC (Figure 5). Galactose-induced expression it did cause the number of cells possessing Clb2p to

of CDCRAN70was deleterious but not lethal to otherwise

decline within 60 min. Remarkably, the lethality due to

wild-type cells. Because Cdc5p is essential for the onset expression of CDC5AN70 was reversed by mutations

of Clb2p proteolysis but not for that of Clb5p (data

not shown), and because B-type cyclins can inhibit the
cyclin proteolysis (Amon, 1997), we investigated the
effects of expressin@ DCAN70in cells lackingCLB5

We found that this caused cells to arrest within 4 h,
in a Gy-like state, lacking both mitotic spindles and

that reduced APC activity; induction o€DCHSAN70
caused wild-type but noAcdc26 or cdc23-1mutants to
arrest division when grown at 25°C. In contrast, the
phenotype was not reversed by deletionSI€1, which
encodes a Cdk inhibitor (Schwoét al., 1994). These
data suggest that hyper-activation of the Cdc5p kinase
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Fig. 5. Ubiquitination of Cdc5pin vitro. (A) Ubiquitination of Cdc5p

in vitro depends on the APC. Wild-type and mutant strains
(cdc16-123, cdc23-1, cdc27-bf the genotypeMATa Apep4Abarl

were arrested in Gwith a-factor at 24°C and then shifted to 37°C for
30 min. Uniform G arrest was confirmed by flow-cytometric analysis
(data not shown). Extracts were prepared and incubated with ATP and
a small amount of an extract from a strain overexpressing Cdc5-HA3p
as described in Materials and methods. Cdc5p-ubiquitin conjugates
were detected by immunoblotting using the anti-HA antibody.

(B) Ubiquitination of Cdc5gin vitro requires the N-terminal 70 amino
acids and is cell-cycle regulated. Extracts were prepared from
wild-type cells arrested either in;Gvith a-factor or in M-phase with
nocodazole, and incubated with ATP and either Cdc5-HA3p or
CdcB5AN70-HA3p-containing extracts. Reactions were analysed by
immunoblotting.

is sufficient, at least in the absence of Clb5p, to induce
APC-mediated proteolysis of Clb2p.

Causes of cell cycle arrest in cdc20 mutants
It was reported that Pdslp plays an important role in
blocking anaphase indc20arrested cells, as evidenced

efficient than in wild-type cells. In wild-type cells the
curves for budding and sister separation are parallel, but
separated by 30 min (Michaelet al,, 1997). Incdc20-3
Apdsldouble mutants, sister separation commences later.
Furthermore, the curves for budding and sister separation
are not parallel, suggesting that sister separation does not
occur as efficiently as budding. The slow and inefficient
separation of sister chromatids in the double mutants could
be due to thepdsl mutation. Pdslp is thought to be
needed for anaphase (Yamamoto, 1996a). To investigate
this more rigorously, we compared the timing of sister
separation otdc20-3Apdsldouble mutants with that of
Apdslsingle mutants anddc15-2Apdsldouble mutants
(R.Ciosk, C.Michaelis, W.Zachariae, A.Shevchenko,
M.Mann and K.Nasmyth, submitted); loss @&DC15
function does not affect sister separation but does prevent
cytokinesis. The timing of sister separation was similar if
not identical in these three mutants. It therefore appears
that, whereas Cdc20p is normally essential for sister
chromatid separation, it has little or no role in cells lacking
Pdslp. Destruction of Pdslp is therefore Cdc20p’s sole
task as far as sister separation is concerned.

There are two explanations for the bypass afda20
defect by deletion oPDS1 The simplest is that Cdc20p
is directly involved, along with the APC, in mediating
proteolysis of Pdslp, which must be destroyed if cells
are to initiate anaphase. An alternative explanation is
suggested by the partial failure pfislmutants to arrest
their cell cycle in response to spindle damage. Approxim-
ately 50% ofpds1mutant cells fail to arrest the separation
of sister chromatids in the presence of nocodazole after
5 h (Yamamotoet al, 1996b), but none proceeds to
degrade mitotic cyclins. It is possible, therefore, that the
failure of cdc20-3mutants to enter anaphase is an indirect
consequence of damage to the mitotic apparatus, which
is detected by a surveillance mechanism that blocks
proteolysis of Pdslp and other APC substrates. This
hypothesis would be consistent with the report tftat20- 1
mutants arrest with abnormally thick mitotic spindles
(Sethiet al, 1991). However, it is unclear whether the
spindle phenotype is due to a primary defect or merely
due to the extended arrest in a metaphase-like state. In
cdc20-3mutant cells, the spindle looks normal shortly
after their failure to degrade Pdslp. To investigate the
‘spindle damage’ hypothesis, we analysed the effect of
deletingMAD2andBUB2on the arrest ofdc20-3mutants.
MAD2 andBUB2 are known to be required for cell cycle

by elongated spindles and segregated chromosomes irarrest in response to spindle damage (Helytl, 1991;

cdc20 pdsdouble mutants (Yamamotet al., 1996b). To
test whether the failure afdc20mutants to separate sister

Li and Murray, 1991). We constructedic20-3Abub2and
cdc20-3Amad2strains and incubated unbudded €lis

chromatids is solely due to their failure to degrade Pds1p, isolated by centrifugal elutriation at 37°C. Neither double
we compared the timing of sister chromatid separation of mutant separated sister chromatids (Figure 8B and C).

cdc20-3Apdsldouble mutants with wild-type anddsl
disruption cells. Unbudded Gcells were isolated by
centrifugal elutriation and incubated at 37°C. Unlike
cdc20single mutants, which fail totally to separate sister
chromatids (see Figure 6A), a large fraction of tae20-3
Apdsl1double mutant cells did so (Figure 8A). Despite

However, we did notice that deletion BUUB2 caused the
level of Pdslp to drop gradually. Thus, whereas deletion
of PDS1 allows cdc20-3 mutants to separate sister
chromatids, neither deletion UB2 nor of MAD2 has
the same effect.

this bypass of the sister chromatid separation defect, theDiscussion

double mutant cells failed to undergo cytokinesis and to

re-replicate their genomes. They also failed to disassembleNew substrates of the APC

their mitotic spindles and to degrade Clb2p. Sister separ- Many of the key events from metaphase to the end of
ation in cdc20-3 Apdsl mutants appeared to be less anaphase are mediated by proteolysis catalysed by the
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Fig. 6. Characterization of the mitotic arrest ofic5and cdc20mutants. A) Lack of Pds1p degradation and sister chromatid separaticdd@0-3

mutants. Small, unbudded,;@ells of acdc20-3strain (K7108) containing®DS1-mycl8&nd the tetR-GFP system (Michaetisal, 1997) were

isolated by centrifugal elutriation and inoculated into fresh medium at 37°C. Samples were withdrawn every 15 min. The cellular DNA content was
analysed by flow-cytometric analysis (top). Pds1-myc18p was detected by indirect immunofluorescence. Separated sister chromatids were determined
by observing the signals from tetR-GFP in ethanol-fixed cells (bottoB))cc5(msd2-1ells are defective in Clb2p degradation but degrade Pdslp
normally. Small, unbudded {Xells of cdc5(msd2-1¥trains containing®DS1-myc18K6451) or CLB2-myc12 K6876) were isolated by centrifugal
elutriation and inoculated into fresh medium at 35°C. The fraction of cells which show staining from Pds1-myc18p or Clb2-myc12p was determined
by indirect immunofluorescences. The time courses of cellular DNA content and budding were similar for K6451 and K6876; only results from
strain K6451 are shown(C)) Sister chromatid separation in the absence of Cdc5p function. Strain K7004, whoseDstiagene is expressed from

the GAL promoter, was grown in raffinose/galactose medium at 30°C. Cells were depleted of Cdc5 protein by incubation in raffinose medium for
90 min. Small, unbudded {ells were isolated by centrifugal elutriation and inoculated into glucose medium. The fraction of cells with buds and
with separated sister chromatids was determined from ethanol-fixed @llkatk of Clb2p ubiquitination in extracts from cells depleted of Cdc5p.
Acdc5 GAL-CDCkEeells (K7016) were grown in raffinose/galactose medium, harvested and incubated in glucose mediuncéusing depletion of

Cdc5p and cell cycle arrest (no Cdc5). Uniform cell cycle arrest was confirmed by flow-cytometric DNA quantitation (data not shown). Wild-type
cells arrested in gby a-factor, or in M-phase by nocodazole, were used as controls. Extracts were prepared and incubated with the substrates
Clb2-HA3p, CIb2ADB-HA3p and CIb3-HA3p, as described (Zachariae and Nasmyth, 1996). ThAMBBHAS protein lacks the destruction box.
Reactions were analysed by immunoblot analysis.

Anaphase Promoting Complex (APC). To the three cur- homologues of these two proteins are also degraded by
rently known APC substrates (mitotic B-type cyclins, the APCis notknown. AlthougbBrosophilafizzy certainly
Pdsl1p and Aselp), we add two more: the Polo-like protein does not behave like a cyclin and appears to be stable
kinase Cdc5p and the WD40 protein Cdc20p. Both are during exit from mitosis (Dawsoat al., 1995), the protein
degraded late during anaphase. Whether the mammaliarievel of mammalian pS%©is cell cycle-regulated. p55°
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expression is initiated at the & transition, accumulates Cdc20p. There are two possible explanations for these
to the highest level at M phase and disappears in G seemingly contradictory results: (i) an amount of Cdc20p,
Inhibition of 26S proteasome prevents loss of {55t too small to be detectable in our immunoblots, escapes
the M/G, transition, suggesting that degradation of §%55  proteolysis in G phase and remains functional; (ii) Cdc20p
is mediated by the cell cycle-regulated proteolytic pathway might only be required to activate APC-dependent proteo-
(Weinstein, 1997). Furthermore, mRNA and protein levels lysis of Pds1p at the onset of anaphase, and not to maintain
of mammalian Polo-like kinase, PIk1, are cell cycle- it during the subsequent ;Gphase.cdc20-1 cells are
regulated in a similar manner to those of Cdc5, suggesting already impaired in cell cycle progression at the permissive
that Plk1 protein may also be subject to degradation by a temperature. These cells might entgrdth an APC that
similar type of proteolytic mechanism to those of cyclins was activated only partially at the previous anaphase.
A and B (Golsteyret al,, 1995; Leeet al, 1995). Though the accumulation of Cdc20p during mitosis
Proteolysis of Pdslp is necessary for sister chromatid could play an important role in helping to trigger Pdslp
separation, whereas that of mitotic cyclins is important proteolysis during undisturbed cell cycles, its accumulation
for disassembly of the mitotic spindle and for cytokinesis is clearly not always sufficient for this process. We noticed
in yeast. To appreciate why proteolysis of Cdc5p and that cells treated with nocodazole accumulate with high
Cdc20p might also be important, we must consider first levels of both Pdslp and Cdc20p. Thus spindle damage

the functions of these two proteins. detected via Mad and Bub proteins somehow blocks Pds1p
proteolysis in the presence of high levels of Cdc20p. We
Functions of Cdcbp and Cdc20p found that induction of higher than normal levels of

CDC20encodes a WD40 protein whose closest relative Cdc20p in nocodazole cells allowed most cells to com-
in the yeast genome, Hct1/Cdhlp, has recently been showrmence Pdslp proteolysis in the presence of nocodazole.
to be required for APC-mediated proteolysis of Clb2p High levels of Cdc20p also allow cells to bypass cell
(Schwabet al, 1997; Visintinet al, 1997). Our data, cycle arrest due to DNA damage (Amenal,, 1992; Lim
along with those of Schwalet al. (1997) and Visintin and Surana, 1996) which is presumably due to proteolysis
et al. (1997), suggest that most if not all proteolysis of Pdslp. These high levels may titrate out inhibitors
mediated by the APC depends on WDA40 protein cofactors. induced by DNA damage and mitotic spindle surveillance
Destruction of ‘early’ proteins such as Pdslp depends on mechanisms.
Cdc20p, whereas that of ‘late’ proteins such as Clb2p, Unlike Cdc20p, the abundance of Hctl/Cdhlp remains
Cdc5p and Aselp depends on Hctl/Cdhlp (Figure 9).  roughly constant during the cell cycle (data not shown).
Cdc20p accumulates within nuclei shortly before Pds1p What then switches on proteolysis of ‘late’ APC sub-
is destroyed. Several data suggest that it plays a crucialstrates? We show here that the Polo-like kinase encoded
role in promoting this event. First, ectopic expression of by CDC5 plays a crucial role (Figure 9xdc5 mutants
CDC20causes the precocious disappearance of Pdslp andlegrade Pdsl1p and separate sister chromatids on schedule,
this process is dependent on the APC. Secat20 but they fail to commence with proteolysis of Clb2p.
mutants fail to destroy Pdslp and to separate sisterHowever, many other proteins, such as the protein phos-
chromatids. Furthermore, by showing that the kinetics of phatase Cdcl4p, the GTPase Temlp and the kinases
sister chromatid separation iadc20-3 Apdsl mutants encoded byDBF2 and CDC15 are also involved in this
are identical to that inApdsl single disruptants, we process (Warmt al, 1992; Suran&t al,, 1993; Shirayama
demonstrated that the failure ofic20-3mutants to separ- et al, 1994; Toyn and Johnston, 19949DC5 may have
ate sister chromatids is solely due to their failure to destroy an especially important role, because expression of a non-
Pdslp. The accumulation of Cdc20p during mitosis is degradable version o€DC5 is capable, at least in the
therefore essential for Pds1p destruction and may indeedabsence of the S phase cyclin Clb5p, of arresting cells in
be one of the triggers for this process. We could not detect a state in which Clb2p is destroyed by the APC.
any Cdc20 protein im-factor arrested cells. However, Not all phenotypes otdc5 mutants can be explained
Pdslp was shown to be unstable in these cells (Cohen-by their failure to initiate Clb2p proteolysisdc5mutants
Fix et al, 1996). Moreover, Visintinet al. (1997) had separate sister chromatids but then fail to move the
recently shown that ectopically expressed Pdslp accumu-chromatids to opposite spindle poles of the celpc
lates in a-factor arrestedcdc20-1 mutant cells, which mutants fail to separate sister chromatids, but tike20
suggests that Pdslp degradation inghase depends on mutants, manage to move them to the opposite ends of

Fig. 7. Consequences of overexpressionGi»C20and CDCS. (A) Overexpression o€DC20prevents appearance of Pdslp. Strain K7112
containingPDS1-myc18the tetR-GFP system and three copiesséfL-CDC20was grown in raffinose medium at 25°C, and small, unbudded G

cells were isolated by centrifugal elutriation. Half of the €lls was inoculated into glucose medium (left panel) and the other half was inoculated

into galactose medium (right panel) at 25°C. The percentage of cells with buds and separated sister chromatids was determined from ethanol-fixed
cells. Pds1-myc18p was detected by immunofluoresceByeC@nstitutive degradation of Pdslp in cells overexpres€iBg20depends on the

APC. A wild-type strain (K7112, 3GAL-CDC20 PDS1-mycl&tR-GFP system) and a congericdc26strain (K7148) were grown in raffinose

medium at 25°C and small Gells isolated by centrifugal elutriation were inoculated into galactose medium at 37°C. Samples were analysed as
described in (A). C) Overexpression o€DC20causes Pdslp degradation and sister chromatid separation in nocodazole-arrested cells. Strain K7112
was arrested with nocodazole in raffinose medium for 2.5 h. The culture was split in half and glucose or galactose was added. The percentage of
cells containing Pds1-myc18 protein (left panel) and of cells with separated sister chromatids (right panel) was determined in samples taken every
20 min. @) Overexpression of a non-degradallBC5 version prevents accumulation of Clb2pAalb5 cells. Strain K68484clb5 CLB2-myc12
GAL-CDCH\N70-HAJ was grown in raffinose medium at 25°C (left panel; cells are ordered fremat @e top to telophase at the bottom).

Expression ofGAL-CDCHAN70-HA3was induced by addition of galactoge=t 0) and samples were taken after Zahh (right panel). Cells were

fixed with formaldehyde and processed for immunofluorescence.
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Fig. 8. Deletion of PDS1but not deletion oMAD2 or BUB2 causesdc20-3mutant cells to separate sister chromatids. Strains containing the

tetR-GFP system were grown at 24°C and small, unbuddedels isolated by centrifugal elutriation were inoculated into fresh medium at 37°C.

The percentage of cells containing Pds1-myc18 protein and of cells containing separated sister chromatids was determined in samples taken every
15 min. All strains remained arrested as large budded cells up to 225 min after release into medium at 37°C. The following strains were analysed:
(A) cdc20-3Apds1(K7109); B) cdc20-3Abub2 K7146); and C) cdc20-3Amad2(K7174). Incdc20-3Abub2cells, the Pds1-mycl8p staining

decreased considerably but was still detectable in samples taken after 135 min. The residual Pds1-myc18p might be sufficient to prevent sister
chromatid separation. The graph shows the percentage of cells containing high levels of Pds1-myc18 protein.

the cell if PDS1is deleted. The failure ofdc5 mutants tors at certain cell cycle stages and its emancipation from
but notpdsl apcdouble mutants to execute anaphase B these factors once cells have moved on through the
suggests that Cdc5p has an additional role in controlling programme. For exampledc20-3Apdsl mutants never
spindle movements. Like the mammalian Polo kinase, initiate Clb2p proteolysis, even though they manage to
which is associated with centrosomes (Golsteyn, 1995; separate sister chromatids to opposite spindle poles of the
Lee et al, 1995), we found that Cdc5p associates with cell. Cdc20p is therefore essential for initiating Clb2p
spindle pole bodies during mitosis. This raises the possi- proteolysis. However, once cells have entered &d
bility that Cdc5p regulates the activity of both the mitotic Hct1/Cdh1p has acquired the ability to drive Clb2 proteo-

spindle and astral microtubules. lysis, Cdc20p is no longer required. Indeed, it is no longer
present at appreciable levels in these cells. Likewise,
Regulation of the APC Cdc5p is essential for switching on Clb2p proteolysis

The dependence of Clb2p but not Pdslp proteolysis onduring anaphase, but it is neither present nor essential
proteins like Cdc5p emphasizes that the programme of during early G. To explain this phenomenon, we propose
proteolyis mediated by the APC during anaphase is athat Cdc20p and Cdc5p might be required to overwhelm
complex one. Different APC substrates are degraded with inhibitors of CIb2p ubiquitination. Once overwhelmed,
very different kinetics during metaphase, anaphase andthese inhibitors may in turn be destroyed by the APC,
even during G. Moreover, their proteolysis depends on which then allows Clb2p ubiquitination mediated by Hctl/
different cofactors. The impression gained from studies Cdhlp and the APC to become independent of Cdc5p
with egg extracts has been of the APC switching from an and Cdc20p.
inactive to active state during mitosis and then rapidly = Clb/Cdkl kinases are candidates for such an inhibitor
switching off again. This picture is clearly at odds with (in yeast but clearly not in animal egg extracts), because
the picture emerging from yeast and with the observation expression of a non-degradable versiorCaB2 from the
that cyclin A is degraded well before cyclin B in animal GAL promoter prevents rapid proteolysis of a myc-tagged
cells (Huntet al, 1992). but otherwise wild-type Clb2p protein made from the
One of the more interesting aspects of the APC-mediated endogenou€LB2 gene (data not shown). It is interesting
proteolysis programme is its dependence on certain cofac-in this regard that proteolysis of Pdslp mediated by
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an
.

Metaphase Anaphase G1

Fig. 9. Model for the role of the Polo kinase Cdc5p and the WD40 repeat proteins Cdc20p and Hctl/Cdhlp in APC-mediated ubiquitination. Cdc20p
is required for ubiquitination by the APC of the ‘early’ substrate Pds1p, which functions as an inhibitor of anaphase. Cdc5p is required to activate
Hct1l/Cdhlp-dependent ubiquitination of ‘late’ substrates such as Clb2p, whose degradation is important for exit from mitosis. Cdc5p and Cdc20p are
themselves substrates of the APC.

Cdc20p/APC, which takes place shortly before separation was described by Gietz and Sugino (1988). Cassettes encoding several

of sister chromatids, clearly occurs in the presence of HA or myc epitope tags were inserted into ¥hd site created in front
ive Clb/Cdk1 ki ! Furth . " of the stop codon. The resulting plasmids were cut wial and
active Inases. Furthermore, expression of NON- inegrated at thaDCS locus, giving strains K6019GDC5-HAJ and

degradableCLB2 does not block Pdslp proteolysis. Thus, k6142 €DC5-myc1} To tag thePDS1gene, sequences from525 to
though Clb/Cdk1 kinases might inhibit ‘late’ Hctl/Cdhlp/ +1544 (Yamamotoet al, 1996a) were cloned into Ylplac128. After
APC mediated proteolyis (Clb2p, Cdc5p and Aselp), they insertion of myc tags into aXbd site in front of the stop codon, the

AT d . . plasmid was cut wittHindlll and integrated into th®DS1locus giving
do not inhibit the earlier proteolysis of Pdslp mediated ¢ " zi15 PDS1-myclp The CDC20 gene was tagged at the

by Cdc20p. Ubiquitination mediated by Cdc20p might be N_terminus. Sequences from —412 46757 (Sethiet al, 1991) were
less sensitive, or not at all sensitive, to Clb kinases than cloned into Ylplac204, and myc-cassettes were inserted infparsite
that mediated by Hct1/Cdhlp. It might therefore play a created at position-13. The resulting plasmid was cut witlul for
crucial role in Starting the C|b2p proteolysis process integration at theCDC20locus, to give strain K7143QDC20-mycly

. . ' All strains grew normally at 37°C, demonstrating that the epitope-tagged
which is only later taken over by Hctl/Cdhlp when Clb proteins were fully functional. To manipulate expressiorC&fC5-HA3

kinases have become less active. and CDC20-myc18the genes were fused to tkBAL1-10promoter and
We finally turn to the issue of why Cdc5p and Cdc20p clonedinto the integrative vectors Ylplac211 and Ylplac128, respectively.
are destroyed by the APC during anaphase. Both proteinsThe GAL-CDCH\N70-HA3 fusion was constructed by deletir@DC5

: s . ... sequences from4 to +207 using PCRCDC20sequences from-198
seem to have a role in switching on proteolysis of mitotic ™55, 141 49 to +75 were deleted from thEAL-CDC20-myc18

cyclins and their absence during early @ay facilitate  plasmid to construct th&AL-CDC2@DB1-myci8fusion and GAL-
the down regulation of cyclin and Pdslp proteolysis, CDC2mDB2-myc18fusion, respectively. Both sequences were deleted
which occurs as cells start the next cycle. Cdc5p barely from the GAL-CDC20-mycl§lasmid to construcGAL-CDC2@DB3-

changes if at all during the cell cycle ®fCT1/CDH1 myc18fusion. TheGAL-CDC5and GAL-CDC20constructs were inte-
disri taﬁts (data ’not shown). Nevertheless. expression 01Igrated into the yeast genome at thr@3 and theleu2loci, respectively.
p : » €Xp The CDC26 BUB2 and MAD2 genes were disrupted by the PCR-

a nondegradable version of Cdc5p is clearly deleterious targeting method. Cells were transformed with a cassette containing the
to cells, as is ectopic expression@DC2Q The proteolysis Schizosaccharomyces pombe HisBiich complements theis3mutation

of these two proteins presumably contributes to the high of W303. The cassette was amplified by PCR from pFA6a-HIS3MX6
fidelity with which cells duplicate their constituents and (Wachetal, 1997) with target gene-specific primers.

segregate them to both daughter cells. Analysis of RNA and protein

The methods described by Cross and Tinkelenberg (1991) and Price
Materials and methods et al. (1991) were used for RNA isolation and Northern blot analysis,
respectively. Immunoblot analysis was performed as described by
Strains and media Zachariae and Nasmyth (1996). Clb2p, Cdc28p and Swi6p were detected
All yeast strains were derivatives of W303 (also called K6B®dLa using polyclonal rabbit antisera. The monoclonal antib_odies 12CA_5 and
HMRa ho ade2-1 trp1-1 can1-100 leu2-3, 112 his3-11, 15 jr&3rains 9E10 were used to detect HA- and myc-tagged proteins, respectively.
were grown in YEP medium supplemented with 2% glucose (Glu), or
raffinose (Raf), or raffinose plus galactose (RafGal). Media were prepared Ubiquitination assay
as described by Sherman (1991). For the ubiquitination assay, strainsThein vitro ubiquitination assay was carried out according to Zachariae
were grown in YEP medium containing 50 mM sodium phosphate and Nasmyth (1996). Strains were grown in 0.3 | medium to a density

(pH 6.5, YEPRP medium). of 7x10° cells/ml and then arrested as described in the figure legends.
Cells were converted to spheroplasts which were resuspended in 0.33
Plasmid and strain constructions volumes (0.2 ml) of buffer A (150 mM HEPES—KOH pH 7.3, 180 mM

Standard genetic techniques were used to manipulate yeast strainspotassium acetate, 15 mM Mg acetate, 30% glycerol, 3 mM DTT,
(Sherman, 1991) and standard protocols were used for DNA manipulation 0.3 mM PMSF, 0.3ug/ml pepstatin) and lysed by shaking with glass
(Maniatiset al, 1982). For epitope-tagging &DC5 at the C-terminus, beads. The lysate was centrifuged for 5 min in an Eppendorf micro-
sequences from-1081 to +2337 (ATG = +1,; Kitada et al, 1993) centrifuge and the supernatant was used for the ubiquitination reaction.
were cloned into Ylplac211. The Yiplac series of integrative vectors Prior to the assay, extracts were normalized to a protein concentration
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of 30 mg/ml with 0.3Xbuffer A. Extracts containing HA-tagged Cdc5
proteins used as substrates were prepared from strains K628T[
GAL-CDC5-HA3(several copies)] and K661MATa GAL-CDCHAN70-
HAS3 (one copy)], which express equivalent amounts of Cdc5 proteins.
Strains were grown at 30°C in 0.4 | of YEf®&f medium to ®10°

Gietz,R.D. and Sugino,A. (1988) New yedseherichia colishuttle
vectors constructed witim vitro mutagenized yeast genes lacking six-
base pair restriction site§&eneg 74, 527-534.

Glotzer,M., Murray,A.W. and Kirschner,M.W. (1991) Cyclin is degraded
by the ubiquitin pathwayNature 349, 132-138.

cells/ml and Cdc5p expression was induced by addition of 2% galactose Golsteyn,R.M., Mundt,K.E., Fry,A.M. and Nigg,E.A. (1995) Cell cycle

for 160 min. Cells were converted to spheroplasts, which were broken

in 0.25 ml of buffer A. The lysate was first centrifuged for 5 min in an
Eppendorf micro-centrifuge and then for 20 min at 9Q§)OExtracts
were frozen in liquid nitrogen and stored at —80°C. The protein

concentration of the substrate extracts was 35 mg/ml. Reactions con-

taining 32l extract, 4ul of 10XATP regenerating system and 1u6
Cdc5-HA3p or CdcBN70-HA3p extract in a total volume of 40l

regulation of the activity and subcellular localization of Plk1, a human
protein kinase implicated in mitotic spindle functiod. Cell Biol,
129 1617-1628.

Guacci,V., Hogan,E. and Koshland,D. (1994) Chromosome condensation
and sister chromatid pairing in budding yeasdt. Cell Biol, 125
517-530.

Hardy,C.F. and Pautz,A. (1996) A novel role for Cdc5p in DNA

were assembled and processed essentially as described. Reactions were replication.Mol. Cell. Biol,, 16, 6775-6782.

separated in 7.2% SDS-polyacrylamide gels and Cdc5p and Cdc5p—

ubiquitin conjugates were detected by immunoblotting using the anti-
body 12CA5.

Other techniques

To arrest cells permanently in;30.5 pg/ml of a-factor was added to a
culture ofbarl cells. For arrest/release experimerB#R1strains were
arrested in @ with 1 pg/ml of a-factor for 2.5 h at 25°C. Cells were

harvested by filtration, washed and released into fresh medium lacking

a-factor. Cells were arrested in mitosis by addition of nocodazole to
15 pg/ml. The isolation of small, unbudded,Qells by centrifugal

elutriation was carried out as described by Schwob and Nasmyth (1993).

The DNA content of cells stained with propidium iodide was measured

Juang,Y.L.,

Hoyt,M.A., Totis,L. and Roberts,B.T. (199%) cerevisiagienes required
for cell cycle arrest in response to loss of microtubule funct©ell,
66, 507-517.

Hunt,T., Luca,F.C. and Ruderman,J.V. (1992) The requirements for
protein synthesis and degradation, and the control of destruction of
cyclins A and B in the meiotic and mitotic cell cycles of the clam
embryo.J. Cell Biol, 116 707-724.

Irniger,S., Piatti,S., Michaelis,C. and Nasmyth,K. (1995) Genes involved
in sister chromatid separation are needed for B-type cyclin proteolysis
in budding yeastCell, 81, 269-278.

Huang,J., Peters,J.M., McLaughlin,M.E., Tai,C.Y. and

Pellman,D. (1997) APC-mediated proteolysis of Asel and the

morphogenesis of the mitotic spindigcience275 1311-1314.

on a Becton Dickinson FACScan (San Jose, CA) as described by Epsteinking R.\W., Peters,J.M., Tugendreich,S., Rolfe,M., Hieter,P. and
and Cross (1992). Indirect immunofluorescence and photomicroscopy  irschner,M.W. (1995) A 20S complex containi@pC27andCDC16

were performed as described by Piatial. (1996). Sister chromatids

catalyzes the mitosis-specific conjugation of ubiquitin to cyclin B.

were observed in strains carrying the tetR-GFP system essentially as g ‘81 279-288.

described recently (Michaelist al, 1997).
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