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The CCT Chaperonin Promotes Activation
of the Anaphase-Promoting Complex
through the Generation of Functional Cdc20

transition is essential for sister chromatid separation
and to initiate the destruction of cyclin-dependent ki-
nases (CDKs). During late anaphase, Cdc20 is replaced
by Cdh1, which sustains APC/C activity during exit from
mitosis and G1. During other cell cycle stages, Cdh1 is
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01307 Dresden phosphorylated by CDKs, which blocks association with

the APC/C.Germany
Several mechanisms have been implicated in control-

ling the formation and activation of the APC/C-Cd20
holoenzyme (Peters, 2002). In yeast and mammalianSummary
cells, Cdc20 is only present during G2 and mitosis due
to cell cycle-regulated transcription and APC/C-depen-The WD repeat protein Cdc20 is essential for progres-

sion through mitosis because it is required to activate dent proteolysis. However, there is a lag period between
the appearance of Cdc20 in G2 and its binding to theubiquitin ligation by the anaphase-promoting complex

(APC/C). Here we show in yeast that Cdc20 binds to APC/C in metaphase. Binding of Cdc20 might be facili-
tated by the phosphorylation of APC/C subunits duringthe CCT chaperonin, which is known as a folding ma-

chine for actin and tubulin. The CCT is required for mitosis, but it is unclear whether this modification is
essential for the activation of APC/C-Cdc20. ActivationCdc20’s ability to bind and activate the APC/C. In vivo,

CCT is essential for Cdc20-dependent cell cycle of APC/C-Cdc20 is blocked by the spindle assembly
checkpoint as long as sister kinetochores are presentevents such as sister chromatid separation and exit

from mitosis. The chaperonin is also required for the that have failed to attach to microtubules emanating
from opposite spindle poles (Musacchio and Hardwick,function of the Cdc20-related protein Cdh1, which ac-

tivates the APC/C during G1. We propose that folding 2002). The binding to Cdc20 of checkpoint proteins such
as Mad2 is essential for checkpoint function, but howof the Cdc20 family of APC/C activators is an essential

and evolutionary conserved function of the CCT chap- they inhibit APC/C-Cdc20 is unknown.
In a search for proteins associated with Cdc20, weeronin.

identified a 900 kDa complex called the chaperonin-
containing TCP1 or CCT (also called TRiC for TCP1 con-Introduction
taining ring complex) (Gutsche et al., 1999). CCT is com-
posed of eight evolutionary conserved subunits, whichProgression through mitosis depends on the proteolysis

of cell cycle regulators by the ubiquitin-proteasome are arranged into two octameric rings that form a cylin-
drical complex. The chaperonin encapsulates nonnativepathway. Degradation of Pds1/securin causes entry into

anaphase through activation of the protease Esp1/sep- proteins in the central cavity and promotes their folding
in an ATP-dependent reaction. Initially, only actin andarase, which destroys the cohesion between sister se-

quences and enables the mitotic spindle to pull sister tubulin have been described as natural substrates of
the CCT, suggesting a specific role for this chaperoninchromatids to opposite poles of the cell (Nasmyth et

al., 2000). Exit from mitosis and cytokinesis requires in maintaining the integrity of the cytoskeleton (Stern-
licht et al., 1993). Accordingly, mutations in buddinginactivation of the Cdk1-cyclin B kinase, which involves

proteolysis of the cyclin B subunit (Glotzer et al., 1991). yeast CCT genes cause defects in actin- and tubulin-
dependent structures (Stoldt et al., 1996). Recent work,Additional proteins are degraded during anaphase includ-

ing mitotic kinases and regulators of spindle function. however, has identified several noncytoskeletal proteins
that require CCT for proper folding, suggesting thatMitotic degradation of cell cycle regulators is trig-

gered by the anaphase-promoting complex or cyclo- CCT’s substrate spectrum is broader than originally pro-
posed (Dunn et al., 2001). Here we demonstrate that thesome (APC/C), an ubiquitin ligase consisting of at least

11 evolutionary conserved subunits (Zachariae and Na- CCT from budding yeast has an essential function in
cell cycle progression, which is to promote activationsmyth, 1999). The APC/C is only active as a ligase after

binding to either Cdc20 or Cdh1/Hct1. Both proteins of the APC/C through the generation of active Cdc20
and Cdh1.contain WD repeats in their C termini, which are thought

to fold into a seven-bladed � propeller (Smith et al.,
1999). Cdc20 and Cdh1 specifically recognize APC/C Results
substrates, suggesting that they activate ubiquitination
by recruiting substrates to the ligase particle (Vo- Specific Association of Cdc20
dermaier, 2001). The WD proteins mediate the temporal with the CCT Chaperonin
control of APC/C-dependent proteolysis, which com- To estimate the fraction of Cdc20 that was associated
mences shortly before the onset of anaphase and per- with the APC/C, we separated in glycerol density gradi-
sists until late G1 of the subsequent cell cycle. Activation ents extracts from yeast cells containing epitope-tagged
of the APC/C by Cdc20 at the metaphase-to-anaphase versions of Cdc20 and the APC/C component Cdc16

(Figure 1A). Most of Myc18-Cdc20 migrated between
10S and 22S, and only a small fraction cosedimented*Correspondence: zachariae@mpi-cbg.de
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Figure 1. Specific Binding of Cdc20 to the CCT

(A) Glycerol density gradient centrifugation of an extract from Myc18-CDC20 CDC16-ha3 cells (Z425). Fractions were analyzed by immunoblot-
ting. FAS, fatty acid synthetase (40.6S). BSA (4.3S), catalase (11.3S), and thyroglobulin (19.4S) were separated in parallel.
(B) Separation of anti-Myc immunoprecipitates from 35S-labeled wild-type (WT, Z1885), CDC16-myc6 (Z153), Myc18-CDC20 (Z1899), and
Myc18-CDC20 pep4� (Z419) cells. Arrows, CCT subunits; arrowheads, APC/C components.
(C) Immunoblot analysis of anti-HA immunoprecipitates prepared after mixing two strains with the indicated genotypes. The asterisk labels
antibody bands. Strains: 1, Z651; 2, Z991 � Z651; 3, Z960 � Z1009; 4, Z989 � Z651; 5, Z910 � Z1009; 6, Z1009 � Z651.
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with the APC/C particle at 36S, suggesting that a large (Ursic et al., 1994; Vinh and Drubin, 1994). Anti-HA immu-
fraction of Cdc20 was associated with other complexes. noprecipitations from strains shifted to 37�C revealed
To identify Cdc20 binding proteins, we compared immu- reduced amounts of Cct1 in cct1-2 mutant cells generat-
noprecipitates from Myc18-CDC20 and CDC16-myc6 ing a structurally defective CCT (Figure 1D). The cct1-2
cells labeled with 35S. Myc18-Cdc20 samples contained mutation abolished the interaction of Cct2-ha3 with ac-
weak signals from APC/C components (Figure 1B, ar- tin and tubulin whereas cct4-1 reduced the interaction
rowheads) and several bands of 55–60 kDa (Figure 1B, with tubulin but had little effect on the binding of actin.
arrows). Similar bands were detected by silver staining Coimmunoprecipitation of Myc9-Cdc20 with Cct2-ha3
in gels loaded with preparative Myc18-Cdc20 immuno- was undetectable in the cct1-2 mutant and severely
precipitates (data not shown). Mass spectrometric anal- reduced in the cct4-1 mutant. These data show that
ysis identified the proteins Cct1/Tcp1, Cct3, Cct4, Cct5, association of Cdc20 with the CCT requires a functional
Cct6, and Cct8, which are all subunits of the CCT chap- chaperonin. In contrast, the activity of APC/C-Cdc20
eronin. Accordingly, the high molecular weight forms of was not required for Cdc20’s ability to bind to the CCT.
Cdc20 comigrated with the CCT at 20S through the cdc20-1 and cdc20-3 mutant cells fail to activate the
glycerol gradient (Figure 1A). APC/C and arrest in metaphase at 37�C. Nevertheless,

The genes CCT1 and CCT2 were modified to encode the mutant Cdc20 proteins still bound efficiently to the
functional, HA3-tagged proteins (see Experimental Pro- CCT. Cdc20 also associated normally with the CCT in
cedures). Anti-HA immunoprecipitations revealed that cells containing ts mutations in APC/C components
both Myc9-Cdc20 and the untagged protein bound to (data not shown).
the CCT with similar efficiency (data not shown but simi- We also investigated whether the CCT-Cdc20 interac-
lar to Figure 1C). The stable interaction between CCT tion was regulated during the cell cycle (Figure 1E).
and Cdc20 was specific since no interaction of Cct2- Myc18-Cdc20 was associated with Cct2-ha3 in prolifer-
ha3 could be detected with Myc9-Cdc5, Myc9-Cdc15, ating cells and in cells arrested in S phase or in mitosis.
and 22 untagged proteins ranging in size from 18 to 126 Cdc20 is not expressed during G1. However, expression
kDa (data not shown, see Experimental Procedures). of Myc18-Cdc20 from the GAL1 promoter in � factor-
Notably, CCT immunoprecipitates did not contain

arrested CCT2-ha3 cells showed that Cdc20 could also
APC/C components, suggesting that CCT binds to

bind to the CCT during G1 (Figure 1E, lanes 3 and 4).
Cdc20 by itself but not to the APC/C-Cdc20 holoen-

These data suggest that the CCT can recognize Cdc20
zyme. In summary, our data imply that Cdc20, together

throughout the cell cycle. Association of Cdc20 withwith actin and tubulin, belongs to a restricted set of
CCT subunits was also observed in extracts from humanproteins that specifically bind to the CCT with high af-
cells (Figure 1F), suggesting that binding to the CCT isfinity.
an evolutionary conserved feature of Cdc20.We next investigated whether the interaction between

Cdc20 and the CCT occurred in vivo or after cell lysis
in the extract. A mixing experiment was performed to

Release of Cdc20 from the CCT Dependstest whether the Cdc20-CCT complex could form de
on the Hydrolysis of ATPnovo in the extract (Figure 1C). Equal amounts of CCT1-
Hydrolysis of ATP is required for the release of foldedha3 Myc9-CDC20 cells and wild-type cells were mixed
actin and tubulin from the CCT (Gutsche et al., 1999). Toand then lysed. Analysis of anti-HA immunoprecipitates
test whether the CCT-Cdc20 interaction was sensitive towith antibodies to Cdc20 revealed that Myc9-Cdc20 but
ATP, anti-HA immunoprecipitates were prepared fromnot Cdc20 was bound to Cct1-ha3 in this extract (Figure
CCT1-ha3 Myc9-CDC20 cells and washed extensively.1C, lane 2). In contrast, Cdc20, but not Myc9-Cdc20,
Addition of ATP but not buffer alone caused a time-was associated with Cct1-ha3 after mixing CCT1-ha3
dependent release of Myc9-Cdc20, actin, and tubulincells with Myc9-CDC20 cells (lane 3). Similar results
from the immobilized chaperonin into the supernatantwere obtained with CCT2-ha3 strains (lanes 4 and 5). It
(Figure 2A). Similar results were obtained when the CCTwas always the endogenous Cdc20 protein that bound
was immunoprecipitated from CCT2-ha3 strains (datato the tagged CCT subunits, demonstrating that Cdc20
not shown). As shown in Figure 2B, release of Myc9-was unable to bind de novo to the CCT in our extracts.
Cdc20, actin, and tubulin occurred in the presence ofThus, coimmunoprecipitation reflects an interaction es-
ATP but not in the presence of the nonhydrolyzabletablished in vivo.
analogs ATP-�S and AMP-PNP. We conclude thatTo test whether binding of Cdc20 to CCT subunits
Cdc20 behaves similar to actin and tubulin in that itrequired the integrity of the chaperonin, we introduced
is released from the CCT in a reaction driven by theinto a CCT2-ha3 Myc18-CDC20 strain the temperature-
hydrolysis of ATP. This finding supports the notion thatsensitive (ts) mutations cct1-2/tcp1-2 and cct4-1/

anc2-1, which cause defects in the cytoskeleton at 37�C Cdc20 is a substrate of the CCT.

(D) Immunoblot analysis of anti-HA immunoprecipitates from Myc9-CDC20 CCT2-ha3 strains containing cct mutations. Strains were grown
at 25�C and shifted to 37�C for 90 min. Strains: 1, Z651; 2, Z989; 3, Z1420; 4, Z1416; 5, Z1009.
(E) Myc18-CDC20 CCT2-ha3 (�, Z958) and Myc18-CDC20 (�, Z446) strains were arrested at 30�C with hydroxyurea (HU) and nocodazole
(Noc), or left untreated (Cyc). In the � factor-arrested cells (lane 3, Z1937; lane 4, Z921), Myc18-Cdc20 was expressed from the GAL1 promoter
for 90 min. Left panel, immunoblot analysis of anti-HA immunoprecipitates. Right panel, cellular DNA content of the CCT2-ha3 strains.
(F) Immunoblot analysis of anti-Cdc20 and anti-chTOG (a microtubule binding protein used as control) immunoprecipitates from HeLa cells.
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Figure 2. ATP-Dependent Release of Cdc20 from the CCT

(A) Anti-HA immunoprecipitates prepared from CCT1-ha3 Myc9-CDC20 pep4� cells (Z1411) were incubated at 25�C with buffer containing or
lacking Mg/ATP. At different time points, reactions were stopped with EDTA and separated into supernatant (Sup) and beads (Bds) fractions,
which were analyzed by immunoblotting.
(B) The immunoprecipitates were incubated for 20 min with buffer, Mg/ATP, or the nonhydrolyzable analogs Mg/ATP-�S and Mg/AMP-PNP.
Reactions were analyzed as in (A). 10 �g of extract (WCE) was analyzed in all panels.

CCT Is Required for Binding of Cdc20 to the APC/C the formation of the APC/C-Cdc20 holoenzyme are inde-
pendent functions of the CCT.and to Checkpoint Proteins

We investigated whether the CCT was required for A mixing experiment was performed to test whether
the CCT is required by Cdc20 or by the APC/C to formCdc20’s ability to bind to the APC/C. Myc18-CDC20

strains containing different cct mutations were shifted to the APC/C-Cdc20 holoenzyme (Figure 3D). A CDC23-
ha3 strain and a Myc18-CDC20 strain were grown at37�C followed by immunoprecipitations of Apc2 (Figure

3A). Myc18-Cdc20 bound to Apc2 in wild-type extracts, 25�C and shifted to 37�C for 120 min. Equal amounts
of cells from both strains were mixed and then lysed.but this interaction was undetectable in extracts from

cct1-2 cells and severely reduced in extracts from cct2- Analysis of anti-HA immunoprecipitates with an anti-
body to Cdc20 revealed that both Cdc20 and Myc18-326 and cct4-1 cells. In contrast, the APC/C components

Cdc23 and Cdc27 were associated with Apc2 in all the Cdc20 associated with Cdc23-ha3 in this extract, dem-
onstrating that the APC/C-Cdc20 complex was formedextracts. The cct1-2 mutation was used in further experi-

ments because it caused the strongest defect in binding de novo in the extract (Figure 3D, lane 2). Myc18-Cdc20,
but not Cdc20, bound to Cdc23-ha3 after mixing Myc18-of Cdc20 to the CCT and the APC/C. At 37�C, cell cycle

progression was defective in cct1-2 mutants (see be- CDC20 cells with CDC23-ha3 cct1-2 mutant cells (lane
3). In contrast, Cdc20, but not Myc18-Cdc20, bound tolow). To control for potential cell cycle effects, associa-

tion of Cdc20 with the APC/C was analyzed in wild-type Cdc23-ha3 after mixing CDC23-ha3 cells with Myc18-
CDC20 cct1-2 mutant cells (lane 4). In summary, it wasand cct1-2 mutant cells arrested at 25�C in S phase or

in mitosis and then shifted to 37�C. Under all conditions, always the Cdc20 protein (tagged or untagged) from
the CCT1 wild-type cells that bound to Cdc23-ha3. Webinding of Myc18-Cdc20 to the APC/C component

Cdc23-ha3 was strongly reduced in cct1-2 cells, conclude that Cdc20, but not the APC/C, requires the
activity of the CCT for the formation of the APC/C-Cdc20whereas binding of two other APC/C components, Apc2

and Cdc16, was normal (Figure 3B). These data show complex.
We also tested whether CCT was required for thethat the CCT is required for the binding of Cdc20 to the

APC/C, but not for some of the protein-protein interac- interaction of Cdc20 with components of the spindle
assembly checkpoint. Mad2 was associated with Myc9-tions within the APC/C particle.

We next considered whether defects in the cytoskele- Cdc20 in wild-type but not in cct1-2 extracts (Figure
3E, lanes 3 and 4). Mad2 was functional in cct1-2 cellston rather than defects in the CCT per se prevented the

binding of Cdc20 to the APC/C in cct mutants. Neither because it still bound to Mad1-myc9 (Figure 3E, lanes
5 and 6), whose Mad2 binding site is similar to that ofthe microtubule-depolymerizing drug nocodazole (Fig-

ure 3B) nor the actin-depolymerising drug latrunculin Cdc20 (Luo et al., 2002; Sironi et al., 2002). Also, the
checkpoint protein Bub3-ha3 was bound to Myc18-B (Figure 3C) reduced the ability of Myc18-Cdc20 to

associate with Cdc23-ha3. This suggests that main- Cdc20 in wild-type but not in cct1-2 mutant extracts
(Figure 3F, lanes 5 and 6). Bub3 contains, like Cdc20,taining the integrity of the cytoskeleton and promoting
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seven WD repeats, raising the possibility that Bub3 func- type cells, but not in cct1-2 mutant cells (Figure 4D). To
control for potential cell cycle effects, the experimenttion also required CCT activity. This was unlikely, how-

ever, because Bub3-ha3 was associated with the protein was repeated with cells arrested in S phase. Again, high
levels of Cdc20 induced the degradation of Pds1-myc18kinase Bub1-myc18 in extracts from wild-type and

cct1-2 mutant cells shifted to 37�C (Figure 3F, lanes 2 in wild-type, but not in the mutant cells (Figure 4E).
These data show that activation of APC/C-dependentand 3). Accordingly, no interaction could be detected

between Bub3 and the CCT (data not shown). In sum- proteolysis by Cdc20 requires CCT function.
mary, our data show that CCT is required for Cdc20’s
ability to interact with the APC/C and checkpoint pro- CCT Is Required for Sister Chromatid Separation
teins. and Exit from Mitosis

The finding that Cdc20 activity requires CCT in vivo
predicts that CCT should be required for the same cellAnalysis of CCT Function In Vivo

To analyze whether CCT is required for Cdc20 function cycle events as Cdc20. To test this prediction, we fol-
lowed Pds1 protein levels, the behavior of sister chroma-in vivo, we first defined the cell cycle events that do and

those that do not depend on the chaperonin. Small G1 tids, and cytokinesis as wild-type and cct1-2 mutant
cells synchronously progressed through mitosis. To ob-cells were isolated by centrifugal elutriation from a wild-

type and a cct1-2 strain and released into a synchronous serve sister sequences, the URA3 locus on chromosome
V was marked with GFP (Michaelis et al., 1997). Fromcell cycle at 37�C. The mean volume of cct1-2 cells

increased with the same kinetics as that of wild-type G1 until metaphase, cells show a single GFP dot, which
splits into two when sister chromatids separate. Sincecells, suggesting that cellular growth was largely nor-

mal (Figure 4A). Accordingly, cct1-2 cells synthesized budding is delayed in cct1-2 strains, cells were arrested
at 25�C with hydroxyurea, which blocks DNA replicationCdc20, the microtubule motor Kip1, and the mitotic

cyclin Clb2 (Figure 4C). Expression of these proteins is but not budding. The arrested cells were shifted to 37�C
to inactivate the CCT, washed, and released at 37�Cinduced during G2 and mitosis in wild-type cells and

requires Cdk1 kinase activity (Amon et al., 1993; Gordon into medium lacking hydroxyurea and containing � fac-
tor. The pheromone was added to arrest in G1 thoseand Roof, 2001; Prinz et al., 1998). Elutriation of cct1-2

Myc18-CDC20 cells showed that Cdc20 was still im- cells that managed to exit from mitosis. Upon release,
wild-type cells replicated their DNA within 30 min, de-ported into the nucleus at 37�C (data not shown). The

mutant cells also degraded the CDK inhibitor Sic1 and graded Pds1 and separated sister chromatids between
30 and 60 min, and then destroyed the Clb2 cyclin. Cellsthen replicated their DNA (Figures 4B and 4C).

Budding was delayed or even failed in many cct1-2 accumulated Sic1 as they underwent cytokinesis and
arrested in G1 (Figure 5A). Also cct1-2 mutant cells repli-cells (Figure 4A). In cells that managed to produce a

bud, cellular growth was directed more to the mother cated their DNA within 30 min after release but then
failed to degrade Pds1, to separate sister chromatids,cells than to the bud. This defect in polarized growth

was correlated with defects in the actin cytoskeleton and to exit from mitosis (Figure 5B). Inactivation of the
spindle assembly checkpoint by deletion of the MAD2(data not shown). Actin patches were slow or even failed

to accumulate at the presumptive bud site. Also in small- gene failed to cause Pds1 degradation and sister chro-
matid separation in cct1-2 cells (Figure 5C). Similar re-budded cells the distribution of actin patches appeared

less polarized than in wild-type cells. Anti-tubulin immu- sults were obtained after deleting the SWE1 gene in
cct1-2 mad2� cells (Figure 5D). Swe1 is required fornofluorescence revealed that the astral microtubules

initially present in small G1 cells deteriorated over time the morphogenesis checkpoint, which is activated by
defects in the actin cytoskeleton and blocks nuclearand that mitotic spindles failed to form (data not shown).

Accordingly, nuclear division was undetectable. The division (Lew, 2000). We conclude that the CCT has an
essential role in Pds1 degradation and sister chromatidmutant cells failed to initiate the APC/C-dependent pro-

teolysis of Clb2, Kip1, and Cdc20, they failed to undergo separation that is independent from its function in the
folding of actin and tubulin. The DNA damage check-cytokinesis, and they failed to rereplicate their DNA

(Figures 4A–4C). The cytoskeletal defects observed in point, which depends on the RAD9 gene, was shown
to block sister chromatid separation by inhibiting thecct1-2 cells are consistent with the failure of the mutant

CCT complex to bind to actin and tubulin. Significantly, degradation of Pds1 (Wang et al., 2001). However,
cct1-2 mad2� swe1� rad9� quadruple mutants failedseveral processes including cellular growth and DNA

replication did occur in the mutant cells. to degrade Pds1 and to separate sisters (Figure 5E). In
summary, these data support the idea that the CCT isThe failure of cct1-2 mutants to degrade APC/C sub-

strates could result from the inhibition of APC/C-Cdc20 essential for sister chromatid separation because it is
required for the activity of Cdc20.by the spindle assembly checkpoint or from a nonfunc-

tional Cdc20. High levels of Cdc20 were shown to induce Deletion of PDS1 causes sister chromatid separation
in apc and cdc20 mutants, demonstrating that APC/degradation of Pds1 even under conditions that would

stabilize Pds1 in normal cells, such as activation of the C-Cdc20’s sole essential role in sister separation is to
promote degradation of Pds1 (Ciosk et al., 1998). Figurespindle assembly checkpoint (Shirayama et al., 1998;

Visintin et al., 1997). To test whether the CCT was directly 5F shows that deletion of PDS1 caused cct1-2 mutant
cells to efficiently separate their sister chromatids al-required for the proteolysis of Pds1, Cdc20 was overex-

pressed from the inducible MET25 promoter at 37�C in though the Cdc20 substrate Kip1 remained stable. We
conclude that CCT’s sole essential role in sister separa-wild-type and cct1-2 mutant cells. High levels of Cdc20

lead to the rapid degradation of Pds1-myc18 in wild- tion is to promote the degradation of Pds1 through APC/
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Figure 3. CCT Is Required for Cdc20’s Ability to Bind to the APC/C and to Checkpoint Proteins

(A) Immunoprecipitation of Apc2 from CDC20 (�) and Myc18-CDC20 (�) strains containing different cct mutations grown at 25�C and shifted
to 37�C for 90 min. Strains: 1, Z898; 2, Z1342; 3, Z1343; 4, Z1287; 5, Z1346; 6, Z1088; 7, Z1109.
(B) Myc18-CDC20 CDC23-ha3 (Z1113), Myc18-CDC20 CDC23-ha3 cct1-2 (Z1090), and Myc18-CDC20 (Z446) cells were grown at 25�C (Cyc)
and arrested with hydroxyurea (HU) or nocodazole (Noc) and then shifted to 37�C for 120 min. Left panel, immunoblot analysis of anti-HA
immunoprecipitates. Right panel, cellular DNA content of Myc18-CDC20 CDC23-ha3 wild-type and cct1-2 strains.
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C-Cdc20. Most cct1-2 pds1� double mutant cells failed residues of Cdc20 were dispensable for association with
the APC/C whereas the WD repeats and the C-terminalto segregate sister chromatids all the way to opposite

poles of the cells because sister segregation (but not region were essential (Figure 6B and data not shown).
These data show that CCT and the APC/C recognizeseparation) requires a functional spindle. The spindles

generated during the arrest at 25�C were stable in Pds1- different structures within the Cdc20 molecule.
Mad2 only bound to Cdc20 fragments containing thecontaining cct1-2 mutants but deteriorated rapidly as

cct1-2 pds1� cells initiated spindle elongation. previously defined Mad2 binding site in the N-terminal
region (Hwang et al., 1998). Although binding of Mad2Similar to apc pds1� and cdc20 pds1� mutants,

cct1-2 pds1� cells failed to exit from mitosis. This transi- to full-length Cdc20 required CCT activity, Mad2 also
bound to Cdc20 fragments lacking the CCT binding re-tion requires the Cdc20-mediated degradation of Pds1

and B-type cyclins and is blocked by the BUB2-depen- gion (Figure 6B, lanes 4 and 6). Accordingly, in extracts
from cct1-2 cells shifted to 37�C, Mad2 was associateddent spindle-positioning checkpoint until the spindle

has been inserted into the bud neck (Burke, 2000). In with the N-terminal fragment but not with the full-length
protein or a variant lacking the first 130 residues (Figurecct1-2 pds1� mutants, we frequently observed two GFP

dots (i.e., separated sisters) in one cell body of large 6C). These data suggest that it is the presence of the
WD propeller that renders binding of Mad2 to Cdc20budded cells, indicating defects in nuclear positioning

and spindle orientation. However, degradation of Clb2 dependent on CCT function.
and accumulation of Sic1 were still blocked in cct1-2
pds1� bub2� triple mutant cells, demonstrating that Activation of the APC/C by Cdh1 Depends on CCT

We next asked whether Cdh1, the G1-specific activatorthe spindle-positioning checkpoint is not essential for
blocking mitotic exit in cct1-2 pds1� cells (Figure 5G). of the APC/C, also required CCT function. As shown in

Figure 7A, Cdh1 can bind to the CCT throughout theTaken together, our data demonstrate that the CCT is
required for the function of APC/C-Cdc20 during entry cell cycle because Myc18-Cdh1 was associated with

Cct2-ha3 in extracts from growing cells, from elutriatedinto and exit from anaphase.
G1 cells, from cells arrested in S phase, and from cells
arrested in mitosis. This interaction was not detectedCCT Binds to the WD Repeat Domain of Cdc20

Next, we defined the region of Cdc20 recognized by the with cct1-2 mutant cells, demonstrating that it depends
on a functional CCT complex (Figure 7B). Furthermore,CCT. The primary sequence of Cdc20 can be divided

into three regions: an N-terminal region containing the Myc18-Cdh1 was released from the CCT in the presence
of ATP but not in the presence of nonhydrolyzable ATP-Mad2 binding site followed by seven WD repeats and

a short C-terminal region (Figure 6A). Cdc20 fragments analogs (Figure 7C). We conclude that Cdh1 shows the
properties of a CCT substrate. We then investigatedcarrying Myc18 tags at their N termini were expressed

from the GAL1 promoter in CCT2-ha3 strains followed whether the CCT was required for the activity of the APC/
C-Cdh1 holoenzyme in vivo. Inactivation of the APC/Cby anti-HA immunoprecipitations (Figure 6B). Deletion

of the N-terminal (lane 5) or the C-terminal region (lane in G1-arrested cells was shown to cause precocious
accumulation of mitotic cyclins and entry into S phase2) did not significantly reduce binding of the remaining

fragments to Cct2-ha3. Accordingly, the N-terminal re- (Irniger and Nasmyth, 1997). Indeed, cct1-2 cells ar-
rested in G1 with � factor and then shifted to 37�C accu-gion did not interact with the CCT (lane 6), suggesting

that the CCT binds to Cdc20’s WD repeats. Analysis of mulated Clb2 and initiated DNA replication (data not
shown). However, it was possible that the cct1-2 mutantC-terminal deletions suggested that the binding site was

located within repeats 3–5 (lanes 1–4). Indeed, a frag- cells accumulated Clb2 not because Cdh1 was defective
but because they entered the cell cycle due to a defectment containing repeats 3–5 (residues 333–460) effi-

ciently bound to the CCT (lane 9), whereas no or very in pheromone signaling. To address this possibility, we
analyzed � factor-arrested wild-type, cct1-2, and cdc16-weak interactions were observed for repeats 1–3 and

5–7 (lanes 8 and 10). A slightly smaller fragment (342– 123 strains all containing a cdc28-4 mutation and ex-
pressing Clb2-ha3 from a weak, constitutive promoter.460) still conferred strong binding (lane 12), but further

truncations drastically reduced binding. We conclude The cdc28-4 mutation, which inactivates the Cdk1 ki-
nase, ensured that all strains remained arrested in G1that the CCT binding site resides within a Cdc20 frag-

ment of 118 residues. In a structural model of Cdc20’s at 37�C. As shown in Figure 7D, Clb2-ha3 accumulated
in cdc16-123 cdc28-4 and to a lesser extent in cct1-2propeller, this fragment forms the blades III and IV fol-

lowed by sequences from blade V, which pack against cdc28-4 cells, but not in the cdc28-4 control cells. These
data demonstrate that the CCT is indeed required in G1-blade IV (Figure 6A). In contrast, only the N-terminal 130

(C) Myc18-CDC20 CDC23-ha3 (�, Z450) and Myc18-CDC20 CDC23 (�, Z446) cells were treated with 0.1 mM latrunculin B for 120 min (Lat
B) or left untreated (Cyc). Left panel, Analysis of anti-HA immunoprecipitates. Right panel, staining of F-actin with rhodamine-phalloidin in
Myc18-CDC20 CDC23-ha3 cells.
(D) Strains of the indicated genotypes were grown at 25�C, shifted to 37�C for 120 min, and then mixed. Anti-HA immunoprecipitates were
analyzed by immunoblotting with antibodies to HA and Cdc20. Strains: 1, Z651; 2, Z144 � Z446; 3, Z1085 � Z1109; 4, Z1111 � Z1088; 5,
Z1113 � Z651; 6, Z1090 � Z651.
(E) Immunoblot analysis of anti-Myc immunoprecipitates prepared from wild-type and cct1-2 strains containing Myc9-CDC20 or MAD1-myc9
grown at 25�C and shifted to 37�C for 120 min. Strains: 1, Z651; 2, Z2548; 3, Z1009; 4, Z2422; 5, Z2942; 6, Z2946.
(F) BUB3-ha3 (�) and BUB3 (�) strains containing Myc18-BUB1 or Myc18-CDC20 and CCT1 or cct1-2 were grown at 25�C, shifted to 37�C
for 90 min, and processed for anti-HA immunoprecipitations. Strains: 1, Z651; 2, Z2211; 3, Z2262; 4, Z1725; 5, Z1812; 6, Z2258; 7, Z446.
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Figure 4. Analysis of CCT Function In Vivo

(A) Release at 37�C of elutriated G1 cells of wild-type (Z651, open symbols) and cct1-2 (Z1323, filled symbols) strains. Samples were withdrawn
every 15 min to measure the fraction of budded cells (triangles) and the mean cell volume (circles).
(B) Cellular DNA content.
(C) Immunoblot analysis of protein levels.
(D) PDS1-myc18 wild-type and PDS1-myc18 cct1-2 cells containing CDC20 under the control of the MET25 promoter (METp-CDC20, Z1226
and Z1271) or the MET25 promoter alone (METp, Z1265 and Z1310) were grown at 24�C in medium containing methionine (MET promoter
off), shifted to 37�C for 30 min, and transferred into medium lacking methionine at 37�C (MET promoter on). Samples taken at different times
were analyzed by immunoblotting. Endogenous Cdc20 is only detectable on longer exposures.
(E) Strains were first arrested with hydroxyurea in methionine-containing medium at 24�C and then treated as in (D) using media containing
hydroxyurea.



APC/C-Cdc20 Function Depends on the CCT Chaperonin
95

Figure 5. CCT Is Required for Entry into and Exit from Anaphase

Strains containing PDS1-myc18 and a GFP-marked URA3 locus were arrested at 23�C with hydroxyurea, shifted to 37�C for 30 min, washed,
and then released at 37�C into medium lacking hydroxyurea and containing � factor. Sample were withdrawn at the indicated times to measure
cellular DNA content (top panel), the fraction of budded cells, and of cells with separated sister chromatids (middle panel), and the level of
proteins by immunoblotting (bottom panel). Strains: (A) Z1370, (B) Z1377, (C) Z1369, (D) Z1574, (E) Z2004, (F) Z1427, (G) Z1548.
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Figure 6. Identification of Cdc20 Sequences Recognized by the CCT

(A) Cdc20 domain structure and deletion constructs. Left panel, Cdc20 contains an N-terminal region harboring the Mad2 binding site, seven
WD repeats, and a C-terminal region. Lane numbers refer to (B). Right panel, Cdc20’s WD repeats were modeled onto the structure of
�-tranducin (Sondek et al., 1996). Blades are numbered and the CCT binding site is shaded.
(B) Binding of Cdc20 fragments to the CCT, the APC/C, and Mad2. Cdc20 fragments tagged with Myc18 were expressed from the GAL1
promoter for 90 min at 30�C in CCT2-ha3 strains. Extracts, anti-HA, and anti-Myc immunoprecipitates were analyzed by immunoblotting.
Strains: 1, Z1464; 2, Z1583; 3, Z1801; 4, Z1799; 5, Z1606; 6, Z1466; 7, Z1873; 8, Z1919; 9, Z1874; 10, Z1925; 11, Z2174; 12, Z2243; 13, Z2183;
14, Z2178.
(C) Binding of Mad2 to Cdc20 fragments in wild-type and cct1-2 cells. Wild-type and cct1-2 strains expressing Myc9-tagged Cdc20 fragments
from the CDC20 promoter were grown at 25�C, shifted to 37�C for 120 min, and processed for anti-Myc immunoprecipitations. Strains: 1,
Z651; 2, Z1009; 3, Z2422; 4, Z2810; 5, Z2812; 6, Z2488; 7, Z2867.

arrested cells for the activity of APC/C-Cdh1 to prevent onin. In particular, the spectrum of physiological sub-
strates and the mechanism of substrate recognition arethe precocious accumulation of mitotic cyclins. We con-

clude that both Cdc20 and Cdh1 require CCT to activate poorly understood (Dunn et al., 2001). Initially, the CCT
was thought to fold only actin and tubulin but the identifi-the APC/C.
cation of other, noncytoskeletal, proteins requiring CCT
for proper folding suggests that the chaperonin is impor-Discussion
tant for a variety of cellular processes.

Here we provide evidence that the APC/C activatorThe identification of natural substrates of the CCT is
important to unravel the cellular functions of this chaper- Cdc20 is a substrate of the CCT in budding yeast and
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Figure 7. Characterization of the CCT-Cdh1 Interaction

(A) Growing cells (Cyc), elutriated G1 cells (G1), hydroxyurea-arrested cells (HU), and nocodazole-arrested cells (Noc) were obtained from
Myc18-CDH1 CCT2-ha3 (�, Z973) and Myc18-CDH1 (�, Z483) strains. Left panel, immunoblot analysis of anti-HA immunoprecipitates. Right
panel, cellular DNA content of Myc18-CDH1 CCT2-ha3 cells.
(B) Strains containing tagged (�) or untagged (�) CCT2 and CDH1 and the indicated CCT1 alleles were grown at 25�C, shifted to 37�C for 90
min, and processed for anti-HA immunoprecipitations. Strains: 1, Z651; 2, Z972; 3, Z1867; 4, Z484.
(C) Anti-HA immunoprecipitates from CCT2-ha3 Myc18-CDH1 pep4� cells (Z1914) were incubated for 20 min at 25�C with buffer, Mg/ATP, or
the nonhydrolyzable analogs Mg/ATP-�S and Mg/AMP-PNP. Reactions were stopped, separated into supernatant (Sup) and beads (Bds)
fractions, and analyzed by immunoplotting as in Figure 2.
(D) MATa pep4� bar1� strains expressing CLB2-ha3 from the S. pombe adh1 promoter and containing cdc28-4 (Z2067), cdc28-4 cct1-2
(Z2069), or cdc28-4 cdc16-123 (Z2089) were grown at 25�C (cyc) and arrested in G1 with � factor. Strains were shifted to 37�C and samples
were withdrawn at different times for immunoblot analysis (top panel) and to measure cellular DNA content (bottom panels). Strains were also
arrested with nocodazole at 25�C and shifted to 37�C for 90 min (noc).

probably also in human cells. Cdc20 binds to the CCT How does the CCT convert the APC/C activators into
functional molecules and when does this reaction occurin vivo and is released from the chaperonin upon hydro-

lysis of ATP. CCT is essential for Cdc20’s ability to bind in the lifetime of these proteins? WD repeats fold into
a � propeller whose blades consist of a four-strandedto the APC/C and to activate APC/C-dependent proteol-

ysis. CCT was only required by Cdc20 but not by the � sheet. The propeller is stabilized by many hydrophobic
interactions, which can only be buried in the proteinAPC/C to form the APC/C-Cdc20 holoenzyme. The

APC/C from cct1-2 mutant cells could still bind to exoge- upon completion of translation because the propeller is
closed by interactions involving the first and the lastnous Cdc20, excluding the possibility that the CCT is

required for the integrity of the APC/C or a modification repeat (Smith et al., 1999). Folding of Cdc20’s propeller
might require the exclusive environment of CCT’s centralessential for binding to Cdc20. As predicted by these

results, CCT was required in vivo for Cdc20-dependent cavity to prevent nonnative interactions of the nascent
WD repeats. Indeed, CCT binds to WD repeats of Cdc20,cell cycle events such as sister chromatid separation

and exit from mitosis even in cells lacking checkpoint and the dimensions of a WD propeller are compatible
with folding inside the cavity. The idea that WD proteinspathways. CCT was also required for the function of the

Cdc20-related protein Cdh1, which activates the APC/C are particularly dependent on CCT is supported by a
recent study in yeast in which 600 epitope-tagged pro-during G1.



Molecular Cell
98

teins, including 45 WD proteins, were immunopurified cific recognition mechanism. A detailed analysis of dif-
to identify multisubunit complexes (Ho et al., 2002). A ferent WD proteins might help to understand how the
total of 24 proteins were found to be associated with 3 chaperonin recognizes its substrates.
or more CCT subunits and 16 of those contained WD

Experimental Proceduresrepeats.
Our data also suggest that certain WD repeat proteins

Strains and Growth Conditions
can fold without CCT’s assistance. Cdc4 and Bub3 did Yeast strains were derivatives of W303 (K699). Strains were grown
not interact with the CCT, and both proteins were func- in YPA medium (Sherman, 1991) containing 2% glucose (YPAD) or
tional in cct1-2 mutant cells at 37�C. Currently, we do 2% raffinose (YPRaf). To induce the GAL1 promoter, 2% galactose

was added to cultures grown in YPRaf medium. To induce thenot understand what distinguishes WD proteins requir-
MET25 promoter, strains grown in YPRaf medium containing methi-ing CCT from those that do not. One possibility is that
onine (5 mM) were washed by filtration with eight culture volumesthe CCT is required for the proper interaction between
of SC medium lacking methionine (Sherman, 1991) and inoculatedthe propeller and another domain such as the N-terminal
into the same medium. Cells were arrested in S phase with hydroxy-

regions of Cdc20 and Cdh1. Digestion of human Cdc20 urea (0.1 M) and in mitosis with nocodazole (15 �g/ml). For arrest/
with chymotrypsin produces two fragments, the N-ter- release experiments, strains arrested with hydroxyurea in YPRaf
minal region and the propeller, indicating that Cdc20 medium were washed by filtration with 20 culture volumes of YPAD

medium (	10 min) and released into YPAD medium. � factor (0.5indeed behaves as a two-domain protein (Tang et al.,
�g/ml) was used to arrest MATa bar1� strains in G1. Small G1 cells2001). The integrity of both domains is required for bind-
were isolated by centrifugal elutriation from cultures grown in YPRafing to the APC/C. A “domain model” could explain why
medium at 25�C and released into YPAD medium at 37�C.

binding of Mad2 to full-length Cdc20 required CCT activ-
ity, whereas binding to the N-terminal fragment by itself Plasmid and Strain Constructions
did not. In cct1-2 mutant cells, a nonnative interaction Standard techniques were used to manipulate DNA and to construct

yeast strains. PCR-generated cassettes were used for gene replace-between the N-terminal region and the propeller might
ment and C-terminal epitope tagging (Knop et al., 1999; Wach et al.,block access of Mad2 to its binding site. Accordingly,
1997). CCT1-ha3 and CCT2-ha3 strains grew like wild-type strainsMad2 from cct1-2 cells could still bind to Mad1, which
at different temperatures. CCT1-ha3 cct4-1, CCT2-ha3 cct1-2, andpossesses a Mad2 binding site similar to that in Cdc20
CCT2-ha3 cct4-1 strains grew well at 25�C, whereas double ts

but lacks WD repeats (Luo et al., 2002; Sironi et al., 2002). mutants were inviable. The cct4-1/anc2-1 mutation (Vinh and Drubin,
CCT could arrange the domains of newly synthesized 1994) was introduced into W303 through four backcrosses. To
Cdc20 but could also function posttranslationally. Bind- construct cct1-2 mutants and control strains, URA3 plasmids con-

taining the cct1-2/tcp1-2 allele (Ursic et al., 1994) or the wild-typeing of Cdc20 to APC/C, APC/C substrates, or checkpoint
gene were integrated into one ura3 locus of a cct1�::HIS3/CCT1proteins may involve conformational changes requiring
diploid strain followed by tetrad dissection. The cct1�::HIS3the CCT.
ura3::cct1-2::URA3 and the control strains behaved like cct1-2 and

The chaperone complex GimC/prefoldin binds to na- wild-type strains, respectively. The cct1-2 mutation was introduced
scent chains of actin and tubulin and delivers them to into the CCT1 locus by pop-in/pop-out replacement (Rothstein,
the CCT (Hansen et al., 1999). We failed to detect any 1991). Plasmids expressing CDC20 from the MET25 promoter were

integrated at the trp1 locus. For Figure 6B, plasmids expressinginteraction of Cdc20 with GimC/prefoldin in wild-type
Myc18-CDC20 fragments from the GAL1 promoter were integratedand cct1-2 mutant extracts. Furthermore, binding of
into the leu2 loci of wild-type and CCT2-ha3 strains. Fragments wereCdc20 to the APC/C was normal in different gim mu-
amplified from Myc18-CDC20 plasmids described in Shirayama ettants, suggesting that the chaperone is not required
al. (1998). For Figure 6C, plasmids containing Myc9-CDC20 frag-

for Cdc20 function. CCT might fold certain substrates ments expressed from the CDC20 promoter were integrated into
without involving GimC/prefoldin. the leu2 loci of wild-type and cct1-2 strains.

A recent analysis of CCT-associated proteins from
Antibodieshuman cells detected at least 70 polypeptides in addi-
Actin, human Cdc27, HA epitope, and Myc epitope were detectedtion to actin and tubulin (Thulasiraman et al., 1999). How-
with the mouse monoclonal antibodies C4 (ICN), AF3.1 (Santa Cruz),ever, only a few noncytoskeletal substrates have been
12CA5, and 9E10, respectively. Human Cct�/Cct1 and Cct
/Cct4identified, including G�-tranducin (Farr et al., 1997),
were detected with the rat monoclonal antibodies 84a (Stressgene)

cyclin E (Won et al., 1998), von Hippel-Lindau tumor and 8g (provided by K. Willison), respectively. Rabbit antibodies to
suppressor protein (VHL) (Feldman et al., 1999), histone human Cdc20 (H-175; Santa Cruz) and human chTOG (provided by
deacetylase 3 (Guenther et al., 2002), and, as shown A. Hyman) were used for immunoprecipitations. Rabbit antibodies

to the yeast proteins �-tubulin (W. Seufert), Cdc16 and Cdc27 (P.here, the APC/C activators. It is unclear how the CCT
Hieter), Clb2 (D. Kellog), Cim5 (C. Mann), Kip1 (A. Hyman), Mad2 (K.recognizes a distinct set of substrates displaying such
Hardwig), and Sic1 (M. Tyers) were gifts from the indicated research-structural diversity. Whereas the bacterial chaperonin
ers. To raise antibodies, His6-tagged Apc2 (full-length), Cct1 (resi-GroEL interacts with unfolded polypeptides through
dues 268–486), and Cdc20 (470–610) were expressed in E. coli and

nonspecific, hydrophobic interactions, CCT is thought purified on Ni-NTA resign under denaturing conditions. Proteins
to use a specific mechanism. Cryoelectron microscopy were electro-eluted from preparative SDS gels and used to immu-
of CCT bound to actin and tubulin suggested that indi- nize rabbits at Eurogentec (Herstal, Belgium).
vidual subunits recognize defined motifs within the sub-

Analysis of Proteinsstrate (Llorca et al., 2000). The CCT binding sites of VHL
Glycerol density gradient centrifugations and immunoprecipitations(Feldman et al., 1999) and Cdc20 consist of � sheets,
from 35S-labeled extracts were performed as described (Zachariae etbut whether this structure is generally important for sub-
al., 1996). For protein identification, anti-Myc immunoprecipitations

strate recognition remains to be investigated. The struc- were prepared from 2.3 � 1010 PDS1-myc18 pep4� (control) and
tures of different WD propellers and of different blades Myc18-CDC20 pep4� cells (Zachariae et al., 1998). Corresponding
within one propeller are remarkably similar, yet CCT is bands from the Myc18-Cdc20 and the control sample were excised

from a silver-stained gel and analyzed by nano-electrospray tandemable to distinguish them, supporting the idea of a spe-
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mass spectrometric sequencing (Shevchenko et al., 1996). For im- (1999). Formation of the VHL-elongin BC tumor suppressor complex
is mediated by the chaperonin TRiC. Mol. Cell 4, 1051–1061.munoprecipitation-immunoblotting experiments, extracts were pre-

pared from 2 � 106 cells in 0.4 ml of buffer B70 (Zachariae et al., Glotzer, M., Murray, A.W., and Kirschner, M.W. (1991). Cyclin is
1998) (numbers indicate millimolar K acetate). Cleared extracts (0.35 degraded by the ubiquitin pathway. Nature 349, 132–138.
ml, 4 mg) were incubated for 60 min with antibodies, which were

Gordon, D.M., and Roof, D.M. (2001). Degradation of the kinesin
captured with 40 �l of protein A-Sepharose for 60 min. Beads were

Kip1p at anaphase onset is mediated by the anaphase-promoting
washed with the buffers B70 plus BSA (1 mg/ml), B70, B150, B200,

complex and Cdc20p. Proc. Natl. Acad. Sci. USA 98, 12515–12520.
and B70 followed by immunoblot analysis. CCT’s specificity was

Guenther, M.G., Yu, J., Kao, G.D., Yen, T.J., and Lazar, M.A. (2002).analyzed by probing anti-HA immunoprecipitates from CCT2-ha3
Assembly of the SMRT-histone deacetylase 3 repression complexcells with antibodies to Adh1, Apc2, Cct1, Cdc11, Cdc16, Cdc20,
requires the TCP-1 ring complex. Genes Dev. 16, 3130–3135.Cdc28, Cim3, Cim5, Clb2, Ctf19, Kip1, Mad2, Mif2, Ndc10, Ndc80,

Nop1, PFK, Sec4, Sso2, Stu2, Swi6, Tub2, and Ubc9. Only Cct1, Gutsche, I., Essen, L.O., and Baumeister, W. (1999). Group II chaper-
Cdc20, and Tub2 were associated with Cct2-ha3. To release CCT onins: new TRiC(k)s and turns of a protein folding machine. J. Mol.
substrates, anti-HA immunoprecipitates from CCT1-ha3 Myc9- Biol. 293, 295–312.
CDC20 or CCT2-ha3 Myc18-CDH1 cells were further washed for 15 Hansen, W.J., Cowan, N.J., and Welch, W.J. (1999). Prefoldin-
min at 25�C with buffer B70 plus 0.2% NP40. Reactions containing nascent chain complexes in the folding of cytoskeletal proteins. J.
40 �l beads in B70 buffer were supplemented with Mg/ATP (2 mM), Cell Biol. 145, 265–277.
incubated at 25�C, and stopped with EDTA (15 mM). After centrifuga-

Ho, Y., Gruhler, A., Heilbut, A., Bader, G.D., Moore, L., Adams, S.L.,tion, the supernatants were filtered through empty spin columns,
Millar, A., Taylor, P., Bennett, K., Boutilier, K., et al. (2002). System-and the beads were washed three times with buffer B70. Superna-
atic identification of protein complexes in Saccharomyces cerevis-tants and bound proteins were analyzed by immunoblotting. HeLa
iae by mass spectrometry. Nature 415, 180–183.cells were scraped from the plates in PBS and lysed in buffer B100
Hwang, L.H., Lau, L.F., Smith, D.L., Mistrot, C.A., Hardwick, K.G.,plus 0.8% NP40. Cleared extracts (0.4 ml, 6 mg) were subjected to
Hwang, E.S., Amon, A., and Murray, A.W. (1998). Budding yeastimmunoprecipitations, and beads were washed four times with
Cdc20: a target of the spindle checkpoint. Science 279, 1041–1044.buffer B100 containing 0.5% NP40.
Irniger, S., and Nasmyth, K. (1997). The anaphase-promoting com-
plex is required in G1 arrested yeast cells to inhibit B-type cyclinOther Techniques
accumulation and to prevent uncontrolled entry into S-phase. J.The peak cell volume of nonfixed cells was measured with a CASY1
Cell Sci. 110, 1523–1531.Cell Counter Analyser (Schaerfe System, Reutlingen, Germany). Ob-

servation of sister chromatids and flow cytometric analysis of cellu- Knop, M., Siegers, K., Pereira, G., Zachariae, W., Winsor, B., Nas-
lar DNA content were performed as described (Michaelis et al., myth, K., and Schiebel, E. (1999). Epitope tagging of yeast genes
1997). using a PCR-based strategy: more tags and improved practical

routines. Yeast 15, 963–972.
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