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Recombinant G, cyclin CIn2p can bind to and stimulate
the protein kinase activity of p34¢PC?8 (Cdc28p) in an
extract derived from cyclin-depleted and G;-arrested
Saccharomyces cerevisiae cells. Upon activating
Cdc28p, CIn2p is extensively phosphorylated and con-
jugated with multiubiquitin chains. Ubiquitination of
ClIn2p in vitro requires the Cdc34p ubiquitin-conjugat-
ing enzyme, Cdc28p, protein phosphorylation and
unidentified factors in yeast extract. Ubiquitination of
CIn2p by Cdc34p contributes to the instability of Cln2p
in vivo, as the rate of CIln2p degradation is reduced
in cdc34" cells. These results provide a molecular
framework for G; cyclin instability and suggest that
a multicomponent, regulated pathway specifies the
selective ubiquitination of G; cyclins.
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Introduction

The transient and cyclical appearance of an array of cyclin/
cyclin-dependent kinase (Cdk) activities is thought to
drive cells through successive phases of the cell cycle.
Thus, factors that positively or negatively modulate the
activity of cyclin—Cdk complexes are likely to exert
profound influence over progression through the cell
division cycle. Three mechanisms for inhibiting the activity
of cyclin—Cdk assemblages have been described. Kinase
activity expressed by cyclin A—, D— or E-Cdk (Gu
et al., 1993; Harper et al., 1993; Serrano et al., 1993;
Xiong et al., 1993), Cln—Cdc28p (Peter et al., 1993) and
cyclin B—Cdc28p (Mendenhall, 1993) complexes can be
specifically attenuated by physically associated inhibitor
proteins. Conversely, the activity of cyclin B —p34¢dc?
complexes is constrained prior to mitosis by tyrosine
phosphorylation of p34¢%? (reviewed in Solomon, 1993;
Dunphy, 1994) and late in mitosis by rapid degradation
of cyclin B.

Destruction of A and B cyclins (Murray et al., 1989;
Ghiara et al., 1991; Glotzer et al., 1991; Luca et al., 1991;
Gallant and Nigg, 1992; van der Velden and Lohka, 1993)
is critical for exit from mitosis, and proteolysis of the yeast
G, cyclin Cln3p may be required for correct regulation of

G, phase (Tyers et al., 1992; Cross and Blake, 1993).
Cyclins A and B are slated for rapid destruction by the
covalent attachment of ubiquitin (Glotzer et al., 1991;
Hershko et al, 1991). Ubiquitin is a 76 amino acid
polypeptide conserved among all eukaryotes. Attachment
of ubiquitin to substrate proteins requires the coordinated
actions of a group of enzymes (reviewed in Finley and
Chau, 1991; Hershko and Ciechanover, 1992). Ubiquitin
is first activated by adenylylation of its C-terminus by an
enzyme referred to as El, and activated ubiquitin is
subsequently linked via a thiol ester to the cysteine residue
of an enzyme referred to as E2. E2 activity is encoded by
at least 10 genes in yeast (Chen et al., 1993), and is thought
to contribute significantly to the substrate specificity of
the ubiquitination pathway. The charged E2 then transfers
ubiquitin to a substrate protein by catalyzing the formation
of an isopeptide bond between the C-terminus of ubiquitin
and e-N groups on lysine residues in the target protein.
In some cases, the E2-dependent conjugation of ubiquitin
to a target protein also requires the participation of a
protein known as E3. Subsequent attachment of additional
ubiquitin monomers to lysines on the substrate-tethered
ubiquitin leads to the formation of long multiubiquitin
chains, which specify rapid degradation of the appended
protein. With the exception of the N-end rule (Varshavsky,
1992), little is known about how components of the
ubiquitination pathway select specific substrates from the
pool of available cellular proteins. Although a peptide
segment that signals multiubiquitination has been
identified in cyclin B (Glotzer et al., 1991), the enzymes
required for ubiquitination of cyclin B have not yet been
directly identified (Hershko et al., 1994).

In keeping with their names, other members of the
cyclin family exhibit periodic accumulation during the
cell cycle (Wittenberg et al.,, 1990; Dulic et al., 1992;
Koff et al., 1992; Matsushime et al., 1992; Baldin et al.,
1993; Tyers et al., 1993). Though periodic accumulation
implies an unstable protein, the stability of most other
cyclins has not been examined directly, and it remains
unknown whether the degradation of other cyclins is
constitutive or regulated and whether their destruction is
required for proper regulation of the cell cycle. Despite
our poor understanding of the control of cyclin stability,
destruction of these regulatory molecules may be of
general significance, as it provides a simple, irreversible
means of resetting the activity of their cognate Cdk
partners for successive cell cycles.

Results

Cin2p produced by in vitro translation activates
Cdc28"Ap

We described previously an assay that measures the
activation of a hemagglutinin epitope-tagged version of
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Fig. 1. CIn2p translated in reticulocyte extract activates Cdc28HAp and is rapidly phosphorylated. (A) Cln2p synthesized in vitro in the presence of
[3°S]methionine was incubated in 15 mg/ml RID567 (cinl,2,3-A, GAL—CLN3, CDC28") extract for 0~60 min at 24°C prior to immunoprecipitation
of Cdc28HAp with a-HA antibodies and histone H1 kinase assay (top panel) or SDS—PAGE and fluorography (bottom panel). Samples in lanes 8-10
(bottom panel) were subjected to immunoprecipitation with a-HA prior to SDS—PAGE. (*) refers to an 84 kDa form of Cln2p that appears upon
incubation in yeast extract. (B) Cln2p synthesized in vitro in the presence of [33S]methionine was incubated in 15 mg/ml RID567 extract for 60 min
at 24°C, and the portion assembled with Cdc28HAp was retrieved by immunoprecipitation with o-HA antibodies. Washed immunoprecipitates were
either mock-treated (lane 1) or incubated with 3 pl 10 U/ul calf intestinal alkaline phosphatase (lane 2) or 3 ul of a fraction enriched for protein
phosphatase 2A (lane 3) for 30 min at 24°C prior to SDS—PAGE and fluorography. Lanes 5-8: CIn2p produced by translation in vitro in the
presence of [3S]methionine was incubated in 15 mg/ml RID567 extract for 20 or 60 min in the presence of either 2 UM okadaic acid (lanes 5 and
6) or 5 mM 6-DMAP (lanes 7 and 8). Cln2p molecules assembled with Cdc28HAp were retrieved by immunoprecipitation with o-HA antibodies
prior to SDS—PAGE and fluorography. Lanes 9 and 10: washed immunoprecipitates prepared as described for lane 7 were incubated with (lane 10)
or without (lane 9) 0.5 mM ATP in standard kinase assay buffer (Deshaies and Kirschner, 1995) for 10 min at 24°C. PP-ClIn2p, hyperphosphorylated
Cln2p. (C) Cln2p synthesized in vitro in the presence of [>*S]methionine was incubated in 18 mg/ml RID564 (cdc28") extract (lanes 1-7) or
RID567 extract (lanes 8-12) for 0-60 min at 24°C in the presence of either the indicated amounts of renatured Cdc28HAp purified from E.coli (lanes
3-6 and 11 and 12) or 2 uM okadaic acid (lanes 7 and 10). PP-CIn2p, hyperphosphorylated CIn2p.

Saccharomyces cerevisiae p34°P?8 (Cdc28HAp) induced GST—Cln2p used previously. As seen with GST—Cln2p,
by adding G, or B cyclins to a crude yeast extract (Deshaies Cln2p produced by in vitro translation effectively activated
and Kirschner, 1995). To summarize, a concentrated extract quiescent Cdc28"Ap present in a CLN-depleted extract
prepared from CLN-depleted, G-arrested yeast cells was (Figure 1A, top panel).

supplemented with both an ATP regenerating system and

glutathione-S-transferase (GST)—cyclin chimeras purified Activated Cdc28"Ap promotes extensive

from Escherichia coli. Cdc28HAp activation was monitored phosphorylation of Cin2p

by quantitating histone HI1 kinase activity in anti- To determine whether Cln2p was modified during incuba-
hemagglutinin («-HA) immunoprecipitates. To investigate tion in yeast extract, we subjected samples from activation
post-translational modifications that may occur to cyclin reactions to SDS—PAGE followed by autoradiography.
consequent to activation of its catalytic partner, we have Within 10 min of being added to yeast extract, ~50% of
modified the original assay by substituting 33S-radiolabeled the Cln2p was converted from a 66 to an ~84 kDa form
CIn2p synthesized in a reticulocyte lysate for the (Figure 1A, bottom panel, lanes 1-7). This dramatic shift
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in molecular weight paralleled activation of Cdc28H4p,
and the 84 kDa species was enriched in Cdc28HAp
immunoprecipitates (lanes 8-10). A similar, high
molecular weight form of Cln2p was detected previously
in yeast cell lysates (Wittenberg et al., 1990; Tyers et al.,
1993). The immunoisolated 84 kDa form of Cln2p was
restored to a low molecular weight form by digestion
with either calf intestinal alkaline phosphatase or protein
phosphatase 2A (Figure 1B, lanes 1-3), indicating that
the 18 kDa molecular weight shift was principally due to
phosphorylation of Cln2p.

Though hyperphosphorylated Cln2p was preferentially
associated with Cdc28"Ap, extensive phosphorylation of
Cln2p was not a prerequisite for stable binding to
Cdc28HAp. Cln2p was efficiently co-precipitated with
Cdc28"Ap from activation reactions supplemented with
either the phosphatase inhibitor okadaic acid, which
promotes Cln2p hyperphosphorylation, or the ATP analog
6-dimethylaminopurine (6-DMAP), which inhibits hyper-
phosphorylation (Figure 1B, lanes 4-8). Neither of these
compounds influenced activation of Cdc28%4p by Cln2p
(data not show).

To test whether hyperphosphorylation of Cln2p
depended upon CDC28 activity, we added Cln2p to a
concentrated extract prepared from Gi-arrested cdc28"
cells. Both activation of Cdc28p histone H1 kinase (Figure
4A, bottom panel) and hyperphosphorylation of Cln2p
(Figure 1C, lanes 1 and 2) were severely reduced in the
cdc28" extract. Purified, renatured Cdc28"Ap (derived
from E.coli inclusion bodies, see Materials and methods)
fully complemented the Cdc28"Ap activation defect of
cdc28" extract (Deshaies and Kirschner, 1995) and
partially restored Cln2p hyperphosphorylation (Figure 1C,
lanes 3-6). The inability to restore completely Cln2p
phosphorylation by the addition of purified Cdc28H4p to
cdc28" extract may reflect the presence of elevated Cln2p
phosphatase activity in this extract, as okadaic acid effec-
tively promoted Cln2p hyperphosphorylation (Figure 1C,
lane 7). Enhanced formation of hyperphosphorylated
Cln2p under these conditions may reflect the stabilization
of normally minor phosphorylations catalyzed by either
residual Cdc28p activity or a distinct kinase with poor
affinity for Cln2p substrate. Regardless, Cdc28"Ap alone
or a tightly bound kinase are sufficient to generate hyper-
phosphorylated Cln2p; Cln2p was extensively phosphoryl-
ated when ATP was added to o-HA precipitates containing
Cdc28HAp assembled with underphosphorylated Cln2p
(Figure 1B, lane 10; starting material in lanes 9 and 10
was derived from reactions supplemented with 6-DMAP
as in lanes 7 and 8).

CIn2p is ubiquitinated by Cdc34p in vitro

Time-course experiments revealed that a new, hetero-
geneously modified form of CIn2p appeared following the
hyperphosphorylated form (data not shown). This new
species migrated as a high molecular weight (HMW)
smear, as shown in Figure 2 (lane 2). Two results indicate
that the HMW form of Cln2p arose from the covalent
attachment of ubiquitin. First, purified ubiquitin (Ub)
added to yeast extract stimulated the formation of HMW
Cln2p (Figure 2, lanes 3 and 4). Second, HMW Cin2p
was selectively precipitated by antibodies elicited against
ubiquitin conjugates (0-Ub, lane 9), whereas all forms of

Ubiquitination of a G, cyclin by Cdc34p
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Fig. 2. Multiubiquitin chains are assembled on Cln2p in vitro. Cln2p
synthesized in vitro in the presence of [3S]methionine was incubated
in 15 mg/ml RID567 extract for O (lane 1) or 60 (remainder) min at
24°C in the presence of the indicated amounts of ubiquitin (Ub) or
methyl ubiquitin (meUb). The reaction displayed in lane 7 contained
0.5 mg/ml meUb and 1.5 mg/ml ubiquitin. Aliquots of the reaction
shown in lane 2 were immunoprecipitated with either 0.7 pg affinity-
purified o-Cln2p (lane 8) or 3 pl a-ubiquitin conjugate (lane 9)
antiserum prior to SDS—PAGE and fluorography. PP-Cln2p,
hyperphosphorylated CIn2p; Ub-CIn2p, multiubiquitinated Cln2p.

CIn2p were precipitated by anti-Cln2p antibodies (o
Cln2p, lane 8). Two scenarios could account for the
extensive ubiquitination of Cln2p observed here: either
multiubiquitin chains were assembled on one or a small
number of lysine residues, or many lysines were con-
jugated with short Ub chains. Methylation of the &-N
groups of lysines in Ub blocks multiubiquitin chain
formation by preventing Ub—UD ligation (Hershko and
Heller, 1985). Reactions supplemented with methylated
ubiquitin (meUb) yielded only low MW forms of
ubiquitinated Cln2p (Figure 2, lanes 5 and 6), suggesting
that multiubiquitin chains were typically assembled on a
relatively small number of lysine residues in Cln2p.
During the mitotic cell cycle, the level of Cln2p
diminishes at approximately the same time that CDC34
activity is required for further progression (Wittenberg
et al., 1990; Tyers et al., 1993). To test whether Cln2p
might be a substrate for the Cdc34p ubiquitin-conjugating
enzyme, we examined Cln2p modification in extracts from
isogenic wild-type and cdc34* cells arrested in G, phase
with the mating pheromone o-factor. Whereas Cln2p
activated Cdc28HAp (Figure 3B, lanes 3 and 4) and was
hyperphosphorylated and ubiquitinated in CDC34™ extract
(Figure 3A, lanes 1 and 2), assembly of multiubiquitin
chains on Cln2p was reduced in a cdc34" extract (Figure
3A, lanes 4 and 5). The defect in the cdc34" extract was
confined to the formation of Ub—CIn2p, as Cdc28HAp
activation (Figure 3B, lanes 1 and 2) and Cln2p hyper-
phosphorylation proceeded normally. The diminished
ubiquitination of Cln2p in a cdc34" extract was specifically
due to a deficit of Cdc34p activity, as Cln2p ubiquitination
was efficiently restored by the addition of purified Cdc34p
(Figure 3A, lanes 6-9) but not by addition of the Ubc4p
ubiquitin-conjugating enzyme (Seufert and Jentsch, 1990).
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Flsg. 3. Cdc34p is required for the assembly of multiubiquitin chains on CIn2p in vitro. (A) CIn2p synthesized in vitro in the presence of )
[3*S)methionine was incubated in 15 mg/ml RJD567 (lanes 1-3) or RID670 (cdc34", lanes 4-10) extract for O (lanes 1 and 4) or 60 (remainder) min
at 24°C. Reactions were either mock-treated (lanes 1, 2, 4 and 5) or supplemented with the indicated amounts of Cdc34g or 1125 nM Ubc4p (lane

10), both purified from E.coli. Reactions were either directly evaluated by SDS—PAGE and fluorography (A), or Cdc28

Ap was immunoprecipitated

with a-HA antibodies and incubated with [7-32P]ATP and histone H1 before SDS—PAGE (B). The kinase assays shown in (B) were performed with
material from the reactions depicted in lanes 4, 5, 1 and 2, respectively, from (A). PP-Cln2p, hyperphosphorylated Cln2p; Ub-ClIn2p, ubiquitinated

Cin2p; H1, histone H1.

Cdc28p and protein phosphorylation promote
Cin2p ubiquitination in vitro

Since ClIn2p bound to, activated and was hyperphosphoryl-
ated by Cdc28"Ap in yeast extract, we reasoned that
Cdc28"Ap might influence the conjugation of ubiquitin to
Cln2p. Extract derived from a cdc28” mutant failed to
sustain efficient hyperphosphorylation (Figure 1C) or
multiubiquitination (Figure 4A, top panel, lanes 1 and 2)
of Cln2p (Figures 1C and 4A are different exposures of
the same SDS-—polyacrylamide gel). The inability of
cdc28" extract to support hyperphosphorylation and multi-
ubiquitination of Cln2p was at least partly due to a deficit
of Cdc28p activity, as purified Cdc28HAp partially rescued
both modification defects (Figure 4A, top panel, lanes 3—
6). Whereas Cdc28HAp only partially restored Cln2p
hyperphosphorylation and multiubiquitination in a cdc28*
extract, histone H1 kinase activation was fully restored
(Figure 4A, bottom panel). Okadaic acid efficiently
restored both hyperphosphorylation and ubiquitination of
Cln2p in cdc28" extract (Figure 4A, top panel, compare
lane 7 with lane 9).

Cdc28%4p may promote Cln2p ubiquitination by
mechanisms independent of protein phosphorylation. To
test directly whether Cln2p ubiquitination is modulated
by protein phosphorylation, we mixed Cln2p and yeast
extract in the presence of agents that promote (okadaic
acid) or inhibit (protein phosphatase 2A, 6-DMAP) the
accumulation of phosphorylated proteins (Figure 4B).
Okadaic acid (lanes 4-6) stimulated the formation of
both hyperphosphorylated and multiubiquitinated Cln2p,
whereas both PP2A (lanes 7-9) and 6-DMAP (lanes 10—
12) inhibited the accumulation of modified Cln2p. None
of these agents influenced the assembly of active
ClIn2p—Cdc28HAp complexes (data not shown).

Although rabbit reticulocyte lysate contains all of the
enzymes required for the ubiquitin-mediated degradation

306

of a variety of substrates (Ciechanover et al., 1991), Cln2p
was only poorly ubiquitinated upon translation. Rabbit
reticulocyte extract supplemented with purified Cdc34p
or Cdc28HAp, either alone or in combination, failed to
sustain hyperphosphorylation and multiubiquitination of
Cln2p (Figure 5, lanes 1-5). In contrast, 10 mg/ml yeast
extract promoted hyperphosphorylation and multiubiquit-
ination of Cln2p. Thus, Cdc34p and Cdc28p by themselves
could not catalyze multiubiquitination of Cln2p; some
other component of yeast extract was required.

Cin2p is a substrate for Cdc34p in vivo

The data presented above indicate that Cln2p was
ubiquitinated in vitro in a reaction that required Cdc34p,
Cdc28p, protein phosphorylation and some factor(s)
resident in yeast extract. Since multiubiquitination of
Cln2p by Cdc34p may serve to target Cln2p for rapid
degradation by the 26S proteasome (Finley and Chau,
1991; Hershko and Ciechanover, 1992), we next addressed
whether CDC34 modulates the stability of Cln2p in living
cells. Cells harboring a cdc34* mutation grew normally
at 24°C and failed to grow at temperatures >35°C.
Presumably, cells growing slowly at temperatures just
below 35°C were sustained by a barely adequate level of
Cdc34p activity. If CIn2p is a substrate of Cdc34p in vivo,
overexpression of Cln2p at intermediate temperatures
might titrate the nearly over-extended Cdc34p enzyme,
thereby reducing the maximum temperature permissive
for growth. CLN2 expression from the galactokinase
(GALI) promoter (Johnston and Davis, 1984) reduced the
permissive temperature of a cdc34" strain by nearly 5°C,
but had little effect on the growth of a wild-type strain
(Figure 6). Elevated expression of CLN3 also reduced cell
growth, but not as effectively as CLN2. A CLN2 deletion
mutant (CLN2-A3) that was unable to bind Cdc28HAp
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Fig. 4. Cdc28"Ap and protein phosphorylation promote the assembly of multiubiquitin chains on CIn2p in vitro. (A) Cln2p synthesized in vitro in the
presence of [33S]methionine was incubated in 18 mg/ml RJD564 (lanes 1-7) or RID567 (lanes 8-12) extract for O (lanes 1 and 8) or 60 (remainder)
min at 24°C. Reactions were either mock-treated (lanes 1, 2, 8 and 9), or supplemented with the indicated amounts of refolded Cch8HAp (lanes 3-6
and 11 and 12) purified from E.coli or 2 pM okadaic acid (lanes 7 and 10). Reactions were either evaluated directly by SDS—PAGE and
fluorography (top panel), or Cln2p—Cdc28H4p complexes were immunoprecipitated with o-CIn2p antibodies and incubated with [y-32P]ATP and
histone H1 before SDS—PAGE (bottom panel). The kinase assays shown in the bottom panel were performed with material immunoprecipitated from
the reactions represented in the corresponding lanes shown in the top panel. PP-Cln2p, hyperphosphorylated Cln2p; OA, okadaic acid. The top panel
is a longer exposure of the same gel depicted in Figure 1C. (B) Cln2p synthesized in vitro in the presence of [>>S]methionine was incubated in 15
mg/ml RJD567 extract for 0, 20 or 60 min at 24°C with no further additions (lanes 1-3) or in the presence of either 2 uM okadaic acid (lanes 4-6),
1 pl of a fraction enriched for Xenopus protein phosphatase 2A (lanes 7-9) or 5 mM 6-DMAP (lanes 10-12). PP-Cin2p, hyperphosphorylated Cln2p;

Ub-Cln2p, ubiquitinated Cln2p.

(unpublished results) failed to exaggerate the phenotype
of the cdc34* mutant.

To evaluate directly the role of CDC34 in Cln2p
accumulation, we examined the level and stability of
Cln2p in a cdc34* mutant. Wild-type and cdc34" strains
grown at the permissive temperature were shifted to 37°C
for 0-3 h, and extracts prepared at the indicated times
were evaluated for their content of a hemagglutinin
epitope-tagged form of Cln2p (CIn2HAp; Tyers et al.,
1993) by immunoblotting with a-HA antibodies (Figure
7A, left panel). CIn2HAp (present in both unmodified and
multiply phosphorylated forms) accumulated in cdc34*
cells shifted to 37°C, attaining a level ~3.5 times greater
than that present in equivalently treated wild-type cells
(lane 8 versus lane 4). To distinguish whether the elevated
level of Cln2p in cdc34” strains resulted from increased
synthesis or increased stability, we measured the half-life
of CIn2p in a pulse—chase experiment. Wild-type and
cdc34" strains containing a natural (non-tagged) CLN2
allele were shifted to 37°C for 75 min, pulse-labeled with
[33S]methionine and chased in the presence of unlabeled
methionine. An autoradiogram of o-Cln2p immuno-
precipitates is displayed in the right-hand panel of Figure
7A. CIn2p was rapidly degraded in wild-type cells, but
persisted far longer in cdc34* cells; quantitation of the
radioactive gel revealed that the half-life of Cin2p was
5 min in wild-type cells and 20 min in cdc34* cells.
Unfortunately, we were unable to measure Cln2p stability
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Fig. 5. Cdc34p and Cdc28HAp are not sufficient to sustain
ubiquitination of Cln2p. Cln2p produced by translation in a rabbit
reticulocyte extract in the presence of [>>S]methionine was incubated
for 0 (lane 1) or 60 (remainder) min at 24°C with either 0.8 uM
purified Cdc34p (lane 3), 1.5 uM purified and renatured Cdc28HAp
(lane 4), both 0.8 pM Cdc34p and 1.5 uM Cdc28"4p (lane 5) or
2.5-10.0 mg/ml RJD567 extract (lanes 6-8). PP-Cln2p,
hyperphosphorylated Cln2p; Ub-Cln2p, ubiquitinated Cln2p.
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Fig. 6. cdc34" cells are hypersensitive to elevated expression of G
cyclins. Wild-type (RID494) and cdc34" (RID669) strains were
transformed with the indicated plasmids, and transformants were
streaked on selective minimal galactose medium. Plates were
incubated at 30°C for 3 days prior to being photographed.
GAL—CLN2, CLN2 under control of the GAL promoter in plasmid in
pTS210; GAL—CLN2-A3, CLN2-A3 under control of the GAL
promoter in plasmid in pTS210 (the protein encoded by CLN2-A3
lacks amino acids 377-545 and is unable to bind or activate Cdc28HAp
in vitro); GAL—CLN3, CLN3 under control of the GAL promoter in
plasmid pW16 (Cross, 1990).

in edc34" cells immediately following a shift to 37°C, since
Cln2p synthesis was transiently reduced upon shifting cells
from 24 to 37°C. Thus, we cannot exclude the possibility
that Cln2p was stabilized as an indirect consequence of
cell cycle arrest at the cdc34" block.

In vitro, efficient multiubiquitination of Cln2p required
Cdc28HAp. Pulse—chase radiolabeling/immunoprecipita-
tion experiments indicated that wild-type Cln2p is only
partially stabilized in cdc28" cells, however (Figure 7B).
Quantitation of the autoradiogram shown in Figure 7B
indicated that the half-life of CIn2p was 8 min at 37°C in
cdc28" (lanes 9-12) compared with 4 min in wild-type
cells (lanes 5-8). Likewise, a form of Cln2p that fails to
bind Cdc28p (Deshaies and Kirschner, 1995) was also
partially stabilized in wild-type cells (¢, Cln2-Abox =
12 min, t;, Cln2p = 4 min; lanes 1-4 versus lanes 5-8).
Taken together, these data imply that the assembly of Cln2p
with active Cdc28p accelerated, but was not essential for,
Cln2p degradation in vivo. A

Whereas CDC34 is required for the rapid degradation
of Cln2p, the cell cycle arrest resulting from inactivation
of CDC34 is not due to accumulation of Cln2p; following
a shift to 37°C, both CLN2 cdc34* and cin2A cdc34"
strains arrest with a G, content of DNA as determined by
flow cytometry (data not shown). Likewise, clnlA cin2A
cdc34”, clnlA cln3A cdc34* and cin2A cIn3A cdc34*
strains arrested with a G; content of DNA at 37°C (data
not shown), suggesting either that G, cyclin degradation
is not required for entry into S phase or that G, cyclins
are not the sole target of Cdc34p.

Discussion

Cyclins are best known as unstable activators of Cdks. In
the past few years, the basic features of the biochemical
pathway by which cyclin B activates p34°42-have been
described (Solomon, 1993; Dunphy, 1994). In contrast,
little is known as yet about the enzymes that earmark
cyclin B, or any other cyclin, for rapid destruction by the
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ubiquitin-dependent pathway. Enzymological dissection
of these catabolic pathways will prove crucial to under-
standing the regulation of the cell cycle, as cyclin degrada-
tion plays an important role in processes as diverse as the
exit from mitosis (Murray et al., 1989) and the execution
of START (Nash et al., 1988; Cross, 1990). Here, we
show that the G; cyclin Cln2p was ubiquitinated and
thereby rendered unstable by the ubiquitin-conjugating
enzyme Cdc34p. Ubiquitination of Cln2p was complex;
efficient conjugation of ubiquitin to Cln2p was promoted
by protein phosphorylation, and required Cdc28p and
other factors present in yeast extract.

Covalent modification of CIn2p, and the role of
Cdc34p in Cin2p degradation

In agreement with the DNA sequence of CLN2 (Hadwiger
et al., 1989), CIn2p translated in reticulocyte lysate
migrates on SDS—polyacrylamide gels as a 66 kDa
protein. Upon binding to and activating Cdc28"4p, Cln2p
was phosphorylated, resulting in an 18 kDa shift in its
molecular weight. Although the extensive phosphorylation
of CIn2p correlated with its binding to Cdc28HAp, hyper-
phosphorylation of Cln2p was not a prerequisite for
complex formation. Hyperphosphorylation of the 66 kDa
form of Cln2p readily occurred in immunopurified
Cdc28H4p complexes. Since the protein composition of
these immunoprecipitates is not known, however, other
co-precipitating kinases may contribute to the formation
of hyperphosphorylated Cln2p.

Subsequent to the appearance of the 84 kDa form,
Cln2p was extensively conjugated with ubiquitin. Cln2p
was predominantly ubiquitinated on only one or a few
lysines, as the heterogeneous collection of ubiquitinated
CIn2p molecules was converted to a discrete, low molecu-
lar weight form(s) when the chain-terminating inhibitor
methyl ubiquitin was present during ubiquitination reac-
tions. Two aspects of Cln2p ubiquitination in yeast extract
deserve further comment. First, only a small fraction (10—
20%) of Cln2p accumulated as Ub—Cln2p. Whereas Cln2p
may be a poor substrate for ubiquitin-conjugating enzymes,
the low level of accumulated conjugates probably reflects
a dynamic interplay between ubiquitin-conjugating and
-deconjugating enzymes in yeast (Baker et al., 1992; Papa
and Hochstrasser, 1993). Second, little degradation of
Cln2p was observed during a 60 min incubation in vitro.
We suspect that yeast extract contains an inhibitor of the
proteasome, as addition of yeast extract inhibits the
degradation of cyclin B in Xenopus extract (data not
shown).

Despite the low efficiency of Cln2p ubiquitination and
degradation in vitro, we believe that this reaction is
physiologically related to the documented instability of
Cin2p for three reasons: (i) ubiquitination of Cln2p
depended upon the activity of its catalytic partner Cdc28p;
(ii) ubiquitination of CIn2p was positively regulated by
the phosphorylation of serine or threonine residues. There
is no reported requirement for either serine/threonine
phosphorylation or Cdc28p in the degradation of other
substrates by the ubiquitin-dependent pathway; and (iii)
ubiquitination of Cln2p in vitro was dependent upon a
protein, Cdc34p, that was also required for its rapid
destruction in living cells.

Although the half-life of Cln2p was 4-fold longer in
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Fig. 7. CIn2p accumulation and stability in cdc34' and cdc28" cells. (A) Left panel: wild-type (RID699) and cdc34* (RID707) strains expressing
CLN2 tagged with a triple hemagglutinin epitope (Tyers et al., 1993) were grown at 24°C in YEPD medium, shifted to 37°C for 0-3 h, and then
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and fluorography. (B) Wild-type (RJD699), cdc28" (RID705) and cIn2-Abox (RID752) cells expressing CLN2 tagged with a triple hemagglutinin
epitope were grown at 24°C, shifted to 37°C for 75 min, pulse-radiolabeled for 5 min with [>*S]methionine and chased with cold methionine for
0-20 min as indicated. Labeled cells were lysed by agitation with glass beads, and the level of Cln2p antigen was evaluated by immunoprecipitation
with affinity-purified CIn2p antibodies followed by SDS—~PAGE and fluorography.

cdc34* compared with wild-type cells, Cln2p was still
degraded rapidly compared with bulk yeast proteins
(Seufert and Jentsch, 1990). Thus, either the cdc34* allele
possesses weak activity at 37°C, or Cln2p is metabolized
by multiple pathways. Stabilization of the transcriptional
regulatory protein MAT (2 requires simultaneous deletion
of four genes that each encode a distinct ubiquitin-
conjugating enzyme (Chen et al., 1993). In addition, the
degradation of a B-type cyclin ectopically expressed in
G, cells proceeds by destruction box-dependent and -
independent pathways (Amon et al., 1994). The high
degree of genetic redundancy observed among the 10
known ubiquitin-conjugating enzyme genes in S.cerevisiae
(only two are essential for growth; Chen et al., 1993)
suggests that destruction pathways collaborate to delimit
the half-lives of extremely short-lived proteins.

The pathway of CIn2p ubiquitination
Efficient ubiquitination of Cln2p in vitro required both
protein phosphorylation and Cdc28p activity. However, it

is not clear how the requirement for protein phosphoryla-
tion is related to the requirement for Cdc28p. Protein
phosphorylation may promote ubiquitination of Cln2p by
several mechanisms. Although the phosphorylation of
Cln2p kinetically precedes and correlates with its
ubiquitination, a causative role for Cln2p phosphorylation
has not been established. Protein phosphorylation promotes
the rapid degradation of RAG2 (Lin and Desiderio, 1993)
and c-Fos (Papavassiliou et al., 1992), suggesting that it
may play a broad role in signaling selective protein
turnover. Besides Cln2p, a factor required for ubiquitina-
tion of Cln2p may be a target of phosphoregulation.
Cdc34p itself has at least two potential Cdc28p phos-
phorylation sites (Goebl e? al., 1988), and is phosphoryl-
ated on serine in vivo (Goebl et al., 1994). Whereas
Cdc28p may promote Cln2p ubiquitination in vitro by
acting as a protein kinase, Cdc28p may also induce
Cln2p to adopt a specific conformation that can then be
recognized by Cdc34p. Rapid degradation of cyclin A and
B2 in frog extract requires their affiliation with p34°42,
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even if active cyclin—p34<¢? complexes are present
in trans (Stewart et al., 1994).

In contrast to that observed in vitro, Cdc28p activity
and assembly of Cln2p with Cdc28p play a less prominent
role in the degradation of Cln2p in living cells. Whereas
the half-life of CIn2p was extended 4-fold in cdc34* cells,
only a 2-fold increase in half-life was observed for either
wild-type CIn2p in cdc28" cells or a Cln2p mutant unable
to bind Cdc28p in wild-type cells. Perhaps the recognition
of CIn2p by Cdc34p in vivo is facilitated by, but is not
absolutely dependent upon, assembly with active Cdc28p.
Under the less than optimal conditions encountered in vitro,
however, the function of Cdc34p may come to depend
more strictly on the facilitating role of Cdc28p.

Besides Cdc28HAp and Cdc34p, other factors present
in yeast extract appear to be required for efficient
ubiquitination of CIn2p, since Cdc28HAp and Cdc34p were
not sufficient to sustain Cln2p ubiquitination in reticulocyte
extract. If CIln2p ubiquitination in vitro depends upon
Cdc28p kinase activity, as opposed to Cdc28p protein, a
Cdk-activating kinase, and any other factors required for
Cln2p-dependent activation of Cdc28p (Deshaies and
Kirschner, 1995), may also be required for Cln2p ubiquitin-
ation. In addition, the attachment of ubiquitin to Cln2p
by Cdc34p may require factors equivalent to the E3
enzymes that are known to be required in conjunction
with E2 enzymes for some ubiquitination reactions (Finley
and Chau, 1991; Hershko and Ciechanover, 1992).

What are the physiological roles of Cin2p
destruction and Cdc34p?

What selective forces have honed Cln2p to be annihilated
with such dispatch? Degradation of cyclins A and B is
required to restore p34°42 to the interphase state, thereby
allowing the cell to exit mitosis (Murray et al., 1989;
Luca et al., 1991; Gallant and Nigg, 1992; van der
Velden and Lohka, 1993). Perhaps progression through a
preceding cell cycle gateway likewise depends upon
reducing the activity of Gl cyclins via proteolysis.
Whereas overexpression of CLN2 is normally not toxic,
overexpression of CLN2 in the W303 strain background
severely reduces growth, and overexpression of C-termin-
ally truncated forms of Cln2p (in multiple genetic back-
grounds) causes cells to arrest with a G,/M content of DNA
(R.J.Deshaies, unpublished results). Thus, degradation of
CIn2p may facilitate the successful negotiation of either
G, or M phase, or both. A straightforward expectation is
that rapid degradation of Cln2p resets the G, form of
Cdc28p kinase to ground state prior to subsequent Gl
phases. In the absence of other post-translational mechan-
isms to restrain Cln2p—Cdc28p activity, the accumulation
of Cln2p would compromise a cell’s ability to regulate
START. Indeed, CLN2-1 renders cells unable to arrest in
G, upon nutrient deprivation (Hadwiger et al., 1989).
Although this large deletion stabilized Cln2p partially,
degradation still proceeded rather briskly (R.J.Deshaies,
unpublished results). An unequivocal answer to the role of
Cln2p degradation awaits the engineering of a thoroughly
stabilized Cln2p.

Which substrates of Cdc34p cause the cell cycle engine
to stall in G; upon their accumulation in cdc34" cells?
Besides Cln2p, Cln3p itself or a positive regulator of
Cln3p—Cdc28p complexes may be a substrate of Cdc34p,
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as the amount of Cln3p—Cdc28p kinase activity is elevated
dramatically in cdc34* cells (Tyers et al., 1992). The
known G, cyclins are unlikely to serve collectively as the
sole substrates of Cdc34p, however, as all possible single
and double clnA mutant—cdc34" combinations remained
temperature-sensitive for growth and arrested with an
IN content of DNA (R.J.Deshaies, unpublished results).
Several other proteins whose amounts or activities
diminish upon entry into S phase, including those that
impinge on the cell cycle engine such as the Cdc28p
inhibitor p40 (Mendenhall ef al., 1987; Mendenhall, 1993)
and those that participate more directly in DNA replication
such as Cdc46p (Hennessy et al., 1990) and Mcm2p—
Mcm3p (Yan et al., 1993), may independently serve as
important substrates of Cdc34p. Regardless of the exact
targets of Cdc34p, it probably plays a conserved role in
cell cycle progression, as a human CDC34 homolog that
efficiently rescues cdc34" cells has been reported recently
(Plon et al., 1993). The observation that human CDC34
rescues yeast deficient in a DNA damage-induced G,
phase checkpoint (Plon et al., 1993) suggests that Cdc34p
may influence diverse aspects of cell cycle control.

Materials and methods

Reagents, yeast strains and plasmids
Methylated ubiquitin (R.King, Harvard Medical School), Xenopus protein
phosphatase 2A (T.Lee, Harvard Medical School), plasmid pTS210
(T.Stearns, Stanford), plasmid pW16 (F.Cross, Rockefeller), plasmid
YEp13—CLN2 (F.Chang, Oxford, UK), plasmid pGAL—CLB2 and anti-
ubiquitin conjugate antibodies (M.Glotzer, EMBO, Heidelberg, Germany)
were generous gifts from the indicated investigators. The genotypes of
the yeast strains used in this study are as follows: RID567 is ciniA,
cln2::LEU2, cin3A, trpl, leu2, ura3, pep4::LEU2, transformed with a
GAL-CLN3, URA3, CEN ARS plasmid; RID494 is leu2, ura3, trpl,
pep4::TRP1, MATa; RID699 is RID494 containing CLN2*HA::LEU2 in
place of CLN2; RID564 is cdc28-4, ura3, leu2, pep4::TRP1, barl::LEU2,
MATa; RID705 is leu2, ura3, cdc28-4, cin2::CLN23*HA:-LEU2, MATa;
RID669 is cdc34-2, leu2, ura3, pep4::TRP1, MATa; RID670 is cdc34-2,
leu2, ura3, barl::LEU2, pep4::TRP1, MATa; RID707 is RID670 con-
taining CLN23*HA::LEU? in place of CLN2; RID795 is cdc34-2, ura3,
leu2, trpl, MATa; RID721 is ura3, leu2, trpl, his3, cIn2::LEU2, MATa;
and RID752 is leu2, ura3, trpl, pep4::TRP1, cln2-Abox®*HA:-LEU2.
Expression of CLN2 in vitro was achieved by inserting a BamHI
fragment (derived from YCpG2CLN2; Wittenberg et al., 1990) containing
the CLN2 gene into the BamHI site of pPGEM2 (yielding pRD68), such
that the 5" end of CLN2 was adjacent to the T7 promoter.
Galactose-dependent expression of CLN2 and CLN2-A3 in vivo was
achieved by inserting a BamHI fragment containing the CLN2 gene into
the BamHI site of pTS210 (CEN, ARS, URA3), yielding pRD98 (CLN2)
and pRD102 (CLN2-A3). The CLN?2 allele in each plasmid was flanked
by the GALI promoter and the ACT! terminator on its 5’ and 3’ ends,
respectively. The BamHI fragment used to construct pRD98 and pRD102
was derived by PCR with the oligo pairs given below. The BamHI sites
and the translation initiation (RDO6) and termination (RDO7,10) codons
are in bold. Both sets of oligos amplify the CLN2 coding sequence with
two codons (TCT AGA) appended at the 3’ end. The endpoint for
CLN2-A3 is amino acid 241. CLN2: RDO6, 5'-GC GCG TTA ATA
CGA CTC ACT ATA GGA TCC ACC ATG GCT AGT GCT GAA
CC-3’, and RDO7, 5'-CG GGA TCC CTA TAT TAC TTG GGT ATT
GCC-3'. CLN2-A3: RDO6 and RDOI10, 5'-CG GGA TCC CTA TCT
AGA GGC ATC ACT ATC CTG GG-3'. A plasmid containing CLN2
isolated from a genomic library (YEp13—CLN2) was used as template
in the PCR. Three independent clones of pRD98 and pRD102 were
analyzed by transformation into yeast strains RJD494 and RJD669 to
compensate for the possible introduction of mutations during PCR. All
three clones yielded results similar to those presented in Figure 6.

In vitro transcription and translation
pRD68 was linearized by digestion with EcoRI and transcribed with
T7 RNA polymerase as per the supplier’s instructions. Following



transcription, the mRNA was extracted sequentially with phenol/chloro-
form and chloroform, precipitated with ethanol, and resuspended in 50 pl
water. Messenger RNAs (~0.5 pl per 10 pl reaction) were translated for
60 min at 30°C in rabbit reticulocyte extract according to the supplier’s
instructions. Translation reactions were terminated by adding cold
methionine to 1 mM, incubating for 5 min at 30°C, followed by adding
cycloheximide to 100 pg/ml.

In vitro Cdc28"Ap activation reactions

Activation reactions were conducted as described previously (Deshaies
and Kirschner, 1995), except that rabbit reticulocyte translation reactions
(0-3 pl) containing [33S]methionine-labeled CIn2p were used in place
of GST—Cln2p purified from E.coli. Cdc28"4p-associated histone H1
kinase activity was measured following immunoprecipitation of
Cdc28HAp as described previously (R.J.Deshaies and M.Kirschner,
manuscript submitted). The physical state of Cln2p was evaluated as
follows. Reactions were terminated by mixing 4 pl of activation reaction
with 16 ul of SDS—PAGE sample buffer, heated for 4 min at 95°C and
applied (5 pl of sample/lane) to SDS —8% polyacrylamide gels. Following
electrophoresis, gels were stained with Coomassie blue, destained and
treated with the fluorographic enhancer Amplify according to the
supplier’s instructions.

Preparation of affinity-purified Cin2p antibodies

A plasmid (pRD71) that directs synthesis of GST—Cln2p in E.coli was
described previously (Deshaies and Kirschner, 1995). GST—Cln2p was
purified from the insoluble fraction of E.coli lysate as described previ-
ously (Deshaies and Schekman, 1990). Purified GST—ClIn2p was injected
into rabbits (BAbCo, Richmond, CA), and the resulting sera were affinity-
purified on a matrix containing immobilized TrpE—Cln2p essentially as
described (Deshaies and Schekman, 1990).

Immunoprecipitations and immunoblots

Wild-type and cdc34" cells grown at 24°C were shifted to 37°C for 75
min to impose the cdc34" block. Cells were then harvested, resuspended
in prewarmed growth medium and supplemented with 30 pCi/ODgyg
tran->3S-label (ICN). Following a 5 min pulse-label at 37°C, cells
were rapidly harvested and resuspended in prewarmed growth medium
supplemented with 20 pg/ml cysteine, 20 pg/ml methionine and 1 mM
ammonium sulfate. At the indicated times, aliquots of the culture were
diluted in ice-cold 10 mM NaNj3, 50 mM NaF. Washed cell pellets were
lysed by agitation with glass beads, lysates were supplemented with
affinity-purified anti-Cln2p antibodies and immune complexes were
recovered, washed and processed for SDS—PAGE and fluorography
essentially as described (Rothblatt er al., 1989), except that only a
single round of immunoprecipitation was performed. Radioactivity in
individual protein bands was quantitated as described (Chen et al,
1993).

Steady state levels of CIn2p in different yeast strains were assessed
by immunoblotting as follows. Log-phase yeast cultures were shifted to
37°C, and at the indicated time points cells were harvested, washed with
ice-cold 10 mM NaN3, 50 mM NaF and resuspended in 25 mM Tris—HCI
pH 7.2, 20 mM NaF, 1 mM EDTA, 1% SDS, 0.1 pM okadaic acid,
0.5 mM PMSF and 10 pg/ml leupeptin and pepstatin. Samples were
immediately immersed in a boiling water bath for 3 min, supplemented
with an equal volume of glass beads, vortexed for 90 s, reboiled for
2 min and microfuged. Equal amounts of protein from each extract were
then supplemented with 0.5 vol 3X SDS—PAGE sample buffer and
loaded onto a 7.5% SDS—polyacrylamide gel, electrophoresed, trans-
ferred to nitrocellulose and immunoblotted with a-HA ascites fluid
(1/1000 dilution). Filter-bound antibodies were probed with horseradish
peroxidase-conjugated goat anti-mouse antibodies, and decorated proteins
were visualized by enhanced chemiluminescence (ECL).

Protein purification

Cdc34p and Ubcdp were purified as described previously (Banerjee
et al., 1993). Cdc28HAp was purified from E.coli as follows. 6 1 of LB
supplemented with 100 pg/ml ampicillin and 30 pg/ml chloramphenicol
were inoculated with 60 ml of a saturated culture of E.coli strain
BL21(DE3)/pLysS transformed with pRD88 (pRD88 contains CDC28HA
inserted downstream of the T7 promoter in pET11; Deshaies and
Kirschner, 1995). Cells were harvested, washed and lysed, as described
for the preparation of GST—ClIn2p (Deshaies and Kirschner, 1995),
except that the incubation with lysozyme was omitted and DTT was
included in the lysis buffer at 2 mM. Cdc28"4p-containing inclusion
bodies were nuclease-treated and washed as described (Deshaies and
Schekman, 1990). DTT was included in all wash buffers at 2 mM.

Ubiquitination of a G, cyclin by Cdc34p

Purified inclusion bodies were dispersed in 10 ml 8 M urea, 5 mM DTT,
5 mM EDTA, and incubated at 24°C for 1 h. Insoluble material was
pelleted by centrifugation for 10 min at 14 000 g (Eppendorf microfuge),
and the supernatant was diluted 5-fold with USB (6 M urea, 25 mM
MES pH 6.0, 5 mM DTT), and then loaded onto a 40 ml column of S
Sepharose equilibrated with the same buffer. The column was washed
with two volumes of USB and developed with a 300 ml gradient of
0.0-0.5 M sodium chloride in USB. Fractions containing Cdc28H4p
were pooled (0.83 mg/ml), mixed with an equal volume of 7 M urea,
dialyzed with rapid stirring against 100 volumes of 2 M urea in CRB
(CRB: 20 mM HEPES pH 7.6, 5 mM DTT, 0.5 mM EDTA), dialyzed
slowly (no stirring) against two changes of 100 volumes of CRB and
dialyzed rapidly against CRB plus 15% glycerol. Aliquots of Cdc28HAp
(0.26 mg/ml) were frozen in liquid nitrogen and stored at —80°C. In
all, 60% of S Sepharose-purified Cdc28HAp was recovered in a soluble
form following the removal of urea. Following renaturation, Cdc28H4p
precipitated in buffers with >50 mM sodium chloride. Despite its salt
sensitivity, renatured Cdc28HAp was activated efficiently when added
to yeast extract containing G, or B cyclins (Figure 5B; Booher et al.,
1993).

Acknowledgements

We thank D.Botstein, F.Cross, M.Glotzer, R.King, T.Lee, J.Ogas, M.Peter
and T.Stearns for their generous gifts of reagents, strains and plasmids.
We also gratefully acknowledge the assistance of T.Bernal in constructing
the TrpE—Cln2 expression plasmid and Jim Burkhardt in preparing o-
HA ascites fluid. We are indebted to members of the Kirschner laboratory
and the UCSF cell cycle community for many stimulating discussions
and valuable suggestions. RJ.D. is a Lucille P.Markey Scholar
and this work was supported in part by a grant from the Lucille
P.Markey Charitable Trust to R.J.D., as well as a grant from the NIH
to MK.

References

Amon,A., Imiger,S. and Nasmyth,K. (1994) Cell, 77, 1037-1050.

Baker,R.T., Tobias,J.W. and Varshavsky,A. (1992) J. Biol. Chem., 267,
23364-23375.

Baldin,V., Lukas,J., Marcote,M.J., Pagano,M. and Draetta,G. (1993)
Genes Dev., 7, 812-821.

Banerjee,A., Gregori,L., Xu,Y. and Chau,V. (1993) J. Biol. Chem., 268,
5668-5675.

Booher,R.N., Deshaies,R.J. and Kirschner,M. (1993) EMBO J., 12,
3417-3426.

Chen,P,, Johnson,P., Sommer,T., Jentsch,S. and Hochstrasser,M. (1993)
Cell, 74, 357-369.

Ciechanover,A., DiGiuseppe,J.A., Bercovich,B., Orian,A., Richter,J.D.,
Schwartz,A.L. and Brodeur,G.M. (1991) Proc. Natl Acad. Sci. USA,
88, 139-143.

Cross,F.R. (1990) Mol. Cell. Biol., 10, 6482—6490.

Cross,F.R. and Blake,C.M. (1993) Mol. Cell. Biol., 13, 3266-3271.

Deshaies,R.J. and Schekman,R. (1990) Mol. Cell. Biol., 10, 6024-6035.

Dulic,V., Lees,E. and Reed,S.I. (1992) Science, 257, 1958-1961.

Dunphy,W.G. (1994) Trends Cell Biol., 4, 202-207.

Finley,D. and Chau,V. (1991) Annu. Rev. Cell Biol., 7, 25-69.

Gallant,P. and Nigg,E.A. (1992) J. Cell Biol., 117, 213-224.

Ghiara,J.B., Richardson,H.E., Sugimoto,K., Henze M., LewD.J,
Wittenberg,C. and Reed,S.I. (1991) Cell, 65, 163-174.

Glotzer,M., Murray,A.W. and Kirschne M.W. (1991) Nature, 349,
132-138.

Goebl,M.]., Yochem,J., Jentsch,S., McGrath,J.P.V.A. and Byers,B. (1988)
Science, 241, 1331-1334.

Goebl, M.G., Goetsch,L. and Byers,B. (1994) Mol. Cell. Biol., 14,
3022-3029.

Gu,Y., Turck,C.W. and Morgan,D.O. (1993) Nature, 366, 707-710.

Hadwiger,J.A., Wittenberg,C., Richardson,H.E., de Barros-Lopes,M. and
Reed,S.I. (1989) Proc. Natl Acad. Sci. USA, 86, 6255-6259.

Harper,J.W., Adami,G.R., Wei,N., Keyomarsi,K. and Elledge,S.J. (1993)
Cell, 75, 805-816.

Hennessy,K.M., Clark,C.D. and Botstein,D. (1990) Genes Dev., 4,
2252-2263.

Hershko,A. and Ciechanover,A. (1992) Annu. Rev. Biochem., 61, 761
807.

Hershko,A. and Heller,H. (1985) Biochem. Biophys. Res. Commun., 128,
1079-1086.

31



R.J.Deshaies, V.Chau and M.Kirschner

Hershko,A., Ganoth,D., Pehrson,J., Palazzo,R.E. and Cohen,L.H. (1991)
J. Biol. Chem., 266, 16376-16379.

Hershko,A., Ganoth,D., Sudakin,V., Dahan,A., Cohen,L.H., Luca,FC.,,
Ruderman,].V. and Eytan,E. (1994) J. Biol. Chem., 269, 4940-4946.

Johnston,M. and Davis,R.W. (1984) Mol. Cell. Biol., 4, 1440-1448.

Koff,A., Giordano,A., Desai,D., Yamashita,K., Harper,J.W., Elledge,S.,
Nishimoto,T., Morgan,D.O., Franza,B.R. and Roberts,J. M. (1992)
Science, 257, 1689-1694.

Lin,W.C. and Desiderio,S. (1993) Science, 260, 953-959.

Luca,F.C., Shibuya,E.K., Dohrmann,E.E. and Ruderman,J.V. (1991)
EMBO J., 10, 4311-4320.

Matsushime,H., EwenM.E., Strom,D.K., Kato,J.Y., Hanks,SK.,
Roussel, M.F. and Sherr,C.J. (1992) Cell, 71, 323-334.

Mendenhall, M.D. (1993) Science, 259, 216-219.

Mendenhall, M.D., Jones,C.A. and Reed,S.I. (1987) Cell, 50, 927-935.

Murray,A.W., Solomon,M.J. and Kirschner, M.W. (1989) Nature, 339,
280-286.

Nash,R., Tokiwa,G., Anand,S., Erickson,K. and Futcher,A.B. (1988)
EMBO J., 1, 4335-4346.

Papa,ER. and Hochstrasser,M. (1993) Nature, 366, 313-319.

Papavassiliou,A.G., Treier,M., Chavrier,C. and Bohmann,D. (1992)
Science, 258, 1941-1944.

Peter,M., Gartner,A., Horecka,J., Ammerer,G. and Herskowitz,I. (1993)
Cell, 73, 747-1760.

Plon,S.E., Leppig,K.A., Do,H.N. and Groudine,M. (1993) Proc. Natl
Acad. Sci. USA, 90, 10484-10488.

Rothblatt,J.A., Deshaies,R.J., Sanders,S.L., Daum,G. and Schekman,R.
(1989) J. Cell Biol., 109, 2641-2652.

Serrano,M., Hannon,G.J. and Beach,D. (1993) Nature, 366, 704-707.

Seufert,W. and Jentsch,S. (1990) EMBO J., 9, 543-550.

Solomon,M.J. (1993) Curr. Opin. Cell Biol., 5, 180-186.

Stewart,E., Kobayashi,H., Harrison,D. and Hunt,T. (1994) EMBO J., 13,
584-594.

Tyers,M., Tokiwa,G., Nash,R. and Futcher,B. (1992) EMBO J., 11,
1773-1784.

Tyers,M., Tokiwa,G. and Futcher,B. (1993) EMBO J., 12, 1955-1968.

van der VeldenHM. and Lohka,M.J. (1993) Mol. Cell. Biol., 13,
1480-1488.

Varshavsky,A. (1992) Cell, 69, 725-735.

Wittenberg,C., Sugimoto,K. and Reed,S.I. (1990) Cell, 62, 225-237.

Xiong,Y., Hannon,G.J., Zhang,H., Casso,D., Kobayashi,R. and Beach,D.
(1993) Nature, 366, 701-704.

Yan,H., Merchant,A.M. and Tye,B.K. (1993) Genes Dev., 7, 2149-2160.

Received on September 1, 1994; revised on October 17, 1994

312



