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Phosphorylation of Sic1p by G, Cdk Required
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G, cyclin-dependent kinase (Cdk)-triggered degradation of the S-phase Cdk inhibitor
Sic1p has been implicated in the transition from G, to S phase in the cell cycle of budding
yeast. A multidimensional electrospray mass spectrometry technique was used to map
G, Cdk phosphorylation sites in Sic1p both in vitro and in vivo. A Sic1p mutant lacking
three Cdk phosphorylation sites did not serve as a substrate for Cdc34p-dependent
ubiquitination in vitro, was stable in vivo, and blocked DNA replication. Moreover, purified
phosphoSic1p was ubiquitinated in cyclin-depleted G, extract, indicating that a primary
function of G, cyclins is to tag Sic1p for destruction. These data suggest a molecular
model of how phosphorylation and proteolysis cooperate to bring about the G,/S tran-

sition in budding yeast.

Exit from the G, phase and the initiation
of DNA synthesis in the cell cycle of bud-
ding yeast require the activities of CDC34,
CDC4, CDC53, SKP1, one member of a set
of G; cyclin genes (CLNI-3), and one
member of a set of B-type cyclin genes
(CLBI-6) (14). A key insight into the
molecular switch that drives cells from G,
to the S phase was the observation that the
G,/S cell cycle arrest of cdc34%, cdc4®,
cdc53%, and skpl® mutants is suppressed by
deletion of SICI, which encodes an inhib-
itor of the protein kinase activity of a set of
S phase—promoting Clb/Cdc28p complexes
(I, 3). Biochemical reconstitution experi-
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ments have revealed that Cded4p, Cdc53p,
and Skplp constitute a ubiquitin ligase
complex (SCF%#) that collaborates with
the ubiquitin-conjugating enzyme Cdc34p
and the Gj-specific Cdk Cln2p/Cdc28p
(G, Cdkl) to promote the ubiquitination of
Siclp (5, 6). Taken together, these data
suggest that the destruction of Siclp via the
SCF®%* ubiquitination pathway might
trigger S phase entry in wild-type budding
yeast cells.

G, Cdk activity is thought to be required
for entry into S phase in all eukaryotic cells,
but its exact targets have remained elusive.
Siclp is a potential key substrate of the
budding yeast G, Cdk, because Cln proteins
are required for Siclp degradation in vivo
and ubiquitination in vitro (2, 5), and Cln
function is dispensible in cells lacking Siclp
(2, 7). Thus, Cln proteins might trigger
Siclp destruction and entry into S phase by
modulating the activity of the Siclp degra-
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dation machinery or by phosphorylating
Siclp directly, thereby allowing it to be
recognized as a substrate for proteolysis.

There are nine (Ser or Thr) Pro candi-
date G; Cdk phosphoacceptor sites in
Siclp, seven of which (Fig. 1A) are clus-
tered in the first 105 NH,-terminal resi-
dues. This segment of Siclp contains se-
quences that are both necessary and suffi-
cient to specify Cdc34p-dependent ubig-
uitination (5). To test whether Siclp serves
as a substrate for G, Cdk, we mixed a
purified maltose-binding protein-Sic1p chi-
mera (MBP-Sic1p™¥<Hiss; myc and His6 re-
fer to a bipartite epitope tag appended to
the COOH-terminus of the hybrid protein)
(8) with Cln2p/Cdc28p*4/Ckslp complex-
es that were immunoaffinity-purified from
insect cell lysates by virtue of the hemag-
glutinin (HA) tag appended to Cdc28p (9).
MBP-Sic1p™¥His® was efficiently phospho-
rylated by eluted G; Cdk complexes (Fig.
1B) but not by control eluates prepared
from Sf9 cells expressing only Cln2p or
Cdc28p. Unfused MBP was not phosphoryl-
ated by G, Cdk complexes despite its hav-
ing two potential Cdk phosphorylation
sites.

To map the sites at which MBP-
Siclp™<tis was phosphorylated by G, Cdk
complexes, we used a multidimensional elec-
trospray mass spectrometry (ESMS) tech-
nique (10-12). Tryptic phosphopeptides de-
rived from purified phosphorylated MBP-
Sic1p™<His® (Fig, 1C) were isolated by high-
performance liquid chromatography (HPLC)
followed by ESMS in the negative ion mode
through single-ion monitoring of PO;~, which
has a mass-to-charge ratio (mfz) of 79. The
mfy 719 ion is a specific marker for phos-
phopeptides; the distribution of this ion (Fig.
1D, gray) is superimposed on the 214-nm
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Table 1. Summary of ESMS analysis of phosphopeptides from in vivo— and in vitro—phosphorylated
Siclp (17).

Molecular size
. HPLC - Number of PO,
Sl fraction rgsgﬁg& Cg Peptide groups (mol%)7
In vitro
T5 19-20 1909.8/7% (?) ... EFMAPSTPPR (8) 1
T22-525 16-17 2048.8/2048.3§ (14) YLAQPSGNTSSSALMQGQCK (32) 1-2||
T33,45,48 16-17 2163.2/2163.59 (33) TPQKPSQNLVPYTPST TK (50) 3#
S69, 76,80 24 3509.5/3510.1  (54) NAPLLAPPNSNMGMTSPFNGL 3-4
TSPQRSPFPK (84)
T173 16-17 1349.6/1349.6 (166) IKDVPGTPSDK (177) 1
S191 12-13 1053.2/1053.4  (186) NWNNNSPK (193) 1
In vivo
T5 24,25 1048.0/1047.68 (2) APSTPPR (8)** 0 (ND)
1 (100%)
T33%t 53-55 4032.0/4031.18 (14) YLAQPSGNTSSSALMQGQK TPQK 0 (68%)
KPSQNLVPVTPST TK (50) 1 (28%)
2 (14%)
S76%% 69-73 3348.0/3347.6§ (54) NAPLLAPPNSNMGMTSPFNGL 0 (67.7%)
[TS]PQRSPFPK (84) 1 (23%)
2 (4.5%)
3 (4.8%)

*Numbers in parentheses refer to the first and last amino acid of each peptide. Amino acids indicated in large
boldface type were deduced to be phosphorylated on the basis of ESMS-based sequencing. FNumber of PO4
groups detected per peptide; mol% indicates the fraction of a given peptide that was detected in a particular
phosphorylation state with positive-ion ESMS. N.D.: not detected. $Calculated mass is unknown because we
do not know the exact amino acid sequence across the MBP-Sic1p junction. Nevertheless, phosphorylation of T5
was directly confirmed by sequencing residues from the COOH-terminus of the peptide. §Masses given are
those of the singly phosphorylated peptide. [Two phosphate residues are distributed over T21-S25, with no
single site phosphorylated at high stoichiometry. 9Masses given are those of the triply phosphorylated
peptide. #T21-825, T33, T45, and T48 were also recovered on peptide 14-50, which was detected in triply
(10.5%), quadruply (26.3%), and quintuply (63.2%) phosphorylated states. **The initiator methionine was not
present, T1T33 was also recovered on peptides 11-50, 11-53, and 14-53. In each case, the peptides were
recovered with O, 1, and 2 mol of PO in ratios similar to those reported for the 14-50 peptide. 1ESMS-based
sequencing was unable to distinguish whether phosphate resided on T75 or S76.

Fig. 1. G, Cdk-depen-
dent phosphorylation of
Sic1p in vitro and in vivo.
(A) Aminc acid sequence
of the NH_-terminal 105
residues of Sicip (77).
Potential Cdk phosphoac-
ceptor sites are marked
with an asterisk. This frag-
ment is sufficient to serve
as a substrate for CIn2p-
and Cdc34p-dependent
ubiquitination  (5). The
complementary COOH-
terminal domain, which is
dispensible for ubiquitina-
tion, has two additional
consensus sites at Thr'72
and Ser'®'. (B) Phos-
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phorylation of MBP-Sic1p™<Hisé by G, Cdk complexes. Sf9 insect cells were either singly or doubly infected with recombinant baculoviruses
encoding Cdc28pHA or CIn2p, as indicated. Lysates prepared from infected (lanes 1 through 6) or uninfected (lane 7) Sf9 cells were activated
by addition of Cks1p and adsorbed to 12CA5 beads (protein A-Sepharose beads cross-linked to an a-HA monoclonal antibody). The
activated kinase complex was eluted with the HA peptide (28) and assayed for MBP-Sic1p™<HisE protein kinase activity (25). MBP-
Sic1p™eHist was purified from E. coli (29). (C) Coomassie blue-stained SDS-polyacrylamide gel of 0.2 and 0.4 pg of unmodified MBP-
Sic1p™<HisE (lanes 1 and 2) and phosphorylated MBP-Sic1p™©His6 (lane 3) used for phosphopeptide mapping. MBP-Sic1p™<Hisé wag

=)

Relative intensity (%)

ultraviolet (UV) chromatogram (Fig. 1D).
HPLC fractions shown to contain phos-
phopeptides were reanalyzed by nanoelectro-
spray (nanoES) MS (13), with a precursor ion
scan of mfz 19 to define the molecular weights
of the phosphopeptides. Locations of modified
residues within phosphopeptides were then
determined by sequencing that used collision-
induced dissociation tandem MS. All eight
potential Cdk phosphorylation sites within
MBP-Sic1p™<His¢ [the ninth site at Thr? was
changed to Ala during cloning into the ex-
pression vectors (8)] appeared to be quantita-
tively phosphorylated in vitro (Table 1). The
presence of phosphate was directly confirmed
by tandem MS-based sequencing for residues
5, 33, 45, 173, and 191 and was inferred (by
mass and partial sequence data) for residues
69, 76, and 80. Two-dimensional thin-layer
chromatography of tryptic peptides derived
from in vitro—phosphorylated wild-type and
Ser’® — Ala’ (S76A) mutant Siclp!” con-
firmed that Ser’® was phosphorylated (14).
Modification was also observed at the non-
consensus sites Thr?? and Ser?? through Ser?’,
which were phosphorylated poorly, and
Thr*®, which was phosphorylated quantita-
tively (Table 1). The long incubation of ki-
nase with substrate may have compromised
the specificity of the kinase reaction. Howev-
er, no phosphopeptides were recovered from

the MBP domain of the hybrid protein.

100
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phosphorylated with G, Cdk complexes as described (28). (D) HPLC profile of typsin-digested phospho-MBP-Sic1p™cHis8, Trypsin digests

were loaded on a reversed-phase column; and after the UV detector, the column eluent was split, with 90% collected as fractions and 10% sent directly to
the mass spectrometer, which was operated in the negative-ion mode and optimized to detect m/z 79 product ions (PO,7) generated by collision-induced
dissociation before the first quadrupole (27). Material absorbing at 214 nm (clear trace) was overlain with the m/z 79 product ion trace (gray trace) to identify
phosphopeptide-containing fractions. (E) Sic1p is phosphorylated in vivo by a Cin-dependent kinase. An exponential culture of cdc34-2 cin1,2,3-A
GAL-CLN3 (RJD768) cells at 24°C was transferred from phosphate-free YP-galactose (gal) medium to dextrose (dex) medium to effect Cin depletion and G,
arrest. Arrested cells were shifted to 37°C for 1 hour, after which the culture was split into two halves, which were harvested and resuspended in galactose
or dextrose medium. After a further 1-hour incubation at 37°C, cells were labeled with carrier-free phosphate (1 mCi per 25 OD units). Cell extracts were
prepared and immunoprecipitated with antiserum to Sic1p as described (30) , and immunoprecipitates were evaluated by autoradiography (IP, top panel) and

immunoblotting with antiserum to Sic1p (IB, bottom panel).
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Mutant cdc34® cells arrest with high
Cln/Cdc28p protein kinase activity (15)
and accumulate phosphorylated Siclp (I,
2). To test directly if phosphorylation of
Siclp in vivo was dependent on Cln/
Cdc28p kinase activity, cdc34* cinl,2,3-A
GAL-CLN3 cells were first arrested in G, at
24°C by extinguishing CLN3 expression in
dextrose medium, and then shifted to 37°C
to inactivate Cdc34p. After 1 hour of incu-
bation, the culture was split in two: one half
was resuspended in galactose medium
(CLN3 expression on) and the other in
dextrose medium (CLN3 expression off).
After a further incubation at 37°C for 1
hour, cells were labeled with 32P. As shown
in Fig. 1E, Siclp isolated from cells express-
ing CLN3 contained at least 12 times more
phosphate (as determined by Phosphort-
Imager analysis) than did Siclp isolated
from cells depleted of CLN3. Thus, Siclp
phosphorylation in vivo was largely depen-
dent on G; Cdk activity.

To identify the sites at which Siclp
was phosphorylated in vivo, we purified
Sic1pHAHsS from cde34% cells, digested it
with trypsin, and analyzed the resulting
peptides by multidimensional ESMS (16).
Precursor ion scanning and sequencing by
nanoES tandem MS of phosphopeptide-
containing fractions (Table 1) revealed

Fig 2. In vitro ubiquitination of Sic1p

b ]

the following. (i) Peptide 2—-10 (numbers
refer to the amino acids that the peptide
spans) was phosphorylated quantitatively
on Thr’. (ii) Several distinct phosphopep-
tides encompassing residues Thr** and
Thr*® each contained 1 to 2 mol of phos-
phate, and direct MS-based sequencing of
singly phosphorylated 14-53 peptide
(doubly phosphorylated peptide could not
be recovered for sequencing) excluded all
S and T residues as being phosphorylated,
except for Thr?. (iii) A peptide contain-
ing Ser’® (54—84) was identified in singly,
doubly, and triply phosphorylated forms,
and direct MS-based sequencing of the
singly phosphorylated peptide (once
again, multiply phosphorylated peptides
could not be recovered for sequencing)
excluded all Ser and Thr residues as being
phosphorylated, except for Thr”® and
Ser’®. Given the in vitro mapping data
above and the mutagenesis results de-
scribed below, we conclude that Ser”® was
phosphorylated in vivo.

The detection of six phosphates among
the tryptic phosphopeptides (Table 1) agrees
well with the predicted phosphorylation state
of the intact starting material, as determined
by positive ion ESMS: >88% of the
SiclpHAHS® purified from cdc34® cells had
one to six phosphates per molecule (14). Al-

mutants lacking sites of phospho-
rylation. (A) Single and combinato-
rial point mutants of Sic1p™* were
generated by PCR and transcribed
and translated in wheat germ ex-
tract supplemented with [*5S)me-
thionine (37). Wild-type and mutant
Sic1pH4 translation products were
assayed for ubiquitination as de-
scribed (5, 26). In vitro ubiquitina-
tion reactions were resolved on
10% SDS-polyacrylamide gels and
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Relative HMW conjugates

quantitated with a Phosphorimager
(Molecular Dynamics) (32). (B)
Sic1p-A3P (Sic1p™* carrying the
T2A/T5G, T33A, and S76A substi-
tutions) was poorly ubiquitinated
but nonetheless bound tightly to
Closp/Cdc28p. (Left panel) Wild-
type and mutant Sic1pHA were as-
sayed for ubiquitination as de-
scribed in (A). Incubations proceed-
ed for O, 10, or 22 min in the pres-
ence or absence of glutathione S-
transferase (GST)}-CIn2p (5) as
indicated. Ub-Sic1p, PP-Siclp,
and Sicip refer to ubiquitinated,
phosphorylated, and unmodified
Sic1p™A, respectively. Wild-type
and mutant Sic1p™* translation
products were mixed with extracts
prepared from either CLB5 or

WT A

T2/5

B

Sic1p:
GST-CIn2p:
Time:

Ub-Sic1p

PP-Sic1ps_
Sicip”™

T33
T45
S69
S76
S80
T2/5, T33, T45{]
T2/5, T33, S76{]
T2/5, T45, S76-{]

T2/5, T334 ]
T2/5, S7T6 {0
T33, Ta54___]
133,576 1]
T45, 576 ]

WT Sic1p-A3P
+ + + = 4+ + + -
0 10 22 22 0 10 22 22 min

= -

m“m 9 10 11 12
L 3

12345678

WT  Sicip-A3P

Total
CLB5
CcLB5HA
Total
CLB5
CLBS5HA

J

"

13 14

CLB5" cells, as indicated (right panel). One-third of the total input protein is depicted in lanes 9 and 12,

and 12CAb precipitates are depicted in lanes 10, 11
with 12CAS5 were prepared as described (5).
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, 18, and 14. Cell extracts and immunoprecipitates
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though we obtained no direct evidence for in
vivo phosphorylation of Thr??, Ser?’ to Ser?’,
Thr*, Thr*®, Ser®, and Ser®®, a subset of
these sites may have been modified on the
doubly and triply phosphorylated 14-50 and
54-84 peptides that we failed to recover for
sequencing. Moreover, to obtain sufficient
quantities of Sic1ptHAH6 for analysis, the pro-
tein was transiently overexpressed from the
GAL promoter. This overproduction may
have taxed the ability of G; Cdk complexes to
maintain SiclpHAHs6 in a maximally phos-
phorylated state.

To test their role in Siclp destruction,
we mutagenized phosphoacceptor sites of
Siclp detected by ESMS either singly or in
various combinations. The mutants were
then tested for their ability to serve as ubig-
uitination substrates with the use of a
Cln2p- and Cdc34p-dependent in vitro
ubiquitination assay (5). The effects of mu-
tations in Thr'”® and Ser'®! were not ex-
amined, because an NH,-terminal 160-
amino acid segment of Siclp is both neces-
sary and sufficient to direct its Cdc34p- and
Cln2p-dependent  ubiquitination  (5).
Whereas the single point mutants in which
Thr? (14), Ser®, and Ser® were changed to
Ala were as efficiently ubiquitinated as was
wild-type SiclptAtiss, T2A/T5G, T33A,
and S76A mutants (17) exhibited a modest
decrease in ubiquitination, and the T45A
mutant was poorly ubiquitinated (Fig. 2A).
Because none of the point mutations elim-
inated Siclpt4His6 ybiquitination, we ana-
lyzed the effect of the T2A/T5G, T33A,
T45A, and S7T6A mutations in various com-
binations. Double mutants (T2ZA/T5G was
considered as a single mutant) invariably
were poorer ubiquitination substrates than
single mutants. All triple mutants analyzed,
including one lacking three in vivo phos-
phoacceptor sites identified by ESMS
(Siclp-A3P: T5G, T33A, and ST6A), had a
severe ubiquitination defect (Fig. 2, A and
B). Mutating these residues did not result in
global misfolding of Siclp-A3P, as assayed
by its ability to bind Clb5p™4 (Fig. 2B) and
inhibit Clb5p-associated kinase activity
(14). Although the Siclp-A3P mutant was
impaired in its ability to serve as a ubiquiti-
nation substrate, it was still phosphorylated
in vitro and in vivo, although to a lesser
extent than wild-type Siclp (14). In sum,
the mutational analysis suggested that
Siclp must be phosphorylated on a subset of
sites by G, Cdk complexes to serve as a
substrate for the Cdc34p pathway, but that
phosphorylation of no single site within this
subset was either sufficient or absolutely
necessary to target Siclp for Cdc34p-de-
pendent ubiquitination.

The G,/S arrest phenotype of skpl®,
cdc4®, cdc53%, and cdc34® mutants can be
suppressed by deleting SIC1, which suggests
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cells were streaked onto YP dextrose (dex; left) or YP galactose (gal; right)

plates and incubated at 30°C for 3 days. (B) RJD1025 and RJD1026 cells
grown in YP raffinose medium were arrested with a-factor (50 ng/mi) for 2.5
hours, and SICT expression was induced transiently for 45 min by the addi-

tion of galactose to 2%. Cells were then transferred to fresh YP medium containing 2% dextrose, and portions were withdrawn every 15 min and processed
for immunoblotting with antiserum to Sic1p, followed by secondary detection with ['2%]l-labeled donkey antibodies to a rabbit immunoglobulin F(ab’)2
fragment. Antiserum to Sic1p detected both untagged Sic1p expressed from the GAL promoter andSic1p4Hisé expressed from the natural SIC7 promoter.
Exp, a-f, and sic 1A refer to exponentially growing cells, a-factor-arrested cells, and RJD1021 sic7A mutants, respectively. (C) The same cells used in (B) were
stained with propidium icdide and analyzed by flow cytometry to evaluate cellular DNA contents (33).

that these mutants are unable to replicate
because of accumulation of Siclp, which in
turn inhibits the S phase—promoting Clb5p/
Cdc28p protein kinase (1, 3). This inter-
pretation is clouded by the fact that multi-
ple proteins [including the G, Cdk inhibi-
tor Farlp (18)] accumulate in these mu-
tants. Furthermore, the cell cycle defect of
Cdc34p pathway mutants might be amelio-
rated by eliminating a major target such as
Siclp because the temperature-sensitive
growth phenotype of these mutants is sen-
sitive to the dosage of substrates (3, 18, 19).

Thus, we tested whether Siclp-A3P was
stable in vivo and whether expression of
nondegradable Siclp-A3P would block
DNA replication in wild-type cells. Regu-
lated expression of Siclp-A3P from the
GAL promoter strongly inhibited cell pro-
liferation in the presence of galactose (Fig.
3A). To evaluate the stability of Siclp-A3P
in vivo and the consequences of Siclp-A3P
expression on cell cycle progression, we ar-
rested GAL-SICI-A3P and GAL-SICI
strains in G, phase with a-factor, transient-
ly activated expression of the GAL promot-

er for 45 min, and released the induced cells
into dextrose medium lacking a-factor (Fig.
3B). SICI transcripts expressed from the
GAL promoter declined rapidly upon trans-
fer to dextrose medium (14) . Immunoblot-
ting with antiserum to Siclp revealed that
transient activation of the GAL promoter
directed the accumulation of both Siclp
and Sic1p-A3P to amounts 1.5 times times
that expressed from the SICIHAHSS gllele
residing at the natural SIC1 locus (Fig. 3B).
After release from cell cycle arrest, the
amounts of Siclp expressed from the GAL

promoter and that of endogenous
. .1 HAHis6 - : ~
Fig. 4. Phosphorylation of Sic1p is sufficient to trigger Stage I: —ATP +ATP Sl‘dp decllned hlnhpa‘ra.H‘d .at f4g
Cdc34p-dependent ubiquitination. [*S]labeled MBP- rch | min, concomitant with the Initiation of
Sic1p™eHisé was isolated from E. coli (29) and incubated E .3 phase as judged by flow cytometry (Fig.
in the absence (lanes 1 and 2) or presence (lanes 3 g B} % a 3C). In contrast, Siclp-A3P persisted for at
through 7) of 1 mM ATP with G, Cdk purified from bac- . &_o 3&%  least3 hours (Fig. 3B), and most of the cells
ulovirus-infected Sf9 cells (stage I). After incubation, Y g 5 233 5 5 containing the GAL-SICI1-A3P allele failed
MBP-Sic1p™eHisé was isolated on amylose resin and LI I SR to replicate their DNA during this time
used as a ubiquitination substrate in stage II. Purified g (Fig. 3C). In addition, Clb5p/Cdc28p ki-
MBP-Sic1p™<H® was incubated with no further addi- Ub-Siclp _ nase inhibitory activity (1) persisted indef-
tions (lanes 1 and 3) or with Cdc34p- and Cin-depleted wb

initely in cells expressing Siclp-A3P but
disappeared at ~45 min in'cells expressing
Siclp (14).

A distinctive phenotype of Cdc34p
pathway mutants is the gradual appearance
of multiply budded cells in arrested cultures.
Pheromone-synchronized cells that tran-

G, yeast extract (lanes 2 and 4 through 7) supplemented

with Cdc34p (lanes 2 and 6) or GST-CIn2p (lane 7) or MBP-PP-Siclp >
both (lanes 4 and 5). Ub, ubiquitinated: PP, phosphoryl- ~ MBP-Sicip—
ated. All reactions were incubated at 25°C for 30 min

except that shown in lane 4 (0 min). Ubiquitination-com-

petent yeast extracts were prepared and ubiquitination 1
reactions were assembled as described (5).

h‘_
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siently expressed Sic1p-A3P likewise exhib-
ited a multiply budded phenotype: Three
hours after release from a-factor arrest, 69%
of Siclp-A3P-expressing cells were singly
budded and 26% were multiply budded.
Although Siclp-A3P expression mimics the
major characteristics of Cde34p/SCF-d<4
pathway mutants, it does not appear to
inhibit the Cdc34p/SCF®* pathway, be-
cause the bulk of wild-type Sic1pHAHSS yag
degraded on schedule in Siclp-A3P-ex-
pressing cells (Fig. 3B).

To address whether phosphorylation of
Siclp by G; Cdk might be the primary cell
cycle-regulated event that activates its de-
struction late in G, phase, we performed a
two-step in vitro ubiquitination reaction.
Purified 3°S-labeled MBP-Sic1p™y<His¢ was
incubated with or without adenosine
triphosphate (ATP) with G; Cdk complex-
es immunoaffinity-purified from Sf9 cells.
MBP-Sic1p™eHis6 was then re-isolated and
added to yeast extract prepared from Cln-
depleted cells. MBP-Sic1p™<His® derived
from kinase incubations lacking ATP was
neither phosphorylated nor ubiquitinated
in yeast extract lacking ClnZp (Fig. 4),
which confirms that the repurified MBP-
Sic1p™<His® was not contaminated with G,
Cdk complex. In contrast, phospho~-MBP-
Sic1p™yeHis6 was ubiquitinated by yeast ex-
tract in a Cdc34p-dependent manner regard-
less of whether Cln2p was present. Ubiquiti-
nation of phospho-MBP-Siclp™y<His6 was
modestly enhanced, however, by the inclu-
sion of Cln2p in the second step. Thus,
whereas G; Cdk might modestly augment
the activity of Cdc34p or SCF4, it is not
absolutely required for the activity of this
ubiquitination pathway.

We envision the following sequence of
events for the G,/S transition in budding
yeast. In early G; cells, stable Siclp quenches
the activity of S phase—promoting Clb/
Cdc28p complexes. In late G; cells, G; Cdk,
which is insensitive to the inhibitory action of
Siclp, is activated and phosphorylates Siclp
on multiple residues. Such multisite phospho-
rylation may impart cooperativity to the G,/S
transition (20). Whereas unmodified Siclp is
stable despite the presence of an active
Cdc34p/SCFC4<* pathway in G, cells,
phospho-Siclp is efficiently recognized by
SCF~4* (6), ubiquitinated, and degraded by
the 26S proteasome. Thus, G; Cdk-depen-
dent phosphorylation of Siclp is the key reg-
ulated event that sets in motion the transition
from G, phase to S phase. An important
question is, is S phase entry governed by a
similar process in other eukaryotes? Whereas
the Cdcd4p homolog Popl is not required for
DNA replication in fission yeast (21), pro-
gression into S phase in animal cells is re-
strained by the Cdc34p substrate p27Kipl
(22), and inhibition of Cdc34p activity blocks
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S phase in Xenopus extracts (23). Substrate
phosphorylation has been implicated in the
regulated destruction of multiple metazoan
proteins, including key signaling proteins such
as IkB and B-catenin (24). The extensive use
of substrate phosphorylation to regulate pro-
tein stability may foreshadow a broadly con-
served mechanism for regulated protein de-
struction in eukaryotic cells (6).
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CDC20 and CDH1: A Family of
Substrate-Specific Activators of
APC-Dependent Proteolysis

Rosella Visintin, Susanne Prinz, Angelika Amon*

Proteolysis mediated by the anaphase-promoting complex (APC) triggers chromosome
segregation and exit from mitosis, yet its regulation is poorly understood. The conserved
Cdc20 and Cdh1 proteins were identified as limiting, substrate-specific activators of
APC-dependent proteolysis. CDC20 was required for the degradation of the APC sub-
strate Pds1 but not for that of other APC substrates, such as Clb2 and Ase1. Conversely,
cdh1A mutants were impaired in the degradation of Ase1 and Clb2 but not inthat of Pds1.
Overexpression of either CDC20 or CDH1 was sufficient to induce APC-dependent
proteolysis of the appropriate target in stages of the cell cycle in which substrates are

normally stable.

Progression through mitosis requires the
precisely timed ubiquitin-dependent degra-
dation of specific substrates. In budding
yeast, degradation of the Pdsl protein is
required for the transition from metaphase
to anaphase in the cell cycle (1). Exit from
mitosis is initiated by proteolysis of mitotic
cyclins (2). Destruction of the mitotic spin-
dle—associated protein Asel is important for
the disassembly of the mitotic spindle dur-
ing exit from mitosis (3). Degradation of all
these proteins is mediated by a 20S particle
called the cyclosome or APC, which func-
tions as a ubiquitin-protein ligase (4, 5).
The stability of substrates of the APC-de-
pendent proteolysis machinery varies great-
ly during the cell cycle. Substrates are stable
during S phase, G, phase, and early mitosis
(M) phase but are highly unstable during
exit from M phase and G, phase (1, 3, 6-8).
Work in embryonic extracts has shown that
APC activity is cell cycle regulated, suggest-
ing that the activity of the APC determines
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whether APC substrates are degraded or not
(4, 5). However, degradation of different
APC substrates is not coordinated, because
temporal differences are observed (9-11).
The proteolysis of APC substrates, there-
fore, cannot simply be regulated by the
activation or inactivation of APC. Regula-
tion must also occur at the level of specific
substrates. We identified two highly con-
served Saccharomyces cerevisiae proteins that
function in this manner. Cdc20 and Cdhl
are substrate-specific activators of APC-de-
pendent proteolysis.

To identify regulators of APC-depen-
dent proteolysis, we screened previously
identified temperature-sensitive cell divi-
sion cycle (cdc) mutants for defects in APC-
dependent proteolysis. Among these, mu-
tants defective in the CDC20 gene, which
encodes a protein containing seven WD40
repeats ([12), were of particular interest.
Saccharomyces cerevisiae cdc20-1 mutants
and Drosophila mutants defective in the
fizzy gene, a CDC20 homolog, arrest in
metaphase before the activation of the
APC-dependent proteolytic program (11—
14). To analyze the effects of the cdc20-1

ubiquitin conjugates formed was calculated by divid-
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33. C. B. Epstein and F. R. Cross, Genes Dev. 6, 1695
(1992).

34, We thank M. V. Castillo for MBP-SIC1, L. Johnston
for Sic1p antiserum, S. Diamond for performing flow
cytometry, J. Archer, B. Dunphy, and W. Shou for
critically reading the manuscript, and members of
the laboratory for helpful discussions. Supported in
part by Searle/Chicago Community Trust and Lucille
P. Markey Charitable Trust Scholar Awards to R.J.D.
and by a grant from NIH (NIH RO1 GM52466-01).

16 June 1997; accepted 18 September 1997

mutation on APC-dependent proteolysis,
we took advantage of the fact that in yeast
all known APC substrates (the mitotic cy-
clins ClbZ2 and Clb3, Pdsl, and Asel) are
unstable during G, phase because of con-
tinuous APC-dependent proteolysis (I, 3,
7, 15). Wild-type and cdc20-1 cells were
arrested at the permissive temperature in G,
phase by exposure to the mating phero-
mone a-factor, and the half-lives of Clb2,
Pds1, and Asel were determined after tran-
sient expression of their respective genes
from the galactose (Gal)-inducible GALI-
10 promoter and inactivation of CDC20 by
temperature shift (16). The cdc20-1 muta-
tion had little if any effect on the half-life of
CIb2 (Fig. 1, A and B), which is consistent
with the finding that the cdc20-1 mutation
does not affect ubiquitination of Clb2 in G,
phase extracts (15). Similarly, the cdc20-1
mutation had little if any effect on the
half-life of Asel during G, phase (Fig. 1, C
and D). In contrast, the half-life of Pdsl was
prolonged in the cdc20-1 mutant; Pds1 pro-
tein declined rapidly in wild-type cells but
not in ¢dc20-1 mutants (Fig. 1, E and F).
These results indicate that cdc20-1 mutants
are defective in the degradation of Pds1 but
not in that of Clb2 and Asel during the G,
phase.

Because CDC20 was required for the
degradation of Pdsl, we hypothesized that
overexpression of CDC20 might hasten the
degradation of Pds1. To test this hypothesis,
we treated exponentially growing cells car-
rying CDC20 under the control of the
GALI-10 promoter (17) with Gal to induce
increased expression of CDC20. Although
overexpression of CDC20 did not affect the
amount of PDSI RNA (18), the bulk of
Pds1 protein disappeared within 60 min of
Gal addition (Fig. 2A). In contrast, overex-
pression of CDC20 had little if any effect
on the total amounts of Clb2 or Asel pro
tein (Fig. 2A). The decline in the amount
of Pds1 brought about by overexpression of
CDC20 was prohibited in cells carrying a
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