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Cell cycle regulation is characterized by alternating activities
of cyclin-dependent kinases (CDKs) and of the ubiquitin ligase
anaphase promoting complex/cyclosome (APC/C). During S-
phase APC/C is inhibited by early mitotic inhibitor 1 (Emi1) to
allow the accumulation of cyclinsA andB and to prevent re-rep-
lication. Emi1 is degraded at prophase by a Plk1-dependent
pathway. Recent studies in which the degradation pathway of
Emi1 was disrupted have shown that APC/C is activated at
mitotic entry despite stabilization of Emi1. These results sug-
gested the possibility of additional mechanisms other than deg-
radation of Emi1, which release APC/C from inhibition by Emi1
upon entry into mitosis. In this study we report one such mech-
anism, by which the ability of Emi1 to inhibit APC/C is nega-
tively regulated by CDKs. We show that in Plk1-inhibited cells
Emi1 is stabilized and phosphorylated, that Emi1 is phosphory-
lated by CDKs in mitotic but not S-phase cell extracts, and that
Emi1 phosphorylation by mitotic cell extracts or purified CDKs
markedly reduces the ability of Emi1 to bind and to inhibit
APC/C. Finally, we show that the addition of extracts from
S-phase cells to extracts from mitotic cells protects Emi1 from
CDK-mediated inactivation.

The eukaryotic cell division is characterized by an ordered
unidirectional progression through a series of events culminat-
ing in the formation of two genetically identical daughter cells
from a single cell. To prevent catastrophes, cell cycle progres-
sion must be strictly regulated. In many instances, several
mechanisms regulate a single effector or process. Two key
mechanisms employed in the regulation of the cell cycle are
protein phosphorylation and ubiquitin-mediated protein deg-
radation (1). The family of cyclin-dependent kinases (CDKs)2
orchestrates numerous events by phosphorylating target pro-
teins throughout the cell cycle. The two principal CDKs impli-
cated in the regulation of the cell cycle are CDK2, which asso-
ciates with regulatory subunits cyclin E or cyclin A to promote
the entry into S-phase and the single replication of the chromo-
somes, and CDK1, which associates with cyclin A or cyclin B to
promote entry into mitosis (2).

For cells to enter S-phase and mitosis, cyclins A and B must
be allowed to accumulate. Conversely, to exit mitosis, these
mitotic cyclins must be rapidly degraded (3). A large multisub-
unit ubiquitin ligase, the anaphase promoting complex/cyclo-
some (APC/C) targets cyclins A and B for degradation (4).
APC/C is activated upon entry into mitosis due to phosphory-
lation by mitotic kinases, which promotes the binding of the
co-activator Cdc20. Following themetaphase to anaphase tran-
sition, APC/C is dephosphorylated and binding of a second
co-activator, Cdh1, stimulates APC/C activity until the G1-S
transition (4). APC/C ubiquitylates cyclin A at prometaphase,
shortly after nuclear envelope breakdown, whereas cyclin B is
ubiquitylated by APC/C only following bipolar attachment of
chromosomes to the mitotic spindle, at the metaphase to ana-
phase transition (5, 6).
The accumulation of mitotic cyclins throughout S-phase is

dependent upon inhibition of APC/C activity. In Drosophila
cells cyclin A is stabilized during S-phase because of the expres-
sion of the F-box protein regulator of cyclin A 1 (Rca1), which
inhibits APC/CCdh1 in a non-F-box dependent mechanism (7,
8). A vertebrate homologue of Rca1, early mitotic inhibitor 1
(Emi1), was initially identified inXenopus (9). Emi1 levels oscil-
late in Xenopus embryonic cell cycles, as well as in human cell
lines, rising in S-phase and falling at mitotic entry. Emi1 has
been shown to inhibit both APC/CCdc20 and APC/CCdh1 activ-
ity in vitro, and the overexpression of Emi1 has been shown to
stabilize APC/C substrates in vivo (9, 10). Emi1 expression is
vital for proper progression through the cell cycle. Knock-out of
Emi1 in mice was shown to be lethal, as no Emi1 null embryos
survived beyond 7 days post-gestation (11). Knockdown of
Emi1 in human cell lines using siRNA has revealed a role for
Emi1 in the prevention of re-replication (12, 13). Depletion
of Emi1 from cells caused a destabilization of both cyclin A and
geminin during S-phase, and Emi1-depleted cells arrested cell
cycle progression due to activation of the DNA damage check-
point. Emi1-depleted cells exhibited large nuclei and �4n con-
tent of DNA, suggesting re-replication. Similar effects on DNA
content were seen with depletion of both cyclin A and geminin
from HeLa cells by siRNA, and the effect Emi1 depletion on
re-replicationwas abrogated by concomitant depletion ofCdh1
or overexpression of non-degradable cyclin A (12, 13).
Emi1 expression is tightly regulated throughout the cell

cycle. Emi1 misregulation has been implicated in several types
of tumors, particularly lymphomas, renal, and ovarian clear cell
carcinomas, and germ cell tumors. Expression of Emi1 in many
tumor types was correlated with advanced grade and a higher
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malignant potential of the tumor (14). Emi1 levels rise at the
G1-S transition as the result of E2F activation and remain high
until mitotic entry (15). At mitotic entry, Emi1 is rapidly
degraded due to SCF�-TrCP-mediated ubiquitylation (16, 17).
This is promoted by the synergistic activity of two mitotic
kinases, cyclin B/CDK1 and polo-like kinase 1 (Plk1). Cyclin
B/CDK1 phosphorylates Emi1 on (S/T)P consensus sites, and
promotes the Plk1-mediated phosphorylation of a �-TrCP
binding motif of Emi1, DSGXXS. The phosphorylation of this
motif stimulates the recognition of Emi1 by SCF�-TrCP thus
leading to the degradation of Emi1 (18, 19).
More recent studies have questioned the necessity of Emi1

degradation for successful progression into mitosis. Depletion
of Plk1 from cells using siRNA did not cause cells to arrest at
prophase, but rather at prometaphase/metaphase due to acti-
vation of the spindle assembly checkpoint. Furthermore, cyclin
A was degraded in Plk1-depleted cells entering mitosis despite
disruption of the Emi1 degradation pathway (20, 21) Inhibition
of Plk1 activity in cells using the novel Plk inhibitor, BI2536,
resulted in a similar effect. Emi1 was not degraded at mitotic
entry and yet cells enteredmitosis and cyclin Awas degraded at
nearly normal kinetics (22). A different approach was used by
Di Fiore and Pines (13). By expressing Emi1 mutated in the
�-TrCP recognition motif in cells, they were able to show that
near physiological expression levels of this non-degradable
Emi1 mutant did not prevent half of the cells from completing
mitosis. In cells in which non-degradable Emi1 was overex-
pressed cyclin A degradationwas initiated with normal kinetics
following nuclear envelope breakdown, and the cells were
arrested in ametaphase-like state (13). These studies suggested
that Emi1 does not regulate APC/C in early mitosis (23).
Another possibility that could explain how cells progress into

mitosis despite the lack of Emi1 degradation is that additional
mechanisms, apart from ubiquitin-mediated degradation, reg-
ulate Emi1 at mitotic entry. In this study we have explored the
role of mitotic phosphorylation in the inactivation of Emi1.We
show that Emi1 is negatively regulated by CDKs in mitosis. In
mitotic cells in which Plk1 is inhibited, Emi1 is stabilized in a
phosphorylated form. In a purified in vitro system and in cell
extracts we show that phosphorylation of Emi1 by CDKsmark-
edly diminishes the ability of Emi1 to bind and inhibit APC/C.
Finally, we show results suggesting that Emi1 is protected from
CDK-mediated phosphorylation during S-phase.

EXPERIMENTAL PROCEDURES

Materials—Ubiquitin, ATP, phosphocreatine, creatine phos-
phokinase, BSA, ovalbumin, and MgCl2 were purchased from
Sigma. HeLa cell growth medium reagents, Dulbecco’s modi-
fied Eagle’smedium, fetal bovine serum, gentamycin, and strep-
tomycin were purchased from Sigma. Electrophoresis reagents
were purchased from Bio-Rad. Ubiquitin aldehyde was pre-
pared as described (24). E1 was purified from human erythro-
cytes as described (25). E2-C/UbcH10 was prepared as de-
scribed (26). His6-Skp1 and full-length Emi1 baculoviruses
were co-infected into BTI-TN-5B1–4 (High Five) insect cells
and recombinant Skp1-Emi1 complexes were purified on nickel-
agarose as described previously (27). cDNA encoding the 150
C-terminal amino acids of Emi1 (Emi1CT) was subcloned from

pCS2 plasmid encoding full-lengthmyc-tagged Emi1 to pGEX-
6p-1 plasmid. Point mutations of Emi1CT CDK phosphoryla-
tion sites at residues Ser-310, Thr-323, and Ser-383 were per-
formed using the QuikChange method (Stratagene). Wild type
GST-Emi1CT and the CDK phosphorylation site mutant GST-
Emi1CT 3A were expressed in BL21 (Stratagene) Esche-
richia coli cells and purified by affinity chromatography on glu-
tathione-Sepharose beads (Amersham Biosciences). His6-Plx
(referred to as Plk1) (28) and GST-�88-Cyclin B/CDK1 (29)
were prepared as described.
Preparation of Synchronized Cell Extracts—HeLa S3 cells

were grown in suspension in DMEM supplemented with 10%
fetal bovine serum, 100 units/ml of penicillin, and 0.1 mg/ml of
streptomycin. For synchronization at S-phase, thymidine was
added to log phase growing cells (0.4–0.6 � 106 cells/ml) to a
final concentration of 2mM.After 24 h, cells were released from
the thymidine block by washing and incubation in fresh
medium for 3 h, followedby collection of cells for FACS analysis
of DNA content and extract preparation. Cells were synchro-
nized at mitosis by addition of nocodazole to logarithmically
growing cells (0.6–0.7 � 106 cells/ml) to a final concentration
of 0.2 �g/ml. After 16–18 h, cells were harvested for FACS
analysis and extract preparation.
For the preparation of cell extracts, cells froma2-liter culture

were harvested by centrifugation (400 � g, 10 min, 4 °C),
washed three times with phosphate-buffered saline (PBS), sus-
pended in 3 volumes of hypotonic buffer (20 mM HEPES-
NaOH, pH 7.6, 1.5 mMMgCl2, 0.5 mMKCl, 1 mM dithiothreitol
(DTT), 10 �g/ml of leupeptin, and 10 �g/ml of chymostatin),
and collected immediately by centrifugation. The pellet was
re-suspended in 2 volumes, relative to original cell weight, of
the hypotonic buffer described above. After incubation on ice
for 30min, the cells were disrupted byDounce homogenization
(30 strokes). Following centrifugation at 12,000 � g for 30 min,
the supernatant (cytoplasmic fraction) was collected, mixed
with glycerol (10% final concentration), and stored at �70 °C.
For preparation of nuclear extract of S-phase cells, pellets of the
hypotonic-mechanical lysis was resuspended in 2⁄3 volume, rel-
ative to the original cell weight of the extraction buffer (20 mM

HEPES-NaOH, pH 7.6, 25% glycerol, 1.5 mM MgCl2, 420 mM

KCl, 1 mM DTT, 10 �g/ml of leupeptin, and 10 �g/ml of chy-
mostatin), and was subjected to 10 strokes of Dounce homoge-
nization followed by 30 min of gentle agitation at 4 °C. Follow-
ing centrifugation at 12,000 � g for 10 min at 4 °C, the
supernatant (nuclear extract) was collected and stored at
�70 °C.
Purification of Mitotic and S-phase Soluble APC/C—Mitotic

APC/C (mAPC/C) was purified from extracts of nocodazole-
arrested HeLa cells by affinity chromatography on a p13suc1-
Sepharose column followed by anion exchange chromatogra-
phy on aMonoQHR 5/5 column (GEHealthcare), as described
previously (30). Interphase APC/C (iAPC/C) was purified in a
single step by anion exchange chromatography. �20 mg of
S-phase HeLa cell nuclear extract was loaded onto a MonoQ
HR 5/5 column (Amersham Biosciences) previously equili-
brated with 50 mM Tris-HCl, pH 7.2, 300 mM NaCl, and 1 mM

DTT. The column was washed with 25 ml of the above buffer
and then subjected to a linear gradient of NaCl (200–700 mM)
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in 50 mM Tris-HCl, pH 7.2, and 1 mM DTT for 24 min at 1
ml/min. 1-ml fractions were collected into tubes containing 0.2
mg of soybean trypsin inhibitor. Fractions were washed, con-
centrated, and analyzed for activity and APC/C content as
described for mitotic APC/C (30). Peak fractions of Cdh1-de-
pendent APC/C activity, eluted at 450–530 mM NaCl, were
combined and stored in small aliquots at �70 °C.
Treatment of Synchronized HeLa Cells by the Plk Inhibitor

BI2536—HeLa cells were seeded on 10-cm cell culture plates at
4.5 � 106 cells/plate and cultured at 37 °C for 20 h in DMEM
supplemented with 10% fetal bovine serum, 100 units/ml of
penicillin, and 0.1 mg/ml of streptomycin. Cells were treated
with 2 mM thymidine for 24 h, released from thymidine for 9 h,
and treated again with thymidine for 15 h. Following release
from the second thymidine block, cells were supplemented
with dimethyl sulfoxide or BI2536 (100 nM) and samples were
harvested at the times indicated in Fig. 1. Cells were examined
by FACS analysis. Cell lysis was performed by incubating cell
pellets on ice for 30 min in 3 cell pellet volumes of lysis buffer
containing 20 mM HEPES-NaOH, pH 7.4, 1.5 mM MgCl2, 150
mM NaCl, 1 mM dithiothreitol (DTT), 1% Nonidet P-40, 10
�g/ml of leupeptin, 10 �g/ml of chymostatin, 15 mM p-nitro-
phenyl phosphate, 60 mM �-glycerol phosphate, 0.1 mM vana-
date, and 0.5 �M okadaic acid, followed by centrifugation at
10,000� g for 15min. 25-�g protein samples were analyzed for
cell cycle regulator protein levels by SDS-PAGE followed by
immunoblotting with the following antibodies. Monoclonal
(mouse) anti-Cdc27 (Apc3) antibody (BD Transduction Labo-
ratories 610455) was used at 1:500 dilution. Monoclonal
(mouse) anti-cyclin B (BD Transduction Laboratories C23420)
was used at 1:1,000 dilution. Monoclonal (mouse) anti-Emi1
(Invitrogen 37–6600) was used at 1:100 dilution. Monoclonal
(mouse) anti-cyclin A (Sigma C-4710) was used at 1:1,000 dilu-
tion. Monoclonal (mouse) anti-BubR1 (BD Transduction Lab-
oratories 612503) was used at 1:500 dilution. Monoclonal
(mouse) anti-Securin (Medicinal Biological Laboratories
K0090-3) was used at 1:2,000 dilution. Monoclonal (mouse)
anti-tubulin (Sigma T5168) was used at 1:10,000 dilution.
Assay of CDK-mediated Inactivation of Emi1 in a Purified

System—0.03 pmol of Skp1/Emi1 or GST-Emi1CT was incu-
bated for 30 min at 18 °C in 5 �l of phosphorylation buffer
containing 40 mM HEPES-NaOH, pH 7.4, 1 mg/ml of BSA, 10
mMphosphocreatine, 0.1mg/ml of creatine phosphokinase, 0.5
mMATP, 5mMMgCl2, 1mMDTT, and 1�Mokadaic acid. Prior
to incubation, the specified kinases were added to start the
phosphorylation reaction. Phosphorylation was terminated by
addition of 10 �M staurosporine. This was followed by a second
incubation at 30 °C for 60 min following addition of 5 �l of
125I-cyclin B ubiquitin ligase reaction mixture containing 10
mM Tris-HCl, pH 7.6, 1 mg/ml of BSA, 0.5 mM DTT, 50 �M

ubiquitin, 1 �M ubiquitin aldehyde, 1 pmol of E1, 5 pmol of
E2-C, 1–2 pmol of 125I-cyclin B (1–2 � 105 cpm), and APC/C
source and recombinant co-activator (1.8 nM Cdc20 or 5.4
nM Cdh1) as specified. Ubiquitylation of 125I-cyclin B was
quenched by boiling in SDS. Samples were subjected to SDS-
polyacrylamide electrophoresis on 10% gels, radioautography,
and phosphorimager analysis.

Phosphorylation of Emi1CT in Cell Extracts—0.25 pmol of
GST-Emi1CT was incubated for 30 min at 30 °C in 20 �l of
reaction mixture containing the phosphorylation buffer de-
scribed above and 20 �g of HeLa cell extract. Where specified,
1 �M okadaic acid, 10 �M staurosporine, or 0.1 �g/�l of p27
were added prior to incubation. Phosphorylation was termi-
nated by boiling in SDS, samples were resolved on a 10% SDS-
polyacrylamide gel, transferred to nitrocellulose, and blotted
with monoclonal anti-Emi1 antibody.
Inactivation of Emi1CT in Cell Extracts—GST-Emi1CT (4

pmol) was incubated at 30 °C for 30 min in a 200-�l reaction
mixture containing the above described phosphorylation
buffer. Prior to the incubation, 800 �g of HeLa cell extract was
added as specified in the figure legends. Following this incuba-
tion, 5-�l samples were taken for Western blotting with anti-
Emi1 antibody to examine the state of phosphorylation of Emi1.
GST-Emi1CT was isolated by binding to 200 �l of glutathione-
Sepharose beads previously equilibrated with an equal volume
of bufferA (50mMHEPES, pH7.4, 150mMKCl, 2�g/�l of BSA,
and 1mMDTT). Following rotation at 15� g at 4 °C for 1 h, the
beadswerewashed three times (400� g, 5min, 4 °C)with 1.5ml
of washing buffer containing 20mMHEPES-NaOH, pH7.4, 250
mM KCl, and 1 mMDTT and subjected to three rounds of rota-
tion at 15 � g at 4 °C in the presence of 400 �l of elution buffer
(50 mM Tris-HCl, pH 8.1, 2 mg/ml of BSA, and 10 mM reduced
glutathione), centrifugation at 400 � g for 5 min at 4 °C, and
collection of supernatant containing eluted GST-Emi1CT. All
three fractions of eluted GST-Emi1CT were concentrated to a
�50 �l volume in Amicon Ultra centrifugal filter devices (Mil-
lipore), washed by addition of 2 ml of buffer containing 40 mM

HEPES-NaOH, pH 7.4, 10% glycerol, and 1 mM DTT, and con-
centrated again to �50 �l volume. 5-�l samples of concen-
trated eluate were subjected to SDS-PAGE parallel to pre-de-
termined GST-Emi1CT standards and Western blotted with
anti-Emi1. The concentration of GST-Emi1CT relative to
standards was determined by chemiluminescence reading
using an ImageQuant RT ECL instrument (GE Healthcare).
Eluted GST-Emi1CTwas examined at the specified concentra-
tions for ability to inhibit 125I-cyclin B ubiquitylation byAPC/C
as described above and represented relative to APC/C activity
without GST-Emi1CT.
GST Pull-down Assays—Glutathione-Sepharose beads were

washed 3 times in buffer A (described above) equilibrated by
rotation at 25 � g for 1 h in the presence of buffer A at 4 °C to
minimize nonspecific absorption to beads and finally sus-
pended in an equal volumeof bufferA. Samples of 30 ng ofGST,
GST-Emi1CT wt, or GST-Emi1CT 3A were incubated at 30 °C
for 30 min in a 40-�l volume with the above described phos-
phorylation buffer alone, purified kinases, or 200 �g of cell
extract as indicated. Phosphorylation was terminated by addi-
tion of staurosporine. Where indicated (in experiments per-
formed in purified systems), this was followed by addition of
purified mitotic or interphase APC/C and recombinant Cdc20
(1.8 nM) or Cdh1 (1.8 nM) for a second incubation for 30 min at
30 °C in 40 �l of buffer containing 50 mM HEPES-NaOH, pH
7.4, 10% glycerol, 8 �g/�l of BSA, 1 mM DTT, and 150 mM KCl
to allow binding. When examining mitotic APC/C binding to
Emi1, 1 �M okadaic acid was added, and when interphase
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APC/C binding to Emi1 was examined, 10 �M staurosporine
was added. Where indicated, 5-�l samples were taken at the
end of this incubation and supplemented with 125I-cyclin B
assay buffer as described above, incubated at 30 °C for 60 min,
and analyzed for APC/C ubiquitin ligase activity as described
above. The remainder of the binding incubation was added to
20 �l of the 1:1 suspension of glutathione-Sepharose beads in
buffer A and rotated at 25 rpm for 2 h at 4 °C. Beads were then
washed 3 times in buffer containing 40 mM HEPES-NaOH, pH
7.4, 150 mM NaCl, 0.5 �g/�l of BSA, and 1 mM DTT, followed
by elution of bound proteins by addition of 30 �l of electropho-
resis sample buffer containing 2.5 �g/�l of BSA. Samples of 15
�l were separated on 8% polyacrylamide gels, transferred to
nitrocellulose, and probed with antibodies for the specified
proteins.

RESULTS
Effects of Plk Inhibition in Intact Cells—To examine the effect

of the inhibition of Plk on cell cycle progression, Emi1 degra-
dation, andAPC/C activity inHeLa cells, we used the Plk inhib-

itor BI2536, which has been shown to be a potent and specific
inhibitor of the Plk family of protein kinases in vitro and in vivo
(22, 31). HeLa cells were treated with BI2536 or dimethyl sulf-
oxide 6 h after release from a double thymidine block and cell
cycle progression was analyzed by FACS. As opposed to cells
treated with dimethyl sulfoxide alone, BI2536-treated cells
exhibited a mitotic arrest (Fig. 1A). By 12 h following release
from thymidine block, over 90% of cells in the control treat-
ment had successfully exited mitosis, whereas over 75% of
BI2536-treated cells were still in G2/M. Samples of cells were
lysed in the presence of phosphatase inhibitors and examined
for levels of various cell cycle regulatory proteins. When exam-
ining BI2536-treated cells as compared with control cells, sta-
bilization of cyclin B and securin and persistence of Cdc27
hyperphosphorylation were apparent 12 h after release from
the thymidine block, consistent with a mitotic arrest (Fig. 1B).
Emi1 levels in control cells dropped at entry into mitosis,
whereas in BI2536-treated cells Emi1 was relatively stable, and
persisted even 12 h after release from the thymidine block.

FIGURE 1. Effects of inhibition of Plk in HeLa cells. A, G2/M arrest in BI2536-treated cells. HeLa cells were released from a double thymidine block. 6 h following
release, 100 nM BI2536 or dimethyl sulfoxide (DMSO) as a control were added. Cells were harvested at the indicated times and samples were analyzed by FACS.
B, levels of cell cycle proteins in BI2536-treated cells. Cell pellets of the experiment shown in A were lysed in the presence of protease and phosphatase
inhibitors as described under “Experimental Procedures” and analyzed by immunoblotting for the specified proteins. C, expression and phosphorylation of cell
cycle regulators in nocodazole- or BI2536-treated cells. HeLa cells were released from thymidine block for 11 h into a nocodazole or BI2536 block, as indicated.
Asynchronous, S-phase, nocodazole-arrested, or BI2536-arrested cells were harvested, lysed as described above, and analyzed by immunoblotting for the
specified proteins. D, Emi1 is phosphorylated in BI2536-treated mitotic cells. 30-�g samples of cell extracts of S-phase cells or BI2536-arrested cells from the
experiment shown in C were treated with 10 units/�l of � phosphatase or buffer alone for 30 min in 30 °C and analyzed by immunoblotting for Cdc27 and Emi1.
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These data confirm previously published results (22) and are
most likely due to inhibition of the Plk1-dependent SCF�-TrCP-
mediated degradation of Emi1. Notably, Emi1 present in Plk1-
inhibited cells displayed an electrophoretic mobility shift that
suggested its phosphorylation. Also confirming previous
results (22), we observed that cyclin A levels did not remain
stable in Plk1-inhibited cells, as a marked (although incom-
plete) decrease of cyclin A levels was seen at 10 and 12 h
following release from the thymidine block. These results sug-
gest thatAPC/C is activated upon entry intomitosis to promote
cyclin A degradation even when Emi1 degradation is blocked,
as reported previously (13, 22).
The efficacy of Plk1 inhibition by BI2536 in HeLa cells is

demonstrated by lack of mitotic, Plk1-dependent, phosphory-
lation of BubR1 in BI2536-treated cells 11 h following release
froma thymidine block as comparedwith cells arrested inmito-
sis by a nocodazole block (Fig. 1C). Comparison of nocodazole-
arrested cells to BI2536-arrested cells shows once again that
Emi1 persists in BI2536-treated cells in a form exhibiting
reduced electrophoretic mobility, whereas cyclin A levels are
diminished relative to S-phase cells (3 h following release from
a thymidine block). To examine whether the mobility shift of
Emi1 in BI2536-arrested cells is due to phosphorylation,
extracts of BI2536-treated cells shown in Fig. 1Cwere subjected
to treatment with � phosphatase or buffer (Fig. 1D). Efficient
dephosphorylation is demonstrated by the dephosphorylation
of Cdc27 in BI2536-treated extracts treated with � phospha-
tase. Similarly to Cdc27, treatment with � phosphatase resulted
in enhanced electrophoretic mobility of Emi1 in BI2536-
treated cells, suggesting that the mobility shift of Emi1 seen in
Plk1-inhibited cells is due to phosphorylation of Emi1. As a
control, no effect on the electrophoretic mobility of either
Cdc27 or Emi1 was shown when S-phase cell extracts were
treated with � phosphatase.
We conclude that Plk1 inhibition by BI2536 resulted in a

mitotic arrest with relatively high levels of a phosphorylated
formof Emi1. Despite the persistence of Emi1, APC/CCdc20 was
activated, as suggested by the degradation of cyclin A, implying
that the relatively high levels of Emi1 in BI2536-treated mitotic
cells were unable to inhibit APC/C. These observations are in
agreement with previous results of other investigators (22).
Inactivation of Emi1 by Purified Cyclin B/CDK1—As APC/C

is active in cells in which Emi1 is present in a phosphorylated
form, it is possible that this phosphorylation may affect the
ability of Emi1 to inhibit APC/C. Emi1 undergoes phosphory-
lation by the mitotic kinases cyclin B/CDK1 and Plk1 at mitotic
entry. The role of these two kinases in promoting the degrada-
tion of Emi1 has been described (9, 18), yet the effect of mitotic
phosphorylation on the ability of Emi1 to inhibitAPC/Chas not
been previously addressed. To explore this question, we recon-
stituted Emi1-mediated inhibition of APC/C in a purified in
vitro system (Fig. 2A). We examined the ubiquitylation of a
radioactively labeled N-terminal fragment of cyclin B (125I-cy-
clin B) by APC/C purified frommitotic HeLa cell extracts (28).
Ubiquitylation of cyclin B by purified mitotic APC/C was stim-
ulated by addition of recombinantly purified Cdc20. To study
the effect of mitotic kinases on Emi1, a two-stage incubation
was carried out. In the first incubation, baculovirus-expressed

recombinant full-length Emi1 was phosphorylated by purified
recombinant �88-cyclin B/CDK1 or baculovirus-expressed
recombinantly purified Plk1 at concentrations previously
shown to efficiently phosphorylate Emi1 (18). Phosphorylation
by cyclin B/CDK1 was terminated by the kinase inhibitor stau-
rosporine, and Plk1 activity was terminated by use of the Plk1
inhibitor BI2536. In the second incubation, APC/C, Cdc20,
cyclin B substrate, and the remainder of the components of
the cyclin B ubiquitylation assay were added and the formation of
cyclin-ubiquitin conjugates wasmonitored. Emi1 preincubated
in buffer efficiently inhibited APC/CCdc20-mediated ubiquity-
lation of cyclin B. Preincubation of Emi1 with purified non-
degradable �88-cyclin B/CDK1, however, markedly dimin-
ished inhibition of APC/C by Emi1 (Fig. 2A, lane 7 versus 6).
Addition of the kinase inhibitor staurosporine to preincubation
of Emi1 with �88-cyclin B/CDK1 abrogated the effect of �88-
cyclin B/CDK1 on Emi1, indicating that inactivation of Emi1 by
�88-cyclin B/CDK1 was dependent on the kinase activity of
CDK1. Preincubation of Emi1 with Plk1 did not produce any
effect on the ability of Emi1 to inhibit APC/C. As a control,
cyclin B/CDK1 and Plk1 themselves had no affect on the activ-
ity of APC/C in the second incubation in the presence of stau-
rosporine or BI2536, respectively.
Human Emi1 contains eight minimal consensus (S/T)P sites

for phosphorylation byCDKs. Three of these sites are located in
a C-terminal, 150-amino acid region of Emi1, which contains a
zinc binding region, a destruction box, and a newly discovered
RL tail, elements shown to be required for inhibition of APC/C
by Emi1 (9, 32, 33). We compared the ability of a GST-tagged,
bacterially expressed C-terminal 150-amino acid fragment of
Emi1 (GST-Emi1CT) to inhibit APC/C. As shown in Fig. 2B,
GST-Emi1CT preincubated in buffer inhibited APC/C as effi-
ciently as full-length Emi1, consistent with previous reports (9).
Preincubation with cyclin B/CDK1 inactivated both full-length
Emi1 and GST-Emi1CT to a similar degree, and this effect was
prevented by inhibition of CDK1 kinase activity with stauro-
sporine. These results suggest that phosphorylation of the
C-terminal region of Emi1 is sufficient for the inactivation of
Emi1.
Emi1 has been shown to inhibit both the earlymitotic, hyper-

phosphorylated, Cdc20-bound form of APC/C, and the inter-
phase, hypophosphorylated, Cdh1-bound APC/C (10). To
examine whether CDK-mediated phosphorylation affects the
ability of Emi1 to inhibit both forms ofAPC/C,wepreincubated
GST-Emi1CT in the presence of buffer or cyclin B/CDK1. The
ability of GST-Emi1CT to inhibit cyclin B ubiquitylation by
APC/CCdh1 was then examined (Fig. 2C). For this purpose, we
used APC/C purified from S-phase HeLa cell nuclear extracts,
supplementedwith recombinant purified Cdh1.Whereas Emi1
incubated in buffer effectively inhibited APC/CCdh1-mediated
ubiquitylation, preincubation of Emi1 with cyclin B/CDK1 pre-
vented Emi1 from inhibiting this form of APC/C, suggesting
that phosphorylation of Emi1 by CDKs reduces the ability of
Emi1 to inhibit both APC/CCdc20 and APC/CCdh1.
As (S/T)P sites are consensus sites for phosphorylation by

the S-phase active CDK2 as well as themitosis active CDK1, we
examined whether purified baculovirus-expressed cyclin
A/CDK2 can also inactivate Emi1.GST-Emi1CTwas incubated
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in buffer alone, with cyclin B/CDK1, or with cyclin A/CDK2.
Kinase activity levels, as assessed by [32P]phosphate incorpora-
tion into histone H1, were equal (data not shown). As full-
length cyclin A is an APC/C substrate, and can competitively
inhibit APC/C-mediated ubiquitylation of cyclin B, it was nec-
essary to remove cyclin A before addition of the cyclin B ubiq-
uitylation system. For this purpose, following incubation with
buffer or kinases, GST-Emi1CT was purified on glutathione-
Sepharose beads, quantified, and only then assayed for inhibi-
tion of APC/C (Fig. 2D). Emi1 purified following incubation
with buffer retained the ability to inhibit APC/C. Surprisingly,
the S-phase kinase cyclin A/CDK2 inactivated Emi1 as effi-
ciently as the mitotic cyclin B/CDK1 in this purified in vitro
system. As Emi1-mediated inhibition of APC/C is essential for
proper execution of S-phase (12, 13), it seems reasonable that
additional factors present in S-phase may regulate Emi1-di-
rected CDK activity during S-phase (see below).
Inactivation of Emi1 byMitotic Cell Extracts—If CDK-medi-

ated phosphorylation were to inactivate Emi1, this would be
expected to occur in prophase but not in S-phase, to allow Emi1
to inhibit APC/C throughout the S-phase on the one hand, and
to promote cyclin A degradation upon entry intomitosis on the
other. To examine the possibility of cell-cycle stage-specific
inhibitory phosphorylation of the C-terminal region of Emi1,
extracts of cells arrested in mitosis with nocodazole or nuclear
extracts of cells in S-phase (3 h following release from thymi-
dine block) were used. Incubation of the C-terminal fragment
of Emi1 with mitotic extract did not result in ubiquitylation or
destruction of this fragment as it lacks the SCF�-TrCP binding
motif (Fig. 3A). Addition of the phosphatase inhibitor okadaic
acid to mitotic extract retarded the electrophoretic mobility of
Emi1CT. This retardation ismost likely due to phosphorylation
of Emi1CT, as the addition of the kinase inhibitor staurosporine
abolished this effect. Incubation of Emi1CT with S-phase
extract, even in the presence of okadaic acid, did not cause any
noticeable change in the electrophoretic mobility of Emi1CT.
This suggests that Emi1 is phosphorylated at mitosis, when
Emi1 must be inactivated, but not during S-phase, when Emi1
activity is necessary for the prevention of re-replication. The
need for addition of okadaic acid may be explained by the pres-
ence of nonspecific phosphatase activity in cell extracts, and
this activity may be restrained to specific locations in intact
cells.
To examinewhether the phosphorylation of GST-Emi1CT is

due to CDK activity, we mutated all three serine or threonine
residues of the C-terminal Emi1 fragment CDK phosphoryla-
tion consensus sites to alanine (see “Experimental Proce-
dures”). This mutant, designated GST-Emi1CT 3A, was not
phosphorylated in mitotic cell extracts, as compared with wild
typeGST-Emi1CT (Fig. 3B, left panel). This indicates that Emi1
is directly phosphorylated by CDKs in mitotic cell extracts. To
rule out that this phosphorylation is mediated by staurospo-
rine-sensitive, proline-directed kinases other than CDKs, GST-
Emi1CT was incubated in mitotic cell extracts in the presence
of recombinant purified CDK inhibitor p27 (Fig. 3B, right
panel). Similarly to staurosporine, p27 abrogated the phosphor-
ylation of GST-Emi1CT in mitotic cell extracts, indicating that
this phosphorylation is indeed CDK-mediated.

The effect of the phosphorylation of Emi1CT in mitotic
extracts on the ability of Emi1CT to inhibit APC/C was exam-
ined in the experiment shown in Fig. 3C. GST-Emi1CTwas first
incubated with extract, then purified using glutathione beads,
and finally assayed for the inhibition of APC/CCdc20-mediated
ubiquitylation of cyclin B in an in vitro purified system. The
purification step following the first incubation was necessary to
remove the mitotic extract from Emi1CT, as nocodazole-ar-
rested extracts contain components of the mitotic checkpoint
that can inhibit APC/C independently of Emi1. Emi1CT incu-
bated with buffer alone, or with S-phase extract, efficiently
inhibited APC/C activity at a 5 nM concentration. Incubation of
Emi1CT with mitotic extract, however, resulted in a reduced
effect of Emi1CT on the activity of APC/C even in concentra-
tions of up to 15 nM. It is noteworthy that the incubation and
purification steps of this experiment caused a loss of up to
5-fold in the efficacy of Emi1CT as an APC/C inhibitor, even
when Emi1CT was incubated with buffer alone, and caused
some variability in the results obtained. However, in all of sev-
eral experiments there was a marked reduction of the ability of
Emi1CT preincubated with the mitotic cell extract to inhibit
APC/C, as compared with mock treated Emi1CT or Emi1CT
incubated with S-phase cell extract. These results suggest that
an activity present inmitosis, but not S-phase, inactivates Emi1
through a mechanism other than ubiquitin-mediated degrada-
tion of Emi1. Similarly to the previous experiments, samples
taken from each system following the first incubation showed a
mobility shift in Emi1CT incubated with mitotic extract, but
not S-phase or mock incubation, in correlation with the inacti-
vation of Emi1CT. This finding suggests that the inactivation of
Emi1CT in mitotic extracts is mediated by phosphorylation.
By the use of the GST-Emi1CT 3A mutant, we examined

whether the inactivation of Emi1CT inmitotic extracts ismedi-
ated by CDKs. Incubation of GST-Emi1CT 3A in mitotic
extract did not produce the inactivation seen with wild type
GST-Emi1CT. GST-Emi1CT 3A preincubated with mitotic
extract was as efficient an inhibitor of APC/C-mediated cyclin
B ubiquitylation as wild-type GST-Emi1CT incubated in buffer
alone (Fig. 3D).
CDK-mediated Phosphorylation of Emi1 Prevents Its Binding

to APC/C—Emi1 has been shown to bind APC/C and co-acti-
vators Cdc20 and Cdh1 in Xenopus and HeLa cell extracts (9,
10, 32). A possiblemechanism for disruption of Emi1-mediated
inhibition ofAPC/Cby phosphorylationmay be by interference
with the interaction between Emi1, APC/C, and the co-activa-
tors. To explore this possibility, GST-Emi1CT was preincu-
bated with buffer or with �88-cyclin B/CDK1 and then was
further incubated with purified mitotic APC/C and recombi-
nant Cdc20 or purified S-phase APC/C and recombinant Cdh1
(Fig. 4A). Following the second incubation, sampleswere exam-
ined for APC/C cyclin B ubiquitylation activity (lower panels),
or subjected to pulldown using glutathione beads and immuno-
blotting for the Cdc27 subunit of APC/C (upper panels). The
results show that binding ofAPC/CCdc20 orAPC/CCdh1 to Emi1
was remarkably reduced following incubation with �88-cyclin
B/CDK1. In correlation with the reduction of the binding of
Emi1 to APC/C and consistent with the results presented
above, Emi1CT preincubated with �88-cyclin B/CDK1 was
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unable to efficiently inhibit APC/CCdc20 and APC/CCdh1 in the
samples taken prior to addition of glutathione beads.
To examine whether this reduction in Emi1-APC/C interac-

tion is regulated during the cell cycle, we examined the interac-
tion of Emi1CT with endogenous APC/C in cell extracts (Fig.
4B).Wild typeGST-Emi1CT, or the 3Amutant were incubated
with S-phase ormitotic cell extracts in conditions enabling pro-
tein kinase activity, and Emi1CT binding to endogenous
APC/C in the cell extract was examined by GST pulldown.
When incubated with S-phase extract, both wild type and the
3A mutant GST-Emi1CT bound APC/C to a similar degree. In
the presence of mitotic extracts, wild type GST-Emi1CT bind-
ing toAPC/Cwasmarkedly reduced relatively toGST-Emi1CT
3A binding to APC/C. Supplementation of the CDK inhibitor
p27 to mitotic extracts strongly diminished the differences
between wild type and the 3A mutant GST-Emi1CT in the
binding of APC/C. These findings suggest that CDK-mediated
phosphorylation of GST-Emi1CT in mitotic cell extracts
results in a reduction of the interaction between Emi1 and
APC/C, thus explaining the inactivation of GST-Emi1CT in
mitotic extracts. Taken together, these results suggest that

CDK-mediated phosphorylation of Emi1 releases APC/C from
inhibition by reducing the affinity of Emi1 to APC/C, and that
thismechanism of inactivation occurs inmitosis but not during
S-phase.
Protection of Emi1 from CDK-mediated Inactivation in

S-phase Cell Extracts—Emi1-mediated inhibition of APC/C is
present throughout S-phase (15) and has been shown to be
essential for the prevention of re-replication and centrosomal
abnormalities that may lead to mitotic catastrophes and aneu-
ploidy (12, 13). Our results show that Emi1 is inactivated by
CDKs in mitotic extracts but not in S-phase extracts, in agree-
ment with the role of Emi1 in S-phase and the timing of APC/C
activation as the cell enters mitosis. We also showed, however,
that Emi1 can be directly inactivated by the S-phase cyclin-
CDK complex, cyclin A-CDK2, and that CDK-mediated inac-
tivation of Emi1 affects inhibition of the S-phase form of
APC/C,APC/CCdh1. There are several possible explanations for
this apparent contradiction. One possibility is that there is less
overall CDK activity in S-phase than in mitosis and that Emi1
inactivating phosphorylation occurs only above a certain
threshold of CDK activity. Such a principle has been suggested

FIGURE 2. Effect of protein kinases on Emi1-mediated inhibition of APC/C in a purified system. A, inactivation of Emi1 by purified cyclin B/CDK1. In the first
incubation, 3 nM full-length recombinant Emi1 in complex with Skp1 (Skp1/Emi1) was treated by a phosphorylation mixture with purified cyclin B/CDK1 or Plk1,
and 10 �M staurosporine where indicated. Following this incubation, phosphorylation was inhibited by addition of staurosporine (where not previously
added), and a second incubation was carried out in the presence of a ubiquitylation mixture, purified mitotic APC/C, recombinant purified Cdc20, and
125I-cyclin B as substrate. B, inactivation of the GST-tagged C-terminal 150-amino acid fragment of Emi1 by purified cyclin B/CDK1. As in A, 3 nM Skp1/Emi1 or
the GST-tagged C-terminal 150 amino acids of Emi1 (GST-Emi1CT) were preincubated with the phosphorylation mixture, and purified cyclin B/CDK1 and
staurosporine, where indicated, followed by a second incubation in which the ubiquitylation mixture and 125I-cyclin B were added, along with purified mitotic
APC/C, recombinant Cdc20, and staurosporine, as indicated. C, effect of cyclin B/CDK1 on the inhibition of APC/CCdh1 by Emi1. A two-step phosphorylation and
ubiquitylation assay as described above. Where indicated, GST-Emi1CT and cyclin B/CDK were added in the first incubation, and purified S-phase APC/C with
recombinant Cdh1 was added for the second incubation. Staurosporine was added in all cases following the first incubation. D, inactivation of Emi1 by cyclin
B/CDK1 and cyclin A/CDK2. GST-tagged Emi1CT was incubated in the presence of buffer, purified cyclin B/CDK1, or purified cyclin A/CDK2, and then purified
on glutathione beads, quantified, and assayed for inhibition of cyclin B ubiquitylation by APC/CCdc20 at 10 nM concentration of each Emi1CT preparation.
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for other CDK substrates to explain the differences in substrate
specificity between mitosis and earlier cell cycle stages (34).
Indeed, our S-phase extract preparation exhibits a 3-fold re-
duced CDK-dependent histone H1 kinase activity as compared
with mitotic extract (see below).
A second possibility to explain the lack of S-phase inactiva-

tion of Emi1 by CDKs is that a certain factor, present and active
in S-phase, but not in mitosis, protects Emi1 from CDK-medi-
ated inactivation. Yet another possibility is that some factor,
present and active inmitosis, but not S-phase, potentiates CDK
activity toward Emi1. The later possibility seems less likely as
we have shown that purified CDKs can directly phosphorylate
and inactivate Emi1 efficiently.
To explore all these possibilities, GST-Emi1CT was incu-

bated with either buffer alone, mitotic extract alone, S-phase
extract alone, or a 1:1mixture ofmitotic and S-phase extracts. If
a threshold of CDK activity is needed to inactivate Emi1, it
would be expected that incubationwith themitotic and S-phase
extract mixture would inactivate Emi1 at least as efficiently as
mitotic extract alone, if not to a greater extent due to an additive
effect of the CDK activity in the S-phase extract. If an Emi1
protective factor is present in S-phase, thenmixingmitotic and
S-phase extracts would be expected to produce less Emi1 inac-
tivation than mitotic extract alone.
In the experiment shown in Fig. 5A, GST-Emi1CT was incu-

bated in the presence of phosphorylation buffer alone, mitotic
extract, S-phase extract, or a 1:1mixture ofmitotic and S-phase

extracts, and then purified on glutathione beads. Following
quantitation, these Emi1CT preparations were examined for
their ability to inhibit APC/CCdc20 in the 125I-cyclin B ubiqui-
tylation assay. In agreement with our previous results, Emi1CT
incubated with buffer or S-phase extract efficiently inhibited
cyclin B ubiquitylation by APC/C, whereas Emi1CT incubated
with mitotic extract exhibited a diminished ability to inhibit
APC/C. Incubating Emi1CT with the mitotic and S-phase
extractmixture resulted in no apparent inactivation of Emi1CT
relative to Emi1CT incubated with buffer alone or S-phase
extract, suggesting that a factor existing in S-phase extracts is
able to counteract the effect of mitotic extract to inactivate
Emi1. This result points to the possibility of an Emi1 protective
factor present in S-phase, which prevents CDK-mediated inac-
tivation of Emi1, and thus APC/C activation prior to entry into
mitosis.
To further explore the possibility of an Emi1 protective fac-

tor in S-phase cell extracts, we examined the effect of mixing
mitotic and S-phase extracts on Emi1-APC/C binding (Fig. 5B).
Wild type and the 3A mutant GST-Emi1CT efficiently pulled
down endogenous APC/C in S-phase cell extracts to a roughly
similar extent. Inmitotic cell extracts, however, wild type GST-
Emi1CT was unable to efficiently bind APC/C as compared
with the 3A mutant GST-Emi1CT. In a 1:1 mixture of mitotic
and S-phase cell extracts no difference was observed between
the ability of wild type and mutant GST-Emi1CT to bind both
the hypophosphorylated and hyperphosphorylated forms of

FIGURE 3. Effect of cell extracts on Emi1 phosphorylation and inhibition of APC/C. A, phosphorylation of recombinant Emi1CT in cell extracts. 10 nM

GST-Emi1 C-terminal fragment (Emi1CT) was incubated with the phosphorylation mixture. Where specified, 20 �g of nocodazole-arrested HeLa cell extract
(mitotic extract), nuclear extract of HeLa cells 3 h after release from thymidine arrest (S-phase extract), 1 �M okadaic acid, or 10 �M staurosporine were added.
Emi1CT phosphorylation was assessed by Western blotting with anti-Emi1 antibody and examination of the Emi1CT electrophoretic mobility shift. B, CDK-de-
pendent phosphorylation of Emi1CT in mitotic cell extracts. 10 nM GST-Emi1CT wild type or mutated in all 3 CDK phosphorylation consensus sites (GST-Emi1CT
3A) was incubated as in A with mitotic extract with or without 0.1 �g/�l of p27, as indicated, and subjected to immunoblotting for Emi1. C, inactivation of
Emi1CT by mitotic cell extract. GST-Emi1CT was incubated as described under “Experimental Procedures,” in the presence of phosphorylation buffer alone (F),
mitotic extract (f), or S-phase extract (�) in duplicates and then purified on glutathione-Sepharose beads as described under “Experimental Procedures.”
Following quantitation of these Emi1CT preparations, they were assayed in the indicated concentrations for their ability to inhibit 125I-cyclin B ubiquitylation
by APC/CCdc20 in a purified system. The results are expressed as % of maximal APC/C ubiquitin ligase activity. D, effect of mutation of CDK phosphorylation
consensus sites of Emi1CT on the inactivation of Emi1CT by mitotic extract. Wild type GST-Emi1CT was incubated as above in the presence of buffer (F) or
mitotic extract (Œ). GST-Emi1CT 3A was incubated in the presence of mitotic extract (f). Following this incubation, Emi1CT was purified, quantified, and
examined for inhibition of APC/C ligase activity as described above.
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APC/C. Interestingly, examination of the bead-bound GST-
Emi1CT shows that the phosphorylation of Emi1CT observed
following incubation in mitotic cell extracts, as seen by an elec-
trophoretic mobility shift, did not occur when S-phase and
mitotic cell extracts weremixed. This suggests that the S-phase
extract mediates its Emi1 protective effect through either pre-
vention of Emi1 phosphorylation or promotion of its dephos-
phorylation. That this effect was not due to inhibition of overall
CDK activity in mitotic extracts was confirmed by a histone H1
phosphorylation assay (Fig. 5C). CDK-mediated incorporation
of [32P]phosphate into histone H1 incubated with S-phase
extracts was only one-third of the CDK-mediated [32P]phos-
phate incorporated into histone H1 incubated in mitotic
extracts. Incubation of histone H1 with both mitotic and
S-phase extracts resulted in an additive incorporation of
[32P]phosphate into histone H1. These results suggest that the
lack of Emi1 phosphorylation observed in S-phase extracts is

due to an Emi1-directed protective effect and not due to overall
inhibition of CDK activity.We conclude from these results that
a factor, present in cells during S-phase but not in mitotic cells,
acts to prevent or reverse Emi1 phosphorylation, thus enabling
Emi1 to bind and inhibit APC/C during S-phase.

DISCUSSION

Recent reports have questioned the importance of Emi1
destruction at prophase for entry into mitosis, and the role of
Emi1 as an inhibitor of APC/CCdc20 (13, 22, 23). Disruption of
Plk1 function in cells by Plk1-specific siRNA or the small mol-
ecule inhibitor BI2536, or overexpression of high levels of non-
degradable Emi1 in cells did not hinder the timing and robust-
ness of cyclin A degradation following nuclear envelope
breakdown (13, 21, 22). In our study, we explored the possibility
of the existence of additional modes of Emi1 regulation at
prophase, whichwould explain how cells are able to entermito-
sis despite the lack of Emi1 degradation. Our findings suggest
that CDK-mediated phosphorylation can inactivate Emi1 and
enable APC/C activation upon entry into mitosis. In support of
this notionwe report that: 1) Emi1 is phosphorylated directly by
CDKs in mitotic but not S-phase cell extracts; 2) Emi1 phos-
phorylated by CDKs is unable to efficiently inhibit APC/C; 3)
Emi1 phosphorylated by CDKs is unable to form a stable com-
plex with APC/C; and 4) Emi1 is inactivated by incubation in
mitotic, but not S-phase cell extracts and this effect is CDK-de-
pendent. In further work it will be desirable to test thismodel in
cells, by expression of the non-phosphorylatable Emi1 3A
mutant and determining whether APC/C remains associated
with it and remains inactive in the presence of the Plk inhibitor.
Plk1-deficient or inhibited cells arrest in prometaphase with

high levels of cyclin B (20, 22). CDK activity remains high in
these cells, possibly explaining how APC/C inhibition by Emi1
is overcome despite Emi1 stability. Also in agreement with our
interpretation, overexpression of non-degradable Emi1 caused
a mitotic arrest with relatively high levels of cyclin B compared
with control anaphase/telophase cells, indicating incomplete
APC/C activation in these cells (13). If Emi1 were truly dispen-
sable for APC/CCdc20 inhibition, one would not expect any cell
cycle arrest in cells overexpressing non-degradable Emi1. It is
possible that in these cells arrested inmitosis, the relatively high
cyclin B levels represent an equilibrium of CDK and APC/C
activity. Higher cyclin B levels would promote Emi1 inactiva-
tion and APC/C activity to promote cyclin B degradation, and
lower cyclin B levels would not prevent Emi1 from inhibiting
APC/C, thus allowing cyclin B accumulation. In this manner,
cyclin B levels remain at a constant level throughout a contin-
uous mitotic arrest. A somewhat similar mechanism has been
described regarding the meiotic homologue of Emi1, Emi2, in
eggs arrested by cytostatic factor (CSF) (35). At exit from mei-
osis I cyclin B is degraded, but its levels drop only partially, and
cyclin B/CDK1 activity remains at a relatively high level
throughout meiosis II until fertilization, although lower than
the level during meiosis I (35). The stability of cyclin B levels is
maintained by inhibition of APC/C-mediated degradation.
Recent studies have suggested the possibility of a feedback loop
acting to regulate cyclin B/CDK1 activity levels through mod-
ulation of Emi2-mediated inhibition of APC/C. Cyclin B/CDK1

FIGURE 4. Effect of phosphorylation of Emi1 on its binding to APC/C.
A, effect of purified cyclin B/CDK1 on Emi1 binding to APC/C in a purified system.
30 ng of GST-Emi1CT was incubated with phosphorylation buffer alone or
with purified cyclin B/CDK1 as indicated. Phosphorylation was terminated by
addition of staurosporine. This was followed by addition of purified mitotic or
interphase APC/C and recombinant Cdc20 or Cdh1 as indicated and a second
incubation was carried out to allow binding. At the end of this incubation 10%
of the samples were taken for cyclin B ubiquitylation assay (bottom panels)
and the remaining 90% were subjected to GST pulldown. Bead-bound pro-
teins were examined by immunoblotting for Cdc27 and Emi1. B, binding of
recombinant Emi1CT to endogenous APC/C in cell extracts. 30 ng of wild type
or the 3A mutant GST-Emi1CT were incubated in phosphorylation buffer with
200 �g of S-phase nuclear cell extract, mitotic cell extract, or mitotic cell
extracts previously supplemented with 0.1 �g/�l of p27 to inhibit endoge-
nous CDKs. This was followed by GST pulldown and examination of bead-
bound proteins by immunoblotting for Emi1 and Cdc27.
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has been shown to phosphorylate residues on both the C-ter-
minal and N-terminal regions of Emi2. CDK1-mediated phos-
phorylation of the C-terminal region of Emi2 produces a reduc-
tion of Emi2 affinity toAPC/C, and therefore interfereswith the
ability of Emi2 to inhibit APC/C (36, 37). Phosphorylation of
the N-terminal portion of Emi2 by cyclin B/CDK1 reduces
Emi2 stability inCSF-arrestedXenopus egg extracts by enabling
phosphorylation of the �-TrCP recognition motif of Emi2 by
Plx1, thus promoting the SCF�-TrCP-mediated ubiquitylation of
Emi2 (38). By these two mechanisms, cyclin B/CDK1 can inac-
tivate Emi2 and promote its own inactivation by APC/C. Emi2
inactivation by cyclin B/CDK1 is negated by the Mos pathway-
dependent action of protein phosphatase 2A (PP2A) to dephos-
phorylate Emi2 at CDK phosphorylation sites (36–40). When
Emi2-directed cyclin B/CDK1 activity rises above Emi2-di-
rected PP2A activity, Emi2 is inactivated and degraded to a level
sufficient to enable partial activation of APC/C, promoting
cyclin B/CDK1 degradation. In this manner cyclin B/CDK1
autoregulates its level of activity, preventing unchecked cyclin
B accumulation that might disrupt the rapid transition from
CSF arrest to anaphase II at fertilization (36). As expression of
non-degradable Emi1 in cells caused them to arrest in mitosis
with relatively high levels of cyclin B (13), it is possible that
expression of non-degradable Emi1 in cells produces aCSF-like
state in which high CDK activity promotes cyclin B degrada-
tion, whereas low CDK activity promotes inhibition of APC/C
by Emi1 and cyclin B stability, resulting in stable mid-range
cyclin B/CDK1 activity levels.
Our results, which show a protective effect of S-phase cell

extracts on the ability of Emi1 to bind and inhibit APC/C in the
presence of mitotic cell extract, points to a possible Emi1 pro-
tective factor in S-phase cells. Such a factor would allowAPC/C
inhibition throughout S-phase, preventing re-replication and
mitotic catastrophes. An Emi1-binding protein, Evi5, has been
reported to protect Emi1 from premature SCF�-TrCP-mediated
degradation during S-phase by preventing Plk1-mediated
phosphorylation of Emi1 (41). Evi5 is an unlikely candidate for
the unknown factor protecting Emi1 fromCDK-mediated inac-
tivation as Evi5 is itself a target for Plk1-mediated SCF�-TrCP-
dependent degradation upon mitotic entry. Depletion of Plk1
using siRNA stabilizes Evi5 (41) and yet cyclin A is still
degraded at prophase in Plk1-depleted or -inhibited cells (20–
22), indicating that the persistence of Evi5 is not sufficient to
prevent inactivation of Emi1 in these cells.
Another factor implicated in protection of Emi1 from pre-

mature degradation is the peptidyl-prolyl cis/trans isomerase
Pin1 (42). Pin1 binds proteins previously phosphorylated by
proline-directed kinases such as CDKs and MAP kinases and
catalyzes a conformational change in substrates (43). Pin1 binds
Emi1 during G2 phase and prevents Emi1 binding to �-TrCP,
allowing the stabilization of Emi1 during G2 despite active
CDKs and Plk1 (42). Pin1 interaction with Emi1 is dependent
on CDK-mediated phosphorylation of an N-terminal serine
residue of Xenopus Emi1. Our results show that protection of
Emi1 from inactivation in cell extracts does not require the
N-terminal portion of Emi1. Furthermore, the finding that Pin1
binds Emi1 only following CDK-mediated phosphorylation is

FIGURE 5. Effect of mixing S-phase and mitotic extracts on the interaction
of Emi1 with APC/C. A, effect of S-phase extract on mitotic extract-mediated
inactivation of Emi1. 30 ng of GST-Emi1CT was incubated in the presence of
phosphorylation buffer (F), 100 �g of mitotic extract (f), 100 �g of S-phase
extract (Œ), or 200 �g of a 1:1 ratio mixture of mitotic and S-phase extracts (�)
and then purified on glutathione-Sepharose beads. Following quantitation of
these Emi1CT preparations, they were assayed in the indicated concentra-
tions for their ability to inhibit 125I-cyclin B ubiquitylation by APC/CCdc20 in a
purified system. The results are expressed as percent of maximal APC/C activ-
ity. B, effect of S-phase extract on the ability of Emi1 to bind endogenous
APC/C in cell extracts. 30 ng of wild type or the 3A mutant GST-Emi1CT were
incubated in phosphorylation buffer with 100 �g of S-phase nuclear cell
extract, 100 �g of mitotic cell extract, or 200 �g of a 1:1 mixture of mitotic and
S-phase extracts. This was followed by GST pulldown and examination of
bead-bound proteins by immunoblotting for Emi1 and Cdc27. C, assay of CDK
activity in S-phase, mitotic, and mixed extracts. Incorporation of 32P into his-
tone H1 was assayed by incubation of 5 �g of histone H1 in the presence of 2
mg/ml of S-phase, mitotic or a 1:1 ratio mixture of mitotic and S-phase
extracts. CDK activity was inhibited by p27 where indicated. Incorporation of
[32P]phosphate was quantified by phosphorimager (arbitrary units). Radioac-
tivity in control lanes lacking histone H1 were subtracted as background.
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not consistent with the possibility of Pin1 acting to prevent
CDK-mediated inactivation of Emi1.
Inactivation of Emi2 by CDKs is held in check by the Mos

pathway-dependent activity of PP2A on Emi2. Does such a
PP2A activity protect Emi1 during S-phase? Our experiments
were conducted in the presence of okadaic acid, an inhibitor of
PP2A. Without addition of okadaic acid we were unable to see
the phosphorylation of the C-terminal portion of Emi1 in
mitotic extracts. It is possible that this represents a possible role
for PP2A in the regulation of Emi1 activity and stability, or it
may only represent a nonspecific PP2A activity in cell extracts
as opposed to intact cells. Further experiments in mitotic
extracts and intact cells are needed to explore the possible role
of PP2A in the protection of Emi1 from CDK-mediated inacti-
vation. Regardless of the role of PP2A, we have shown that
mixing mitotic and S-phase extracts abrogates the CDK-medi-
ated inactivation of Emi1 and enables Emi1 to bind APC/C,
even in the presence of okadaic acid. These results point toward
an okadaic acid-insensitive Emi1 protective factor active at
S-phase, which is unrelated to the possible role of PP2A. No
such factor has been suggested to protect Emi2 in CSF-arrested
eggs. Finally, PP2A activity toward Emi2 during CSF is depen-
dent upon the Mos-MEK-MAPK-Rsk pathway. In somatic cell
cycles, this pathway is inactive, explaining the ability of early
embryonic cell division cycles to progress despite residual per-
sistence of Emi2 in early embryonic cell cycles (44). For PP2A to
act on Emi1, this activity would have to be independent of the
Mos pathway. The identification of the possible factor protect-
ing Emi1 from CDK-mediated inactivation and whether this
factor acts by binding to Emi1 and inhibiting the interaction of
CDKs with Emi1 or the phosphorylation of Emi1 by CDKs, or
whether it acts as a phosphatase, removing CDK-mediated
phosphorylation of Emi1, require further research.
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