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Early mitotic inhibitor 1 (Emi1) inhibits the activity of the anaphase
promoting complex/cyclosome (APC/C), which is a multisubunit
ubiquitin ligase that targets mitotic regulators for degradation in
exit from mitosis. Levels of Emi1 oscillate in the cell cycle: it
accumulates in the S phase and is rapidly degraded in promet-
aphase. The degradation of Emi1 in early mitosis is necessary for
the activation of APC/C in late mitosis. Previous studies have
shown that Emi1 is targeted for degradation in mitosis by a
Skp1-Cullin1 F-box protein (SCF) ubiquitin ligase complex that
contains the F-box protein B-TrCP. As with other substrates of
SCFB-TrCP  the phosphorylation of Emi1 on a DSGxxS sequence is
required for this process. However, the protein kinase(s) involved
has not been identified. We find that Polo-like kinase 1 (Plk1), a
protein kinase that accumulates in mitosis, markedly stimulates the
ligation of Emi1 to ubiquitin by purified SCFE-T"®, Cdk1-cyclin B,
another major mitotic protein kinase, has no influence on this
process by itself but stimulates the action of Plk1 at low, physio-
logical concentrations. Plk1 phosphorylates serine residues in the
DSGxxS sequence of Emi1, as suggested by the reduced phosphor-
ylation of a derivative in which the two serines were mutated to
nonphosphorylatable amino acids. Transfection with an small
interfering RNA duplex directed against Plk1 caused the accumu-
lation of Emi1 in mitotically arrested Hela cells. It is suggested that
phosphorylation of Emi1 by Plk1 is involved in its degradation in
mitosis.

biquitin-mediated protein degradation and protein phos-
phorylation are two basic, often intertwined, regulatory
mechanisms in the control of the cell cycle and in other types of
cellular regulation. A good example for the interrelationship
between these two processes is the intricate regulation of the
anaphase promoting complex/cyclosome (APC/C). APC/Cis a
large, multisubunit ubiquitin ligase complex (1, 2) that targets
mitotic regulators for degradation in exit from mitosis (reviewed
in refs. 3 and 4). The activity of APC/C is tightly controlled: It
is active from late mitosis until the end of G1 of the next cell
cycle. APC/C is activated in mitosis in a process initiated by the
phosphorylation of several of its subunits (5, 6), which is
necessary for its interaction with the activatory protein Cdc20 (7,
8). Mitotic phosphorylation of APC/C is carried out by the
protein kinases Cdkl1-cyclin B and Polo-like kinase (Plk1) (8-
10). Both cyclin B and PIk1 are targeted for degradation by
APC/C, thus terminating the action of these mitotic kinases.
Inhibitory phosphorylations are also involved in the regulation
of APC/C activity. Another ancillary protein, Cdh1, which keeps
the APC/C active in G1, is converted by phosphorylation to an
inactive form in the G1 to S-phase transition (3, 4). From early
S phase until prometaphase, the APC/C is also kept inactive by
the F-box protein early mitotic inhibitor 1 (Emil) (11, 12).
Emil was first discovered in Drosophila as a gene product,
regulator of cyclin A, which causes the accumulation of cyclin A
(13). More recently, Jackson and coworkers (11, 12, 14) have
shown that in Xenopus eggs and in mammalian cells, Emil blocks
the degradation of both cyclin A and cyclin B by inhibiting the
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activity of both APC/CC420 and APC/CCdhL, Levels of Emil
oscillate in the cell cycle: It accumulates in the S phase and is
rapidly destroyed in prometaphase (11, 12). Thus, the degrada-
tion of Emil in early mitosis is necessary for the activation of
APC/C in late mitosis.

Two recent reports have shown that Emil is targeted for
degradation in mitosis by a Skpl-Cullin F-box protein (SCF)
ubiquitin ligase complex, which contains the F-box protein
B-TrCP (15, 16). The action of SCF ubiquitin ligases is also
tightly coupled to protein phosphorylation, but in this case the
phosphorylation of the protein substrate is required (17). The
action of SCFFTCP on its specific protein substrates usually
requires their prior phosphorylation on a specific DSGxxS motif
(18, 19). Indeed, Emil has a DSGxxS sequence, and mutation of
serines 145 and 149 in this sequence blocks the degradation of
Emil in mitotic Xenopus extracts (15) and in cultured mamma-
lian cells (16). However, the identity of the protein kinases
involved remained unknown. It has been shown that mutation of
all five Cdk phosphorylation sites of Emil slows down (although
does not block completely) the degradation of Emil, and it was
proposed that initial phosphorylation of Emil by Cdkl may
trigger its further phosphorylation by an unknown protein kinase
(15). Such a two-step phosphorylation mechanism is involved in
the SCFF-TrCP-mediated ubiquitylation of B-catenin (20). The
present investigation was undertaken to identify and character-
ize the mode of action of the protein kinases involved in the
degradation of Emil in mitosis.

Methods

Reagents. Extracts from HeLa S3 cells arrested in mitosis (no-
codazole treatment for 18 h) or S phase (2 h after release from
double thymidine block) were prepared as described (21). His-
6-Cull-Rocl and His-6-Skp1-B-TrCP were produced by coin-
fection of 5B insect cells with baculoviruses encoding the
corresponding proteins and were purified by nickel agarose
chromatography as described (22). The approximate concentra-
tions of these proteins (representing the proteins present at
lower concentration) were His-6-Cull-Rocl (1 uM) and His-6-
Skp1-B-TrCP (0.1 uM). The baculovirus expression vectors of
His-6-PIx1 [the Xenopus homologue of Plk1 (23), referred to as
“Plk1”] and of its catalytically inactive N172A mutant were
generously provided by W. Dunphy (California Institute of
Technology, Pasadena); these proteins were expressed and
purified as described (10). Protein kinase Cdk1-GST-A88-cyclin
B (referred to as “Cdk1-cyclin B”’) was prepared and purified as
described (10). E1, His-6-UbcHSc, methylated ubiquitin, and
ubiquitin aldehyde were prepared as described (10, 22). 3S-
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labeled myc6-Emil and its S145N/S149N mutant were produced
by in vitro transcription—translation of pCS2 plasmids expressing
these proteins by using SP6 TnT Quick Kit (Promega) and
[**S]methionine (Amersham Pharmacia). Constructs for bacte-
rial expression of the GST-Emil-131-160 fragment and of its
S145/S149N mutant were prepared by PCR by using the cor-
responding pCS2-Emil plasmids (15). Inserts were cloned be-
tween BamH1 and EcoR1 sites of pGEX-2T (Amersham Phar-
macia), and constructs were verified by sequencing. The
plasmids were transfected into BL21 bacteria and expressed and
purified by affinity chromatography on glutathione-agarose.
Both proteins were >95% homogeneous, as judged by SDS/
PAGE and Coomassie staining.

Assay of the Ligation of Emi1 to Ubiquitin by SCFETrCP, Reaction
mixtures in a volume of 10 ul contained 40 mM Tris-HCI, pH 7.6,
2 mg/ml ovalbumin (carrier protein), 5 mM MgCl,, 1 mM DTT,
10 mM phosphocreatine, 0.1 mg/ml creatine phosphokinase, 0.5

mM ATP, 0.1 uM EI1, 10 uM UbcHS5c, 100 uM methylated
ubiquitin, 0.5 uM ubiquitin aldehyde, 0.3 ul of 33S-Emil, 0.2 ul
of Cull-Rocl, 0.5 ul of B-TrCP-Skpl, and protein kinases as
indicated in the figures. After incubation at 30°C for 30 min,
samples were subjected to electrophoresis on 8% SDS/
polyacrylamide gels followed by radioautography or Phosphor-
Imager analysis.

Phosphorylation of GST-Emi1-131-160 Fragments by Plk1. The reac-
tion mixture in a volume of 10 ul contained 40 mM Tris*HCI, pH
7.6, 5 mM MgCl,, 0.5 mM DTT, 2 mg/ml ovalbumin (carrier
protein), 0.5 mM [y-*P]ATP (~100 mCi/mmol; 1 Ci = 37
GBq), 160 nM PIk1, and GST-Emil-131-160 fragments as spec-
ified. After incubation at 30°C for 30 min, samples were resolved
on a 12.5% SDS/polyacrylamide gel, fixed, dried, and subjected
to PhosphorImager analysis. Radioactivity in bands correspond-
ing to the ~30-kDa GST-Emil-131-160 proteins was estimated.
Control incubations without added protein substrates (but in the
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Fig- 1. Plk1 is required for the ligation of Emi1 to ubiquitin (Ub) by SCFAT"_ (A) The ubiquitylation of Emi1 is stimulated by g-TrCP in extracts from M-phase
cells but not from S-phase cells. The ligation of ubiquitin to wild-type (lanes 1-5) or S145N/S149N mutant (lanes 6 and 7) is shown. Emi1 was determined as
described in Methods in the presence of 30 ug of protein extract from Hela cells arrested in the S phase (lanes 2 and 3) or M phase (lanes 4-7). Where indicated,
0.5 ul of B-TrCP-Skp1 was added. (B) Plk1 stimulates the ubiquitylation of Emi1 by purified SCFAT", Ligation of wild-type or S145/5S149N mutant Emi1 to ubiquitin
was determined as described in Methods in the presence of the indicated concentrations of Plk1. (C) Requirement for enzymatic activity of Plk1. The
ubiquitylation of Emi1 by SCFFTCP was determined in the presence of a 160 nM wild-type or catalytically inactive (N172A) mutant of Plk1, as indicated. (D)
Requirement for different components of SCFATr? \Where indicated, Cul1-Roc1 or B-TrCP-Skp1 was added at the amounts specified in Methods. Plk1 was added
at 160 nM, and the ligation of Emi1 to ubiquitin was assayed.
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presence of Plkl) were carried out in parallel, and the small
amount of radioactivity in the ~30-kDa region was subtracted
from results. Further controls indicated that free GST and
ovalbumin carrier protein were not phosphorylated by Plk1 (data
not shown).

Cell Culture and Transfection. HeLa S3 cells were cultured at 37°C
in a 5% CO; humidified atmosphere in DMEM supplemented
with 10% (vol/vol) FBS, 100 units/ml penicillin, and 0.1 mg/ml
streptomycin. Twenty to 24 h before transfection, 6 X 10° cells
were seeded in 60-mm plates in a similar medium lacking
antibiotics. For small interfering RNA (siRNA) transfection, we
have used a commercially available RNA duplex directed against
nucleotides 1416-1438 of human Plk1 [Dharmacon, Layfette,
CO (catalog no. P-002133-04-20); ref. 24]. Before transfection,
siRNA was diluted in OptiMEM 1 (GIBCO) to a concentration
of 250 nM and was mixed with Oligofectamine reagent (Invitro-
gen) to a final reagent concentration of 1.5% (vol/vol). The
mixture was incubated for 20 min at room temperature and then
diluted 5-fold in OptiMEM and added to cells at 2 ml per plate.
The final concentration of siRNA Plkl was 50 nM. Control

“mock”) treatment was similar, except that treatment was in the
absence of siRNA. After incubation at 37°C for 4 h in serum-free
OptiMEM, 1 ml of DMEM containing 30% FCS was added, and
the cells were incubated for a further 20 h. Where indicated,
nocodazole (0.5 pug/ml) was added 8 h after transfection (16 h
before the end of treatments). The cells were harvested, and the
lysates were prepared as described (22). Samples containing 25
pg of protein were resolved on a 10% SDS/polyacrylamide gel,
transferred to nitrocellulose, and blotted with the following
antibodies: monoclonal anti-Plkl (Zymed, catalog no. 33-700,
1:500), anti-cyclin B (Transduction Laboratories, Lexington,
KY; catalog no. C23420, 1:1,000), and a polyclonal anti-Emil
antibody directed against a 10-aa synthetic peptide derived from
the extreme C terminus of the human Emil protein, which was

developed in collaboration with Zymed. The anti-Emil antibody
was affinity purified and used at a concentration of 1 pg/ml.

Results

Plk1 Stimulates the Ubiquitylation of Emi1 by the SCFF-T"? Complex.
It has been shown previously that Emil is targeted for degra-
dation by the SCFF-TrCP ubiquitin ligase complex and that its
phosphorylation on a DSGxxS consensus site is required for this
process (15, 16). However, the protein kinase(s) involved in this
phosphorylation has not been identified. In the experiment
shown in Fig. 14, the ubiquitylation of Emil in extracts derived
from HeLa cells arrested in S phase or in mitosis have been
examined. In agreement with previous results (16), we found that
M-phase extracts promote the ligation of Emil to ubiquitin and
that this process is markedly stimulated by the supplementation
of B-TrCP (Fig. 14, lanes 4 and 5). By contrast with extracts from
S-phase cells, only slight ubiquitylation of Emil could be de-
tected, even in the presence of B-TrCP (lanes 2 and 3). As
observed previously in vivo (15, 16), we found that ubiquitylation
of Emil by mitotic extracts in the presence or absence of B-TrCP
was abolished by S145N/S149N mutation in the DSGxxS motif
(lanes 6 and 7). These results are consistent with the notion that
some protein kinases, which are more active in mitosis than in S
phase, are required for the ligation of Emil to ubiquitin.
Because the major mitotic protein kinase Cdkl-cyclin B
phosphorylates S/TP sites and thus cannot phosphorylate the
DSGxxS sequence, we searched for other mitotic protein kinases
that may be involved in this process. A possible candidate was
Polo-like kinase 1 (Plk1). Levels of Plk1 oscillate markedly in the
cell cycle, with a peak in mitosis (25). We have therefore tested
whether recombinant, purified Plk stimulates the ligation of
Emil to ubiquitin by purified recombinant SCF-TCF complex.
For this purpose, we have used the recombinant Xenopus
homologue PIx1, which is functionally similar to mammalian Plk1
(23). As shown in Fig. 1B, the addition of increasing amounts of
Plk1 markedly stimulated the formation of polyubiquitylated
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Fig. 2.

Plk1 and Cdk1-cyclin B synergistically stimulate the ubiquitylation of Emi1 by SCFATCP_(A) Synergistic effect of the two protein kinases on the ligation

of Emi1 to ubiquitin (Ub). The ubiquitylation of Emi1 by SCFAT® was determined as described in Methods in the presence of the indicated concentrations of
Plk1. Where indicated, 500 units of Cdk1-cyclin B were added. (B) Influence of concentrations of Plk1 on the synergistic action of Cdk1-cyclin B. Plk1 was
supplemented at the indicated concentrations in the absence or presence of 500 units of Cdk1-cyclin B. The ligation of Emi1 to ubiquitin was assayed as described
in Methods in the presence of 1 mM okadaic acid and was quantified by Phosphorlmager analysis. Background values of Emi1 ubiquitylation in the absence of
Plk1 (=10% of Emi1 ubiquitylated) were subtracted. (C) Phosphorylation of Emi1 and not of some other component of the ubiquitylation system is required for
Emi1-ubiquitin ligation. In a two-stage experiment, the first incubation contained Tris buffer, MgCl,, DTT, ovalbumin, an ATP-regenerating system in
concentrations similar to those described in Methods, and okadaic acid at 1 uM. Where indicated, 0.1 ul of 3°5-Emi1, 500 units of Cdk1-cyclin B, and 20 nM Plk1
were added. Where indicated, SCFAT"® was added in a mixture that also included 0.1 wM E1, 10 uM UbcH5, 100 uM methylated ubiquitin, and 0.5 uM ubiquitin
aldehyde. After incubation at 30°C for 30 min, 10 uM staurosporine was added to stop kinase action. Subsequently, the indicated components were added, and
Emi1-ubiquitin ligation was determined after a second incubation (30°C, 30 min).
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derivatives of Emil in the purified system. In accordance
with the results obtained in crude mitotic extracts (Fig. 14), we
found that Plkl-stimulated ubiquitylation of Emil by purified
SCFF-TCP complex was also prevented by mutation in S145 and
S149 residues (Fig. 1B, lanes 7 and 8). Control experiments
showed that the action of Plkl to stimulate the ubiquityla-
tion of Emil required its protein kinase activity, given that no
significant ubiquitylation was observed with its catalytically
inactive N172A mutant (Fig. 1C) and that all components of the
SCFA-TCP complex had to be present for Plk1-stimulated ubig-
uitylation of Emil (Fig. 1D). We concluded that phosphorylation
by Plk1 stimulates the ligation of Emil to ubiquitin by SCF- TP
complex in vitro in a process that requires phosphorylatable S145
and S149 amino acid residues.

Protein Kinases Plk1 and Cdk1-Cyclin B Synergistically Promote the
Ubiquitylation of Emi1. The results described above suggested that
Plk1 might have a role in the ubiquitylation of Emil. We noted,
however, that the concentrations of recombinant Plk1 required
for robust ubiquitylation of Emil (160 nM) were about 20-fold
higher than those present in mitotic extracts of similar ubiqui-
tylation activity (data not shown). A possible explanation was
that another factor, present in mitotic extracts, potentiates the
action of Plkl at low concentrations. A likely candidate was
Cdk1-cyclin B. It has been reported previously that mutation of
all five Cdk phosphorylation sites of Emil slows down its
degradation in mitotic extracts from Xenopus eggs, and it was
suggested that primary phosphorylation of Emil by Cdkl may
allow its further phosphorylation by another protein kinase (15).
Other reports suggested that Plkl binds tightly to proteins
previously phosphorylated by Cdks, resulting in increased cat-
alytic efficiency of Plkl in further phosphorylations (26, 27). In
fact, synergistic action of Plkl and Cdkl in the mitotic phos-
phorylation of several proteins have been reported (see ref. 27
and references therein). We have therefore tested whether
Cdkl-cyclin B promotes the ubiquitylation of Emil at low,
physiological concentrations of Plkl. The addition of Cdkl-
cyclin B by itself strongly phosphorylated Emil, as indicated by
marked retardation of electrophoretic migration, but did not
promote the formation of high molecular weight ubiquitylated
derivatives (Fig. 24, lane 4). By contrast, when Cdk1-cyclin B was
supplemented together with Plk1 at low concentration, there was

marked synergistic stimulation of the formation of Emil-
ubiquitin conjugates (Fig. 24, compare lanes 3-5). This con-
centration of Plkl was 20-fold lower than that required for
maximal effect (compare lanes 2 and 3) and, therefore, was in its
physiological range. Quantitation of the effect of Cdkl1-cyclin B
on Emil-ubiquitin ligation at different concentrations of Plk1
(Fig. 2B) showed a marked (2- to 3-fold) stimulation by Cdk1-
cyclin B at low concentrations of Plk1l. With increasing concen-
trations of Plkl, there was a gradual decrease in additional
stimulation by Cdkl-cyclin B, and there was no additional
stimulation at high concentrations of PIk1.

The above results were consistent with the interpretation that
the two protein kinases phosphorylate Emil in a manner that
allows its efficient ubiquitylation by Emil. However, it was also
possible that one or both protein kinases do not act on Emil, but
rather phosphorylate SCFFTCP| or some other component of
the ubiquitylation system and increase their activity in Emil—
ubiquitin ligation. This problem was examined by a two-stage
experiment shown in Fig. 2C. In the first stage, the two protein
kinases were incubated with Emil, or with SCFFTrCP together
with other components of the ubiquitin ligation system. Subse-
quently, staurosporine was added to stop the action of both
protein kinases, the missing components were supplemented and
Emil-ubiquitin ligation was allowed to proceed in a second
incubation. When Emil was first incubated with the two protein
kinases and SCFAT'CP was added in the second incubation,
significant accumulation of Emil—ubiquitin conjugates could be
observed (lane 3). This finding was compatible with the inter-
pretation that phosphorylation of Emil by the two protein
kinases in the first stage converted it to an efficient substrate for
SCFFTCP in the second stage. By contrast, when SCFF-TTP wag
first incubated with the two protein kinases (in the presence of
E1 and E2) and Emil was added in the second incubation, there
was no significant accumulation of Emil—ubiquitin conjugates
beyond background levels (lane 4). Control experiments indi-
cated that the addition of staurosporine before the first incuba-
tion effectively prevented the phosphorylation and ubiquityla-
tion of Emil in all cases (data not shown). We concluded that the
phosphorylation of Emil, and not of some component of the
ubiquitin ligase system, is required for its ligation to ubiquitin.

Phosphorylation of Emi1 by Plk1 in the DSGxxS Sequence. The data
described above indicate that the phosphorylation of Emil and
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Fig.3. Phosphorylation of DSGxxS sequence of Emi1 by Plk1. (A) Emi1-ubiquitin (Ub) ligation is competed by the wild-type 131-160 fragment but not by the

mutant fragment. Ubiquitylation of 3°S-Emi1 by SCFA-Tr was determined in the presence of the indicated concentrations of wild-type or $145/S149N mutant
GST-131-160 fragment of Emi1. (B) Phosphorylation of wild-type and mutant GST-Emi1 131-160 fragments by Plk1. The Plk1-dependent incorporation of
32p-phosphate from [y-32P]JATP into wild-type or $145/S149N mutant GST-Emi1 131-160 fragments was determined as described in Methods. Results were

expressed in arbitrary units.
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the presence of phosphorylatable serine residues in its DSGxxS
sequence are required for Plkl-stimulated ubiquitylation. How-
ever, those data do not directly show that Plk1l phosphorylates
the DSGxxS motif. A survey of presently available information
on sites in different proteins phosphorylated by Emil does not
reveal a strictly conserved consensus motif, except for the
presence of acidic (D/E) amino acid residues in the vicinity of
the phosphorylated T/E in most, but not in all, cases (see
Discussion). Because full-length Emil may contain several sites
that are phosphorylated by Plk1, we have examined this problem
with a 30-aa fragment similar to amino acid residues 131-160 of
Emil, which contains the DSGxxS sequence. A mutant fragment
in which serines 145 and 149 in this sequence were changed to
asparagines was also prepared. Both fragments were expressed
in bacteria as GST fusion proteins and were purified to >95%
homogeneity. Control experiments indicated that GST is not
phosphorylated by Plk1 (data not shown). We have first exam-
ined whether the 131-160 fragment of Emil is recognized as a
specific substrate, by competition on the ligation of Emil to
ubiquitin by the purified system. As shown in Fig. 34, the
wild-type 131-160 fragment effectively inhibited the ligation of
full-length Em1 to ubiquitin, whereas similar concentrations of
the S145N /149N mutant fragment had no significant influence.
These data indicate that the 131-160 fragment interacts specif-
ically with the system that ligates Emil to ubiquitin. We next
tested the phosphorylation of these fragments of Emil by Plk1
by the incorporation of 3?P-phosphate from [y-3?P]ATP (see
Methods). As shown in Fig. 3B, Plkl phosphorylated both
wild-type and S145N/149N mutant fragments of Emil, but the
phosphorylation of the mutant fragment was significantly re-
duced to ~45% of the value obtained with the wild-type
fragment. The reduction in the phosphorylation of the mutant
suggests that Plkl phosphorylates the DSGxxS sequence,
whereas the residual phosphorylation in the mutant shows that
it contains an additional site(s) that is phosphorylated by Plk1.
Because of the high background caused by the additional
phosphorylation sites, we did not investigate further whether
S145, S149, or both are phosphorylated by Plk1.

Influence of Plk1 on Levels of Emi1 in Vivo. We next sought to
examine the question of whether Plk1 indeed has a role in the
degradation of Emil in intact cells. For this purpose, we used
siRNA to deplete Plkl in HeLa cells. In accordance with
previous results (24), we observed that transfection of asynchro-
nous cells with low concentrations of an RNA duplex corre-
sponding to nucleotides 1416-1438 of the coding region of Plk1
effectively lowered, although did not abolish completely, levels
of PIk1 protein (Fig. 44 Top, compare lanes 1 and 2). Also as
reported (24, 28), we observed that depletion of Plk1 arrests cells
in mitosis, as indicated both by cell morphology (data not shown)
and by marked increase in levels of cyclin B (Fig. 44 Middle,
compare lanes 1 and 2). When cells were arrested in mitosis by
treatment with nocodazole, levels of Plk1 were greatly increased,
as expected from the known oscillations in levels of Plk1 in the
cell cycle (25). In nocodazole-treated cells, too, siRNA directed
against Plk1 caused a marked decrease in levels of Plk1 protein
(Fig. 44 Top, compare lanes 3 and 4).

Levels of Emil were determined in these samples with an
antibody directed against a C-terminal peptide of this protein.
This antibody reacts well with recombinant Emi (Fig. 4B, lane 3).
In extracts from HeLa cells, the antibody reacts with three
protein bands in the molecular mass region of 50-60 kDa (Fig.
4B, lane 1). Of these, the middle band (M, =~ 55,000) was
identified as Emil, by the following observations: (i) This
protein, but not the two others, disappeared in cells treated with
nocodazole (Fig. 4B, lane 2), as would be expected for Emil (11,
12). (i) Treatment of antibody with the C-terminal peptide
abolished the reaction with recombinant Emil (Fig. 4B, lane 6)
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Fig.4. Influence of depletion of Plk1 on levels of Emi1 in mitotically arrested
Hela cells. (A) Effects of transfection with siRNA duplex directed against Plk1
on levels of PIk1, cyclin B, and Emi1 proteins. HeLa cells were either mock-
treated or transfected with siRNA directed against human Plk1, as described
in Methods. Where indicated, nocodazole (Noc, 0.5 png/ml) was added 16 h
before collection of cells. Cells were collected 24 h after transfection, and
samples were immunoblotted with antibodies directed against Plk1 (Top),
cyclin B (Middle), and C-terminal peptide of Emi1 (Bottom). (B) Specificity of
anti-Emi1 antibody. Extracts from asynchronous (As) or nocodazole-arrested
cells and 0.1 ng of recombinant Emi1 (Rec) were separated on 10% SDS/
polyacrylamide gels, transferred to nitrocellulose, and blotted with an anti-
body directed against a C-terminal peptide of Emi1 (1 uwg/ml) in the absence
(lanes 1-3) or presence (lanes 4-6) of C-terminal peptide (0.1 ug/ml). Asterisks
denote crossreacting proteins; the number on the right indicates the position
of molecular mass marker protein (kDa).

and with the ~55-kDa endogenous protein (lane 4) but not with
the two other crossreacting proteins (lanes 4 and 5). It should be
noted that our preparation of recombinant Emil has somewhat
slower electrophoretic migration than endogenous Emil be-
cause of the presence of an additional 20-aa fragment in the
construct.

Examination of the levels of Emil in cells depleted of Plk1 by
siRNA treatment showed a moderate increase compared with
asynchronous, mock-treated cells (Fig. 44 Bottom, lanes 1 and
2). However, in view of the fact that Plk1 depletion arrests cells
in mitosis, it is notable that Emil levels were not decreased, as
is usually the case in mitotically arrested cells. Indeed, more
pronounced differences were observed in nocodazole-treated
cells: Levels of Emil were practically undetectable in this
situation in mock-transfected cells and were significantly in-
creased by Plk1 depletion (Fig. 44 Bottom, lanes 3 and 4). It was
concluded that depletion of Plk1 increases the steady-state levels
of Emil in mitosis. This conclusion is most likely due to
inhibition of the rapid degradation of Emil, which takes place in
this stage of the cell cycle. It was technically impossible to
compare rates of degradation of Emil under these conditions,
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because of the practically undetectable levels of Emil in no-
codazole-arrested cells.

Discussion

In this investigation, we have examined the possible involvement
of Pkl in SCFF-Tr?_mediated degradation of Emil in mitosis.
We suspected that Plk1 may be involved, because of the follow-
ing considerations: (i) The timing of the rise in levels of Plk1 in
early mitosis (25) coincides with the degradation of Emil in
prometaphase (11, 12); and (i) the phosphorylation of proteins
by Plk is potentiated by their prior phosphorylation by Cdks,
because of the interaction of the Polo-box domain with phos-
phorylated S/TP sites (26, 27). This finding was consistent with
the observed requirement for both Cdk and DSGxxS phosphor-
ylation sites for the degradation of Emil (15). We indeed found
that Plk1l stimulated the ubiquitylation of Emil by purified
SCFF-TrCP "4 process that required serines 145 and 149 in the
DSGxxS sequence (Fig. 1) and that Cdkl-cyclin B potentiated
this action at low, physiological levels of Plk1 (Fig. 2). That Plk1
may phosphorylate serine residues in the DSGxxS sequence is
suggested by the reduction of the phosphorylation of a fragment
in which these two serines were mutated (Fig. 3). Based on
mutagenesis studies of peptides derived from Cdc25C, it has
been reported recently that the consensus motif for Plk phos-
phorylation is D/ExS/TxxD (29). However, examination of the
literature on sites in different proteins phosphorylated by Plk1
does not reveal such a strict consensus phosphorylation motif. In
most cases, Plkl prefers acidic regions in proteins, but the
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position of D/E residues relative to the phosphorylated S/T
residue is variable (see ref. 30 and references therein). Thus, the
acidic amino acid residue may be adjacent or may be at several
residues amino-terminal or carboxy-terminal to the phosphor-
ylated S/T residue. In still other, although more rare, cases there
is no acidic amino acid residue among the six that surround the
S/T phosphorylated by Plk1 (see Table 1 in ref. 6 for an extensive
list of Plk phosphorylation sites in different subunits of APC/C).
Thus, the DSGxxS sequence may be a Plk1 phosphorylation site
because of its D residue or because of some other, as yet
unrecognized features in the structure of Emil.

We examined the question of whether Plk1 is indeed involved
in the regulation of levels of Emil in cells by the use of RNA
interference. Although some siRNAs produce nonspecific ef-
fects on the expression of unrelated proteins (31), in other cases
they appear to act quite specifically (32). In accordance with
previous reports using different sSiRNAs against Plk1 (24, 25), we
observed that an RNA duplex that effectively lowers levels of
Plk1 arrests cells in mitosis (Fig. 4). Levels of Emil were
significantly increased in Plk1-depleted, mitotically arrested cells
(Fig. 4), consistent with the notion that Plk1 is required for the
degradation of Emil in mitosis.
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