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Progression through mitosis requires activation of cyclin B/Cdk1 and its downstream targets, including Polo-like kinase
and the anaphase-promoting complex (APC), the ubiquitin ligase directing degradation of cyclins A and B. Recent
evidence shows that APC activation requires destruction of the APC inhibitor Emil. In prophase, phosphorylation of Emil
generates a D-pS-G-X-X-pS degron to recruit the SCFFT™“P ubiquitin ligase, causing Emil destruction and allowing
progression beyond prometaphase, but the kinases directing this phosphorylation remain undefined. We show here that
the polo-like kinase PIk1 is strictly required for Emil destruction and that overexpression of P1k1 is sufficient to trigger
Emil destruction. Plk1 stimulates Emil phosphorylation, BTrCP binding, and ubiquitination in vitro and cyclin B/Cdk1
enhances these effects. Plk1 binds to Emil in mitosis and the two proteins colocalize on the mitotic spindle poles,
suggesting that Plk1 may spatially control Emil destruction. These data support the hypothesis that Plk1 activates the

APC by directing the SCF-dependent destruction of Emil in prophase.

INTRODUCTION

To begin mitosis and the assembly of the bipolar spindle,
cells undergo a series of timed, interdependent regulatory
events. The activation of mitosis promoting factor (MPF), a
complex of cyclin B and Cdk1, orchestrates a series of struc-
tural and regulatory events by phosphorylating key mitotic
substrates (Murray, 2004). After MPF activation, the an-
aphase promoting complex (APC), an E3 ubiquitin ligase
that controls the ubiquitin-dependent destruction of mitotic
cyclins (Harper et al., 2002), is activated to direct the ordered
destruction of several critical mitotic regulators. These in-
clude the early mitotic regulator cyclin A in late prophase,
the chromosome cohesion regulator securin at metaphase,
and a host of mitotic regulators, including cyclin B in late
mitosis. This wave of late mitotic destruction allows the
reversal of the mitotic state and mitotic exit. During the
transition from G2 to prophase, mitotically activated ki-
nases, including members of the Polo and Aurora kinase
families, organize specific subprograms within mitosis
(Nigg, 2001). How Cdk1 and these other mitotic regulators
conspire to activate APC proteolytic events is only thinly
outlined.

The characteristic timing of APC-dependent destruction
of different substrates is achieved by mechanisms that are
poorly understood, but several factors seem to be important.
One is that APC activity is timed through binding of the
APC complex with either of two activating subunits, Cdc20
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or Cdhl (Harper et al., 2002). Cdc20 activates the APC dur-
ing early mitosis until anaphase, whereas Cdh1 activates the
APC in late mitosis and G1 phase.

The activity of APC<4<20 s regulated through two inhib-
itory proteins or complexes that antagonize Cdc20 function:
1) the early mitotic inhibitor Emil (Reimann et al., 2001a,b;
Hsu et al., 2002); or 2) components of the spindle assembly
checkpoint, including the proteins Mad2 or BubR1 (Lew and
Burke, 2003). Emil has recently emerged as a key regulator
of both the G1-S transition and mitotic progression through
its ability to inhibit the ubiquitin ligase activity of the APC
(Reimann ef al., 2001a; Hsu et al., 2002; Margottin-Goguet et
al., 2003). During S and G2 phase, Emil stabilizes critical
APC substrates, including the cyclins. The destruction of
Emil in early mitosis requires the SCFPT™“F ubiquitin ligase
(Guardavaccaro et al., 2003; Margottin-Goguet et al., 2003),
and Emil destruction is required for the activation of the
APC. Failure to destroy Emil during early mitosis results in
a prometaphase block, and, ultimately, mitotic catastrophe
(Margottin-Goguet et al., 2003). BTrCP, a substrate-adapting
subunit of the SCF complex, specifically recognizes a canon-
ical DSGXXS motif present within IkB, B-catenin, Emil, and
other substrates only when both of the motif’s serine resi-
dues are phosphorylated (Yaron ef al., 1998; Hart et al., 1999;
Winston et al., 1999; Margottin-Goguet ef al., 2003; Fuchs et
al., 2004). The molecular basis for the phospho-specific in-
teraction between BTrCP and B-catenin has been rational-
ized by a recently reported crystal structure (Wu ef al., 2003).
Because SCFFT™“F seems to be constitutively active, the tim-
ing of Emil destruction must be strongly governed by its
phosphorylation on these sites. The kinase(s) responsible for
mitotic phosphorylation of Emil’s DSGXXS motif is un-
known, and its identification would greatly advance our
understanding of mitotic progression.

Another mechanism regulating APC<4<20 activity is phos-
phorylation of the core APC during mitosis, which allows
efficient binding to Cdc20 (Kramer et al., 2000). Treatment of
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fractionated or immunopurified interphase APC with active
Cdk1 stimulates its ubiquitination activity, whereas the ac-
tive, mitotic APC is inactivated by phosphatase treatment
(Hershko et al., 1994; King et al., 1995; Lahav-Baratz et al.,
1995; Sudakin et al., 1995). A number of the in vivo mitotic
phosphorylation sites in APC subunits have been identified,
and many are similar to those produced by phosphorylation
of the APC by Cdkl1 in vitro (Kraft et al., 2003). Mutation of
Cdk sites in APC subunits Cdc16, Cdc23, and Cdc27 drasti-
cally reduced in vivo APC/Cdc20 binding, whereas treat-
ment of interphase APC with Cdkl in vitro stimulated
APC/Cdc20 binding and activity (Shteinberg et al., 1999;
Rudner and Murray, 2000; Kraft et al., 2003). The importance
of Cdkl phosphorylation of the APC seems to be conserved
from yeast to humans

The Polo-like kinases also have been reported to be im-
portant for APC activation, but the precise means has re-
mained controversial (Harper ef al., 2002; Barr et al., 2004).
Polo-like kinase 1 (Plk1) is a mitotically active kinase that
enhances the G2-M transition and is required for bipolar
spindle formation and cytokinesis (Barr et al., 2004). Polo
mutants in Drosophila were originally identified because of
failures in spindle pole assembly and mitosis (Sunkel and
Glover, 1988; Llamazares et al., 1991). Two reports in 1998
suggested a requirement for Plk1 in APC activation in ver-
tebrate systems. One report showed that treatment of mei-
otically arrested Xenopus egg extracts with immunodeple-
tion of Xenopus Plk1 (PIx1) or saturation with catalytically
inactive PIx1 prevented Ca?"-induced cyclin B destruction
and meiotic exit (Descombes and Nigg, 1998). The other
(Kotani et al., 1998) reported that Plkl directly phosphory-
lated interphase APC in vitro, conferring ubiquitination ac-
tivity, and that Plk1 activation required prior treatment with
cyclin B/Cdkl, which fit with earlier suggestions that
Cdkl’s effects on APC activation might be indirect. How-
ever, subsequent work observed that direct Cdk1 phosphor-
ylation did not activate Plk1 in vitro (Golan et al., 2002; Kelm
et al., 2002), and that treatment of interphase APC in vitro
with Plk1 alone had little or no activating effect (Golan et al.,
2002; Kraft et al., 2003). It was reported that Plk1 could have
a supplementary effect to Cdk1 for in vitro activation of the
APC. However, Kraft et al. (2003) also demonstrated using
RNA interference that mitotic APC immunopurified from
HelLa cells was equally active in absence of Plk1, suggesting
that the marginal effect seen in vitro may be a result of the in
vitro promiscuity of Polo-like kinases, which has been re-
ported elsewhere (Shou et al., 2002). So far, the in vivo or
extract requirement of Plk1 for APC activation, most clearly
seen in Xenopus eggs, does not seem to be recapitulated in an
immunopurified, reconstituted reaction, suggesting that
other factors present before Plkl activation, such as APC
inhibitors, might be the target of PlkI.

Here, we demonstrate in both human cells and Xenopus
egg extracts that mitotic destruction of the APC inhibitor
Emil requires Plk1, which provides a compelling explana-
tion for the role of Plk1 in APC activation. We also show that
the orderly recruitment of Plk1 and Emil on the poles of the
mitotic spindle may provide a spatial element to the regu-
lation of Emil destruction and the activation of the APC.

MATERIALS AND METHODS

Plasmids and Small-interfering RNA (siRNA)
Oligonucleotides

Constructs for wild-type and K82R hPlk1 were obtained from G. Fang (Stan-
ford Univ.) and E. Nigg (Max Planck Institute), respectively, and were poly-
merase chain reaction (PCR) subcloned into pCS2+HA, as were Plkl N-

5624

terminal and C-terminal fragments. BTrCP and BTrCPAF constructs were in
pCS2+HA. All hEmil fragments and mutants used were in pCS2+myc.
EmilAN4 fragment consists of amino acids 135-244. Site-directed mutagene-
sis was performed by standard methods by using QuikChange protocol. For
PIk1 knockdown by RNA interference we used a SMARTpool of four oligo-
duplexes targeted against Plk1 (MU-003290-00; Dharmacon Research, Lafay-
ette, CO). Each oligoduplex in the pool was then tested for efficacy of Plk1l
knockdown, and the most potent oligoduplex was used in subsequent exper-
iments. The target sequence of this oligoduplex is AGAUUGUGCCUAAGU-
CUCU. All siRNA transfections were performed using Oligofectamine re-
agent (Invitrogen, Carlsbad, CA) as described previously (Hsu et al., 2002).

Antibodies and Purified Proteins

The following antibodies were used for immunoblotting: rabbit anti-myc
(sc-789; Santa Cruz Biotechnology, Santa Cruz, CA), rabbit anti-hemaggluti-
nin (HA) (PRB-101P; Covance, Cumberland, VA), mouse anti-Plk1 cocktail
(33-1700; Zymed Laboratories, South San Francisco, CA), mouse anti-Cdc27
(610454; BD Transduction Laboratories, Lexington, KY), rabbit anti-cyclin A
(sc-751; Santa Cruz Biotechnology), goat anti-actin (sc-1616; Santa Cruz Bio-
technology, Santa Cruz, CA), rabbit anti-pTyr15-Cdc2 (9111; Cell Signaling
Technology, Beverly, MA), and rabbit anti-hEmil (Hsu et al., 2002). Clone
3F10 rat anti-HA antibody (Roche Diagnostics, Indianapolis, IN) was used for
coimmunoprecipitation from cell lysates. Rabbit anti-PIx1 was graciously
provided by W. Dunphy (California Institute of Technology) for immu-
nodepletion of Plx1 from Xenopus extracts. Anti-hEmil, anti-Plk1 (Zymed
Laboratories), and anti-cyclin A (Santa Cruz Biotechnology) antibodies also
were used for immunofluorescence, as were mouse anti-y-tubulin (T6557;
Sigma-Aldrich, St. Louis, MO) and rat anti a-tubulin (MCAP77; Serotec,
Oxford, United Kingdom).

Baculovirus encoding His,-PIx1 was obtained from W. Dunphy, and the
protein was expressed in Sf9 cells and purified as described previously
(Kumagai and Dunphy, 1996). MBP-xEmil and MBP-xEmil-Cdk™** were
described previously (Reimann et al., 2001a). The hEmilAN4 fragment was
PCR subcloned into pGEX-6P1, and these fusion proteins were expressed and
purified by standard protocols.

Degradation Assays, Immunodepletion, and H1 Kinase
Assays in Xenopus Extracts

Degradation assays were performed as described previously (Reimann ef al.,
2001a). For rescue of Plx1-depleted extract, 250 ng of Hisg-Plx1 was added to
10 pl of depleted mitotic extract. For PIx1 immunodepletion, 3 ug of anti-Plx1
or control IgG was used in each of two rounds of immunodepletion from 30
ul of A90-cyclin B-arrested mitotic extract. Antibodies were incubated with
the extract on ice for 45 min per round of depletion and captured using
protein A-coupled Dynabeads (Dynal Biotech, Lake Success, NY). H1 kinase
assays were performed as described previously (Jackson et al., 1995).

Emil Binding and Stability Assays in Cultured Cells

HEK293T cells in 6-cm plates were transfected with pCS2+HA and
pCS2+myc constructs (2 pg of total DNA) by using FuGENE6 (Roche Diag-
nostics), harvested after 48 h, frozen, resuspended, and lysed in TENIGAL
buffer (50 mM Tris, pH 7.5, 1 mM EDTA, 150 mM NaCl, 0.5% Igepal [Sigma-
Aldrich], 20 mM B-glycerophosphate, and aprotinin, leupeptin, pepstatin,
and chymostatin protease inhibitors [Sigma-Aldrich]). Cell lysates were ana-
lyzed by immunoblotting or immunoprecipitation by using the antibodies
described above. For immunoprecipitation, 0.5 ug of rat 3F10 anti-HA was
combined with 0.5 mg of lysate protein for 1 h, captured for 30 min on protein
G-Sepharose (Sigma-Aldrich), washed four times with TENIGAL, re-
suspended in sample buffer, and analyzed for coimmunoprecipitation by
immunoblotting. MG132 (20 uM) or nocodazole (150 ng/ml) was applied
during the last 12 h of transfection where indicated.

HelLa cells growing in six-well plates were synchronized at the G1-S tran-
sition by double thymidine block and released into medium containing 150
ng/ml nocodazole as described previously (Hsu et al., 2002). Control or Plk1
siRNA treatment was applied during the interval between the two thymidine
blocks. PIk1 silencing was achieved using Dharmacon’s SMARTpool oligos
against Plk1, whereas control treatment used an oligoduplex targeted against
green fluorescent protein (GFP). For each treatment, one well of cells was
harvested at each time point and analyzed by immunoblotting.

In Vitro Phosphorylation and BTrCP Binding Assays

Kinase Assay Forty nanograms of His,-PIx1 was combined with 0.5 ug of
glutathione S-transferase (GST)-EmilAN4 in a 10-ul reaction volume con-
taining 50 mM Tris, pH 7.5, 10 mM MgCl,, 1 mM EGTA, 2 mM DTT, 200
M ATP, and 0.25 uCi/pul [y-32P]JATP (PerkinElmer Life and Analytical
Sciences, Boston, MA). Reactions were incubated at 30°C for the indicated
times and analyzed by SDS-PAGE, autoradiography, and densitometry
using a Phosphorlmager with ImageQuant software (Amersham Bio-
sciences, Piscataway, NJ).
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BTrCP Binding Assays Indicated concentrations of His,-PIx1 were combined
with GST-hEmilAN4 (1 uM final concentration) in 50 ul of reaction buffer (50
mM Tris, pH 7.5, 10 mM MgCl,, 1 mM EGTA, 2 mM DTT, and 300 uM ATP)
and incubated at 30° for 1 h, after which reaction products were bound to 10
wul of glutathione resin for 45 min at 4°. Bead-bound EmilAN4 was incubated
with 1.5 ul of in vitro-translated (IVT)-radiolabeled BTrCP in 100 ul of
TENIGAL buffer at 4° for 45 min, and the beads were then rinsed four times
in TENIGAL. Bound proteins were eluted with sample buffer and analyzed by
SDS-PAGE, autoradiography, and densitometry. Assays for Cdk1 costimula-
tion were performed similarly but using MBP-xEmil (0.5 uM final concen-
tration) in the presence or absence of cyclin B/Cdc2 (10 U, P6020S; New
England Biolabs, Beverly, MA) in a volume of 50 ul of supplied Cdc2 reaction
buffer. These phosphorylation reactions proceeded for 40 min, and reaction
products were captured using amylose resin.

Ubiquitination Assays

Ubiquitination assays were performed based on a method used previously
(Guardavaccaro et al., 2003). HeLa cell extracts were prepared as described
previously (Montagnoli et al., 1999). IVT-radiolabeled EmilAN4 (2 ul) was
added to a 20-ul reaction mixture containing 40 mM Tris, pH 7.5, 5 mM
MgCl,, 1 mM DTT, 10% glycerol, and 40 pg of HeLa cell extract, supple-
mented with 20 pug/ml E1, 100 ng/ml E2 (Ubc5c), 1 mg/ml ubiquitin, 1 uM
ubiquitin aldehyde, 7.5 mM creatine phosphate, 1 mM ATP, and 0.5 ug of
His,-PIx1 or buffer control. Reactions were incubated at 30°C. At the indicated
times, aliquots of 5 ul were removed and quenched with sample buffer.
Reaction products were analyzed by SDS-PAGE and autoradiography. To
generate mitotic cell extracts with or without PIk1, cells were siRNA-treated
with an oligo against Plk1 or a control oligo against GFP for 24 h, subjected
to nocodazole treatment for another 24 h, and collected by mitotic shake-off.

Immunofluorescence and Microscopy

Immunofluorescence procedures were similar to those described previously
(Hsu et al., 2002). U20S cells were grown on coverslips and fixed for 10 min
in phosphate-buffered saline (PBS) + 4% paraformaldehyde and permeabil-
ized for 10 min in PBS + 0.5% Triton-X-100. Primary antibodies used were
rabbit anti-Emil (1 pg/ml), mouse anti-Plk1 (5 pg/ml), rat anti-a-tubulin (1
pg/ml), and mouse anti-y-tubulin (10 wg/ml). Secondary antibodies used
were Alexa488-labeled donkey anti-rabbit (Molecular Probes, Eugene, OR)
and Texas Red-labeled donkey anti-mouse or anti-rat (Jackson ImmunoRe-
search Laboratories, West Grove, PA). Images were obtained on a Zeiss
Axiovert 200M, with a Plan-Apochromat 63X /1.4 numerical aperture lens, a
Photometrics Coolsnap HQ digitial camera (Roper Scientific, Trenton, NJ),
and Slidebook 4.0 software (Intelligent Imaging Innovations, Denver, CO) for
image acquisition and deconvolution. Stacks were collected at 0.5-um inter-
vals and deconvolved using the nearest neighbor algorithm. Adobe Photo-
shop 6.0 (Adobe Systems, Mountain View, CA) was used for adjustment of
image contrast and brightness.

RESULTS

Plk1 Is Essential for Emil Destruction and Efficient APC
Activation during Mitosis

We previously validated an assay for Emil destruction in
Xenopus egg extracts induced to enter mitosis by addition of
nondestructible cyclin B (Margottin-Goguet et al., 2003). In
this assay, Emil destruction requires the degron recognized
by the SCFFT™“F ubiquitin ligase (DSGXXS), the activity of
the 26S proteasome, and the mitotic state of the extracts. To
identify kinases important for mitotic Emil destruction, we
turned to candidates among the known mitotically activated
kinases. PIk1 is a strong candidate because it is required for
Ca?*-induced APC activation and meiotic exit in Xenopus
egg extracts (Descombes and Nigg, 1998; Barr et al., 2004)
and because of the similar timing of Plkl activation and
Emil destruction in somatic cells (Golsteyn et al., 1995; Lee et
al., 1995; Hsu et al., 2002). We found that immunodepletion
of PIx1 from mitotic extract completely stabilized Emil,
whereas mock-depleted extract still destroyed Emil effi-
ciently (Figure 1, A and B). A potential concern was that the
absence of Plx1 affected maintenance of MPF activity, but we
observed that the Plx1-depleted extract maintained its mi-
totic kinase activity toward histone H1 (Figure 1C). More-
over, addition of recombinant Plx1 restored the Plx1-de-
pleted extract’s ability to destroy Emil, demonstrating the
reversibility of the immunodepletion and the specificity of
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Figure 1. PIKk1 is essential for mitotic destruction of Emil in Xeno-
pus extracts. (A) Immunodepletion of Plx1 from mitotic Xenopus egg
extract prevents Emil destruction. Interphase egg extracts were
induced to enter mitosis by addition of nondestructible cyclin B.
These mitotic extracts were immunodepleted (2 rounds) by using
anti-PIx1 or control IgG antibodies, supplemented with active Plx1
kinase or buffer, and assayed for destruction of IVT, radiolabeled
Emil. (B) Efficiency of depletion of Plx1. Immunodepleted extracts
(after 1 or 2 rounds of depletion) and the equivalent amount of
material bound to the immunodepleting beads were immuno-
blotted for Plx1. (C) Depletion of P1x1 does not affect MPF activity in
mitotic extracts. Immunodepleted extracts were tested for H1 kinase
activity as an assay of mitosis promoting factor (MPF or Cdk1)
activity.

the effect. Thus, PIx1 is required for Emil destruction in
mitotic Xenopus extracts.

As a test of the sufficiency of Plk1 for Emil destruction, we
examined the effects of Plkl overexpression on Emil stabil-
ity in cultured mammalian cells. When we cotransfected
PlIkl and Emil into HEK293T cells, Plkl overexpression
substantially reduced Emil protein levels compared with
vector control (Figure 2A). Moreover, this reduction was
shown to be dependent on the SCFFT*“F ubiquitin ligase and
on the proteasome, as either expression of a dominant neg-
ative BTrCP lacking the F-box domain (8TrCPAF) or addi-
tion of the proteasome inhibitor MG132 prevented the re-
duction of Emil protein levels. Plkl overexpression had no
effect on a stable mutant of Emil lacking the serine residues
of the BTrCP recognition motif, further demonstrating the
specificity of Plk1’s effects. Expression of a kinase-dead ver-
sion of Plk1 (K82R) did not lower Emil levels, and in fact
slightly increased Emil levels, suggesting a dominant neg-
ative inhibition of endogenous Plk1.

We next tested whether loss of Plkl affected the mitotic
destruction of Emil by using RNA interference. Because
PIkl is an important component of the positive feedback
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Figure 2. PIkl is essential for mitotic destruction of Emil in cul-
tured human cells. A) P1k1 overexpression reduces Emil levels in a
proteasome- and SCFFT*P-dependent manner. HEK293T cells were
cotransfected with either wild-type (w.t.) or nondestructible (S145/
9N) myc-tagged hEmil and either wild-type (w.t.) or kinase-defec-
tive (K82R) HA-tagged Plk1. Additionally, cells cotransfected with
wild-type Emil and Plkl were also transfected with a dominant-
negative HA-tagged BTrCP (BTrCPAF) or treated with the protea-
some inhibitor MG132. After 48 h, cells were harvested and pro-
cessed for immunoblot analysis of transfected proteins. The identity
of the faint band designated by the arrow is HA-BTrCPAF. We have
expressed this protein in previous studies (Margottin-Goguet et al.,
2003) and are certain of its identity. The asterisk designates a break-
down product of HA-PIk1. Visualization of the bands designated by
the arrow and the asterisk required much longer film exposure than
the bands for full length HA-PIk1. (B) Inactivation of Plk1 in HeLa
cells by siRNA treatment stabilizes Emil during mitosis. HeLa cells
were synchronized by double thymidine block, released into no-
codazole-containing medium, and harvested at the indicated times
after release. The siRNA treatment was applied between the thymi-
dine blocks as indicated in the protocol schematic. Cells were ana-
lyzed by immunoblot analysis for levels of Plk1, Emil, and cyclin A.
Markers of mitotic entry also were examined: tyrosine dephosphor-
ylation of Cdk1 to indicate MPF activation, and mobility shift of the
APC subunit Cdc27.

loop controlling the G2-M transition, cell populations in this
experiment were synchronized and assayed for mitotic
markers to control for any delay in Emil destruction linked
to a delay in mitotic entry. HeLa cells were synchronized at
the G1-S transition by using a double thymidine block and
released into medium containing nocodazole, and the kinet-
ics of mitotic entry and Emil stability were monitored in the
presence or absence of Plk1 knockdown (Figure 2B). Mitotic
entry was indicated by the disappearance of inhibitory ty-
rosine-15 phosphorylation on Cdkl, and by the mobility
shift of the Cdc27 subunit of the APC. Cells treated with

5626

control siRNA entered mitosis ~10 h after release from
thymidine. In these cells, Emil destruction coincided with
mitotic entry, with cyclin A destruction occurring shortly
thereafter. Cells treated with siRNA targeting Plkl were
delayed in mitotic entry by ~2 h. Inactivation of Plk1l was
extremely effective in these cells. In contrast to control cells,
Emil was still present at least 4 h after mitotic entry, and
cyclin A also was markedly stabilized. Thus, inactivation of
PIk1 caused a strong delay in the destruction of Emil and
cyclin A, beyond the 2-h delay in mitotic entry. Thus, Plk1 is
required for Emil destruction and for efficient APC activa-
tion, as monitored by cyclin A destruction. Experiments
below support the interpretation that Plk1 directly phos-
phorylates Emil’s degron for BTrCP recognition, but we
cannot exclude that Plk1 is an upstream regulator of other
factors which control Emil degron phosphorylation. It is
also possible that other cellular processes in which Plkl
participates (e.g., spindle pole organization) are involved in
regulation of Emil stability.

The Phosphodegron in Emil Contains Consensus Motifs
for Polo Binding and Phosphorylation

Because Plk1 was required for Emil destruction, we wanted
to test whether Plk1 could directly phosphorylate the Emil
degron. Inspection of the BTrCP binding site in Emil (Figure
3A) suggested that conserved elements in the Emil degron
overlapped a Polo consensus phosphorylation site (E/D-X-
S/T) containing glutamate-143 and serine-145 (Nakajima et
al., 2003). Our earlier studies (Margottin-Goguet et al., 2003)
showed serine-145 was required for Emil destruction, by
using the assay for destruction in mitotic Xenopus egg ex-
tracts. Mutation of glutamate-143 (E143A) somewhat de-
layed the kinetics of Emil destruction (Figure 3B), consistent
with other studies showing that the acidic residue in the -2
position is helpful but not essential for Plk1 phosphorylation
(see Discussion).

The BTrCP binding site in Emil also showed a perfect
S-pS consensus motif at serines 148 and 149 for phos-
phorecognition by Plk1’s Polo Box domain (PBD), defined
by recent studies of Yaffe and coworkers (Elia et al., 2003a,b).
Our previous studies showed that serine-149 is essential for
Emil destruction (Margottin-Goguet et al., 2003), supporting
the possibility that PBD binding is an important aspect of
Emil destruction. We will show below that Emil interacts
with the PBD of Plkl. We tested whether serine-148 was
required for Emil destruction and did not find a significant
effect (Figure 3B). One possibility is that the requirements for
PBD binding may be more flexible than the consensus, orig-
inally defined in the context of a S-pT-P peptide. Another
likely possibility, addressed below, is that there are addi-
tional sites on Emil for PBD recruitment (Figure 4E; see
Discussion).

Both Phosphoserines of the Emil Degron Are Mitotically
Regulated and Plk1 Responsive

We previously demonstrated that mutating either serine-145
or serine-149 in Emil’s BTrCP recognition motif to a non-
phosphorylatable residue stabilizes Emil in mitotic extract,
indicating that phosphorylation of both serines is required
for efficient mitotic binding of BTrCP (Margottin-Goguet et
al., 2003) (Figure 3C). It remained possible that either serine-
145 or serine-149 is constitutively phosphorylated and that
only one serine is mitotically regulated. To address this
possibility, we replaced either serine-145 or serine-149 with
a glutamate residue to mimic phosphorylation. The ability of
glutamates to replace phosphoserines in binding to BTrCP is
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suggested by the noncanonical BTrCP degrons in Weel (Wa-
tanabe et al., 2004).

The S145E and S149E mutations allowed us to test the
mitotic regulation of serine-149 and serine-145, respectively.
The S145E mutant and the S149E mutant were each de-
stroyed in mitotic extract with normal kinetics, indicating
that both mutants retain the capacity for productive BTrCP
association (Figure 3C). Moreover, each mutant remains sta-
ble in interphase extract, demonstrating that serine-145 and
serine-149 phosphorylations are each mitosis-specific. Inter-
estingly, the double S145/9E mutant is stable in both inter-
phase and mitotic extract, suggesting that STrCP recognition
does require at least one actual phosphoserine residue on
the substrate.

Whereas the presence in Emil of an acidic residue in the
-2 position relative to serine-145 conforms to the minimal
consensus motif for phosphorylation by Plkl, D/E-X-S/T
(Kelm at al 2002, Nakajima et al., 2003), the sequence sur-
rounding serine-149 does not conform to this consensus,
leading us to question whether this residue is directly phos-
phorylated by Plkl. However, the individual S145E and
S149E Emil mutants were each responsive to Plkl overex-
pression in HEK293T cells (Figure 3D). This suggests either
that serine-149 is phosphorylated directly by Plkl or that
Plk1 overexpression affects the activity of another kinase or
phosphatase that governs serine-149 phosphorylation.

Physical Interaction of Plk1 and Emil

To further investigate the directness of Plkl’s involvement
in triggering Emil destruction, we tested whether specific
variants of Plkl and Emil (depicted in Figure 4A) could
associate in tissue culture cells. We cotransfected HEK293T
cells with tagged versions of Plkl and Emil and assayed
them for coimmunoprecipitation of Emil with Plkl. We
observed that Emil specifically coprecipitated with Plk1 or
with catalytically inactive Plk1-KD (kinase dead K82R mu-
tant), showing that binding does not require Plkl kinase
activity (Figure 4B). Indeed, deletion of the entire kinase
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domain showed that, although less efficient than full-
length PIk1, the Plk1 C terminus (P1k1-CT) including the
PBD was sufficient to associate with Emil. Conversely, we
detected no Emil coprecipitating with Plk1’s N-terminal
kinase domain (Plk1-NT), indicating that the PBD is re-
quired for stable complex formation with Emil. Despite
the absence of the PBD, P1k1-NT reduced Emil levels in
cell lysates as effectively as did full-length Plk1, presum-
ably because overexpression obviates the need for stable
association and because of the higher specific activity of
Plk1’s kinase domain in the absence of its C terminus
(Mundt et al., 1997; Jang et al., 2002). We also found that
the N terminus of Emil, which contains its degron, was
sufficient to associate with Plkl, whereas the region of
Emil containing the F-box and zinc-binding motif was
dispensable for this interaction (Figure 4C).

Because the C-terminal PBD of Plkl has recently been
shown to bind phosphoproteins (Cheng et al., 2003; Elia et al.,
2003a,b), we considered whether Plkl-bound Emil is phos-
phorylated and whether this interaction is enhanced during
mitosis. For both full-length Emil and the Emil N terminus,
the gel mobility of Plkl-bound Emil was slightly retarded
compared with that of Emil from cell lysates, suggesting
that PIk1 selectively binds a modified form of Emil (Figure
4E). We also observed that the amount of Emil present in
Plk1 immunoprecipitates was significantly increased when
cells were arrested in mitosis by using nocodazole, support-
ing that the Plk1-Emil interaction is mitosis specific (Figure
4D). In an attempt to define which phospho-residues of
Emil mediate interaction with Plk1, we tried to see whether
mutation either of the Cdk phosphorylation sites (Cdk™")
or the phosphorylation sites recognized by BTrCP (5145/
9N) prevented association with Plk1. However, we observed
that both mutants still bound Plkl, and that both Plk1-
bound mutants still displayed retarded gel mobility (Figure
4E), demonstrating that neither the Cdk phosphorylation
sites nor those recognized by BTrCP are exclusively required
for Plk1 interaction.
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Figure 4. Physical interaction of cotransfected Emil and Plk1. (A) Schematic of Plkl and Emil mutants. (B) Plkl association with Emil
requires the C-terminal Polo Box domain, but not the kinase domain. HEK293T cells were cotransfected with the indicated variants of
HA-PIk1 and myc-Emil. After 48 h, cell lysates were prepared and analyzed by anti-HA immunoprecipitation and blotting for associated
myc-Emil. (C) The N terminus of Emil, which confers mitotic instability, is sufficient for Plk1 association. HEK293T cells were cotransfected
and analyzed as in part B. (D) Emil-Plk1 association is enhanced in mitotic cells. HEK293T cells were cotransfected with myc-Emil and kinase
dead HA-PIk1 and treated with nocodazole (Noc) to arrest cells in mitosis. HA-Plk1 immunoprecipitates from these cells were analyzed for
myc-Emil association by immunoblot analysis. (E) Emil in Plk1l immunoprecipitates displays retarded gel mobility.

PIk1 Stimulates BTrCP Binding and Emil Ubiquitination
In Vitro

To further demonstrate that Plkl directly participates in
Emil phosphorylation and ubiquitination, we tested
whether Plk1 can phosphorylate Emil in vitro and whether
that phosphorylation results in STrCP recognition and ubig-
uitination of Emil. Using radiolabeled ATP, we found that
recombinant PIx1 strongly phosphorylated a GST fusion of
the EmilAN4 fragment (residues 135-244), a fragment which
mimics all known aspects of Emil stability and destruction
(Margottin-Goguet et al., 2003). Mutation of both serines-145
and -149 to nonphosphorylatable residues substantially re-
duced the amount of *?P incorporation (Figure 5A). Because
we detected no Plx1 activity toward GST alone (not de-
picted), the residual 3P incorporation in the S145/9N mu-
tant means that additional Emil residues outside the TrCP
degron are phosphorylated by PIx1 in vitro. Single mutation
of either serine-145 or serine-149 also noticeably reduced 3P
incorporation, suggesting that Plk1 can phosphorylate both
serines of the Emil degron critical for BTrCP binding, in
agreement with the overexpression studies of Figure 3D.
Interestingly, the S149N mutant reproducibly displays a
more pronounced deficiency in 3?P incorporation than the
S145N mutant, implying that the S149N mutation somewhat
compromises an additional phosphorylation event.

Next, we conducted binding experiments between Emil
and BTrCP to further demonstrate that Plk1l can directly
phosphorylate the Emil degron. As expected, we found that
EmilAN4 phosphorylated in vitro by recombinant Plx1 be-
came proficient in recruitment of BTrCP, whereas this re-
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sponse was abolished for the S145/9N double mutant (Fig-
ure 5B). Surprisingly, the individual S145N and S149N
mutants, although substantially defective, each retained a
measure of BTrCP binding capacity, despite the lack of
negative charge at the consensus phosphoserine positions.
This important result unambiguously shows that Plx1 can
indeed phosphorylate both serine-145 and serine-149 in
vitro. Again, the S149N mutant was more defective than the
S145N mutant, possibly because 1) phosphoserine-149 con-
tributes more strongly than phosphoserine-145 to the BTrCP
interaction, or 2) the S149N mutation additionally causes a
partial defect in phosphorylation of serine-145 (as hinted by
Figure 5A). We should emphasize that despite their modest
in vitro BTrCP binding capacity, the single S145N and
S149N mutants are completely stable in mitotic Xenopus egg
extracts (Figure 3C), meaning any interaction they may have
with BTrCP in a more biological setting is unproductive and
does not result in ubiquitination.

Because we have reported that Cdk phosphorylation of
Emil plays a supportive but nonessential role in Emil de-
struction (Margottin-Goguet ef al., 2003), we next tested
whether cyclin B/Cdkl1 could augment Plx1’s stimulation of
the Emil/BTrCP interaction. Indeed, we did observe that, at
lower concentrations of Plx1 (=5 nM), Cdkl significantly
increased Plx1-dependent recruitment of BTrCP by Emil
(Figure 5C). Moreover, Cdkl’s costimulatory effect was
somewhat dampened by mutation of the Cdk phosphoryla-
tion sites in Emil’s N terminus. At higher concentrations of
PIx1 (=50 nM), stimulation of Emil/BTrCP binding was
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Figure 5. PIk1 stimulates SCFF™P-de-
pendent ubiquitination of Emil in vitro. (A)
Phosphorylation of EmilAN4 fragment by
PIx1 in vitro. Purified PIx1 kinase was used
to phosphorylate indicated versions of a
GST-EmilAN4 fusion protein over time in
the presence of 3?P-labeled ATP. Reaction
products were resolved by SDS-PAGE, an-
alyzed by autoradiography, and quantified
by densitometry. (B) Plk1 stimulates spe-
cific BTrCP binding to the Emil degron.
Purified PIx1 was used to phosphorylate
wild-type or degron mutant versions of
GST-EmilAN4 fusion protein in vitro over
a range of PIx1 concentrations. The prod-
ucts were then bound to glutathione resin
and assayed for their ability to capture IVT-
radiolabeled BTrCP, detected by SDS-
PAGE and autoradiography. (C) BTrCP
binding to Emil is stimulated cooperatively
by PIx1 and Cdkl. PIx1 phosphorylation
reactions were performed similar to as in B,
but with MBP-xEmi]1 fusion proteins, either
wild-type or mutated in five Cdk sites, in
the presence or absence of cyclin B/Cdk1 in
Cdkl reaction buffer. Reaction products
were bound to amylose resin and assayed
for ability to bind BTrCP. (D) PIx1 stimu-
lates Emil ubiquitination in HeLa extracts
from asynchronous cells. HeLa cell extracts
supplemented with ATP, ubiquitin, E1, and
E2 were incubated at 30° for the indicated
times, with or without addition of purified
PIx1 kinase, by using IVT-radiolabeled
wild-type or nondestructible (5145/9N)
EmilAN4 as a ubiquitination substrate.
Ubiquitinated forms of EmilAN4 were re-
solved by SDS-PAGE and visualized by au-
toradiography. (E) Pkl is essential for Emil
ubiquitination in extract from nocodazole-
arrested HeLa cells. HeLa cells were treated
with siRNA for Plk1 or with control siRNA,
arrested in mitosis with nocodazole, and
extracts prepared and analyzed for
EmilAN4 ubiquitination activity as de-
scribed in D with or without addition of
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maximal and Cdk1l exhibited no costimulatory effect (our
unpublished data).

Finally, we tested whether in vitro ubiquitination of Emil
requires Plk1 by using a HeLa cell extract system that reca-
pitulates the requirements for mitotic Emil ubiquitination,
similar to the method used previously (Guardavaccaro et al.,
2003). Whereas mitotic extract from nocodazole-arrested
cells resulted in polyubiquitination of EmilAN4, extract
from asynchronously growing cells showed only back-
ground levels of activity (Figure 5D). However, supplemen-
tation of asynchronous extract with recombinant, active Plx1
stimulated Emil ubiquitination to a degree similar to that
seen in mitotic extract. The stimulation of Emil polyubig-
uitination in mitotic extracts or in Plx1-supplemented ex-
tracts was not observed with the Emil S145/9N mutant,
consistent with Emil ubiquitination activity requiring the
SCFPTrCF ubiquitin ligase. (The spurious mono- and diubig-
uitination products seen are an artifactual result of supple-
menting the extract with E1 and E2, which is needed to
obtain maximal polyubiquitination signal. They seem inde-
pendent of cell cycle phase, Plk1 levels, and BTrCP binding
and are unrelated to the polyubiquitination.) Emil ubiquiti-
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nation activity in mitotic extract was also lost when the
extract was generated from cells depleted of Plk1 by RNA
interference (Figure 5E), and this deficiency was rescued by
the addition of recombinant, active Plx1. Thus, the presence
of PIk1 is necessary for Emil ubiquitination in mitotic ex-
tract, and its addition is sufficient to stimulate Emil ubiq-
uitination in asynchronous extracts.

Colocalization of Emil and Plk1 on the Spindle Poles in
Early Mitosis

We used indirect immunofluorescence in U20S cells to ex-
amine the extent of subcellular colocalization of Emil and
PIk1, particularly during early mitosis. We observed that in
early prophase before nuclear envelope breakdown (NEBD),
PIk1 is localized both in the nucleus and at the centrosomes
(Figure 6, row 1). At the same time, Emil localizes most
noticeably to a series of punctate regions within the nucleus.
These regions seem to be situated in interchromosomal re-
gions. The nature of their localization is not understood. As
NEBD takes place (as visualized by brightfield optics), Emil
is dispersed from the nuclear spots and undergoes a redis-
tribution to the spindle poles (Figure 6, rows 2 and 3).
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Throughout prometaphase and metaphase, Emil continues
to colocalize at the spindle poles with Plk1, while PIk1 also
can be seen at kinetochores in some cells (Figure 6, rows 4
and 5). We have previously reported the localization of Emil
to the spindle poles (Reimann et al., 2001a; Hsu et al., 2002)
but have not understood how spindle-associated Emil per-
sists at a time when most Emil has been destroyed. Whereas
PIk1 staining is tightly focused on the mitotic centrosome,
Emil seems more broadly distributed on the spindle poles.
We used deconvolution microscopy to examine this differ-
ence more closely and observed that Plk1 and Emil seem to
occupy distinct subcompartments of the spindle pole. Al-
though closely apposed to the staining of Plkl, Emil is
consistently excluded from the region of the mitotic spindle
pole occupied by PIk1 (Figure 7A). Costaining for y-tubulin
also verified that Emil seems excluded from the mitotic
centrosome (Figure 7B). Whether this reflects a region on the
spindle pole where PIk1 is triggering Emil destruction or
whether there are distinct receptors for Plkl and Emil in
these adjacent regions is unclear, although both models are
interesting. We noticed similar regions of Emil-Plk1 juxta-
position on the midzone and midbody later in mitosis in
some cells (our unpublished data). Because we have shown
that Plk1 can form a stable complex with Emil during mi-
tosis (Figure 4), we tested whether knockdown of PIk1 altered
localization of Emil to the spindle poles by inactivating Plk1
through RNA interference. Because of Plk1’s well-documented
role in spindle pole organization, poles in Plkl knockdown
cells were usually splayed and defocused or monoastral. We
continued to observe Emil staining on these disrupted spindle
pole structures (Figure 8), indicating that Emil does not exhibit
a dependence on PIk1 for recruitment to the mitotic spindle.
We are currently exploring whether Emil has an important
function on the spindle and whether this function is compro-
mised in the absence of Plk1.
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Figure 6. Emil and Plkl colocalize on
spindle poles in early mitosis. U20S cells
were fixed and visualized by indirect immu-
nofluorescence by using a-Plkl and a-Emil
antibodies to monitor the appearance of
Plkl and Emil at the maturing spindle
poles. Staining of DNA is shown to demon-
strate chromosome condensation and
brightfield images to visualize the integrity
of the nuclear envelope and nuclear enve-
lope breakdown. Arrows point to intact nu-
clear envelope. Bars, 5 um.

DISCUSSION

A recent review of the events orchestrating mitosis cast

cyclin B/Cdk1 in the role of the conductor of mitosis, with

the Polo kinases taking the role of first violin, leading spe-
DNA

Plk1
v-tub
& oo

Figure 7. Emil and PIk1 localize to tightly juxtaposed compart-
ments of the spindle pole. (A) Plkl is on the mitotic centrosome
immediately adjacent to, but excluding, spindle pole-associated
Emil. U20S cells were processed as in Figure 6. Image stacks were
collected and processed by deconvolution, and projected image
presented. Spindle poles are magnified and shown with or without
PIk1 to emphasize the absence of Emil from the mitotic centrosome.
(B) Colocalization of Emil and y-tubulin on mitotic spindle poles.
U20S cells were processed as in Figure 7A but with a-y-tubulin
instead of a-Plkl antibodies. Bars, 5 um.
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Figure 8. Emil localizes normally to spindle poles in the absence
of Plk1. U20S cells were synchronized by double thymidine block
and siRNA treatment (as depicted in Figure 2B), released into
normal medium and harvested 12 h after release. Cells were pro-
cessed as in Figure 6 but with a-a-tubulin instead of «-Plkl anti-
bodies.

cific episodes in the mitotic cycle (Barr et al., 2004). The
question remains as to how conductor and first violin con-
spire to rouse the heavy drums signaling activation of the
APC, the destruction of cyclins, and the final exit from
mitosis. Here, we show that the Polo kinase Plk1 is required
for triggering the destruction of the APC inhibitor Emil, in
both mitotic HeLa cells and in mitotic Xenopus egg extracts.
Further, overexpression of Plk1 is sufficient to cause prema-
ture destruction of Emil in human cells, which can be res-
cued by proteasome inhibition or by a dominant negative
form of BTrCP.

How Direct Is the Plk1 Effect on Emil Destruction?

Although it is formally possible that the in vivo effects of
PIk1 overexpression or silencing on Emil destruction are
indirect, we present several lines of evidence demonstrating
that Plk1 directly phosphorylates the Emil degron to recruit
the SCFPT*“F complex. First, in the PIx1 immunodepletion
experiment, the Xenopus egg extract was fully mitotic before
PIx1 removal. Thus, any Polo-dependent mitotic subpro-
grams were functionally intact, at least at the time of immu-
nodepletion, and yet the extract could not destroy Emil. The
addition of purified PIx1 to the depleted extract restored
Emil destruction, arguing against the possibility that some
other critical factor was codepleted with Plx1. Second, con-
sistent with the model that Plkl phosphorylates Emil di-
rectly, the Emil phosphodegron E-D-pS-G-Y-S-pS has con-
sensus sites for both Polo kinase phosphorylation (E-X-S)
and for binding of the PBD (S-pS). We show here that each
site is mitotically regulated, Plkl-responsive, and critical for
Emil destruction, although our mutational analysis some-
what questions whether the consensus residues surrounding
the actual target serines are substantially important for Plk1
interaction (discussed below). Third, we demonstrate that
PIk1 directly binds Emil in mitosis, likely through Plk1’s
PBD. Fourth, we also find that Plk1 can phosphorylate Emil
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in vitro, and that Plk1 can strongly stimulate Emil binding
to BTrCP and in vitro ubiquitination by SCFFT™“F. Finally,
immunofluorescence data show Emil and Plk1 are distinc-
tively colocalized on mitotic spindle poles. Together, these
tests support that Plk1 directly phosphorylates Emil to trig-
ger its degradation but do not exclude roles for other mitotic
kinases. Indeed, we show that Plk1 and cyclin B/Cdk1 can
cooperate to stimulate Emil ubiquitination, supporting our
earlier data that Cdkl and a mitotic kinase stimulate Emil
destruction (Margottin-Goguet et al., 2003). During the prep-
aration of this manuscript, a report showing the ability of
Plk1 and Cdk1 to phosphorylate and stimulate the in vitro
ubiquitination of Emil was published (Moshe et al., 2004), in
agreement with our in vitro findings.

The Nature of the Interactions between Plk1 and Its
Targets

Emil’s degron (EDS,,sGYSS, ) contains consensus motifs
for both binding (5-pS, 49) and phosphorylation (E-X-S,,5) by
PIk1. The consensus suggests a two-step, dual kinase model,
similar to those proposed for B-catenin (Liu et al., 2002) and
Cdc25A (Jin et al., 2003; Donzelli et al., 2004). In this model,
phosphorylation of serine-149 by some unknown kinase
would create a PBD binding site, which would then recruit
PIkl for phosphorylation of the consensus Plkl target at
serine-145. The dually phosphorylated degron would render
Emil ripe for recognition and ubiquitination by the
SCEFTrCF complex.

Although we have not yet excluded this model, our anal-
ysis does not favor such an orderly mode of interaction
between Emil and Plkl. First, mutation of serine-149 to a
nonphosphorylatable residue does not prevent Emil’s asso-
ciation with Plk1, indicating that other sites within Emil are
capable of binding Plkl. We presume that this interaction
depends on prior phosphorylation of Emil because Plkl’s
C-terminal domain that interacts with Emil has been shown
to bind phosphopeptides (Elia et al., 2003a), and because all
of the Emil in Plkl immunoprecipitates displays retarded
gel mobility, a characteristic feature of phosphorylated pro-
teins. Second, we have shown using purified proteins that
PIk1 can phosphorylate Emil on both serine-145 and serine-
149 in vitro, by using BTrCP binding as a highly selective,
contextual readout for these specific phosphoresidues. This
dual phosphorylation by Plk1 occurs despite the absence of
an acidic residue in the -2 position from serine-149. Because
the sequence surrounding serine-149 does not match the
consensus for Plk1 phosphorylation, it is possible that Plk1’s
activity toward serine-149 in our experiments is a result of in
vitro promiscuity. However, we also demonstrated that
serine-145 and 149 are each individually responsive to Plk1
overexpression in 293T cells, further supporting the notion
that PIk1 is the kinase that generates both phosphoserines in
Emil’s BTrCP degron.

Our studies illustrate some limitations of the consensus
motifs for PBD binding or phosphorylation by Plkl. Al-
though some Plk1 substrates do use the chemically defined,
optimal D/E-X-S/T-® sequence (Nakajima et al., 2003), sev-
eral mapped Plk1 phosphorylation sites do not (Yarm, 2002;
Kraft et al., 2003; Erikson et al., 2004). Two of our observa-
tions—that Plkl can phosphorylate Emil on serine-149,
which lacks an acidic residue in the —2 position, and that
mutation of glutamate-143 in front of serine-145 causes only
a modest decrease in the rate of Emil destruction, suggest
that the consensus is helpful, but not restrictive. Similarly,
the sequence requirements for PBD binding may be more
flexible than the S-pS/pT-P motif defined by the use of
synthetic peptides (Elia et al., 2003a). Binding of Plkl to
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MKLP2 represents a known example of Plk1’s PBD binding
to a phosphoserine lacking a preceding serine (Neef ef al.,
2003), consistent with the phosphoserine being the most
critical determinant of PBD interaction, as suggested by the
crystal structure (Cheng et al., 2003; Elia et al., 2003b). Ac-
cordingly, we currently favor a model for Plk1-Emil binding
in which the extensive mitotic phosphorylation of Emil by
Cdk1 and possibly other kinases produces a large number of
phosphoresidues that serve as suboptimal sites for PBD
association, perhaps similar to the allovalency mechanism of
Sicl recognition by Cdc4 (Orlicky et al., 2003). This model
helps explain how the nonessential role of Cdk phosphory-
lation contributes to the efficiency of mitotic Emil destruc-
tion (Margottin-Goguet et al., 2003). We imagine that the
cooperative activity of Cdk1, Plk1, and other mitotic factors
in preparing Emil for ubiquitination by SCFFT™F is more
like a pack of hyenas unleashed upon prey rather than an
orderly and processive assembly line.

Activating the Anaphase Promoting Complex

The requirement for the Polo kinase family in the mitotic
program suggested that it might contribute to the destruc-
tion of mitotic cyclins (Sunkel and Glover, 1988; Llamazares
et al., 1991). Early studies tried to directly link Polo phos-
phorylation to APC activation, but the emerging consensus
is that direct phosphorylation of the APC by Plk1 contrib-
utes only marginally to APC activity, and most likely only in
cooperation with cyclin B/Cdkl. The most convincing re-
port of Plkl’s importance in APC activation in vertebrate
systems came from Descombes and Nigg (1998), who dem-
onstrated in meiotically arrested Xenopus egg extracts that
PIx1 is required for the Ca?>*-induced destruction of mitotic
cyclins. Here, we show that Polo kinases might trigger APC
activation largely by causing Emil destruction. Fittingly,
Emil is required to maintain the meiotic arrest in Xenopus
egg extracts (Reimann and Jackson, 2002), suggesting a plau-
sible explanation for the involvement of PIx1 in release from
this arrest. Recent work by Liu et al. (2004) showed that
inhibition of meiotic exit by dominant negative Plx1 can be
almost entirely relieved by addition of excess Cdc20—the
same treatment that relieves the inhibition of meiotic exit by
excess Emil. This again suggests that Plk1 does not signifi-
cantly regulate the intrinsic activity of the APC, but instead
regulates some upstream aspect of Cdc20 function.

We have shown that silencing of Plkl1 by RNA interfer-
ence in Hela cells delays the events of early mitosis. In
addition to delaying mitotic entry by ~2 h, P1k1 knockdown
results in a marked stabilization of both Emil and cyclin A
for at least 3—4 h after mitotic entry. This result seems at face
value somewhat different than the analysis of Peters and
coworkers (Kraft ef al., 2003), who reported that Plk1 knock-
down did not have an effect on the destruction of cyclin A as
visualized by immunofluorescence assays of cyclin A stain-
ing or in situ destruction of a cyclin A-GFP fusion in HeLa
cells. However, in their analysis the destruction of GFP-
cyclin A does seem to take almost 2 h after NEBD, whereas
the destruction of GFP-cyclin A in HeLa cells described
previously (den Elzen and Pines, 2001) was completed
within ~20 min after NEBD. Additionally, in their Plk1l
knockdown cells there seemed to be a plateau of ~50% of
the total GFP-cyclin A, which remained stable for several
hours after NEBD. We think that these observations are
potentially consistent with our data, which by immunoblot
analysis indicate that, although cyclin A levels decline some-
what upon mitotic entry, about one-half of the cyclin A
remains stable for at least 3—4 h. Alternatively, the observa-
tion by Kraft and coworkers that they do not see an effect of
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PIk1 silencing on APC activation might also result from an
incomplete knockdown of Plkl by RNA interference. The
siRNAs used in their studies and in our studies are different
and no direct comparison has been made, although the Plk1
siRNA we have used is very efficient (Figure 2). Another
very recent article from Medema and coworkers suggests
that Plk1 is not strictly required for APC activation in HeLa
cells (van Vugt et al.,, 2004). Here, the authors cause Plk1
inactivation with a transfected pSUPER vector, a hairpin
siRNA expression construct. In our experience, the pSUPER
vectors take ~24 h longer to have a maximal effect, com-
pared with transfected siRNA duplexes (our unpublished
data). Thus, whereas Plk1 activation of Emil destruction
appears to be critical for the timing of APC activation, either
the difficulty of achieving complete Plkl silencing or the
contribution of additional mitotic factors make it difficult to
completely block APC activation.

Why do we observe any decline at all in cyclin A levels
when Emil is not destroyed in the absence of Plk1? In these
cells, we actually do see Emil levels begin to slowly decline
~4 h after mitotic entry (Figure 2B), suggesting there may be
redundant but inefficient modes of Emil destruction. We
have found that the Plk1 homolog Plk3 was able to cause a
strong reduction of Emil levels in an overexpression exper-
iment, similar to that in Figure 2A (our unpublished data),
whereas Plk2 failed to reduce Emil levels. Thus, it could be
that the requirement for Polo-like kinases in triggering Emil
destruction and APC activation includes both Plk1 and P1k3
or that in the absence of Plk1, PIk3 can substitute for Plk1.
Some precedent exists for overlapping roles of Plk1 and P1k3
because both kinases can phosphorylate Cdc25C (Bahassi el
et al., 2004). Furthermore, it is possible that mitotically phos-
phorylated APC is somewhat less susceptible to Emil inhi-
bition. Finally, both Emil and the APC are strongly altered
in their localization from interphase to mitosis, which might
affect the efficiency with which Emil can inhibit the APC as
both factors are redistributed.

Organization of Early Mitosis and the Mitotic Spindle
Poles

The ability of Plk1 to trigger activation of Cdkl by phos-
phorylation of the Cdkl-activating phosphatase Cdc25
forms a positive feedback loop that can strongly accelerate
the G2-M transition (Kumagai and Dunphy, 1996; Qian et al.,
1998; Abrieu et al., 1998). Phosphorylation of cyclin Bl by
PIk1 also may provide a mechanism to allow localized ac-
tivity of the cyclin B1/Cdkl complex on prophase centro-
somes (Jackman et al., 2003). The ability of Plk1 to accelerate
and spatially organize the mitotic activation machinery is
important in early mitosis and essential for the overall mi-
totic process. Similarly, the ability of Plk1 to cooperate with
Cdk1 to trigger Emil destruction is critical for APC activa-
tion after NEBD. Emil is the strongest candidate for the
factor that creates the lag between activation of MPF and the
APC and is certainly essential to prevent premature destruc-
tion of mitotic cyclins.

The importance of Plkl in organizing the mitotic spindle
in early mitosis is well established (Barr et al., 2004). By
promoting the destruction of Emil, Plk]l takes a new role.
PIk1 is first recruited to the mitotic centrosome before the
recruitment of Emil to the adjacent spindle poles, suggest-
ing that these two events may be linked. An interesting
possibility is that assembly of the mitotic spindle poles is
somehow connected to the destruction of Emil or that Plk1
organizes some other role for Emil on the mitotic spindle.
Pkl may organize a “destruction center” at the mitotic
centrosome, with Emil on the adjacent spindle pole being
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actively transported along spindle microtubules to the cen-
trosome, where it is phosphorylated by Plkl and ubiquiti-
nated. Components of the SCF ubiquitin ligase complex
have been shown to localize to the centrosome (Freed et al.,
1999). Alternatively, the Emil on the spindle poles could be
a more static, structural or functional component of the
mitotic spindle.

It may seem paradoxical that Emil persists on the spindle
at a time when PIk1 is active and immunoblotting suggests
that the majority of Emil is destroyed, but an analogous
situation exists in vertebrate cells for cohesin. Whereas the
large majority of cohesin is phosphorylated by Plkl and
removed from chromatin during early mitosis, a small
amount of cohesin is somehow maintained at kinetochores
to preserve sister chromatid cohesion until the metaphase—
anaphase transition (Waizenegger et al., 2000). The localiza-
tion of Plkl and Emil to distinct subcompartments of the
spindle pole suggests that spatial separation from PIk1 is
important for the stability of spindle-associated Emil. An
exciting possibility is that the Emil retained on the spindle
after destruction of the bulk pool is important for proper
spindle function. It is very interesting to compare the spin-
dle localization of Plkl and Emil with that of the APC.
Whereas the APC can be seen throughout the spindle, the
phosphorylated, active form of the APC is only detected at
the mitotic centrosome (Kraft et al., 2003), which correlates
nicely with the presence of Cdk1l and Plk1 and the absence
of Emil. This suggests that one important function of Plk1 at
the mitotic centrosome is organization of Emil destruction
and APC activity. A role of the APC in cooperation with
Polo for mitotic recruitment of centrosomal antigens has
been reported in Drosophila (Deak et al., 2003). It is possible
that the destruction of the bulk pool of Emil is only one
aspect of APC activation and that spatially restricted pools
of Emil provide critical timing mechanisms gating the APC-
dependent destruction of regulators on the mitotic spindle.
Here, the destruction of Emil may serve as an “egg timer,”
providing a defined amount of APC inhibition, which
thereby sets the persistence of assembled mitotic structures,
until such time as the APC is released to trigger their mat-
uration or disassembly.
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