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The assembly and constriction of an actomyosin contractile
ring in cytokinesis is dependent on the activation of Rho at
the equatorial cortex by a complex, here termed the cytoki-
nesis initiation complex, between a microtubule-associated
kinesin-like protein (KLP), a member of the RacGAP family,
and the RhoGEF Pebble. Recently, the activity of the mamma-
lian Polo kinase ortholog Plk1 has been implicated in the forma-
tion of this complex. We show here that Polo kinase interacts
directly with the cytokinesis initiation complex by binding
RacGAP50C.We find that a new domain of Polo kinase, termed
the intermediate domain, interacts directly with RacGAP50C
and that Polo kinase is essential for localization of the KLP-
RacGAPcentralspindlin complex to the cell equator and spindle
midzone. In the absence of Polo kinase, RacGAP50C and Pav-
KLP fail to localize normally, instead decorating microtubules
along their length. Our results indicate that Polo kinase directly
binds the conserved cytokinesis initiation complex and is
required to trigger centralspindlin localization as a first step in
cytokinesis.

Cytokinesis is the final stage of cell division that splits a cell
into two. The process initiates in anaphase with the localization
of amicrotubule-associated protein complex to the cell equator
and the subsequent assembly and constriction of an acto-myo-
sin-based contractile ring coordinated by the Rho signaling
pathway (1). In anaphase, RhoA activation is achieved by the
localization of the RhoGEF Pebble/Ect2 to the sites of cleav-
age furrow formation (2). This localization is mediated by
RacGAP50C/RacGAP1 (2–4), which is in a complex with the
microtubule-associatedmotor protein Pav-KLP/MKLP1 called
the centralspindlin complex (5). This leads to the assembly and
constriction of the contractile ring and, finally, division of the
cell (6). Evidence suggests that Pebble and RacGAP50C
(referred to hereafter as RacGAP) bind directly and that this
binding is essential for the localization of Pebble to the equator
and the subsequent activation of Rho signaling in anaphase (3).
RacGAP and Pav-KLP have been shown to be interdependent
in their localization to the cell equator, suggesting that a func-
tional centralspindlin complex is required for Rho activation

(7). Recent studies in mammals suggest an important role for
Polo-like kinase 1 (Plk1)2 for the interaction between RacGAP
and Pebble, because inhibiting the function of Plk1 in anaphase
prevents the localization of Pebble/Ect2 to the equator and the
subsequent ring assembly, although the centralspindlin com-
plex still localizes correctly (8–11). The phosphorylation of
RacGAP by Plk1 is necessary although not sufficient for the
anaphase recruitment of Pebble/Ect2 (12, 13).
As well as the mammalian data, a number of studies in Dro-

sophila and other models point to a role for Polo kinase in
cytokinesis. Polo was first identified in Drosophila (14), and an
early study showed that the activity of Polo kinase peaks in
anaphase and telophase, suggesting a role in cytokinesis (15). A
subsequent study examined a hypomorphic formof Polo kinase
in Drosophila spermatocytes and showed early cytokinetic
defects such as the formation of an abnormal spindle midzone
and actin ring and the eventual failure of cytokinesis as indi-
cated by the formation of multinucleate cells (16). The fission
yeast homolog of Polo kinase, Plo1, has been shown to be essen-
tial for the formation of the actin ring during septum formation,
indicating that Plo1 may play a role in cytokinesis (17). Consis-
tent with these studies, a role for Polo kinase in regulating the
centralspindlin complex in cytokinesis was also suggested by
the data of Herrmann et al. (18) because they showed that polo
mutant cells had a reduced central spindle. Altogether, these
studies suggest an important role for Polo kinase early in cyto-
kinesis. In this study we extend the mammalian data that sug-
gested an interaction between Polo and RacGAP as well as pro-
viding evidence for a novel role for Polo kinase in cytokinesis.
We show that Polo kinase directly interacts with the linker pro-
tein RacGAP, identify the novel interacting domains, and show
that Polo is required for the localization of both RacGAP and
Pav-KLP to the equator.

EXPERIMENTAL PROCEDURES

Immunohistochemistry—Brains were dissected from third
instar larvae in ice-cold PBS with 4% paraformaldehyde using
forceps in a two-well microscope slide. Frozen ice packs were
put under the dissecting microscope stage to keep it cold. The
dissected brains were then moved to a clean well on the same
slide and shreddedwith fine needles. Four brains were done at a
time, and thewhole dissecting and fixing procedurewas carried
out within 10 min. The fix was then removed from the well
without removing the brain pieces and replaced with PBS plus

* This work was supported by funding from the National Health and Medical
Research Council of Australia, the Australian Research Council, the Austra-
lian National University, and the University of Adelaide.

□S The on-line version of this article (available at http://www.jbc.org) contains
supplemental Movies SV1–SV5 and Figs. S1–S4.

1 To whom correspondence should be addressed. Tel.: 61-8-8303-7536; Fax:
61-8-8303-7534; E-mail: stephen.gregory@adelaide.edu.au.

2 The abbreviations used are: Plk1, Polo-like kinase 1; Pav-KLP, Pavarotti-Kine-
sin-like protein.

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 285, NO. 37, pp. 28667–28673, September 10, 2010
© 2010 by The American Society for Biochemistry and Molecular Biology, Inc. Printed in the U.S.A.

SEPTEMBER 10, 2010 • VOLUME 285 • NUMBER 37 JOURNAL OF BIOLOGICAL CHEMISTRY 28667

http://www.jbc.org/cgi/content/full/M110.103887/DC1


0.2% Triton X-100. The brains were transferred into a micro-
centrifuge tube and washed with PBS plus 0.2% Triton X-100
for 2 h at room temperature and blocked in PBS plus 0.5%
Triton X-100 and 10% goat serum for another 2 h at room
temperature. Primary antibodieswere added in the same block-
ing solution and incubated overnight at 4 °C, followed by a 2-h
wash inPBSplus 0.2%TritonX-100. Secondary antibodieswere
diluted in the blocking solution and added for 4 h at room
temperature followed by a 2-h wash in PBS plus 0.2% Triton
X-100. Hoechst 33258 (1 �g/ml) staining was carried out for 10
min before another 30-min wash at room temperature. Brain
pieces were then mounted in 80% glycerol/PBS. The samples
were viewed on a Zeiss Axioplan2 upright microscope with
Semrock Brightline filter sets using a 63� PlanApo (n.a. 1.4)
objective. The images were acquired using an Axiocam MRm
CCD camera and if necessary deconvolved using Axiovision
software (Carl Zeiss). The antibodies used were: mouse anti-
Polo kinase from Claudio E Sunkel (1:50), rat anti-RacGAP
(1:300), rabbit anti-RacGAP (1:50), and rabbit anti-Pav-KLP
(1:500). The secondary antibodies (1:200) were all “highly
cross-absorbed” from Rockland or Jackson Immunochemicals.
TUNEL staining to visualize degrading DNA in dying cells was
carried out using a TMR-Red in situ cell death detection kit
(Roche Applied Science) on fixed brain squashes following a
3-minwash in 0.1 M citrate, 0.1%TritonX-100 at room temper-
ature and a brief wash in PBS. TUNEL labeling was carried out
for 1 h at 37 °C, followed by a PBS wash and Hoechst 33342
labeling (0.5 �g/ml for 10 min). Confidence intervals for iden-
tifying amean proportion p of a population nwere calculated as
95% confidence interval � 1.96 �(p(1 � p)/n).
FRETAnalysis—Fixed third instar larval brain cells were first

stained for Polo kinase andRacGAPusing secondary antibodies
tagged with Cy3 (donor) and Cy5 (acceptor) fluorophores,
respectively, as described above. Images of first the acceptor
and then the donor fluorophore were acquired using a Zeiss
Axioplan2 upright microscope with a Semrock Brightline GFP
filter set using a 63� PlanApo (n.a. 1.4) objective. These images
are referred to in Fig. 2 as prebleach. Then the acceptor was
photobleached at maximum light intensity for 30–180 s, fol-
lowed by imaging of the donor and then acceptor again, and
these imageswere referred to as post-bleach. This sequencewas
automated, and identical imaging conditions were used pre-
and post-bleaching. Effectiveness of photobleaching was con-
firmed by loss of signal in the acceptor fluorescence post-
bleaching. Donor fluorophore images were imported into
Image J (19) and aligned to correct any lateral displacement
using the StackReg plugin (20). The FRET signal was displayed
using the “fire” lookup table. We did not show the results as
FRET efficiency (E � 1 � pre/post) because this method has
been shown to give less effective discrimination from back-
ground (21). This procedure, with the same conditions was
repeated for the cross-reactivity (secondary only) and concen-
tration (Polo kinase and Pav-KLP) controls.
Fly Stocks and Constructs—The fly stocks used were: daugh-

terless-Gal4 (Bloomington 8641), polo10 (Szeged 2123), Defi-
ciency (Df(3L)rgdC-co2, Bloomington 2052), and mad2
(mad2EIY1687, Bloomington 22495).polo10mad2 andDeficiency
mad2 double mutants were generated by recombining the two

alleles onto the same chromosome. For immunofluorescence
analysis of localization of RacGAP and Pav-KLP in the absence
of Polo kinase, polo10 mad2/Deficiency mad2 flies were com-
pared with polo10 mad2/TM6 or Deficiency mad2/TM6 con-
trols. For live analysis of localization of RacGAP, UAS-Venus-
tagged RacGAP; polo10 mad2/Deficiency mad2 da-Gal4 flies
were compared with UAS-Venus-tagged RacGAP;Deficiency
mad2 da-Gal4/TM6.WemadeGFP-tagged Polo constructs in
pUASTattB-TGW, a SphI/HpaI fragment of pTGW (Drosoph-
ila gateway collection) in pUASTattB. To inactivate the kinase
domain of Polo, the mutation D166N was introduced (22).
Yeast Two-hybrid Analysis—The yeast L40 strain (MATa

his3�200 trp1-901 leu2-3112 ade2 LYS::(lexAop)4-HIS3
URA3::(lexAop)8-lacZ GAL4 gal80) and vectors pVP16 and
pNLX (23) were used to detect protein-protein interactions as
previously described (3). Interactions were tested by lacZ filter
assay according to the Breeden lab protocol. Polo kinase was
used as the bait using pNLX, and RacGAP constructs were used
as the prey using pVP16. A construct of RacGAP containing
amino acids 363–625 and the empty vector were used as nega-
tive controls. All of the regions of RacGAP tested are indicated
in Fig. 3.
Live Imaging—Third instar larval brains were dissected in a 1

to 1 ratio of Halocarbon oil 700 and Halocarbon oil 27 (Sigma)
and spread on coverslips using needles as described (24).
Venus-tagged RacGAP was imaged in Drosophila neuroblast
cells double mutant for polo mad2 every 30 s on a Zeiss Axio-
plan2 upright microscope with Semrock Brightline GFP filter
set using a 63� PlanApo (n.a. 1.4) objective.

RESULTS

Polo Kinase Co-localizes with the Centralspindlin Complex in
Cytokinesis—To investigate how Polo kinase may play its regu-
latory role at the onset of cytokinesis (10), we followed the local-
ization of Polo kinase and the centralspindlin component
RacGAP, using immunofluorescence ofDrosophila larval brain
cells. In metaphase, Polo kinase localizes to the spindle poles
(Fig. 1, A–D) and to tight bands on the DNA, whereas RacGAP
is diffusely cytoplasmic (Fig. 1, A–D). However, during ana-
phase, at the onset of cytokinesis, both proteins relocate to the
cell equator (Fig. 1,E–H), whereas Polo kinase alsomaintains its
presence at the poles. The equatorial co-localization is main-
tained during cleavage furrow ingression until the end of telo-
phase (Fig. 1, I–L).
Polo Kinase Interacts Directly with RacGAP in theCytokinesis

Initiation Complex—To test for a direct interaction between
Polo kinase and RacGAP during cytokinesis, we carried out
FRET by acceptor photobleaching (25). We have previously
shown that this technique can be used to detect molecular
interactions in situ in Drosophila brain tissue (26). FRET has
been previously shown to identify proteins that are in extremely
close proximity (�5 nm) and is highly correlated with a direct
molecular interaction (27).Drosophila brain tissues were incu-
batedwith antibodies directed against Polo kinase and RacGAP
or Pav-KLP and stained with secondary antibodies labeled with
the Cy3 andCy5 fluorophores, respectively. Upon photobleach-
ing of Cy5 (Fig. 2, compare A and B), we saw a significant
increase in the Cy3 signal (Fig. 2C) indicating FRET between

Polo Kinase Localizes Centralspindlin

28668 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 285 • NUMBER 37 • SEPTEMBER 10, 2010



the RacGAP and Polo kinase-associated fluorophores. This
interaction was apparent in cells at all stages of cytokinesis but
not atmetaphase.3We testedwhether this FRET signal was due
to cross-reactivity of the secondary antibodies by staining with
the same secondary antibodies that were used to mark Polo
kinase and RacGAP but in the absence of the primary antibody
against RacGAP. These samples showed no significant FRET
signal (Fig. 2, D–F). These results indicate that the positive
FRET signal in Fig. 2C is not due to cross-reactivity.
We then tested for a FRET signal between Polo kinase and

Pav-KLP, which has previously been shown to bind and co-
localize with RacGAP (3, 28). As expected, Pav-KLP co-local-
izes with Polo kinase (Fig. 2G), but no significant FRET was
observed between the Polo kinase and Pav-KLP-associated
fluorophores (Fig. 2, G–I). This illustrates the specificity of our
assay, in detecting the interaction between Polo kinase and
RacGAP but not the Pav-KLP component of centralspindlin
and shows that the FRET signal is not due to random juxtapo-
sition of any two proteins in the central spindle. Quantification
of the FRET results showed that the interaction between Polo
kinase and RacGAP is highly statistically significant (p� 0.001)
(Fig. 2J).
To confirm that these FRET results indicated a direct physi-

cal interaction between Polo kinase and RacGAP, we carried
out a yeast two-hybrid analysis. We found that a new region of
Polo kinase, between the kinase domain and the Polo Box
domain, here named the intermediate domain, can physically

bind a region of RacGAP between amino acids 103 and 173 of
RacGAP (Fig. 3). This region of RacGAP is adjacent to its Pebble
and Pav-KLP binding regions (3), and deletion of those binding
regions did not prevent the interactionwith Polo kinase (Fig. 3).
Targeted mutagenesis of conserved residues in the Polo bind-
ing region resulted in the loss of Polo binding (supple-
mental Fig. S1). These mutations also reduced or removed
binding to Pav-KLP, suggesting that theymay affect overall pro-
tein structure. Polo kinase binding to its targets is usuallymedi-
ated via its Polo Box domain, in a phospho-priming-dependent
manner (29). However, binding between Polo kinase and
RacGAP occurred via the intermediate region and not via the
Polo Box domain. The intermediate region is quite divergent
across taxa, but mutation of two conserved amino acids
removes RacGAP binding, as well as preventing proper local-
ization of Polo throughout mitosis (supplemental Fig. S1).
Together, these results suggest that there is a direct physical
interaction between two previously uncharacterized regions in
Polo and RacGAP and that disruption of these regions has
pleiotropic phenotypes, indicating that they are essential for
normal protein function in anaphase.
Polo Kinase Is Required for the Localization of the Central-

spindlin Complex to the Equator—To elucidate the role Polo
kinase plays in the Drosophila cytokinesis initiation complex,
we examined the behavior of RacGAP in cells deficient for Polo
kinase. Previouswork has shown that polomutant cells arrest in
metaphase because of the activation of the spindle checkpoint,
preventing analysis of cytokinesis (30). To bypass the met-
aphase arrest and look at the role of Polo kinase specifically in
cytokinesis, we generated polomad2 doublemutant flies.Mad2

3 S. Ebrahimi, H. Fraval, M. Murray, R. Saint, and S. L. Gregory, unpublished
observations.

FIGURE 1. RacGAP50C and Polo kinase co-localize during early cytokinesis. Third instar larval brain cells were imaged at the plane of the spindle poles for
Polo kinase (A, E, and I), RacGAP (B, F, and J), and DNA (C, G, and K). Merged images (D, H, and L) show Polo kinase in green, RacGAP in red, and DNA in blue. A–D, a
metaphase cell showing Polo kinase localized to the spindle poles (arrows) and to DNA at the metaphase plate (arrowhead), whereas RacGAP is diffusely
cytoplasmic. E–H, an anaphase cell, showing Polo kinase and RacGAP localized to the contractile ring (arrowheads), whereas Polo kinase is also present at the
poles. I–L, a telophase cell showing localization of both Polo kinase and RacGAP to the contracted central spindle (arrowheads), whereas Polo kinase is also at
the poles (arrows). Scale bar, 5 �m (L).
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is essential for spindle checkpoint activation (31), but Mad2-
deficient Drosophila have been shown to be viable and fertile,
with cells dividing correctly with no apparent abnormalities
(32). Removal of Mad2 therefore does not normally disrupt cell
division apart from removing the checkpoint block; specifically,
the process of cytokinesis is not affected (supplemental Fig. S3).
To confirm that removal of mad2 in polo mutant Drosophila
tissue did in fact bypass themetaphase arrest, we compared the
mitotic index of polo mad2 mutant cells with that of polo

mutants and wild type cells (Fig.
4A). We saw a strong rescue of the
mitotic arrest of polo mutants by
the mad2 mutation. To determine
whether the reduction of mitotic
cells was due to increased apoptosis
or mitosis exit, we carried out
TUNEL staining for apoptotic cells
(Fig. 4B). We found that in a mad2
mutant background, the rate of apo-
ptosis in polo mutants was reduced
close to that of wild type cells, and
progression through mitosis was
not drastically arrested (supple-
mental Fig. S2). Taken together,
these results indicate that the polo
mad2 double mutant cells are
released from metaphase arrest,
allowing us to examine the require-
ment for Polo in cytokinesis.
To investigate the role of Polo

kinase in localization of the Pav-
KLP-RacGAP centralspindlin com-
plex, we stained polo mad2 double
mutant larval brains for RacGAP or
Pav-KLP (Fig. 5). We saw a com-
plete lack of RacGAP and Pav-KLP
at the cell equator and no specific
localization at the spindle midzone
in all mutant cells (Fig. 5,D, F, J, and
L; n � 12 for RacGAP, n � 15 for
Pav-KLP) compared with the con-
trol cells (Fig. 5, C and I; n � 35 for
RacGAP, n � 33 for Pav-KLP).
However, unlike the situation in
wild type cells or mad2 mutants
(supplemental Fig. S3), in polo
mad2 double mutants, both Pav-
KLP and RacGAP were found
throughout the length of themitotic
spindle (Fig. 5,D,F, J, andL,arrows).
To further examine the localization
of RacGAP, we carried out live
imaging of polo mad2 brains ex-
pressing Venus-tagged RacGAP.
Consistent with the fixed tissue and
in contrast to wild type controls
(supplemental Movie S1), we saw
RacGAP decorating interpolar fila-

ments in dividing cells with no association with the equatorial
region or specific localization to the midzone (supple-
mental Movie S2). These results suggested that Polo was nec-
essary in the early stages of cytokinesis to ensure localization of
the centralspindlin complex.We also tested whether or not the
kinase function of Polo was necessary for this process by imag-
ing mitosis in cells expressing GFP-tagged kinase-defective
Polo. Our results were consistent with those observed for polo
loss-of-functionmutants: metaphase arrest with separated kin-

FIGURE 2. FRET analysis of Polo kinase, RacGAP, and Pav-KLP using Cy3 donor and Cy5 acceptor fluoro-
phores. Third instar larval brains were stained with anti-Polo kinase and a Cy3-labeled secondary antibody
(green; A, B, D, E, G, and H), anti-RacGAP (A and B), or anti-Pav-KLP (G and H) and a Cy5-labeled secondary
antibody (red) and Hoechst 33258 to visualize DNA (blue). A, Cy3-labeled Polo kinase and Cy5-labeled RacGAP
are localized to the cell equator (arrow) before bleaching. B, after bleaching of the acceptor tag Cy5, only the
Cy3 signal remains (arrow). C, a FRET signal is observed at the cell equator. D–F, staining as for A and B, except
that the primary anti-RacGAP antibody is not included. D, Cy3-labeled Polo kinase is present at the cell equator,
with background Cy5 staining. E, bleaching has eliminated the Cy5 signal. F, no FRET signal is observed.
G–I, Pav-KLP and Polo kinase show no FRET. G, Pav-KLP and Polo kinase both localize to the cell equator. H, only
the Polo kinase-Cy3 signal remains after bleaching of the Cy5-labeled Pav-KLP. I, no FRET signal is observed.
Scale bar, 5 �m. J, mean FRET signal for rings from the sample (n � 25), cross-reactivity control (n � 21), and
concentration control (n � 16) is shown as the mean with a 95% confidence interval. Comparisons of the means
were obtained using the nonparametric Mann-Whitney test (unpaired, two tailed) (J).
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etochores (30) (supplemental Movie S3). To get past this arrest
and to prevent any interference from endogenous Polo, we
expressed tagged kinase-defective Polo in cells depleted for
Mad2 and Polo (supplementalMovie S4). Only 4 of 23 observed
mitoses attempted anaphase in this genotype, and all of them
failed cytokinesis. The other 19 mitoses remained arrested in
metaphase. As a control we expressed tagged normal Polo in
cells depleted of Mad2 and Polo and showed that in this case
most mitoses imaged (7 of 9) progressed through cytokinesis
(supplemental Movie S5).

DISCUSSION

Polo Kinase Initiates Centralspindlin-driven Cell Cleavage—In
the absence of Polo kinase, we have found that the centralspin-
dlin complex remains associated with the microtubule spindle
but cannot translocate to the plus ends of the microtubules at
the equator and spindle midzone. This lack of normal central-
spindlin localization contrasts with previous work suggesting
that the mammalian homolog of Drosophila Polo kinase, Plk1,
is not required for the localization of centralspindlin to the
equator (8–12). In these experiments, however, chemical
inhibitors to Plk1 were not added until at least 20 min after the
release from metaphase arrest, which may have given Plk1 the
opportunity to regulate some anaphase targets. In experiments
where Plk1 activity has been removed earlier and the spindle
checkpoint silenced, the localization of centralspindlin has not
been tested (33, 34), leaving the question open. It remains pos-
sible that inmammalian cells Plk1 is not needed for centralspin-
dlin localization and that this represents a point of difference in
cell division between organisms, although to date the function
of Polo in cytokinesis has proved to be well conserved (35).
By bypassing the metaphase arrest in Polo kinase-deficient

cells, we have been able to demonstrate the need for Polo kinase
in the localization of RacGAP and Pav-KLP to the cell equator.
This is highly significant because it reveals a well characterized
mitotic kinase as a regulator of themidzone localization of cen-
tralspindlin (3, 5, 6, 36), placing Polo at the top of the regulatory
hierarchy that drives cell cleavage. It will be of considerable
interest to determine the molecular mechanism by which Polo
facilitates the movement of centralspindlin. From our data it

appears that in mutant cells even
when there are no gross defects in
the anaphase spindle (supplemental
Fig. S4), centralspindlin does not
accumulate at the ends of microtu-
bules. We hypothesize, therefore,
that the failure is in directmolecular
regulation of the complex rather
than as a result of an indirect struc-
tural defect. We have tested for the
role of the kinase domain of Polo,
but the failure of chromosome sep-
aration induced by kinase-defective
Polo is not readily bypassed even
when the spindle checkpoint is
depleted (supplemental Movie S4).
The few cells that did separate their
DNA failed cytokinesis, consistent

with our model for Polo function, although further analysis
will be required to determine whether this reflects the
requirements for Plk1 kinase activity seen in vertebrates
(12, 13). The centralspindlin localization defect we have
observed when Polo is removed as well as Mad2 may be
related to that of inactivated Pav-KLP, which similarly
remains on the spindle without localizing to the plus ends
(37). It is possible that Polo is required for the recruitment or
function of other centralspindlin regulators such as cyclin-
dependent kinases or phosphatases (38), although to date
none of these regulators has shown a similar phenotype.
ANewDomain of Polo KinaseMediates the Initial Formation

of the Cytokinesis Initiation Complex—Our studies provide evi-
dence for a direct interaction betweenRacGAPandPolo kinase.
RacGAP has previously been shown to bind a number of other
proteins in cytokinesis such as Anillin (26), Pebble, and Pav-
KLP (3). This is consistent with the important function we have
shown for RacGAP in the localization and anchoring of pro-
teins at the contractile ring early in cytokinesis (28). Recent
efforts to identify Plk1 interactors by immunoprecipitation
have had mixed results; some have been able to pull down a
little RacGAP1 by UV cross-linking the Ect2 complex (12),
whereas we3 and others did not find appreciable amounts by
conventional immunoprecipitation (13). Our yeast two-hybrid
interaction assay, in conjunction with our FRET data, not only
makes it clear that that Polo kinase and RacGAP do in fact bind
directly but also that they interact in anaphase at a time when
cytokinesis initiates. We speculate that the difficulty in detect-
ing this by immunoprecipitation is primarily a technical one,
because immunohistochemistry shows most of Plk1 co-local-
ized with centralspindlin at anaphase (12) in agreement with
our results and others (39) in Drosophila. The interaction we
have detected occurs via a new domain of Polo kinase with no
previously known function. It will therefore be interesting to
investigatewhether this domain is also required for events prior
to cytokinesis or whether it confers cytokinesis-specific func-
tions on Polo; our mutagenesis of the region suggests the for-
mer (supplemental Fig. S1). Previous studies have focused on
Polo binding via the Polo Box domains and have identified sev-
eral metaphase targets such as Vimentin, INCENP, and Cdc25

FIGURE 3. Yeast two-hybrid analysis of the RacGAP and Polo kinase interaction. RacGAP constructs in
pVP16 vector (prey) were tested against the intermediate region (amino acids 276 –391) of Polo kinase (bait).
RacGAP constructs containing amino acids 1– 47, 1–103, and 363– 625 do not show any interaction with Polo
kinase, whereas RacGAP constructs including amino acids 103–173 show strong interaction. The interaction is
not prevented by removal of the Pav-KLP (amino acids 11– 47) or Pebble (amino acids 66 –102) binding
domains in RacGAP.
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phospho-primed by themitotic kinase cyclin-dependent kinase
1/cyclin B (29, 40–42). Because the Polo-RacGAP interaction is
not via the Polo Box regions, the possibility exists that it is not
phospho-dependent, whichmight be better suited tomaintain-
ing interaction through anaphase, when the kinase cyclin-de-
pendent kinase 1/cyclin B has been degraded by theAPC/C (43,

44). In summary, the evidence presented here shows that Polo
kinase binds RacGAP, a component of the cytokinesis initiation
complex, and that it functions upstream of Pav-KLP and
RacGAP localization, an event that must occur immediately
after the onset of anaphase as a critical step in the cascade of
regulatory events leading to cytokinesis.
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