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Background: The protein kinase Plk1 plays a crucial role in mitotic spindle pole integrity.
Results: Furry binds to Plk1 and Aurora A and promotes Aurora A-mediated Plk1 activation.
Conclusion: Furry specifies the spatiotemporal regulation of Plk1 at centrosomes in early mitosis.
Significance: Our data indicate a new mechanism of the regulation of Plk1 activity and bipolar spindle organization during
mitosis.

Bipolar mitotic spindle organization is fundamental to faith-
ful chromosome segregation. Furry (Fry) is an evolutionarily
conserved protein implicated in cell division and morphology.
In human cells, Fry localizes to centrosomes and spindle micro-
tubules in early mitosis, and depletion of Fry causes multipolar
spindle formation. However, it remains unknown how Fry con-
trols bipolar spindle organization. This study demonstrates that
Fry binds to polo-like kinase 1 (Plk1) through the polo-box
domain of Plk1 in amanner dependent on the cyclin-dependent
kinase 1-mediated Fry phosphorylation at Thr-2516. Fry also
binds to Aurora A and promotes Plk1 activity by binding to the
polo-box domain of Plk1 and by facilitating Aurora A-mediated
Plk1 phosphorylation at Thr-210. Depletion of Fry causes cen-
trosome and centriole splitting in mitotic spindles and reduces
the kinase activity of Plk1 in mitotic cells and the accumulation
of Thr-210-phosphorylated Plk1 at the spindle poles. Our
results suggest that Fry plays a crucial role in the structural
integrity ofmitotic centrosomes and in themaintenance of spin-
dle bipolarity by promoting Plk1 activity at the spindle poles in
early mitosis.

The bipolarity of mitotic spindles is essential for ensuring
accurate chromosome segregation into two daughter cells and
genomic stability during mitosis in eukaryotic cells. Centro-
somes play a fundamental role in the formation of bipolar spin-
dles. Centrosome abnormalities result in the failure of bipolar
spindle organization, which leads to chromosome segregation
errors and genomic instability and potentially contributes to
the generation of aneuploidy and tumorigenesis (1, 2).
Centrosomes are the principal microtubule (MT)2-organiz-

ing centers, consisting of a pair of centrioles surrounded by
pericentriolar material in which �-tubulin ring complexes
function as the major MT nucleation cores (3). To generate

mitotic spindles, the single centrosome in G1 phase is dupli-
cated in S phase. The duplicate centrosomes subsequently
mature by recruiting additional PCMs, separate and move to
opposite sites in the cell from G2 phase to prophase. After the
onset of nuclear envelope breakdown,MTs emanating from the
two diametrically opposed centrosomes capture the paired sis-
ter chromosomes via their kinetochores in prometaphase and
align them in the center of the bipolar spindles at metaphase.
Failure of centrosome duplication, maturation, or separation
results in monopolar spindle formation. Because centrosomes
at spindle poles are subjected to MT-mediated mechanical
forces, they must be strengthened to resist these forces and
maintain spindle bipolarity (4). Loss of centrosome structural
integrity causes centrosome fragmentation and consequent
multipolar spindle formation. Thus, strict control of centro-
some structural integrity and function is essential for bipolar
spindle organization.
Polo-like kinase 1 (Plk1) is a key regulator of cell division that

functions in multiple stages of mitosis, including mitotic entry,
centrosome maturation and separation, spindle pole integrity,
kinetochore attachment, and cytokinesis (5–7). Plk1 localizes
to centrosomes from late G2 to metaphase, and loss of Plk1
function often induces spindle pole fragmentation and multi-
polar spindle formation, implicating Plk1 in spindle pole integ-
rity (8–11). Previous studies showed that Plk1 contributes to
the integrity of centrosomes and centrioles by phosphorylating
Kizuna, which stabilizes focused spindle poles (12), and Sgo1,
which protects against premature centriole disengagement
(13). Plk1 consists of an N-terminal kinase domain and a C-ter-
minal Polo-box domain (PBD). Plk1 is activated by the Aurora
A-catalyzed phosphorylation of Thr-210 in the kinase domain
(14, 15). The PBD regulates the kinase activity and localization
of Plk1bybinding to the specific peptidemotif that is phosphor-
ylated by priming kinases, such as cyclin-dependent kinase 1
(Cdk1) (16, 17). However, the exact mechanism that regulates
Plk1 activity and localization in each phase of the cell cycle has
not yet been elucidated.
Furry (Fry) is an evolutionarily conserved protein in

eukaryotes, with a high molecular mass (�300 kDa) with
HEAT/Armadillo-like repeats near the N terminus (18). Fry in
Drosophila and it orthologs (Sax-2 in nematode, Tao3p in bud-
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ding yeast, andMor2p in fission yeast) genetically interact with
members of the NDR family of Ser/Thr kinases (termed Trc in
fruit fly, Sax-1 in nematode, Cbk1p in budding yeast, andOrb6p
in fission yeast). These proteins are implicated in the regulation
of cell division, cell morphogenesis, neurite outgrowth, and
dendrite tiling (19, 20). We have shown that mammalian Fry is
an MT-binding protein, localizing to centrosomes and spindle
MTs in early mitosis, and that Fry binds to and activates NDR1
kinase (21). Depletion of Fry causes chromosomemisalignment
and spindle deformation in humanmitotic cells, suggesting that
Fry regulates chromosome alignment and bipolar spindle for-
mation inmitosis (21). However, the mechanisms by which Fry
controls these events remain unknown. In this study, we inves-
tigated how Fry controls bipolar spindle organization and show
evidence that Fry regulates centrosome and centriole integrity
by promoting Plk1 activity on centrosomes in early mitosis.

EXPERIMENTAL PROCEDURES

PlasmidConstruction—The cDNAcoding formouse Frywas
cloned as described previously (21). The cDNAs for Cdk1 and
Plk1 were PCR-amplified from a human brain cDNA library.
The cDNA for human Aurora A was provided by Y. Terada
(Waseda University, Japan). These cDNAswere subcloned into
the FPC1-Myc, FPC1-HA, pEGFP-C1, pEYFP-C1, pECFP-C1
(Clontech), pGEX (GE Healthcare), and pcDNA3.1/Myc�His
(Invitrogen) expression vectors. The cDNA plasmids express-
ing the Fry- and Plk1-truncated mutants were constructed by
PCR amplification and subcloned into expression vectors.
The cDNAs for the point mutants Fry-IV(T2516A), Fry-
IV(T2516E), Plk1(D194A), Plk1(S137D/T210D), Cdk1(D146N), and
Aurora A(K162R) were constructed using the QuikChange site-
directed mutagenesis kit (Stratagene). For protein expression
in the baculovirus system, cDNAs coding for GST- or
(Myc�His)-tagged proteins were subcloned into a pFastBac1
vector (Invitrogen).
RNA Interference—The Stealth siRNA sequence used for tar-

geting human Fry was 5�-UUUACUUCCCGGAGCAGGAAG-
UUGG-3� (Invitrogen). Stealth RNAi negative control (Invitro-
gen) was used as control siRNA.
Reagents and Antibodies—Nocodazole (Sigma), DAPI

(Sigma), MG132 (Sigma), TO-PRO-3 (Molecular Probes),
BI-2536 (AxonMedchem), purvalanol A (Calbiochem), stauro-
sporine (Merck), and MLN8237 (Selleck Chemicals) were pur-
chased. Rabbit polyclonal antibodies specific to human Fry
were raised against the C-terminal peptide (21). Other antibod-
ies were purchased as follows: Myc (9E10, Roche), HA (3F10,
Roche), GFP (Molecular Probes), Plk1 (Invitrogen), Plk1-
pT210 and cyclin B1 (BD Biosciences), MPM2 (Upstate), �-tu-
bulin (Sigma), �-tubulin (Sigma), pericentrin (Covance), and
centrin (Sigma).
Cell Culture, Transfection, and Synchronization—HeLa and

293T cells were cultured in DMEM supplemented with 10%
FCS. Cells were transfected with expression plasmids using
Lipofectamine-2000 (Invitrogen) or FuGENE6 (Promega). The
siRNAwas transfected with RNAiMAX (Invitrogen) in serum-
free medium. To examine the effect of Fry siRNA on spindle
formation, HeLa cells transfected with 20 nM siRNA were cul-
tured in DMEM for 12 h and in 2 mM thymidine-containing

medium for 24 h, released from thymidine block for 10–12 h,
and then fixed and stained. To inhibit Aurora A, 100 nM
MNL8237was addedwith 10�MMG132 for 2 h before fixation.
Tomeasure Plk1 activity inmitosis, HeLa cells transfected with
siRNAs were cultured in DMEM for 12 h and in thymidine-
containing medium for 36 h and then synchronized in early
mitotic phase by 0.3 �M nocodazole for 12–14 h. Mitotic cells
were collected by the mechanical shake-off method (22). To
prepare cells in which Plk1 is inactivated during mitosis, HeLa
cells transfected with control siRNA were exposed to 300 nM
BI-2536 for 2 h before collection. For in vitro kinase assay, 293T
cells were synchronized in early mitotic phase by a single thy-
midine block for 12 h, followed by 0.3�Mnocodazole for 14–16
h, and then harvested by scraping. For purvalanol A or stauro-
sporine exposure, mitotic HeLa cells arrested with 0.3 �M

nocodazole were collected by the mechanical shake-off proce-
dure. After removal of nocodazole, mitotic cells were replated
and incubated with medium containing 25 �M purvalanol A or
10 �M staurosporine for 2 h in the presence of 10 �M MG132
(23).
Immunofluorescence Microscopy—HeLa cells grown on cov-

erslips were washed with phosphate-buffered saline and fixed
with 4% paraformaldehyde at 37 °C for 10 min. This was fol-
lowed by methanol fixation at �20 °C for 10 min or methanol
fixation alone. For centrin or Plk1 pT210 staining or Fry/Plk1
costaining, cells were washed with PHEM buffer (100 mM

PIPES (pH 6.8), 20 mM HEPES (pH 6.9), 4 M glycerol, 5 mM

EGTA, and 2 mM MgCl2) and permeabilized with 0.1% Triton
X-100 in PHEM buffer for 1 min before fixation. Coverslips
were blocked with 2% FCS or 2% bovine serum albumin in
phosphate-buffered saline for 30 min and incubated with pri-
mary antibodies for 1 h at room temperature or overnight at
4 °C and then secondary antibodies for 1 h at room tempera-
ture. Fluorescent images were obtained using a LSM510 or
LSM710 confocalmicroscope (Carl Zeiss) equippedwith a Plan
Apochromat �63 or �100 oil immersion objective lens (NA
1.4) using LSM510 software v3.2 or LSM ZEN 2009 software
(Carl Zeiss) at room temperature.
Immunoprecipitation and Immunoblotting—Immunoprecipi-

tationand immunoblot analyseswereperformedasdescribedpre-
viously (23).
Protein Purification—GST- or (Myc�His)-tagged proteins

were expressed in Sf21 cells by baculovirus (Invitrogen) and
purified as described previously (24). GST- and (Myc�His)-
tagged proteins were purified with glutathione-Sepharose (GE
Healthcare) and nickel-nitrilotriacetic acid-agarose (Qiagen),
respectively. Recombinant Fry was purified by cleaving GST-
Fry with PreScission protease (GE Healthcare).
GST Pull-downAssay—GST-tagged proteins were expressed

in Sf21 cells by baculovirus and purified with glutathione-Sep-
harose. Cell lysates were precleared with protein A-Sepharose,
and supernatants were incubated with GST-tagged proteins
bound to glutathione-Sepharose beads. After centrifugation,
the beads werewashed three times, and samples were subjected
to immunoblot analyses.
In Vitro Kinase Assay—Lysates of 293T cells expressing HA-

Cdk1, HA- or Myc-Plk1, or Myc-Aurora A were mixed with
lysates of 293T cells expressing GFP- or YFP-Fry mutants and
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immunoprecipitated. Immunoprecipitates were washed twice
with lysis buffer containing 500mMNaCl, three times with lysis
buffer containing 150 mM NaCl, and then once with kinase

buffer (21). Kinase reactions were conducted in 20 �l of kinase
buffer containing 50mMATP and 2.5�Ci [�-32P]ATP for 1 h at
30 °C. The reaction mixture was separated by SDS-PAGE and
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analyzed by autoradiography to measure 32P-labeled protein.
To measure the effect of Cdk1, HA-Cdk1 was immunoprecipi-
tated and mixed with purified Fry and (Myc�His)-Plk1(SD/
TD) and subjected to kinase reactions. Similarly, the kinase
activity of endogenous Plk1 in mitotic HeLa cells and purified
(Myc�His)-Plk1(SD/TD) was measured using 2 �g myelin
basic protein as a substrate. To measure the kinase activity of
Aurora A, YFP-Aurora A immunoprecipitated from nocoda-
zole-treated 293T cells was incubatedwith 1�g of purifiedGST
or GST-Fry-IV and subjected to kinase reactions using 1 �g of
purified (Myc�His)-Plk1(DA) or histone H3 as a substrate for
15 min at 30 °C.
Statistical Analysis—Data are presented as the means � S.E.

of triplicate experiments. p values were calculated using an
unpaired two-tailed Student’s t test in theMicrosoft Excel soft-
ware. p � 0.05 was considered to be significant.

RESULTS

Depletion of Fry Causes Chromosome Misalignment and
Multipolar Spindle Formation—We showed previously that
knockdown of Fry by shRNA causes chromosome misalign-
ment and spindle deformation in metaphase (21). To further
explore the role of Fry in spindle formation, the effect of Fry
depletion by siRNA duplex onmitotic spindle organization was
assessed in HeLa cells. Fry siRNA suppressed Fry expression
(Fig. 1A). Staining of mitotic HeLa cells with anti-�-tubulin
antibody and DAPI revealed that Fry siRNA significantly
increased the number of cells displaying chromosome misalign-
ment and multipolar spindles (cells with more than two spindle
poles) comparedwithcontrol siRNA(Fig. 1,BandC).Cell staining
with antibodies against �-tubulin and pericentrin (centrosome
marker proteins) revealed that these proteins localized to all spin-
dle poles inmultipolar spindles in Fry-depleted cells (Fig. 1D). Fry
depletion increased the number of cells possessingmore than two
�-tubulin-positive centrosomes in mitosis but not in interphase
(Fig. 1E), indicating that Fry is involved in the maintenance of
bipolar spindlepole integrity inmitosis and thatFrydepletiondoes
not trigger centrosome amplification in interphase. Fry depletion
significantly increased the number of cells with three or four�-tu-
bulin foci, whereas the number of cells with more than four foci
increased only slightly (Fig. 1F).

Centriole splitting in early mitosis can cause spindle pole
instability and multipolar spindle formation (2). To determine
whether centriole splitting is involved inmultipolar spindle for-
mation in Fry-depleted cells, the number of centrioles in each
spindle polewas counted. Immunostaining of centrin (centriole

marker) revealed that Fry depletion caused centriole splitting
(Fig. 1G). In control cells, 73% of spindle poles contained two
centrioles. In contrast, in Fry-depleted cells, the number of
spindle poles containing two centrioles decreased to 51%,
whereas the number of spindle poles containing only one cen-
triole increased to 47% (Fig. 1H). Thus, centriole splitting con-
tributes at least in part to Fry depletion-induced multipolar
spindle formation.
Fry andPlk1Colocalize to Spindle Poles in EarlyMitosis—Plk1

is known to be a mitotic kinase essential for spindle pole integ-
rity (8–12). To study the role of Fry in spindle organization, the
potential colocalization of Fry and Plk1 was assessed by immu-
nofluorescence. As reported previously, (21), Fry was distrib-
uted diffusely throughout the cytoplasm in interphase but
localized to the separating centrosomes in prophase, to the
spindle poles and spindle MTs in prometaphase to metaphase,
to spindle MTs in anaphase, and to the distal sections of the
midbody in cytokinesis (supplemental Fig. S1). Plk1 was
detected duringmitosis and localized to centrosomes frompro-
phase to metaphase, to the central spindle in anaphase, and to
the midbody in cytokinesis (supplemental Fig. S1), as reported
previously (6). Thus, Fry andPlk1 colocalized to separating cen-
trosomes and spindle poles from prophase to metaphase in
mitosis but do not colocalize in other stages of the cell cycle.
Fry Binds to the PBD of Plk1—We next examined whether

Fry binds to Plk1. When YFP-Plk1 and Fry-(Myc�His) were
coexpressed in 293T cells and the cell lysates were immuno-
precipitated with anti-Myc antibody, YFP-Plk1 coprecipi-
tated with Fry-(Myc�His) (Fig. 2A). The kinase-dead
Plk1(D194A) mutant also coprecipitated with Fry-(Myc�
His) (Fig. 2A). The interaction between Fry and Plk1 was also
assessed by GST pull-down assay.When lysates of HeLa cells
synchronized in interphase by double-thymidine block or in
early mitosis by exposure to nocodazole were incubated with
GST-Plk1 bound to glutathione-Sepharose beads, endoge-
nous Fry was pulled down with GST-Plk1 in mitotic cells but
not in interphase cells (Fig. 2B). Thus, mitotic Fry, but not
interphase Fry, has the potential to bind to Plk1. Intriguingly,
mitotic Fry showed gel mobility retardation compared with
interphase Fry (Fig. 2B, Input; see also Fig. 4A).
To map the region of Fry responsible for Plk1 binding, trun-

cated Fry-YFP mutants (Fig. 2C) were coexpressed with Myc-
Plk1 in 293T cells, and the cell lysates were immunoprecipi-
tated with anti-GFP antibody. Myc-Plk1 coprecipitated with

FIGURE 1. Depletion of Fry causes chromosome misalignment and multipolar spindle formation. A, immunoblot analysis of endogenous Fry. HeLa cells
transfected with control or Fry siRNA were cultured for 60 h, and lysates were immunoblotted (IB) with anti-Fry antibody. B, Fry depletion causes chromosome
misalignment and multipolar spindle formation. HeLa cells transfected with control or Fry siRNA were cultured for 12 h in growth medium and then for 24 h in
thymidine-containing medium. They were then released from thymidine arrest for 12 h before being fixed and stained for �-tubulin (red). DNA was stained with
DAPI (blue). Scale bar � 10 �m. The arrow indicates misaligned chromosomes. The arrowheads indicate multiple spindle poles. C, percentages of cells with
misaligned chromosomes and multipolar spindles. Data are means � S.E. of triplicate experiments (more than 100 cells were scored for each experiment). *, p �
0.05; **, p � 0.01. D, Fry depletion causes extra centrosomal foci in mitosis. HeLa cells transfected with control or Fry siRNA were synchronized as in B and stained
for �-tubulin (red) and pericentrin (green). DNA was stained with DAPI (blue). Scale bar � 10 �m. E, percentages of cells with 	 2 �-tubulin-positive foci in control
or Fry siRNA-treated HeLa cells in interphase or mitosis. F, percentages of cells with three, four, and more than four �-tubulin-positive foci in control or Fry
siRNA-treated HeLa cells in mitosis. In E and F, data are means � S.E. of triplicate experiments (more than 100 cells for each experiment). *, p � 0.05; **, p � 0.01.
G, Fry depletion causes centriole splitting. HeLa cells transfected with control or Fry siRNA were synchronized as in B. Cells were permeabilized, and then fixed
and stained for centrin (green) and �-tubulin (red). DNA was stained with DAPI (blue). Magnified images of numbered boxes are shown. Scale bars � 5 �m.
H, quantitative analysis of spindle poles with no, one, and two centrioles in control or Fry siRNA-treated HeLa cells. Data are the means � S.E. of triplicate
experiments (more than 50 cells were scored for each experiment). *, p � 0.05.
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Fry-C and Fry-IV but not with other Fry fragments (Fig. 2D). In
addition, HA-Plk1 coprecipitated with (Myc�His)-tagged full-
length Fry but not with Fry-
IV (Fig. 2,C and E). Therefore, Fry
binds to Plk1 via its C-terminal region (amino acids 2401–
3020). Plk1 often interacts with target proteins via its PBD (16,
17). Therefore, binding of Fry to the Plk1 PBD was assessed by
GSTpull-down. Lysates ofmitoticHeLa cellswere incubatedwith
GST-Plk1 or Plk1 fragments (Fig. 2F), and precipitates were
immunoblotted with anti-Fry antibody. Results showed that Fry
coprecipitated with full-length Plk1 and with the Plk1 C-terminal
fragment but not with the N-terminal fragment (Fig. 2G). Thus,
Fry binds to the C-terminal PBD-containing region of Plk1.
Cdk1-mediated Fry Phosphorylation at Thr-2516 Is Required

for Fry Binding to Plk1—The Plk1 PBD generally binds to the
sequence motif Ser-(Ser/Thr)-Pro in target proteins, depend-
ing on the phosphorylation status of the middle Ser/Thr
(underlined) residue (16, 17). Because Plk1 binds to Fry during
mitosis, we tested whether Cdk1 is involved in this interaction
by inducing the phosphorylation of Fry in its Plk1-binding
motif. In vitro kinase assays showed that Fry was phosphory-
lated by Cdk1(WT) but not by its kinase-dead mutant (KD;
D146N) (Fig. 3A). When Fry fragments were incubated with
Cdk1, Cdk1 predominantly phosphorylated the C-terminal
Fry-IV fragment (Fig. 3B). Weaker phosphorylation of Fry-YFP
or GFP-Fry-IV was also observed upon incubation with kinase-
dead Cdk1 or in the absence of Cdk1 (Fig. 3, A and B), which is
probably due to phosphorylation by other kinases coprecipi-
tated with Fry or Fry-IV fragment. When mitotic HeLa cells
were exposed to purvalanol A (a specific inhibitor of Cdk1) or
staurosporine (a general protein kinase inhibitor), Fry lost Plk1-
binding ability (Fig. 3C), further indicating that Fry binds to
Plk1 in a Cdk1 activity-dependent manner.
Mouse Fry contains the single Ser-Thr-Pro sequence (amino

acids 2515–2517) within fragment IV. To determine whether
Cdk1 phosphorylates Fry at Thr-2516 and whether this phos-
phorylation event is required for binding to Plk1, we con-
structed the Fry-IV T2516A (TA) and T2516E (TE)mutants, in
which Thr-2516 was replaced by Ala and Glu, respectively (Fig.
3D). In vitro kinase assays showed that Cdk1 phosphorylated
Fry-IV(WT) but not the TA mutant (Fig. 3E). Immunoprecipi-
tation assays demonstrated that Myc-Plk1 coprecipitated with
Fry-IV(WT) but not with the TA or TE mutant (Fig. 3F).
Together, these results indicate that the phosphorylation of Fry
at Thr-2516 by Cdk1 allows binding of Fry to the Plk1 PBD.
Plk1 Phosphorylates the C-terminal Region of Fry—When

endogenous Fry was detected by immunoblotting in HeLa cells
during mitosis and interphase, mitotic Fry showed gel mobility
retardation compared with interphase Fry (Fig. 4A). Exposure
to �-phosphatase abrogated the mobility shift of mitotic Fry
(Fig. 4B), indicating that Fry is phosphorylated in mitosis.

BecausePlk1binds toFry,weexaminedwhetherPlk1phosphor-
ylates Fry. In vitro kinase assays revealed that Plk1(WT) but not
kinase-dead Plk1(D194A) phosphorylated Fry (Fig. 4C). Plk1
effectively phosphorylated Fry-IV but not other fragments,
indicating that Plk1 predominantly phosphorylates the C-ter-
minal region (amino acids 2401–3020) of Fry (Fig. 4D).We also
tested whether Cdk1 affects the ability of Plk1 to phosphorylate
Fry. Recombinant Fry and Plk1(S137D/T210D), a constitu-
tively active form of Plk1, were expressed in Sf21 cells and puri-
fied (supplemental Fig. S2). Plk1(SD/TD) phosphorylated Fry
in the absence of Cdk1, but the phosphorylation of Fry by 0.2�g
of Plk1(SD/TD) was �2-fold higher in the presence of Cdk1
than in the absence of Cdk1 (Fig. 4E). Cdk1 alone onlymodestly
phosphorylated Fry (Fig. 4E). These results suggest that Cdk1
promotes the phosphorylation of Fry by Plk1, probably by phos-
phorylating Fry at Thr-2516 and thereby facilitating the associ-
ation of Plk1 with Fry.
Fry Depletion Reduces Plk1 Kinase Activity—The kinase

activity of Plk1 is negatively regulated by the intramolecular bind-
ing of thePBD to the kinase domain,which suggests that Plk1may
be activated by the binding of other proteins to the PBD (17).
Because Fry binds to the PBDof Plk1, we examined the possibility
that Fry promotes the kinase activity of Plk1. The effect of Fry on
the kinase activity of Plk1(SD/TD) was assessed using MBP as a
substrate: Fry increased the kinase activity of Plk1(SD/TD) in a
concentration-dependent manner (Fig. 5A).
To examinewhether endogenous Fry is involved in Plk1 activa-

tion inmitotic cells, the effect of Fry depletion on the kinase activ-
ity of endogenous Plk1 was assessed. Plk1 was immunoprecipi-
tated from lysatesofmitoticHeLacells previously transfectedwith
control or Fry siRNA. Results showed that the kinase activity of
Plk1 was lower in cells transfected with Fry siRNA than in cells
transfected with control siRNA (Fig. 5B), indicating that endoge-
nous Fry is involved in the mitotic activation of Plk1. The kinase
activity of Plk1 inmitoticHeLa cells exposed to BI-2536, a specific
inhibitor of Plk1, was used as a background control.
It is well known that Plk1 is activated by Aurora A-mediated

phosphorylation of Thr-210 in the kinase domain (14, 15).
Therefore, the level of the Thr-210-phosphorylated form of
Plk1 was analyzed by immunostaining in mitotic HeLa cells
using anti-Plk1(pT210) antibody. In cells transfected with con-
trol siRNA, the pT210 signal was detected in a pair of spindle
poles inmitosis (Fig. 5C). In contrast, the fluorescence intensity
of the pT210 signal in the spindle poles wasmarkedly decreased
in Fry-depleted cells. Exposure to MLN8237, a specific inhibi-
tor of Aurora A, also abrogated the pT210 signal in the spindle
poles. Quantitative analysis showed that the relative fluores-
cence intensity of the pT210 signal, normalized to pericentrin
signal, on spindle poles significantly decreased in Fry-depleted
cells (Fig. 5D). Furthermore, immunoblot analysis ofmitoticHeLa

FIGURE 2. Fry binds to the PBD of Plk1. A, Fry binds to Plk1. YFP-Plk1(WT or DA) and Fry-(Myc�His) were coexpressed in 293T cells. Cell lysates were
immunoprecipitated (IP) with anti-Myc antibody and analyzed by anti-Myc and anti-GFP immunoblotting (IB). B, mitotic Fry binds to Plk1. HeLa cells were
synchronized in interphase (I) by double thymidine block or in early mitotic phase (M) by nocodazole exposure. Lysates were incubated with GST or GST-Plk1-
immobilized beads, and the bound proteins were immunoblotted with anti-Fry antibody. The asterisk indicates the nonspecific band that was also detected in
the lane of GST-Plk1 beads without cell lysates. C, structure of Fry deletion mutants. D and E, mapping of the Plk1-binding region of Fry. Fry deletion mutants
and Plk1 were coexpressed in 293T cells. Lysates were immunoprecipitated with anti-GFP or anti-Myc antibody and analyzed by immunoblotting. F, structure
of Plk1 deletion mutants. G, mapping of the Fry-binding region of Plk1. Lysates of nocodazole-arrested HeLa cells were subjected to GST pull-down assays using
GST-Plk1 or Plk1 fragments. Precipitates were analyzed by immunoblotting with anti-Fry antibody.
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cell lysates with anti-Plk1(pT210) and anti-Plk1 antibodies also
showed that the level of Thr-210 phosphorylation of Plk1 was
decreased inFry-depleted cells (Fig. 5E). These results suggest that
depletion of Fry suppresses Aurora A-mediated Plk1 phosphory-
lation on Thr-210 and that endogenous Fry plays a crucial role in
themitotic activation of Plk1 on spindle poles.

Fry Binds to Aurora A and Enhances Aurora A-mediated Plk1
Phosphorylation—Because Fry appears to be involved in the
Aurora A-mediated phosphorylation of Plk1 at Thr-210, the pos-
sibility that Fry binds to Aurora A was examined. Lysates of 293T
cells cotransfected with Fry-(Myc�His) and CFP-Aurora A and
synchronized toearlymitosiswere immunoprecipitatedwithanti-

FIGURE 3. Cdk1-mediated phosphorylation of Fry at Thr-2516 is required for Fry binding to Plk1. A, Cdk1 phosphorylates Fry. 293T cells transfected with
HA-tagged Cdk1(WT or kinase-dead (KD)) were synchronized in early mitotic phase with nocodazole. Cell lysates expressing HA-Cdk1 were mixed with lysates
expressing Fry-YFP, immunoprecipitated (IP) with anti-HA and anti-GFP antibodies, and subjected to in vitro kinase assay. IB, immunoblot. B, mapping of the
Cdk1-phosphorylated region of Fry. Cell lysates expressing HA-Cdk1 (WT or KD) were mixed with lysates expressing GFP-tagged Fry fragments, immunopre-
cipitated, and subjected to in vitro kinase assay as in A. C, Fry binding to Plk1 depends on the kinase activity of Cdk1. Mitotic HeLa cells arrested with nocodazole
were collected by the mechanical shake-off method. After removal of nocodazole, cells were exposed to purvalanol A (25 �M) or staurosporine (10 �M) for 2 h
in the presence of MG132 (10 �M), and then a GST pull-down assay was performed as in Fig. 2B. D, structures of Fry-IV mutants. The asterisk indicates the
potential phosphorylation site. E, Cdk1 phosphorylates Fry-IV at Thr-2516. HA-Cdk1 (WT or KD) and GFP-Fry-IV (WT or TA) were coprecipitated with anti-HA and
anti-GFP antibodies and subjected to in vitro kinase assay. F, Fry binding to Plk1 depends on Thr-2516 phosphorylation. Myc-Plk1 and GFP-Fry-IV mutants were
coexpressed in 293T cells. Lysates were precipitated with anti-GFP antibody and analyzed by anti-Myc and anti-GFP immunoblotting.
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Myc antibody. Results showed that CFP-Aurora A coprecipitated
with Fry-(Myc�His) (Fig. 6A). GST pull-down assays revealed
that Aurora A binds to the Fry-IV fragment but not to other frag-
ments, indicating that Aurora A binds to the C-terminal (2401–
3020) region of Fry (Fig. 6B). These results indicate that Fry binds

to bothAuroraA andPlk1 andmay function as a scaffold promot-
ing the interaction between these twomitotic kinases.
The effect of Fry-IV on the kinase activity of Aurora Awas also

assessed in cell-free assays. In vitro kinase assays revealed that the
kinase activity of Aurora A toward Plk1(D194A) was 1.8-fold

FIGURE 4. Plk1 phosphorylates the C-terminal region of Fry. A, mobility shift of mitotic Fry. HeLa cell lysates synchronized in early mitosis with nocodazole
(M) or lysates from interphase cells (I) were analyzed by immunoblotting (IB). B, mitosis-specific phosphorylation of Fry. 293T cells transfected with Fry-
(Myc�His) were arrested by double-thymidine blocks (I) or thymidine-nocodazole (M). Cell lysates were immunoprecipitated (IP) with anti-Myc antibody,
exposed to �-phosphatase and analyzed as in A. C, Plk1 phosphorylates Fry. 293T cells transfected with HA-Plk1 (WT or D194A) were synchronized with
thymidine-nocodazole. Cell lysates were mixed with lysates expressing Fry-YFP, coprecipitated with anti-HA and anti-GFP antibodies, and subjected to in vitro
kinase assay. D, mapping of Plk1-phosphorylated region of Fry. HA-Plk1 and GFP-Fry fragments were coprecipitated with anti-HA and anti-GFP antibodies and
subjected to in vitro kinase assay as in C. E, Cdk1 promotes Fry phosphorylation by Plk1. Recombinant Fry was mixed with purified (Myc�His)-tagged
Plk1(S137D/T210D) and subjected to in vitro kinase assay in the presence or absence of HA-Cdk1. Histograms show the relative phosphorylation levels of Fry,
with the phosphorylation level of Fry in the absence of Cdk1 set to 1.0.
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increased by the addition of Fry-IV, whereas the kinase activity of
Aurora A toward a conventional substrate, histone H3, was
only barely increased by Fry-IV (Fig. 6C). These data suggest
that Fry functions as a scaffold that promotes Aurora A-medi-

ated Plk1 phosphorylation but not as a general activator of
Aurora A.
When Fry fragments were subjected to in vitro kinase reac-

tions with Aurora A, Fry-IV was most effectively phosphory-
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lated by Aurora A (Fig. 6D), indicating that Aurora A predom-
inantly phosphorylates the C-terminal (2401–3020) region of
Fry, as do Cdk1 and Plk1.

DISCUSSION

This study provides evidence that Fry plays a crucial role in
Plk1 activation in early mitosis. Although Fry and Plk1 dynam-
ically change their subcellular localization during the cell cycle,
they colocalize to centrosomes in early mitosis. Pull-down
assays revealed that mitotic Fry, but not interphase Fry, has the
potential to bind to Plk1. Furthermore, Fry binds to the Plk1
PBD, which requires the priming phosphorylation of Fry on
Thr-2516 by themitotic kinaseCdk1. These results suggest that
Fry interacts with Plk1 in a cell cycle-dependent manner and
that this interaction appears to be confined to the mature cen-
trosomes in the early mitotic phase.
Plk1 is activated by Aurora A-mediated phosphorylation at

Thr-210 in the kinase domain (14, 15). Fry depletion reduced
the level of Plk1 Thr-210-phosphorylation on spindle poles, as
well as the total kinase activity of Plk1 inmitotic cells, indicating
that endogenous Fry crucially contributes to Plk1 activation on
spindle poles in early mitosis. Because Fry bound to both Plk1
and Aurora A via its C-terminal region, Fry likely functions as a
scaffold protein that facilitates the interaction between Plk1
and Aurora A. Additionally, the C-terminal fragment of Fry
increased the kinase activity of Aurora A toward Plk1 by
�2-fold but had only a minor effect on the kinase activity
toward a conventional substrate, histone H3, indicating that
Fry promotes Aurora A-mediated Plk1 activation primarily by
enhancing the accessibility of Aurora A to Plk1, rather than
increasing the intrinsic kinase activity of Aurora A.
In addition to Aurora A-mediated phosphorylation, Plk1

activity is also regulated by the intramolecular interaction
between the N-terminal kinase domain and the C-terminal
PBD. The PBD of Plk1 binds to the catalytic domain to inhibit
kinase activity, and full-length Plk1 is activated by relieving the
kinase domain from this autoinhibitory interaction (16).
Although the phosphopeptide binding site of the PBD is not
involved in binding to the kinase domain, phosphopeptide
binding to the PBD induces Plk1 activation, probably by induc-
ing a conformational change that disrupts the kinase-PBD
interaction (16). Fry dose-dependently increased the kinase
activity of Plk1, and Cdk1 enhanced Plk1-mediated Fry phos-
phorylation, indicating that Cdk1-mediated Fry phosphoryla-

tion at Thr-2516 and subsequent Fry binding to the PBD pro-
motes the kinase activity of Plk1. In these experiments,
constitutively active Plk1(S137D/T210D) was used because
wild-type Plk1 that is not phosphorylated at Thr-210 displayed
little kinase activity, even in the presence of Fry. Although the
previous study showed that the kinase-PBD interactionwas dis-
rupted by Thr-210 phosphorylation (25), our results indicate
that Fry binding to the PBD further enhances the kinase activity
of Plk1 even after Thr-210 mutation to aspartate. We therefore
suggest that Aurora A-mediated Thr-210 phosphorylation is
required but not sufficient for full activation of Plk1 and that
bothAurora A-mediated phosphorylation and phosphoprotein
binding to the PBD synergistically contribute to Plk1 activation.
Fry appears to be involved in both of these activation processes.
Plk1 has diverse functions in multiple stages of the cell cycle.

One of the important questions to be solved is howPlk1 activity
is spatially and temporally regulated during mitosis. Plk1 is ini-
tially activated in late G2 and contributes to mitotic entry by
phosphorylating cell cycle regulators, including Cdc25 and
Wee1. Then, Plk1 controls centrosome maturation by phos-
phorylating centrosomal proteins, including Nedd1 and peri-
centrin (26, 27). After centrosome separation, Plk1 contributes
to centrosome and centriole integrity by phosphorylating cen-
trosomal proteins, including Kizuna, Sgo1, and ASAP (12, 13,
28). Plk1 also regulatesMT-kinetochore attachment and cleav-
age furrow ingression (6, 29). Loss of Plk1 activity induces both
monopolar and multipolar spindles, depending on the levels of
deficiency (8–11). In contrast, Fry depletion induced multipo-
lar spindles and chromosome misalignment, but not mono-
polar spindles. Because�-tubulin was recruited in all centro-
some fragments, centrosome maturation normally occurs in
Fry-depleted cells. Thus, Fry is principally involved in Plk1 acti-
vation after the onset of mitosis, but not in Plk1 activation for
centrosomematuration/separation inG2 phase. Because Plk1 is
also involved inMT-kinetochore attachment, the defect in Fry-
mediated Plk1 activation in earlymitosismay also contribute to
the chromosome misalignment induced by Fry depletion.
The initial activation of Plk1 in late G2 is induced by the

cooperative action of Aurora A and Bora, with Bora binding to
the PBD of Plk1 and promoting Aurora A-mediated Plk1 acti-
vation. Once Plk1 is activated, Bora is phosphorylated by Cdk1
and Plk1 and thereafter degraded by ubiquitin-assisted prote-
olysis at the entry into mitosis (30, 31). Thus, an additional

FIGURE 5. Fry depletion decreases the kinase activity and the Thr-210 phosphorylation level of Plk1. A, Fry increases the kinase activity of Plk1 in a
concentration-dependent manner. Purified (Myc�His)-Plk1(SD/TD) was mixed with recombinant Fry and subjected to in vitro kinase assay using MBP as a
substrate. The relative kinase activity of Plk1 is shown as the means � S.E. of triplicate experiments. IB, immunoblotting. B, Fry depletion reduces the kinase
activity of mitotic Plk1. HeLa cells transfected with siRNAs were synchronized in early mitosis with thymidine-nocodazole. Mitotic HeLa cells were collected by
the mechanical shake-off method. Endogenous Plk1 was immunoprecipitated (IP) and subjected to an in vitro kinase assay using MBP as a substrate. Mitotic
HeLa cells exposed to BI-2536 (1 �M) were used as a background control. The relative kinase activity of Plk1 is shown as the means � S.E. of triplicate
experiments. C, Fry depletion decreases the level of Thr-210 phosphorylation of Plk1 on spindle poles. HeLa cells transfected with siRNAs were cultured in
growth medium for 12 h and in thymidine-containing medium for 36 h. They were then released from thymidine arrest for 12 h before being fixed and stained
with anti-Plk1 pT210 (green) and anti-pericentrin (red) antibodies. DNA was stained with TO-PRO-3 (blue). For Aurora A inhibition, after release from thymidine
block for 10 h, HeLa cells transfected with control siRNA were incubated for 2 h in medium containing MLN8237 (100 nM) and MG132 (10 �M). Magnified images
of the white boxes are also shown. Scale bar, 5 �m. D, relative fluorescence intensity of Plk1(pT210) normalized to the intensity of pericentrin on spindle poles.
HeLa cells were treated as in C. The fluorescence intensity in a 2-�m-diameter circular region surrounding the spindle pole was measured. The relative
fluorescence intensity is shown as the means � S.E. of triplicate experiments. *, p � 0.05. E, immunoblot analysis of the level of Thr-210 phosphorylation of Plk1.
HeLa cells transfected with siRNAs were synchronized at early mitotic phase with thymidine-nocodazole treatment and collected by the mechanical shake-off
procedure. Cell lysates were analyzed by immunoblotting with indicated antibodies. The relative intensity of Plk1(pT210) immunoblot normalized to the
intensity of Plk1 is shown as the means � S.E. of triplicate experiments. *, p � 0.05.
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mechanism is required to maintain Plk1 activity on centro-
somes after mitotic entry. Because Fry binds to and activates
Plk1 on spindle poles in early mitosis, Fry appears to play an

indispensable role for maintaining Plk1 activity after Bora deg-
radation in early mitosis. Studies on the effects of Fry depletion
on the phosphorylation and function of a variety of Plk1 target

FIGURE 6. Fry binds to Aurora A and promotes Aurora A-mediated Plk1 activation. A, Fry binds to Aurora A. HeLa cells were cotransfected with Fry-(Myc�His) and
CFP-Aurora A and synchronized in early mitosis with thymidine-nocodazole. Cell lysates were immunoprecipitated (IP) with anti-Myc antibody and analyzed by
immunoblotting (IB). B, Fry binds to Aurora A through the C-terminal region. Cell lysates expressing CFP-Aurora A were subjected to GST pull-down assays using
GST-Fry fragments. Precipitates were analyzed by anti-GFP immunoblotting. C, Fry-IV enhances Aurora A-mediated Plk1 phosphorylation. 293T cells were transfected
with YFP-Aurora A and synchronized in early mitosis with nocodazole. YFP-Aurora A was immunoprecipitated with anti-GFP antibody and subjected to in vitro kinase
assays using an equal amount (1 �g) of purified (Myc�His)-Plk1(DA) or histone H3 as a substrate in the presence or absence of GST-Fry-IV. Histograms indicate the
relative kinase activity of Aurora A toward Plk1(DA) or histone H3 with the Aurora A activity in the absence of GST-Fry-IV set to 1.0. Data are the means�S.E. of triplicate
experiments. *, p � 0.05. D, Aurora A phosphorylates the C-terminal region of Fry. 293T cell lysates transfected with Myc-Aurora A (WT or K162R) were mixed with
lysates expressing GFP-Fry fragments, coprecipitated with anti-Myc and anti-GFP antibodies, and then subjected to in vitro kinase assay.
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proteins will further clarify the role of Fry-mediated Plk1 acti-
vation in the control of bipolar spindle organization in early
mitosis.
We previously showed that Fry is a MT-binding protein

localized to centrosomes and spindleMTs in earlymitosis but is
distributed diffusely in the cytoplasm in interphase (21). How-
ever, how Fry localization is controlled during the cell cycle
remains unknown.We have data that show that Fry-
IV local-
izes to MTs in both interphase and mitosis (data not shown),
suggesting that theN-terminal region of Fry has the potential to
bind to MTs but that its MT-binding ability may be masked by
intramolecular interactions in interphase. In this respect, we
showed that the C-terminal region of Fry is phosphorylated by
mitotic kinases Cdk1, Plk1, and Aurora A. Thus, it is conceiva-
ble thatmitotic kinases-catalyzed phosphorylation of theC-ter-
minal region of Fry may change the conformation of Fry to
relieve the MT-binding ability of the N-terminal region and
induce mitosis-specific localization of Fry to centrosomes and
spindle MTs.
We provide evidence that Fry plays a crucial role in spindle

pole integrity by promoting Plk1 activity on centrosomes in
early mitosis. Our data propose a newmechanism of cell cycle-
dependent regulation of Plk1 activity. Further studies on the
molecularmechanismunderlying Fry-mediated Plk1 activation
and its role in mitotic centrosome and centriole integrity will
provide insights into the mechanisms of the establishment of
mitotic spindle bipolarity.
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