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Introduction

The endocytic system plays a central role in sorting and dis-
tributing internalized cargoes within the endocytic vesicles.1,2 
The internalized cargoes are carried into early endosomes and 
then recycled back to the plasma membrane or transferred to 
the late endosome–lysosome pathway to be degraded.1,2 During 
interphase, early endosomes constitutively undergo heterotypic 
and homotypic fusion with incoming vesicles, which consti-
tutes the endocytic system. In mitosis the fusion of the endo-
cytic vesicles is transiently inhibited,3 and this fusion inhibition 
is rescinded at the onset of telophase, at which time endosomal 
vesicles travel toward the midbody to insert membrane at the 
cytokinesis furrow.4-7 The regulatory mechanisms for the inhibi-
tion of endocytic vesicle fusion in mitosis are largely unknown. It 
is known, nonetheless, that endocytic vesicle fusion depends on 
the activity of a small GTPase Rab5 and its effector protein, early 
endosomal antigen 1 (EEA1).1,2,8 EEA1 also associates with phos-
phatidylinositol-3-phosphate (PtdIns3P) through the C-terminal 
FYVE domain, which enhances the recruitment of EEA1 to 
early endosomes.1,2,9 An early paper using a cell-free fusion assay 
with Xenopus mitotic extracts found a requirement for cyclin-
dependent kinase 1 (Cdk1) in the fusion inhibition in mitosis.3 
In addition, RN-tre, a GTPase-activating protein for Rab5, 
is phosphorylated by Cdk1 in vitro, and this phosphorylation 
increases the GAP activity of RN-tre toward Rab5 in mitosis.10 It 

has also been reported that the class III phosphoinositide kinase 
Vps34, which produces PtdIns3P on early endosomes,1,2,11 is 
phosphorylated by Cdk1 in mitosis, and this phosphorylation 
negatively regulates its kinase activity by blocking the interaction 
between Vps34 and its regulatory protein Beclin.12 Therefore, 
Cdk1 appears to be a central regulator for fusion inhibition in 
mitosis. However, direct evidence for the requirement of RN-tre, 
Rab5, and Vps34 for fusion inhibition during mitosis is lacking. 
Moreover, the involvement of other mitotic regulators in this 
mechanism has not been investigated.

In this study, we have found that Polo-like kinase (Plk) 1, a 
serine–threonine kinase that regulates multiple aspects of mito-
sis, including centrosome maturation, spindle assembly, Golgi 
fragmentation, and cytokinesis,13-17 plays an essential role in the 
inhibition of vesicle fusion during mitosis. We have identified a 
substrate of Plk1 in this mechanism and propose its role in vesicle 
trafficking after anaphase onset.

Results

To gain insight into the function of Plk1 in endosome dynam-
ics during mitosis, we first measured the volume of early endo-
somes in HeLa cells synchronized in M phase. We found that 
depletion of Plk1 by either of 2 different siRNAs induced the 
enlargement of early endosomes, which were quantified by mea-
suring the volume of EEA1-positive vesicles (Fig.  1A–C). The 

*Correspondence to: Fumiko Toyoshima; Email: ftoyoshi@virus.kyoto-u.ac.jp; Yasushi Ishihama; Email: yishiham@pharm.kyoto-u.ac.jp
Submitted: 08/02/2013; Revised: 10/18/2013; Accepted: 10/18/2013
http://dx.doi.org/10.4161/cc.26866

Inhibition of endocytic vesicle fusion  
by Plk1-mediated phosphorylation  

of vimentin during mitosis
Keisuke Ikawa1,2, Ayaka Satou3, Mitsuko Fukuhara1,2, Shigeru Matsumura1,2, Naoyuki Sugiyama3, Hidemasa Goto4, Mitsunori 

Fukuda5, Masaki Inagaki4, Yasushi Ishihama3,*, and Fumiko Toyoshima1,2,*

1Department of Cell Biology; Institute for Virus Research; Kyoto University; Sakyo-ku, Kyoto, Japan; 2Department of Mammalian Regulatory Network; Graduate School 
of Biostudies; Kyoto University; Sakyo-ku, Kyoto, Japan; 3Department of Molecular & Cellular BioAnalysis; Graduate School of Pharmaceutical Sciences; Kyoto University; 

Sakyo-ku, Kyoto, Japan; 4Division of Biochemistry; Aichi Cancer Center Research Institute; Chikusa-ku, Nagoya, Japan; 5Department of Developmental Biology and 
Neurosciences; Graduate School of Life Sciences; Tohoku University; Sendai, Miyagi, Japan

Keywords: endosome, mitosis, Plk1, vesicle fusion, vimentin

Endocytic vesicle fusion is inhibited during mitosis, but the molecular pathways that mediate the inhibition remain 
unclear. Here we uncovered an essential role of Polo-like kinase 1 (Plk1) in this mechanism. Phosphoproteomic analysis 
revealed that Plk1 phosphorylates the intermediate filament protein vimentin on Ser459, which is dispensable for its fila-
ment formation but is necessary for the inhibition of endocytic vesicle fusion in mitosis. Furthermore, this mechanism is 
required for integrin trafficking toward the cleavage furrow during cytokinesis. Our results thus identify a novel mecha-
nism for fusion inhibition in mitosis and implicate its role in vesicle trafficking after anaphase onset.



©
20

14
 L

an
de

s 
B

io
sc

ie
nc

e.
 D

o 
no

t d
is

tri
bu

te
.

www.landesbioscience.com	 Cell Cycle	 127

 Report Report

expression level of EEA1 protein was not changed by the Plk1 
depletion (Fig. S1A), excluding the possibility that the enlarge-
ment of EEA1-positive vesicles resulted from the increase in the 
expression level of EEA1 proteins. The Plk1 depletion-induced 
enlargement of early endosomes in M-phase cells was rescued 
by the expression of GFP-tagged mouse Plk1, which is resistant 
to the human Plk1 siRNA (Fig. 1D and E). In addition, treat-
ment of the cells with the Plk1 kinase inhibitor BI2536 induced 
a similar phenotype in M-phase cells (Fig. S1B). Importantly, 
BI2536 treatment or Plk1 depletion did not induce the enlarge-
ment of early endosomes in S phase-arrested cells (Fig. S1C), nor 
did it induce the enlargement of late endosomes in M-phase cells, 
which were quantified by measuring the volume of CIMPR-
positive vesicles (Fig.S1D and E). These results suggest that Plk1 
regulates early endosome dynamics during mitosis.

A previous study reported that fusion of endocytic vesicles 
results in the enlargement of early endosomes.18 We therefore 
hypothesized that depletion of Plk1 might cause abnormal endo-
cytic vesicle fusion in mitosis, which would explain the enlarge-
ment of early endosomes. To analyze the fusion of endocytic 
vesicles in cells, cells arrested in M phase or in S phase (inter-
phase) were incubated with Alexa647-labeled EGF for 5 min to 
internalize the labeled EGF, washed with acid buffer, followed 
by incubation with Alexa555-labeled EGF for 5 min, washed 
with culture medium, and then incubated for an additional 5 
min to allow for the fusion of endocytic vesicles (Fig.  1F). In 
control experiments, we confirmed that the internalized labeled 
EGF resided within the early endosomes, but it was not closely 
associated with the endosomal membrane in interphase cells that 
ectopically expressed an active form of Rab5A (Rab5CA), which 
localized on the endosomal membrane (Fig. S2A). Therefore, 
if the endocytic vesicles were to undergo endosome fusion, the 
volume of the vesicles with merged signals of Alexa647 and 
Alexa555 would increase. To define the endocytic vesicles that 
underwent endosome fusion, we measured the volume of each 
vesicle that displayed merged signals of Alexa647 and Alexa555. 
In interphase cells, the volume of the vesicles with merged signals 
was larger than 200 voxel in more than 25% vesicles in the con-
trol cells, whereas the volumes of all vesicles in the cells depleted 
with NSF and α-SNAP, the essential regulators for endosome 
fusion,19,20 fell within 200 voxel (Fig. S2B and C). Thus, we 
judged a vesicle with merged signals as an endocytic vesicle that 
underwent endosome fusion when the volume of the merged sig-
nals was larger than 200 voxel.

Using this system, we analyzed endocytic vesicle fusion in 
M-phase cells. We often observed large vesicles with merged 
signals in the Plk1-depleted cells when compared with that in 
control cells (Fig. 1G upper; histogram). The frequency of endo-
somal fusion was significantly increased in the Plk1-depleted cells 
when compared with that in control cells (Fig. 1G, bottom inset). 
It should be noted that in control M-phase cells, the vesicles with 
Alexa647-EGF were often adhered to the vesicles with Alexa555-
EGF (Fig. 1G, upper left) as in the interphase cells depleted with 
NSF and α-SNAP (Fig. S2C), suggesting that endosome dock-
ing seems to occur during mitosis. Depletion of Plk1 did not alter 
the frequency of endosome docking, which can be quantified by 

the ratio (%) of vesicles with merged signals to the number of 
Alexa555-positive vesicles (Fig.  1H). Time-lapse images of the 
M phase-arrested cells which were incubated sequentially with 
Alexa488-EGF and Alexa555-EGF showed that the endocytic 
vesicles were attached to each other but rarely underwent vesicle 
fusion in control cells, but abnormally fused to each other in the 
Plk1-depleted cells (Fig. 1I; Videos S1 and 2). These results dem-
onstrate that inhibition of endocytic vesicle fusion during mitosis 
is mediated by Plk1.

In order to identify Plk1 substrates that are involved in the 
inhibition of endocytic vesicle fusion in mitosis, we purified 
the early endosome fraction from M phase-arrested HeLa cells 
by sucrose gradient centrifugation (Fig.  2A). First, to confirm 
that Plk1 target proteins were indeed present in the early endo-
some fraction, we performed an in vitro kinase assay using puri-
fied recombinant Plk1 proteins and [γ-32P] ATP. We detected 
radiolabeled proteins that were phosphorylated by recombi-
nant wild-type (WT) Plk1, but not by kinase-dead (KD) Plk1 
(Fig. 2B). Then, to identify the Plk1 substrates, the early endo-
some fraction was dephosphorylated, incubated with WT-Plk1 
or KD-Plk1, and then digested with trypsin. The tryptic digests 
from WT-Plk1 or KD-Plk1 treatment were labeled with13CD

2
O 

(heavy label) or CH
2
O (light label), respectively,21,22 and were 

mixed. After desalting, the labeled peptides were subjected to a 
titanium dioxide (TiO2)-based phosphopeptide enrichment, fol-
lowed by nano-scale liquid chromatography-tandem mass spec-
trometry (nanoLC-MS/MS). We identified 40 heavy-labeled 
phosphopeptides whose peak area was more than twice the size of 
the light-labeled ones (TableS1). Among them, Ser459 of vimen-
tin has been previously reported to be phosphorylated in mitotic 
cells.23 In addition, this residue is conserved in several vertebrate 
species (Fig. 2C). The MS signal for the phosphopeptide, includ-
ing Ser459 of vimentin, was easily detected in the sample that had 
been incubated with WT-Plk1 but hardly detected in the sample 
with KD-Plk1 (Fig.  2D; Fig.  S3A). In addition, recombinant 
WT-Plk1, but not KD-Plk1, efficiently phosphorylated purified 
vimentin (Fig. 2E) on Ser 459 in an in vitro kinase assay (Fig. 2F; 
Fig. S3B). Furthermore, quantitative nanoLC-MS/MS analy-
sis of the vimentin-derived phosphopeptide (pS459) revealed 
that the vimentin phosphorylation on Ser 459 was significantly 
upregulated in the M-phase arrested cells, compared with the 
BI2536-treated, M phase-arrested cells (Fig.  2G; Fig.  S3C) or 
the G/S phase-arrested cells (Fig. 2H; Fig. S3C). These results 
demonstrate that Plk1 directly phosphorylates vimentin on Ser 
459 during mitosis.

Next, we examined whether the phosphorylation of vimentin 
on Ser459 is required for the inhibition of endocytic vesicle fusion 
in mitosis. Depletion of vimentin by RNAi induced the enlarge-
ment of early endosomes in M-phase cells (Fig. 3A and B), but 
not in S phase cells (Fig. S4A and B). In addition, the frequency 
of endocytic vesicle fusion was significantly increased in the 
vimentin-depleted cells, when compared with that in control cells 
(Fig.  3C and D; Luci si+GFP vs. Vim si+GFP). Introduction 
of GFP-tagged WT-mouse vimentin, which is resistant to the 
human vimentin siRNA, or GFP-tagged S459E-mouse vimentin, 
a phosphomimic mutated form of vimentin in which Ser459 was 
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replaced by Glu, suppressed the abnormal vesicle fusion during 
M phase in the vimentin-depleted cells (Fig. 3C–F), but GFP-
tagged S459A-mouse vimentin, a non-phosphorylatable form of 
vimentin in which Ser459 was replaced by Ala, did not (Fig. 3C 
and D). Importantly, the Plk1 depletion-induced abnormal 
vesicle fusion during M phase was significantly suppressed by 
the introduction of GFP-tagged S459E-mouse vimentin in the 
vimentin-depleted cells, but not by GFP-tagged S459A-mouse 
vimentin (Fig.  3G and H), indicating that the abnormal vesi-
cle fusion caused by the Plk1 depletion depends on the failure 
of vimentin phosophorylation on Ser459. Like the Plk1 deple-
tion, vimentin depletion did not alter the frequency of endosome 
docking in the presence or absence of GFP-tagged WT, S459A, 
or S459E mouse vimentin (Fig. S4C–E). These results demon-
strate that Plk1-mediated phosphorylation of vimentin on Ser459 
is required for the inhibition of endocytic vesicle fusion in mito-
sis. It was previously shown that Plk1 phosphorylates vimentin 
on Ser82,16,24 and this phosphorylation promotes vimentin fila-
ment segregation.16 However, ectopically expressed GFP-tagged 
S459A-mouse vimentin could still form filament structures 
in vimentin-depleted interphase cells similarly to GFP-tagged 
WT-mouse vimentin (Fig. S4F). Therefore, phosphorylation 
of vimentin on Ser459 promotes the inhibition of the endocytic 
vesicle fusion during mitosis without altering the polymerization 
or filament formation activity of vimentin proteins.

Then, what will happen to the cargos, if the endocytic vesicles 
are abnormally fused to each other during mitosis? To address 
this issue, we examined integrin trafficking during cell divi-
sion. Interestingly, we found that, during metaphase, β1-integrin 
vesicles were associated with both GFP-Rab5A and GFP-Rab21 
in control cells, but merely associated with GFP-Rab21 in the 
vimentin-depleted cells (Fig. 4A and B) or in cells treated with 
BI2536 (Fig. S5A), although the association of GFP-Rab5A to 
the β1-integrin vesicles was still observed in these cells (Fig. 4A). 
It has been recently reported that integrins are transported to the 
cleavage furrow through Rab21-dependent vesicle trafficking.5 
We therefore investigated the role of Plk1-mediated phosphor-
ylation of vimentin Ser459 in integrin trafficking during ana/
telophase. Time-lapse images of cells incubated with Alexa546-
labeled–anti-β1-integrin antibodies, and following the endocyto-
sis of the labeled antibodies, showed that internalized antibodies 
accumulated at the cleavage furrow during anaphase and became 
concentrated at the ingressing cleavage furrow during telophase 

in control cells, as reported previously,5 whereas they hardly accu-
mulated at the cleavage furrow during ana/telophase in the vimen-
tin-depleted cells (Fig. 4C). The intensity of β1-integrin signals 
at the cleavage furrow in telophase cells was significantly reduced 
in the vimentin-depleted cells when compared with that in con-
trol cells (Fig. 4D and E; Fig. S5B). The reduction of β1-integrin 
signals at the cleavage furrow in the vimentin-depleted cells was 
rescued by expression of GFP-tagged WT-mouse vimentin, but 
not by GFP-tagged S459A-mouse vimentin in these cells (Fig. 4D 
and E; Fig. S5B). β1-integrins accumulated at the cleavage fur-
row in more than 70% of the control telophase cells, but in less 
than 20% of the vimentin-depleted telophase cells (Fig.  4F). 
Expression of GFP-tagged WT-mouse vimentin, but not GFP-
tagged S459A-mouse vimentin, again restored the accumulation 
of β1-integrins at the cleavage furrow in the vimentin-depleted 
telophase cells (Fig.  4F). The previous report has shown that 
the failure in β1-integrin trafficking toward the cleavage furrow 
causes defects in cytokinesis.5 Consistent with the report and our 
results showing the defects in β1-integrin trafficking toward the 
cleavage furrow in the vimentin-depleted cells (Fig. 4C–F), the 
population of multinucleated cells was increased in the vimen-
tin-depleted cells when compared with that in control cells 
(Fig.  4G). Expression of GFP-tagged WT-mouse vimentin or 
GFP-tagged S459E-mouse vimentin, but not GFP-tagged S459A-
mouse vimentin, suppressed the appearance of multinucleated 
cells in the vimentin-depleted cells (Fig. 4G). Therefore, Plk1-
mediated phosphorylation of vimentin on Ser459 is required for 
β1-integrin trafficking toward the cleavage furrow to promote 
successful cytokinesis. We infer that inhibition of endocytic vesi-
cle fusion by the Plk1-vimentin pathway may be a prerequisite for 
loading Rab21 to the integrin vesicles during metaphase, which 
ensures the integrin trafficking toward the cleavage furrow after 
anaphase onset.

Discussion

This study identified the Plk1–vimentin pathway for a novel 
mechanism for the inhibition of endocytic vesicle fusion in mito-
sis. Endocytic vesicle fusion requires the activity of Rab5 and its 
target EEA1.1,2,8,9 Thus, Plk1 might inhibit Rab5-EEA1 path-
way during mitosis. However, GFP-Rab5A signals were detected 
on the endocytic β1-integrin vesicles in both control cells and 
vimentin-depleted cells (Fig. 4A). In addition, Plk1-depletion did 

Figure 1 (See opposite page). Plk1 is required for the inhibition of endocytic vesicle fusion in mitosis. (A) Western blot analysis for the expression of 
Plk1 and control α-tubulin in M-phase synchronized cells transfected with the indicated siRNAs. (B) Images of EEA1 in M-phase cells treated as in (A). 
(C) 3D construction images of EEA1 in the cells in (B) (upper). Distribution (histogram; n = 30) and the average (inset; mean ± s.e.m. from 3 different 
experiments; n = 30/experiment) of the volumes of the EEA1-positive vesicles are shown in the lower part of the panel. **P < 0.01, analyzed by Dunnett 
multiple-comparison test. One voxel represents 0.00027 μm3. (D) Western blot analysis of Plk1, GFP-mouse Plk1, and α-tubulin from M-phase synchro-
nized cells transfected with the indicated siRNAs together with the indicated plasmids. (E) The relative volume of the EEA1-positive vesicles in the cells 
treated as in (D). *P < 0.05, analyzed by t test. (F) Flow diagram of the in-cell fusion assay. (G) The in-cell fusion assay in M-phase cells. M phase-arrested 
cells transfected with the indicated siRNAs were incubated sequentially with Alexa 647-EGF and Alexa 555-EGF as described in (F). The merged images 
of Alexa 647-EGF and Alexa 555-EGF are shown (upper). Distribution of the volume of the Alexa 647- and Alexa 555-positive vesicles is shown in the his-
togram (n = 30). A vesicle with a volume of more than 200 voxels is defined as a fused vesicle (yellow). The inset graph shows the average population of 
the Alexa 555-positive vesicles that are defined as fused vesicles. (mean ± s.e.m. from 3 different experiments; n = 30/experiment). **P < 0.01, analyzed 
by t test. The scale bar represents 5 μm. (H) The average population of the Alexa 555-positive vesicles that are defined as docking or fused vesicles in 
the cells in (F) (mean ± s.e.m. from 3 different experiments; n = 30/experiment). (I) Time-lapse images of metaphase cells transfected with the indicated 
siRNAs and incubated sequentially with Alexa 555-EGF and Alexa 488-EGF as in (F). The scale bar represents 1 μm.
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Figure 2.  For figure legend, see page 131.
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not alter the activity of Rab5, which can be monitored by GST-
pull down assay using GST-conjugated Rab5 binding domain of 
Rabaptin5 proteins, in M phase-synchronized cells (Fig. S6A). 
Moreover, the signal of the FYVE domain of EEA1, which moni-
tors PtdIns3P on early endosomes, was hardly detected on the 
early endosomes in the control cells as well as in the cells treated 
with the Plk1 inhibitor BI2536 during M phase (Fig. S6B, left), 
whereas in interphase cells it could be detected on the early 
endosomes in the control cells but not in the cells treated with 
a Vps34 inhibitor wortmannin (Fig.S6B, right). Thus, it seems 
unlikely that the Plk1–vimentin module inhibits vesicle fusion 
by suppressing the activation of Rab5 or Vps34. Interestingly, 
however, we have found that GFP-tagged WT-mouse vimentin 
proteins reside in the early endosome fractions purified from the 
M phase-arrested cells, as described in the previous report using 
asynchronized cells25 (Fig. S4G, left). Although our results using 
GFP-tagged S459A-mouse vimentin show that Ser 459-phos-
phorylation is not required for targeting of vimentin to the early 
endosome fractions (Fig. S4G, right), it is possible that vimentin 
associates with and recruits a protein(s), which is required for 
the inhibition of endocytic vesicle fusion during mitosis, to the 
early eondosomes in a Ser459 phosphorylation-dependent man-
ner. Recent report has demonstrated that the binding kinetics 
of EEA1 to the endosomal membrane can be separated into 2 
fractions: one rapidly exchanging with cytosolic pool, and the 
other is the immobile fraction. 26 Interestingly, it has been shown 
that during mitosis, the dissociation rate of EEA1 from early 
endosomes is accelerated, and the immobile fraction is reduced.26 
The Ser 459-phsophrylated form of vimentin may associate with 
a protein(s) that alters the binding kinetics of EEA1 to the early 
endosomes during mitosis. Identification of the proteins that 
interact with the Ser459-phosphorylated form of vimentin in 
mitotic cells should be clarified in future studies.

Fusion inhibition is thought to be involved in organelle frag-
mentation during mitosis.3,27,28 In this study, we raises a possible 
role of the mitotic fusion inhibition for the spatial control of endo-
some trafficking after anaphase onset. We speculate that fusion 
inhibition may keep the individual cargo resides in a separated 
endosome, which ensures the loading of Rab proteins specific 
for each cargo to the endosome, in order to promote the rapid 
targeting of cargos in the endocytic vesicles to pre-determined 
positions immediately after the end of mitosis. Considering an 
emerging role of endosome trafficking during cytokinesis for the 
signal transduction in asymmetric cell division,27,28 inhibition of 
endocytic vesicle fusion might be generally required for the direc-
tional endosome trafficking during cell division.

Materials and Methods

Cell culture and antibodies
HeLa cells were cultured in Dulbecco modified Eagle medium 

with 10% fetal bovine serum (DMEM). Cells were cultured on 
native collagen and synchronized by a double-thymidine block. 
BI2536 (Axon Medchem) was dissolved in DMSO (5mM) 
and stored at −20 °C. The antibodies used included anti-Plk1 
(Invitrogen), anti-EEA1 (BD Transduction Laboratories), anti-
CIMPR (Thermo Scientific), anti-α-tubulin (Sigma), anti-α-
SNAP (Abcam), anti-NSF (Calbiochem), anti-vimentin (Santa 
Cruz), and anti-β1-integrin (P5D2, Abcam).

In-cell vesicle fusion assay
HeLa cells were arrested in metaphase or in S phase by treat-

ment with MG132 (Wako) or thymidine, respectively. Cells were 
then incubated with Alexa647-EGF (Invitrogen) at 37 °C for 
5 min, washed with acid wash buffer (200 mM NaCl, 50 mM 
MES, pH 5.0) at 4 °C for 5 min, incubated with Alexa555-EGF 
(Invitrogen) for 5 min, washed with DMEM, and then further 
incubated at 37 °C for 5 min. Cells were fixed with 3.7% formalin 
for 10 min at 37 °C. Z stack images (0.3 μm apart) of the meta-
phase cells were obtained and processed by 3D deconvolution 
using Meta Morph software (Moleculer Devices). The Z stack 
images of Alexa647-EGF and Alexa555-EGF were merged, and 
the particles with merged signals were defined by ImageJ. The 
voxels of the particles with merged signals were measured using 
Meta Morph software. For live cell imaging, HeLa cells were 
arrested in metaphase, sequentially incubated with Alexa555-
EGF and Alexa488-EGF as described above, and washed with 
DMEM. Time-lapse images were obtained with a CV1000 con-
focal microscope (YOKOGAWA) at 37 °C with 5% CO

2
. The 

images were recorded at 1 s intervals for 15 min.
siRNA experiments
For depletion of human Plk1 and vimentin, siRNAs were 

designed to target the following sequences: Plk1-1, 5′-ggttttc-
gat tgctcccag-3′; Plk1-2, 5′-gggcggcttt gccaagtgc-3′; vimentin, 
5′-gggaaactaa tctggattc-3′. These oligonucleotides were pur-
chased from Japan Bioservice. The siRNAs targeting human 
α-SNAP and NSF were purchased from Dharmacon (siGE-
NOMESMARTpool). HeLa cells were transfected with siRNA 
by using Oligofectamine (Invitrogen), incubated for 4 h and syn-
chronized by a double-thymidine block. The expression levels of 
the proteins were analyzed by immunoblotting.

Plasmid constructs and transfection
GFP-mouse Plk1 was described previously.17 GFP-mouse 

Rab5A, GFP-mouse Rab5CA and GFP-mouse Rab21 were 

Figure  2 (See opposite page). Plk1 phosphorylates vimentin on Ser459. (A) Flow diagram of the phosphoproteome analysis to identify Plk1 sub-
strates in the early endosome fractions. (B) The in vitro kinase assay of His-tagged WT-Plk1 (0.05, 0.01, 0.005 μg) and His-tagged KD-Plk1 (0.3 μg) with 
early endosome fractions. The silver-stained SDS-PAGE gel (left) and corresponding autoradiogram (32P) (right) are shown. (C) Sequence alignment 
of the vimentin C-terminus from 3 vertebrate species, showing a conserved serine residue (Ser459 in human). (D) The results of phosphoproteome 
analysis of the early endosome fraction. The ion current chromatogram of DGQVINETpSQHHDDLE extracted from the annotated MS/MS spectrum 
(Fig. S3A) is shown. (E) The in vitro kinase assay of His-tagged WT-Plk1 (0.05 μg) or His-tagged KD-Plk1 (0.3μg) and recombinant vimentin substrate 
(1.5 μg). Gel images after Coomassie brilliant blue (CBB) staining (left) and autoradiography (32P) (right) are shown. (F) The ion current chromatogram of 
DGQVINETpSQHHDDLE extracted from the annotated MS/MS spectrum (Fig. S3B) in the Plk1-vimentin reaction. (G) The results of phosphoproteome 
analysis of the M phase-arrested cells treated with or without BI 2536. The ion current chromatogram of DGQVINETpSQHHDDLEextracted from the 
annotated MS/MS spectrum (Fig. S3C) is shown. (H) The results of phosphoproteome analysis of the cells arrested in M phase or G1/S phase. The ion 
current chromatogram of DGQVINETpSQHHDDLE extracted from the annotated MS/MS spectrum (Fig. S3C) is shown.
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Figure 3A–D. Phosphorylation of vimentin on Ser459 is required for the inhibition of endocytic vesicle fusion in mitosis. (A) Western blot analysis of 
vimentin and control α-tubulin in M-phase synchronized cells transfected with the indicated siRNAs. (B) Distribution (histogram; mean ± s.e.m. from 
3 different experiments; n = 30/experiment) and the average (inset; mean ± s.e.m. from 3 different experiments; n = 30/experiment) volume of the 
EEA1-positive vesicles in cells treated as in (A). *P < 0.05, analyzed by t test. (C) Western blot analysis of vimentin, GFP-mouse WT- or S459A-vimentin, and 
α-tubulin in M-phase synchronized cells transfected with the indicated siRNAs together with the indicated plasmids. (D) The in-cell fusion assay of the 
cells in (C). The merged images of Alexa 647-EGF and Alexa 555-EGF in metaphase-arrested cells are shown (upper). Distribution of the volume of the 
Alexa 647/555-positive vesicles is shown in the histogram (mean ± s.e.m. from 3 different experiments; n = 30/experiment). The inset graph shows the 
average population of the Alexa 555-positive vesicles that are defined as fused vesicles (mean ± s.e.m. from 3 different experiments; n = 30/experiment). 
**P < 0.01, analyzed by Dunnett multiple-comparison test. The scale bar represents 5 μm.
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described previously.29,30 Mouse vimentin cDNA was subcloned 
into pEGFP-N (Clontech). GFP-mouse S459A- and S459E-
vimentin were generated using a QuickChange Site-Directed 
Mutagenesis Kit (Stratagene). HeLa cells were transfected with 
plasmids by using Lipofectamine Plus (Invitrogen) after the first 
release of a double-thymidine block, incubated for 30 min and 
washed with fresh medium.

Early endosome fractionation
We modified a method that was previously described.8 

Briefly, HeLa cells were cultured in 100-mm dishes and syn-
chronized by a double-thymidine block. Ten hours after release 
from the double-thymidine block, the cells were treated with 
MG132 (Wako) for 2 h to arrest them in mitosis and collected in 
15 ml tubes. After washing with homogenization buffer (25 mM 
sucrose, 3 mM imidazole, pH 7.4), the cells were suspended in 
1.5 ml homogenization buffer containing protease inhibitors (10 

μg/ml aprotinin, 1 μg/ml pepstatin, 1 μg/ml antipain) and 0.5 
mM EDTA. Cells were then homogenized and centrifuged for 
10 min at 3000 rpm at 4 °C. The collected postnuclear super-
natants were adjusted to 40% sucrose, loaded at the bottom of a 
step gradient consisting of 3 successive cushions of 35%, 25%, 
and 6.5% sucrose in 3 mM imidazole, pH 7.4, and then centri-
fuged at 32 000 rpm for 90 min at 4 °C. The early endosome 
fraction was collected from the interface between the 35% and 
25% sucrose layers. For fractionation of the early endosomes and 
late endosomes in Fig. S4G, samples (500 ml per fraction) were 
collected from the top of the sucrose cushions and subjected to 
western blot analysis.

Protein preparation and kinase assay
Recombinant His-tagged human Plk1-WT was pur-

chased from Sigma. Recombinant His-tagged mouse Plk1-KD 
was expressed in Escherichia coli and purified by affinity 

Figure 3E–H. (E) Western blot analysis of vimentin, GFP-mouse S459E-vimentin, and α-tubulin in M-phase synchronized cells transfected with the indi-
cated siRNAs together with the indicated plasmids. (F) The in-cell fusion assay of the cells in (E). Distribution of the volume of the Alexa 647/555-positive 
vesicles is shown in the histogram (mean ± s.e.m. from 3 different experiments; n = 30/experiment). The inset graph shows the average population of the 
Alexa 555-positive vesicles that are defined as fused vesicles (mean ± s.e.m. from 3 different experiments; n = 30/experiment). *P < 0.05, **P < 0.01, ana-
lyzed by Dunnett multiple-comparison test. (G) Western blot analysis of vimentin, Plk1, GFP-mouse S459A-, or S459E-vimentin, and α-tubulin in M-phase 
synchronized cells transfected with the indicated siRNAs together with the indicated plasmids. (H) The in-cell fusion assay of the cells in (E). Distribution 
of the volume of the Alexa 647/555-positive vesicles is shown in the histogram (mean ± s.e.m. from 3 different experiments; n = 30/experiment). The inset 
graph shows the average population of the Alexa 555-positive vesicles that are defined as fused vesicles. (mean ± s.e.m. from 3 different experiments;  
n = 30/experiment). *P < 0.05, analyzed by t test.
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Figure 4A–F.  For figure legend, see page 135.
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chromatography on Probond™ Resin (Invitrogen). In prepara-
tion for the in vitro kinase assay, recombinant mouse vimentin 
was dialyzed with dialysis buffer (10 mM Tris-Cl, pH 8.8, 2 
mM EGTA, 50 mM 2-mercaptoethanol, and 1 mM PMSF), and 
used within 1 wk.16 For the phosphorylation assay of the early 
endosome fraction, purified His-tagged Plk1-WT or His-tagged 
Plk1-KD were mixed with the early endosome fraction, together 
with 50 μM ATP and 15 mM MgCl

2
 in a final volume of 15 μl, 

and then incubated for 20 min at 30 °C in the presence of 3 μCi 
of [γ-32P] ATP. For phosphorylation of mouse vimentin, puri-
fied His-tagged Plk1 proteins were mixed with mouse vimentin, 
together with 50 μM ATP and 1.5 mM MgCl

2
, and incubated for 

1 h at 25 °C. The reactions were stopped by the adding Leammli 
sample buffer and boiling.

Phosphoproteome analysis
The early endosome fraction from HeLa cells arrested 

in metaphase was dephosphorylated, mixed with recombi-
nant His-tagged Plk1-WT or His-
tagged Plk1-KD, and incubated at  
30 °C for 20 min. The early endo-
some fractions were then digested 
with trypsin. A 100 µL aliquot of the 
peptide solution from the Plk1-WT 
or Plk1-KD treatment was mixed 
with 4 µL of 4% 13CD

2
O or 12CH

2
O, 

respectively, and then 4 µL of freshly 
prepared 0.6 M sodium cyanoboro-
hydride was immediately added. The 
mixture was agitated for 1 min and 
then incubated for 60 min at room 
temperature to achieve a labeling effi-
ciency of more than 99%. The reac-
tion was stopped by adding 16 µL of 
1% ammonium hydroxide on ice and 
agitating the mixture for 1 min. The 
differentially labeled peptides were 
mixed and subjected to lactic acid-
modified titania chromatography, as 
described.21,22 For phosphoproteome 
analysis of synchronized cells, cell 
extracts were digested with trypsin 
and labeled with 13CD

2
O and 12CH

2
O 

for M phase-arrested cells and BI2539-
treated, M phase-arrested cells or G

1
/S 

phase-arrested cells, respectively, and 
then mixed. Phosphopeptide enrich-
ment was done by titania. The dif-
ferentially labeled peptides were 

mixed and the titania-based phosphopeptide enrichment was 
performed. NanoLC-MS/MS analyses were conducted with a 
TripleTOF 5600 mass spectrometer (ABSciex) equipped with 
aUltiMate 3000 RSLCnano pump (Thermo Fisher Scientific) 
and a HTC-PAL autosampler (CTC Analytics). Reprosil-Pur 
C18-AQ materials were packed into a self-pulled needle (150-
mm length × 100 µm ID, 6-µm opening). The injection volume 
was 5 µL, and the f low rate was 500 nL/min. The mobile phases 
consisted of (A) 0.5% acetic acid and (B) 0.5% acetic acid in 
80% acetonitrile. A 3-step linear gradient of 5–10% B in 5 min, 
10–40% B in 60 min, and 40–100% B in 5 min, followed by 
100% B for 10 min was employed. Spray voltages of 2300 V 
were applied. The mass scan ranges were m/z 300–1500, and 
the top 10 precursor ions were selected in each MS scan for 
subsequent MS/MS scans. Peptides and proteins were identified 
by Mascot v2.3 (Matrix Science) against UniProtKB/SwissProt 
with a precursor mass tolerance of 20 ppm, a fragment ion mass 

Figure 4A–D (See opposite page). Phosphorylation of vimentin on Ser459 is required for integrin trafficking toward the cleavage furrow. (A) Images 
of metaphase cells transfected with the indicated siRNAs together with GFP-Rab5A (left) or GFP-Rab21 (right), incubated with Zenon-Alexa 546-labeled 
anti-β1-integrin antibodies for 30 min to allow for endocytosis of the labeled antibody, washed with medium, and incubated for an additional 30 min. 
(B) The average percentage of the population of β1-integrin-positive vesicles that associate with Rab21 in the cells in (A). (C) Time-lapse images of the 
dividing cells transfected with the indicated siRNAs and treated with the labeled anti-β1-integrin antibody as in (A). Heat map images are shown under-
neath. (D) Images of telophase cells transfected with the indicated siRNAs together with the indicated plasmids and treated with the labeled anti-β1-
integrin antibody as in (A) (upper). Images of Hoechst staining and labeled β1-integrin antibody, and the heat map images for the labeled β1-integrin 
antibody are shown. Bottom graphs indicate the intensity of labeled β1-integrin antibody signals along the arrows in the upper images. 

Figure 4E–G. (E) The relative intensity of labeled β1-integrin antibody signals at the cleavage furrow 
in the cells in (D) (mean ± s.e.m. from 3 different experiments; n = 12/experiment). *P < 0.05, **P < 0.01, 
analyzed by Dunnett multiple-comparison test. (F) The percentage of the cells with β1-integrin signals 
at the cleavage furrow (mean ± s.e.m. from 3 different experiments; n > 50/experiment). **P < 0.01, 
analyzed by Dunnett multiple-comparison test. The scale bar represents 5 μm. (G) The percentage of 
the multinucleated cells transfected with the indicated siRNAs together with the indicated plasmids 
and synchronized in G1/S phase after released from a double-thymidine block (mean ± s.e.m. from 3 
different experiments; n > 200/experiment). *P < 0.05, analyzed by t test in the left 2 columns and by 
Dunnett multiple-comparison test in the right 3 columns.
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tolerance of 0.1 Da and strict trypsin specificity, allowing for up 
to 2 missed cleavages. Cysteine carbamidomethylation was set 
as a fixed modification, and methionine oxidation was allowed 
as a variable modification. Dimethylation of N-termini and 
ε-amino groups of lysine and phosphorylation of serine, threo-
nine, and tyrosine were set as variable modifications. Peptide 
quantitation was performed using Mass Navigator (Mitsui 
Knowledge Industry), based on the integrated peak areas, and 
the heavy- and light-labeled peptide ratio (H/L ratio) was cal-
culated for individual runs.

Cell staining and image analysis
For detecting EEA1 and CIMPR, cells were fixed with 3.7% 

formalin for 10 min in 37 °C and permeabilized with 0.2% 
Triton X-100 in PBS for 5 min. The cells were blocked with 3% 
BSA in PBS at 37 °C for 20 min, incubated with primary anti-
bodies at 4 °C overnight, washed, and incubated for 1 h with 
secondary antibodies (AlexaFluor 488- or 546-conjugated goat 
anti-mouse IgG, Molecular Probes). For detecting β1-integrin, 
cells were incubated with anti-β1-integrin antibodies (P5D2) 
labeled with a ZenonAlexa Fluor 546 Mouse IgG Labeling kit 
(Molecular Probes) for 30 min at 37 °C, washed with DMEM, 
incubated for 30 min to allow the antibodies to be internal-
ized into the cells and then fixed. For measuring the volume of 
EEA1 or CIMPR signals, the Z-stack images (0.3 μm apart) of 
cells were deconvoluted and converted to 3D images using Meta 
Morph software (Molecular Devices). For analyzing the rela-
tive intensity of β1-integrin signals, the single image with high-
est intensity of β1-integrin signals at the cleavage furrow was 
selected from the deconvoluted Z-stack images (0.3 μm apart), 
and the average intensity of the furrow region was measured. The 
heat map images were generated with ImageJ.

Time-lapse imaging of β1-integrin
HeLa cells were transfected with siRNAs by using 

Oligofectamine, incubated for 4 h, and subjected to a double-
thymidine block. At the time of the secondary thymidine treat-
ment, cells were trypsinized and plated onto 2-well coverglass 
chambers (IWAKI) coated with collagen, then incubated for 15 
h to be synchronized in G

1
/S phase. Ten hours after release from 

the double-thymidine block, cells were incubated with Alexa 
Fluor 546-labeled anti-β1-integrin antibodies (see above) for 30 
min at 37 °C and washed with DMEM. During acquisition, cells 
were cultured in DMEM with 20 mM Hepes (pH 7.2). Time-
lapse images were obtained with an Olympus IX81-ZDC micro-
scope with a temperature-controlled, motorized stage, and were 
analyzed with Meta Morph software (Molecular Devices). Time-
lapse images were taken every 40 s for 2 h.
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