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Proline-rich domain in dynamin-2
has a low microtubule-binding
activity: how is this activity
controlled during mitosis in HeLa
cells?

Received July 12, 2010; accepted September 20, 2010; published
online September 30, 2010

Makiko Morita1, Kozue Hamao1,
Shunsuke Izumi2, Eiichi Okumura3,
Keita Tanaka1, Takeo Kishimoto3 and
Hiroshi Hosoya1,*

1Department of Biological Science; 2Department of Mathematical
and Life Sciences, Graduate School of Science, Hiroshima
University, Higashi-Hiroshima 739-8526; and 3Laboratory of Cell
and Developmental Biology, Graduate School of Bioscience,
Tokyo Institute of Technology, Nagatsuta, Midori-ku, Yokohama
226-8501, Japan

*Hiroshi Hosoya, Department of Biological Science, Graduate
School of Science, Hiroshima University, Higashi-Hiroshima
739-8526, Japan. Tel: þ81 82 424 7445, Fax: þ81 82 424 0734,
email: hhosoya@hiroshima-u.ac.jp

The large GTPase dynamin is strongly accumulated in
the constricted area including midzonal microtubules of
dividing cells. The proline-rich domain (PRD) of dyna-
min has been considered as a microtubule-binding
domain. However, it remains unclear how PRD con-
trols dynamin�microtubule interaction in mitotic cells.
Here, we found that the microtubule-binding activity of
PRD is low in dynamin-2. One of the mitosis-specific
kinase activities to PRD in HeLa cells was identified as
cyclin B-Cdc2 kinase. The kinase phosphorylated PRD
at Ser764 and/or Thr766 and reduced the microtubule-
binding activity of PRD. These results suggest that
phosphorylation of PRD by cyclin B-Cdc2 kinase
plays an important role to control dynamin-2�microtu-
bule interaction in mitotic HeLa cells.
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Dynamin is one of the large GTP-binding proteins in
various eukaryotic cells (1). It has been reported that
knockdown of dynamin causes a failure of abscission
during cytokinesis in Caenorhabditis elegans (2).
Recent pharmacological experiments have revealed
that several inhibitors of dynamin GTPase induced
cytokinesis failure in mammalian cultured cells (3).

These data suggest that dynamin has a critical role in
mediating cytokinesis.

Dynamin was initially identified as a microtubule-
binding protein (4). Previous in vitro experiments
revealed that the C-terminal region of dynamin-1,
the proline rich domain (PRD), exhibited
microtubule-binding activity (5). Dynamin has been
shown to bind cooperatively in patches along microtu-
bules (6, 7). Furthermore, immunofluorescence
analysis showed that dynamin localizes with spindle
microtubules at the midzone and midbody in mamma-
lian cultured cells (2, 8). However, no co-localization
between dynamin and microtubules in interphasic
cells was observed (8�10). Consequently, conflicting
evidence exists as to whether dynamin�microtubule
interactions in the cell are relevant or not.

Microtubules are highly dynamic tubulin polymers
involved in many diverse functions, including cell
motility, vesicle and organelle transport, and spindle
formation. Such activity has been attributed to the
actions of cellular factors that stabilize or destabilize
microtubules, such as microtubule-associated proteins
(MAPs) (11, 12); for example, Aizawa et al. (13)
reported that the PRD is a microtubule-binding
domain in MAP4. Another group reported that a
mutant of t-protein lacking the proline-rich region
did not bind to microtubules (14), suggesting that the
PRD plays a crucial role in controlling t-microtubule
interactions. On the contrary to this, several PRD-
containing actin-related proteins such as vinculin
and Ena/VASP have never been reported to bind to
microtubules in vitro or in vivo (15). These results
suggest that the PRD does not function as a specific
microtubule-binding site in various kinds of
microtubule-binding proteins.

Previously, we reported that GFP-dynamin-2-Wt
(1�870) and -(1�745), with deleted an entire PRD,
do not co-localize with microtubules in interphasic
HeLa cells (8). Interestingly, GFP-dynamin-2-(1�786)
deleted only the C-terminus of the PRD (C-PRD)
co-localized with microtubules. These results suggest
that the N-terminus of the PRD (N-PRD) and
the C-PRD positively and negatively regulate the
interaction of dynamin-2 with microtubules in inter-
phasic HeLa cells, respectively (Fig. 4). However, it
remains unclear how PRD controls the dynamin-
2�microtubule interaction at the spindle midzone in
mitotic cells.

Previous microscopic observations revealed that
endogenous dynamin co-localizes with microtubules
during mitosis but not at interphase in HeLa cells
(2, 8). This suggests that the binding ability of dynamin
to microtubules is differentially regulated in interphase
and during mitosis. Several in vitro studies indicate
that brain dynamin-1 is phosphorylated by cyclin
B-Cdc2 kinase or ERK2 that subsequently reduces
its microtubule-binding activity (16, 17). Hence, we
speculated that the phosphorylation of dynamin-2
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may regulate dynamin-2-microtubule binding in the cell
cycle. To test this hypothesis, we initially examined
whether cell extracts from interphasic and mitotic
HeLa cells show an activity to phosphorylate
dynamin-2. As shown in Fig. 1A, cell extracts from mi-
totic, but not interphasic, HeLa cells exhibited high
phosphorylation activity on histone H1. The phosphor-
ylation activity of the mitotic cell extracts to full-length
of dynamin-2 was also higher than that of the interpha-
sic cell extracts (Fig. 1B).

Previously, we showed that the N-PRD, but not the
C-PRD, was required for co-localization of dynamin-2
with microtubules in HeLa cells (8). Then, we investi-
gated whether dynamin-2-(714�870) containing the
entire PRD (dynamin-2-PRD-Wt) was phosphorylated
by HeLa cell extracts. As shown in Fig. 1C, cell
extracts from mitotic, but not interphasic, HeLa cells
exhibited high phosphorylation activity on dynamin-
2-PRD-Wt. These data suggest that cell cycle-
dependent phosphorylation of dynamin-2-PRD
occurs in HeLa cells.

As shown in Fig. 1A, extracts from mitotic HeLa
cells exhibited high phosphorylation activity on his-
tone H1. This suggests that the mitotic extracts contain
cyclin-dependent kinase (Cdk). To identify the kinases
that phosphorylate histone H1, we conducted a phos-
phorylation assay with the Cdk inhibitor, roscovitine
(18). As shown in Fig. 2A, phosphorylation of histone
H1 in mitotic HeLa cell extracts was reduced in
the presence of roscovitine. Next, we conducted the
phosphorylation assay for dynamin-2-PRD-Wt using
HeLa cell extracts in the presence of roscovitine.
Phosphorylation of dynamin-2-PRD-Wt in mitotic
HeLa cell extracts was also reduced in the presence
of roscovitine (Fig. 2B). These results suggest that
the mitosis-specific kinase activity of
dynamin-2-PRD-Wt is derived mainly from cyclin
B-Cdc2 kinase.

To confirm whether cyclin B-Cdc2 kinase phosphor-
ylates dynamin-2-PRD-Wt, purified cyclin B-Cdc2
kinase was incubated with dynamin-2-PRD-Wt
in the presence or absence of roscovitine. As shown

Fig. 1 PRD of dynamin-2 is phosphorylated by the extracts from mitotic HeLa cells. Phosphorylation assay of (A) histone H1, (B) GST-dynamin-
2-Wt (full-length of dynamin-2) and (C) dynamin-2-PRD-Wt (C-terminus of dynamin-2) treated with (I/M) or without (-) HeLa cell extracts. I
and M indicate the extracts obtained from interphase and mitotic HeLa cells, respectively. The panels show CBB staining (left) and autoradi-
ography (right).
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in Fig. 2C, phosphorylation of histone H1 and
dynamin-2-PRD-Wt was reduced in the presence of
roscovitine, suggesting that cyclin B-Cdc2 kinase is
the dynamin-2 kinase that phosphorylates dynamin-
2-PRD-Wt in mitotic HeLa cells. Uncropped images
of the blots are shown in Supplementary Fig. S1. Next,
the phosphorylation region of dynamin-2-PRD-Wt by
cyclin B-Cdc2 kinase was determined by mass spec-
trometry. The ESI-MS spectrum of the tryptic peptides
from dynamin-2-PRD-Wt phosphorylated by cyclin
B-Cdc2 kinase is shown in Supplementary Fig. S2. A
pentavalent ion peak was observed at m/z 832.7. A new
pentavalent ion peak was observed at m/z 850.9
(Supplementary Fig. S2B). The shift in peptide mass
m/z from 832.7 to 850.9 was due to the phosphor-
ylation. These results suggest that at least one site is
phosphorylated by cyclin B-Cdc2 kinase in the N-PRD
of dynamin-2. Previous reports showed that
dynamin-1, an isoform of dynamin-2, was highly phos-
phorylated by Cdk5 at Ser774, Ser778 and Thr780

(amino acid sequence: 774-SPTSSPTP-781) (19, 20).
We found that the sequence of SPTP in dynamin-1-
(778�781) is also conserved in dynamin-2-(764�767).
Next, we generated double-point mutations of Ser764

and Thr766 in dynamin-2-N-PRD with Ala (dynamin-
2-PRD-AA) to determine the sites phosphorylated by
cyclin B-Cdc2 kinase on dynamin-2-PRD-Wt. As
shown in Fig. 2C, phosphorylation by cyclin B-Cdc2
kinase of the mutant dynamin-2-PRD-AA was greatly
reduced, indicating that dynamin-2-PRD-Wt was
phosphorylated by cyclin B-Cdc2 kinase at Ser764 or

Thr766 during mitosis. Next, dynamin-2-PRD-Wt
phosphorylated by cyclin B-Cdc2 kinase was analysed
for its microtubule-binding activity. Phosphorylated
dynamin-2-PRD-Wt was distinguished by an upward
shift in SDS�PAGE from unphosphorylated dynamin-
2-PRD-Wt. Dynamin-2-PRD-Wt cleaving GST was
used, because GST-dynamin-2-PRD-Wt was only
slightly bound to microtubules during ultracentrifuga-
tion and induced an insufficient phosphorylation by
cyclin B-Cdc2 kinase (data not shown). In addition,
the co-sedimentation assay was performed using low-
speed centrifugation to avoid precipitating the
dynamin-2 fragment (dynamin-2-PRD-Wt). Under
this sedimentation condition, more than half of the
obtained microtubules were in the precipitate
(Fig. 3A). The amount of dynamin-2-PRD-Wt bound
to the microtubules was quantified by imaging a
SDS�PAGE gel (Fig. 3A) using ImageJ. The net
amount of dynamin-2-PRD-Wt bound to the microtu-
bules was designated as the remainder after subtracting
the amount of the dynamin-2-PRD-Wt precipitated
without microtubules from that precipitated with
microtubules. As shown in Fig. 3B, only 15% of the
unphosphorylated dynamin-2-PRD-Wt was bound to
microtubules. It has been reported that almost all of
MAP2 and MAP4 proteins can bind to microtubules
(21). Compared with MAP2 and MAP4, the
microtubule-binding activity of dynamin-2-PRD-Wt is
weak, although it has been generally believed that PRD
has a high affinity for microtubules (13). Moreover,
cyclin B-Cdc2 kinase reduced the weak binding activity

Fig. 2 Cyclin B-Cdc2 kinase phosphorylates N-terminus of dynamin-2-PRD-Wt. (A) Histone H1 and (B) dynamin-2-PRD-Wt were phos-
phorylated by HeLa extracts from interphase (I) or mitotic phase (M) cells pre-incubated with (30 and 90 mM, respectively) or without
roscovitine for 30min. (C) Histone H1, dynamin-2-PRD-Wt and -AA were phosphorylated by purified cyclin B-Cdc2 kinase pre-incubated with
(30 and 90 mM, respectively) or without roscovitine for 30min. Dynamin-2-PRD-AA shows the double-point mutations at Ser764 and Thr766 with
Ala in dynamin-2-PRD-Wt. The panels show CBB staining (left) and autoradiography (right). Uncropped images of blots are shown in
Supplementary Fig. S1.
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of dynamin-2-PRD-Wt to microtubules (Fig. 3C),
supporting our previous report in dynamin-1 (16).
These results suggest that PRD is not a positive regu-
lator to enhance the microtubule-binding activity of
dynamin-2 in mitotic HeLa cells.

How then is the microtubule-binding activity of
dynamin-2 controlled in the cell during mitosis? Our
present results established that cyclin B-Cdc2 kinase
reduced a microtubule-binding activity of dynamin-2.
As it is well known that cyclin B-Cdc2 kinase is active
in metaphase but not after anaphase, the kinase might
largely contribute no localization of dynamin-2 with
microtubules in metaphase. Then, the inactivation
of cyclin B-Cdc2 kinase after anaphase might induce
microtubule-binding of dynamin-2 at the spindle
midzone. Previous reports have revealed that the
microtubule-binding activity of MAP4-PRD is
enhanced by the assembly-promoting (AP) sequence
region nearby the PRD (13, 22). Recently, we found
that GFP-dynamin-2-(1�786), but not Wt (1�870) or

-(1�745), co-localized with microtubules in interphasic
HeLa cells, suggesting that the C-PRD inhibits the
binding of dynamin-2 to microtubules in the cell (8)
(Fig. 4). These results demonstrate that specific
region(s) nearby or in PRD play important roles to
control microtubule-binding activity of PRD in the
cell. Thus, one possible explanation is that, if the
inhibitory activity of the C-PRD is cancelled by, for
example, phosphorylation, microtubule-binding activ-
ity of the N-PRD might be enhanced in telophase. As
shown in Fig. 2B, the phosphorylation of dynamin-
2-PRD-Wt by mitotic HeLa extracts was not
completely suppressed with roscovitine. Based on this
data, we preliminarily identified a mitosis-specific
kinase other than cyclin B-Cdc2 kinase that phos-
phorylated dynamin-2-PRD-Wt. As the predicted
sites for phosphorylation by this second kinase were
present on both the N-PRD and C-PRD (data not
shown), we are now attempting to elucidate how the
phosphorylation by this second kinase controls the

Fig. 3 Microtubule-binding activity of dynamin-2-PRD-Wt phosphorylated by cyclin B-Cdc2 kinase. (A) Mixtures of unphosphorylated (�P) or
phosphorylated (þP) dynamin-2-PRD-Wt with microtubules (MTs) were centrifuged at 6,700g for 5min after incubation at 30�C for 15min
under the conditions described in Supplementary ‘Experimental Procedures’ section. Pellets (PPT) and supernatants (SUP) were analysed by
SDS�PAGE. The left and right panels show co-sedimentation assay with and without microtubules, respectively. (B) The amount of unbound
unphosphorylated dynamin-2-PRD-Wt (0.76� 0.07) and unphosphorylated dynamin-2-PRD-Wt (0.15� 0.02) bound to microtubules was
compared and expressed as relative intensity. (C) The amount of phosphorylated (þP, 0.583� 0.1) dynamin-2-PRD-Wt in the pellet was
expressed as relative intensity to unphosphorylated (-P) dynamin-2-PRD-Wt in the pellet. *P50.05 (Student’s t-test). Experiments were repeated
three times and the results are displayed as mean� standard error.
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roles of the C- to N-PRD. Our previous data revealed
that the GTP-binding domain of dynamin-2 controls
microtubule-binding of dynamin-2, although it is not a
microtubule-binding domain in the cell (8). Thus, the
second possibility is that, although the GTP-binding
domain locates an N-terminus of dynamin-2, it might
be possible to locate close to the N-PRD in a three-
dimensional dynamin-2 molecule and cooperatively
regulates the microtubule-binding activity of
dynamin-2 via the PRD. Further experiments are
required to examine how the GTP-binding domain
regulates the microtubule-binding activity of the
PRD in dynamin-2.

Supplementary Data

Supplementary Data are available at JB Online.
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