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is regulated by phosphorylation and dephosphorylation

of many endocytic proteins, including amphiphysin |
and dynamin I. Here, we show that Cdk5/p35-dependent
cophosphorylation of amphiphysin I and dynamin I plays a
critical role in such processes. Cdk5 inhibitors enhanced the
electric stimulation—induced endocytosis in hippocampal
neurons, and the endocytosis was also enhanced in the
neurons of p35-deficient mice. Cdk5 phosphorylated the
proline-rich domain of both amphiphysin | and dynamin |

It has been thought that clathrin-mediated endocytosis

in vitro and in vivo. Cdk5-dependent phosphorylation of
amphiphysin | inhibited the association with B-adaptin.
Furthermore, the phosphorylation of dynamin I blocked its
binding to amphiphysin I. The phosphorylation of each
protein reduced the copolymerization into a ring formation
in a cell-free system. Moreover, the phosphorylation of
both proteins completely disrupted the copolymerization
into a ring formation. Finally, phosphorylation of both
proteins was undetectable in p35-deficient mice.

Introduction

Clathrin-mediated endocytosis plays a key role in the recycling
of synaptic vesicles in nerve terminals, and several components
of the molecular machinery involved in this process have
been identified as endocytic proteins (Cremona and De
Camilli, 1997; Takei and Haucke, 2001). These include,
in addition to clathrin, clathrin adaptors such as AP-2
and AP180, dynamin I, amphiphysin, synaptojanin I and
endophilin (Cremona and De Camilli, 1997; Brodin et al.,
2000). Endocytosis of the synaptic vesicles consists of four
stepwise processes: nucleation, invagination, fission, and
uncoating (Cousin and Robinson, 2001). Amphiphysin I

and dynamin I play important roles in the invagination
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and fission stages (Takei and Haucke, 2001). At the late
invagination stage, amphiphysin I and dynamin I localize
around the neck of the invaginated vesicles to form a collar
(Takei et al., 1999; Cousin and Robinson, 2001). While the
exact molecular mechanism by which fission is effected is
not yet fully understood, it seems clear that hydrolysis of
GTP by oligomeric rings of dynamin around the neck of
endocytic intermediates is required for vesicle fission (Ta-
kei and Haucke, 2001).

The interactions among the various endocytic proteins are
essential for the progression and maturation of clathrin-
mediated endocytosis. For example, disruption of the am-
phiphysin I-dynamin I interaction results in the inhibition
of synaptic vesicle endocytosis (Marks and McMahon,

Abbreviations used in this paper: DLS, dynamic light scattering; ESI,
electrospray ionization; LC, liquid chromatography; MALDI-MS,
matrix assisted laser desorption/ionization mass spectrometry; PRD,
proline-rich domain; SH3, Src homology 3; VDCC, voltage-dependent
calcium channel.
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1998). It has also been suggested that phosphorylation and
dephosphorylation of the endocytic proteins regulate their
interactions, resulting in the regulation of synaptic vesicle
endocytosis (Marks and McMahon, 1998; Cousin and Rob-
inson, 2001). Previous results showing that endocytic pro-
teins undergo dephosphorylation during the maturation of
clathrin-mediated endocytosis strongly support this sugges-
tion (Bauerfeind et al., 1997; Slepnev et al., 1998). A Ca**/
calmodulin-dependent phosphatase, calcineurin, plays an im-
portant role in the dephosphorylation (Slepnev et al., 1998).
The switching from the phosphorylated state of the endocytic
proteins to the dephosphorylated state after nerve terminal
depolarization may trigger the clathrin-mediated endocytosis.

Cdks5 is a serine/threonine kinase with close structural ho-
mology to the cdc2 family (Dhavan and Tsai, 2001). Cdk5
forms a heterodimer with its neuron-specific activators, p35
or p39, and the association is essential for the kinase activa-
tion in neurons (Dhavan and Tsai, 2001). Cdk5 has multi-
ple functions in neurons, implicating it in the regulation of a
range of cellular processes from adhesion and motility to
synaptic plasticity and drug addiction (Bibb et al., 2001;
Dhavan and Tsai, 2001).

Cdk5 is abundant in presynaptic terminals in mature
neurons (Tomizawa et al., 2002). Previous studies have
identified many presynaptic proteins, such as Munc 18
(nSec-1) (Shuang et al., 1998), synapsin I (Matsubara et
al., 1996), P/Q-type voltage-dependent calcium channel
(Tomizawa et al., 2002), and amphiphysin I (Floyd et al.,
2001), as substrates of Cdk5. These results suggest that
Cdk5 is one of the most important kinases in the regula-
tion of neurotransmitter release. Moreover, a very recent
paper showed that Cdk5 phosphorylates dynamin I but
not amphiphysin I, and the phosphorylation enhances syn-
aptic vesicle endocytosis (Tan et al., 2003). However, this
result is contradictory to the hypothesis of the trigger of
synaptic vesicle endocytosis by calcineurin-mediated de-
phosphorylation of the endocytic proteins. Here, we show
that Cdk5 phosphorylates both amphiphysin I and dy-
namin I in vitro and in vivo. The simultaneous phosphory-
lation of both these proteins inhibits synaptic vesicle en-
docytosis through inhibition of the association of these
proteins with their partner proteins.

Results

Inhibition of Cdk5 activity enhances endocytosis

in primary cultured neurons

To investigate whether Cdk5 regulates synaptic vesicle en-
docytosis, the fluorescent dye FM1-43 was used to stain
the recycling vesicles in cultured hippocampal neurons. A
stimulation of 20 Hz, 30 s was used to load the dye into
the vesicle recycling pool by endocytosis (Pyle et al., 2000).
Most of the loaded dye could be destained by an unloading
stimulation. In control experiments, the first and second
loading and unloading trials produced a similar fraction of
active boutons (Fig. 1 A). After incubation with olomou-
cine (10 wM), a potent inhibitor of Cdk5, for 30 min,
both the puncta number and size were increased. The total

fluorescence (pixel size by average fluorescence intensity)
increased to 290 = 77% (Fig. 1 A; P < 0.005, compared

with the control group). Similarly, another Cdk5 inhibi-
tor, roscovitine (10 wM), also produced an increase in the
fluorescence (177 = 31%, P < 0.05). On the other hand,
an inactive analogue of olomoucine, iso-olomoucine (10
wM), did not produce any effects on FM1-43 dye uptake
(92 * 16%; Fig. 1 A).

The effect of 10 WM olomoucine was not likely to have
been due to inhibition of MAP kinase, because the IC50 of
olomoucine is 30-50 uM for MAP kinase (Vesely et al.,
1994). To confirm this, U0126 (10 wM), a specific inhibi-
tor of MAP kinase, was tested and found to have no effect
on vesicle recycling (Fig. 1 A). These results suggest that
Cdk5 plays a suppressive role in vesicle recycling.

The effect of olomoucine on vesicle exocytosis was also ex-
amined using a previously reported protocol with some
modifications (Di Paolo et al., 2002). The rate of exocytosis
was not affected by olomoucine when compared with the
control group (Fig. 1 B). Thus, inhibition of Cdk5 seems to
specifically enhance the endocytic process rather than the
exocytic process.

The effects of inhibition of Cdk5 on the kinetics of vesicle
endocytosis were then investigated. The vesicle recycling was
initiated by depolarization, and FM1-43 was added after 30-,
60-, and 90-s delay times (Fig. 1 C, inset). Thus, only the
vesicles that underwent endocytosis after the delay time were
labeled, whereas those that underwent endocytosis during
the delay period were not labeled. The active components of
FM1-43 uptake at each delay time were normalized by that
labeled at delay time 0 s (Fig. 1 C). When the delay time was
longer, fewer endocytosed vesicles were stained. At each de-
lay time point, the fraction of labeled vesicles was reduced by
olomoucine treatment. These results suggest that more vesi-
cles were endocytosed during the initial 30 s in the olomou-
cine-treated terminals. Thus, inhibition of Cdk5 increased
the endocytic process.

In addition, the changes in total recycling pool size were
also investigated. The total recycling pools were labeled by
depolarizing the neurons with 90 mM KCI. Olomoucine in-
creased the KCl-induced FM1-43 uptake (134 * 6%, P <
0.05; Fig. 1 D). Taken together, these findings indicate that
the inhibition of Cdk5 promoted the endocytic process and
increased the total recycling pool size.

Vesicle endocytosis in p35-deficient mice

To further confirm the role of Cdk5 in endocytosis, the ves-
icle recycling in hippocampal neuronal cultures prepared
from p35 knockout and wild-type embryonic mice was ex-
amined. Olomoucine increased the FM1-43 uptake in wild-
type neurons (159 = 10%; Fig. 1 E). In p35 knockout neu-
rons, however, olomoucine did not produce any changes (96 =
7%, P < 0.05, compared with p35 wild-type neurons). This
result suggests that olomoucine enhanced the vesicle endo-
cytic process by specific inhibition of Cdk5 activity.

The kinetics of vesicle endocytosis in p35 knockout neu-
rons were also examined. The ratio of endocytosed vesicles
after a 30-90-s delay time to that without a delay time in
p35 knockout neurons was significantly reduced compared
with that in p35 wild-type neurons (Fig. 1 F). This result is
consistent with the changes in endocytic kinetics induced by
olomoucine treatment in normal neuronal cultures (Fig. 1
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Figure 1. Role of Cdk5 in vesicle endocytosis in

4007 . _ 10 hippocampal neurons. (A) Summary of the effects of
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C). Taken together, these findings reveal that Cdk5 plays an
inhibitory role in vesicle endocytosis, and the suppression of
endocytosis by CdkS5 is relieved in p35 knockout neurons.

Cdk5/p35 phosphorylates amphiphysin |

and dynamin I in vitro

The specific substrates of Cdk5 in the synaptosomes
were next identified. Solubilized synaptosomes from mouse
brains were incubated with recombinant Cdk5/p35. Mass
spectrometry showed the phosphorylation of both amphi-
physin I and dynamin I from the synaptosomes (unpub-
lished data). An in vitro kinase assay also revealed that both
amphiphysin I and dynamin I were phosphorylated by
Cdk5/p35 (Fig. 2 A). However, stoichiometric analysis
showed that the number of phosphorylated residues differed
between amphiphysin I and dynamin I. The maximum
phosphate incorporation was 1.06 = 0.03 mol of phos-
phate/mol of dynamin I (Fig. 2 B). Subsequent addition of
fresh Cdk5/p35 at 60 min did not result in any further in-
crease. In contrast, there were clearly multiple substrate sites
suitable for Cdk5 in amphiphysin I. The maximum phos-
phate incorporation was 4.61 = 0.1 mol of phosphate/mol
of amphiphysin I (Fig. 2 B).

The phosphorylation sites of both the proteins were next
determined by mass spectrometry. Most of the peaks of
tryptic peptides of amphiphysin I in the spectra obtained by
matrix assisted laser desorption/ionization mass spectrome-
try (MALDI-MS) could easily be assigned to the tryptic
peptides predicted from the protein sequence. However, the
biggest peak (260-292 residues, observed mass 3325.8 D)
from unphosphorylated tryptic amphiphysin I (the arrowed
peak in Fig. 3 A, top spectrum) disappeared upon phos-
phorylation, and six unassigned new peaks were observed in
the MALDI-MS spectrum of phosphorylated amphiphysin
(Fig. 3 A, middle spectrum). These peaks were candidate
phosphorylated peptides because their observed masses were
80 D, or multiples of 80 D, higher than those calculated for
the predicted tryptic peptides; for example, peak 1, 299—
313 + P; peak 2, 260-292 + 2P; peak 3, 260-292 + 3P;
peak 4, 260-298 + 3P; peak 5, 260-298 + 4P; and peak
6, 299-346 + P. These results suggest that Cdk5/p35
phosphorylates amphiphysin I at five sites in vitro. To de-
termine the precise phosphorylation sites within the phos-
phorylated peptides, the remainder of the sample was sub-
jected to liquid chromatography (LC)/MS/MS. The MS/
MS spectrum of the doubly charged ion (m/z 818.8), which
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Figure 2. In vitro phosphorylation of amphiphysin |
and dynamin | by Cdk5. (A) Autoradiography of Cdk5-
dependent phosphorylation of amphiphysin I and
dynamin 1. Either recombinant amphiphysin I or purified
dynamin | was incubated with/without recombinant
Cdk5/p35 in the presence of y-**P [ATP] in vitro.
(B) Stoichiometry of Cdk5-dependent phosphorylation
of amphiphysin | and dynamin I. Amphiphysin | and
dynamin | were phosphorylated with recombinant
Cdk5/p35 for the indicated time periods. The amount
of incorporated [y-**P]ATP was calculated after
SDS-PAGE. (C) Migration shifts of phosphorylated
wild-type amphiphysin | and the mutants by Cdk5/p35
on SDS-PAGE gel. After reaction with Cdk5/p35, the
proteins were resolved by 6% SDS-PAGE and then
immunoblotted with anti-amphiphysin | antibodies.
Lanes 1 and 5, wild-type; lanes 2 and 6, serine 272,
276, and 285 residues to alanine; lanes 3 and 7, serine
261 and threonine 310 residues to alanine; lanes 4 and
8, all five residues to alanine. Lanes 1-4, dephospho-
amphiphysin [; lanes 5-8, phospho-amphiphysin I.
(D) Cdk5/p35-dependent incorporation of radiolabeled
phosphate in wild-type and mutated recombinant
amphiphysin I. Lane 1, wild-type; lane 2, serine 272,
276, and 285 residues to Ala mutant; lane 3, serine 261
and threonine 310 residues to Ala mutant; lane 4,
all five residues to Ala mutant. (E) Phosphorylation of
GST-PRD of wild-type dynamin I (WT) and threonine
780 to Ala mutant dynamin | (780 Ala). (F) Relative
location of Cdk5-dependent phosphorylation sites
in amphiphysin I and dynamin I. PH, pleckstrin
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corresponded to peak 1 (299-313 + P) in MALDI-MS, is
shown in Fig. 3 A, and on this basis, Thr310 was identified
as a phosphorylation site (Fig. 3 A, bottom spectrum; this
result also indicated that peak 6 had the same phosphoryla-
tion site at Thr310). However, other phosphorylated amino
acids between residues 260 and 298 (peaks 2—4) were not
assigned. To confirm the phosphorylation sites between
amino acids 260 and 298 of amphiphysin I, serine/threo-
nine sites in the region were mutated to alanine, and the
phosphorylation of the mutant and wild-type proteins was
compared. Wild-type amphiphysin I was phosphorylated
by Cdk5/p35, and a mobility shift of the phosphorylated
amphiphysin I in SDS-PAGE was observed (Fig. 2, C and
D). A previous study showed that Cdk5 phosphorylates
amphiphysin I at serine 272, 276, and 285 in vitro (Floyd
et al., 2001). Therefore, a mutant of amphiphysin I in
which these three sites were changed to Ala was prepared
and subjected to the in vitro kinase reaction. Surprisingly,
this mutant was still phosphorylated, and a mobility shift in
SDS-PAGE was also observed (Fig. 2, C and D). Next, a
similar mutant at serine 261 and threonine 310 was pre-
pared and analyzed. This mutant was also phosphorylated
(Fig. 2, C and D). However, Cdk5-dependent phosphory-
lation of a mutant in which all of these five sites were mu-

tated to alanine was critically reduced, and no mobility shift
in SDS-PAGE was observed (Fig. 2, C and D).

The phosphorylation site of dynamin I was next deter-
mined. MALDI-MS detected a phosphorylated peptide
corresponding to 773-784 from the predicted tryptic pep-
tides (unpublished data). However, this peptide included
three SP or TP motifs (Fig. 3 B). To identify the precise
phosphorylation site, LC/MS/MS analysis was performed
and demonstrated that only Thr 780 of dynamin I was
phosphorylated by Cdk5 (Fig. 3 B). To confirm the phos-
phorylation site of dynamin I, GST fusion protein of pro-
line-rich domain (PRD) of wild-type and of threonine 780
to Ala mutant dynamin I was prepared and was subjected
to the in vitro kinase reaction. The wild-type fusion pro-
tein was phosphorylated by Cdk5/p35 (Fig. 2 E). In con-
trast, Cdk5-dependent phosphorylation of the mutant fu-
sion protein was markedly reduced, and the incorporation
level of phosphate was the same as that in the absence of
Cdk5/p35 (Fig. 2 E). These data agreed with that of the

stoichiometric analysis shown in Fig. 2 B.

Effect of Cdk5-dependent phosphorylation of
amphiphysin I and dynamin I on the interaction

with those binding proteins

The present results showed that Cdk5/p35 phosphorylated
the PRD of both amphiphysin I and dynamin I (Fig. 2 F).
PRD of dynamin I interacts with the Src homology 3
(SH3) domain of amphiphysin I (Owen et al., 1998;
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Figure 3.

Mass spectrometric analysis of amphiphysin I after in-gel tryptic digestion. (A, top spectrum) MALDI-MS analysis of unphos-

phorylated amphiphysin I. The arrowed peak corresponds to residues 260-292. (A, middle) MALDI-MS analysis of phosphorylated amphiphysin I.
Peak 1, 299 KGPPVPPLPKVTPTK 313 + 80 D; peak 2, 260 TPSPPEEPSPLPSPTA-SPNHTLAPASPAPARPR 292 + 160 D; peak 3, 260
TPSPPEEPSPLPSP-TASPNHTLAPASPAPARPR 292 + 240 D; peak 4, 260 TPSPPEEPSPL-PSPTASPNHTLAPASPAPARPRSPSQTR 298 + 240 D;
peak 5, 260 TPSPPEEPSPLPSPTASPNHTLAPASPAPA-RPRSPSQTR 298 + 320 D; peak 6, 299 KGPPVPPLPKVTPTKELQ-QENIISFFEDNFVPEI-
SVTTPSQNEVPEVK 346 + 80 D. (A, bottom) LC/MS/MS spectrum of doubly charged phosphorylated peptide (m/z 818.8, retention time
36.5 min) from tryptic peptides of phosphorylated amphiphysin I. (B) LC/MS/MS spectrum of a phosphorylated peptide of dynamin | after

in-gel tryptic digestion.

Wigge and McMahon, 1998). On the other hand, PRD of
amphiphysin I binds to the heavy chain of clathrin and the
clathrin adaptor protein AP-2 (- and B-adaptin; Wang et
al., 1995; McMahon et al., 1997; Slepnev et al., 1998).
Therefore, whether Cdk5-dependent phosphorylation of
amphiphysin I and dynamin I affected the interaction with
those binding proteins in vitro was examined. Phosphory-

lation of amphiphysin I by Cdk5 had no effect on the in-
teraction with dynamin I (Fig. 4 A). However, the phos-
phorylation significantly inhibited its binding to B-adaptin
(Fig. 4 B). Phosphorylation of dynamin I by Cdk5 inhib-
ited the interaction with amphiphysin I (Fig. 4 C). As
PRD of dynamin I interacts with the SH3 domain of am-
phiphysin I, the effect of the phosphorylation of dynamin I
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Figure 4.  Effect of Cdk5-dependent phosphorylation of amphiphysin

I and dynamin I on the interaction with their partner proteins.
Quantitative analysis was performed as described in the Materials and
methods. Bars, which have been normalized to the dephospho-amphi-
physin | or dephospho-dynamin [ (level of dephosphorylated form =
1), represent the mean = SEM of four independent experiments.
Statistical significance was calculated by the ttest (*, P < 0.005; **,
P < 0.001). (A) Interaction of phospho-amphiphysin | with dynamin
I. Phospho- (5 pg) and dephospho-amphiphysin I (5 pg) were each
incubated with purified dynamin | (4 pg). After immunoprecipitation
with anti-amphiphysin | antibodies or rabbit Ig G, the complexes
were subjected to Western blotting analysis with anti—-dynamin |
antibodies and anti-amphiphysin | antibodies. (B) Phosphorylation
of amphiphysin I inhibited the interaction with B-adaptin. Phospho-
and dephospho-amphiphysin | were incubated with rat brain lysates.
Anti—-amphiphysin | antibodies and protein G-Sepharose were
then added for immunoprecipitation. The complexes were subjected
to Western blotting analysis using anti-B-adaptin antibodies.

(O) Interaction of phospho-dynamin | with amphiphysin I. Either
phospho- or dephospho-dynamin | was incubated with purified
dephospho-amphiphysin I. The amphiphysin | complexes were
immunoprecipitated with the specific antibodies and then subjected
to Western blotting analysis using anti—-dynamin I antibody and
anti—-amphiphysin | antibody. (D) Effect of phospho-dynamin | on
the interaction with the GST-SH3 domain of amphiphysin I. The
GST-tagged SH3 domain of amphiphysin | was bound to glutathione—
Sepharose beads, and phospho- or dephospho-dynamin | was then
incubated with the beads. After the beads were washed, the complexes
were subjected to Western blotting analysis with anti-dynamin |
antibodies. Bottom panel, GST-SH3 polypeptides visualized by
Coomassie blue staining of SDS-PAGE gel.

on the binding to the GST-SH3 domain of amphiphysin I
was examined. The phosphorylation reduced the ability to
interact with the GST-SH3 domain (Fig. 4 D). These re-
sults suggest that Cdk5-dependent phosphorylation of dy-
namin I and amphiphysin I regulates the interaction with
their partner proteins.

Cdk5-dependent phosphorylation of both

amphiphysin I and dynamin I disrupts the

vesicle formation from liposomes

Previous studies suggested that amphiphysin I acts as a reg-
ulated linker protein that couples clathrin-mediated bud-
ding of endocytotic vesicles to dynamin-mediated vesicle
fission (David et al., 1996; Takei et al., 1999). This phe-
nomenon can be reconstituted as vesicle formation by dy-
namin I and amphiphysin I in a cell-free system (Takei et
al., 1999). Upon the incubation of liposomes with dynamin
I and amphiphysin I, liposomes project lipid tubules coated
with these proteins, which are fragmented to generate small
vesicles upon the addition of GTP (Takei et al., 1999). Fur-
thermore, vesicle formation from liposomes can be assessed
both qualitatively and quantitatively using dynamic light
scattering (DLS) (Kinuta et al., 2002). Using these experi-
mental systems, the effects of phosphorylation of dynamin I
and amphiphysin I on vesicle formation were examined.
Massive formation of small vesicles from the liposomes was
induced by dynamin I and amphiphysin I in their dephos-
phorylated forms, but not in their phosphorylated forms, as
observed by EM (Fig. 5 A). As revealed by DLS assay, the
prepared unilamellar liposomes were >200 nm in average
diameter, and no small vesicles were detectable (Fig. 5 B, a
and f). After incubation of the liposomes with dephosphor-
ylated dynamin I, dephosphorylated amphiphysin I, and
GTP, a distinct peak of small vesicles (135.1 = 21.8 nm in
average diameter), which represented >76% of the total
lipid vesicles in number, was detected by DLS (Fig. 5 B, b
and f). Incubation of the liposomes with a combination of
dephosphorylated dynamin I and phosphorylated amphi-
physin I, or a combination of phosphorylated dynamin I
and dephosphorylated amphiphysin I, also resulted in
slightly less small vesicle formation (56.3 or 37.2% of the
total lipid vesicles, respectively) (Fig. 5 B, ¢, d, and f). The
small vesicle formation was almost completely abolished
when the liposomes were incubated with the phosphory-
lated forms of both dynamin I and amphiphysin I (Fig. 5 B,
e and f). These results suggest that Cdk5-dependent phos-
phorylation of both amphiphysin I and dynamin I regulates
the coupling of clathrin-mediated budding of endocytotic
vesicles to dynamin-mediated vesicle fission.

Effect of the Cdk5-dependent phosphorylation of
dynamin | and amphiphysin I on the copolymerization
into rings

Both amphiphysin I and dynamin I have an intrinsic prop-
erty whereby they coassemble into rings without GTP and
liposomes when admixed in a buffer of physiological ionic
strength and pH (Takei et al., 1999). In agreement with pre-
vious studies, it was found that dynamin I forms only a very
few rings under conditions of physiological ionic strength,
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Figure 5. Effect of phosphorylation of
dynamin 1 and amphiphysin 1 on vesicle
formation. (A) EM observation of small
vesicle formation from liposomes. Large
unilamellar liposomes without incubation
(a) or incubated under the indicated
conditions (b—d) were negatively stained.
The liposomes were almost unchanged
after incubation with GTP only (b).
Liposomes incubated with phosphory-
lated dynamin and phosphorylated
amphiphysin were slightly deformed,
probably because of bound proteins, but
no small vesicles were formed (c). Massive
formation of small vesicles was observed
when liposomes were incubated with
dephosphorylated dynamin 1 and
dephosphorylated amphiphysin 1 (d).
Bar, 200 nm. (B) Representative DLS
assay of liposomes after incubation under
the indicated conditions. The relative
ratio of numbers of liposomes and lipid
vesicles of each size were measured.
(a) Control. Distinct peaks of small
vesicles were evident when liposomes
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while amphiphysin I alone never forms rings under these
conditions (Fig. 6 A, a and b, and Fig. 6 B; Takei et al,,
1999). However, massive and numerous rings were formed
by a mixture of dephospho-amphiphysin I and dephospho-
dynamin I (80 = 11.2/pm? Fig. 6 A, ¢, and Fig. 6 B). To
demonstrate the effect of Cdk5-dependent phosphorylation
of these proteins on ring formation, phospho-amphiphysin I
and phospho-dynamin I were mixed, and the negatively
stained proteins were observed by EM. The number of mas-
sive rings in the mixture of phospho-amphiphysin I and
-dynamin I was markedly less than that in the mixture of the
two dephosphorylated proteins (18 =+ 7.2/pm’; Fig. 6 A, d,
and Fig. 6 B). These results indicate that dephospho-amphi-
physin I and -dynamin I can coassemble into ring structures,
and Cdk5-dependent phosphorylation of these proteins in-

hibits the ring formations.

Comparison of the phosphorylation of amphiphysin I and
dynamin I between wild-type and p35-deficient mice

To examine whether dynamin I is phosphorylated by Cd5/
p35 in brain slices and synaptosomes, a phosphospecific

polyclonal antibody for dynamin I that recognized phos-
pho-dynamin I at Thr 780 was produced. The antibody
recognized Cdk5-dependent phospho-dynamin I, but did
not detect dephospho-dynamin I (Fig. 7 A). Previous stud-
ies have shown that FK506, a potent calcineurin inhibitor,
prevents the lower mobility shift of amphiphysin induced
by stimulated dephosphorylation (Bauerfeind et al., 1997;
Slepnev et al., 1998). If Cdk5/p35 phosphorylated amphi-
physin I in presynaptic terminals, the FK506-dependent
mobility shift would be expected to be reduced in p35-
deficient mice. A slight, but reproducible, electrophoretic
mobility shift of amphiphysin I was consistently observed
in the wild-type mouse synaptosomes in the presence of
FK506, whereas no mobility shift was observed in the
presence of a high concentration of K* (Fig. 7 B). In con-
trast, incubation of the synaptosomes from p35-deficient
mice with FK506 failed to induce a mobility shift of the
protein (Fig. 7 B).

Phospho-dynamin I-specific antibodies revealed that phos-
pho-dynamin I was expressed in the synaptosomes from
wild-type brain in the absence of FK506, and the phosphory-
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Figure 6. Effect of Cdk5-dependent phosphorylation of dynamin |

and amphiphysin I on the ring formation. (A) Negative staining of
the proteins incubated in the absence of liposomes. (a) Dynamin-1
alone formed only a very few rings under physiological ionic strength
conditions. (b) Amphiphysin I alone never formed rings. (c) A mixture
of dephospho-amphiphysin I and dephospho-dynamin I produced a
number of massive rings. (d) A mixture of phospho-amphiphysin |
and phospho-dynamin | produced rings, but the number of rings was
markedly less than that produced by a mixture of dephosphorylated
forms of these proteins. Bar, 200 nm. (B) Comparison of the ring
formation under each condition shown in A. The numbers of rings
formed (<50 nm in diameter) from four independent experiments
were averaged and graphed. Data are given as mean (=SEM).

*, P < 0.01 (by the Scheffe’s test following two-way ANOVA).

lation markedly increased in the presence of FK506 (Fig. 7
B). Moreover, high K* stimulation reduced the expression of
phospho-dynamin I in the synaptosomes from wild-type
brain. In the synaptosomes from p35 knockout mouse brain,
in contrast, the antibodies did not detect the phospho-dyna-
min I expression even in the presence of FK506 (Fig. 7 B).
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Figure 7. Cdk5-dependent phosphorylation of amphiphysin I and
dynamin | in synaptosome and brain slices. (A) Characterization of
phosphospecific antibody for dynamin I at Thr 780. Purified dynamin |
was incubated with/without recombinant Cdk5/p35 in the presence
of ATP. The samples (100 ng) were subjected to SDS-PAGE, and
Western blotting analysis was performed using the phosphospecific
antibodies (top) and other antibodies that recognized total dynamin |
(bottom). (B) Comparison of the phosphorylation of both amphiphysin |
and dynamin | in the synaptosomes between wild-type and p35
knockout mice. Purified synaptosomes were incubated for 5 min in
high K* buffer (High K¥) or were incubated with 1 uM FK506 for
5 min in control buffer as described in the Materials and methods.
(C) Dynamin I undergoes electric stimulation-dependent dephos-
phorylation in hippocampal slices. Hippocampal slices were given
electrical stimulation (10 Hz, 1 min) in the presence or absence of
olomoucine, FK506, and VDCC inhibitors. Western blot analysis was
performed using phosphospecific and total dynamin I antibodies.
(D) Quantification of phospho-dynamin I expression from the
results of C. The amount of phospho-dynamin | in each sample
was normalized by each total amount of dynamin | expression, and
the amount is presented as a percentage of the values measured in
control slices.



The increase in intracellular Ca** in presynaptic termi-
nals induces calcineurin activity, resulting in the trigger-
ing of synaptic vesicle endocytosis (Cousin and Robinson,
2001). Next, whether electric stimulation (10 Hz, 1 min)
changed the expression of phospho-dynamin I in hippo-
campal slices was examined. The stimulation reduced the
level of expression of phospho-dynamin I (Fig. 7, C and
D), and olomoucine enhanced the effect of electric stimu-
lation on the reduction in the phospho-dynamin I expres-
sion level. Preincubation with FK506 (1 wM) inhibited
the effect of electric stimulation on the reduction in phos-
pho-dynamin I expression (Fig. 7, C and D). To examine
whether this phenomenon occurred in presynaptic termi-
nals, we applied specific inhibitors of N-type and P/Q-
type voltage-dependent calcium channels (VDCCs) and
then electrically stimulated the hippocampal slices using a
protocol of 10 Hz for 1 min. N- and P/Q-type VDCCs
predominantly mediate excitatory neurotransmitter re-
lease in the hippocampus (Wheeler et al., 1996). Coap-
plication of w-CgTxGVIA and w-AgalVA, which are
specific inhibitors of N-type and P/Q-type VDCCs, re-
spectively, abrogated the effect of the electrical stimula-
tion on the inhibition of expression level of phospho-dyna-
min I (Fig. 7, C and D). These results suggest that the
phosphorylation of both amphiphysin I and dynamin I is
regulated by Cdk5/p35 and calcineurin in the presynaptic

terminals of neurons.

Discussion

Synaptic vesicle exocytosis and endocytosis are tightly regu-
lated by changes in intracellular Ca*" associated with mem-
brane depolarization at the active zone. Synaptotagmin has
been suggested to be the calcium sensor for exocytosis (Li et
al., 1995; Wigge and McMahon, 1998). In contrast, cal-
cineurin is involved in the regulation of synaptic endocytosis
through the dephosphorylation of endocytic proteins
(Cousin and Robinson, 2001).

Regarding the relationship between Cdk5/p35 and am-
phiphysin I, a previous study showed that a complex of
Cdk5 and p25, a truncated form of p35, is associated with
amphiphysin I in bovine brain extract (Rosales et al.,
2000). Amphiphysin I interacts with p35 and is phos-
phorylated by Cdk5 (Floyd et al., 2001). However, it has
been unclear whether Cdk5 regulates the endocytosis of
synaptic vesicles through interaction with and phosphory-
lation of amphiphysin I. Our present results show for the
first time that Cdk5-dependent phosphorylation of am-
phiphysin I has a critical role in the regulation of synaptic
vesicle endocytosis.

Most recently, a concomitantly conducted study by
Tan et al. (2003) also found that Cdk5 regulates synaptic
vesicle endocytosis through the phosphorylation of dy-
namin I. However, their results showed that Cdk5 en-
hances the endocytosis similarly to calcineurin, and the
phosphorylation sites they identified differ from the site
we have identified here. It is hard to explain the discrep-
ancy between these two studies. One possibility is that
Tan et al. (2003) used bacterially expressed GST-Cdk5/
p25 fusion protein, while the present study used the more
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nearly physiological form of Cdk5/p35 derived from eu-
karyotic expression. This form is more than 100-fold
more active than the bacterial form (unpublished data).
The difference of recombinant Cdk5 and its activator may
have caused the discrepancy of the identified phosphor-
ylation sites of dynamin I by Cdk5 (Figs. 2 and 3).
Another possibility is the pharmacological specificity of
Cdk5 inhibitors. In the present study, we applied 10 pM
roscovitine in the hippocampal neurons, as well as olo-
moucine, and confirmed the occurrence of consistent ef-
fects. We also showed that synaptic vesicle endocytosis
was enhanced in the neurons of p35-deficient mice.
Moreover, we confirmed the importance of the phosphor-
ylation of threonine 780 of dynamin I in vesicle recycling
by FM dye experiments in GFP-dynamin I mutant-over-
expressing neurons (Fig. S1, available at http://www.jcb.
org/cgi/content/full/jcb.200308110/DC1). Our results
agree with the theory of calcineurin-dependent regulation
of the clathrin-mediated endocytosis.

Seven proteins (dynamin I, amphiphysin I and II, synap-
tojanin, epsin, AP180, and Eps15) have been identified as
targets of calcineurin (Cousin and Robinson, 2001). These
proteins act at different stages of synaptic vesicle endocyto-
sis. Epsin, AP180, and Eps15 regulate the nucleation stage
of endocytosis (Cousin and Robinson, 2001). In contrast,
both amphiphysin I and dynamin I mediate invagination
and vesicle fission of synaptic vesicles. The question arises
of whether Cdk5/p35 phosphorylates all these proteins and
regulates synaptic vesicle endocytosis at all stages. In the
present study, we identified the PRDs of both amphi-
physin I and dynamin I as Cdk5-dependent phosphoryla-
tion sites. Cdk5 is one of the proline-directed kinases and
phosphorylates the SP and TP motifs (Dhavan and Tsai,
2001). These motifs are abundant in PRD. Synaptojanin,
EPS15, and amphiphysin II also have PRDs (Cousin and
Robinson, 2001). Moreover, one previous study showed
that cdc2 kinase phosphorylates epsin and Eps15, and the
phosphorylation inhibits the interaction with AP2 (Chen
et al., 1999). However, cdc2 is expressed in mitotic cells,
and the expression is very low in mature neurons. CdkS5 is
a member of the cdc2 kinase family, and its phosphoryla-
tion motif closely resembles that of cdc2 (Dhavan and
Tsai, 2001). Therefore, Cdk5/p35 may physiologically
phosphorylate epsin and Eps15 and may regulate synap-
tic vesicle endocytosis through the phosphorylation of all
these proteins at all stages.

The mechanism of the regulation of synaptic vesicle en-
docytosis by phosphorylation and dephosphorylation re-
mains controversial. Two possibilities have been proposed
for the mechanism as follows: (1) regulation of protein—
protein interactions and subcellular localization; and (2)
regulation of the enzyme activity of dynamin I. At the fis-
sion stage, dynamin I assembles into rings around the neck
of invaginated vesicles to form a collar (Hinshaw, 2000).
The liposome-ring formation activity of dynamin I is en-
hanced by the addition of amphiphysin I (Takei et al.,
1999). It has been unclear whether the effect of amphi-
physin I is due to enhanced recruitment of dynamin I to
the vesicle neck or stimulation of the GTPase activity of

dynamin I. The present results showed that Cdk5-depen-
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dent phosphorylation of amphiphysin I and dynamin I in-
hibited the interaction with the partner proteins. Further-
more, cophosphorylation of amphiphysin I and dynamin I
completely disrupted the vesicle formation from lipo-
somes. These data provide strong evidence that phosphory-
lation and dephosphorylation of endocytic proteins regu-
late endocytosis by altering protein—protein interactions.

In conclusion, the findings of the present study suggest
that cophosphorylation of both amphiphysin I and dy-
namin [ by Cdk5 is critical for the inhibition of synaptic
vesicle endocytosis. The switching from the phosphory-
lated form of these proteins to the dephosphorylated form
after membrane depolarization results in the reconstitution
of protein—protein interaction and induction of synaptic
vesicle endocytosis.

Materials and methods

Preparation of recombinant amphiphysin I, dynamin I,
and Cdk5/p35 and purification of dynamin |
Full-length cDNA encoding human amphiphysin | was cloned from a hu-
man retina cDNA library (Stratagene) by PCR. After confirmation of the full
sequence, the PCR products were subcloned into pGEX-6P (Amersham Bio-
sciences). GST-tagged amphiphysin | was expressed and purified as de-
scribed previously (Tomizawa et al., 2002). Finally, the GST-tagged proteins
were cleaved with PreScission Protease (Amersham Biosciences) to remove
GST, and amphiphysin | was purified by glutathione-Sepharose chromatog-
raphy following the manufacturer’s protocol (Amersham Biosciences).
Dynamin 1 was purified from bovine brain essentially as described pre-
viously (Liu et al., 1994). Human dynamin | cDNA encoding the PRD do-
main was subcloned into pGEX-6P, and the PRD domain mutant construct
was made using QuickChange site-directed mutagenesis kit (Stratagene).
Recombinant Cdk5/p35 was prepared using a baculovirus expression sys-
tem as described previously (Saito et al., 2003).

In vitro phosphorylation and binding assay

The phosphorylation reaction and binding assay were performed as de-
scribed previously (Tomizawa et al., 2000, 2002). In brief, phosphoryla-
tion reactions were performed in kinase buffer containing 20 mM MOPS,
pH 7.4, 5 mM MgCl,, 100 uM ATP, [y-*’PIATP (300 dpm/pmol), and 1
mM DTT. Purified dynamin | and amphiphysin | were incubated with each
of the tested concentrations of His-tagged Cdk5/p35 at 32°C. The reactions
were terminated by the addition of boiled SDS sample buffer. After electro-
phoresis of the samples on SDS-PAGE and staining with Coomassie blue,
the relevant gel slices were excised and Cerenkov counted to determine
the total **P incorporation.

For binding assays for dynamin I and amphiphysin I, dynamin | or am-
phiphysin | was phosphorylated by Cdk5/p35 in kinase buffer without
[y-**PIATP for 1 h at 32°C. To remove His-tagged Cdk5/p35 complex and
ATP, the phospho-dynamin | and -amphiphysin | were incubated with
ProBond nickel-chelating resin (Invitrogen) in PBS with 0.5% Triton
X-100 for 1 h at 4°C. After centrifugation, the supernatants were dialyzed
against PBS overnight at 4°C (phospho-dynamin | or -amphiphysin 1). Ei-
ther phospho- (5 wg) or dephospho-amphiphysin I (5 wg) was incubated
with phospho- (4 pg) or dephospho-dynamin | (4 ng) in RIPA buffer (150
mM NaCl, 50 mM Tris-HCI, pH 7.5, 0.4% NP-40) for 30 min at 4°C, and
1 pg of anti-dynamin | polyclonal antibody (C-16; Santa Cruz Biotech-
nology), anti-amphiphysin I monoclonal antibody (Transduction Labora-
tories), mouse IgG, or rabbit IgG was then added for 1 h at 4°C. After the
addition of 40 !l of protein G-Sepharose (Amersham Biosciences), the
complex was further incubated for 1 h at 4°C. The beads were washed
three times with RIPA buffer, and bound proteins were analyzed by
Western blotting analysis. For the binding assay of amphiphysin I to
clathrin, phospho- or dephospho-amphiphysin | was incubated with 1
mg of adult rat brain lysate in RIPA buffer with protease and phosphatase
inhibitors for 1 h at 4°C. Amphiphysin | complexes were then immuno-
precipitated with 1 pg of anti-amphiphysin | antibody as described
above, and B-adaptin binding was then analyzed using anti—-B-adaptin
antibody (Transduction Laboratories). The quantification of binding pro-
teins was performed by scanning x-ray films and analyzing the scanned
images with the NIH image program.

Mass spectrometry

Sample solution (0.5 wl) was loaded onto a MALDI-MS sample plate with
0.5 pl of matrix solution (60 g/liter) of 2,5-dihydroxybenzoic acid in ACN/
water (1/2, vol/vol) containing 0.1% TFA. The sample—matrix solution was
allowed to air dry at room temperature. MALDI-MS measurements were
obtained using a PerSeptive Voyager Linear DE model (Applied Biosys-
tems). The remaining 90% (4.5 ul) of samples were analyzed by means of
electrospray ionization (ESI) MS combined with HPLC. HPLC separations
were made with a C18 silica gel column (Magicms C18 50 mm X 0.1 mm,
200 A, 5 um; Michrom BioResources, Inc.) at a flow-rate of ~1 wl/min.
The eluent from the HPLC column was connected directly to the ESI
source. Mobile phase A was ACN/aqueous 0.2% acetic acid (5:95, vol/
vol), and mobile phase B was ACN/ aqueous 0.2% acetic acid (95:5). A
linear gradient program was run from 0 to 50% B over a period of 60 min.
LC-MS and LC-MS/MS analyses were performed with an ESI ion trap mass
spectrometer (LCQ; ThermoFinnigan) operated in a mode that alternated
single MS scans (m/z 600-2000) with MS/MS scans (data-dependent scan
mode in which the most intense ion peak in the previous MS scan was iso-
lated and subjected to collision-induced dissociation).

In vitro small vesicle formation

Large unilamellar liposomes composed of 80% (wt/wt) brain extract and
20% cholesterol (1 mg/ml) were prepared as described previously (Takei et
al., 2001). The liposomes (final concentration 100 wg/ml) were incubated
in 1 ml of “cytosolic buffer” (25 mM Hepes-KOH, pH 7.2, 25 mM KCl, 2.5
mM magnesium acetate, 100 mM potassium glutamate) for 15 min at 37°C
with proteins and GTP at the various combinations indicated. The final
concentrations of proteins and nucleotides were as follows: phosphory-
lated or dephosphorylated dynamin, 1 or 20 pg/ml; phosphorylated or de-
phosphorylated amphiphysin, 1 or 50 pg/ml; GTP, 1 mM.

DLS assay

The sizes of the lipid vesicles and relative distribution in numbers of
each size of lipid vesicle were measured by DLS using a DLS-7000 AR-
Il spectrophotometer (Otsuka Electronics Co.) as described previously
(Kinuta et al., 2002).

EM

For negative staining, samples were adsorbed onto freshly glow-dis-
charged Formvar- and carbon-coated EM grids, stained with 2% uranyl ac-
etate in ddH,O for 1 min, blotted, and air dried. The grids were examined
using a Hitachi H-7100 transmission EM (Hitachi Ltd.) at the Central Re-
search Laboratory at Okayama University Medical School.

Hippocampal neuronal culture and FM1-43
experimental conditions
Dissociated neuronal culture was performed using a modification of a pre-
viously described procedure (Matsushita et al., 2001). p35 mutant hippo-
campal neuronal cultures were prepared from E17-18 of hetero p35 mu-
tant mice (Ohshima et al., 2001). The hippocampal cells from each
embryo were plated onto the coated glass-bottom dishes separately. The
genotype of neuronal cultures was identified from each mouse embryo.
Cultures at day 9-14 after plating were used in fluorescence experi-
ments. The culture was superfused with normal saline solution at room
temperature. The normal saline solution contained 119 mM NaCl, 2.5 mM
KCl, 2 mM CaCl,, 2 mM MgCl,, 25 mM Hepes (pH 7.4), and 20 mM glu-
cose. To load FM1-43 dye into the vesicles, field stimulation at 20 Hz, 30s,
duration 1.0 ms, and intensity 15 V was delivered to the culture through
a parallel platinum—iridium electrode immersed into the perfusion cham-
ber. Kynurenic acid (5 mM; Sigma-Aldrich) and p-2-amino-5-phosphono-
pentanoic acid (25 wM; Sigma-Aldrich) were applied during loading and
unloading stimulation to prevent recurrent activity. FM1-43 dye (15 uM;
Molecular Probes) was present in the superfusing solution from 45 s before
stimulation to 45 s after stimulation. After FM1-43 loading, the culture was
rinsed with dye-free superfusing solution for 10 min, and fluorescence im-
aging was performed. An unloading stimulation (10 Hz, 45 s or 20 Hz, 30 s)
was delivered to the culture in the dye-free solution to unload the previ-
ously loaded dye. To label the total recycling vesicle pools, FM1-43 was
loaded and unloaded by depolarization with 90 mM KCl solution. To mea-
sure the kinetics of vesicle endocytosis, FM1-43 was loaded after a delay
time after the cessation of depolarization.

Fluorescence imaging and data analysis
Optical imaging experiments were performed with a Carl Zeiss Microlm-
aging, Inc. Axiovert 200 inverted microscope. FM1-43 fluorescence was



excited at 488 nm with a Xenon lamp. The illumination and exposure to
the CCD camera (Hamamatsu Photonics) were controlled and synchro-
nized using AquaCosmos software to minimize photobleaching of the dye.
A Carl Zeiss Microlmaging, Inc. 63x/1.4 NA (Plan Apochromat) was used
to view the cells, and a narrow bandpass FITC filter was used when captur-
ing the fluorescence images.

The active boutons were measured by subtracting the unloading image
from the loading image. The resulting image was filtered by thresholding at
a level of mean plus four standard deviations of the Gaussian background
intensity. The remaining puncta were taken as activity-dependent boutons.
These boutons showed uptake of the FM1-43 dye during vesicle recycling,
thus reflecting endocytosis.

Production of phosphospecific antibodies for dynamin I

and immunoblot analysis

A peptide corresponding to residues 772-784 of rat dynamin | was
chemically phosphorylated at residue Thr 780 and employed to generate
rabbit polyclonal antibodies that specifically detected phospho-dynamin
| as described previously (Czernik et al., 1991). Western blot analysis
was performed at high stringency, essentially as described previously
(Tomizawa et al., 2002).

Generation of p35 knockout mice and preparation

of synaptosomes

p35 mutant mice were generated and maintained in a 129/Sv X C57BL/6)
background as described previously (Ohshima et al., 2001). Synaptosomes
were prepared from wild-type and p35 knockout mice as described previ-
ously (Tomizawa et al., 2002). Stimulation (depolarization) of synapto-
somes was performed as described previously (Bauerfeind et al., 1997).
FK506 (1 wM) was incubated with synaptosomes for 5 min in control
buffer. Incubations were terminated by adding SDS-PAGE buffer, and the
samples were used for Western blotting analysis.

Preparation of hippocampal slices and electric stimulation
Preparation of hippocampal slices and electric stimulation were performed
as described previously (Tomizawa et al., 2002). In brief, the hippocampus
of male C57BL/6 mice aged 7-8 wk was dissected, and 400-um transverse
slices were prepared. A bipolar stimulating electrode was placed along the
Schaffer collateral fibers, and a glass micropipette filled with artificial cere-
brospinal fluid was placed in the stratum radiatum of the CAT region to
record field excitatory postsynaptic potentials (EPSPs) and to adjust the in-
tensity of the stimulation. The intensity of the stimulation was adjusted to
produce an EPSP with a slope of 50% of the maximum.

w-Conotoxin GVIA (w-CgTX GVIA; RBI), o-Agatoxin IVA (w-Aga IVA;
RBI), and FK506 (Fujisawa Pharmaceutical) were added to the perfusion me-
dium. The final concentration of w-CgTX GVIA and FK506 was 1 pM, and
the final concentration of w-Aga IVA was 0.5 uM. After preincubation with
these drugs for 30 min, hippocampal slices were electrically stimulated with
10 Hz for 1 min, and the slices were then sonicated in boiled 1% SDS.

Statistical analysis

Data were analyzed using either the t test to compare the two conditions
or ANOVA followed by planned comparisons of the multiple conditions,
and P < 0.05 was considered to be significant.

Online supplemental material

The supplemental material (Fig. S1) is available online at http:/www.
jcb.org/cgi/content/full/jcb.200308110/DC1. Fig. S1 shows enhancement
of vesicle endocytosis in hippocampal neurons overexpressing dynamin |
mutant at Thr 780.
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