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Amphiphysin I, known as a major dynamin-binding partner localized on the collars of nascent vesi-
cles, plays a key role in clathrin-mediated endocytosis (CME) of synaptic vesicles. Amphiphysin I
mediates the invagination and fission steps of synaptic vesicles by sensing or facilitating membrane
curvature and stimulating the GTPase activity of dynamin. Amphiphysin I may form a homodimer by
itself or a heterodimer with amphiphysin II 7z vivo. Both amphiphysin I and II function as multilinker
proteins in the clathrin-coated complex. Under normal physiological conditions, the functions of
amphiphysin I and some other endocytic proteins are known to be regulated by phosphorylation and
dephosphorylation. During hyperexcited conditions, the most recent data showed that amphiphysin I
is truncated by the ca® -dependent protease calpain. Overexpression of the truncated form of amphi-
physin I inhibited transferrin uptake and synaptic vesicle endocytosis (SVE). This suggests that amphi-
physin I may be an important regulator for SVE when massive amounts of Ca®>" flow into presynaptic
terminals, a phenomenon observed in neurodegenerative disorders such as ischemia/anoxia, epilepsy,
stroke, trauma and Alzheimer's disease. This review describes current knowledge regarding the gen-
eral properties and functions of amphiphysin I as well as the functional regulations such as phospho-
rylation and proteolysis in nerve terminals.
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he synaptic vesicle membrane is recovered by

synaptic vesicle endocytosis (SVE) after synap-
tic vesicles are released to the synaptic plasma mem-
brane during synaptic transmission. Several modes of
retrieval have been proposed to operate at small syn-
aptic terminals of central neurons. They are classical
clathrin-mediated endocytosis (CME), nonclassical
“kiss and run”, and bulk endocytosis. The classical
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CME is a slow track in which vesicles fuse completely
with the presynaptic plasma membrane, followed by
clathrin-mediated recycling of the vesicular compo-
nents [1]. Nonclassical “kiss and run” is a fast track
that may correspond to the transient opening and clos-
ing of a fusion pore [2]. Though the relative impor-
tance of both has been controversial, recent studies
have shown that CME is the major mechanism for
maintaining the synaptic vesicle recycling pool for
synaptic transmission during repetitive high-frequency
electrical stimulation (HF'S) and physiological stimula-
tion [3-5]. Bulk endocytosis was induced during
continuous and strong stimulations such as those that
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occur with high potassium treatment in central syn-
apses [6, 7]. Ca®"-dependent phosphatase 2B cal-
cineurin activity [8], actin polymerization [9], and
F-BAR-containing endocytic protein syndapin [10],
but not dynamin I (the major pinchase in synapses)
[11], have been reported to be involved in this pro-
cess. But the detailed molecular mechanism about bulk
SVE remains to be defined.

CME has been divided into 4 steps: nucleation,
invagination and contraction, fission, and uncoating
[12]. Many endocytosis-related proteins are recruited
to form complexes on the retrieved pits at each step
after neural excitation activates calcium/calmodulin-
dependent calcineurin activity. These proteins include
clathrin, AP2, AP180, dynamin, amphiphysin, endo-
phillin, synaptojanin, intersectin, syndapin, auxillin,
HSC70 ATPase and so on [13]. Amphiphysin I is
suggested to be colocalized with dynamin 1 on the
collar of the retrieved pits [14]. It senses and facili-
tates membrane curvature [15] and stimulates the
GTPase activity of dynamin in the presence of lipid
membrane [16], and thus is involved in the invagina-
tion and fission steps of clathrin-mediated SVE.
Besides its interaction with dynamin 1, amphiphysin I
also interacts with clathrin heavy chain [17], «
-appendage of AP2 [18], endophilin [19], synaptoja-
nin [20], Cdk5 activator p35 [21], PLD (phospho-
lipase D) [22] and cain [23].

CME is regulated by the phosphorylation and
dephosphorylation of endocytic proteins. When nerve
terminals in the brain are stimulated, a group of
phosphoproteins (called dephosphins, including
dynamin 1, amphiphysins I and II, synaptojanin,
epsin, epsld, and AP180) are coordinately dephos-
phorylated by calcineurin [13]. The switching from
the phosphorylated state of the endocytic proteins to
the dephosphorylated state after nerve terminal depo-
larization is essential for triggering the CME. After
one round of stimulation, following the synaptic mem-
brane repolarization, all the phosphoproteins will be
rephosphorylated before the next round of stimulation.
Endocytic protein phosphorylation can regulate a
variety of protein-protein and protein-lipid interac-
tions [24-29]. In vitro experiments showed that a lot
of kinases are involved in the phosphorylation of
endocytic proteins in the resting conditions. They
include cdk5, cdc2, PKC, CK2, PKA, MAPK,
AAK1, GAK, and Src-family kinases [30].
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CME may also be regulated by the proteolysis of
endocytic protein during hyperexcitation, such as
repetitive HE'S or high potassium stimulation. It has
been found that amphiphysin I is truncated to
N-terminal fragments by the Ca?"-dependent protease
calpain under high potassium stimulation in mice hip-
pocampal slices. Overexpression of the amphiphysin I
truncation inhibited clathrin-mediated transferrin
uptake in Cos-7 cells and synaptic vesicle endocytosis
in neurons. Calpain-dependent amphiphysin I trunca-
tion is involved in HEF'S-induced postsynaptic short-
term depression, which is thought to be an auto-
protective mechanism for neurons against
neuroexcitotoxicity. Further, calpain-dependent
amphiphysin I truncation is also observed in kainate
(KA)-induced seizures in F'VB/NJ mice. Amphiphysin
I cleavage by calpain may play a part in reducing the
development of seizures in vivo [31].

General Properties of Amphiphysin I and
Its Function in SVE

Amphiphysin I is an acidic, hydrophilic protein
that is abundant in the nervous system and concen-
trated in presynaptic terminals; this was originally
identified in chicken synaptic vesicle-associated protein
in 1992. Chicken amphiphysin I is highly expressed in
the chicken central nervous system (including fore-
brain, cerebellum, hippocampus, olfactory bulb, and
spinal cord) and also in the testis [32]. Similarly,
human amphiphysin I was later found to be expressed
highly in the brain and testis. Its transcripts and
antigens can also be found at low levels in the ovary,
pituitary, pancreas, and adrenal gland [33-36]. A
fraction of brain amphiphysin is found to be firmly
associated with synaptic vesicles, but there also
appears to be a cytosolic pool. Its cell-type distribu-
tion and its subcellular localization suggest that it may
participate in mechanisms of regulated exocytosis in
synapses and certain endocrine cell types. Human
amphiphysin I is also highly overexpressed in some
breast tumors and breast cancer cell lines [37]. It
was first found as an autoantigen in stiff-man syndrome
associated with breast cancer [33]. But the molecu-
lar mechanism underlying amphiphysin I's role in these
diseases is not yet clear.

Human amphiphysin I is a transcript from chromo-
some 7pl3-pl14 [38]. So far, amphiphysin I is known
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to have 6 splice variants, one brain amphiphysin I
(695aa), one non-neuronal amphiphysin I (653aa, with
a deletion of amino acids 425-466) [39], and 4 retina-
specific amphiphysin Irs [40]. The brain form
(695aa) of amphiphysin I is mainly expressed in the
brain, whereas the nonneuronal form (653aa) of
amphiphysin I is predominantly expressed in tissues
other than brain. Amphiphysin Ir is specifically
expressed in the retina, and it has been shown to be
specifically expressed in rat ribbon synapses [41].
The differences among the amino acids sequences of
the 6 amphiphysin I splice variants are compared in
Fig. 1. An isoform of Amphiphysin I, called amphi-
physin II or Bin 1, showed similar structure, func-
tion, and subcellular localization with amphiphysin I
in the brain. Amphiphysin II has 13 splice variants.

Amphi. I:
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Some are expressed in specific tissues, while others
are ubiquitously expressed [42]. Some studies have
suggested that amphiphysin I may function in SVE by
forming a heterodimer with amphiphysin II by their
N-terminal coiled-coil domains [36, 43]. It appears
that the relationship with amphiphysin I is important
for the stability of the brain form of amphiphysin II,
because amphiphysin II is nearly absent from amphi-
physin I knockout mouse brain even though amphi-
physin II mRNA is unchanged [44].

Amphiphsyin I or II is a modular protein from N
the terminal, and has an a-helix, a BAR domain, a
proline-rich domain (PRD), a CLAP domain (clathrin,
AP2-binding domain), and a C-terminal SH3 domain
(Fig. 2). Each domain plays an important role in
amphiphysin I's functions. Amphiphysin I is involved
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Fig. 1

Amphiphysin | splice variants expressed in human. Amphi. (amphiphysin) | is the canonical human amphiphysin I, which is

specifically expressed in brain. It contains 695aa and comprises a-helix (33aa in amphi. Il), BAR, PRD, CLAP, and SH3 domains from
the N- to C-termini. The AS (alternative splicing) region (425-466, 42aa) is deleted in other variants. Amphiphysin | (nonneuronal) is a
nonneuronal variant of amphiphysin | and has the same amino acid sequence as canonical amphiphysin | except for a deletion at the AS
region. Amphiphysin Irs are specifically expressed in brain retina. Each of them has 2 insert sequences and one AS deletion. The first
insert sequence is 3aa at 249. The second insert sequence occurs at 394, but the number of inserted aa differs among these
variants: amphiphysin Irs-1 is 174aa, amphiphysin Irs-2 is 276aa, amphiphysin Irs-3 is 580aa, and amphiphysin Irs-4 is 174 aa.
Amphiphysin Irs-4 has the third insert DNA sequence at 424; it contains 35aa, but the fifth aa is the stop code TGA, so Amphiphysin Irs-4
protein translation is ended at the stop code and the C-terminal region of the canonical amphiphysin | is not contained in amphiphysin Irs-
4,
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Fig. 2 Interactions between amphiphysin | and other endocytic components during clathrin-mediated SVE. Amphiphysin | is a mul-
tilinker protein. It interacts with amphiphysin Il (amphi. 1I), lipid membrane (PI(4, 5)P,), cdk5/p35 complex, and PLD (phospholipase D) at
the N-terminus concluding BAR domain, with endophilin (endophi.) at the PRD domain, with clathrin (clath.) and AP2 at the CLAP
domain, and with dynamin 1 (dyn. ), synaptojanin 1 (synj. I), and cain at the C-terminal SH3 domain. There is a positive feedback
between PLD and PIP,: PLD will increase PIP, production by hydrolyzing PC to PA. PA activates PI(4)P5K activity, then PIP, will be
produced from PI(4)P by PI(4)P5K activity, while at the same time PIP, activates PLD. Amphiphysin | (1-373aa) has been reported to bind
PLD and to inhibit PLD activity. The interaction between amphiphysin | and PLD will regulate PIP, production, at the same time AP180
and synj. | also have an inhibiting effect at PLD activity and thus regulate PIP,-dependent clathrin complex formation. On the other hand,
amphiphysin | can regulate CME by recruiting cain (calcineurin inhibitor). Calcineurin binds dynamin and is recruited to the endocytic zone
by amphiphysin | to execute its dephosphorylation effect on endocytic proteins, which is essential for CME induction. But its activity will
be downregulated by its inhibitor, cain. This may promote cdk5-dependent rephosphorylation and dissociation of endocytic protein.
Besides the association with amphiphysin |, the schematic figure also shows the interactions among other endocytic proteins (thin line).

in the SVE by its interactions with a lot of other Interaction with Membrane, p35 and
endocytic components, including interactions with PLD at N-terminal Region

PIP2 of the plasma membrane, the cdk5/p35 com-

plex, PLD and amphiphysin II at its N-terminal The N-terminal BAR domain of amphiphysin senses

region; interactions with endophilin by the PRD and drives plasma membrane curvature, which is
domain; interactions with AP2 and clathrin by the important for the invagination step of clathrin-medi-
CLAP domain; and interactions with dynamin I, syn- ated SVE. The crystal structures of the human and
aptojanin and cain by the C-terminal SH3 domain  Drosophila amphiphysin II BAR domain reveal a
(Fig. 2). Thus, amphiphysin I not only directly par- crescent-shaped homodimer with a positively charged
ticipates in the membrane curvature sensing and bend-  concave surface, suggesting that driving and/or sens-
ing at the invagination step but also acts as an impor-  ing curvatures of membranes by BAR domains occurs
tant multilinker protein that recruits various endocytic by the binding of negatively charged membranes to this
proteins and regulators to the clathrin complex. CME  positively charged surface. The a-helix (1-24) is an
is finished by the coordinated work of all these endo-  N-terminal extension with an amphipathic character
cytic proteins and regulators. Below we describe the  that is predicted to undergo a random coil-to-helix
interactions of amphiphysin I (domains from the N  transition by binding to the membrane. The a-helix
terminus to C terminus) with its partners and how and BAR domain together has been called the N-BAR
these interactions function or regulate SVE. domain. A crystal structural analysis and molecular

dynamic simulations suggest that the membrane curva-

ture is generated by the synergistic action of the

N-terminal helices embedded in the lipid bilayer and

the charged crescent-shaped dimer acting to remold
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membrane curvature [15, 45-49].

There are 2 conserved regions in human Bin 1
BAR and drosophila amphiphysin BAR domains with
weak potential (compared with those of arfaptin and
endophilin or that of the IMD domain of IRSp53) for
protein-protein interaction, as detected by a computa-
tional approach. Since these sites are in the convex
face of the BAR domain, would not interrupt the
binding properties of the concave face directly. The
protein-protein interaction sites is expected to be
important for modulating the membrane-binding activ-
ity of the BAR domain by interacting with some other
partner proteins [46].

So far, 2 proteins have been reported to interact
with the amphiphysin I N-terminal. But they are not
likely to be involved in the regulation of BAR domain
binding activity. One is p35, an activator of cyclin-
dependent kinase (Cdkb). Amphiphysin I is a substrate
for Cdk5 [50], a member of the cyclin-dependent
protein kinase family, which has been functionally
linked to neuronal migration and neurite outgrowth via
its action on the actin cytoskeleton. p35, the activat-
ing subunit of the Cdkb kinase complex, has been
found to interact with the amphiphysin I N-terminal
region (1-306 aa) in rat brain and in vitro [21]. This
interaction is analogous to the Pcl2-Rvs167 interaction
in yeast [51]. The yeast homologue of amphiphysin I,
Rvs167, functions in endocytosis and actin dynamics,
is phosphorylated by the Cdk5 homologue Pho85, and
binds the Pho85 regulatory subunit Pcl2. The inter-
action between p35 and the amphiphysin I N-terminal
region may be important for amphiphysin I or other
endocytic protein phosphorylation by Cdk5 in resting
conditions, and thus may be an important SVE-
regulating pathway.

The other protein that is known to interact with the
amphiphysin I N-terminal is phospholipase D (PLD).
PLD hydrolyzes the phosphodiester bond of the glyc-
erolipid phosphatidylcholine, resulting in the produc-
tion of phosphatidic acid (PA) and free choline. PA is
widely considered to be the intracellular lipid media-
tor of many of the biological functions attributed to
PLD. In mammalian systems, PLD activity regulates
the actin cytoskeleton, vesicle trafficking for secretion
and endocytosis, and receptor signaling. PLD is
activated by phosphatidylinositol-4, 5-bisphosphate
(PI(4, 5)P5), protein kinase C (PKC), ADP ribosyla-
tion ractor (ARF1) and Rho family GTPases. PLD

Amphiphysin | and Regulation of Synaptic Vesicle Endocytosis

309

has 2 isoforms, PLLD1 and PLLD2. PLD1 has been
reported to be localized to membranous structures:
Golgi, endoplasmic reticulum, endosome, lysosome,
and plasma membrane. PLLD2 is most often reported
to localize to the plasma membrane, but also localizes
to the cytosol and submembranous vesicular compart-
ments as well as co-localizing with B-actin [see
review 52]. Four nerve-terminal concentrated and
clathrin-coat-associated proteins have been related to
PLD activity inhibition: synaptojanin [53], AP180
[54], amphiphysin I and amphiphysin II [22]. The
inhibition of PLLD by synaptojanin was attributed to its
ability to dephosphorylate PI(4, 5)P,, whereas the
inhibitory effects of AP180, amphiphysins I and II are
the result of direct interaction with PLLD. Amphi-
physin I and II N-terminal (1-373aa) is critical for
PLD binding and inhibition activity. The inhibition of
PLD activity by synaptojanin, AP180 and amphi-
physins I and II is thought of as a negative regulation
for clathrin coat assembly. Because the PI(4, 5)P;
component in the plasma membrane is important for
clathrin coat assembly [55-60], at the same time it is
an activator for PLD activity. PA, produced by the
action of PLD, is a potent activator of PI(4)P
5-kinase [61-64] and thereby increases the synthesis
of PI(4, 5)P,, which, in turn, leads to further stimu-
lation of PLLD activity. A rapid increase in the con-
centration of PI(4, 5)P, induced by this positive
feedback loop would be expected to facilitate clathrin
coat assembly. Inhibition of PLLD by amphiphysins and
AP180, together with the hydrolysis of P1(4, 5)P; by
synaptojanin, provides a mechanism to break the
feedback loop (Fig. 2), which is important for coated
vesicle disassembly and its subsequent fusion with
plasma membrane.

These observations suggest that, aside from the
sensing and/or driving membrane curvature in the
invagination step, the conserved N-terminal region/
BAR domain of amphiphysin I may also be involved in
the phosphorylation of amphiphysin I and other endo-
cytic proteins by cdkb under resting conditions, as
well as in regulating membrane PI(4, 5)P; levels and
thus coated vesicle disassembly during synaptic activ-
ity.

Interaction with Endophilin at PRD Domain

The N-BAR domain is followed by a positively
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charged stretch (248-315) that is very rich in proline
(32%) and other small amino acids. Because of its
high proline content, the proline-rich domain (PRD)
harbors potential SH3-binding and proline-directed
kinase phosphorylation sites. The sequences of both
the N-BAR domain and the PRD domain are highly
conserved among different species (for example, 94%
of identity between chicken and human). Endophilin 1
has been reported to interact with the amphiphysin I
and II PRD domains by its SH3 domain specifically
[19]. Endophilin 1, a cytoplasmic Src homology 3
(SH3) domain-containing protein, localizes in brain
presynaptic nerve terminals. Endophilin dimerizes
through its N-terminus [65] and participates at mul-
tiple stages in CME, such as inducing CME initiation
as a Ca®” sensor, driving early membrane invagination
by its BAR domain and uncoating synaptic vesicles by
recruiting synaptojanin in synapses [66-75]. Both its
C-terminal SH3 domain and the N-terminus are
required for endocytosis. Through its SH3 domain,
endophilin binds to PRDs in other endocytic proteins,
including synaptojanin and dynamin [72, 73, 76]
except amphiphysins. The N-terminal region possesses
unique functions affecting lipid membrane curvature
[77]. Endophilin is another important N-BAR
domain-containing endocytic protein. Previous studies
proposed that endophilin binds to tubulate membrane
through its BAR domain and its lysophosphatidic acid
acyl transferase (LPAAT) activity. By the LPAAT
activity, arachidonate transfer to lysophosphatidic
acid generated phosphatidic acid in the membranes.
This activity is thought to change the bilayer asym-
metry in such a way that negative membrane curvature
at the neck of a budding vesicle will be stabilized
[78]. But recently, the LPAAT activity associated
with endophilin proved to be a contaminant of the
purification procedure [79]. The proposed locus of
activity in endophilin includes the BAR domain, which
has no catalytic site but instead senses positive mem-
brane curvature. Amphiphysin and endophilin BAR
domains have similar tertiary and quaternary struc-
turesas well as amphipathic properties in N-terminal
a-helices, except for the significant difference that
endophilin has a short loop, disordered in the middle
of a crescent-like crystal, on the concave surface of
helix 1. The protrusion coming from the middle of the
endophilin BAR domain crystal has been suggested to
be another structure-based mechanism that helps to
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drive membrane curvature by its insertion into the
membrane bilayers [80]. Amphiphysin I and endophi-
linl have similar properties in binding with lipid
membrane in vitro, including the diameters of the lipid
tubules and the recruitment of dynamin and clathrin
coat protein to lipid tubules. But they showed differ-
ent effects on dynamin 1 GTPase activity in wvitro;
whereas amphiphysin I has a stimulatory effect, endo-
philin has an inhibitory effect on vesicle formation
when added with dynamin and GTP to liposomes [77].
The study using anti-endophilin antibody microinjec-
tion into lamprey giant reticulospinal pre-synapse
showed that SVE was inhibited at an earlier invagina-
tion stage and that synaptic vesicles were trapped by
shallow clathrin-coated pits (CCPs) [66]. In contrast,
interruption of amphiphysin I by the amphi-SH3
domain showed the inhibition of SVE at a very late
invagination stage or fission step, where SVs were
trapped by constricted CCPs [81]. Together, these
findings suggest that the membrane-binding property
of endophilin may be more necessary at an earlier
stage of the invagination step of clathrin-mediated
SVE compared with amphiphysin I, in which GTPase
activity increases during the fisson step. But how
these two N-BAR proteins coordinately work and the
importance of the interaction between them needs to
be explored further.

Interaction between Clathrin and AP2 at the
CLAP Domain

Clathrin triskelia and adaptor protein complexes
(APs) are the major coat proteins involved in CME.
The formation of a cage structure from clathrin helps
to invaginate the membrane and shape vesicles. AP2
was shown to bind and cluster transmembrane proteins
destined for internalization and to promote clathrin
polymerization on the plasma membrane. The CLAP
domain (322-386) in the middle of amphiphysin I is
shown to interact with the clathrin heavy chain and the
a-appendage of AP2 directly. The interaction
between clathrin and AP2 has been reported to be
essential for receptor-mediated transferrin endocyto-
sis by overexpression of amphiphysin I fragments that
contain both clathrin heavy-chain- and AP2-binding
domains in CHO cells [82]. Mutation of residues 323
to 326 (FFED) abolishes a-adaptin binding without
affecting clathrin heavy-chain binding. Binding to the
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clathrin heavy chain is conferred by residues 347 to
386 [82]. The three-dimensional structure of the
a-adaptin appendage domain has been determined and
a model has been proposed to account for its remark-
able ability to mediate binding not only to amphi-
physin 1 but also to Eps15 and epsin in clathrin coats
via a single interaction interface [83, 84]. Muta-
tional analysis identified 2 motifs (LLDLD and
WDLW) in amphiphysin II that are important for
binding to the clathrin heavy chain. The affinity of the
recombinant clathrin-binding domain of amphiphysin II
for native clathrin triskelia was estimated to be 1nM
[85]. The mutation of either LLDLD or WDLW
motifs in amphiphysin I weakens clathrin heavy-chain
binding, and the double mutation abolishes clathrin
heavy-chain binding but has no effect on «-adaptin
binding. As expected, the combination of the muta-
tions in a-adaptin and the clathrin heavy-chain binding
sites abolished amphiphysin I interaction with both
a-adaptin and the clathrin heavy chain [82].

Interaction with Dynamin 1

Dynamin plays an important function in the fission
of endocytic buds from the plasma membrane. An
essential role for dynamin in all forms of SVE has
been strongly suggested by studies with dynasore,
which rapidly inhibits the GTPase activity of dynamin
with high specificity and potently inhibits synaptic
vesicle recycling in rodent hippocampal neurons [86].
Mammals express three dynamins with different
expression patterns. Dynamin 1 is expressed exclu-
sively in the brain, whereas dynamin 2 is ubiquitously
expressed and dynamin 3 is expressed selectively in
brain and testis. In the neurons, dynamin 1 is present
at overwhelmingly high levels compared to dynamin 2
or 3. However, surprisingly, the nervous-system-
specific dynamin 1, and by far the major dynamin in
neurons, is largely dispensable for the endocytic
recycling of SVs in dynamin 1 knockout mice cortical
neurons [87]. Dynamin 1 becomes essential only
when an intense stimulus imposes a heavy load on
endocytosis and only as long as the stimulus persists.
The defects in SVE could be rescued with WT
dynamin 1 or dynamin 3 overexpression in dynamin 1
KO cortical neurons, which suggests that dynamin 3
may compensate for dynamin 1's function in the
absence of dynamin 1. Nevertheless, lines of proof
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showed that dynamin 1 play a key role in clathrin-
mediated SVE. The role of dynamin in endocytosis
was established when the Drosophila gene shibire was
cloned in 1991 and was found to be homologous to
dynamin [88, 89]. Drosophila expressing the temper-
ature-sensitive shibire gene product exhibit rapid and
reversible paralysis at a nonpermissive temperature.
Examination of the nerve terminals of the shibire flies
at the nonpermissive temperature revealed an absence
of synaptic vesicles and the accumulation of clathrin-
coated pits at the plasma membrane. This led to
speculation that dynamin plays a role in CME [90]. In
vitro, dynamin spontaneously self-assembled into rings
and stacks of interconnected rings, comparable in
dimension to the ‘collars’ observed at the necks of
invaginated coated pits that accumulate at synaptic
terminals in shibire flies [91]. In GTPyS (a nonhy-
drolized form of GTP)-treated nerve terminals, elon-
gated tubular invaginations of plasmalemma were
found to be decorated by dynamin-formed transverse
electron-dense rings [92]. Ultrastructural analysis of
GTPyS-injected nerve terminals also showed dynamin
is localized on invaginated clathrin-coated pits and
forms a ring structure on the neck [93]. All these in
vitro and in vivo studies indicate an important role for
dynamin at the fission step by the assembly of dynamin
into rings around the neck of clathrin-coated pits, and
a concerted conformational change is expected to pinch
off the coated vesicles. Further, fluorescence micro-
scopic and electron microscopic analyses of dynamin 1
KO neurons revealed a dramatic accumulation of
clathrin-coated pits in inhibitory synapses, suggesting
that clathrin-mediated SVE is seriously inhibited at
the fission step in dynamin 1 KO synapses [11].

Both amphiphysin I and II have SH3 domains at the
C-terminal that recognize the PSRPNR sequence
within dynamin's PRD domain [94]. In vitro, the
amphiphysin I-SH3 domain bound the dynamin I-PRD
domain with high affinity (KD~10nM) [95]. Confocal
immunofluorescence revealed that COS-7 cells trans-
fected with the amphiphysin SH3 domain showed a
potent blockade in receptor-mediated endocytosis.
When COS-7 cells were cotransfected with both
dynamin and the amphiphysin I SH3 domain, transfer-
rin uptake was efficiently rescued. Importantly, the
SH3 domains of Grb2, phospholipase Cy and spectrin
all failed to exert any effect on endocytosis [96].
Microinjection of amphiphysin's SH3 domain or of a



312 Wuetal.

dynamin peptide containing the SH3 binding site inhib-
ited synaptic vesicle endocytosis at the stage of
invaginated clathrin-coated pits, which resulted in an
activity-dependent distortion of the synaptic architec-
ture and a depression of transmitter release [81].
These findings demonstrate that SH3-mediated inter-
actions are required for dynamin function and support
an essential role of CME in synaptic vesicle recycling.

Amphiphysin I plays a critical role in CME by
recruiting dynamin to the nascent vesicle neck and
stimulating dynamin's GTPase activity. Microinjection
of the amphiphysin SH3 domain induced trapped
CCPs, and no dynamin ring structure could be found
on the vesicle neck [81], suggesting that dynamin
recruitment to the neck is inhibited by the interrup-
tion of interaction between amphiphysin SH3 and the
dynamin PRD domain. Microtubules [97, 98],
growth factor receptor-bound protein 2 (Grb2) [98]
and anionic phospholipids (small liposomes) [99] have
been shown to stimulate the GTPase activity of
dynamin, and each of these substrates promotes
dynamin assembly [100]. Similarly, amphiphysin I
could form a ring structure with dynamin under the
same physiological buffer conditions. In this way,
dynamin molecules are polymerized in the rings and
are in close enough proximity for the GED domain of
one molecule to make contact with the GTPase domain
of a neighboring molecule, resulting in the stimulation
of dynamin GTPase activity [101, 16]. Liposome
size strongly influences amphiphysin's effect on
dynamin GTPase activity. In the presence of large
liposomes (1779.57 + 461.7 nm in diameter), dynamin
GTPase activity is dramatically enhanced by the addi-
tion of amphiphysin. On the other hand, when the
liposomes are small (80.77 + 10.8nm in diameter), the
addition of amphiphysin I led to a drastic decrease in
GTPase activity. This suggests that amphiphysin I can
sense plasma membrane curvature and thus can regu-
late dynamin GTPase activity or the assembly/disas-
sembly of amphiphysin complex with dynamin. At the
same time, the lipid component also influences the
stimulatory effect of amphiphysin on dynamin GTPase
activity. A higher concentration of PI(4, 5)P; or
phosphatidylserine (PS) to liposome could increase
the stimulatory effect more strongly. In addition, both
the BAR and SH3 domains are required for the stimu-
lation of dynamin GTPase activity and ring structure
formation with dynamin. The deletion of central
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regions of the amphiphysin molecule Amph A248-601,
containing the BAR and SH3 domains, strikingly
enhanced the effect of amphiphysin I on dynamin
GTPase activity. This is thought of as intramolecular
interaction between the PRD domain and SH3
domain; this interaction blocks the binding of amph-
iphysin with the dynamin PRD domain by the SH3
domain [101, 102].

Interaction with Synaptojanin 1

Synaptojanin 1 is the only other brain protein that
binds the SH3 domain of amphiphysin with an impor-
tant function in synaptic vesicle endocytosis. Synap-
tojanin 1 has 2 distinct phosphatase domains: a Sac
1-like inositol phosphatase domain near the amino
terminus, and a central inositol 5-phosphatase domain.
A third important region is the C-terminal proline-
rich domain (PRD) that interacts with endocytic pro-
teins, including endophilin and amphiphysin. The
amino-terminal Sac 1-like phosphatase hydrolyzes
PI(3, 5P, PI(4)P, or PI3)P to PI [103], whereas
the central 5-phosphatase hydrolyzes PI(4, 5)P, to
PI(4)P [104]. A recent study revealed that synapto-
janin 1 (145-kDa), the predominant isoform expressed
in the brain, was rapidly recruited as a “burst,”
together with endophilin, at a late stage of CCP for-
mation [105]. In contrast, the nonneuronal ubiqui-
tously expressed 170-kDa isoform of synaptojanin was
present at all stages of CCP formation, which is
important for clathrin coat maturation in nonneuronal
cells. These results raise the possibility that dynamic
phosphoinositide metabolism may occur throughout the
lifetime of a CCP. Genetic ablation of synaptojanin 1
in mice [106], worms [107], and flies [73] causes
depressed synaptic transmission after prolonged
stimulation, decreased synaptic vesicle numbers, and
accumulation of clathrin-coated vesicles, suggesting
that synaptojanin 1 regulates the uncoating and remo-
bilization of vesicles during CME. In the nerve termi-
nal, synaptojanin 1 forms 2 separate complexes by
distinct sites in its PRD domain at the same time: 1 is
interaction with endophilin by site PKRPPPPR, and
the other is interactions with amphiphysin I, II by 2
sites, PIRPSR and PTIPPR [108, 109]. Though
amphiphysins I and II have been reported as partners
of synaptojanin, no further studies have shown the
significance of the interaction in clathrin-dependent
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endocytosis. In contrast, endophilin as the major
partner of synaptojanin showed an important role in
SVE. Manipulations of endophilin's SH3 domain
caused an accumulation of deeply invaginated pits and
clathrin-coated vesicles at the lamprey giant synapse
[66], suggesting that endophilin plays an important
role in recruiting synaptojanin and dynamin I to the
clathrin coat for endophilin during SVE.

Amphiphysin I is Involved in Regulating
Calcineurin Activity

Following exocytosis, synaptic vesicle components
are recovered by endocytosis. Ca®' influx into the
nerve terminal is not only the trigger for exocytosis
but is also important for clathrin coat nucleation in
SVE. Ca®'/calmodulin-dependent phosphatase 2B
calcineurin plays an essential role in endocytosis by
dephosphorylating the dephosphins: dynamin 1, syn-
aptojanin, epsin 1, eps 15, and AP180 except amphi-
physins I and II. The dephosphorylation of all these
dephosphins is essential for endocytosis [13]. Cal-
cineurin binds dynamin 1 at the dynamin 1 C-terminal
PRD domain. The calcineurin-dynamin 1 interaction
is calcium-dependent, with an EC50 for calcium in the
range of 0.1-0.4uM. Disruption of the calcineurin-
dynamin 1 interaction inhibits CME. Thus, the cal-
cium-dependent formation of the calcineurin-dynamin 1
complex provides a calcium-sensing mechanism that
facilitates endocytosis. Amphiphysin I is also com-
bined with this calcium sensor complex, the addition
of amphSH3 peptide, which corresponds to the bind-
ing sites with dynamin PRD domain. This causes both
dynamin 1 and calcineurin to dissociate from the
GST-amphiphysin 1 column, showing that amphi-
physin I plays an anchoring role for the calcineurin-
dynamin 1 complex to clathrin-coated pits through the
interaction between amphiphysin I and dynamin 1
[110]. On the other hand, amphiphysin I also recruits
cain (calcineurin inhibitor) by its SH3 domain binding
to the cain PRD domain. Cain is a 240-kDa protein
that binds to calcineurin and inhibits calcineurin activ-
ity. Cain overexpression in HEK293 cells blocks
transferrin-induced endocytosis, suggesting it has a
regulatory role in CME. Co-immunoprecipitation
experiments showed that cain binds to calcineurin and
amphiphysin I simultaneously. These data suggest that
amphiphysin I has a two-sided effect on calcineurin’s
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dephosphorylation action. Upon calcium influx into the
nerve terminal, amphiphysin I recruits the cal-
cineurin (active)-dynamin 1 complex to the plasma
membrane or partly formed clathrin coat, delivering
calcineurin's dephosphorylation effect to the complex
of endocytic proteins. Once the endocytic coat com-
plex is fully assembled, cain, another partner associ-
ated with amphiphysin 1, promotes the rephosphory-
lation and dissociation of endocytic proteins by
inactivating calcineurin [23].

A Potential Role in Actin Function

The dynamic polymerization of actin has a central
role in several processes that reshape the plasma
membrane. These processes include the protrusion of
lamellipodia and filopodia during cell migration, and
different forms of endocytic internalization (phagocy-
tosis, macropinocytosis, clathrin-mediated endocyto-
sis and caveolae-mediated endocytosis) [111].
Neurons express only the 8 and y isoforms of actin,
lacking the « isoform popular with skeletal muscle.
Actin is ubiquitously expressed in neurons. Inter-
estingly, it is highly concentrated at synapses. Both
light microscopy and ultrastructural studies indicate
that, at mammalian CNS synapses, actin is most
highly enriched in postsynaptic dendritic spines. It is
also indeed enriched in presynaptic nerve terminals
relative to the adjacent axon segment. In developing
synapses, the rapid turnover of actin facilitates axon
outgrowth, de novo synapse formation, molecular
scaffolding, and synaptic plasticity. Actin has many
potential roles in nerve endings, and its effects have
been classified into 4 broad categories: a barrier
effect, in which polymerized actin is distributed under
plasma membrane and between synaptic vesicles,
which can impede vesicle fusion; a carrier effect, in
which the highest concentration of actin reportedly
often appeared to surround the core of synaptic vesi-
cle clusters, forming a corral to restrain vesicles from
fusion with plasma membrane too; a recycler effect, in
which active polymerization of actin could facilitate
endocytic recycling of fused vesicles by constriction or
propulsion forces; and a scaffold effect, in which actin
might act as a scaffold to sequester regulatory mole-
cules at or near the vesicle pools [112]. The func-
tional links between actin cytoskeleton and CME have
been identified. Actin polymerization has been
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involved in earlier and later stages of SVE in lamprey
reticulospinal synapses. At stimulated synapses,
specific disruption of actin polymerization with latrun-
culin and swinholide (2 actin polymerization inhibitors)
induced a selective increase in unconstructed clathrin-
coated pits and, in the case of swinholide, an addi-
tional increase in the size of plasma membrane evagi-
nations. These results indicate that actin
polymerization participates initially in the maturation
of CCPs during the early stages of synaptic vesicle
recycling [113]. Ultrastructural observations of
stimulated lamprey synapses in the presence of
F-actin-stabilizing reagents, phalloidin, and an
N-ethylmaleimide-inhibited subfragment of myosin I
(NEM-S1) caused tethered vesicles or accumulated
aggregates of vesicles, suggesting that actin disas-
sembly is involved in transporting vesicles back to the
synaptic vesicle pool [114].

Amphiphysin I and dynamin I are colocalized on the
nascent vesicle neck. The interaction is essential for
the clathrin-mediated SVE. So far, though, there is
no direct proof showing amphiphysin is involved in
actin function in synaptic vesicle endocytosis. Several
studies have suggested that amphiphysin has a poten-
tial role in actin polymerization. First, amphiphysin
homologs in yeast Rvs 167p and Rvs 161p are known
to be physically linked to actin cytoskeleton, or actin-
binding protein Abplp, positioning the Rvs 167p in
the heart of the actin cytoskeleton. Genetic and func-
tional analyses of rvs mutant showed a loss of actin
cables and the de-localization of actin spots under
adverse conditions, defects concerns disorders in
endocytosis, bud-site selection and mating. These
phenotypes are close to those described for the actin
mutants [115]. Second, amphiphysin I colocalizes
with dynamin I in developing neurons at all develop-
mental stages and that a pool of both proteins is
colocalized with actin patches at the leading edges of
growth cones. When amphiphysin I was knocked out
with amphiphysin I antisense oligonucleotides, growth
cones collapsed and both neurite outgrowth and axon
formation were severely inhibited. These data suggest
a conserved role of the amphiphysin protein family in
the dynamics of the cortical cell cytoskeleton [116].
Third, in Sertoli cells, amphiphysin I is enriched in
actinrich structures, including ruffles, phagocytic
cups, and phagosomes after PS-liposome or PS-coated
bead stimulation. Knocking out amphiphysin 1 by RNA
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interference in the cells resulted in reductions in ruffle
formation, actin polymerization, and phagocytosis.
Phagocytosis was also drastically decreased in amph 1
(=/—) Sertoli cells. In addition, PI(4, 5)Ps-induced
actin polymerization was decreased in the knockout
testis cytosol. The addition of recombinant amphi-
physin 1 to the cytosol restored the polymerization
process. Ruffle formation in small interfering RNA-
treated cells was recovered by the expression of con-
stitutively active Rac 1, suggesting that amphiphysin
1 functions upstream of the Rac 1 signal pathway
[117]. These findings support that amphiphysin 1 is
important in the regulation of actin dynamics and that
it is required for phagocytosis. The molecular mecha-
nism underlying amphiphysin’s role in actin polymer-
ization and its ability to further amphiphysin’s effect
on SVE remains unclear.

Regulation of the Functions of Amphiphysin I
by Phosphorylation

Amphiphysin I also undergoes constitutive phos-
phorylation and stimulation-dependent dephosphoryla-
tion. Dephosphorylation of amphiphysin I requires
extracellular Ca®" and is unaffected by pretreatment
of synaptosomes with tetanus toxin. Thus, Ca®"
influx, but not synaptic vesicle exocytosis, is required
for dephosphorylation. Dephosphorylation of amphi-
physin I is inhibited by cyclosporine A and FK-506, 2
drugs that specifically block calcineurin activity, but
not by okadaic acid, which blocks protein phos-
phatases 1 and 2B. This suggests that calcineurin is
amphiphysin I in wvivo phosphatase [118]. All the
dephosphins have been reported to share the same
dephosphatase calcineurin, but each of them may have
more than one kinase to keep itself in phosphorylated
form during resting conditions. All in vivo amphl
phosphosites have been identified by **P tracking in
synaptosomes [119]. There are 13 of these sites:
serines 250, 252, 262, 268, 272, 276, 285, 293,
496, 514, 539, and 626 and Thr-310 (Fig. 3).
These were distributed into two clusters, one around
the PRD domain and the other around the C-terminal
SH3 domain. Hierarchical phosphorylation of Ser-262
preceded phosphorylation of Ser-268, -272, -276,
and -285. Offline HPLC separation and two-dimen-
sional tryptic mapping of *P-labeled amphiphysin I
revealed that Thr-310, Ser-293, Ser-285, Ser-272,
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Fig. 3  In vivo phosphosites of amphiphysin I. There are 13 phosphosites (S250, 252, 262, 268, 272, 276, 285, 293, 496, 514, 539,

626, and T310) found in rat brain. T260 (red) was found in GABA antagonist PTZ-induced seizure. The phosphosites of S268, 272, 276,
285, 293, T310 (black bold) are most dynamically turning over, and the phosphosites of S250, 252, 539, 626 (blue bold) are most con-
stitutively phosphorylated during the synaptic activity. Cdk5, MAPK, and Mnb/Dyrk1A are potential in vivo kinases; they phosphorylated

amphiphysin | at the sites shown in the figure in vitro.

Ser-276, and Ser-268 contained the highest **P incor-
poration and were the most stimulus-sensitive.
Individually, Thr-310 and Ser-293 were the most
abundant phosphosites. Amphiphysin I's in vivo phos-
phorylase activity is not known. But it is suggested
that at least one proline-directed protein kinase and
one nonproline-directed kinase are involved in amphi-
physin I phosphorylation in vivo. Four phosphosites
predicted for nonproline-directed kinases, Ser-626,
-250, -252, and -539, contained low amounts of **P
and were not depolarization-responsive. The results
reveal 2 sets of amphiphysin I phosphosites that
either dynamically turn over or are constitutively
phosphorylated in nerve terminals. Two other amphi-
physin I splicing variants were also found to be phos-
phorylated under the same conditions, but none of the
phosphosites in amphiphysin I isoform were dynami-
cally labeled with **P, and all of the sites are consti-
tutively phosphorylated. Therefore, all 3 isoforms of
amphiphysin I are phosphorylated in nerve terminals,
but only amphiphysin I dynamically incorporates *:P
radiation or exhibits depolarization-induced dephos-
phorylation. This indicates that among the 3 isoforms
it is the major variant most likely to be involved in
SVE [119]. In addition to the 13 in wivo phospho-
sites in amphiphysin I induced under physiological
conditions, another in vivo phosphosite (T260) was
found during seizures triggered by the GABA antago-
nist pentylenetetrazole (PTZ) [120]. Under such
conditions, activation of the c-jun N-terminal kinase
(JNK) pathway was detected in hippocampal extracts.
Phosphorylated amphiphysin I was identified with the
cross-activity of specific phospho-MKK4 antibody,
which was raised against the phosphorylation peptide
of the upstream JNK kinase MKK4. The protein
kinases for amphiphysin I phosphosite T260 remain to

be identified. The phosphorylation found specifically
during PTZ-induced synaptic hyperexcitation suggests
a potential role for amphiphysin I in synaptic function
under neuronal hyperexcitation.

The protein kinase or kinases that phosphorylate
amphiphysin I in nerve terminals in vivo are not known,
but amphiphysin I is a substrate for at least 4 protein
kinases in vitro. Three proline-directed protein kinases
phosphorylate amphiphysin I: Cdk5/p35 (Ser-262,
Ser-272, Ser-276, Ser-285, and Thr-310) [50],
mitogen-activated protein kinase (MAPK) (Ser-285
and Ser-293) [121], and Mnb/DyrklA (Minibrain
kinase/dual-specificity tyrosine phosphorylation-regu-
lated kinase) (Ser-293 with minor sites including Thr-
310, and Ser-295) [122]. CK2 phosphorylates amphl
in vitro on Thr-350 and Thr-387 [123]. The phospho-
rylation at these sites is important for regulating the
interactions of amphiphysin I with its endocytic part-
ners, clathrin, AP2, endophilin and lipid membrane,
but its interaction with dynamin is not. Compared
with the other 3 potential amphiphysin I kinases
(MAPK, DyrklA/minibrain kinase, and CK2), Cdk5
is more likely important amphiphysin I in vivo kinase,
because the 5 Cdk5-dependent phosphosites in amph-
iphysin I identified in vitro are all consistent with those
identified in vivo. Four of these phosphosites (except
S262) could highly incorporate **P and are the most
stimulus-sensitive in the nerve terminal. In addition,
amphiphysin I has been detected in the Cdk5/p25
complex in bovine brain [124], and the Cdk5-
activating subunit p35 has been reported to bind the N
terminus of amphiphysin I in rat brain [21]. In some
experiments, 2 Cdkb5 inhibitors, roscovitine and
Ro031-8220, could not inhibit amphiphysin I rephos-
phorylation completely upon recovery from a depolar-
ization stimulus [125, 126], and the phosphorylated
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form of amphihysin I still exists in synaptosomes from
p35-deficient mice [50]. These data indicate that
Cdk5 is not only a kinase for amphiphysin I in vivo, but
that some other kinases could compensate for Cdk5'’s
role in the phosphorylation of amphiphysin I when cdkb
activity is blocked.

Cdk5 co-phosphorylates amphiphysin I and dynamin
I in vitro [50]. Amphiphysin I can copolymerize with
dynamin I into ring structures and has a stimulatory
effect on dynamin I's GTPase activity in vitro; this
effect is highly dependent on liposome size [16].
Cdk5-dependent phosphorylation regulates the interac-
tion between amphiphysin I and dynamin I. The phos-
phorylation of each protein reduces the copolymeriza-
tion into a ring formation. Moreover, the
phosphorylation of both proteins completely disrupts
the copolymerization into a ring formation. Further,
the dynamin I GTPase activity-dependent vesicle for-
mation from liposome is also inhibited by the phospho-
rylation of both proteins [50]. On the other hand,
cdkb-dependent phosphorylation also regulates the
interaction of amphiphysin I with the lipid membrane
[28]. It is interesting that cdk5-dependent phospho-
rylation of amphiphysin I was enhanced in the presence
of liposome in vitro, and that the phosphorylation was
markedly decreased by mutation of either Ser276 or
Ser285 of amphiphysin I to alanine (S276A and
S285A). Furthermore, mutation of both sites (S276
and 285A) completely eliminated the enhanced phos-
phorylation. Functional studies indicated that binding
of amphiphysin I to lipid membrane was attenuated by
Cdkb5-dependent phosphorylation of wild-type amphi-
physin I, but not of the S276, 285A form. Endo-
cytosis was increased in rat PC12 cells expressing
amphiphysin I S276, 285A in comparison with the
wild type. These results suggest that Ser276 and
Ser285 are regulatory Cdkb phosphosites of amphi-
physin I in the lipid-bound state. Phosphorylation at
these 2 sites alters binding of amphiphysin I to lipid
membranes, and may be an important r aspect of SVE
regulation.

Amphiphysin I is Truncated by Calpain during
Hyperexcitation and the Regulation in
Synaptic Vesicle Endocytosis

Overloading of Ca®" in presynaptic terminals is
observed in a host of neuronal diseases, such as isch-
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emia/anoxia, epilepsy, stroke, trauma, and Alzhei-
mer’s disease. In these cases, overactivation of Ca?"
-dependent neutral protease calpain has been reported
to induce neuronal damages by selective proteolysis of
some target proteins, including cytoskeletal proteins,
membrane proteins, and cytosolic proteins [see
reviews 127-129]. The most recent work showed that
amphiphysin I is truncated into 3 fragments detected
by anti-amphiphysin I-N-terminal antibody in mice hip-
pocampal slices during the hyperexcitation induced by
high potassium stimulation, repetitive high-frequency
stimulation and kainate-induced seizures [31]. Time-
dependent cleavages of amphiphysin I and a-spectrin,
a physiological substrate of calpain, in mice hippocam-
pal slices after high potassium stimulation showed
similar time-dependent protein degradation patterns.
In addition, the truncations were inhibited by pre-
treatment with calpain inhibitors ALLM and ALLN.
These data suggest that calpain is overactivated in the
nerve terminal upon high potassium stimulation, and
that calpain is an in vivo protease for amphiphysin 1.
Consistently, in vitro, m-calpain cleaved amphiphysin
I into 3 fragments corresponding to the truncations
induced by high potassium stimulation in hippocampal
slices. The nine cleavage sites in amphiphysin I for
m-calpain in vitro have been identified with mass spec-
trometry (MS) analysis; they are 333, 377, 392,
454, 478, 527, 531, 593 and 609. Three major
cleavage sites, 333, 377 and 392, are around the
middle CLLAP domain, and the other sites are in the
C terminus (Fig. 4A). Amphiphysin I N-terminal
recombinant proteins (1-333, 1-377 and 1-392) showed
the same electrophoretic mobility to calpain-cleaved
amphiphysin I fragments in vilro. No C-terminal frag-
ments were detected with specific anti-amphiphysin
I-C-terminal antibody in vivo or in vitro after calpain
cleaved amphiphysin I. This suggests that amph-
iphysin I is truncated by calpain to N-terminal frag-
ments at multiple cleavage sites and loses its C termi-
nus during hyperexcitation (Fig. 4A).

Calpain has 2 isozymes (u-calpain and m-calpain) in
the brain. u-Calpain is activated at a micromolar Ca®",
whereas m-calpain is activated at millimolar Ca®". The
relative abundance and localization of mRNAs for u-
and m-calpain in the brain were studied by using a
combination of reverse transcriptase-polymerase chain
reaction and in situ hybridization [130]. Expression
of m-calpain mRNA was found to be 15-fold higher
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Fig. 4

Amphiphysin | (amphi. ) is truncated by calpain during neural hyperexcitation. A, amphi. | is cleaved by calpain to three

N-terminal fragments (1-392, 1-377 and 1-333) during neural hyperexcitation at nine sites shown in the figure. These three truncations
contain the N-terminal BAR domain but do not have the C-terminal SH3 domain after calpain proteolysis, thus blocking the association
with dynamin 1 (dyn. 1), although amphiphysin | can still bind with liposome by the BAR domain in vitro. The defect in recruiting dyn. | to
the clathrin complex is suggested to inhibit clathrin-mediated SVE; B, calpain-dependent truncation of amphiphysin | is regulated by
interaction with other endocytic components, such as lipid membrane and dyn. |. When nerve terminals are overloaded with Ca**, calpain
will be overactivated. The overactivated calpain only proteolyzes free amphiphysin I, including that in the phosphorylated or dephosphory-

lated form, but not that in the clathrin complex-binding form.

than that of u-calpain in whole-brain homogenates.
u-Calpain messages were observed to be diffused
throughout the entire brain in both neurons and glia,
whereas messages for m-calpain were localized to
distinct neuronal populations, including all cornu
ammonis regions of the hippocampus, cortical pyrami-
dal neurons, and cerebellar Purkinje cells.
Subcellular localization for both isozymes in hip-
pocampal neurons is not clear. Both u- and m-calpain
were detected in the membrane and cytosolic fractions
of purified synaptosomes (LP2 and 1.S2 fractions)

[31]. In vitro, u-calpain can also induce amphiphysin
I cleavages to the same 3 major truncated forms as
m-calpain, in addition to a new truncated form
between the 52- and 47-kDa forms. Considering the
expression levels in neurons, the Ca’" requirement
for activity and the amphiphysin I truncation pattern,
m-calpain is more like amphiphysin I in vivo protease
upon neuronal hyperexcitation.

What will regulate calpain-dependent amphiphysin
I cleavage: interaction with other partners or amphi-
physin I's phosphorylation conditions? In vitro evidence
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showed that the interaction with liposome or dynamin
blocked amphiphysin I cleavage upon calpain proteoly-
sis, but amphiphysin I phosphorylation status did not
influence the cleavage directly. In the presence of
calcineurin inhibitor FK506, the level of amphiphysin
I cleavage was increased upon high potassium stimula-
tion in mice hippocampal slices. These results suggest
that the association of amphiphysin I with synaptic
membranes and dynamin may be crucial for the regula-
tion of its cleavage by calpain. They also suggest that
phosphorylation of amphiphysin I does not directly
influence the cleavage of amphiphysin I by calpain but
rather inhibits the formation of a complex with endo-
cytic proteins and synaptic vesicle membranes, result-
ing in the induction of amphiphysin I cleavage by cal-
pain during hyperexcitation (Fig. 4B) [31].
Functional analysis showed that the calpain-
induced truncated form of amphiphysin I (1-392) is
capable of tubulation with liposomes but does not form
ring structures with dynamin I in the solution or on
lipid tubules in vitro. Overexpression of the truncated
form in Cos-7 cells and in hippocampal primary culture
neurons showed significant inhibition of transferrin
uptake and synaptic vesicle endocytosis. By now, this
picture emerges: When neuronal hyperexcitability is
transferred to the nerve terminal, a massive influx of
Ca®" reaches the nerve terminal, and then amph-
iphysin I and the other endocytic dephosphins are
dephosphorylated by Ca®'-dependent phosphatase
calcineurin and recruited to form a clathrin complex.
On the other hand, at the same time, overloading of
Ca®' in presynapses overactivates calpain activities.
Free amphiphysin I, including the phosphorylated and
dephosphorylated forms, which are not yet recruited
to the complex, is quickly truncated to BAR domain-
containing N-terminal fragments by calpain
(C-terminal SH3 domain is degraded). The trunca-
tions block the interaction of amphiphysin I with
dynamin I, a key molecule in the fission of clathrin-
coated buds from presynaptic membranes by its
GTPase activity. In addition, the N-terminal frag-
ments of amphiphysin I still retained the ability to bind
to liposome membranes, suggesting a dominant-nega-
tive effect of amphiphysin I cleavage, which will
inhibit wild-type amphiphysin I from interacting with
synaptic plasma membrane and thus will also inhibit
the recruitment of its partners. By these 2 inhibitory
effects, calpain-dependent amphiphysin I truncations
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inhibit continuous clathrin-mediated SVE and thus may
fail to sustain synaptic transmission during hyperexci-
tation [31].

But what is the physiological significance of cal-
pain-dependent amhiphysin I truncations during neural
hyperexcitation observed in neural diseases such as
ischemia/anoxia, epilepsy, stroke, and Alzheimer's
disease? Repetitive high-frequency electrical stimula-
tion (HE'S) or continuous high potassium stimulation-
induced postsynaptic short-term depression has been
thought to be a neuronal auto-protective mechanism
against neuroexcitotoxicity during neural hyperexcita-
tion. Clathrin-mediated SVE, a major pathway to
maintain synaptic vesicle recycling during HF'S, is
inhibited during HF'S-induced short-term depression,
suggesting a role for inhibited presynaptic vesicle
endocytosis in the induction of postsynaptic short-term
depression. Calpain-dependent amphiphysin I trunca-
tion was observed during HF'S-induced fEPSP (field
excitatory postsynaptic potential) depression at syn-
apses from Schaffer collaterals onto CAl pyramidal
neurons in mice hippocampal slices. ALLM perfusion
inhibited the HF'S-induced fEPSP depression, but had
no effect on the fEPSP slope when slices were stimu-
lated with LFS (low-frequency stimulation). These
findings suggest that calpain-dependent amphiphysin I
truncations may be involved in HF'S-induced short-
term depression, the auto-protective mechanism dur-
ing neural hyperexcitation, by inhibiting clathrin-
mediated SVE. Further, calpain-dependent
amphiphysin I truncations are also observed in low- and
high-dose kainate (KA)-induced seizures in FVB/NJ
mice. Preconditioning with low-dose KA reduced the
development of seizures induced by high-dose KA.
However, pretreatment with ALLLLM attenuated the
preconditioning effect. Taken together, the in vivo and
in vitro studies showed that hyperexcitation-induced
amphiphysin I cleavage plays a role in protecting
neurons from neuroexcitotoxicity during hyperexcita-

tion [31].
Summary

Acute interruption of amphiphysin I function in
neurons showed that amphiphysin I plays an essential
role in clathrin-mediated SVE by acting as a multi-
functional adaptor connecting various endocytic pro-
teins and endocytic machinery regulators to each other
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or to the synaptic plasma membrane, including clath-
rin, AP2, endophillin, synaptojanin, dynamin I, cdk5
/p35 complex, PLD, -calcineurin-dynamin complex,
and cain. All these components are working coordi-
nately to sustain synaptic vesicle recycling during
synaptic transmission. But these initial pieces of evi-
dence for a role of amphiphysin I in synaptic vesicle
recycling and endocytosis came from cell-based assays
employing overexpression of dominant-negative con-
structs. Is amphiphysin I really essential for synaptic
vesicle recycling and endocytosis in the context of a
whole animal? This is examined in amphiphysin 1
(AMPH]I) gene knockout mice [44]. Unexpectedly, no
apparent defects were found in nerve terminals of
amphiphysin I knockout mice during resting condi-
tions. Only under stimulated conditions, amphiphysin
I deficiency induced incomplete inhibition of synaptic
vesicle endocytosis, though amphiphysin I knockout
brain cytosol showed defects in recruiting major endo-
cytic proteins (clathrin, AP2 and synaptojanin) to
liposomes as well as showing associations between
dynamin PRD domain 1 and both clathrin and AP2 in
vitro. This suggests that amphiphysin I's function in
clathrin-mediated SVE may be partly compensated by
other endocytic proteins when in the absence of amph-
iphysin I in vivo, but this effect may depend on the
absence of amphiphysin I protein. It is interesting that
amphiphysin I knockout mice showed increased suscep-
tibility to seizures, leading to reduced viability [44];
this suggests that amphiphysin I, as an important
endocytic protein, is involved in the prevention
mechanism from neural hyperexcitation. And amphi-
physin I's neural-protective role may be executed by
calpain-dependent amphiphysin I truncation-induced
SVE inhibition during hyperexcitation [31]. Amphi-
physin I knockout mice also showed learning deficits,
suggesting a critical role for amphiphysin in higher
brain function [44]. Taken together, the results
indicate that amphiphysin I has a positive role in sus-
taining synaptic transmission not only under physiolog-
ical conditions, but also under physiopathological
conditions (hyperexcitation) by regulating clathrin-
mediated SVE.

References

1. Heuser JE and Reese TS: Evidence for recycling of synaptic vesi-
cle membrane during transmitter release at the frog neuromuscular

Amphiphysin | and Regulation of Synaptic Vesicle Endocytosis

10.

1.

12.

13.

14.

15.

16.

17.

18.

19.

319

junction. J Cell Biol (1973) 57: 315-344.

. Ceccarelli B, Hurlbut WP and Mauro A: Turnover of transmitter

and synaptic vesicles at the frog neuromuscular junction. J Cell
Biol (1973) 57: 499-524.

. Granseth B, Odermatt B, Royle SJ and Lagnado L: Clathrin-mediated

endocytosis is the dominant mechanism of vesicle retrieval at hip-
pocampal synapses. Neuron (2006) 51: 773-786.

. Dickman DK, Horne JA, Meinertzhagen IA and Schwarz TL: A

slowed classical pathway rather than kiss-and-run mediates endo-
cytosis at synapses lacking synaptojanin and endophilin. Cell
(2005) 123: 521-533.

. Zhu'Y, Xu J and Heinemann SF: Two pathways of synaptic vesi-

cle retrieval revealed by single-vesicle imaging. Neuron (2009)
61: 397-411.

. Clayton EL, Evans GJ and Cousin MA: Bulk synaptic vesicle

endocytosis is rapidly triggered during strong stimulation. J
Neurosci (2008) 28: 6627-6632.

. de Lange RP, de Roos AD and Borst JG: Two modes of vesicle

recycling in the rat calyx of Held. J Neurosci (2003) 23: 10164~
10173.

. Clayton EL, Evans GJ and Cousin MA: Activity-dependent control

of bulk endocytosis by protein dephosphorylation in central nerve
terminals. J Physiol (2007) 585: 687-691.

. Holt M, Cooke A, Wu MM and Lagnado L: Bulk membrane

retrieval in the synaptic terminal of retinal bipolar cells. J Neurosci
(2003) 23: 1329-1339.

Andersson F, Jakobsson J, Low P, Shupliakov O and Brodin
L: Perturbation of syndapin/PACSIN impairs synaptic vesicle recy-
cling evoked by intense stimulation. J Neurosci (2008) 28: 3925-
3933.

Hayashi M, Raimondi A, O'Toole E, Paradise S, Collesi C,
Cremona O, Ferguson SM and De Camilli P: Cell- and stimulus-
dependent heterogeneity of synaptic vesicle endocytic recycling
mechanisms revealed by studies of dynamin 1-null neurons. Proc
Natl Acad Sci USA (2008) 105: 2175-2180.

Brodin L, Low P and Shupliakov O: Sequential steps in clathrin-
mediated synaptic vesicle endocytosis. Curr Opin Neurobiol (2000)
10: 312-320.

Cousin MA and Robinson PJ: The dephosphins: dephosphorylation
by calcineurin triggers synaptic vesicle endocytosis. Trends
Neurosci (2001) 24: 659-665.

Wigge P and McMahon HT: The amphiphysin family of proteins
and their role in endocytosis at the synapse. Trends Neurosci
(1998) 21: 339-344.

Peter BJ, Kent HM, Mills IG, Vallis Y, Butler PJ, Evans PR and
McMahon HT: BAR domains as sensors of membrane curvature:
the amphiphysin BAR structure. Science (2004) 303: 495-499.
Yoshida Y, Kinuta M, Abe T, Liang S, Araki K, Cremona O, Di
Paolo G, Moriyama Y, Yasuda T, De Camilli P and Takei K: The
stimulatory action of amphiphysin on dynamin function is depen-
dent on lipid bilayer curvature. EMBO J: (2004) 23: 3483-3491.
McMahon HT, Wigge P and Smith C: Clathrin interacts specifi-
cally with amphiphysin and is displaced by dynamin. FEBS Lett:
(1997) 413: 319-322.

Olesen LE, Ford MG, Schmid EM, Vallis Y, Babu MM, Li PH,
Mills IG, McMahon HT and Praefcke GJ: Solitary and repetitive
binding motifs for the AP2 complex alpha-appendage in amphi-
physin and other accessory proteins. J Biol Chem (2008) 283:
5099-5109.

Micheva KD, Ramjaun AR, Kay BK and McPherson PS: SH3
domain-dependent interactions of endophilin with  amphiphysin.



320 Wuetal.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

FEBS Lett: (1997) 414: 308-312.

McPherson PS, Garcia EP, Slepnev VI, David C, Zhang X,
Grabs D, Sossin WS, Bauerfeind R, Nemoto Y and De Camilli P: A
presynaptic inositol-5-phosphatase. Nature (1996) 379: 353-357.
Floyd SR, Porro EB, Slepnev VI, Ochoa GC, Tsai LH and De
Camilli P: Amphiphysin 1 binds the cyclin-dependent kinase (cdk)
5 regulatory subunit p35 and is phosphorylated by cdk5 and cdc2.
J Biol Chem (2001) 276: 8104-8110.

Lee C, Kim SR, Chung JK, Frohman MA, Kilimann MW and Rhee
SG: Inhibition of phospholipase D by amphiphysins. J Biol Chem
(2000) 275: 18751-18758.

Lai MM, Luo HR, Burnett PE, Hong JJ and Snyder SH: The cal-
cineurin-binding protein cain is a negative regulator of synaptic
vesicle endocytosis. J Biol Chem (2000) 275: 34017-34020.
Wilde A and Brodsky FM: In vivo phosphorylation of adaptors regu-
lates their interaction with clathrin. J Cell Biol (1996) 135: 635—
645.

Hao W, Luo Z, Zheng L, Prasad K and Lafer EM: AP180 and
AP-2 interact directly in a complex that cooperatively assembles
clathrin. J Biol Chem (1999) 274: 22785-22794.

Chen H, Slepnev VI, Di Fiore PP and De Camilli P: The interac-
tion of epsin and Eps15 with the clathrin adaptor AP-2 is inhibited
by mitotic phosphorylation and enhanced by stimulation-dependent
dephosphorylation in nerve terminals. J Biol Chem (1999) 274:
3257-3260.

Slepnev VI, Ochoa GC, Butler MH, Grabs D and De Camilli P: Role
of phosphorylation in regulation of the assembly of endocytic coat
complexes. Science (1998) 281: 821-824.

Liang S, Wei FY, Wu YM, Tanabe K, Abe T, Oda Y, Yoshida Y,
Yamada H, Matsui H, Tomizawa K and Takei K: Major Cdk5-
dependent phosphorylation sites of amphiphysin 1 are implicated in
the regulation of the membrane binding and endocytosis. J
Neurochem (2007) 102: 1466-1476.

Powell KA, Valova VA, Malladi CS, Jensen ON, Larsen MR and
Robinson PJ: Phosphorylation of dynamin | on Ser-795 by protein
kinase C blocks its association with phospholipids. J Biol Chem
(2000) 275: 11610-11617.

Korolchuk V and Banting G: Kinases in clathrin-mediated endocy-
tosis. Biochem Soc Trans (2003) 31: 857-860.

Wu Y, Liang S, Oda Y, Ohmori I, Nishiki T, Takei K, Matsui H
and Tomizawa K: Truncations of amphiphysin | by calpain inhibit
vesicle endocytosis during neural hyperexcitation. EMBO J (2007)
26: 2981-2990.

Lichte B, Veh RW, Meyer HE and Kilimann MW: Amphiphysin, a
novel protein associated with synaptic vesicles. EMBO J (1992)
11: 2521-2530.

De Camilli P, Thomas A, Cofiell R, Folli F, Lichte B, Piccolo G,
Meinck HM, Austoni M, Fassetta G, Bottazzo G, Bates D,
Cartlidge N, Solimena M and W. Kilimann M: The synaptic vesi-
cle-associated protein amphiphysin is the 128-kD autoantigen of
Stiff-Man syndrome with breast cancer. J Exp Med (1993) 178:
2219-2223.

Folli F, Solimena M, Cofiell R, Austoni M, Tallini G, Fassetta G,
Bates D, Cartlidge N, Bottazzo GF, Piccolo G and De camilli
P: Autoantibodies to a 128-kd synaptic protein in three women
with the stiff-man syndrome and breast cancer. N Engl J Med
(1993) 328: 546-551.

Ramjaun AR, Micheva KD, Bouchelet | and McPherson PS:
Identification and characterization of a nerve terminal-enriched
amphiphysin isoform. J Biol Chem (1997) 272: 16700-16706.
Wigge P, Koéhler K, Vallis Y, Doyle CA, Owen D, Hunt SP and

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Acta Med. Okayama Vol. 63, No. 6

McMahon HT: Amphiphysin heterodimers: potential role in clath-
rin-mediated endocytosis. Mol Biol Cell (1997) 8: 2003-2015.
Floyd S, Butler MH, Cremona O, David C, Freyberg Z, Zhang X,
Solimena M, Tokunaga A, Ishizu H, Tsutsui K and De Camilli
P: Expression of amphiphysin |, an autoantigen of paraneoplastic
neurological syndromes, in breast cancer. Mol Med (1998) 4: 29—
39.

Yamamoto R, Li X, Winter S, Francke U and Kilimann MW:
Primary structure of human amphiphysin, the dominant autoantigen
of paraneoplastic stiff-man syndrome, and mapping of its gene
(AMPH) to chromosome 7 p13-p14. Hum Mol Genet (1995) 4:
265-268.

Floyd S, Butler MH, Cremona O, David C, Freyberg Z, Zhang X,
Solimena M, Tokunaga A, Ishizu H, Tsutsui K and De Camilli
P: Expression of amphiphysin |, an autoantigen of paraneoplastic
neurological syndromes, in breast cancer. Mol Med (1998) 4: 29—
39.

Terada Y, Tsutsui K, Sano K, Hosoya O, Ohtsuki H, Tokunaga A
and Tsutsui K: Novel splice variants of amphiphysin | are
expressed in retina. FEBS Lett (2002) 519: 185-190.

Hosoya O, Tsutsui K and Tsutsui K: Localized expression of
amphiphysin Ir, a retina-specific variant of amphiphysin I, in the
ribbon synapse and its functional implication. Eur J Neurosci
(2004) 19: 2179-2187.

Ren G, Vajjhala P, Lee JS, Winsor B and Munn AL: The BAR
domain proteins: molding membranes in fission, fusion, and
phagy. Microbiol Mol Biol Rev (2006) 70: 37-120.

Ramjaun AR, Philie J, de Heuvel E and McPherson PS: The N
terminus of amphiphysin Il mediates dimerization and plasma mem-
brane targeting. J Biol Chem (1999) 274: 19785-19791.

Di Paolo G, Sankaranarayanan S, Wenk MR, Daniell L, Perucco E,
Caldarone BJ, Flavell R, Picciotto MR, Ryan TA, Cremona O and
De Camilli P: Decreased synaptic vesicle recycling efficiency and
cognitive deficits in amphiphysin 1 knockout mice. Neuron (2002)
33: 789-804.

Blood PD and Voth GA: Direct observation of Bin/amphiphysin/
Rvs (BAR) domain-induced membrane curvature by means of
molecular dynamics simulations. Proc Natl Acad Sci USA (2006)
103: 15068-15072.

Casal E, Federici L, Zhang W, Fernandez-Recio J, Priego EM,
Miguel RN, DuHadaway JB, Prendergast GC, Luisi BF and Laue
ED: The crystal structure of the BAR domain from human Bin1/
amphiphysin Il and its implications for molecular recognition.
Biochemistry (2006) 45: 12917-12928.

Ayton GS, Blood PD and Voth GA: Membrane remodeling from
N-BAR domain interactions: insights from multi-scale simulation.
Biophys J (2007) 92: 3595-3602.

Blood PD, Swenson RD and Voth GA: Factors influencing local
membrane curvature induction by N-BAR domains as revealed by
molecular dynamics simulations. Biophys J (2008) 95: 1866—1876.
Low C, Weininger U, Lee H, Schweimer K, Neundorf |, Beck-
Sickinger AG, Pastor RW and Balbach J: Structure and dynamics
of helix-0 of the N-BAR domain in lipid micelles and bilayers.
Biophys J (2008) 95: 4315-4323.

Tomizawa K, Sunada S, Lu YF, Oda Y, Kinuta M, Ohshima T,
Saito T, Wei FY, Matsushita M, Li ST, Tsutsui K, Hisanaga S,
Mikoshiba K, Takei K and Matsui H: Cophosphorylation of amphi-
physin | and dynamin | by Cdk5 regulates clathrin-mediated endo-
cytosis of synaptic vesicles. J Cell Biol (2003) 163: 813-824.

Lee J, Colwill K, Aneliunas V, Tennyson C, Moore L, Ho Y and
Andrews B: Interaction of yeast Rvs167 and Pho85 cyclin-depen-



December 2009

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

dent kinase complexes may link the cell cycle to the actin
cytoskeleton. Curr Biol (1998) 8: 1310-1321.

Jenkins GM and Frohman MA: Phospholipase D: a lipid centric
review. Cell Mol Life Sci (2005) 62: 2305-2316.

Chung JK, Sekiya F, Kang HS, Lee C, Han JS, Kim SR, Bae
YS, Morris AJ and Rhee SG: Synaptojanin inhibition of phospholi-
pase D activity by hydrolysis of phosphatidylinositol 4, 5-bisphos-
phate. J Biol Chem (1997) 272: 15980-15985.

Lee C, Kang HS, Chung JK, Sekiya F, Kim JR, Han JS, Kim
SR, Bae YS, Morris AJ and Rhee SG: Inhibition of phospholipase
D by clathrin assembly protein 3 (AP3). J Biol Chem (1997) 272:
15986-15992.

Jost M, Simpson F, Kavran JM, Lemmon MA and Schmid SL:
Phosphatidylinositol-4, 5-bisphosphate is required for endocytic
coated vesicle formation. Curr Biol (1998) 8: 1399-1402.
Gaidarov | and Keen JH: Phosphoinositide-AP-2 interactions
required for targeting to plasma membrane clathrin-coated pits. J
Cell Biol (1999) 146: 755-764.

Vallis Y, Wigge P, Marks B, Evans PR and McMahon HT:
Importance of the pleckstrin homology domain of dynamin in clath-
rin-mediated endocytosis. Curr Biol (1999) 9: 257-260.

Ford MG, Pearse BM, Higgins MK, Vallis Y, Owen DJ, Gibson A,
Hopkins CR, Evans PR and McMahon HT: Simultaneous binding
of Ptdins (4, 5) P2 and clathrin by AP180 in the nucleation of
clathrin lattices on membranes. Science (2001) 291: 1051-1055.
Iltoh T, Koshiba S, Kigawa T, Kikuchi A, Yokoyama S and
Takenawa T: Role of the ENTH domain in phosphatidylinositol-
4, 5-bisphosphate binding and endocytosis. Science (2001) 291:
1047-1051.

Sun Y, Carroll S, Kaksonen M, Toshima JY and Drubin
DG: Ptdins (4, 5) P2 turnover is required for multiple stages during
clathrin- and actin-dependent endocytic internalization. J Cell Biol
(2007) 177: 355-367.

Liscovitch M, Chalifa V, Pertile P, Chen CS and Cantley LC:
Novel function of phosphatidylinositol 4, 5-bisphosphate as a
cofactor for brain membrane phospholipase D. J Biol Chem (1994)
269: 21403-21406.

Jenkins GH, Fisette PL and Anderson RA: Type | phosphati-
dylinositol 4-phosphate 5-kinase isoforms are specifically stimu-
lated by phosphatidic acid. J Biol Chem (1994) 269: 11547-11554.
Jarquin-Pardo M, Fitzpatrick A, Galiano FJ, First EA and Davis
JN: Phosphatidic acid regulates the affinity of the murine phos-
phatidylinositol 4-phosphate 5-kinase-lbeta for phosphatidylinositol-
4-phosphate. J Cell Biochem (2007) 100: 112-128.

Jones DR, Sanjuan MA and Mérida |: Type lalpha phosphati-
dylinositol 4-phosphate 5-kinase is a putative target for increased
intracellular phosphatidic acid. FEBS Lett (2000) 476: 160-165.
Ringstad N, Gad H, Léw P, Di Paolo G, Brodin L, Shupliakov O
and De Camilli P: Endophilin/SH3p4 is required for the transition
from early to late stages in clathrin-mediated synaptic vesicle
endocytosis. Neuron (1999) 24: 143-154.

Gad H, Ringstad N, Low P, Kjaerulff O, Gustafsson J, Wenk M,
Di Paolo G, Nemoto Y, Crun J, Ellisman MH, De Camilli P,
Shupliakov O and Brodin L: Fission and uncoating of synaptic
clathrin-coated vesicles are perturbed by disruption of interactions
with the SH3 domain of endophilin. Neuron (2000) 27: 301-312.
Huttner WB and Schmidt A: Lipids, lipid modification and lipid-
protein interaction in membrane budding and fission--insights from
the roles of endophilin A1 and synaptophysin in synaptic vesicle
endocytosis. Curr Opin Neurobiol (2000) 10: 543-551.

Guichet A, Wucherpfennig T, Dudu V, Etter S, Wilsch-Brauniger M,

Amphiphysin | and Regulation of Synaptic Vesicle Endocytosis

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

321

Hellwig A, Gonzalez-Gaitan M, Huttner WB and Schmidt AA:
Essential role of endophilin A in synaptic vesicle budding at the
Drosophila neuromuscular junction. EMBO J (2002) 21: 1661-
1672.

Verstreken P, Kjaerulff O, Lloyd TE, Atkinson R, Zhou Y,
Meinertzhagen 1A and Bellen HJ: Endophilin mutations block
clathrin-mediated endocytosis but not neurotransmitter release.
Cell (2002) 109: 101-112.

Chen Y, Deng L, Maeno-Hikichi Y, Lai M, Chang S, Chen G and
Zhang JF: Formation of an endophilin-Ca?" channel complex is
critical for clathrin-mediated synaptic vesicle endocytosis. Cell
(2003) 115:; 37-48.

Ringstad N, Nemoto Y and De Camilli P: Differential expression
of endophilin 1 and 2 dimers at central nervous system synapses.
J Biol Chem (2001) 276: 40424-40430.

Song W and Zinsmaier KE: Endophilin and synaptojanin hook up
to promote synaptic vesicle endocytosis. Neuron (2003) 40: 665—
667.

Verstreken P, Koh TW, Schulze KL, Zhai RG, Hiesinger PR,
Zhou Y, Mehta SQ, Cao Y, Roos J and Bellen HJ: Synaptojanin
is recruited by endophilin to promote synaptic vesicle uncoating.
Neuron (2003) 40: 733-748.

Schuske KR, Richmond JE, Matthies DS, Davis WS, Runz S,
Rube DA, van der Bliek AM and Jorgensen EM: Endophilin is
required for synaptic vesicle endocytosis by localizing synaptoja-
nin. Neuron (2003) 40: 749-762.

Fabian-Fine R, Verstreken P, Hiesinger PR, Horne JA, Kostyleva R,
Zhou Y, Bellen HJ and Meinertzhagen IA: Endophilin promotes a
late step in endocytosis at glial invaginations in Drosophila photo-
receptor terminals. J Neurosci (2003) 23: 10732-10744.

Hill E, van Der Kaay J, Downes CP and Smythe E: The role of
dynamin and its binding partners in coated pit invagination and
scission. J Cell Biol (2001) 152: 309-323.

Farsad K, Ringstad N, Takei K, Floyd SR, Rose K and De Camilli
P: Generation of high curvature membranes mediated by direct
endophilin bilayer interactions. J Cell Biol (2001) 155: 193-200.
Schmidt A, Wolde M, Thiele C, Fest W, Kratzin H, Podtelejnikov
AV, Witke W, Huttner WB and Soling HD: Endophilin | mediates
synaptic vesicle formation by transfer of arachidonate to lysophos-
phatidic acid. Nature (1999) 401: 133-141.

Gallop JL, Butler PJ and McMahon HT: Endophilin and CtBP/
BARS are not acyl transferases in endocytosis or Golgi fission.
Nature (2005) 438: 675-678.

Masuda M, Takeda S, Sone M, Ohki T, Mori H, Kamioka Y and
Mochizuki N: Endophilin BAR domain drives membrane curvature
by two newly identified structure-based mechanisms. EMBO J
(2006) 25: 2889-2897.

Shupliakov O, Léw P, Grabs D, Gad H, Chen H, David C, Takei K,
De Camilli P and Brodin L: Synaptic vesicle endocytosis impaired
by disruption of dynamin-SH3 domain interactions. Science (1997)
276: 259-263.

Slepnev VI, Ochoa GC, Butler MH and De Camilli P: Tandem
arrangement of the clathrin and AP-2 binding domains in amphi-
physin 1 and disruption of clathrin coat function by amphiphysin
fragments comprising these sites. J Biol Chem (2000) 275: 17583—
17589.

Owen DJ, Vallis Y, Noble ME, Hunter JB, Dafforn TR, Evans PR
and McMahon HT: A structural explanation for the binding of mul-
tiple ligands by the alpha-adaptin appendage domain. Cell (1999)
97: 805-815.

Traub LM, Downs MA, Westrich JL and Fremont DH: Crystal



322 Wuetal.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

structure of the alpha appendage of AP-2 reveals a recruitment
platform for clathrin-coat assembly. Proc Natl Acad Sci USA
(1999) 96: 8907-8912.

Ramjaun AR and McPherson PS: Multiple amphiphysin Il splice
variants display differential clathrin binding: identification of two
distinct clathrin-binding sites. J Neurochem (1998) 70: 2369-2376.
Newton AJ, Kirchhausen T and Murthy VN: Inhibition of dynamin
completely blocks compensatory synaptic vesicle endocytosis.
Proc Natl Acad Sci USA (2006) 103: 17955-17960.

Ferguson SM, Brasnjo G, Hayashi M, Wolfel M, Collesi C,
Giovedi S, Raimondi A, Gong LW, Ariel P, Paradise S, O'toole E,
Flavell R, Cremona O, Miesenbdck G, Ryan TA and De Camilli P:
A selective activity-dependent requirement for dynamin 1 in synap-
tic vesicle endocytosis. Science (2007) 316: 570-574.

van der Bliek AM and Meyerowitz EM: Dynamin-like protein
encoded by the Drosophila shibire gene associated with vesicular
traffic. Nature (1991) 351: 411-414.

Chen MS, Obar RA, Schroeder CC, Austin TW, Poodry CA,
Wadsworth SC and Vallee RB: Multiple forms of dynamin are
encoded by shibire, a Drosophila gene involved in endocytosis.
Nature (1991) 351: 583-586.

Kosaka T and lkeda K: Possible temperature-dependent blockage
of synaptic vesicle recycling induced by a single gene mutation in
Drosophila. J Neurobiol (1983) 14: 207-225.

Hinshaw JE and Schmid SL: Dynamin self-assembles into rings
suggesting a mechanism for coated vesicle budding. Nature (1995)
374: 190-192.

Takei K, McPherson PS, Schmid SL and De Camilli P: Tubular
membrane invaginations coated by dynamin rings are induced by
GTP-gamma S in nerve terminals. Nature (1995) 374: 186-190.
Tomilin NV, Vasileva EV, Giliarov AV and Cherniak TF:
Perturbations of the vesicle cycle in reticulospinal synapses of
axons in lamprey after presynaptic microinjections of GTPgammas.
Tsitologiia (2007) 49: 671-679.

Grabs D, Slepnev VI, Songyang Z, David C, Lynch M, Cantley
LC and De Camilli P: The SH3 domain of amphiphysin binds the
proline-rich domain of dynamin at a single site that defines a new
SH3 binding consensus sequence. J Biol Chem (1997) 272:
13419-13425.

Solomaha E, Szeto FL, Yousef MA and Palfrey HC: Kinetics of
Src homology 3 domain association with the proline-rich domain of
dynamins: specificity, occlusion, and the effects of phosphoryla-
tion. J Biol Chem (2005) 280: 23147-23156.

Wigge P, Vallis Y and McMahon HT: Inhibition of receptor-medi-
ated endocytosis by the amphiphysin SH3 domain. Curr Biol (1997)
7: 554-560.

Shpetner HS and Vallee RB: Dynamin is a GTPase stimulated to
high levels of activity by microtubules. Nature (1992) 355: 733—
735.

Herskovits JS, Shpetner HS, Burgess CC and Vallee RB:
Microtubules and Src homology 3 domains stimulate the dynamin
GTPase via its C-terminal domain. Proc Natl Acad Sci U S A
(1993) 90: 11468-11472.

Tuma PL, Stachniak MC and Collins CA: Activation of dynamin
GTPase by acidic phospholipids and endogenous rat brain vesi-
cles. J Biol Chem (1993) 268: 17240-17246.

Warnock DE and Schmid SL: Dynamin GTPase, a force-generat-
ing molecular switch. Bioessays (1996) 18: 885-893.

Takei K, Slepnev VI, Haucke V and De Camilli P: Functional
partnership between amphiphysin and dynamin in clathrin-mediated
endocytosis. Nat Cell Biol (1999) 1: 33-39.

102.

103.

104.

105.

106.

107.

108.

109.

110.

1.

112.

13.

114.

115.

116.

17.

118.

Acta Med. Okayama Vol. 63, No. 6

Farsad K, Slepnev V, Ochoa G, Daniell L, Haucke V and De
Camilli P: A putative role for intramolecular regulatory mechanisms
in the adaptor function of amphiphysin in endocytosis.
Neuropharmacology (2003) 45: 787-796.

Guo S, Stolz LE, Lemrow SM and York JD: SAC1-like domains of
yeast SAC1, INP52, and INP53 and of human synaptojanin
encode polyphosphoinositide phosphatases. J Biol Chem (1999)
274: 12990-12995.

Emeux C, Govaerts C, Communi D and Pesesse X: The diversity
and possible functions of the inositol polyphosphate 5-phos-
phatases. Biochim Biophys Acta (1998) 1436: 185-199.

Perera RM, Zoncu R, Lucast L, De Camilli P and Toomre D: Two
synaptojanin 1 isoforms are recruited to clathrin-coated pits at dif-
ferent stages. Proc Natl Acad Sci USA (2006) 103: 19332-19337.
Cremona O, Di Paolo G, Wenk MR, Luthi A, Kim WT, Takei K,
Daniell L, Nemoto Y, Shears SB, Flavell RA, McCormick DA and
De Camilli P: Essential role of phosphoinositide metabolism in
synaptic vesicle recycling. Cell (1999) 99: 179-188.

Harris TW, Hartwieg E, Horvitz HR and Jorgensen EM: Mutations
in synaptojanin disrupt synaptic vesicle recycling. J Cell Biol
(2000) 150: 589-600.

Micheva KD, Kay BK and McPherson PS: Synaptojanin forms two
separate complexes in the nerve terminal. Interactions with endo-
philin and amphiphysin. J Biol Chem (1997) 272: 27239-27245.
Cestra G, Castagnoli L, Dente L, Minenkova O, Petrelli A,
Migone N, Hoffmaller U, Schneider-Mergener J and Cesareni
G: The SH3 domains of endophilin and amphiphysin bind to the
proline-rich region of synaptojanin 1 at distinct sites that display an
unconventional binding specificity. J Biol Chem (1999) 274:
32001-32007.

Lai MM, Hong JJ, Ruggiero AM, Bumett PE, Slepnev VI, De
Camilli P and Snyder SH: The calcineurin-dynamin 1 complex as
a calcium sensor for synaptic vesicle endocytosis. J Biol Chem
(1999) 274: 25963-25966.

Kaksonen M, Toret CP and Drubin DG: Harnessing actin dynam-
ics for clathrin-mediated endocytosis. Nat Rev Mol Cell Biol (2006)
7: 404-414.

Halpain S: Actin in a supporting role. Nat Neurosci (2003)
6: 101-102.

Bourne J, Morgan JR and Pieribone VA: Actin polymerization reg-
ulates clathrin coat maturation during early stages of synaptic vesi-
cle recycling at lamprey synapses. J Comp Neurol (2006) 497:
600-609.

Shupliakov O, Bloom O, Gustafsson JS, Kjaerulff O, Low P,
Tomilin N, Pieribone VA, Greengard P and Brodin L: Impaired
recycling of synaptic vesicles after acute perturbation of the pre-
synaptic actin cytoskeleton. Proc Natl Acad Sci USA (2002)
99: 14476-14481.

Breton AM and Aigle M: Genetic and functional relationship
between Rvsp, myosin and actin in Saccharomyces cerevisiae.
Curr Genet (1998) 34: 280-286.

Mundigl O, Ochoa GC, David C, Slepnev VI, Kabanov A and De
Camilli P: Amphiphysin | antisense oligonucleotides inhibit neurite
outgrowth in cultured hippocampal neurons. J Neurosci (1998)
18: 93-103.

Yamada H, Ohashi E, Abe T, Kusumi N, Li SA, Yoshida Y,
Watanabe M, Tomizawa K, Kashiwakura Y, Kumon H, Matsui H
and Takei K: Amphiphysin 1 is important for actin polymerization
during phagocytosis. Mol Biol Cell (2007) 18: 4669-4680.
Bauerfeind R, Takei K and De Camilli P: Amphiphysin | is associ-
ated with coated endocytic intermediates and undergoes stimula-



December 2009

119.

120.

121.

122.

123.

tion-dependent dephosphorylation in nerve terminals. J Biol Chem
(1997) 272: 30984-30992.

Craft GE, Graham ME, Bache N, Larsen MR and Robinson
PJ: The in vivo phosphorylation sites in multiple isoforms of amph-
iphysin | from rat brain nerve terminals. Mol Cell Proteomics (2008)
7: 1146-1161.

Choudhury M, Kleiner O, Chung R, Barden L, Morgan L, Patel
TR and Staddon JM: Amphiphysin | phosphorylation on residue
threonine 260 in a pentylenetetrazole-induced seizure model.
Neurosci Lett (2008) 444: 245-249.

Shang WH, Adachi Y, Nakamura A, Copeland T, Kim SR and
Kamata T: Regulation of amphiphysin1 by mitogen-activated pro-
tein kinase: its significance in nerve growth factor receptor-medi-
ated endocytosis. J Biol Chem (2004) 279: 40890-40896.
Murakami N, Xie W, Lu RC, Chen-Hwang MC, Wieraszko A and
Hwang YW: Phosphorylation of amphiphysin | by minibrain kinase/
dual-specificity tyrosine phosphorylation-regulated kinase, a kinase
implicated in Down syndrome. J Biol Chem (2006) 281: 23712-
23724.

Déring M, Loos A, Schrader N, Pfander B and Bauerfeind R: Nerve
growth factor-induced phosphorylation of amphiphysin-1 by casein
kinase 2 regulates clathrin-amphiphysin interactions. J Neurochem
(2006) 98: 2013-2022.

Amphiphysin | and Regulation of Synaptic Vesicle Endocytosis

124.

125.

126.

127.

128.

129.

130.

323

Rosales JL, Nodwell MJ, Johnston RN and Lee KY: Cdk5/p25
(nck5a) interaction with synaptic proteins in bovine brain. J Cell
Biochem (2000) 78: 151-159.

Tan TC, Valova VA, Malladi CS, Graham ME, Berven LA, Jupp
0J, Hansra G, McClure SJ, Sarcevic B, Boadle RA, Larsen MR,
Cousin MA and Robinson PJ: Cdk5 is essential for synaptic vesi-
cle endocytosis. Nat Cell Biol (2003) 5: 701-710.

Cousin MA, Tan TC and Robinson PJ: Protein phosphorylation is
required for endocytosis in nerve terminals: potential role for the
dephosphins dynamin | and synaptojanin, but not AP180 or amphi-
physin. J Neurochem (2001) 76: 105-116.

Bevers MB and Neumar RW: Mechanistic role of calpains in pos-
tischemic neurodegeneration. J Cereb Blood Flow Metab (2008)
28: 655-673.

Wu HY and Lynch DR: Calpain and synaptic function.
Neurobiol (2006) 33: 215-236.

Chan SL and Mattson MP: Caspase and calpain substrates: roles
in synaptic plasticity and cell death. J Neurosci Res (1999)
58: 167-190.

Li J, Grynspan F, Berman S, Nixon R and Bursztajn S: Regional
differences in gene expression for calcium activated neutral pro-
teases (calpains) and their endogenous inhibitor calpastatin in
mouse brain and spinal cord. J Neurobiol (1996) 30: 177-191.

Mol





