
JB Minireview—Membrane Traffic J. Biochem. 137, 243–247 (2005)
 DOI: 10.1093/jb/mvi052
Regulatory Mechanisms of Dynamin-Dependent Endocytosis
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Extensive studies on endocytosis in the last decade have resulted in identification of
several key molecules that function in clathrin- and dynamin-dependent endocytosis.
Most endocytic molecules contain multiple binding motifs that mediate protein–pro-
tein or protein–lipid interactions, which must be modulated spatially and temporally
during endocytosis. Regulation of these interactions is the molecular basis of regula-
tory mechanisms involved in endocytosis. This review first describes current models
of the mechanism of dynamin-dependent fission, then introduces several mechanisms
that modulate dynamin GTPase activity and dynamin-dependent vesicle formation.
Such mechanisms include regulation by inositol phospholipids, especially phosphati-
dylinositol 4,5-bisphosphate [PtdIns(4,5)P2], and their metabolism. It concludes by
describing the regulation of dynamin 1 by its binding partner, amphiphysin 1, and
regulation by cyclin-dependent kinase 5 (Cdk5)–dependent phosphorylation of
dynamin 1 and amphiphysin 1. These mechanisms help endocytic molecules to func-
tion properly, and cooperatively regulate dynamin-dependent endocytosis.
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Clathrin-mediated endocytosis is initiated by the recruit-
ment of clathrin coat components to the plasma mem-
brane, followed by the invagination of the membrane to
form a clathrin-coated pit. It is completed by the fission
reaction, in which dynamin GTPase plays a key role (1).
Extensive studies on clathrin/dynamin-mediated endocy-
tosis in the last decade have identified two categories of
novel proteins that function in endocytosis: clathrin coat
components such as clathrin, and accessory proteins (2).
Endocytic molecules generally contain multiple binding
motifs that mediate protein–protein or protein–lipid
interactions. Spacio-temporal regulation of these interac-
tions during endocytosis constitutes the molecular basis
for the process of endocytosis.

Dynamin was first isolated from brain as a microtu-
bule-binding protein (3). The protein was then identified
as a GTPase and as a mammalian homologue of the
shibire gene product in Drosophila. As mutations in the
shibire gene in Drosophila resulted in blockage of endocy-
tosis, dynamin was proposed to function in endocytosis
(4, 5). Implication of dynamin in the fission of clathrin-
coated pits was demonstrated by electron microscopic
observation that dynamin polymerizes to form rings and
spirals around the neck of the pits (6). The function of
dynamin in the fission process was further demonstrated
in a simple in vitro experiment, in which large unilamel-
lar liposomes were incubated with purified dynamin.
Dynamin bound to and tubulated the liposomes. Addition
of GTP to the reaction mixture resulted in fragmentation
of the tubules, clearly demonstrating the GTP-dependent
fission activity of dynamin (7, 8).

As shown in Fig. 1, the GTPase module of dynamin is

tional domains: the pleckstrin homology (PH) domain,
the GTPase effector domain (GED), and the C-terminal
proline/arginine-rich domain (PRD). The PH domain
binds to PtdIns(4,5)P2, and the interaction strongly
stimulates the dynamin GTPase activity (9). The region
following the PH domain interacts with the GTPase
module of adjacent dynamin molecules within dynamin
polymers, and this interaction also stimulates dynamin
GTPase activity. Because it functions as a GTPase-acti-
vating protein, this domain is referred to as the GTPase
effector domain or GED (10). The C-terminal proline/
arginine-rich domain (PRD) binds a variety of proteins
containing Src-homology 3 (SH3) domain (11). The
domain structures and related interactions are schema-
tized in Fig. 1. This review first describes current models
of dynamin-dependent fission, then discusses several
important factors that affect the dynamin GTPase activity.

Mechanism of dynamin-dependent vesicle formation
Fission of clathrin-coated pits is mediated by dynamin,

which polymerizes into rings around the neck of the pits.
However, its precise mechanism of action in the fission
remains controversial. In vitro studies have shown that
dynamin binds to lipids, deforms the lipid bilayers into
narrow tubules, and fragments them in a GTP-hydroly-
sis–dependent manner (7, 8, 12). Thus, one model pro-
poses that dynamin acts as a mechanoenzyme: GTP
hydrolysis causes a conformational change of dynamin,
which generates the driving force of the fission reaction.
The conformational change is thought to cause constric-
tion of the dynamin ring, by which the coated pit is
pinched off (pinchase model). The recent observation that
dynamin rings are smaller in diameter in presence of
GTP strongly supports the pinchase model (13). An alter-
native mechanoenzyme model assumes extension of the
dynamin spiral, by which the coated pit is popped off
(popase model) (14). In either case, fission is thought to
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occur upon GTP hydrolysis, and therefore the fission
activity correlates with the dynamin GTPase activity.

Another model proposes that dynamin acts as a molec-
ular switch in the same way as small GTPases, i.e.,
dynamin is active only in its GTP-bound state. This
model assumes downstream effectors, which are acti-
vated by the ″active″ dynamin and perform the fission
reaction (15, 16). However, such effector molecules cur-
rently remain unidentified.

PtdIns(4,5)P2 metabolism regulates dynamin-de-
pendent endocytosis

Interactions of dynamin with acidic phospholipids
stimulate the dynamin GTPase activity (17). Among
acidic phospholipids, PtdIns(4,5)P2, is known to bind spe-
cifically to the PH domain of dynamin (9) and stimulate
its GTPase activity more potently than other acidic phos-
pholipids. Interaction between dynamin and acidic phos-
pholipids might be implicated in recruitment of dynamin
on the membrane, raising the local concentration of
dynamin. Dynamin tends to oligomerize at high concen-
trations, and self-assembly of dynamin synergistically
stimulates its GTPase activity (18). The presence of
PtdIns(4,5)P2 stimulates dynamin-dependent vesicle for-
mation in vitro (19) and in vivo (20).

A number of other endocytic proteins interact with
inositol phospholipids. Clathrin adaptor protein 2 (AP-2),
a tetramer composed of α, β2, µ2, and σ2 subunits, binds
to polyphosphoinositides (21). The interaction is medi-
ated by positively a charged region containing multiple
lysine residues in the α and µ2 subunits, as revealed by
crystallographic study of AP-2 bound to inositol poly-
phosphate (22). Neuron-specific adaptor protein AP180
and its homologue expressed in multiple tissues, CALM
(clathrin assembly lymphoid myeloid leukemia protein),
also bind to PtdIns(4,5)P2 at their N-terminal ANTH
(AP180 N-terminal homology) domain, which contains an
K(X)9KX(K/R)(H/Y) motif (23, 24). Epsin isoforms share a
structurally similar domain, epsin N-terminal homology

(ENTH) domain, which also binds to PtdIns(4,5)P2 (25).
Proteins containing the ANTH/ENTH domain may func-
tion in recruitment of cargo molecules to clathrin-coated
pits independently or in concert with AP-2 (26).

Some endocytic proteins catalyze reactions in inositol
phospholipid metabolism. Synaptojanin 1, an inositol 5-
phosphatase, and phosphatidylinositol 4-phosphate 5-
kinase Iγ [PI(4)P5KIγ], which is the major isoform in brain,
catalyze degradation and synthesis of PtdIns(4,5)P2,
respectively. These proteins are both enriched in the
synapse, and their implication in synaptic vesicle endocy-
tosis has been reported (27, 28). Other factors that indi-
rectly regulate PtdIns(4,5)P2 metabolism could be
involved in endocytosis. For example, ADP-ribosylation
factor 6 (ARF6) directly binds to PI(4)P5KIγ and indi-
rectly activates its activity. A GTP-bound active form of
ARF6 stimulates phospholipase D, which catalyzes phos-
phatidic acid synthesis. Phosphatidic acid in turn stimu-
lates PI(4)P5KIγ-mediated PtdIns(4,5)P2 synthesis, and
this cascade finally results in increased recruitment of
clathrin coat proteins (29).

Amphiphysin regulates dynamin GTPase activity
Amphiphysin, a major binding partner of dynamin,

has recently been found to regulate dynamin GTPase
activity as well as dynamin-dependent vesicle formation
(30). Amphiphysin, which is present in brain primarily
as a homo- or hetero-dimer of two similar isoforms,
amphiphysin 1 and 2, is comprised of several functional
domains (Fig. 1). The C-terminal SH3 domain of amphi-
physin is a binding motif for PRD of dynamin, and the
SH3 domain–mediated interaction is probably important
physiologically in nerve terminals, because disruption of
the interaction by microinjection of the SH3 domain or its
peptide that interacts with dynamin results in blockage
of synaptic vesicle recycling (31).

The N-terminal portion of amphiphysin contains a
BAR (BIN/Amphiphysin/Rvs) domain, which mediates
homo- and hetero-dimerization (32, 33) as well as binding

Fig. 1. Domain organization of dynamin 1 and amphiphysin 1
and their interaction with other molecules. PH, pleckstrin
homology domain; GED, GTPase effector domain; PRD, proline/

arginine-rich domain; BAR, BIN/amphiphysin/Rvs domain; PR, pro-
line-rich stretch; CLAP, clathrin AP-2–binding domain; SH3, Src-
homology 3 domain; P, phosphorylation sites.
J. Biochem.
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to acidic phospholipids (34). Amphiphysin, like dynamin,
binds to and tubulates liposomes (34) and can also gener-
ate narrow plasma membrane tubules in living cells
when overexpressed (35). The BAR domain is responsible
for these membrane-tubulating activities. The three-
dimensional structure of the BAR domain of amphiphysin
has recently been determined by X-ray crystallographic
analysis: it was found to have a crescent-like shape and
consist of a dimer of triple-helices arranged in anti-paral-
lel (35). This configuration represents a module con-
served in a variety of proteins (36). The concave portion
of this module is proposed to mediate interaction with
membrane lipid (35), in cooperation with an amphipathic
N-terminal helix (37). The BAR domain preferentially
binds to relatively small liposomes, suggesting an addi-
tional role of the BAR domain as a curvature-sensor (35).
In view of the drastic change of plasma membrane curva-
ture during coated pit formation and the following fis-
sion, curvature-sensing properties of the BAR domain
may play a role in sequential recruitment and dissocia-
tion of cytosolic factors during vesicle formation (38).

Dynamin-dependent vesicle formation can be reconsti-
tuted in vitro by incubating large unilamellar liposomes
(≥1 µm in diameter) with brain cytosol in the presence of
ATP and GTP (19). Dynamin-dependent membrane fis-
sion can also be reconstituted in a simple experimental
system, in which liposomes are incubated with purified
dynamin and GTP (7, 8). Using these systems, the func-
tion of amphiphysin in dynamin-dependent endocytosis
has recently been examined, and amphiphysin has been
found to enhance the vesicle formation. Further analysis
has revealed that the dynamin GTPase activity is
strongly enhanced by amphiphysin, and both its BAR
and SH3 domains are required for this effect. Interest-
ingly, this stimulatory effect of amphiphysin is highly
dependent on the presence of large liposomes (Fig. 2)
(30). Dynamin and amphiphysin co-assemble into rings
even without liposomes (34), while dynamin alone does
not form rings in the same physiological buffer condi-

tions. Formation of the dynamin/amphiphysin ring also
required both BAR and SH3 domains. Then how are the
dynamin/amphiphysin ring formation and the stimula-
tory effect of amphiphysin on dynamin GTPase activity
coupled? Dynamin molecules are polymerized in the
rings and in close enough proximity for the GED domain
of one molecule to make contact with the GTPase domain
of a neighboring molecule, resulting in stimulation of
dynamin GTPase activity (10). The presence of large lipo-
somes would allow formation of lipid tubes surrounded
by dynamin/amphiphysin rings, on which the dynamin
GTPase activity is optimized.

Between the BAR and SH3 domains, there are a pro-
line-rich stretch (PR) and a clathrin- and AP-2–binding
domain (CLAP) (37, 39). PR is proposed to mediate
intramolecular binding to the C-terminal SH3 domain,
and to indirectly regulate binding between the dynamin
PRD and the amphiphysin SH3 domain (37). The PR
region contains five phosphorylation sites for cyclin-
dependent kinase 5 (Cdk5) (40), and therefore the phos-
phorylation might regulate the intramolecular interac-
tion in amphiphysin and the dynamin-amphiphysin
interaction. PR is followed by binding sites for clathrin
and for the AP-2, in a region termed CLAP (39, 41, 42).
Deletion of PR or the whole middle domain containing PR
and CLAP from amphiphysin dramatically potentiates
its stimulatory effect on the dynamin GTPase activity
(Fig. 3) (30). The dynamin GTP activity might be nega-
tively regulated by interacting molecules on these
domains.

Fig. 2. Stimulation of dynamin GTPase activity by am-
phiphysin 1. Dynamin 1 and increasing amounts of amphiphysin 1
were incubated either with large unilamellar liposomes (closed cir-
cles) or with sonicated small liposomes (open circles), in the pres-
ence of GTP. Composition of liposomes is 74% Folch Fraction, 20%
cholesterol and 6% PtdIns(4,5)P2 (modified from Ref. 28).

Fig. 3. Amphiphysin 1 domains required for stimulation of
dynamin GTPase activity. Constructs used for assays and
dynamin GTPase activity in the presence of each construct are
shown. All incubations were carried out in the presence of large uni-
lamellar liposomes containing 74% Folch Fraction, 20% cholesterol
and 6% PtdIns(4,5)P2. Dyn:Amph = 1:2 (mol/mol) (modified from
Ref. 28).
Vol. 137, No. 3, 2005
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Amphiphysin 1 knockout mice demonstrate relatively
mild defects in synaptic vesicle recycling (27), and
amphiphysin 1 is not enriched in Drosophila neurons
(43–45). These reports question the significance of
amphiphysin 1 in the regulation of dynamin’s activity.
It is possible that other dynamin-binding molecules
containing both BAR and SH3 domains, such as
amphiphysin 2, endophilins, syndapin/pacsin, and sort-
ing nexin 9 (46–50), function in place of amphiphysin 1.
Neuronal isoforms of these proteins are often enriched in
the synapse. A muscle isoform of amphiphysin 2, BIN1,
stimulates dynamin 2–dependent endocytosis, suggest-
ing that regulation of dynamin by amphiphysin is not
specific to the synapse. However, direct effects of most of
these proteins on dynamin remain to be elucidated.

Regulation of dynamin-dependent vesicle forma-
tion by phosphorylation

Several synaptic proteins undergo dephosphorylation
upon depolarization of the synapses, and such proteins
are collectively termed dephosphins (51). The dephos-
phins lack structural similarity to one another but are
similar in their function in endocytosis. Two of the
dephosphins have turned out to be dynamin 1 and
amphiphysin 1. Although several kinases for dynamin
have been reported based on in vitro studies, Cdk5 has
recently been reported to phosphorylate both dynamin 1
and amphiphysin 1 both in vivo and in vitro, and the
phosphorylation sites have been determined (40, 52, 53).

Cdk5 phosphorylates threonine 780 in PRD of
dynamin 1, and serine residues 261, 272, 276, and 285
and threonine 310 in amphiphysin 1 (Fig. 1) (40). The
phosphorylation of dynamin PRD reduces its ability
to interact with the amphiphysin 1 SH3 domain. Due
to the reduced binding, phosphorylated dynamin and
amphiphysin form fewer rings and generate many fewer
vesicles in vitro. Conversely, synaptic vesicle recycling is
enhanced in cultured neurons treated with a specific
inhibitor for Cdk5, and in neurons from mice deficient in
p35, an activator for Cdk5. Thus, Cdk5-dependent phos-
phorylation negatively regulates dynamin-dependent
endocytosis (40). Phosphorylation sites in amphiphysin 1
are all located in PR, which has been proposed to be
implicated in intramolecular interaction with the SH3
domain. Therefore, it is possible that the phosphorylation
directly regulates the intramolecular interaction in
amphiphysin, which in turn regulates interaction with
dynamin.

In conclusion, the activity of dynamin is regulated by
the binding of molecules such as PtdIns(4,5)P2 and
amphiphysin. Cdk5-dependent phosphorylation of dynamin
and amphiphysin is also a regulatory factor for dynamin,
as the phosphorylation modulates the interaction
between these molecules. Since several other proteins
that contain an SH3 domain and/or are phosphorylated
by Cdk5 function in endocytosis, the complete scheme of
the regulatory mechanism of dynamin would be much
more complex.

REFERENCES

1. Takei, K. and Haucke, V. (2001) Clathrin-mediated endocyto-
sis: membrane factors pull the trigger. Trends Cell Biol. 11,
385–391

2. Slepnev, V.I. and De Camilli, P. (2000) Accessory factors in
clathrin-dependent synaptic vesicle endocytosis. Nat. Rev.
Neurosci. 1, 161–172

3. Shpetner, H.S. and Vallee, R.B. (1989) Identification of
dynamin, a novel mechanochemical enzyme that mediates
interactions between microtubules. Cell 59, 421–432

4. Chen, M.S., Obar, R.A., Schroeder, C.C., Austin, T.W., Poodry,
C.A., Wadsworth, S.C., and Vallee, R.B. (1991) Multiple forms
of dynamin are encoded by shibire, a Drosophila gene involved
in endocytosis. Nature 351, 583–586

5. van der Bliek, A.M. and Meyerowitz, E.M. (1991) Dynamin-
like protein encoded by the Drosophila shibire gene associated
with vesicular traffic. Nature 351, 411–414

6. Takei, K., McPherson, P.S., Schmid, S.L., and De Camilli, P.
(1995) Tubular membrane invaginations coated by dynamin
rings are induced by GTP-gamma S in nerve terminals. Nature
374, 186–190

7. Takei, K., Haucke, V., Slepnev, V., Farsad, K., Salazar, M.,
Chen, H., and De Camilli, P. (1998) Generation of coated inter-
mediates of clathrin-mediated endocytosis on protein-free lipo-
somes. Cell 94, 131–141

8. Sweitzer, S.M. and Hinshaw, J.E. (1998) Dynamin undergoes a
GTP-dependent conformational change causing vesiculation.
Cell 93, 1021–1029

9. Zheng, J., Cahill, S.M., Lemmon, M.A., Fushman, D.,
Schlessinger, J., and Cowburn, D. (1996) Identification of the
binding site for acidic phospholipids on the PH domain of
dynamin: implications for stimulation of GTPase activity. J.
Mol. Biol. 255, 14–21

10. Muhlberg, A.B., Warnock, D.E., and Schmid, S.L. (1997)
Domain structure and intramolecular regulation of dynamin
GTPase. EMBO J. 16, 6676–6683

11. Barylko, B., Binns, D., Lin. K.-M., Atkinson, M.A.L., Jameson,
D.M., Yin, H.L., and Albanesi, J.P. (1998) Synergistic activa-
tion of dynamin GTPase by Grb2 and phosphoinositides. J.
Biol. Chem. 273, 3791–3797

12. Marks, B., Stowell, M.H.B., Vallis, Y., Mills, I.G., Gibson, A.,
Hopkins, C.R., and McMahon, H.T. (2001) GTPase activity of
dynamin and resulting conformation change are essential for
endocytosis. Nature 410, 231–235

13. Chen, Y.J., Zhang, P., Egelman, E.H., and Hinshaw, J.E. (2004)
The stalk region of dynamin drives the constriction of dynamin
tubes. Nat. Struct. Mol. Biol. 11, 574–575

14. Stowell, M.H.B., Marks, B., Wigge, P., and McMahon, H.T.
(1999) Nucleotide-dependent conformational changes in
dynamin: evidence for a mechanochemical molecular spring.
Nat. Cell Biol. 1, 27–32

15. Sever, S., Muhlberg, A.B., and Schmid, S.L. (1999) Impairment
of dynamin’s GAP domain stimulates receptor-mediated endo-
cytosis. Nature 398, 481–486

16. Song, B.D. and Schmid, S.L. (2003) A molecular motor or a reg-
ulator? Dynamin’s in a class of its own. Biochemistry 42, 1369–
1376

17. Tuma, P.L., Stachniak, M.C., and Collins, C.A. (1993) Activa-
tion of dynamin GTPase by acidic phospholipids and endog-
enous rat brain vesicles. J. Biol. Chem. 268, 17240–17246

18. Tuma, P.L. and Collins, C.A. (1994) Activation of dynamin
GTPase is a result of positive cooperativity. J. Biol. Chem. 269,
30842–30847

19. Kinuta, M., Yamada, H., Abe, T., Watanabe, M., Li, S.-A.,
Kamitani, A., Yasuda, T., Matsukawa, T., Kumon, H., and
Takei, K. (2002) Phosphatidylinositol 4, 5-bisphosphate stimu-
lates vesicle formation from liposomes by brain cytosol. Proc.
Natl Acad. Sci. USA 99, 2842–2847

20. Jost, M., Simpson, F., Kavran, J.M., Lemmon, M.A., and
Schmid, S.L. (1998) Phosphatidylinositol-4, 5-bisphosphate is
J. Biochem.

http://jb.oxfordjournals.org/


Regulatory Mechanisms of Dynamin-Dependent Endocytosis 247

 at Peking U
niversity on Septem

ber 29, 2012
http://jb.oxfordjournals.org/

D
ow

nloaded from
 

required for endocytic coated vesicle formation. Curr. Biol. 8,
1399–1402

21. Beck, K.A. and Keen, J.H. (1991) Interaction of phosphoi-
nositide cycle intermediates with the plasma membrane-asso-
ciated clathrin assembly protein AP-2. J. Biol. Chem. 266,
4442–4447.

22. Collins, B.M., McCoy, A.J., Kent, H.M., Evans, P.R., and Owen,
D.J. (2002) Molecular architecture and functional model of the
endocytic AP2 complex. Cell 109, 523–535.

23. Ford, M.G., Pearse, B.M., Higgins, M.K., Vallis, Y., Owen, D.J.,
Gibson, A., Hopkins, C.R., Evans, P.R., and McMahon, H.T.
(2001) Simultaneous binding of PtdIns(4, 5)P2 and clathrin by
AP180 in the nucleation of clathrin lattices on membranes.
Science 291, 1051–1055

24. Itoh, T., Koshiba, S., Kigawa, T., Kikuchi, A., Yokoyama, S., and
Takenawa, T. (2001) Role of the ENTH domain in phosphati-
dylinositol-4, 5-bisphosphate binding and endocytosis. Science
291, 1047–1051

25. Itoh, T. and Takenawa, T. (2004) Regulation of endocytosis by
phosphatidylinositol 4, 5-bisphosphate and ENTH proteins.
Curr. Top. Microbiol. Immunol. 282, 31–47

26. Legendre-Guillemin, V., Wasiak, S., Hussain, N.K., Angers, A.,
and McPherson, P.S. (2004) ENTH/ANTH proteins and clath-
rin-mediated membrane budding. J. Cell Sci. 117, 9–18

27. Di Paolo, G., Sankaranarayanan, S., Wenk, M.R., Daniell, L.,
Perucco, E., Caldarone, B.J., Flavell, R., Picciotto, M.R., Ryan,
T.A., Cremona, O., and De Camilli, P. (2002) Decreased synap-
tic vesicle recycling efficiency and cognitive deficits in
amphiphysin 1 knockout mice. Neuron 33, 789–804

28. Di Paolo, G., Moskowitz, H.S., Gipson, K., Wenk, M.R.,
Voronov, S., Obayashi, M., Flavell, R., Fitzsimonds, R.M.,
Ryan, T.A., and De Camilli, P. (2004) Impaired PtdIns(4, 5)P2
synthesis in nerve terminals produces defects in synaptic vesi-
cle trafficking. Nature 431, 415–422

29. Krauss, M., Kinuta, M., Wenk, M.R., De Camilli, P., Takei, K.,
and Haucke, V. (2003) ARF6 stimulates clathrin/AP-2 recruit-
ment to synaptic membranes by activating phosphatidylinosi-
tol phosphate kinase type Iγ. J. Cell Biol. 162, 113–124

30. 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. (2004) The stimulatory action of amphiphysin on
dynamin function is dependent on lipid bilayer curvature.
EMBO J. 23, 3483–3491

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

32. Wigge, P., Kohler, K., Vallis, Y., Doyle, C.A., Owen, D., Hunt,
S.P., and McMahon, H.T. (1997) Amphiphysin heterodimers:
potential role in clathrin-mediated endocytosis. Mol. Biol. Cell
8, 2003–2015

33. Ramjaun, A.R., Philie, J., De Heuvel, E., and McPherson, P.S.
(1999) The N terminus of amphiphysin II mediates dimeriza-
tion and plasma membrane targeting. J. Biol. Chem. 274,
19785–19791

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

35. Peter, B.J., Kent, H.M., Mills, I.G., Vallis, Y., Butler, P.J.G.,
Evans, P.R., and McMahon, H.T. (2004) BAR domains as sen-
sors of membrane curvature: the amphiphysin BAR structure.
Science 303, 495–499

36. Habermann, B. (2004) The BAR-domain family of proteins: a
case of bending and binding? EMBO Rep. 5, 250–255

37. Farsad, K., Slepnev, V., Ochoa, G., Daniell, L., Haucke, V., and
De Camilli, P. (2003) A putative role for intramolecular regula-

tory mechanisms in the adaptor function of amphiphysin in
endocytosis. Neuropharmacology 45, 787–796

38. Bigay, J., Gounon, P., Robineau, S., and Antonny, B. (2003)
Lipid packing sensed by ArfGAP1 couples COPI coat disassem-
bly to membrane bilayer curvature. Nature 426, 563–566

39. Slepnev, V.I., Ochoa, G.-C., Butler, M.H., and De Camilli, P.
(2000) Tandem arrangement of the clathrin and AP-2 binding
domains in amphiphysin 1 and disruption of clathrin coat func-
tion by amphiphysin fragments comprising these sites. J. Biol.
Chem. 275, 17583–17589

40. Tomizawa, K., Sunada, S., Lu, Y.-F., Oda, Y., Kinuta, M.,
Ohshima, T., Saito, T., Wei, F.-Y., Matsushita, M., Li, S.-T.,
Tsutsui, K., Hisanaga, S., Mikoshiba, K., Takei, K., and
Matsui, H. (2003) Cophosphorylation of amphiphysin I and
dynamin I by Cdk5 regulates clathrin-mediated endocytosis of
synaptic vesicles. J. Cell Biol. 163, 813–824

41. Miele, A.E., Watson, P.J., Evans, P.R., Traub, L.M., and Owen,
D.J. (2004) Two distinct interaction motifs in amphiphysin
bind two independent sites on the clathrin terminal domain
beta-propeller. Nat. Struct. Mol. Biol. 11, 242–248

42. Ramjaun, A.R. and McPherson, P.S. (1998) Multiple
amphiphysin II splice variants display differential clathrin
binding: identification of two distinct clathrin-binding sites. J.
Neurochem. 70, 2369–2376

43. Leventis, P.A., Chow, B.M., Stewart, B.A., Iyengar, B., Campos,
A.R., and Boulianne, G.L. (2001) Drosophila Amphiphysin is a
post-synaptic protein required for normal locomotion but not
endocytosis. Traffic 2, 839–850

44. Razzaq, A., Robinson, I.M., McMahon, H.T., Skepper, J.N., Su,
Y., Zelhof, A.C., Jackson, A.P., Gay, N.J., and O’Kane, C.J.
(2001) Amphiphysin is necessary for organization of the excita-
tion-contraction coupling machinery of muscles, but not for
synaptic vesicle endocytosis in Drosophila. Genes Dev. 15,
2967–2979

45. Zelhof, A.C., Bao, H., Hardy, R.W., Razzaq, A., Zhang, B., and
Doe, C.Q. (2001) Drosophila Amphiphysin is implicated in pro-
tein localization and membrane morphogenesis but not in syn-
aptic vesicle endocytosis. Development 128, 5005–5015

46. Simpson, F., Hussain, N.K., Qualmann, B., Kelly, R.B., Kay,
B.K., McPherson, P.S., and Schmid, S.L. (1999) SH3-domain-
containing proteins function at distinct steps in clathrin-
coated vesicle formation. Nat. Cell Biol. 1, 119–124

47. Modregger, J., Ritter, B., Witter, B., Paulsson, M., and Plo-
mann, M. (2000) All three PACSIN isoforms bind to endocytic
proteins and inhibit endocytosis. J. Cell Sci. 113, 4511–4521

48. Qualmann, B. and Kelly, R.B. (2000) Syndapin isoforms partic-
ipate in receptor-mediated endocytosis and actin organization.
J. Cell Biol. 148, 1047–1062

49. Lundmark, R. and Carlsson, S.R. (2004) Regulated membrane
recruitment of dynamin-2 mediated by sorting nexin 9. J. Biol.
Chem. 279, 42694–42702

50. Kojima, C., Hashimoto, A., Yabuta, I., Hirose, M., Hashimoto,
S., Kanaho, Y., Sumimoto, H., Ikegami, T., and Sabe, H. (2004)
Regulation of Bin1 SH3 domain binding by phosphoinositides.
EMBO J. 23, 4413–4422

51. Cousin, M.A. and Robinson, P.J. (2001) The dephosphins:
dephosphorylation by calcineurin triggers synaptic vesicle
endocytosis. Trends Neurosci. 24, 659–665

52. Tan, T.C., Valova, V.A., Malladi, C.S., Graham, M.E., Berven,
L.A., Jupp, O.J., Hansra, G., McClure, S.J., Sarcevic, B.,
Boadle, R.A., Larsen, M.R., Cousin, M.A., and Robinson, P.J.
(2003) Cdk5 is essential for synaptic vesicle endocytosis. Nat.
Cell Biol. 5, 701–710

53. Floyd, S.R., Porro, E.B., Slepnev, V.I., Ochoa, G.-C., Tsai, L.-H.,
and De Camilli, P. (2001) Amphiphysin 1 binds the cyclin-
dependent kinase (cdk) 5 regulatory subunit p35 and is phos-
phorylated by cdk5 and cdc2. J. Biol. Chem. 276, 8104–8110
Vol. 137, No. 3, 2005

http://jb.oxfordjournals.org/

	Regulatory Mechanisms of Dynamin-Dependent Endocytosis
	Kohji Takei, Yumi Yoshida and Hiroshi Yamada
	Department of Neuroscience, Okayama University Graduate School of Medicine and Dentistry, 2-5-1 S...
	Received January 21, 2005; accepted January 27, 2005

	Extensive studies on endocytosis in the last decade have resulted in identification of several ke...
	Key words: amphiphysin, clathrin, cyclin-dependent kinase 5, endocytosis, dynamin.
	Mechanism of dynamin-dependent vesicle formation
	PtdIns(4,5)P2 metabolism regulates dynamin-dependent endocytosis
	Amphiphysin regulates dynamin GTPase activity
	Regulation of dynamin-dependent vesicle formation by phosphorylation
	REFERENCES




