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Abstract. Plasma membrane clathrin-coated vesicles
form after the directed assembly of clathrin and the
adaptor complex, AP2, from the cytosol onto the mem-
brane. In addition to these structural components, sev-
eral other proteins have been implicated in clath-
rin-coated vesicle formation. These include the large
molecular weight GTPase, dynamin, and several Src
homology 3 (SH3) domain—containing proteins which
bind to dynamin via interactions with its COOH-termi-
nal proline/arginine-rich domain (PRD). To understand
the mechanism of coated vesicle formation, it is essen-
tial to determine the hierarchy by which individual
components are targeted to and act in coated pit assem-
bly, invagination, and scission.

To address the role of dynamin and its binding part-
ners in the early stages of endocytosis, we have used
well-established in vitro assays for the late stages of
coated pit invagination and coated vesicle scission. Dy-
namin has previously been shown to have a role in scis-

sion of coated vesicles. We show that dynamin is also re-
quired for the late stages of invagination of clathrin-
coated pits. Furthermore, dynamin must bind and hy-
drolyze GTP for its role in sequestering ligand into
deeply invaginated coated pits.

We also demonstrate that the SH3 domain of endo-
philin, which binds both synaptojanin and dynamin, in-
hibits both late stages of invagination and also scission
in vitro. This inhibition results from a reduction in phos-
phoinositide 4,5-bisphosphate levels which causes dis-
sociation of AP2, clathrin, and dynamin from the
plasma membrane. The dramatic effects of the SH3 do-
main of endophilin led us to propose a model for the
temporal order of addition of endophilin and its bind-
ing partner synaptojanin in the coated vesicle cycle.
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Introduction

The directed assembly of clathrin and the AP2 adaptor
complex from the cytosol onto the membrane leads to the
formation of clathrin-coated pits (Smythe, 1996; Schmid,
1997). In addition to these structural components, many
other proteins have been implicated in clathrin-coated
vesicle formation. In particular, the large molecular weight
GTPase, dynamin, has been implicated in the late stages of
coated vesicle budding. Several Src homology (SH)! 3 do-
main—containing proteins which bind to dynamin via inter-
actions with its COOH-terminal proline/arginine-rich do-
main (PRD) (Schmid et al., 1998) have also been shown to
have a role in endocytosis. These include amphiphysin
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(Shupliakov et al., 1997; Wigge et al., 1997) and endophilin
(Ringstad et al., 1997; Schmidt et al., 1999).

Dynamin was first identified as having a role in endocy-
tosis when it was shown to be the mammalian homologue
of the shibire protein in Drosophila (van der Bliek and
Meyerowitz, 1991). Temperature-sensitive mutations in
shibire give rise to a paralytic phenotype at the nonpermis-
sive temperature. Morphological analysis revealed an ac-
cumulation of membrane invaginations and coated pits at
the neuromuscular junction suggestive of a defect in the
scission of coated pits to form coated vesicles (Kosaka and
Ikeda, 1983). Electron-dense collars believed to be com-
posed of dynamin were visible around the necks of these
pits. Dynamin was later shown to self-assemble into rings
and spirals when incubated in buffers of low ionic strength
(Hinshaw and Schmid, 1995). These rings and spirals had
the same dimensions as the collars seen in shibire mutant
flies and spirals that formed around invaginations on per-
meabilized rat brain synaptosomes in the presence of
GTP~S (Takei et al., 1995). The self-assembly of dynamin
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stimulated its GTPase activity (Warnock et al., 1996) and a
model was proposed in which dynamin would assemble
around the neck of an invaginated pit. The energy released
by GTP hydrolysis would allow it to act as a mecha-
nochemical enzyme in the final stage of scission (Warnock
and Schmid, 1996; McNiven, 1998).

The role of dynamin as a “pinchase” has been somewhat
controversial, however (Kelly, 1999; Yang and Cerione,
1999; Sever et al., 2000b), and recent studies have sug-
gested that rather than requiring GTP hydrolysis to per-
form its function, dynamin functions as a regulator in its
GTP conformation, recruiting other binding partners
which are then required for scission (Sever et al., 1999,
2000a).

Several proteins have been demonstrated to bind to the
COOH-terminal PRD of dynamin via their SH3 domains
(Schmid et al., 1998). These include amphiphysin and
endophilin. Amphiphysin has been implicated in the
endocytic process by studies where an inhibition of en-
docytosis was observed when its SH3 domain was microin-
jected into the synapse of the giant lamprey (Shupliakov et
al., 1997) or transfected into fibroblasts (Wigge et al.,
1997). In addition to binding dynamin, amphiphysin can
also bind to the appendage domain of a-adaptin, suggest-
ing that it acts to recruit dynamin to coated pits (Wang et
al., 1995; Wigge and McMahon, 1998). This model has
been supported by observations showing that amphiphysin
can enhance the association of clathrin buds with dynamin
on purified liposomes. Amphiphysin can also coassemble
with dynamin into rings and spirals (Takei et al., 1999).

Endophilin is another SH3 domain—containing protein
whose major binding partner is the inositol 5-phosphatase,
synaptojanin, although it also binds dynamin (Micheva et
al., 1997; Ringstad et al., 1997). Recent studies have shown
that endophilin is required for the formation of synaptic-
like microvesicles at the plasma membrane (Schmidt et al.,
1999). Endophilin has lysophosphatidic acid acyl trans-
ferase activity which is essential for its function in synap-
tic-like microvesicle formation. Synaptojanin knockout
mice have elevated levels of phosphatidylinositol 4,5-bis-
phosphate (PtdInsP,) and show an accumulation of clath-
rin-coated vesicles indicative of a role for synaptojanin in
uncoating (Cremona et al., 1999).

To understand the mechanism of coated vesicle forma-
tion, it is essential to determine the hierarchy by which in-
dividual components are targeted to and act in coated pit
assembly. To address the role of dynamin and its bind-
ing partners in the early stages of endocytosis, we have
used well-established in vitro assays for the late stages
of coated pit invagination and coated vesicle scission
(Smythe et al., 1989; Schmid and Smythe, 1991; Smythe et
al., 1992). Using these functional assays, we demonstrate
that dynamin, in addition to its role in scission, is also re-
quired for the late stages of coated pit invagination. Fur-
thermore, both GTP binding and hydrolysis are required
for this step. We also demonstrate that the SH3 domain of
endophilin causes a reduction in PtdInsP, levels, a loss of
AP2 from the permeabilized cell membranes, and a con-
comitant inhibition of clathrin-coated pit invagination and
scission. This leads us to suggest a model for the sequen-
tial action of endophilin and synaptojanin in the coated
vesicle cycle.
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Materials and Methods

Cell Lines and Tissues

Human adenocarcinoma A431 cells were grown in DME supplemented
with 10% FCS and 100 U/ml each of penicillin and streptomycin. Cells
were passaged every 2 d by trypsinization. Cells required for an in vitro
experiment were seeded overnight as described previously (Schmid and
Smythe, 1991; Smythe et al., 1992).

Antibodies

AP.6 and X22 expressing cells were obtained from the American Tissue
Culture Collection. Anti-glutathione S-transferase (GST) antibodies were
a generous gift from Nick Helps (Medical Research Council, Protein
Phosphorylation Unit, University of Dundee). Antidynamin and antisyn-
aptojanin antibodies were generated by the Scottish Antibody Production
Unit using peptides derived from dynamin (ARDVLENKLLPLRR-
GYIGVVNRSQKD) and synaptojanin (SLRVDSSDEDRISEVRK).
The antibodies were affinity purified using peptide columns as described
(Harlow and Lane, 1988). Antitransferrin receptor monoclonal antibody,
HTR 68.4, was a generous gift from Prof. Colin Hopkins (Imperial Col-
lege, London, UK). Monoclonal antibodies against clathrin (CHCS.9) and
a-adaptin (100/2) used for Western blotting were obtained from ICN Bio-
medicals and Sigma-Aldrich.

Cloning and Purification of Proteins

c¢DNAs encoding the fusion proteins of GST and the SH3 domains of en-
dophilin, amphiphysin, and amphiphysin with a D to R conversion at resi-
dues 530 (GST-endoSH3, GST-amph2 SH3, and GST-amph2 SH3P¥*R)
were a generous gift from Harvey McMahon (Laboratory of Molecular
Biology, Cambridge, UK). D36R corresponds to residue 530 of full-length
amphiphysin 2 and was mutated to arginine by PCR mutagenesis. GST
constructs were expressed in Escherichia coli and purified as described
(Smith and Johnson, 1988).

Dynamin was purified from frozen rat brains (obtained from Harlan
Sera-Lab) as described (Stowell et al., 1999). Purified dynamin was dia-
lyzed overnight with three further changes of buffer into KSHM buffer
(100 mM potassium acetate, 85 mM sucrose, 20 mM Hepes, 1 mM magne-
sium chloride, pH 7.4). Dynamin was determined to be >95% pure by
Coomassie gel analysis (Fig. 3 a). For the preparation of wild-type and
mutant dynamin, human embryonic kidney (HEK)293 cells were trans-
fected with pCMV encoding untagged wild-type or mutant bovine
dynaminl (a generous gift from Harvey McMahon), using calcium phos-
phate (Sambrook et al., 1989). Cells were harvested 48 h after transfection
and dynamin purified as described (Stowell et al., 1999). Dynamin T65A
was generated using the Stratagene QuikChange site-directed mutagene-
sis kit according to the manufacturer’s instructions. The sequence of the
mutated protein was verified using an ABI automated DNA sequencer
(PE Biosystems). Dynamin GTPase assays were performed according to
the method of Gout et al. (1993) and Warnock et al. (1996). Synaptojanin
was prepared by expressing a cDNA encoding synaptojanin in pEF Bos (a
generous gift from Harvey McMahon) in HEK293 cells. The protein was
purified using GST-amph2 SH3P3R as an affinity ligand as described for
dynamin (Stowell et al., 1999).

Cytosol was prepared from frozen bovine brain (Pel-Freez Ltd.) as de-
scribed (McLauchlan et al., 1998). Dynamin/synaptojanin-depleted cyto-
sol was prepared by incubation of 200 pg GST-amph2 SH3P¥*R or GST-
endoSH3 with glutathione-agarose beads for 30 min at 4°C. The beads
were washed and incubated with 500 pl cytosol (10 mg/ml) for 2 h at 4°C.
The beads were pelleted and the cytosol analyzed by Western blot to de-
termine the extent of dynamin depletion. Cytosol was mock treated by in-
cubating with glutathione-agarose alone.

Permeabilized Cell Assays for Clathrin-coated
Vesicle Formation

Assays in permeabilized A431 cells after the uptake of biotinylated trans-
ferrin (B-SS-Tfn) were performed as described previously (Schmid and
Smythe, 1991; Smythe et al., 1994).

For SH3 domain preincubation experiments, permeabilized cell mem-
branes were incubated at 30°C for 5 min with the SH3 domain in a volume
of 10 pl per assay. The membranes were pelleted at 14,000 rpm for 5 s and
resuspended in KSHM buffer. Cytosol, dynamin, synaptojanin, B-SS-Tfn,
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and the ATP regenerating system were added as indicated in the figure
legends, and the membranes were incubated at 37°C for 30 min to allow
internalization. Assays containing dynamin were supplemented with 100
wM GTP.

For immunofluorescence experiments, endocytic assay mixtures were
centrifuged at 14,000 rpm for 20 s, resuspended in 10% (wt/vol) BSA and
centrifuged onto coverslips using a cytospin at 250 rpm for 1 min. Cells
were then fixed in methanol (—20°C) for 5 min. The cells were then pro-
cessed for immunofluorescence. AP2 was detected using AP.6 (Chin et al.,
1989). Clathrin was detected using X22 (Brodsky, 1985), and synaptojanin
was detected using sheep antisynaptojanin antibodies described above.

Transfection Assays

To measure the uptake of B-SS-Tfn in HEK 293 cells expressing wild-type
or mutant dynamin, cells were grown in DMEM supplemented with FCS
(10%) and plated on 10-cm dishes (1.4 X 10° cells per dish) 1-2 h before
transfection. DNA (10 pg per dish) was introduced into the cells using cal-
cium phosphate as described (Sambrook et al., 1989), and the cells were
grown for a further 12 h. They were then incubated in serum-free medium
for 30 min, washed once in PBS+ (PBS containing 1 mM MgCl,, 1 mM
CaCl,, 0.5 mM glucose, and 0.2% [wt/vol] BSA) and incubated for 1-2
min in PBS+ before being lifted gently from the dish. The cells were then
pelleted at 850 rpm for 5’ and washed one more time with PBS+. The
cells were then incubated with 5 pg/ml B-SS-Tfn in PBS+ for 40 min at
4°C, then washed two times in PBS+, and aliquoted (50 ul containing
~100,000 cells per tube) before being warmed at 30°C to allow internal-
ization. The cells were then chilled and treated with avidin or 2-Mercapto-
ethanesulfonic acid and the amount of internalization quantitated as de-
scribed (Smythe et al., 1994). In general >90% of the cells were
transfected using this protocol as assessed by transfection of a cDNA en-
coding green fluorescence protein (data not shown).

Determination of PtdIns(4,5)P, and
PtdIns(3,4,5)P; Levels

TCA pellets were extracted for 20 min on ice with 0.5 ml CHCl;/MeOH/
conc. HCI (40/80/1 by vol). The organic phase was removed after separa-
tion of the phases, induced by adding 0.175 ml CHCl; and 0.3 ml 0.1 M
HCI, vigorous shaking, and centrifugation for 3 min at 12,000 rpm. The
upper and interphase were reextracted once with 0.35 ml CHCI; and the
pooled organic phases were vacuum dried.

The dried lipids were alkaline hydrolyzed for 30 min at 100°C in 0.1 ml
0.5 M KOH. After cooling on ice, 0.05 ml of 1 M acetic acid was added,
and the samples were extracted twice with 0.8 ml of butan-1-ol/petroleum
ether (boiling point 40-60°C)/ethyl acetate (20/4/1 by vol). The lower
phases were vacuum dried and reconstituted in 0.125 ml of 0.1 M acetic
acid to give a final pH of 5.0.

The samples were assayed for Ins(1,4,5)P; (derived from PtdIns[4,5]P,)
and Ins(1,3,4,5)P, (derived from PtdIns[3,4,5]P;) using radioligand dis-
placement of [*H]Ins(1,4,5)P; from a crude membrane preparation of bo-
vine adrenal cortex (Chilvers et al., 1991) and [**P]Ins(1,3,4,5)P, from
recombinant GST-GTPase activity protein 18P using authentic
Ins(1,4,5)P; and Ins(1,3,4,5)P, as standards (van der Kaay et al., 1998). For
the determination of PtdIns(4,5)P, and PtdIns(3,4,5)P3, 0.001 and 0.1 ml
of each sample was used, respectively.

Results

Many different proteins have been implicated in endocy-
tosis (Damke et al., 1994; Wigge et al., 1997; Benmerah et
al., 1998; Chen et al., 1998) by experiments involving over-
expression of mutants in living cells, but it is now impor-
tant to decipher at which stage in the process they act. In
vitro assays in permeabilized cells can distinguish between
formation of deeply invaginated coated pits and events
leading to coated vesicle scission (Schmid and Smythe,
1991; Smythe et al., 1992). Transferrin, biotinylated via a
cleavable disulphide linkage (B-SS-Tfn), binds to its re-
ceptor in permeabilized cells and is further sequestered
into deeply invaginated coated pits and also internalized
into coated vesicles in a cytosol- and ATP-dependent
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manner (Schmid and Smythe, 1991; Smythe et al., 1992).
This assay system distinguishes between deep invagination
and scission by testing the accessibility of B-SS-Tfn to ex-
ogenously added reagents. B-SS-Tfn which is sequestered
into deeply invaginated coated pits is inaccessible to exog-
enously added avidin but is still sensitive to small mem-
brane impermeant reducing agents such as MesNa which
can access B-SS-Tfn through the narrow neck of a deeply
invaginated pit. Ligand which has been internalized into
coated vesicles, however, is resistant to MesNa reduction.
Thus the avidin inaccessibility assay measures the seques-
tration of ligand into deeply invaginated coated pits and its
internalization into coated vesicles, whereas the MesNa
resistance assay measures the internalization of ligand into
coated vesicles only (Schmid and Smythe, 1991; Smythe et
al., 1992). We have used these functional assays to investi-
gate the role of dynamin at different stages of clathrin-
coated pit invagination and coated vesicle formation.

GTP Hydrolysis by Dynamin Is Required to Form a
Deeply Invaginated Coated Pit

Dynamin binds via its PRD to a variety of different SH3
domain—containing proteins. Amphiphysin is one such
SH3 domain—containing protein which is proposed to re-
cruit dynamin to sites of endocytosis where it participates
either directly or indirectly in vesicle scission (Sever et al.,
1999; Stowell et al., 1999). We have tested the effect of a
GST fusion protein of a mutant form of the SH3 domain
of amphiphysin, GST—amph2 SH3P3R on B-SS-Tfn se-
questration and internalization in permeabilized A431
cells. GST-amph2 SH3P36R binds with a higher affinity to
dynamin and thus more strongly inhibits endocytosis in
vivo than the wild-type SH3 domain (Owen et al., 1998).
Addition of this fusion protein to our in vitro assays re-
vealed a potent inhibition of both ligand sequestration
into deeply invaginated coated pits and internalization
into coated vesicles as measured by the avidin inaccessibil-
ity assay (Fig. 1 a). Half-maximal inhibition occurred at a
concentration of ~0.4 uM GST-amph2 SH3P3R In a sep-
arate assay which allows us to measure the invagination
of newly formed coated pits only, the adaptor-depen-
dent stimulation of sequestration (Smythe et al., 1992;
McLauchlan et al., 1998), B-SS-Tfn sequestration into new
pits was also inhibited by GST—amph2 SH3P3R and simi-
lar results were obtained with a GST fusion protein encod-
ing the wild-type amphiphysin SH3 domain (data not
shown). Similarly, GST alone is not inhibitory and the
SH3 domain of Grb2 is inhibitory but only at a 10-fold
higher concentration (data not shown). Grb2 has also been
demonstrated to bind to dynamin (Gout et al., 1993) but
overexpression of the SH3 domain does not inhibit en-
docytosis (Wang and Moran, 1996; Wigge et al., 1997).

To investigate whether the target(s) of GST-amph2
SH3P3R was located on the membranes or in the cytosol,
we first incubated cytosol with GST-amph2 SH3P3R,
Treatment of cytosol with GST—amph2 SH3P¥*R led to
specific depletion of both dynamin and also synaptojanin
(Fig. 1, b and c). Western blotting showed that with GST-
amph2 SH3P3%R >90% of the dynamin and ~50% of syn-
aptojanin were depleted from cytosol (Fig. 1 ¢). Treatment
with GST-amph2 SH3P36R had no significant effect on the
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Figure 1. The SH3 domain of amphiphysin in-
hibits ligand sequestration and internalization in
permeabilized A431 cells. (a) The sequestration
of B-SS-Tfn into deeply invaginated coated pits
and its internalization into coated vesicles was
measured using the avidin internalization assay
in the presence of the indicated concentrations
of GST fusion proteins containing GST alone
(filled circles), or the mutant SH3 domain of am-
phiphysin GST-amph2 SH3P3*R (filled squares).
Results are from a typical experiment where
each assay point is the mean of duplicates which
differed by <10%. (b) Bovine brain cytosol (500
wl of 10 mg/ml) was treated with glutathione-

agarose alone or coupled to GST—-amph2 SH3P*R for 2 h at 4°C. The beads were pelleted and washed three times in PBS before being
electrophoresed on a 10% SDS-PAGE and Coomassie stained. Lane 1, GSH beads alone; lane 2, GST-amph2 SH3P36R beads. (c) West-
ern blot of cytosol after treatment with GST-amph2 SH3P3R, Cytosol was treated as described in b and equivalent volumes of superna-
tant (lanes 1 and 2) or beads (lanes 3 and 4) were probed on Western blots using either antidynamin or antisynaptojanin antibodies. (d)
The avidin inaccessibility assay was carried out in the presence of increasing concentrations of bovine brain cytosol which had been
treated with GSH beads alone (filled squares) or with GSH beads coupled to GST—amph2 SH3P3R (filled diamonds). (e and f) Perme-
abilized cells were preincubated with GST (filled circles) or GST—amph2 SH3P3R (filled squares) at the indicated concentrations for 5
min at 30°C. The membranes were then pelleted by centrifugation and assayed either for (e) avidin inaccessibility or (f) MesNa resis-

tance of B-SS-Tfn in the presence of cytosol (2.5 mg/ml) and ATP.

ability of cytosol to support avidin inaccessibility of B-SS-
Tfn compared with mock-treated cytosol (Fig. 1 d). Mock-
treated cytosol supported both sequestration and internal-
ization to the same extent as untreated cytosol (data not
shown). We then preincubated the permeabilized cells
with GST-amph2 SH3P*R collected the membranes by
centrifugation, and assayed them in both the avidin inac-
cessibility and the MesNa resistance assays. After preincu-
bation with GST-amph2 SH3P36R | the ability of permeabi-

The Journal of Cell Biology, Volume 152, 2001

lized cells to support ATP- and cytosol-dependent B-SS-
Tfn sequestration and internalization in the avidin and
MesNa assays was essentially abolished (Fig. 1, e and f).
Thus GST-amph2 SH3P3R blocks endocytic vesicle for-
mation in vitro by interfering with one or more mem-
brane-associated proteins.

The major binding partners for the SH3 domain of am-
phiphysin are dynamin and the inositol 5-phosphatase,
synaptojanin (David et al., 1996, Micheva et al., 1997,
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Figure 2. Dynamin can rescue
the inhibitory effects of GST-
amph2 SH3P3%R in the avidin in-
accessibility but not the MesNa
resistance assay. (a) Dynamin,
purified from rat brain was
electrophoresed on a 10% SDS-
PAGE gel and visualized by
Coomassie staining. Permeabi-

formed in duplicate. Permeabilized cell membranes were preincubated in the
presence or absence of GST—amph2 SH3P36R (0.1 mg/ml) for 5 min. They were
then collected by centrifugation and assayed in the presence of ATP, cytosol (2.5
mg/ml), and synaptojanin (5 pg) as indicated for the ability to support avidin inac-
cessibility (d) or MesNa resistance (e) of B-SS-Tfn. Results are expresssed as the

lized cell membranes were
preincubated in the presence
- + + or absence of GST-amph2
SH3P36R (0.1 mg/ml) for 5 min.
They were then collected by
centrifugation and assayed in
the presence of ATP, cytosol
(2.5 mg/ml), and dynamin (5
wg) as indicated for the ability
3 to support avidin inaccessibil-
ity (b) or MesNa resistance (c)
of B-SS-Tfn. Results are ex-
presssed as the mean = SEM of
three experiments each per-

mean *= SD of two experiments each performed in duplicate. (f) Permeabilized

membranes which had been preincubated in the presence of GST-amph2 SH3P36R
and then subsequently incubated for 30 min in the presence of ATP and cytosol
(lanes 1-3), plus dynamin (5 wg; lane 2), plus synaptojanin (5 wng; lane 3) were sol-

ubilized and electrophoresed on a 10% SDS gel, transferred to nitrocellulose, and

- + +
+ + +
- - +

Wigge et al., 1997) (see Fig. 1, b and ¢). We wanted to in-
vestigate whether the inhibitory effects of the SH3 domain
were specific either for dynamin or synaptojanin. There-
fore, we investigated whether purified dynamin and syn-
aptojanin could rescue the membranes which had been
preincubated with GST-amph2 SH3P**R, Dynamin was
purified from rat brain and synaptojanin was purified after
overexpression in HEK293 cells using the wild-type GST-
amph2 SH3 fusion protein as an affinity ligand (Stowell et
al., 1999). Purified dynamin (Fig. 2 a) could restore the
ability of the preincubated membranes to support ligand
sequestration into deeply invaginated coated pits (Fig. 2
b). Strikingly, however, dynamin was unable to rescue the
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probed for the presence of GST-amph2 SH3P3R using anti-GST antibodies.

inhibitory effects of GST—amph2 SH3P3R in the MesNa
resistance assay (Fig. 2 ¢). By contrast, purified synaptoja-
nin was unable to rescue the inhibitory effects of GST-
amph2 SH3P3R in either the avidin inaccessibility or
MesNa resistance assays (Fig. 2, d and e). To assess
whether dynamin effected rescue by competing the SH3
domain of amphiphysin from the membrane, membranes
which had been treated with GST-amph2 SH3P*R were
incubated in the presence of cytosol alone or cytosol plus
dynamin or synaptojanin. They were then Western blotted
and probed with an antibody raised against GST. In the
presence of dynamin or synaptojanin there was no reduc-
tion in the amount of GST—amph2 SH3P¥R associated
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Figure 3. GTP binding and hydrolysis are required for the late
stages of coated pit invagination. (a) Permeabilized cells were
preincubated with GST-amph2 SH3P3R for 5 min at 30°C. The
membranes were collected by centrifugation and assayed for the
ability to support B-SS-Tfn sequestration using the avidin inac-
cessibility assay in the presence of cytosol (2.5 mg/ml) and 5 pg of
wild-type (WT), S45N, K44 A, T65A, or rat brain (RB) dynamin
as indicated. Each point represents the mean * SD of two exper-
iments each performed in duplicate. (b) Internalization of B-SS-
Ttn in HEK293 cells transfected with wild-type, K44A, or T65A
dynamin was measured using the avidin inaccessibility or MesNa
resistance assays as described in Materials and Methods. Results
are from a representative experiment where each point is the
mean of duplicates where the range is <10%. The insert shows a
Western blot probed with antidynamin antibody showing equiva-
lent protein loadings of HEK293 cells which were mock-trans-
fected (lane 1) or transfected with wild-type, dynamin (lane 2),
T65A dynamin (lane 3), or K44A dynamin (lane 4).

with the membrane (Fig. 2 f). This shows that when dy-
namin rescues pretreated membranes, it is not acting sim-
ply to displace GST—amph2 SH3P3R from the membranes.
The inability of dynamin to restore MesNa resistance may
be due to depletion of another protein by the SH3 domain
of amphiphysin, but it could equally well be due to disrup-
tion of the sequential order and timing of events during
endocytic vesicle formation.

To characterize further the role of dynamin in invagina-
tion, we tested a range of dynamin mutants for their ability
to rescue the inhibitory effects of GST-amph2 SH3P3R,
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Tablel. GTPase Activity of Wild-Type and Mutant Dynamin

Dynamin Rat brain Wild-type Dynamin T65A
uM

0.5 35+ 06 38x03 0.25+0.01
15 55*0.7 80+ 1.0 0.05 = 0.01

GTPase assays were carried out as described by Warnock et al. (1996). Results are
expressed as the mean = SEM of four different determinations of the specific activity
(pmol GTP hydrolyzed/min/pmol dynamin) of dynamin GTPase.

While both rat brain dynamin and wild-type dynamin puri-
fied from HEK293 cells were capable of rescuing the in-
hibitory effects of GST-amph2 SH3P3%R  dynamin which is
incapable of binding GTP (dyn S45N) was unable to res-
cue (Fig. 3 a). Similarly, dyn K44A, which is deficient in
both binding and hydrolysis (van der Bliek et al., 1993),
was also unable to rescue the inhibitory effects of the SH3
domain of amphiphysin. We also examined the effect of
mutant dynamin deficient in GTP hydrolysis. By analogy
with known mutations in the structure of Ras GTPase (Pai
et al., 1990), a point mutation in dynamin (T65A) gener-
ated a mutant form of dynamin which although capable of
binding GTP as well as wild-type (data not shown) showed
a significant impairment of dynamin GTPase activity (Ta-
ble I). This mutant protein was also unable to rescue the
inhibitory effects of the SH3 domain. These results show
that dynamin needs to be able both to bind and hydrolyze
GTP to reconstitute the formation of deeply invaginated
coated pits in vitro.

The requirement for GTP binding and hydrolysis for in-
vagination in vitro has significant implications for the
mechanism of action of dynamin (for a review of current
models see Sever et al., 2000b). Our in vitro data suggested
that overexpression of dynamin T65A should have a dom-
inant negative effect on transferrin internalization. It has
already been demonstrated that measurement of the inter-
nalization of B-SS-Tfn in intact cells using either the avi-
din inaccessibility or MesNa resistance assay can distin-
guish between inhibition of invagination and scission
(Schmid and Carter, 1990; van der Bliek et al., 1993). For
example, overexpression of K44A results in a significant
inhibition of internalization as measured by both the avi-
din inaccessibility and MesNa resistance assays, leading to
the conclusion that mutations in human dynamin block an
intermediate stage in coated vesicle formation. Therefore,
we measured B-SS-Tfn internalization after overexpres-
sion of dynamin T65A in HEK293 cells and compared it
with the effect of overexpressing K44A and wild-type dy-
namin. Strikingly, overexpression of dynamin T65A re-
sulted in a significantly reduced uptake of transferrin com-
pared with wild-type and the amount internalized was the
same whether uptake was measured using the avidin inac-
cessibility or MesNa resistance assays (Fig. 3 b). Overex-
pression of dynamin K44A also showed reduced uptake of
transferrin in both the avidin inaccessibility and MesNa re-
sistance assays, consistent with previously published data
(van der Bliek et al., 1993). These data further support the
requirement for GTP hydrolysis in the formation of
deeply invaginated coated pits.

Coated pits on membranes which have been preincu-
bated with GST-amph2 SH3P3R were able to become
deeply invaginated and sequester ligand in the presence of
added dynamin. This indicated that it is possible to recon-
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Figure 4. Exogenously added dynamin stimulates the late stages
of invagination but not scission in permeabilized A431 cells. (a)
B-SS-Tfn sequestration and internalization were measured in the
avidin inaccessibility assay in the presence of increasing amounts
of cytosol as indicated, in the presence or absence of 5 ng of puri-
fied dynamin. Results are from a typical experiment where each
assay point was carried out in duplicate which differed from each
other <10%. (b) B-SS-Tfn sequestration and internalization
measured by the avidin inaccessibility assay (filled squares) and
internalization measured by the MesNa resistance assay (filled
diamonds) were analyzed in the presence of cytosol (2.5 mg/ml)
in the presence of increasing amounts of dynamin. Results are
from a typical experiment where each assay point is the mean of
duplicates which differed by <10%.

stitute the recruitment of dynamin from the cytosol onto
the membranes of permeabilized cells. Given our result
that the SH3 domain of amphiphysin can inhibit both the
late stages of coated pit invagination (measured by the
avidin inaccessibility assay) and clathrin-coated vesicle
scission (measured by MesNa resistance), we were inter-
ested to know whether adding additional dynamin directly
into assay mixes could stimulate B-SS-Tfn sequestration.
Therefore, we measured the effects of purified dynamin in
the endocytic assays. Fig. 4 a shows a cytosol titration in
the presence of purified dynamin in the avidin inaccessibil-
ity assay. There is a significant stimulation of ligand se-
questration. The maximum stimulation with dynamin in
the avidin inaccessibility assay was observed at high cyto-
sol concentrations and half-maximal stimulation was seen
at ~0.3 pM dynamin (Fig. 4 b). In contrast, addition of pu-
rified dynamin to the MesNa resistance assay had no sig-
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nificant effect on transferrin internalization into sealed
coated vesicles (Fig. 4 b). Exogenously added dynamin can
therefore stimulate the formation of deeply invaginated
coated pits in a cytosol-dependent manner but has no ef-
fect on coated vesicle scission in permeabilized A431 cells.
Thus, dynamin cannot rescue coated vesicle scission in
GST-amph2 SH3P3R treated membranes nor can it stimu-
late this stage in untreated membranes.

The SH3 Domain of Endophilin Inhibits
Clathrin-coated Vesicle Formation

The SH3 domain of endophilin (GST-endoSH3) also
binds dynamin, although synaptojanin is its major binding
partner (Micheva et al., 1997; Ringstad et al., 1997). Given
the specificity of the inhibition of GST-amph2 SH3PR on
invagination, we were interested to see if the SH3 domain
of endophilin might also reveal some of the molecular and
temporal requirements for invagination and scission. Ad-
dition of the SH3 domain of endophilin resulted in a dose-
dependent inhibition of both ligand sequestration and
internalization (Fig. 5 a). As with the SH3 domain of am-
phiphysin, we were interested to see if the target of the
SH3 domain of endophilin was at the membrane or in the
cytosol. The SH3 domain of endophilin can effectively de-
plete both synaptojanin and, to a lesser extent, dynamin,
from cytosol (Fig. 5, b and c). Mock-treated and GST-
endoSH3-depleted cytosols were equally efficient at sup-
porting invagination and scission as measured by the avi-
din inaccessibility and MesNa resistance assays (Fig. 5 c)
as was untreated cytosol (data not shown). Similar to the
effect of the SH3 domain of amphiphysin, preincubation
of the membranes with the SH3 domain of endophilin re-
sulted in a complete inhibition of both transferrin seques-
tration and internalization (Fig. 5, d and e). However, in
contrast to the inhibitory effect of the SH3 domain of am-
phiphysin, it was not possible to rescue the inhibitory ef-
fects of the SH3 domain of endophilin with purified dy-
namin even at high concentrations (Fig. 6 a; compare with
Fig. 2, b and c). Purified synaptojanin was also unable to
rescue the inhibitory effects of GST-endoSH3 in either
the avidin inaccessibility or MesNa resistance assay (Fig. 6,
b and c). Western blot analysis of membranes pretreated
with GST-endoSH3 showed that subsequent incubation in
the presence of cytosol and either dynamin or synaptoja-
nin had no effect on the amount of SH3 domain associated
with the membranes compared with the amount associ-
ated with cytosol alone (Fig. 6 d).

Synaptojanin is an inositol 5-phosphatase whose major
in vivo substrates are likely to be PtdInsP, and PtdInsP;
(Woscholski et al., 1997). Recently, a synaptojanin knock-
out mouse has been generated by de Camilli and col-
leagues (Cremona et al., 1999). Neurons isolated from
these knockout mice exhibit elevated levels of PtdInsP,
and an accumulation of clathrin-coated vesicles, which im-
plies a role for synaptojanin in uncoating clathrin-coated
vesicles. To address whether the SH3 domain of endophi-
lin might act by interfering with the biological function of
synaptojanin, we investigated if the SH3 domain of endo-
philin affected PtdInsP, or PtdInsP; levels in the perme-
abilized cells. Treatment of the permeabilized cells with
the SH3 domain of endophilin had no effect on the levels
of PtdInsP; (data not shown), but the levels of PtdInsP,
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(2.5 mg/ml) and ATP.

were reduced by >60% by the addition of the SH3 domain
of endophilin while the SH3 domain of amphiphysin had
no effect (Fig. 7 a). These results strongly suggest that the
SH3 domain of endophilin may inhibit coated pit invagina-
tion and scission by mislocalizing synaptojanin or by acti-
vating synaptojanin at an inappropriate site resulting in a
reduction of PtdInsP;, levels.

Since PtdInsP, has been implicated in the membrane as-
sociation of both AP2 and dynamin (Achiriloaie et al.,
1999; Lee et al., 1999; Vallis et al., 1999), we examined
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whether the reduction in PtdInsP, altered the association
of these and other components of the coated pit with the
plasma membrane. Control permeabilized cell membranes
and those which had been incubated in the presence of
GST-endoSH3 or GST-amph2 SH3P*R were analyzed by
Western blotting with antibodies specific for AP2, dy-
namin, clathrin, synaptojanin, and transferrin receptor.
Fig. 7 b shows that treatment with GST-endoSH3 com-
pared with control cells results in a significant loss of im-
munoreactivity to dynamin, AP2, and clathrin while there
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is no significant loss of immunoreactivity to synaptoja-
nin or transferrin receptor. Treatment with GST-amph2
SH3P36R causes a slight reduction in both dynamin and
clathrin immunoreactivity. Quantitative Western blotting
revealed that this was no more than 5-10% (data not
shown). We confirmed the Western blot results by immu-
nofluorescence using antibodies against a-adaptin, clath-
rin, and synaptojanin (Fig. 7 ¢). Consistent with the results
of the Western blots, treatment of permeabilized cells with
GST-endoSH3 resulted in a loss of the characteristic
punctate staining of clathrin and AP2 which was evident in
both the control samples and those treated with GST-
amph2 SH3P36R. Again consistent with the results of the
Western blots, membrane association of synaptojanin was
unaltered by either of the SH3 domains. These results in-
dicate a direct link between PtdInsP, levels and AP2, dy-
namin, and indirectly, clathrin membrane association.

Discussion

The formation of clathrin-coated pits requires an array of
structural and regulatory proteins. Key issues concern the
precise mechanism of action of these components and how
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they work together to effect coated pit assembly and
coated vesicle formation. In this paper we have used the
SH3 domains of two proteins implicated in endocytosis,
amphiphysin and endophilin, as tools to investigate the na-
ture of these interactions. Using the SH3 domain of am-
phiphysin, we have analyzed the requirement for dynamin
during the late stages of clathrin-coated pit invagination
and coated vesicle scission in permeabilized A431 cells.
We demonstrate that dynamin is required not only for
scission of coated vesicles but also for the late stages of
clathrin-coated pit invagination. Using the SH3 domain of
endophilin, we demonstrate that this domain is sufficient
to cause a dramatic reduction in PtdInsP, levels and a con-
comitant inhibition of ligand sequestration and internal-
ization.

The Role of Dynamin in Invagination and Scission

The SH3 domain of amphiphysin inhibits both ligand se-
questration and internalization. We define ligand seques-
tration as the loss of accessibility of B-SS-Tfn to exoge-
nously added avidin. The deeply invaginated structures
which sequester B-SS-Tfn have not yet pinched off be-
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and assayed for PtdInsP, levels. Results are expressed
as the mean *= SD of two different experiments each
performed in triplicate. (b) Western blots of the per-
meabilized cell membranes obtained from assay mix-
tures which had been incubated in the absence or
presence of GST-endoSH3 or GST-amph2 SH3 PR,
The membranes were probed for a-adaptin, clathrin,
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dynamin, synaptojanin, and transferrin receptor as indicated. (c) Permeabilized cells which had been incubated with cytosol (2.5 mg/
ml), ATP, and in the absence or presence of GST—-endoSH3 or GST—amph2 SH3P3R were centrifuged onto coverslips and analyzed
by indirect immunofluorescence for the presence of a-adaptin, clathrin, and dynamin.

cause the biotinylated ligand is still sensitive to the small
membrane-impermeant reducing agent MesNa. By con-
trast, B-SS-Tfn which is internalized into coated vesicles is
inaccessible to avidin and also resistant to MesNa reduc-
tion. The SH3 domain of amphiphysin interacts strongly
with dynamin and our results show that the inhibitory ef-
fects result from interactions with membrane-associated
dynamin. The inhibitory effects of the SH3 domain of am-
phiphysin are consistent with results in intact cells where
transfection of the SH3 domain into fibroblasts (Wigge et
al., 1997) or injection into lamprey synapses (Shupliakov
et al., 1997) resulted in an inhibition of receptor-mediated
endocytosis via clathrin-coated pits. Injection of the SH3
domain of amphiphysin into lamprey synapses resulted in
an accumulation of invaginated coated pits many of which
still have a clearly discernible “neck.” Given that this SH3
domain in the permeabilized A431 cell system causes an
increase in the accessibility of avidin to B-SS-Tfn, it would
be interesting to know if these coated pits might represent
a stage of invagination in which receptor-bound ligand is
still accessible to avidin. In permeabilized A431 cells
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which have been preincubated with GST—-amph2 SH3P¥R,
Western blotting reveals that the bulk of dynamin remains
associated with the membranes (Fig. 7 b), indicating that
GST-amph2 SH3P¥*R acts by binding to dynamin on the
membrane and preventing it from performing its biologi-
cal function.

The major binding partners of the SH3 domain of am-
phiphysin are dynamin and synaptojanin, but the inhibitory
effects of GST-amph2 SH3P*R on the avidin inaccessibil-
ity assay were only rescued by purified dynamin and not
by synaptojanin. Rescue is not apparently due to displace-
ment of the inhibitory fusion protein. A more likely possi-
bility is that dynamin is being recruited directly to deeply
invaginating coated pits and so compensates for nonfunc-
tional dynamin already on the membrane. It has been pro-
posed (Shupliakov et al., 1997) that the effect of the SH3
domain is to block the recruitment of dynamin since after
injection of this domain there was no electron-dense collar
as is observed in the shibire mutant of Drosophila at the
nonpermissive temperature. This electron-dense collar is
thought to be composed of dynamin although this has not
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yet been formally demonstrated. Therefore, it is likely that
recruitment of dynamin to the neck of pits is blocked when
the permeabilized cells are preincubated with the SH3 do-
main of amphiphysin. Another possibility is that it inter-
feres with the assembly/disassembly of dynamin as was
demonstrated for the SH3 domain in vitro, thus preventing
the formation of a dynamin collar (Owen et al., 1998). The
ability of dynamin rather than synaptojanin to rescue
coated pit invagination indicates that the inhibitory effect
of the SH3 domain of amphiphysin is specific for dynamin.

Purified dynamin, however, is unable to rescue the in-
hibitory effects of GST-amph2 SH3P*R in the MesNa re-
sistance assay. This suggests that for coated vesicle scis-
sion, the SH3 domain of amphiphysin has a dominant
negative effect. This is consistent with our previous studies
which indicated that the population of coated pits that are
capable of pinching off in A431 cells is “primed” for scis-
sion and has many of the components required for the
late stages of coated vesicle budding already assembled
(Schmid and Smythe, 1991; Smythe et al., 1992). The dom-
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inant negative effect of the SH3 domain on the MesNa re-
sistance assay may operate in one of two ways. It is possi-
ble that GST-amph2 SH3P36R acts directly to interfere
with dynamin function. Alternatively, it may exert its in-
hibitory effects by blocking access of other binding part-
ners of dynamin, e.g., full length endophilin, required for
the final scission step. However, because we were unable
to rescue the inhibitory effects of GST-amph2 SH3DP36R
with concentrated cytosol, dynamin, or synaptojanin, we
cannot rule out the possibility that there is another target
of this SH3 domain in addition to dynamin that is essential
for the final scission step.

The requirement for dynamin to execute both the late
stages of invagination and scission is consistent with exper-
iments in cells transfected with GTP binding domain mu-
tants of dynamin where endocytosis was blocked after coat
assembly and preceding the sequestration of ligand into
deeply invaginated coated pits (van der Bliek et al., 1993).
Similarly the GED (GTPase effector domain) of dynamin
inhibits B-SS-Tfn as measured by the avidin inaccessibility
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assay in permeabilized A431 cells (Sever et al., 1999). Our
results are also consistent with studies on the assembly of
dynamin onto liposomes which indicate that dynamin can
tubulate liposomes and cause them to evaginate (Sweitzer
and Hinshaw, 1998; Takei et al., 1998).

Consistent with the rescue experiments described above,
the addition of purified dynamin to untreated perme-
abilized cells resulted in a stimulation of the avidin inac-
cessibility assay by 10-15%. This increase in the avidin in-
accessibility signal likely corresponds to the increased
invagination of a population of coated pits where dynamin
is limiting and which, in the presence of exogenously
added dynamin, can become sufficiently invaginated to
confer avidin inaccessibility. Although the addition of ex-
ogenous dynamin can increase the extent of invagination
of these pits, it is insufficient to cause them to pinch off
and therefore become MesNa resistant. This is again con-
sistent with the idea that those pits which are capable of
pinching off have already assembled all of the essential
components. However, the inhibitory effect of the SH3
domain of amphiphysin indicates that, as expected, dy-
namin function appears still to be required for the late
stages of coated scission. Binding of the SH3 domain inter-
feres with this function.

GTP Binding and Hydrolysis Are Required for Coated
Pit Invagination

The rescue by dynamin is dependent on the ability of dy-
namin to bind GTP. In contrast to the ability of wild-type
dynamin to rescue the inhibitory effects of the SH3 do-
main of amphiphysin, neither S45N nor K44A dynamin
was capable of rescue. The S45N mutant is deficient in the
ability to bind GTP. The K44A mutant, although consid-
ered as an hydrolysis mutant, also has reduced binding of
GTP (van der Bliek et al., 1993). However, even in the
presence of high concentrations of GTP (500 pM), the
K44A mutant failed to rescue the inhibitory effects of
the amphiphysin SH3 domain (data not shown). Surpris-
ingly, mutant dynamin deficient in the ability to hydrolyze
GTP (T65A) was also unable to rescue the inhibitory ef-
fects of the SH3 domain of amphiphysin. This implies that
dynamin must bind and hydrolyze GTP in order to pro-
mote the formation of deeply invaginated coated pits in
vitro which are inaccessible to avidin. Our in vitro results
were confirmed by studies in HEK293 cells overexpressing
wild-type and mutant forms of dynamin. Overexpression
of both dynamin K44A and dynamin T65A resulted in an
inhibition of B-SS-Tfn uptake as measured by both the
avidin inaccessibility and MesNa resistance assays. It has
previously been demonstrated that these assays can distin-
guish between the formation of deeply invaginated coated
pits and pinched off coated vesicles in intact cells (Schmid
and Carter, 1990). These results are in contrast to recent
results reporting an increase in the uptake of transferrin
on overexpression of mutant dynamin deficient in GTP
hydrolysis and assembly (Sever et al., 1999, 2000a). Using
dynamin which has point mutations in the GED (GTPase
effector domain), these workers concluded that dynamin
functions as a classical GTPase, recruiting effectors when
in the GTP conformation. Our results indicate, however,
that GTP hydrolysis by dynamin is required for the late
stages of invagination. Our data are therefore most consis-
tent with a ratchet model of dynamin action (Smirnova et
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al., 1999) whereby dynamin molecules would interact with
those molecules on an adjacent rung of the dynamin collar.
The energy of GTP hydrolysis would then be harnessed to
the movement of the dynamin molecules resulting in an in-
crease in constriction which would result in an increase in
avidin inaccessibility in our system (Fig. 8). The action of
dynamin would thus be akin to that of kinesin and myosin
(Vale, 1996; Smirnova et al., 1999).

Despite the stimulatory effect of dynamin in the avidin
inaccessibility assay, depletion of dynamin from bovine
brain cytosol had no significant effect on the extent of avi-
din inaccessibility. This suggests either that the concentra-
tion of dynamin (0.1 wM) present at the highest concentra-
tion of cytosol used was too little to have a significant
effect or, alternatively, that in the preparation of bovine
brain cytosol used the dynamin is somehow inactivated. It
has recently been reported that several SH3 domains
inhibit clathrin-mediated endocytosis in permeabilized
3T3L1 cells (Simpson et al., 1999). However, in contrast to
our results, the SH3 domains of amphiphysin and endophi-
lin only inhibited scission in this cell line. This study also
showed that depletion of dynamin from cytosol inhibited
scission as measured by the MesNa resistance assay in per-
meabilized 3T3L1 cells. The reasons for these differences
are unknown, but one possible explanation for the discrep-
ancies may be that the cytosol preparation used by Simp-
son and colleagues contains an active pool of dynamin. If
this were the case then this cytosol might be capable of
overcoming the inhibitory effects of the amphiphysin and
endophilin SH3 domains on invagination. This would also
explain why the inhibitory effects of these SH3 domains in
3T3L1 cells were only observed after preincubation of the
permeabilized cell membranes and with concentrations of
SH3 domains that are 10-fold higher than those used in
this study.

The current study does not allow us to draw any conclu-
sions about the mechanism of action of dynamin in scis-
sion. As discussed above, the specificity of the inhibitory
effects of GST-amph2 SH3P3R on invagination and its
similar concentration-dependent inhibition of scission lead
us to conclude that it is required for scission, as has been
shown by many other laboratories (Takei et al., 1995;
Sweitzer and Hinshaw, 1998; Stowell et al., 1999). Al-
though the A431 permeabilized cell system has several
limitations for the study of scission, these limitations actu-
ally provide an advantage for the study of the formation of
deeply invaginated coated pits since they allow us to disso-
ciate the two events.

The SH3 Domain of Endophilin Modulates PtdInsP,
Levels at the Plasma Membrane of Permeabilized Cells

The SH3 domain of endophilin also inhibited both deep
invagination and scission in permeabilized A431 cells. The
major physiological binding partner for endophilin is syn-
aptojanin although it also binds dynamin to a lesser extent
(Micheva et al., 1997; Ringstad et al., 1997). Synaptojanin
was unable to rescue the inhibitory effects of GST-
endoSH3 in either the avidin inaccessibiltiy or MesNa re-
sistance assays. In contrast to the inhibitory effect of the
SH3 domain of amphiphysin, dynamin (at concentrations
up to twofold higher than that required for full rescue of
GST-amph2 SH3P*R) was also unable to rescue the inhib-
itory effects of the SH3 domain of endophilin.
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Synaptojanin is an inositol 5-phosphatase whose princi-
pal substrates are PtdInsP, and PtdInsP; (Woscholski et
al., 1997). There is no significant effect on the levels
of PtdInsP; in permeabilized cells treated with GST-
endoSH3 (data not shown). However, the presence of
GST-endoSH3 resulted in a dramatic reduction in Ptd-
InsP, levels. The reduction in PtdInsP, levels was specific
for GST-endoSH3 since GST-amph2 SH3P*R had no ef-
fect. Phosphoinositides have been implicated in the coated
vesicle cycle in the binding of both AP2 and dynamin to
the plasma membrane. AP2 can bind a variety of phos-
pholipids and its biological activity is modulated by these
interactions. For example, PtdInsP, and PtdInsP; enhance
the binding of AP2 to internalization motifs, and the en-
hancement is comparable to the binding of AP2 to recep-
tor tails within assembled coats although the latter is inde-
pendent of phosphoinositides (Gaidarov et al., 1996;
Rapoport et al., 1997). A phosphoinositide binding site on
the a-subunit of AP2 has been identified which is essential
for correct targeting of AP2 to clathrin-coated pits at the
plasma membrane (Gaidarov and Keen, 1999). The PH
domain of PLCS8,, which specifically binds PtdInsP,, has
been shown to interfere with ligand sequestration and in-
ternalization in permeabilized A431 cells (Jost et al.,
1998). In this study, we demonstrate that GST-endoSH3
reduced PtdInsP, levels by >60%, leading to the loss of
AP2 from the permeabilized cell membranes and a con-
comitant inhibition of ligand sequestration and internal-
ization. Similarly, the pleckstrin homology domain of dy-
namin which interacts with membrane phospholipids has
been shown to be essential for endocytosis (Achiriloaie et
al., 1999; Lee et al., 1999; Vallis et al., 1999), and interest-
ingly this interaction is dependent on its oligomeric state
(Lee et al., 1999). GST-endoSH3-induced reduction of
PtdInsP, levels also leads to a loss of dynamin from the
permeabilized cell membranes, providing further evidence
of the requirement for PtdInsP, in the association of dy-
namin with membranes. Treatment of the permeabilized
cells with GST-endoSH3 also caused a loss in membrane-
associated clathrin, measured both by Western blotting
and by immunofluorescence. This presumably is an indi-
rect effect of the loss of AP2 from the plasma membrane
and further confirms the requirement for PtdInsP, in
coated pit assembly. By contrast, there is no significant
loss of membrane-associated synaptojanin or transferrin
receptor after treatment with either of the SH3 domains,
indicating that the reduction in PtdInsP, levels has a
specific effect on clathrin-coated pit components and is
not due to gross disruption of membranes. GST-amph2
SH3D36R caused a small reduction in the amount of clath-
rin and dynamin associated with the membranes, but the
reduction was much less than that observed in the pres-
ence of GST-endoSH3. We have estimated that the
amount lost is no more than 5-10% of the total.

Synaptojanin was unable to rescue the inhibitory effects
of either of the SH3 domains. The inability of synaptojanin
to rescue GST—amph2 SH3P3R treated membranes fur-
ther demonstrates the specificity of the rescue of these
membranes by dynamin, indicating that dynamin is the
true target for this SH3 domain. The lack of rescue of
GST-endoSH3 treated membranes is consistent with our
results, showing that these membranes have reduced
PtdInsP, levels. Since synaptojanin, if recruited to the
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membrane, would be predicted to itself cause a reduction
in PtdInsP, levels, the most likely mechanism by which it
could rescue the inhibitory effects of the SH3 domain
would be by competition of the SH3 domain from the
membrane. Western blots using anti-GST antibodies re-
vealed that there was no significant reduction in the
amount of GST-endoSH3 associated with the membrane
in the presence of either dynamin or synaptojanin. It is
worth noting that we have estimated that we are adding a
molar excess of at least 100-fold of dynamin and synapto-
janin over the amount of SH3 domain associated with the
membrane. This suggests that the fusion proteins may ei-
ther form a tighter association with membrane rather than
cytosolic components or, alternatively, be incorporated
into a relatively stable complex.

Recent data using a mouse knockout for synaptojanin
have strongly implicated synaptojanin as having a role in
uncoating of clathrin-coated vesicles (Cremona et al.,
1999). Cortical neurons from the knockout mouse exhib-
ited increased levels of clathrin-coated vesicles and also of
PtdInsP,, providing a link between the requirement to hy-
drolyze PtdInsP, and uncoating. In Caenorhabditis ele-
gans, mutations in synaptojanin lead to pleiotropic defects
in vesicle trafficking including synaptic vesicle budding
and uncoating (Harris et al., 2000). Our data are most con-
sistent with a model where it appears that the SH3 domain
of endophilin causes an untimely reduction in PtdInsP,
levels, most likely by mislocalization and/or activation of
synaptojanin (Fig. 8). Western blotting of membranes sep-
arated from assay mixtures which had been incubated in
the presence or absence of GST-endoSH3 showed no
significant recruitment of recombinant synaptojanin by
GST-endoSH3 (data not shown). Similarly, addition of re-
combinant synaptojanin had only a very modest inhibitory
effect on coated pit invagination and scission and caused a
similar modest reduction in PtdInsP, levels (data not
shown). This strongly suggests that the functional pool of
synaptojanin in permeabilized cells is associated with the
membrane, and its untimely activation prevents coat as-
sembly and invagination and probably scission (see be-
low). However, we would predict that normally synaptoja-
nin works later in the endocytic cycle, in the uncoating of
coated vesicles.

This hypothesis is supported by recent studies carried
out in parallel with ours (Gad et al., 2000). These workers
showed that microinjection of antisynaptojanin antibodies
and also of a peptide which specifically interferes with the
interaction of endophilin with synaptojanin and dynamin
caused an accumulation of coated vesicles in the lamprey
synapse. Microinjection of the peptide and also GST-
endoSH3 caused an accumulation of coated pits, but in-
terestingly, synapses microinjected with GST-endoSH3
showed no uncoating defect. These results suggest that the
interaction between endophilin and synaptojanin is impor-
tant for uncoating while SH3-mediated effects of endophi-
lin (perhaps by interaction with dynamin) are necessary
for scission (Schmidt et al., 1999). In our permeabilized
cell system, GST-endoSH3 has inhibitory effects on both
invagination and scission. The inhibition appears to result
principally from a loss of coat components from the mem-
brane as a result of the reduction in PtdInsP, levels. How-
ever, we cannot rule out the possibility that the inhibition
of scission is a direct effect on this process as is observed in
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the lamprey synapse. The differential effects of GST-
endoSH3 seen in the lamprey synapse versus permeabi-
lized A431 cells are most likely due to compensatory
mechanisms within the synapse which are lost in per-
meabilized cells and perhaps allow a replenishment of
PtdInsP, levels. Such mechanisms appear to exist in vivo
to maintain the levels of essential phosphoinositides be-
cause, for example, the increase in PtdInsP2 in the synap-
tojanin knockout mouse, although significant, is only 1.6-
fold (Cremona et al., 1999).

In summary, we have shown that dynamin, in addition
to its well-established role in scission, is also necessary for
the late stages of coated pit invagination. Its function in in-
vagination is dependent on GTP binding and hydrolysis,
pointing, at the very least, to a mechanochemical role.
However, our findings do not exclude the possibility of ad-
ditional regulatory components in this process. Our results
with the SH3 domain of endophilin indicate the impor-
tance of PtdInsP, in the recruitment of AP2 and dynamin
to the membrane to initiate coated vesicle formation.
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