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Insulin-stimulated glucose uptake requires the fusion of GLUT4
transporter-containing vesicles with the plasma membrane, a pro-
cess that depends on the SNARE (soluble N-ethylmaleimide-sensi-
tive fusion factor attachment receptor) proteins VAMP2 (vesicle-
associated membrane protein 2) and syntaxin 4 (Stx4)�SNAP23
(soluble N-ethylmaleimide-sensitive fusion factor attachment pro-
tein 23). Efficient SNARE-dependent fusion has been shown in
many settings in vivo to require the generation of both phospha-
tidylinositol-4,5-bisphosphate (PIP2) and phosphatidic acid (PA).
Addition of PA to Stx4�SNAP23 vesicles markedly enhanced the
fusion rate, whereas its addition to VAMP2 vesicles was inhibitory.
In contrast, addition of PIP2 to Stx4�SNAP23 vesicles inhibited the
fusion reaction, and its addition to VAMP2 vesicles was stimula-
tory. The optimal distribution of phospholipids was found to
trigger the progression from the hemifused state to full fusion.
These findings reveal an unanticipated dependence of SNARE
complex-mediated fusion on asymmetrically distributed acidic
phospholipids and provide mechanistic insights into the roles of
phospholipase D and PIP kinases in the late stages of regulated
exocytosis.

SNAP23 � syntaxin 4 � VAMP2

Intracellular trafficking of secretory proteins, integral mem-
brane proteins, and lipids requires the movement and fusion of

cargo-containing phospholipid membrane vesicles from donor to
acceptor compartments. The fusion of transport vesicles into
acceptor membranes is mediated by a complex of proteins known
as t-SNAREs or Q-SNARES, which are found on target�
acceptor membranes and are composed of the syntaxin (Stx) and
SNAP (soluble N-ethylmaleimide-sensitive fusion factor attach-
ment protein) family of proteins, and v-SNAREs or R-SNAREs,
which are members of the VAMP (vesicle-associated membrane
protein)�synaptobrevin family and are found on vesicle�donor
membranes (1–4). Specificity of the membrane fusion process is
achieved through both subcellular compartmentalization of
these components and selectivity of the binding interactions
between the various SNARE (soluble N-ethylmaleimide-
sensitive fusion factor attachment receptor) proteins (5–7).

The mechanism underlying membrane bilayer fusion requires
the formation of high-affinity, parallel, four-�-helix bundles
containing one coiled-coil Stx domain, two coiled-coil SNAP
domains, and a coiled-coil VAMP domain (8, 9). Recent studies
have suggested that this process proceeds through a hemifused
state in which the outer membrane leaflets fuse first, followed by
fusion of the inner membrane leaflets (10–13). Formation of the
hemifused state is characterized by significant physical con-
straints, because the outer leaflet needs to bend in a tight
negative curve to preserve membrane integrity. Similarly,
progress to full fusion then requires the inner leaflet to achieve
a positive curvature (14). Recently, we reported that phospho-
lipase D (PLD) 1 activity enhanced insulin-stimulated fusion of
GLUT4 vesicles into the plasma membrane, whereas reduction
of PLD1 by RNAi gene silencing was inhibitory (15), consistent
with earlier studies that demonstrated a functional requirement
for PLD1 as a downstream effector in secretagogue-stimulated
granule exocytosis in PC12 cells (16) and prospore membrane

formation in yeast (17). PLD1 generates phosphatidic acid (PA),
a phospholipid that favors the formation of negative curvature,
on one or both of the external leaflets undergoing fusion.
Because the PLD1-RNAi phenotype could be rescued by expo-
sure of one of the inner leaflets to lysophosphatidylcholine, a
positive curvature-favoring phospholipid, it is suggested that
membrane curvature might play an important physiological role
in GLUT4 vesicle fusion with the plasma membrane. A second
acidic phospholipid that is known to be important for the
regulated exocytosis fusion event in neuronal cells is phospha-
tidylinositol-4,5-bisphosphate (PIP2) (18), which may undertake
a number of roles, including promoting inner membrane leaflet
positive curvature (14). In the current study, we have examined
acidic phospholipid requirements for SNARE-dependent mem-
brane fusion, and we demonstrate an unexpected asymmetric
and reciprocal requirement for PA and PIP2 in donor and
acceptor membranes.

Results and Discussion
The v-SNARE VAMP2 and t-SNARE Complex Stx4�SNAP23 Suffice to
Drive Membrane Fusion in Vitro. Because membrane fusion displays
selectivity among different pairs of v- and t-SNARE proteins (6,
7), we initially set out to determine whether the SNARE
complexes involved in insulin-stimulated GLUT4 translocation
were capable of mediating in vitro membrane fusion. Purified
Stx4�SNAP23 complexes were reconstituted into phospholipids
composed of 85% phosphatidylcholine (PC) and 15% phospha-
tidylserine (PS). In parallel, VAMP2 was reconstituted into
phospholipids containing 82% PC and 15% PS plus 1.5%
NBD-PE [N-(7-nitro-2,1,3-benzoxadiazole-4-yl)-phosphati-
dylethanolamine] and 1.5% rhodamine-PE as the fluorescent
phospholipid reporters. The close proximity of the NBD-PE with
rhodamine-PE results in fluorescence quenching such that the
NBD-PE fluorescence is reduced by �90%.

As reported in ref. 19, we observed that the efficiency of VAMP2
reconstitution was more efficient than that for the t-SNARE
complex. Specifically, 18 nmol (300 �g) of VAMP2 mixed with 300
nmol of phospholipids incorporated with 78% efficiency (14.4
nmol) into vesicles (Fig. 1A, lanes 1 and 2). In contrast, only 31%
(1.5 nmol) of the 4.8-nmol (300 �g) input of Stx4�SNAP23 com-
plexes became incorporated (Fig. 1A, lanes 3 and 4). This recon-
stitution corresponded to a 1:200 protein:lipid ratio for the Stx4�
SNAP23 complex (�75 copies per proteoliposome) compared with
�1:20 for VAMP2 (�750 copies per proteoliposome). Thus,
because of the difference in mass and reconstitution efficiency, we
standardized each reaction mixture by adding at least 10-fold more
acceptor Stx4�SNAP23 vesicles than fluorescent donor VAMP2
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vesicles, following methodology that had been described previously
for other SNARE isoforms (19).

Incubation of the fluorescent donor VAMP2 vesicles with
Stx4�SNAP23 acceptor membranes at 37°C resulted in a time-
dependent increase in membrane fluorescence (Fig. 1 A, open
circles). As previously documented for other v- and t-SNARE
pairs, this time frame and extent of membrane increase in
fluorescence is characteristic of membrane fusion (19–22).

Switching the fluorescent probes to the Stx4�SNAP23 vesicles
similarly resulted in a time-dependent membrane fusion with
VAMP2 vesicles (Fig. 1 A, open triangles). As expected, the
extent of fusion under these conditions was reduced, reflecting
the reduced amount of Stx4�SNAP23 protein per individual
vesicle, which readily becomes saturated after a limited number
of fusion events.

To demonstrate specificity of the v- and t-SNARE interaction,
we incubated Stx4�SNAP23 fluorescent vesicles with Stx4�
SNAP23 acceptor vesicles or VAMP2 fluorescent vesicles with
VAMP2 acceptor vesicles. These homotypic combinations did
not exhibit membrane fusion (Fig. 1 A, filled circles and triangles,
respectively). Moreover, the Stx4�SNAP23 vesicle fusion reac-
tion with VAMP2 vesicles was specific; incubation in the addi-
tional presence of a soluble form of VAMP2 lacking the
transmembrane domain (GST-VAMP2�TM) or pretreatment
of the donor liposomes with a VAMP2-specific protease (tetanus
toxin) inhibited the fusion reaction (Fig. 1B). However, if tetanus
toxin was added after the mixing of donor and acceptor vesicles,
a partial protection of membrane fusion was observed, confirm-
ing that, during the preincubation step, the SNARE proteins
form a stable ternary complex that is toxin-resistant (Fig. 1B).
These data confirm that Stx4�SNAP23 acceptor and proteoli-
posome donor membranes undergo SNARE-dependent mem-
brane fusion in a manner analogous to other SNARE isoforms.

Addition of PA to the Stx4�SNAP23 Acceptor Membranes Enhances
Membrane Fusion. In vitro fusion reactions using reconstituted
neuronal SNARE proteins are typically performed by using
liposomes composed of PC plus an additional 15–25% PS (19, 20,
22, 23). The addition of PA resulted in a concentration-
dependent increase in VAMP2 incorporation, whereas PA had
no significant effect on the efficiency of Stx4 incorporation (Fig.
2A). Under these conditions, reconstitution with pure PC re-
sulted in vesicles containing �125 copies of VAMP2, whereas
the addition of 3% PA (97% PC�3% PA) or 10% PA (90%
PC�10% PA) resulted in the incorporation of �375 and �750
copies per vesicle, respectively. The differences in VAMP2
reconstitution efficiency occurred independently of vesicle size;
dynamic light scattering demonstrated identical vesicle diame-
ters (60 � 14 nm). Because the efficiency of VAMP2 reconsti-
tution depends on the specific type and concentration of phos-
pholipids, we adjusted the VAMP2 protein input during the
various reconstitution reactions to obtain vesicles containing an
average of �125 VAMP2 copies. Immunoblotting demonstrated
the presence of equivalent amounts of VAMP2 protein for each
phospholipid reconstitution and assay condition (Fig. 2C).

We next determined the effect of altering phospholipid compo-
sition on the extent of membrane fusion (Fig. 2B). Even at relatively
low v-SNARE protein density (�125 copies), the PC donor mem-
branes underwent �12% of the maximum extent of fusion after 120
min of incubation (Fig. 2B, bar 1). The addition of 10% PA to the
donor membranes inhibited this fusion by �30% (Fig. 2B, bar 2).
Unexpectedly, the replacement of the 15% PS with 10% PA in the
acceptor membranes increased membrane fusion by �50% (Fig.
2B, bar 3). The enhanced fusion driven by PA in the acceptor
membrane was again inhibited by the presence of PA in the donor
membrane (Fig. 2B, bar 4). The more physiological combination of
PC�PS�PA in the acceptor membrane promoted the highest level
of fusion (Fig. 2B, bar 5), and, again, the presence of PA in the
donor membrane almost completely eliminated the gain in the rate
of fusion (Fig. 2B, bar 6). In contrast, pure PC acceptor vesicles
supported only a relatively low rate of fusion, which was not further
suppressed by the presence of PA in the donor membrane (Fig. 2B,
bars 7 and 8). As a control, there was no detectable fusion in the
SNARE protein-free liposomes containing PA or PS under these
conditions.

We previously demonstrated that PLD1 activity in 3T3L1

Fig. 1. The v-SNARE VAMP2 and the t-SNAREs Stx4 and SNAP23 suffice to
drive membrane fusion. (A) Three hundred micrograms of purified human
VAMP2 (18 nmol) was mixed with 300 nmol of phospholipids (82% PC�15%
PS�1.5% NBD-PE�1.5% rhodamine-PE) in octyl-�-D-glucopyranoside. The mix-
ture was then rapidly diluted and subjected to Histodenz gradient flotation
and dialysis. Aliquots (1 nmol of phospholipids, equivalent to 1�300 of the
reconstituted vesicles) of the initial input (lane 1) and final recovered vesicles
(lane 2) were subjected to SDS�PAGE. Similarly, 300 �g of the purified mouse
Stx4�SNAP23 complex (4.8 nmol) was mixed with 300 nmol of phospholipids
(85% PC�15% PS) in octyl-�-D-glucopyranoside. The mixture was then rapidly
diluted and subjected to Histodenz gradient flotation and dialysis. Aliquots (2
nmol of phospholipids equivalent to 1�150 of the reconstituted vesicles) of the
initial input (lane 3) and final recovered vesicles (lane 4) were subjected to
SDS�PAGE. The SNARE proteins were then visualized by Coomassie blue
staining. VAMP2 (750 copies per vesicles) fluorescent reporter liposomes were
mixed with Stx4�SNAP23 (75 copies per vesicle) liposomes (E), or Stx4�SNAP23
fluorescent reporter vesicles were mixed with VAMP2 vesicles (‚). As a control,
symmetric donor and acceptor membranes were mixed: VAMP2 donor and
acceptor vesicles (F) or Stx4�SNAP23 donor and acceptor vesicles (Œ). The
increases in NBD-PE fluorescence were monitored and normalized as a per-
centage of the maximum fluorescence after Triton X-100 solubilization. (B)
Acceptor t-SNARE fluorescent reporter vesicles were preincubated with solu-
ble GST-Syb2�TM (10 �g) before mixing with v-SNARE membranes. v-SNARE
fluorescent donor vesicles were treated with tetanus toxin (TnTx) for 2 h at
37°C before mixing and incubation with t-SNARE acceptor membranes. Donor
v-SNARE and acceptor t-SNARE membranes were preincubated before addi-
tion of tetanus toxin. The fusion reaction was initiated by warming the
samples to 37°C, and the change in fluorescence was determined 2 h later. The
percentage of NBD-PE fluorescence at 120 min compared with the maximum
amount of fluorescence dequenching (Triton X-100 solubilization) was deter-
mined. Data are averages � SD from three independent experiments.
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adipocytes increases the sensitivity of insulin-stimulated GLUT4
translocation and glucose uptake by promoting the fusion of
GLUT4 vesicles with the plasma membrane (15). However,
because PLD1 is an intracellular protein, in vivo PLD1 can only
generate PA in the outer leaflet of vesicles and�or the inner
plasma membrane leaflet. Because vesicle reconstitution using
PA results in PA incorporation into both leaflets, we next
generated vesicles containing PA in only the outer leaflet by
reconstituting Stx4�SNAP23 and VAMP2 into 100% PC vesicles
and incubating them with bacterial PLD to convert a fraction of
the externalized PC into PA. Incubation of the Stx4�SNAP23
liposomes with 1 or 5 units of PLD increased the extent (Fig. 3A)
and rate of membrane fusion (Fig. 6A, which is published as
supporting information on the PNAS web site). Under these
conditions, PLD incubation generated an approximate forma-
tion of 1% and 5% PA, respectively (data not shown). The effect
of PLD was specific; treatment of the vesicles with EGTA
prevented the enhancement of membrane fusion. As a control,
there was no detectable fusion when protein-free liposomes were
pretreated with PLD (data not shown).

Because bacterial PLD is relatively nonselective for phospho-
lipid head groups, it also hydrolyzes the outer leaflet rhoda-

mine-PE and NBD-PE. Accordingly, for the VAMP2-
reconstituted PC vesicles treated with PLD, the fluorescent
reporters were reconstituted instead into the Stx4�SNAP23
vesicles. Under these conditions, there was a dose-dependent
inhibition of the extent (Fig. 3B) and rate of fusion (Fig. 6B).
Coomassie blue staining demonstrated that the PLD did not
degrade the VAMP2 or Stx4�SNAP23 proteins (Fig. 6C). Taken
together, these data indicate that the ability of PA to enhance or
inhibit liposome fusion occurs asymmetrically, with enhance-
ment occurring when it is present in the acceptor membrane
(Stx4�SNAP23) and inhibition occurring when it is present in the
donor membrane (VAMP2).

Fig. 2. Incorporation of PA in donor and acceptor membranes modifies the
efficiency of SNARE-mediated fusion in an asymmetric manner. (A) Purified
VAMP2 (lanes 1–3) and Stx4�SNAP23 (lanes 4–6) were reconstituted into PC
vesicles containing 0% (lanes 1 and 4), 3% (lanes 2 and 5), or 10% (lanes 3 and
6) PA and immunoblotted with the 6� His-tag antibody. The estimated copy
numbers of v- and t-SNAREs incorporated per vesicle are indicated. (B) Purified
VAMP2 (�125 copies per vesicle) was reconstituted into 97% PC (filled bars) or
87% PC�10% PA (�PA, open bars) containing 1.5% NBD-PE and 1.5% rhoda-
mine-PE. The VAMP2 v-SNARE donor membranes were preincubated over-
night at 4°C with reconstituted Stx4�SNAP23 t-SNARE acceptor membranes
(�75 copies per vesicle) containing 85% PC�15% PS (lanes 1 and 2), 90 PC�10%
PA (lanes 3 and 4), 75% PC�10% PA�15% PS (lanes 5 and 6), or 100% PC (lanes
7 and 8). Data are averages � SD from three independent experiments. (C)
After the above fusion reactions, each sample was subjected to immunoblot-
ting using the 6� His-tag antibody to verify equal amounts of the VAMP2 and
Stx4 proteins.

Fig. 3. PLD activity modifies the efficiency of SNARE-mediated fusion in an
asymmetric manner. (A) Reconstituted Stx4�SNAP23 donor membrane (�75
copies per proteoliposome) in 100% PC were incubated with bacterial PLD
and�or 1 mM EGTA as indicated for 10 min at 37°C. After neutralization of the
PLD activity by addition of 1 mM EGTA, the vesicles were incubated overnight
at 4°C with VAMP2 fluorescent vesicles (�125 copies per vesicle) in 97% PC.
The increases in NBD-PE fluorescence were monitored and normalized as a
percentage of the maximum fluorescence after Triton X-100 solubilization.
Data are plotted as the percentage of fluorescent dequenching at 120 min for
the PLD-treated Stx4�SNAP23 vesicles. (B) Reconstituted VAMP2 donor mem-
branes (�125 copies per vesicle) in 100% PC were incubated with bacterial PLD
and�or 1 mM EGTA as indicated for 10 min at 37°C. After neutralization of the
PLD activity by addition of 1 mM EGTA, the vesicles were incubated overnight
at 4°C with Stx�SNAP23 fluorescent vesicles (�75 copies per vesicle) in 97% PC.
The increases in NBD-PE fluorescence were monitored and normalized as a
percentage of the maximum fluorescence after Triton X-100 solubilization.
Data are plotted as the percentage of fluorescent dequenching at 120 min for
the PLD-treated VAMP2 vesicles. All data are averages � SD from three
independent experiments.
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PIP2 in the VAMP2 Donor Membrane Enhances Membrane Fusion.
PIP2 is also a negatively charged phospholipid, but it possesses
biophysical properties that differ from those of PA. PIP2 has a
bulky head group that promotes the formation of positive
membrane curvature, whereas PA promotes the formation of
negative membrane curvature. Similar to the reconstitution of
VAMP2 into PA-containing liposomes, the presence of PIP2
also increased the efficiency of VAMP2 incorporation in a
dose-dependent manner without any significant effect on the
incorporation of Stx4�SNAP23 (Fig. 4A).

Because the incorporation of VAMP2 was equivalent in both
10% PA- and 10% PIP2-containing vesicles, we used a higher
amount of VAMP2 protein (�750 copies per vesicle). Reconsti-
tution of VAMP2 at 750 copies per vesicle with the hydrophilic dye
5(6)-carboxyfluorescein demonstrated that, at this protein density,
these vesicles were fully sealed and had no appreciable leakiness
(Fig. 7, which is published as supporting information on the PNAS
web site). Similarly, Stx4�SNAP23 vesicles reconstituted at 75
copies were also impermeant to 5(6)-carboxyfluorescein.

A comparison of different combinations of PA and PIP2 in the

donor and acceptor liposomes demonstrated that, when the
acceptor and donor liposomes had the same lipid composition
(PA�PA or PIP2�PIP2), the rate of fusion was relatively slow
(Fig. 4B, bars 1 and 2). However, if the VAMP2 vesicles
containing PIP2 were mixed with Stx4�SNAP23 vesicles con-
taining PA or just PC, the rate of fusion was enhanced (Fig. 4B,
bars 3 and 5). In contrast, if the VAMP2 donor membranes
contained PA and the Stx4�SNAP23 membranes contained
PIP2, the fusion reaction was reduced (Fig. 4B, bar 4). Similarly,
if both the donor and acceptor membranes contained equal
amounts of PIP2�PA, then the fusion reaction was also markedly
reduced (Fig. 4B, bar 6).

Although the fusion reaction was enhanced when the donor�
acceptor membranes contained PIP2�PA, respectively, the ex-
tent of fusion was even greater when the donor VAMP2
membrane contained only PIP2 and the acceptor Stx4�SNAP23
membrane contained only PC (Fig. 4B, bar 5). This less efficient
fusion reaction with the combination of PIP2�PA could have
resulted from a mixing of the phospholipids after successive
rounds of membrane fusion (e.g., transfer of PA into the
VAMP2 vesicles) that progressively inhibited the fusion reac-
tion. To address this possibility, we compared the time required
for various extents of fusion when the donor�acceptor vesicles
were PIP2�PC and PIP2�PA, respectively (Fig. 4C). Fusion
reactions with the PIP2�PC donor�acceptor membranes dis-
played a linear time dependence over a range of 5–35% of the
maximum extent of fusion, indicating that the rate of fusion
remained relatively constant. However, in the PIP2�PA donor�
acceptor membrane pair, the time required for each subsequent
round of fusion increased, demonstrating that the rate of fusion
was not constant but continually slowed as the amount of fusion
proceeded. These data are consistent with the transfer of PA
from the acceptor Stx4�SNAP23 membrane to the donor
VAMP2 membrane, resulting in a continual slowing of the
reaction rate.

The Hemifusion Step Is the Rate-Limiting Factor for in Vitro Membrane
Fusion. The findings described above demonstrate that the pres-
ence of acidic phospholipids strongly improves the incorporation
of VAMP2 into vesicles. However, as previously reported,
elevating SNARE protein density facilitates the fusion reaction
(24). To evaluate the effect of the SNARE density in the fusion
rate of PIP2�PA or PA�PIP2 donor�acceptor membrane com-
binations, we next adjusted the VAMP2 density in donor mem-
branes from �750 to �250 copies per vesicle (Fig. 5A). As
expected, the highest concentrations of VAMP2 in the donor
membranes (�750 copies) promoted the highest extent of fusion.
However, the PIP2�PA-reconstituted vesicles were relatively
insensitive to SNARE protein density, and there was not a
significant difference between �500 and 250 VAMP2 copies per
vesicle. In contrast, the PA�PIP2 lipid combination was strongly
SNARE protein density-sensitive; the fusion reaction was mark-
edly attenuated by decreasing the density to �250 VAMP2
copies per vesicle.

It has been recently reported that SNARE-mediated mem-
brane fusion occurs through a hemifusion intermediate state
(10–13). Therefore, we next determined the effect of different
phospholipid compositions on the proportion of hemifused
versus fused membrane states. This quantification was accom-
plished by reduction of the outer membrane half-bilayer NBD
fluorescence with sodium dithionite as described in refs. 13 and
22. As a consequence, the NBD fluorescence remains on only the
inner leaflet that is protected from the sodium dithionite
reduction (Fig. 8, which is published as supporting information
on the PNAS web site), and, therefore, any increase in fluores-
cence that is observed corresponds to inner leaflet fusion (Fig.
9A, which is published as supporting information on the PNAS
web site). In parallel, an identical fusion reaction was performed

Fig. 4. Incorporation of PIP2 in donor and acceptor membranes modifies the
efficiency of SNARE-mediated fusion in an asymmetric manner. (A) Purified
VAMP2 (lanes 1–3) and Stx4�SNAP23 (lanes 4–6) were reconstituted into PC
containing 0% (lanes 1 and 4), 3% (lanes 2 and 5), or 10% (lanes 3 and 6) PIP2
and immunoblotted with the 6� His-tag antibody. The estimated copy num-
bers of v- and t-SNAREs incorporated per vesicle are indicated. (B) VAMP2
donor membranes (�750 copies per vesicle) were incubated with Stx4�
SNAP23 acceptor membranes (�75 copies per vesicle) for 2 h at 37°C. The
vesicles contained 90% PC plus 10% PA, 10% PIP2, or 5% PA�5% PIP2 as
indicated. Results are expressed as the percentage of fluorescent dequenching
at 120 min. At the end of the reaction, for each assay, the use of equal amounts
of VAMP2 and Stx4 was verified by 6� His-tag immunoblotting. Data are
averages � SD from three independent experiments. (C) Time dependence of
vesicle fusion when 87% PC�10% PIP2 VAMP2 donor membranes were mixed
with 100% PC or 90% PC�10% PA-containing Stx4�SNAP23 acceptor mem-
branes. Data are averages � SD from three independent experiments.
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without prior sodium dithionite reduction to generate a signal
representing the combined fluorescence gain resulting from
inner and outer leaflet fusion. The difference between the two
signals at any given point in time indicates the extent of
hemifusion (outer but not inner leaflet fusion).

By 30 min, �30% of the vesicles had undergone complete
fusion (Fig. 5B, CF, open bar), with �70% remaining in the
hemifused state (Fig. 5B, HF, open bar). In parallel, we also
determined the time dependence of PA�PIP2 donor�acceptor
membrane fusion in the absence and presence of dithionite. In
contrast to the PIP2�PA donor�acceptor pair, essentially 100%
of the vesicles were in the hemifused state when the donor�
acceptor membranes were in the less efficient PA�PIP2 distri-
bution (Fig. 5B, filled bar). The time dependence of membrane
fusion in the absence and presence of dithionite for PIP2�PA
and PA�PIP2 donor�acceptor membrane pairs is shown in Fig.
9 B and C. Thus, not only are these data consistent with
hemifusion being the rate-limiting step for full fusion, but they
also suggest that the presence of PA and PIP2 in the t- and
v-SNARE membranes, respectively, facilitates more efficient
transition from the hemifused state to the fully fused state.

In summary, we have unexpectedly observed that the fusion
reaction between Stx4�SNAP23 acceptor and VAMP2 donor
membranes displays asymmetric acidic phospholipid depen-
dence. That is, PA in the Stx4�SNAP23 vesicles increased the
rate of fusion, whereas the addition of PIP2 was inhibitory.
Conversely, the addition of PA to the VAMP2 vesicles was
inhibitory, and PIP2 in the Stx4�SNAP23 vesicles stimulated the
rate of fusion. The ability of PA to enhance membrane fusion is
consistent with the recent observation that insulin induces the
plasma membrane translocation of PLD1 along with GLUT4
and that PLD1 activity potentiates insulin-stimulated GLUT4
translocation in adipocytes (15).

Moreover, we have also observed that the efficiency of
VAMP2, but not Stx4, protein reconstitution into vesicles is
increased in the presence of PA and PIP2, demonstrating a
preference for general acidic phospholipids similar to that
observed for annexin V (25–29). Thus, the ability of PA in the
acceptor membrane to enhance fusion but in the donor mem-
brane to act as an inhibitor could reflect the affinity of VAMP2
to bind either to the trans membrane (stimulatory) or to the cis
membrane (inhibitory). However, because VAMP2 apparently
has similar affinities for PA and PIP2, we would expect that if this
interaction were based simply on charge, then PA and PIP2
would manifest a similar potentiation of fusion when present in
the trans membrane bilayer and a similar degree of inhibition
when present in the cis membrane bilayer. In fact, we observed
the converse: PA and PIP2 are stimulatory on opposite mem-
brane surfaces. Therefore, either the nature of the SNARE
protein interaction and the fusogenic properties were specific to
the type of lipid head group or another mechanism underlies
their reciprocal effects on fusion efficiency.

PA and PIP2 have different physical properties, including
charge density, but they also differ in their ability to generate
membrane curvature. Because of the relative size of the phos-
pholipid head group, PA favors the formation of negative
membrane curvature (concave), whereas PIP2 favors the gen-
eration of positive membrane curvature (convex). During the
fusion reaction, PA is thought to stabilize and expand the outer
membrane leaflets in the first transition from separated donor
and acceptor bilayers to the hemifused state (fusion of the outer
membrane bilayers only) (30, 31). Similarly, the next transition
between the hemifused state and full bilayer fusion requires that
the inner bilayer half-membranes adopt a positive curvature;
thus, this reaction intermediate favors the presence of phospho-
lipids such as PIP2 (14).

Further studies are now necessary to determine whether this
asymmetric phospholipid requirement for Stx4�SNAP23- and
VAMP2-dependent membrane fusion is a general phenomenon
for all SNARE pairs and to examine the potential contribution
of phospholipid asymmetry as a regulatory mechanism for fusion
events in vivo.

Materials and Methods
Plasmid Construction. The full-length human VAMP2 coding
region was amplified by PCR from pCMV-Sport6-VAMP2
cDNA (IMAGE clone, American Type Culture Collection,
Manassas, VA) cloned in-frame with the N-terminal 6� His-tag
of the bacterial expression vector TOPO-D pET200 (Invitrogen,
Carlsbad, CA), verified by sequencing, and expressed in Bl21
Star (DE3) (Invitrogen). The full-length mouse Stx4 and mouse
SNAP23 cDNAs were amplified and subcloned into the dual
protein expression vector pET-duet (Novagen, San Diego, CA).
The Stx4 coding sequence was cloned in-frame with the N-
terminal 6� His-tag of the first multicloning site, whereas the
SNAP23 coding sequence was cloned in-frame with the second
multicloning site (for further details, see Supporting Methods,
which is published as supporting information on the PNAS web
site).

Fig. 5. Incorporation of 10% PIP2 into donor vesicles and 10% PA into
acceptor vesicles promotes the progression of SNARE-mediated fusion from
the hemifused intermediate state to the fully fused state. (A) VAMP2 was
reconstituted into vesicles containing 87% PC�10% PA (F) or 87% PC�10%
PIP2 (�) at �750, 500, and 250 VAMP2 copies per vesicle. These v-SNARE
membranes were incubated with Stx4�SNAP23 (�75 copies per vesicle) con-
taining 90% PC�10% PA (�) or 90% PC�10% PIP2 (E). Data are averages � SD
from three independent experiments. (B) Percentage of hemifused (HF) or
completely fused (CF) vesicles after incubation of 87% PC�10% PIP2 or 87%
PC�10% PA v-SNARE donor membranes with 90% PC�10% PA or 90% PC�10%
PIP2 t-SNARE acceptor membranes for 30 min at 37°C. Data are averages � SD
from four independent experiments.
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Protein Expression and Purification. The recombinant VAMP2 and
t-SNARE proteins were expressed and purified as described in
Supporting Methods. Protein purity and molar amounts of the
t-SNARE complex Stx4�SNAP23 (1:1 ratio) and VAMP2 were
assessed by NuPAGE gel (Invitrogen), Coomassie blue staining,
and protein assay (Bradford method, BCA Protein Assay Kit,
Pierce, Rockford, IL). The cytosolic domain of VAMP2
(VAMP2�TM) was cloned into pET-4T-1 (Novagen) and trans-
formed into Rosetta Escherichia coli. GST-VAMP2�TM (1–94)
was then purified by glutathione affinity chromatography and
eluted with 10 mM reduced glutathione.

SNARE Reconstitution into Liposomes. The reconstitution and iso-
lation of both v-SNARE- and t-SNARE-containing vesicles was
performed as described in ref. 19. Briefly, the SNARE proteins
were reconstituted by mixing octyl-�-D-glucopyranoside-soluble
SNARE proteins with various detergent-solubilized phospho-
lipids, palmitoyloleoylphosphatidylcholine, dioleoylphosphati-
dylserine, palmitoyloleoylphosphatidic acid, and PIP2, pur-
chased from Avanti Lipids (Alabaster, AL). After rapid dilution,
the vesicles were purified by Histodenz gradient flotation and
dialysis (19). SNARE protein copy numbers were calculated
based on the vesicle volume and number (determined by dy-
namic light scattering) and the amount of v-�t-SNARE protein
(in moles) present in the sample (19). Recovery of phospholipids
was determined as the recovery of NBD-PE and rhodamine-PE
fluorescence (Avanti Lipids). To normalize for the different
levels of t- and v-SNARE proteins per vesicle, the amount of
VAMP2 vesicles added to each fusion reaction was adjusted to
give an equivalent molar ratio (1:1) between VAMP2 and
Stx4�SNAP23 protein.

Fusion Reactions. The vesicle fusion assays were performed by using
the standard lipid fluorescent mixing assay. In a given reconstitu-
tion assay, 1.5% of the total phospholipids contained NBD-PE, and
1.5% contained rhodamine-PE (3% total). Membrane fusion was
monitored in black 96-well plates in a Fluoroskan Ascent fluorom-
eter (Thermo Electron, Waltham, MA) preincubated at 37°C.
Typically, 5 �l of normalized fluorescent donor vesicles was mixed
with 50 �l of acceptor vesicles (nonfluorescent), and the volume
was brought to 100 �l with reconstitution buffer (10% glycerol�25
mM Hepes-KOH, pH 7.4�100 mM KCl�2 mM 2-mercaptoetha-
nol). For overnight incubations, wells were sealed with tape and

stored in the dark at 4°C under gentle agitation. Fluorescence was
monitored every 2 min with the excitation filter set at 460 nm
(half-bandwidth 25 nm) and the emission filter set at 538 nm
(half-bandwidth 25 nm). Conversion to percentage of maximum
fluorescence of NBD-PE by addition of Triton X-100 at the end of
reaction was performed as described in ref. 19.

Proteoliposome Treatment. Pretreatment of VAMP2 vesicles with
activated tetanus toxin (Clostridium tetani, Calbiochem, San
Diego, CA) was achieved by adding 2 �g of toxin to VAMP2
vesicles for 2 h at 37°C and then cooling to 4°C for 30 min.
t-SNARE vesicles were added and incubated overnight at 4°C
before the fusion assay. To confirm the assembly of SNARE
complexes during overnight preincubation, tetanus toxin was
added to the reaction mixture for 2 h at 4°C before the fusion
assay. Competition with VAMP2�TM was performed by pre-
incubation of the t-SNARE acceptor membranes for 1 h at 37°C
with 10 �g of VAMP2�TM. v-SNARE donor vesicles plus
soluble VAMP2�TM were then added to the Stx4�SNAP23
acceptor membranes, and the mixture was incubated overnight
at 4°C. Vesicles were incubated with 1 or 5 units of bacterial PLD
(from Streptomyces chromofuscus, Sigma, St. Louis, MO) for 10
min at 37°C in reconstitution buffer containing 50 �M CaCl2.
The reaction was terminated by addition of 1 mM EGTA, and
the vesicles were placed at 4°C. Fluorescent donor membranes
were then added to the reaction mixture and incubated overnight
at 4°C. Conversion of PC to PA in acceptor membranes was
estimated by thin-layer chromatography and phosphate staining.

To assess hemifusion, f luorescent donor vesicles were prein-
cubated in 45 �l of reconstitution buffer containing 1 mM
sodium dithionite for 10 min at 37°C and then transferred to 4°C
before mixing with acceptor vesicles. The efficiency of NBD
reduction to nonfluorescent N-(7-amino-2,1,3-benzoxadiazole-
4-yl) was estimated to be between 50% and 60% of the total
NBD-PE content. By measuring the total lipid-mixing and inner
leaflet-mixing fluorescence signals independently, the percent-
age of hemifused vesicles could be calculated {defined as
2(PT � PI)�[2(PT � PI) � PI] � 100, where PT is the percentage
of maximum for total lipid mixing and PI is the percentage of
maximum for inner leaflet mixing} as a function of time (13).
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