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Exocytic vesicle fusion requires both the SNARE family of fusion
proteins and a closely associated regulatory subunit of the Sec1/
Munc18 (SM) family. In principle, SM proteins could act at an early
SNARE assembly step to promote vesicle–plasma membrane adhesion or at a late step to overcome the energetic barrier for fusion.
Here, we use the neuronal cognates of each of these protein
families to recapitulate, and distinguish, membrane adhesion and
fusion on a novel lipidic platform suitable for imaging by fluorescence microscopy. Vesicle SNARE (v-SNARE) proteins reconstituted
into giant vesicles (⬇10 m) are fully mobile and functional.
Through confocal microscopy, we observe that large vesicles (⬇100
nm) carrying target membrane SNAREs (t-SNAREs) both adhere to
and freely move on the surface of the v-SNARE giant vesicle. Under
conditions where the intrinsic ability of SNAREs to drive fusion is
minimized, Munc18 stimulates both SNARE-dependent stable adhesion and fusion. Furthermore, mutation of a critical Munc18binding residue on the N terminus of the t-SNARE syntaxin uncouples Munc18-stimulated vesicle adhesion from membrane fusion.
We expect that the study of SNARE-mediated fusion with giant
membranes will find wide applicability in distinguishing adhesionand fusion-directed SNARE regulatory factors.
giant liposomes 兩 Sec1/Munc18

M

any vital cellular processes, including neuronal communication and insulin secretion, are governed by highly regulated fusion events between cargo-containing vesicles and
target membranes. The core principle of intracellular membrane
fusion is now well established (1, 2). First, the vesicles dock at
target membranes, captured by Rab proteins and tethering
factors. Next, the vesicles come into molecular contact with the
target membranes as cognate v- and t-SNARE proteins, which
initially reside in apposing bilayers, assemble in a zipper-like
fashion to form a highly stable, partially structured, membranebridging complex called a SNAREpin (3–8). During membrane
merging, the SNAREpin converts to a fully assembled SNARE
complex that will ultimately reside in the single combined
membrane. In addition to the SNAREs, the Sec1/Munc18 (SM)
proteins are essential in every vesicle trafficking and fusion
event, although the precise molecular mechanisms by which they
exert their function are still elusive (9–11).
The fusion of synaptic vesicles with the presynaptic plasma
membrane requires the v-SNARE protein VAMP2, the tSNAR E complex Syn1A/SNA P25, and the SM protein
Munc18-1. Until recently, it was thought that Munc18-1 could
only interact with the closed monomeric—and therefore fusionincompetent—form of syntaxin-1A (12–14). However, new findings have demonstrated that Munc18-1 can also bind to the
heterotrimeric SNAR E complex (15–17). In addition,
Munc18-1, like its yeast homolog Sec1, can enhance the kinetics
and extent of SNARE-mediated membrane fusion in vitro (17,
18). This stimulation relies on a highly selective interaction of
Munc18-1 with its neuronal cognate SNAREpin and thus imparts an additional layer of specificity to SNARE-dependent
membrane fusion (17).
A comprehensive understanding of the fusion event requires
the capacity to reconstitute the SNAREs into a wide variety of
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membrane platforms with tunable biophysical properties. By
creating bilayer environments whose lipid composition, fluidity,
membrane tension, and/or curvature can be controlled, one can
account for the diversity observed across various cellular fusing
compartments. In this regard, the reconstitution of SNAREs
into small unilamellar vesicles (SUVs) provides tremendous
flexibility and has offered great insights into the molecular
mechanisms of SNARE-induced membrane fusion (6, 8, 17,
19–25). However, SUVs display an intrinsically high degree of
membrane curvature and tension, biophysical properties which
strongly influence the energetics of fusion and which are essentially invariant in this system. Furthermore, because of their
small size, SUVs are generally beyond the detection limit of
optical approaches used to study either functional membrane
domains or single fusion events. Recent biophysical advances
now allow the reconstitution of large (⬇100 nm) or giant (⬇10
m) unilamellar vesicles (LUVs or GUVs) bearing functional
transmembrane proteins, whose distribution, mobility, and biological activity can be monitored by optical microscopy (26–30).
In this article, we reconstitute t-SNARE complexes into
LUVs, reconstitute v-SNARE proteins into GUVs, and present
an assay that allows us to follow adhesion and fusion of these
t-LUVs to the v-GUVs in the absence or the presence of the
fusion activator Munc18-1 (unless otherwise specified, t- and
v-SNARE will denote the plasma membrane complex Syn1A/
SNAP25 and the synaptic vesicle protein VAMP2, respectively).
The approach developed here will be applicable to the study of
many other regulatory factors known to modulate SNARE
assembly and membrane fusion.
Results
Activity and Mobility of v-SNAREs in Giant Membranes. A compre-

hensive description of the lipid and protein composition of
synaptic vesicles has recently been reported (31). Using this study
as a guide, we prepared our v-GUVs by a modified electroformation method (26, 28), starting from small proteoliposomes
of v-SNAREs at a theoretical lipid-to-protein ratio of 200
[supporting information (SI) Fig. 5A]. Unless otherwise noted,
the experiments presented here used v-GUVs consisting of 60
mol % phosphatidylcholine (DOPC), 10 mol % phosphatidylserine (DOPS) and 30 mol % phosphatidylethanolamine
(DOPE). Neither the vesicle adhesion nor the fusion events
described below were significantly altered when liposomes were
prepared without DOPE (SI Fig. 10A).
The activity of v-SNARE proteins when embedded into the
membrane of GUVs was assessed through binding to a fluorescent and soluble version of their t-SNARE partner (EYFPSNAP25/Syn1A-⌬TM protein). Most v-GUVs (⬎90%) were
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Fig. 1. Activity and mobility of v-SNAREs reconstituted into DOPC:DOPS:DOPE (60:10:30) GUVs. (A) Binding of EYFP-SNAP25/Syn1A-⌬TM (0.1 M) to
v-GUVs in the absence or the presence of 2 M Munc18-1, after 2 h of
incubation at room temperature. Munc18-1 clearly promotes the formation of
SNARE complexes; average values and standard deviations are from n ⫽ 40 – 60
GUVs. (B) FRAP experiments on DOPC:DOPS (90:10)/ECFP-VAMP2 GUVs (theoretical lipid-to-protein ratio ⫽ 200). Bleaching was performed at the top of
the GUV. v-SNAREs are fully mobile in the GUV membrane with an average
diffusion coefficient of 3.4 m2/s; after recovery, the fluorescence does not
reach 100% because of (i) the overall loss of fluorescence in the GUV membrane after bleaching (⬇5–10% depending on the disk and the GUV size) and
(ii) the intrinsic photobleaching of the ECFP probe that occurs during reading
(⬇10%).

able to bind to this fluorescent cognate t-SNARE (Fig. 1A Left).
To test whether Munc18-1 could promote SNARE complex
formation in our system, v-GUVs were next incubated with
EYFP-SNAP25/Syn1A-⌬TM in the presence of Munc18-1 in
solution. The extent of EYFP-SNAP25/Syn1A-⌬TM binding was
increased by ⬇2-fold in the presence of Munc18-1 (Fig. 1 A
Right), indicating that Munc18-1 can readily stimulate the assembly of cis-SNARE complexes on GUV membranes. The
surface density of these cis-SNARE complexes (and thus of
active v-SNAREs) was estimated by Western blot analysis of
Ni-NTA beads functionalized with His-tagged EYFP-SNAP25/
Syn1A-⌬TM and displaying the same fluorescence intensity (SI
Fig. 5B). By this approach, our v-GUVs include ⬇5,500 active
v-SNAREs per m2 (i.e., ⬇1 protein for 320 lipids). This is
consistent with the theoretical lipid-to-protein ratio used during
liposome preparation and slightly lower than the physiological
density of v-SNAREs in synaptic vesicles [⬇12,600 v-SNAREs
per m2 (31)].
To measure the lateral mobility of v-SNAREs within the
GUV bilayers, we performed fluorescence recovery after photobleaching (FRAP) experiments on GUVs bearing a fluorescent version of the v-SNARE protein (ECFP-VAMP2). ECFPVAMP2 proteins were fully mobile in the GUV membrane with
a diffusion coefficient of 3.4 ⫾ 0.6 m2/s (Fig. 1B), which is very
Tareste et al.

Munc18-1 Promotes Adhesion and Fusion of t-LUVs to v-GUVs. We
have previously demonstrated that neuronal SNAREs can drive
the fusion of small liposomes (8) and that these fusion events can
be strongly activated by Munc18-1 (17). Here, we wanted to
investigate whether SNAREs and Munc18-1 could still promote
fusion when much larger membranes were involved. We chose to
fuse LUVs to GUVs, a system that offers the possibility to
monitor both vesicle adhesion and fusion by optical microscopy
(32, 33).
t-LUVs were prepared by detergent-assisted direct incorporation of t-SNAREs into preformed protein-free LUVs consisting of 55 mol % DOPC, 10 mol % DOPS, 30 mol % DOPE, and
5 mol % phosphatidylethanolamine (Lissamine Rhodamine B)
(DOPE-RHO); their theoretical lipid-to-protein ratio was 400
(SI Fig. 5A), a density similar to that we previously used to
demonstrate the activation of SNARE-mediated liposome fusion by Munc18-1 (17). Vesicle adhesion and fusion were both
quantified after incubation and rinsing of unbound t-LUVs. The
fusion of t-LUVs into v-GUVs was measured by a lipid-mixing
assay, following the transfer of fluorescent lipids from the t-LUV
membrane, which initially contained 5 mol % DOPE-RHO, to
the v-GUV membrane, which was initially nonfluorescent. Adhesion of t-LUVs onto v-GUVs was estimated by counting the
number of bright dots sitting and moving (SI Movie 1) on the
dimmer fluorescent background of v-GUV membranes. To
quantify t-LUV/v-GUV lipid mixing, one requires (i) a calibration curve for the fluorescence intensity of a GUV as a function
of the mol % of DOPE-RHO lipids in its membrane and (ii) an
accurate measure of the size of both t-LUVs and v-GUVs. The
calibration curve was obtained by measuring the fluorescence
intensity of protein-free GUVs containing various controlled
amounts of DOPE-RHO in their bilayer (Fig. 2B and SI Fig. 7).
The average size of t-LUVs was determined by cryo-electron
microscopy [(88 ⫾ 21) nm (Fig. 2 A)], and the size of v-GUVs was
directly measured from the confocal pictures of each sample
tested.
v-GUVs were first incubated with t-LUVs in the absence of
Munc18-1. After careful rinsing, the membranes of v-GUVs
were decorated with only a few t-LUVs [2 ⫾ 1 (Fig. 3A Left and
Table 1); note that, because the number of bound t-LUVs was
counted on equatorial sections of v-GUVs, it cannot be considered absolute and is likely an underestimate]. At a higher density
of SNAREs, the number of bound t-LUVs increased significantly, and when v-GUVs were incubated with protein-free
LUVs, stable vesicle adhesion did not occur (SI Fig. 8 and SI
Table 2). When t-LUVs and v-GUVs were incubated together
with Munc18-1, the number of bound t-LUVs was also significantly higher [6 ⫾ 3 (Fig. 3A Right and Table 1)]. This stimulation
of vesicle binding by Munc18-1 required both SNARE partners
to be present on the membranes (SI Table 2). This result thus
confirms and extends the above binding experiments (Fig. 1 A):
Munc18-1 not only promotes the formation of cis-SNARE
complexes, it can also stimulate the formation of membranebridging SNAREpins across our large membranes.
In addition to binding events of t-LUVs onto v-GUVs, fusion
events can also be measured in this system as indicated by the
development of a continuous fluorescent background within the
membrane of all v-GUVs (Fig. 3A). SNARE proteins could
slightly promote large/giant membrane fusion at 37°C compared
with a control experiment in which t-SNAREs were absent from
the LUV bilayer (Fig. 3C). The occurrence of fusion was further
validated by FRAP experiments showing that DOPE-RHO
lipids transferred into the v-GUV membrane displayed unrestricted Brownian motion with an average diffusion coefficient
of 2.3 m2/s (SI Fig. 6B).
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similar to that measured for a fluorescent lipid under the same
experimental conditions (SI Fig. 6A).

Fig. 2. Fusion calibration. (A) Representative cryo-electron microscopy picture and size distribution of DOPC:DOPS:DOPE:DOPE-RHO (55:10:30:5)/t-SNAREs LUVs
(n ⫽ 109 liposomes); the average size is 88 nm. (B Left) Fluorescence intensity across the equatorial section of a protein-free GUV containing 0.009 mol %
DOPE-RHO (typical profile used for calibrating and estimating the number of fusion events). (B Right) Fluorescence intensity of protein-free GUVs as a function
of the mol % DOPE-RHO in their membrane (lower x axis), and conversion to the number of LUVs fusing per GUV (upper x axis), in the case of 90-nm LUVs and
10-m v-GUVs. The titration was conducted for 0 ⬍ mol % DOPE-RHO ⬍ 0.24, using lower confocal gain settings when the fluorescence intensity (scaled from
0 to 255) reached saturation (SI Fig. 7). To analyze LUV/GUV fusion, the upper x axis of these calibration curves (number of fusion events) was corrected to account
for the actual size of each GUV tested.

Both the kinetics and the total number of fusion events could
be strongly enhanced (by ⬇4-fold) in the presence of Munc18-1
(Fig. 3 B and C). When experiments were conducted at room
temperature, the fusion induced by SNAREs was indistinguishable from SNAREpin-independent fusion reactions (fusion
reactions where either or both membranes were devoid of
SNAREs). Even under this more stringent temperature condition, Munc18-1 was still able to promote SNARE-dependent

fusion of our large/giant membranes, but only when SNAREs
were present in both interacting membranes (SI Fig. 9A).
Protein Determinants of Munc18-1 Function. Next, we examined
whether Munc18-1 could still simulate fusion of our large/giant
membranes when other, nonneuronal, SNAREs were involved.
To test this, we reconstituted the late endosomal v-SNARE
protein VAMP8 into GUVs and challenged these VAMP8-

Fig. 3. Munc18-1 activates t-LUV/v-GUV adhesion and fusion. (A) Confocal imaging of DOPC:DOPS:DOPE (70:10:20)/v-SNARE GUVs after 2 h of incubation at
37°C with 5 M DOPC:DOPS:DOPE:DOPE-RHO (65:10:20:5)/t-SNARE LUVs in the absence or the presence of 2 M Munc18-1 [both pictures were taken with the
same settings as in Fig. 2; fusion in the presence of Munc18-1 was quantified from pictures at lower confocal gain settings (see SI Fig. 7)]. Some bound liposomes
are indicated by the arrows. To estimate the number of fusion events, three lines similar to that displayed in Fig. 2 A were drawn across the equator of v-GUVs,
avoiding bound liposomes. (B) Fusion kinetics at 37°C in the absence or the presence of 2 M Munc18-1 (each data point gives the average value over n ⫽ 7–12
GUVs observed within 5 min). In the presence of Munc18-1, the fusion kinetics are enhanced ⬇4-fold. (C) Distribution of fusion events at 37°C across the
population of v-GUVs after 2 h of incubation at 37°C with protein-free LUVs (green) or t-LUVs in the absence (blue) or presence (red) of Munc18-1 (histograms
from n ⫽ 40 – 60 GUVs). The average number of fusion events per 100 m2 of v-GUV membrane is 3 ⫾ 1 with protein-free LUVs, 4 ⫾ 1 with t-LUVs in the absence
of Munc18-1, and 14 ⫾ 6 with t-LUVs in the presence of Munc18-1 (see also SI Fig. 10B, which gives the complete distribution of fusion events). Munc18-1 thus
increases SNAREpin-dependent fusion efficiency by ⬇10-fold (after subtraction of basal fusion).
2382 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.0712125105
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No Munc18
With Munc18

T ⫹ V2

T ⫹ V8

⌬N-T ⫹ V2

L8A-T ⫹ V2

2⫾1
6⫾3

4⫾1
1⫾1

2⫾1
2⫾2

2⫾1
6⫾3

The number of bound t-LUVs was counted on equatorial sections of v-GUVs.

GUVs with EYFP-SNAP25/Syn1A-⌬TM proteins or t-LUVs.
VAMP8-GUVs were able to bind EYFP-SNAP25/Syn1A-⌬TM
and to capture t-LUVs with the same—and even slightly higher—
efficiency as v-GUVs (Table 1 and SI Fig. 9B). Fusion of t-LUVs
with VAMP8-GUVs was, however, slightly lower than that observed with v-GUVs. In addition, neither adhesion nor fusion of
t-LUVs to VAMP8-GUVs could be further activated by Munc18-1
(Fig. 4A and Table 1). The adhesion of t-LUVs to VAMP8-GUVs
was almost inexistent in the presence of Munc18-1, suggesting that
the complex Munc18-1/t-SNARE exclusively binds to its cognate
v-SNARE.
The N-terminal domain of Syn1A, and more specifically the
leucine residue at position 8, is absolutely required for Munc18-1
activation of SNARE-mediated liposome fusion (17). In our
t-LUV/v-GUV system, when the whole N-terminal domain of
Syn1A was removed (⌬N-t-SNARE mutant), Munc18-1 was
unable to promote either vesicle adhesion or membrane fusion.
Interestingly, when the leucine residue was mutated into an
alanine (L8A-t-SNARE mutant), Munc18-1 could still activate
t-LUVs adhesion onto v-GUVs but could not stimulate membrane fusion (Fig. 4B and Table 1). This result suggests that
Munc18-1 may stimulate both SNAREpin formation and
SNARE-mediated fusion and that, in this optical system, its role
in vesicle adhesion can be uncoupled (and easily distinguished)
from its role in fusion activation.
Discussion
There are many properties beyond simply protein and lipid
composition that determine the fusogenic potential of individual
membranes. In particular, membrane tension and/or curvature,

and the formation of distinct localized architectures (including
protein clusters, membrane dimples, and lipid rafts) all appear
to influence the rate and extent of membrane fusion. For
example, high bilayer curvature significantly increases fusion
efficiency in various protein-free liposome fusion reactions,
driven by divalent cations or poly(ethylene glycol) (PEG) (34,
35). There is no single reconstitution method that puts each of
these variables in play, and as such, there continues to be a need
for new and multiple assay systems. To bridge this reconstitution
gap, we have explored the potential of large/giant liposome
membranes. In our LUV/GUV system, SNAREs could only
moderately promote membrane fusion, compared with SNAREpin-independent fusion reactions. We suspect that this is due to
a high energetic barrier for fusion resulting from (i) the size of
the fusing objects, which display low membrane curvature and
thus expose less hydrophobic regions than—for instance, highly
curved small liposomes—and (ii) the low surface density of
SNAREs used here. The effect of size has some precedent in the
study of viral fusogens—where, for example, the hemagglutinin
fusion peptide (HA) was able to induce fusion of LUVs but
showed no fusogenic activity on GUVs (36). Membrane fusion
is highly dependent on SNARE surface density such that
liposome fusion efficiency increases as the protein-to-lipid ratio
increases (unpublished work). Although we aimed to work near
physiological v-SNARE densities as determined for synaptic
vesicle membrane (31), the actual concentration of v-SNAREs
after reconstitution turned out to be slightly lower than expected
(1 protein for 320 lipids). The physiological surface density of
t-SNAREs is not known, but these proteins are found in clusters
in cells (37, 38), suggesting a very high local concentration at the
site of fusion (likely higher than the 1 protein for 520 lipids used
here). Overall, we would suggest that our LUV/GUV system
represents a more stringent test of SNARE-dependent fusion
with the possibility to clearly reveal the effect of any potential
fusion activator. Importantly, reconstitution into GUVs allows
full mobility of the incorporated SNAREs, with diffusion coefficients comparable to those expected for single proteins, and
thus, in this system, rampant protein aggregation is not occurring. An exciting avenue for further research made possible by
the sheer size of our GUVs will be to direct the clustering of

Fig. 4. Munc18-1 specifically activates neuronal SNARE pairs and requires the N-terminal peptide of Syn1A. (A) DOPC:DOPS:DOPE:DOPE-RHO (55:10:30:5)/tSNARE LUVs (5 M) were added to DOPC:DOPS:DOPE (60:10:30)/v-SNARE or VAMP8 GUVs, and the reaction was incubated for 2 h at room temperature in the
absence or presence of 2 M Munc18-1 (histograms from n ⫽ 80 –100 GUVs). Neither vesicle adhesion (Table 1) nor fusion of t-LUVs to VAMP8-GUVs is promoted
by Munc18-1. (B) DOPC:DOPS:DOPE (60:10:30)/v-SNARE GUVs were incubated for 2 h at room temperature with 5 M DOPC:DOPS:DOPE:DOPE-RHO (55:10:30:5)
LUVs of t-SNAREs, ⌬N-t-SNAREs, or L8A-t-SNAREs in the absence or the presence of 2 M Munc18-1 (histograms from n ⫽ 20 – 40 GUVs). Neither vesicle adhesion
(Table 1) nor fusion is activated in the case of the N-terminally deleted t-SNARE mutant. In the case of the L8A-Syn1A mutant, Munc18-1 does not activate fusion
but still promotes vesicle adhesion (Table 1).
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Table 1. Munc18-dependent stimulation of t-LUVs adhesion
to v-GUVs (see legend of Fig. 4 for experimental details)

these mobile SNARE proteins—for example, by altering lipid
composition (26, 39)—into local sites of high protein surface
density, which will better mimic the in vivo circumstance and
perhaps yield highly efficient localized membrane fusion.
SM proteins have long been known to play a central role in
membrane traffic and to coordinate closely with SNARE proteins, particularly syntaxins (9–11). Our reconstitution studies
now suggest that rather than a peripherally important regulatory
protein, Munc18-1 is perhaps better considered an essential
member of the SNAREpin membrane fusion machinery. Results
obtained with this new LUV/GUV system are concordant with
our recent study involving SUVs (17); both studies demonstrate
that Munc18-1 exerts its activating effect by selectively interacting with its neuronal cognate SNAREpin, and through interactions involving the N-terminal sequence of Syn1A. The conditions used here can be considered highly stringent, such that
basal SNARE-mediated fusion is almost inexistent. In this
circumstance, Munc18-1 plays an essential role in driving membrane fusion. These reconstitution approaches mesh well with
numerous lines of evidence obtained from in vivo studies, where
null mutations of either the SNARE or the Munc18-1 gene result
in a severe reduction of synaptic vesicle exocytosis (10, 40–42),
placing both families at the same late step of the fusion process.
How Munc18-1 functions remains to be established, but some
clues may be gleaned from its unique structure. The U-shape
geometry of Munc18-1 is conformationally appropriate to act as
a stabilizer of the SNARE four-helix bundle during SNAREpin
assembly and indeed has already been shown to accommodate a
bundle assembly when bound to the closed form of Syn1A (14).
Although the leucine residue at position 8 of Syn1A is essential
for binding to cis-SNAREs in solution and for activation of
liposome-mediated fusion, it is dispensable for binding to cisSNAREs on liposomes (17). Here, we show that this residue is
also not essential for the Munc18-1-stimulated accumulation of
bound vesicles in the LUV/GUV system, suggesting that other
regions (presumably the coiled-coil domains) of the SNAREpin
present a suitable binding site for Munc18-1, and that stimulation of vesicle adhesion can be functionally uncoupled from
stimulation of fusion. Thus, Munc18-1 may act by increasing the
binding energy of cognate SNAREs in two stages: first, to reduce
the number of nonproductive collisions that inevitably occur
when a vesicle encounters its target membrane; and second, to
drive productive SNARE complexes to completion. Overall, the
Munc18-1/SNAREpin complex might constitute a membrane
bridging complex of higher stabilization energy that is able to
overcome the high energetic barrier for fusion imposed by large
membranes.
GUVs offer the possibility of following vesicle adhesion and
fusion independently in the same experiment without the complications that can arise from substrate supports (like aberrant
interactions of transmembrane proteins with the underlying
glass). As we begin to elucidate functions of other critical players,
such as synaptotagmins and complexins (43), it becomes increasingly important to determine both the temporal and spatial
elements of the mechanism of regulation and to distinguish
between vesicle docking, priming, and fusion as intermediates.
Establishing SNARE-mediated fusion to a GUV is a first step
toward developing a system where the manipulation of membrane tension, curvature, and localized architecture needed to
mimic the complexity of regulated exocytic sites might be
possible.
Methods
Chemicals, protein purifications, and cryo-electron microscopy are presented
in SI Methods.
Reconstitution of t-SNAREs into LUVs. t-LUVs were prepared by direct incorporation of t-SNARE complexes into preformed protein-free large liposomes (30).
2384 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.0712125105

These large liposomes were prepared by the extrusion method; 7.5 mol of a lipid
mixture (in chloroform) consisting of 55 mol % DOPC, 10 mol % DOPS, 30 mol %
DOPE, and 5 mol % DOPE-RHO was dried in a glass tube for 15 min under a gentle
stream of nitrogen, and for 1 h under vacuum. The dried lipid film was resuspended in 500 l of 25 mM Hepes/KOH (pH 7.5)/100 mM KCl/10% (vol/vol) glycerol
by vigorously vortexing for 1 h at room temperature. The multilamellar liposomes
were frozen in liquid nitrogen for 30 s and then thawed in a 37°C water bath for
3 min. This cycle was repeated seven times. LUVs were produced by extrusion
through two 400-nm polycarbonate membranes, using a LiposoFast extruder
from Avestin (at least 19 passages); 100 l of these LUVs were incubated with 200
l of t-SNAREs diluted in buffer A [25 mM Hepes/KOH (pH 7.5), 100 mM KCl, 10%
(vol/vol) glycerol, 1% ␤-OG, 1 mM DTT], under gentle vortexing for 1 h at room
temperature. The mixture was diluted two times in buffer B [25 mM Hepes/KOH
(pH 7.5), 100 mM KCl, 10% (vol/vol) glycerol, 1 mM DTT]. Detergent was removed
by flow-dialysis against buffer B (⬇3.3 ml/min for ⬇20 h at 4°C). These t-LUVs
could be kept on ice for up to 2 weeks without losing activity.
Reconstitution of v-SNAREs into GUVs. v-GUVs were prepared by a modified
electroformation method (26, 28), starting from small liposomes of v-SNAREs
made by the standard method (8); 1.5 mol of a lipid mixture (in chloroform)
consisting of 60 mol % DOPC, 10 mol % DOPS, and 30 mol % DOPE was dried in
a glass tube for 15 min under a gentle stream of nitrogen, and for 1 h under
vacuum. The dried lipid film was resuspended in 200 l of v-SNAREs diluted in
buffer A, under vigorous vortexing for 1 h at room temperature. The mixture was
diluted three times in buffer B. Detergent was removed by flow-dialysis against
buffer B (⬇3.3 ml/min for ⬇20 h at 4°C). These v-SUVs were kept at ⫺80°C. To
generate v-GUVs, a 50-l aliquot of v-SUVs was thawed, mixed with 950 l of
rinsing buffer [25 mM Hepes/KOH (pH 7.5), 100 mM KCl, 1 mM DTT], and spun at
200,000 ⫻ g for 2 h at 4°C; 950 l of supernatant was removed, and the pellet was
left on ice for 20 min. Liposomes were resuspended in 50 l of rinsing buffer,
deposited on indium tin oxide (ITO) conductive plaques (30 ⍀) by drops of 1 l,
and dried under vacuum for 1 h. Dried lipid films were rehydrated at 37°C with
sucrose at 220 mOsm in 10% (vol/vol) glycerol, applying the following sinusoidal
electric fields: 8 Hz, 50, 100, 200, 300, 500, 700, and 900 mV for 6 min each; 8 Hz,
1.1 V for 2 h; and 4 Hz, 1.5 V for 30 min. v-GUVs were allowed to cool down at room
temperature for 30 min and kept overnight at 4°C before being harvested. These
v-GUVs could be kept on ice for up to 2 weeks without losing activity. Reconstitution of t-SNAREs into GUVs, using the same protocol [including variations
involving partial-dehydration (28) or dehydration in the presence of sucrose (27)]
led to highly variable levels of active t-GUVs, with sometimes only 10% of all
t-GUVs that could bind to their cognate v-SNAREs. Because such variability largely
complicated statistical analysis of fusion events, we focused on v-GUVs.
Binding, Adhesion, Fusion, and FRAP Assays. All images were acquired on the
confocal microscope TCS SP2 from Leica, equipped with LCS software and using
a HCX PL APO ⫻63/1.40 – 0.60 oil objective [zoom, ⫻4; beam expander, 3; pinhole,
200 m; scan speed, 400 Hz, except during FRAP experiments (1,000 Hz)]. Samples
were prepared in glass-bottom dishes (P35G-1.5-14-C; MatTek) coated with 10%
(wt/vol) BSA for 1 h at room temperature. For binding experiments (exc ⫽ 514 nm;
em ⫽ 522– 603 nm), 100 l of v-GUVs was added to a 200-l solution of 0.1 M
EYFP-SNAP25/Syn1A-⌬TM ⫹/⫺ 2 M Munc18-1 in buffer B and incubated at room
temperature for the indicated time periods; observations were conducted without rinsing. For adhesion/fusion experiments (exc ⫽ 543 nm; em ⫽ 551– 633 nm),
100 l of v-GUVs was added to a 200-l solution of 5 M t-LUVs ⫹/⫺ 2 M
Munc18-1 in buffer B and incubated at room temperature or at 37°C for the
indicated time periods. Samples were rinsed before observation: (i) the central
300-l drop was slowly grown to 1 ml by addition of buffer B to its edges; (ii) 3 ml
of buffer B was gently added from the side of the dish, and the solution was mixed
by slow up-and-down pipetting (⬇4 ml/min); 3 ml was then slowly removed from
the dish, and the rinsing step (ii) was repeated three times. Fusion was quantified
by using the titration curves Ifluo ⫽ f (mol % DOPE-RHO) obtained with three
distinct confocal gain settings (PMT voltage ⫽ 550, 450, or 350) to cover the range
0 ⬍ mol % DOPE-RHO ⬍ 0.24 (Fig. 2B and SI Fig. 7). Larger standard deviations
were usually obtained in the presence of Munc18-1, reflecting some heterogeneity of behavior within the population of v-GUVs. The origin of this heterogeneity is not clear but might be accounted for by subpopulations of v-GUVs with
lower affinity for Munc18-1. FRAP experiments (exc ⫽ 458 nm; em ⫽ 465– 600 nm
for ECFP; as above for DOPE-RHO) were conducted either at the top or at the
bottom of GUVs by photobleaching a fluorescent disk in the lipid membrane (one
scan at maximum laser power); recovery was monitored at 5–10% of the maximum laser power (one picture every 657 ms). Recovery curves (average over at
least five consecutive FRAP experiments on the same region) were fit with the
software Mathematica, using modified Bessel functions (44, 45), which gives the
characteristic diffusion time . Diffusion coefficients, D, were deduced by testing
at least 2 disk radius, usually r ⫽ 3.5 m and 7 m, and using the relation: D ⫽ r2/4.
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