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Protein Determinants of SNARE-Mediated Lipid Mixing
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ABSTRACT Soluble N-ethylmaleimide sensitive factor attachment protein receptor (SNARE)-mediated lipid mixing can be effi-
ciently recapitulated in vitro by the incorporation of purified vesicle membrane (-v) SNARE and target membrane (t-) SNARE
proteins into separate liposome populations. Despite the strong correlation between the observed activities in this system and
the known SNARE physiology, some recent works have suggested that SNARE-mediated lipid mixing may be limited to circum-
stances where membrane defects arise from artifactual reconstitution conditions (such as nonphysiological high-protein concen-
trations or unrealistically small liposome populations). Here, we show that the previously published strategies used to reconsti-
tute SNAREs into liposomes do not significantly affect either the physical parameters of the proteoliposomes or the ability of
SNAREs to drive lipid mixing in vitro. The surface density of SNARE proteins turns out to be the most critical parameter, which
controls both the rate and the extent of SNARE-mediated liposome fusion. In addition, the specific activity of the t-SNARE
complex is significantly influenced by expression and reconstitution protocols, such that we only observe optimal lipid mixing
when the t-SNARE proteins are coexpressed before purification.

INTRODUCTION

The maintenance of intracellular compartments and the
precise transportation of proteins and lipids between them
are essential elements in eukaryotic cellular life. Both pro-
cesses are dependent upon regulated intracellular membrane
fusion events orchestrated by a highly conserved family of
proteins called soluble N-ethylmaleimide sensitive factor
attachment protein receptors (SNAREs) (1-4). The energy
released during the formation of a compact four-helix bundle
between the conserved SNARE motifs of the vesicle mem-
brane SNARE (v-SNARE) and the target membrane SNARE
(t-SNARE) brings the two cognate membranes into close
apposition and drives their fusion (5-8).

The minimal machinery of intracellular membrane fusion,
the SNAREpin, was first functionally identified using a lipid-
mixing assay where fusion was observed between two
separate populations of artificial liposomes bearing reconsti-
tuted cognate v- and t-SNARE proteins (7), and has since
been used to follow artificial liposomes containing t-SNARE
proteins fusing with purified synaptic vesicles (9,10). This
robust and versatile lipid mixing assay based on fluorescence
resonance energy transfer (FRET) measurements has been
widely used to study membrane fusion events, including
protein-free or protein-assisted fusion reactions (11-14).
We list here some of the many insights into SNARE function
gained from this assay.

1. In general, liposome fusion can only be driven by the
topologically restricted assembly of a three-helix
t-SNARE in one liposome population and a single-helix
v-SNARE in the second population (15). Although this
topological restriction is resolutely maintained across
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most systems (16), it is less essential in homotypic fusion
systems, where both SNARESs are expected to reside on
each membrane (17,18).

2. SNARE-driven membrane fusion is sensitive to the
immediate lipid environment, and can be stimulated by
an asymmetric distribution of cholesterol or acidic lipids,
such as phosphatidylinositol-4,5-bisphosphate (PIP2) and
phosphatidic acid (PA), across the fusing membranes
(19,20).

3. Intermediate states in SNAREpin formation can be
captured in this assay when SNARE assembly is manip-
ulated via temperature (7), through the action of SNARE-
derived and SNARE-targeted peptides (21), or indirectly,
through the introduction of lipidic fusion antagonists that
halt membrane fusion at a late assembly stage (22).

4. Variations on the basic FRET-based assay have been used
to separately monitor both total and inner-leaflet lipid
mixing (23-25), allowing an increasingly comprehensive
understanding of the intrinsic capacity of SNAREs to
drive hemifusion.

Physiologically, SNARE-mediated membrane fusion is
often under strict spatial and temporal regulation (e.g., during
Ca”"-triggered insulin or neurotransmitter release). The
in vitro liposome fusion assay using recombinant SNAREs
and regulatory proteins has proven very useful in establishing
how various proteins exert a role in fusion. For example, the
SM proteins, Secl and Muncl8-1, strongly accelerate
SNARE-mediated liposome fusion by interacting with both
t- and v-SNARE proteins (26,27). The stimulation of
membrane fusion by Muncl8-1 was only observed with
cognate SNARE pairs for synaptic transmission, indicating
a role for SM proteins in enhancing fusion specificity (27).
Tucker et al. observed that the cytoplasmic domain of Synap-
totagmin 1 (SYT1) could stimulate liposome fusion in the
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presence, but not in the absence, of Ca2+, which is consistent
with a key role of SYT1 in Ca®"-triggered exocytosis (28).
Whether SYT1 is soluble or membrane-anchored (and to
which membrane, target or vesicle) ultimately dictates the
sensitivity of the assay to free Ca>" (29,30). Finally, addition
of the soluble regulator Complexin (CPX) to this assay acti-
vated SNAREpin zippering (31) and revealed an intermediate
assembly state that appears to favor hemifusion (32). It came
as no surprise that the precise activity of the regulatory
proteins is influenced by physical parameters such as the elec-
trostatic charge and the lipid composition of fusing
membranes (33-37).

FRET-based lipid mixing studies have thus provided signif-
icant insights into the molecular mechanisms of fusion events
mediated by SNARE proteins, and have led to a minimal
model for SNARE-mediated membrane fusion that is now
widely accepted (3,4,38). However, two recent articles have
raised concerns about the overall relevance of the assay. One
group argued that the reconstitution method has a profound
impact upon how and whether SNARESs drive lipid mixing,
and suggested that only very small proteoliposomes fuse
efficiently (39). The second group failed to observe any
SNARE-mediated liposome fusion and concluded that only
extraordinarily high SNARE densities can give rise to lipid
mixing (40). In this article, we intend to comprehensively char-
acterize the determinants of SNARE-mediated lipid mixing in
the context of the FRET-based liposome fusion assay using
active proteins. We carry out systematic titrations with proteo-
liposomes prepared at various protein densities and using
different reconstitution strategies. We determine the liposome
size and the orientation of the proteins after incorporation, and
we examine protein and lipid recoveries in each proteolipo-
some preparation, so that instead of using theoretical values,
actual lipid/protein ratios are known for each sample.

MATERIALS AND METHODS
Protein expression and purification

Unless otherwise noted, all proteins were expressed in the BL21-CodonPlus
(DE3)-RIL Escherichia coli bacterial strain from Stratagene (La Jolla, CA).
Full-length mouse VAMP2-Hiss was expressed and purified from pTW2 (7),
and the full length t-SNARE complex including mouse Hisg-SNAP25 and
rat SynlA was expressed and purified from the polycistronic plasmid
pTW34 (41). In a subset of experiments aimed at comparing the activity
of t-SNARE proteins made from coexpressed or separately expressed
t-SNARE subunits, the full length t-SNARE complex was made from
pTWI12 (7) and pJM37, which encode for rat SynlA-Hiss and mouse
GST-SNAP25, respectively. Coexpressed t-SNAREs pTW12 and pJM37
were cotransformed into Rosetta DE3 cells (Novagen, Madison, WI), and
the Syn1A-Hisg/GST-SNAP25 complex was isolated using glutathione se-
pharose 4B (GE Healthcare, Piscataway, NJ) and cleaved off using
PreScission protease (GE Healthcare) overnight at 4°C. Separately
expressed t-SNAREs, either pTWI12 or pJM37, were transformed into
Rosetta cells. SynlA-Hiss was eluted off Ni-NTA beads (Invitrogen,
Carlsbad, CA), and GST-SNAP25 was again cleaved off glutathione beads
using PreScission protease. Syn1A-Hisq was then incubated overnight on ice
with SNAP25 in a 1:3 molar ratio, and the assembled complex was run over
a MonoQ ion exchange column for final purification.
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Proteoliposome reconstitution

The lipids used in this study were purchased from Avanti Polar Lipids as
chloroform solutions. In all titration experiments, VAMP2 was reconstituted
with the donor lipid mix comprised of 82 mol % 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphocholine (POPC), 15 mol % 1,2-dioleoyl-sn-glycero-3-
(phospho-L-serine) (sodium salt) (DOPS), 1.5 mol % 1,2-dipalmitoyl-sn-
glycero-3-phosphoethanolamine-N-(lissamine  rhodamine B sulfonyl)
(ammonium salt) (DPPE-RHO), and 1.5 mol % 1,2-dipalmitoyl-sn-glyc-
ero-3-phosphoethanolamine-N-(7-nitro-2-1,3-benzoxadiazol-4-yl) (ammo-
nium salt) (DPPE-NBD); the t-SNARE complex was reconstituted with
the acceptor lipid mix made of 85 mol % POPC and 15 mol % DOPS.
SNARE proteins were reconstituted into liposomes by two different means:
the standard method or the direct method.

Dry lipid films were produced by evaporating the chloroform solution
with a nitrogen stream for 30 min and under vacuum for 2 h.

In the standard method, the thin lipid films were hydrated with SNARE
proteins diluted at the appropriate concentration in buffer A (25 mM HEPES
pH7.4,100mM KCl, 1 mM dithiothreitol, 10% (v/v) glycerol, 1% (w/v) n-oc-
tyl-8-D-glucopyranoside (3-OG)). The solution was vortexed vigorously for
1 h at room temperature. The direct method was performed as previously
described by Chen et al. (39). The thin lipid films were hydrated in buffer B
(25 mM HEPES, pH 7.4, 100 mM KCl, and 10% (v/v) glycerol) by vigorously
vortexing for 1 h at room temperature. The multilamellar liposome suspension
was homogenized by seven freeze-thaw cycles and forced through two poly-
carbonate membranes with the desired pore size (50 or 100 nm) at least 19
times. To prepare liposomes with smaller size (sonication method), the lipid
suspension was disrupted with a microtip sonicator in 30 s pulses for ~10 min
until the solution appeared clear. Metal particles and large liposomes in these
sonicated samples were removed by centrifugation for 30 min at 100,000 x g.
SNARE proteins diluted in buffer A were added to these preformed purely
lipidic liposomes for a final 3-OG concentration of 0.66% (w/v), and the solu-
tion was incubated for 1 h at room temperature under gentle vortexing.

The detergent concentration in all proteoliposome preparations (standard
or direct method) was next reduced to 0.33% (w/v) by rapid dilution in
buffer C (25 mM HEPES, pH 7.4, 100 mM KCI, 1 mM dithiothreitol, and
10% (v/v) glycerol), and then removed by overnight flow dialysis against
4 L of buffer C. Proteoliposomes were isolated on a Nycodenz flotation
gradient as previously described (7) and preserved on ice for up to 2 weeks.

SNARE-mediated lipid-mixing assay

For each assay, 45 ul of t-SNARE liposomes (a final concentration of
~3 mM of lipids) were added to 96-well FluoroNunc plates (Nalge Nunc,
Rochester, NY) and prewarmed at 37°C for 7 min. The fusion reaction
was initiated by adding 5 ul of v-SNARE liposomes (~0.2 mM of lipids
final) at room temperature. Fusion between t- and v-SNARE liposomes
was measured by following the dequenching of the DPPE-NBD fluores-
cence resulting from its dilution into the fused liposomes (7). The NBD fluo-
rescence was monitored at 2-min intervals for 160 min (excitation at 460 nm;
emission at 538 nm) by a Fluoroskan II (Thermo Labsystems, Goteborg,
Sweden) or a SpectraMax M5 (Molecular Devices, Sunnyvale, CA) plate
reader equilibrated to 37°C; fusion kinetics were indistinguishable on the
two machines. After 120 min, 10 ul of 2.5% (w/v) n-dodecylmaltoside
(Boehringer, Ingelheim, Germany) was added to completely dissolve the
liposomes and thus measure the NBD fluorescence at infinite dilution; the
data were then normalized as previously described (7).

Protein and lipid recovery

The concentrations of SNARE proteins before and after reconstitution into
liposomes were quantified by amido-black staining (42); comparison between
these two numbers led to protein recovery. In a similar way, lipid recovery was
measured by comparing the RHO fluorescence intensity of the isolated proteo-
liposomes to that of the starting material. Recovery of lipid in t-SNARE



Determinants of SNARE-Driven Fusion

samples (samples without fluorescent lipid) was approximated based on
recovery of lipid in a subset of t-SNARE liposomes containing fluorescent
lipids. This approximation is likely to be valid, as protein recoveries in each
sample (with and without fluorescence) were essentially equivalent. Protein
and lipid recoveries were occasionally less efficient, notably for samples
prepared by the standard or the direct method with sonicated liposomes.
However the final lipid/protein ratios remained similar to that of other liposome
preparations, indicating ordinary protein incorporation into these samples.

Protein topology assay

A chymotrypsin cleavage assay was used to determine the orientation of
SNARE:s after reconstitution into liposomes. Proteoliposomes were treated
with 2 uM chymotrypsin at room temperature for 30 min before the reaction
was quenched by the addition of 10 mM HCI. All SNAREs facing toward
the outside of the liposomes were thus proteolyzed, whereas those facing
the lumen were protected. The reaction mixtures were next loaded onto an
SDS-PAGE gel, together with the same volume of corresponding untreated
samples, and the band intensities were measured with the software ImageJ
(43). The percentage of protected proteins was quantified by comparing
the amount of intact SNAREs in the chymotrypsin-treated sample to that
in the nontreated sample.

Size determination by cryo-electron microscopy

The liposomes were diluted fivefold with buffer C, and 5 ul was applied to
perforated carbon-coated grids (R2/4, Quantifoil, Jena, Germany), which
had been glow-discharged in the presence of amylamine to reduce the
tendency of the liposomes to stick to the carbon support film and to provide
generally thicker ice regions. Samples were quickly frozen into vitreous ice
by plunging into liquid ethane. Images were recorded on a 20 FEG Cryo-Elec-
tron Microscope (Tecnai, Hillsboro, OR) operating in low-dose mode. Both
freezing and imaging were conducted at the New York Structural Biology
Center. Typical imaging conditions included 50,000x magnification and
3- to 5-um defocus. Images were analyzed with the software ImageJ.

RESULTS AND DISCUSSION

The two properties suggested to play an additional role in the
propensity of SNAREs to drive lipid mixing are protein
density and liposome size, either of which may be manipu-
lated by the choice of approaches used to reconstitute proteins
into liposomes. In their study, Chen et al. used two different
reconstitution methods (39): 1), the standard reconstitution
method, where the proteoliposomes were formed by cosolubi-
lizing lipids and proteins with detergent before detergent
removal by dialysis; and 2), the direct reconstitution method,
where the proteins were incorporated into preformed purely
lipidic liposomes in the presence of lower amounts of deter-
gent. At physiological protein densities, they observed lipid
mixing with liposomes prepared by the standard method but
not with those prepared by the direct method. Based on the
observation that the standard method yielded more heteroge-
neous liposome populations than the direct method, this result
was accounted for by the significant accumulation of very
small proteoliposomes (<30 nm in diameter)—which are
prone to fusion due to their high curvature stress—when using
the standard method. Using the direct method and a PEG-
mediated fusion assay, Dennison et al. observed only efficient
docking, instead of lipid mixing, when the proteoliposomes
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were reconstituted at low protein densities (40). Both studies
thus concluded that SNARE-induced lipid mixing observed
in previous reports was likely dependent upon the reconstitu-
tion method and the physical state of the proteoliposomes.

Effect of SNARE density on liposome fusion

We tested side by side the fusion activity of proteoliposomes
bearing SNARES at various surface densities, and prepared by
several reconstitution methods (direct incorporation of
proteins into purely lipidic liposomes made by extrusion or
sonication, or standard comicellization of lipids and proteins).

A typical fusion titration matrix obtained with proteolipo-
somes prepared by incorporating SNARESs into purely lipidic
liposomes of 50 nm is shown in Fig. 1. Both the initial fusion
rate and the final fusion extent are obviously SNARE-
density-dependent. In addition, liposome fusion remains
very efficient over a wide range of lipid/protein ratios. The
increase in fluorescence is reduced to a very low background
level when t-SNARE liposomes are incubated with the cyto-
plasmic domain of VAMP2 before adding v-SNARE lipo-
somes. This serves as a control for the fluorescence drift,
which we observe in every lipid mixing assay independent
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FIGURE 1 Effect of SNARE density on the kinetics and extent of lipid

mixing. Proteoliposomes were prepared by the direct incorporation of
SNARE proteins into preformed 50-nm protein-free liposomes. The lipid/
protein ratios are theoretical values, derived from starting amounts of protein
and lipid. Lipid mixing is measured by monitoring the dequenching of DPPE-
NBD lipid probes upon fusion of the fluorescently labeled v-SNARE lipo-
somes with the unlabeled t-SNARE liposomes (x axis range, 0—120 min;
y axis range, 0-20% of maximum fluorescence signal; arrows and dashed lines
indicate the extent of lipid mixing at f = 80 min, as used in Fig. 2). The last two
columns are control experiments in which fusion is inhibited by addition of the
cytoplasmic domain of VAMP2 (CDV), which prevents SNAREpin forma-
tion by binding to t-SNARESs. The numbers in the last four rows of the control
experiments give the v-SNARE and t-SNARE densities used in these reac-
tions. Lipid mixing remains efficient over a wide range of lipid/protein ratios
(lipid/t-SNARE < 1600 and lipid/v-SNARE < 480) and, importantly, for
SNARE densities consistent with physiology (see main text).
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of SNARE density, and confirms that the observed lipid mix-
ing depends on SNARE complex formation.

To examine whether liposome fusion was similarly depen-
dentupon v- and t-SNARE surface densities, we compared the
extent of lipid mixing 80 min after initiation of the assay across
all SNARE densities tested. For a given t-SNARE density, the
lipid/v-SNARE ratio required to achieve half of the maximum
fusion efficiency (i.e., the fusion obtained with the highest
copy number of v-SNAREs in the liposomes) is always
between 240 and 480 (Fig. 2). In a similar way, for a given
v-SNARE density, one requires 1 t-SNARE/800-1600 lipids
to reach half of the maximum fusion efficiency (Fig. S1 in the
Supporting Material). Liposome fusion is therefore more
sensitive to the variation of the v-SNARE surface density.This
may be due in part to the higher percentage of v-SNARESs that
face the lumen of the liposomes after reconstitution and are
thus not available for fusion (see below).

It is interesting to note that very similar results were
obtained with proteoliposomes prepared using other, previ-
ously published, reconstitution strategies (Fig. S2, Fig. S3,
and Fig. S4), suggesting that SNARE density, not reconstitu-
tion approach, is the most important variable.

A recent quantitative description of synaptic vesicle
composition by Takamori et al. (44) established that there
are ~70 copies of VAMP2/42-nm synaptic vesicle, which
would correspond to proteoliposomes with a lipid/VAMP2
ratio of ~120 (when considering only the outer lipid leaflet
since, in a synaptic vesicle, most of the VAMP2s are facing
outside). We found that, irrespective of the preparation
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FIGURE 2 Fusogenicity of SNARE liposomes prepared by the direct
incorporation of proteins into preformed 50-nm purely lipidic liposomes
(n = 12; error bars indicate standard errors). The extent of lipid mixing is
measured as the normalized fluorescence intensity 80 min after initiation
of the reaction (Fig. 1, arrows and dashed lines) and plotted against the
lipid/v-SNARE ratio (see Fig. S1 for fusion data plotted against the lipid/
t-SNARE ratio, and Fig. S3 and Fig. S4 for fusogenicity of SNARE lipo-
somes prepared according to other methods). The lipid/SNARE ratios are
depicted either as theoretical (i.e., those expected based on protein and lipid
inputs, as in Fig. 1) or as actual (i.e., taking into account average measures of
lipid and protein recoveries, as well as protein orientation) values (see
section entitled Proteoliposome characterization).
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method, there is always significant lipid mixing when the
v-SNARE is at its physiological density, and the lipid/t-
SNARE ratio is <800-1600 (Fig. S2). The physiological
density of t-SNARE:s is not yet precisely known, but many
independent studies have shown that these proteins concen-
trate in small (~100-nm) domains. A recent work by Sieber
et al. using PC12 cells predicted a local (clustered) lipid/
Syn1A ratio of ~50. Further, they found an average plasma
membrane SynlA density of 1800 molecules per um?, which
would correspond to proteoliposomes with a lipid/SynlA
ratio of 800 (45). In addition, the Syn1A clusters were shown
to partially colocalize with SNAP25 clusters at sites where
secretory vesicles dock and fuse (46,47). The physiological
lipid/t-SNARE ratio will thus not be greater than 800 and
will very likely be much lower. Therefore, we observed effi-
cient SNARE-mediated lipid mixing at SNARE densities
consistent with the physiology of synaptic vesicle fusion.

Why could other groups not observe more robust and
systematic SNARE-mediated lipid mixing in their assay?
There are two ways to prepare t-SNAREs for in vitro recon-
stitution experiments: 1), by coexpression of SynlA and
SNAP25 (the approach used here); and 2), by incubating
separately purified Syn1 A and SNAP2S5 (the approach used
by Chen et al. and Dennison et al.). Several labs, including
ours, have reported efficient membrane fusion when using
coexpressed t-SNARE complexes (7,28,48). To further
confirm this, we directly compared the fusion activity of
the coexpressed t-SNAREs used here to that of t-SNAREs
made by separately expressing and subsequently assembling
SynlA and SNAP25. The t-SNARE complexes made from
individually expressed t-SNARE subunits clearly led to
a dramatic reduction in lipid mixing efficiency (Fig. 3),
despite the fact that t-liposome properties were independent
of the t-SNARE reconstitution strategy (see below). To make
sure that this drop in fusion was not due to the use of new
plasmids (those coding for individually expressed t-SNARE
subunits), we also performed liposome fusion experiments
involving t-SNAREs made from coexpression of these new
plasmids. Again, coexpressed t-SNARE:s led to much higher
lipid mixing efficiency than separately expressed t-SNAREs
(Fig. S5). This suggests that the means by which the
t-SNARE complex is manipulated is crucial to maintaining
its activity. For example, it is known that 2:1 SynlA/
SNAP25 complexes, where the second SynlA molecule
occupies the position of VAMP2, are possible products of
incubation of SynlA and SNAP2S5, which reduces the rate
of SNARE complex assembly and thus fusion efficiency
(49,50).

Proteoliposome characterization

Surface density of SNAREs available for fusion

Instead of using theoretical lipid/protein ratios, as in previous
works, which assume both proper (i.e., topologically correct)
and comprehensive incorporation of purified proteins, we
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FIGURE 3 Coexpressed t-SNAREs are more fusogenic than separately
expressed t-SNAREs. v-SNARE liposomes 50 nm in size (prepared by the
direct method, with lipid/protein = 120) were fused with 50-nm liposomes
(direct method) containing t-SNAREs at various surface densities (lipid/
protein = 200, 400, or 800) and prepared by two different means: coexpres-
sion of Syn1A and SNAP25 as in Figs. 1 and 2 (solid lines) or incubation of
separately purified SynlA and SNAP25 (dashed lines). The extent of lipid
mixing is reduced at least fourfold when using separately expressed
t-SNARE subunits.

wanted to determine the actual lipid/protein ratios (i.e., in our
final gradient-floated liposomes). This requires determination
of the recovery of both lipids and proteins after liposome recon-
stitution. The final protein concentration was examined using
the amido-black method (42), and lipid recovery was quanti-
fied by comparing the Rhodamine fluorescence signal of the
proteoliposomes with that of the starting material. By these
measures, we found that the final lipid/protein ratios never
differ by >25% from the target values (Table 1 and Table S1).

Next, we established how many SNAREs were incorpo-
rated with their binding domain oriented toward the outside
of the liposomes (SNAREs that are actually available for
mediating fusion). To do this, we used a chymotrypsin
cleavage assay, in which the protease selectively cleaves
SNARE:s facing outside, whereas SNAREs facing the lumen
of the liposomes remain protected (Fig. 4 and Fig. S6).
t-SNARE and v-SNARE proteins displayed different orien-
tation properties. In t-SNARE liposomes, ~65-85% of the
proteins were exposed to the extravesicular medium,
whereas in v-SNARE liposomes, ~45—-60% of the proteins
were facing outside (Table 1, Table S1, and Table S2).

TABLE1 Main physical parameters of 50-nm proteoliposomes
prepared by the direct method
Liposome Protein Lipid Proteins
size (nm) recovery (%) recovery (%) facing out (%)
t-SNARE 54 = 11 56 +9 78 =9 77 =7
liposomes
v-SNARE 57 = 12 70 = 21 89 =9 47 £ 13
liposomes

Total number of proteoliposome preparations was 12. Error bars indicate
standard deviations.
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This difference may result from the size difference between
the bulky t-SNARE complex and the single-chain v-SNARE
protein and is consistent with our very first reconstitutions
more than a decade ago (7). We were surprised to learn
that the standard comicellization scheme and the direct incor-
poration method, as previously used in other SNARE recon-
stitution studies (39,40), gave rise to similar protein insertion
topology. This can be explained by the high detergent/lipid
ratio used in the direct method employed here (39). In
a systematic study of detergent-assisted transmembrane
protein incorporation into preformed liposomes, the authors
recommended incorporating the proteins into detergent-
saturated liposomes at the onset of solubilization (51). In
the case of the detergent used here (3-OG), this corresponds
to a detergent/lipid (molar) ratio of 1.3, which is lower than
the ratio of 4.5 used here. At such a high detergent/lipid ratio,
proteoliposomes are formed, at least in part, by micellar coa-
lescence and proteins can thus insert into the bilayers from
both sides.

Taken together, these results show that the surface densi-
ties of active SNARE:s in our proteoliposomes (SNAREs in
the outer monolayer of liposomes that are thus available for
binding and fusion) are very close to theoretical values
(Fig. 2 and Table S3).

Highly fusogenic subpopulations

Given the complex mixture of protein, lipid, and detergent
from which liposomes are ultimately reconstituted, an
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FIGURE 4 Orientation of SNARESs in the liposome membrane. In this
example, proteoliposomes were prepared by direct incorporation of
t-SNAREs into 50-nm liposomes. Upon addition of chymotrypsin, t-
SNARE:s facing outside were proteolyzed, whereas those facing the lumen
of the liposomes were protected. Four t-SNARE liposomes with different
lipid/protein ratios were exposed to chymotrypsin for 30 min at room
temperature and then loaded onto an SDS-PAGE gel, juxtaposed with the
same amount of corresponding untreated samples. The percentage of unpro-
tected t-SNAREs, i.e., those exposing their cytosolic domain to the outside,
was calculated by comparing the band intensity of the chymotrypsin-treated
sample to that of the untreated sample. In this case, ~75% of the t-SNAREs
have their cytoplasmic domain oriented toward the outside of the liposomes.
Statistics and results for other SNARE liposomes are displayed in Table 1,
Table S1, and Table S2.
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absolutely homogeneous distribution of materials is an
impossible standard. At the single-liposome level there
may be significant variability in protein density or liposome
size, and it is therefore important to establish whether a small
proportion of liposomes with unusual composition may in
fact be responsible for the bulk of the signal.

One such argument holds that only the smallest liposomes,
with extreme and nonphysiological curvatures, are prone to
SNARE-mediated fusion (since the diameter of synaptic
vesicles ranges from 30 nm to 60 nm (44), we will consider
that an artificial liposome is abnormally small when its size
is <30 nm). To address this concern, we asked two questions:
1), Are the liposomes we prepared composed of disparate or
highly variable sizes, such that some could be considered
highly curved? and 2), Under what circumstances could the
signal we observe originate from a small population? That
is, is the amount of signal we observe consistent with only
afraction of the liposomes participating in the fusion reaction?

To consider size, we measured the diameters of liposomes
deriving from each of the reconstitution approaches using
cryoelectron microscopy (Fig. 5 and Fig. S7). We did not
observe any significant difference in the physical parameters
of the proteoliposomes prepared by each of the reconstitution
approaches (Table 1 and Table S1). In all cases, the average
diameter of t-SNARE liposomes was 50—65 nm and that of
v-SNARE liposomes was 35-55 nm. In addition, the size
distributions were comparable, with <5% of these liposomes
having a diameter <30 nm. The only exceptions were v-lipo-
somes prepared by the standard method, which were smaller
on average compared to those prepared by other methods
(average diameter of 35 nm compared to 45-55 nm, with
~20% having a diameter <30 nm). It is worthy of note that
this size shift toward a somewhat smaller population of v-
liposomes did not have a dramatic impact on either the
kinetics or extent of lipid mixing. Thus, the preparation
method does not appear to drastically impact the size of
our liposomes, and the average size of the population does
not appear to be an indicator of overall fusogenicity.

But is there a possibility of a particularly active minor
fraction of liposomes contributing most of the signal? The
magnitude of our fluorescence change renders this interpre-
tation unlikely, even in the case of v-liposomes prepared
by the standard method (which display the largest subpopu-
lation of highly curved liposomes). Fusion data in this article
are plotted in percent maximum fluorescence observed after
detergent addition, that is, after complete solubilization of
the liposomes in which the FRET pairs are maximally sepa-
rated and quenching has been reduced to zero. This is
a common and convenient notation used not only in the
SNARE field, but across many fusion paradigms. However,
since the extent of quenching is related to the surface density
of fluorophores in a nonlinear way (52), the relationship
between percent maximum fluorescence and extent of lipo-
some fusion is not always intuitive. For this reason, we
also introduced the metric rounds of fusion (41), in which
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FIGURE 5 Size distribution of SNARE liposomes measured by cryoelec-
tron microscopy. Proteoliposomes were made by direct incorporation of
SNARE:s into 50-nm protein-free liposomes (as in Figs. 1 and 2). Histo-
grams of t-SNARE and v-SNARE liposomes (lipid/protein = 400 and 60,
respectively) were obtained from n = 446 and n = 627 liposomes, respec-
tively; error bars indicate standard deviations. The size distributions of
SNARE liposomes prepared by other methods are displayed in Fig. S7.

we determine the absolute extent to which the total fluores-
cent lipid would have to be diluted (by fusion with nonfluo-
rescent liposomes) to achieve the fluorescence intensity
gains observed. Thus, in our most active (i.e., highest surface
density) preparations using the standard method, the total
fluorescence increase we observe (17% in Fig. S3 D) is
consistent with a 70% dilution of the original fluorescence
or, to put it another way, it is as if 70% of the v-liposomes
each fused once with nonfluorescent t-liposomes (41).
Further, because the relationship between the increase in
fluorescence and dilution is nonlinear, it would not be suffi-
cient for 20% of the v-liposomes (the subpopulation of
highly curved liposomes) to instead fuse three to four times
each. If all of the fluorescence increase in our sample were to
arise from just 20% of the v-liposomes, these v-liposomes
would have to fuse enough to generate >100% of their deter-
gent maximum signal, which is of course impossible (see
Supporting Material for more details). Even if one included
the contribution of 30-nm liposomes to the fluorescence
increase, v-liposomes would still have to fuse on average
10 times with comparably sized fluorophore-free t-lipo-
somes. Finally, if one were to suppose that such a pool of
hyperactive liposomes existed, it could not arise simply
from very small highly curved liposomes, since after even
just one fusion event, the resulting v-t liposome would
now have a diameter >30 nm.

In short, although it is likely that individual liposomes
display varying propensities to fuse, and some subpopula-
tions might be particularly fusogenic, our bulk measures



Determinants of SNARE-Driven Fusion

are dominated by a behavior that represents a very large frac-
tion of the total liposome pool.

CONCLUSIONS

The methods previously described to reconstitute transmem-
brane SNARE:s into artificial liposomes do not significantly
affect either the physicochemistry of the proteoliposomes
(size, actual lipid and protein compositions, and fraction of
the proteins available for binding and fusion) or the ability
of SNARE:s to drive lipid mixing in vitro. Forming the t-
SNARE complex from coexpressed SynlA and SNAP25
subunits is, however, crucial to maintaining its fusogenic
activity. An important finding is that significant lipid mixing
is always observed at SNARE densities consistent with the
physiology of synaptic vesicle fusion.
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Text, three tables, and seven figures are available at http://www.biophysj.
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