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Neurotransmitter release is governed by eight central proteins
among other factors: the neuronal SNAREs syntaxin-1, synapto-
brevin, and SNAP-25, which form a tight SNARE complex that
brings the synaptic vesicle and plasma membranes together; NSF
and SNAPs, which disassemble SNARE complexes; Munc18-1 and
Munc13-1, which organize SNARE complex assembly; and the Ca2+

sensor synaptotagmin-1. Reconstitution experiments revealed
that Munc18-1, Munc13-1, NSF, and α-SNAP can mediate Ca2+-de-
pendent liposome fusion between synaptobrevin liposomes and
syntaxin-1–SNAP-25 liposomes, but high fusion efficiency due to
uncontrolled SNARE complex assembly did not allow investigation
of the role of synaptotagmin-1 on fusion. Here, we show that
decreasing the synaptobrevin-to-lipid ratio in the corresponding
liposomes to very low levels leads to inefficient fusion and that
synaptotagmin-1 strongly stimulates fusion under these condi-
tions. Such stimulation depends on Ca2+ binding to the two C2

domains of synaptotagmin-1. We also show that anchoring
SNAP-25 on the syntaxin-1 liposomes dramatically enhances fu-
sion. Moreover, we uncover a synergy between synaptotagmin-1
and membrane anchoring of SNAP-25, which allows efficient Ca2+-
dependent fusion between liposomes bearing very low synapto-
brevin densities and liposomes containing very low syntaxin-1
densities. Thus, liposome fusion in our assays is achieved with a
few SNARE complexes in a manner that requires Munc18-1 and
Munc13-1 and that depends on Ca2+ binding to synaptotagmin-1,
all of which are fundamental features of neurotransmitter release
in neurons.
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Brain function depends on the ability of neurons to commu-
nicate through neurotransmitters that are released by Ca2+-

evoked synaptic vesicle exocytosis. This process involves tether-
ing of synaptic vesicles to the plasma membrane at presynaptic
active zones, a priming reaction(s) that leaves the vesicles ready
for release and fast (<1 ms) fusion of the vesicle and plasma
membranes upon Ca2+ influx into a presynaptic terminal (1).
Extensive studies have shown that release is controlled by a so-
phisticated protein machinery that includes the synaptic vesicle
SNAP receptor (SNARE) synaptobrevin and the plasma mem-
brane SNAREs syntaxin-1 and SNAP-25 as central components
(2, 3). These proteins drive exocytosis by assembling into highly
stable SNARE complexes that form a four-helix bundle and
bring the two membranes together (4–7). The SNAREs are
recycled by N-ethylmaleimide sensitive factor (NSF) and soluble
NSF attachment proteins (SNAPs), which disassemble the cis-
SNARE complexes resulting after fusion (4, 8) and any four-helix
bundle formed by the SNAREs before fusion (9–11). SNARE
complex assembly is orchestrated in an NSF-SNAP–resistant
manner by Munc18-1 and Munc13-1 (9, 10) through a mecha-
nism whereby Munc18-1 binds to a self-inhibited “closed” con-
formation of syntaxin-1 (12, 13) and to synaptobrevin, forming a
template for SNARE complex formation (14–17), while Munc13-1

bridges the two membranes (18) and opens syntaxin-1 (19, 20).
This mechanism ensures that exocytosis occurs through a highly
regulated pathway where Munc13-1 and associated proteins act as
master regulators of presynaptic plasticity (21, 22). Fast, Ca2+-
dependent neurotransmitter release is triggered by the synaptic
vesicle protein synaptotagmin-1 (Syt1), which acts as a Ca2+

sensor through interactions of its two C2 domains (referred to as
C2A and C2B) with Ca2+ and phospholipids (23, 24) in a tight
interplay with the SNAREs (25, 26). However, despite the ad-
vances made in defining the functions of these proteins, it is still
unknown how their actions are integrated to induce fast, Ca2+-
dependent membrane fusion.
Approaches aimed at recapitulating synaptic vesicle fusion

with reconstituted proteoliposomes provide a powerful tool to
decipher mechanistic features of this complex system, but it is
important to realize that liposome fusion can occur through
nonphysiological pathways. Hence, establishing correlations be-
tween the results of fusion assays and physiological data are
crucial to verify that the assays reproduce to some extent basic
features of synaptic vesicle fusion (2). Pioneering reconstitution
studies suggested that the neuronal SNAREs alone or together
with Syt1 constitute a minimal membrane fusion machinery (27,
28), but these studies did not include Munc18-1 or Munc13s,
which are essential for neurotransmitter release in vivo (29–31).
This apparent paradox was resolved by reconstitution assays
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showing that the SNAREs and Syt1 cannot induce liposome
fusion in the presence of the SNARE complex disassembly ma-
chinery formed by NSF and α-SNAP and that, under these
conditions, Munc18-1 and Munc13-1 are both required for li-
posome fusion because they mediate NSF-α-SNAP–resistant
SNARE complex assembly (9, 10, 32). The physiological rele-
vance of these liposome fusion assays has been supported by
many correlations that have been established between the effects
of mutations on fusion in vitro and on neurotransmitter release
in neurons (16, 18, 22, 32, 33). However, a caveat of these assays
is that highly efficient Ca2+-dependent liposome fusion is ob-
served in the presence of SNAREs, Munc18-1, Munc13-1, NSF,
and α-SNAP even without Syt1; the Ca2+ dependence of fusion
arises from Ca2+ binding to the Munc13-1 C2B domain (32).
These features are not necessarily in contradiction with the
physiological properties of neurotransmitter release, as the time
scale of these fusion assays (seconds) is much slower, and the
Munc13-1 C2B domain is involved in Ca2+-dependent presyn-
aptic plasticity (34). Moreover, Syt1 is essential for fast, syn-
chronous release but not for slower forms of release (e.g.,
spontaneous or sucrose-induced) (35), in contrast to the absolute
requirement of Munc18-1 and Munc13-1 for all forms of release
(29, 31). Thus, Syt1 acts as an accelerator of synaptic vesicle
fusion, but its stimulatory effect may not have been observable in
the time scale of the fusion assays that included SNAREs,

Munc18-1, Munc13-1, NSF, and α-SNAP (32). Nevertheless, the
lack of overt effects of Syt1 in these assays hinders the analysis of
the functional interplay between Syt1 and these proteins.
Reconstitution studies of yeast vacuolar fusion showed that

the essential nature of the Rab protein Ypt7 could be recapitu-
lated with proteoliposomes bearing physiological SNARE-to-lipid
ratios but not at higher SNARE densities (36). In this context, the
synaptobrevin-to-lipid and syntaxin-1–to–lipid ratios typically used
in our liposome fusion assays, including Munc18-1, Munc13-1,
NSF, and α-SNAP (1:500 and 1:800, respectively (32)), are con-
siderably lower than those present in synaptic vesicles and the
plasma membrane (37, 38). However, the neurotransmitter re-
lease machinery appears to tightly restrict the number of trans-
SNARE complexes that are assembled between a vesicle and the
plasma membrane, as neurotransmitter release can be triggered
with as few as three SNARE complexes (39) and formation of
a large number of such complexes might lead to uncontrolled
fusion. Fluorescence resonance energy transfer (FRET) assays
and structural data suggested that Munc13-1 restricts trans-
SNARE complex assembly between synaptobrevin-liposomes
and syntaxin-1–liposomes in the absence of Ca2+ but strongly
stimulates assembly together with Munc18-1 in the presence of
Ca2+ (10, 33). In vivo, such Ca2+-dependent stimulation of
SNARE complex assembly is expected to be much less efficient
because the Ca2+ concentration is elevated during a very short
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Fig. 1. Syt1 strongly stimulates liposome fusion at very low synaptobrevin-to-lipid ratios. (A) Diagram summarizing the content mixing assays used to test if
Syt1 stimulates liposome fusion. V-liposomes containing synaptobrevin (red) or VSyt1-liposomes containing synaptobrevin and Syt1 (blue) are mixed with
T-liposomes that contain syntaxin-1 (yellow) and SNAP-25 (green) and that have been preincubated with Munc18-1, NSF, and α-SNAP. Ca2+ is added after 300
s. The V- or VSyt1-liposomes contain trapped Cy5-strepatavidin (navy blue pie shape with red circle) and the T-liposomes contain trapped PhycoE-biotin
(yellow square with pink triangle). Content mixing resulting from liposome fusion results in formation of a complex between Cy5-streptavidin and PhycoE-
biotin, leading to an increase in Cy5 fluorescence emission intensity upon excitation of PhycoE due to FRET. Unlabeled streptavidin (not shown) is included
outside the vesicles to ensure that the content mixing signal does not arise from leakiness. (B) Content mixing between V- or VSyt1-liposomes and T-liposomes
was monitored from the increase in the fluorescence signal of Cy5-streptavidin trapped in the V- or VSyt1-liposomes caused by FRET with PhycoE-biotin
trapped in the T-liposomes upon liposome fusion. The synaptobrevin-to-lipid ratio in V- and VSyt1-liposomes (V 10K and VSyt1 10K, respectively) was 1:10,000,
the Syt1-to-lipid ratio in VSyt1-liposomes was 1:1,000, and the syntaxin-1–to–lipid ratio in the T-liposomes was 1:800 (T 0.8K). The assays were performed in
the presence of 1 μM Munc18-1, 0.2 μM Munc13-1C, 0.4 μM NSF, 2 μM α-SNAP, 5 μM excess SNAP-25, and 5 μM streptavidin, except for the controls where
Munc18-1 or Munc13-1C was omitted (no Munc18-1 or no Munc13-1C, respectively), as indicated by the color-coded labels. Experiments were started in the
presence of 100 μM EGTA, and Ca2+ (600 μM) was added at 300 s. (C) Analogous content mixing assays monitoring fusion of T-liposomes with V-liposomes or
VSyt1-liposomes containing WT Syt1 or Syt1 bearing mutations in the Ca2+-binding sites of the C2A domain (VSyt1-C2A* 10K), the C2B domain (VSyt1-C2B*
10K), or both (VSyt1-C2A*B* 10K). (D) Quantification of the content mixing assays shown in C. Bars represent averages of the normalized fluorescence in-
tensities observed in the content mixing assays at 300 s (i.e., before Ca2+ addition) and at 600 s (i.e., 300 s after Ca2+ addition), performed in triplicates. Error
bars represent SDs. Statistical significance and P values were determined by one-way ANOVA with the Holm–Sidak test (***P < 0.001).
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time window after Ca2+ influx, and additional regulatory factors
may limit the number of SNARE complexes that are preassembled.
Thus, unhindered SNARE complex assembly promoted by
Munc13-1, Munc18-1, and Ca2+ in the liposome fusion assays may
mask a stimulatory role of Syt1. Such a role may become apparent
by decreasing the SNARE-to-lipid ratio in the liposomes even
further below physiological ratios. Moreover, having only a few
SNAREs per liposome facilitates mechanistic studies of the steps
that lead to release (10) and limits the number of trans-SNARE
complexes that can be formed at each site of fusion between li-
posomes, which may help to better recapitulate the states of the
release machinery that occur in vivo. However, it is unclear
whether very low SNARE-to-lipid ratios are sufficient for lipo-
some fusion in this minimal system.
The study presented here was designed to investigate whether

liposome fusion can be achieved efficiently with a small number
of neuronal SNAREs per liposome in a manner that depends not
only on Munc18-1 andMunc13-1 but also on Syt1. For this purpose,
we modified our previously developed reconstitution assays (9, 21,
32), exploring the effects of changing the SNARE-to-lipid ratios and
of anchoring SNAP-25 on the syntaxin-1–liposomes, which is
expected to facilitate SNARE complex assembly. We found that
fusion of liposomes bearing a 1:10,000 synaptobrevin-to-lipid ratio
with liposomes containing a 1:800 syntaxin-1–to–lipid ratio is in-
efficient in the presence of soluble SNAP-25, Munc18-1, Munc13-
1, NSF, and α-SNAP, and that including Syt1 in the synaptobrevin-
liposomes strongly stimulates fusion. Anchoring SNAP-25 on the
syntaxin-1-liposomes dramatically enhanced fusion, yielding highly
efficient fusion even in the absence of Ca2+ and Syt1. However,
when we lowered the syntaxin–1-to–lipid ratio to 1:5,000, efficient
fusion with liposomes bearing a 1:10,000 synaptobrevin-to-lipid
ratio required Ca2+, Syt1, and membrane anchoring of SNAP-25.
Such fusion was disrupted by mutations in the Ca2+-binding sites
of the Syt1 C2 domains, showing that fusion depends on Ca2+

binding to Syt1. These results reveal an intriguing synergy between
Syt1 and SNAP-25 that is reminiscent of the synergy existing
among Munc18-1, Munc13-1, NSF, and α-SNAP (21) and show
that these proteins, together with Syt1 and a few SNARE
complexes, can mediate efficient Ca2+-dependent liposome
fusion.

Results
Stimulation of Fusion by Syt1 at Low Synaptobrevin Densities. For
the reconstitution experiments presented here, we used the
methodology that was developed to monitor lipid and content
mixing between proteoliposomes to study yeast vacuolar fusion
(40) and that we adapted to investigate synaptic vesicle fusion
(32) (Fig. 1A). The Munc13-1 fragment used in these studies
rescues neurotransmitter release in Munc13-1/2 double knock-
out neurons (32) and spans the large C-terminal region that is
conserved in all members of the Munc13 family, which includes
the C1, C2B, MUN, and C2C domains (referred to as Munc13-
1C). In the experiments described below, we focused on moni-
toring content mixing between synaptobrevin-containing lipo-
somes (V-liposomes) or synaptobrevin- and Syt1-containing
liposomes (VSyt1-liposomes) and syntaxin-1-SNAP-25-contain-
ing liposomes (T-liposomes), which provides a more reliable
means to demonstrate liposome fusion than lipid mixing (41).
Under the standard conditions that we used in previous studies,
with synaptobrevin-to-lipid ratio 1:500 and syntaxin-1–to–lipid
ratio 1:800, the majority of fusion between V- and T-liposomes
in the presence of Munc18-1, Munc13-1C, NSF, and α-SNAP
occurred during the time elapsed between Ca2+ addition and
acquisition of the first data point (32). Hence, it was not possible
to observe stimulation of Ca2+-dependent fusion by Syt1 in the
second time scale of these bulk assays. To render the system less
active and examine whether Syt1 can then stimulate fusion, we
first lowered the synaptobrevin-to-lipid ratio to 1:10,000 in the

V- and VSyt1-liposomes. Syt1 was reconstituted at a 1:1,000
protein-to-lipid (P:L) ratio, which is similar to that present in
synaptic vesicles (37). We observed that fusion between V- and
T-liposomes in the presence of Munc18-1, Munc13-1C, NSF, and
α-SNAP (Fig. 1B, green curve) was much less efficient than that
observed with a 1:500 synaptobrevin-lipid ratio (32), but, im-
portantly, fusion was much more efficient when we used VSyt1-
liposomes instead of V-liposomes (Fig. 1B, black curve). As
expected, no fusion was observed in control experiments where we
omitted Munc18-1 or Munc13-1C from the reactions (Fig. 1B).
The Syt1 C2A and C2B domains bind three and two Ca2+ ions,

respectively, through a motif that includes five aspartate residues
(42, 43), and neurotransmitter release is impaired when Ca2+

binding to either the C2A or the C2B domain is abolished by
replacing three of these aspartate residues with alanines (44). To
test whether fusion of VSyt1-liposomes with T-liposomes de-
pends on Ca2+ binding to Syt1, we prepared VSyt1-liposomes
bearing these mutations in C2A, C2B, or both (VSyt1-C2A*,
VSyt1-C2B*, or VSyt1-C2A*B*, respectively). The mutations in
either the C2A or C2B Ca2+-binding sites substantially impaired
fusion (Fig. 1C, pink and blue curves; see Fig. 1D for quantifi-
cation), and the impairments did not arise from unequal protein
incorporation in the liposomes during reconstitution, as assessed
by sodium dodecyl sulfate (SDS)-polyacrylamide gel electro-
phoresis (PAGE) (SI Appendix, Fig. S1). Moreover, mutation of
the Ca2+-binding sites of both C2 domains abolished the stimu-
lation of fusion by Syt1, as the low level of fusion observed with
the VSyt1-C2A*B* liposomes was comparable to that observed
with the V-liposomes (Fig. 1C, gray and green curves, respec-
tively; Fig. 1D). Overall, these results show that Syt1 strongly
stimulates Ca2+-dependent liposome fusion mediated by the
neuronal SNAREs in the presence of Munc18-1, Munc13-1C,
NSF, and α-SNAP and that such stimulation depends on Ca2+

binding to both C2 domains of Syt1.

Membrane Anchoring of SNAP-25 Strongly Stimulates Liposome
Fusion. In neurons, SNAP-25 is anchored on the plasma mem-
brane through palmitoylation of four cysteines located in the
linker region between its two SNARE motifs (45). In liposome
fusion assays, however, SNAP-25 is commonly used as a soluble
protein where the four cysteines are mutated to serines. We refer
to this soluble protein as SNAP-25 for simplicity. Normally,
T-liposomes are prepared with a fivefold excess of SNAP-25 over
syntaxin-1, and the two proteins form heterodimers that are in-
corporated in the liposomes. Before the fusion assays, the
T-liposomes are incubated with Munc18-1, NSF, and α-SNAP,
which leads to disassembly of the syntaxin-1–SNAP-25 hetero-
dimers and binding of Munc18-1 to closed syntaxin-1 (9). Since
SNAP-25 is released from the liposomes during the pre-
incubation and must rebind to form the SNARE complex, fusion
is enhanced by addition of excess of SNAP-25 upon mixing the
preincubated T-liposomes with the V-liposomes to increase
SNAP-25 availability (9). Thus, we reasoned that anchoring
SNAP-25 on the T-liposomes, mimicking its plasma mem-
brane location in neurons, might provide an avenue to drastically
increase the local concentration of SNAP-25 and enhance the
efficiency of fusion in our assays. To test this notion, we followed a
previously described approach involving dodecylation of the four
cysteines of wild type (WT) SNAP-25 (referred to as dSNAP-25),
which mimics palmitoylation and allows membrane anchoring, and
substantially enhanced fusion caused by SNAREs alone (46).
First, we tested fusion between liposomes containing syntaxin-1

and dSNAP-25 (dT-liposomes), both at 1:800 P:L ratio, and V- or
VSyt1-liposomes with a 1:1,000 P:L ratio for both synaptobrevin
and Syt1 (Fig. 2A). For comparison, we also examined fusion of
the standard T-liposomes bearing a 1:800 syntaxin-1–to–lipid ratio
with the same V- and VSyt1-liposomes. Interestingly, while reac-
tions with V- and T-liposomes in the presence of Munc18-1,
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Munc13-1C, NSF, and α-SNAP exhibited highly efficient fusion
that was strictly Ca2+ dependent, we observed fast and efficient
Ca2+-independent fusion between V- and dT-liposomes (Fig. 2A,
black and pink curves, respectively; see Fig. 2B for quantification).
Similar results were obtained in assays performed with VSyt1-
liposomes instead of V-liposomes (Fig. 2A, green and blue curves,
respectively). Thus, enhancement of fusion by Syt1 could not be
observed under these conditions of such high fusion efficiency.
We also tested how membrane anchoring of SNAP-25 affects

fusion when the synaptobrevin-to-lipid ratio was decreased in the
VSyt1-liposomes (keeping the Syt1-to-lipid ratio at 1:1,000) and/

or the syntaxin-1–to–lipid ratio was decreased in the T-liposomes
or dT-liposomes (keeping the dSNAP-25–to–lipid ratio at 1:800).
Using a 1:5,000 synaptobrevin-to-lipid ratio and a 1:800 syntaxin-
1–to–lipid ratio, we again observed highly efficient Ca2+-inde-
pendent fusion of VSyt1-liposomes with dT-liposomes, whereas
fusion with T-liposomes was strictly Ca2+ dependent (Fig. 3A,
green and black curves, respectively; quantification in Fig. 3B).
When we decreased the syntaxin-1–to–lipid ratio to 1:2,500, we
still observed Ca2+-independent fusion of VSyt1-liposomes with
dT-liposomes (Fig. 3C, pink curve), but it was less efficient than
with a 1:800 syntaxin-1–to–lipid ratio, and fusion with T-liposomes
was highly inefficient even upon addition of Ca2+ (Fig. 3C, blue
curve; quantification in Fig. 3D). Finally, decreasing the syntaxin-
1–to–lipid ratio to 1:5,000 and the synaptobrevin-to-lipid ratio to
1:10,000 led to almost no Ca2+-independent fusion of VSyt1-
liposomes with dT-liposomes, but Ca2+ addition led to efficient
fusion (Fig. 3E, gray curve). Fusion of VSyt1-liposomes with
T-liposomes still remained inefficient (Fig. 3E, orange curve;
quantification in Fig. 3F).
All these assays reveal a much stronger activity of dT-liposomes

than T-liposomes, showing that membrane anchoring of SNAP-25
dramatically enhances fusion efficiency. These enhancements do
not arise from a better incorporation of dSNAP-25 on the dT-
liposomes than SNAP-25 on the T-liposomes, as SDS-PAGE
showed that the amount of reconstituted SNAP-25 tended to be
equal or higher than that of reconstituted dSNAP-25 (SI Appendix,
Figs. S2 and S3). Hence, this stimulation most likely arises from
the fact that dSNAP-25 can remain bound to the dT-liposomes
even after dissociation from syntaxin-1 during the preincubation
with Munc18-1, NSF, and α-SNAP, whereas soluble SNAP-25 is
released from the T-liposomes during the preincubation. Thus, the
high local concentration of dSNAP-25 on the dT-liposomes dra-
matically facilitates binding of dSNAP-25 to synaptobrevin and
syntaxin-1 on the template complex that they form with Munc18-1,
leading to efficient SNARE complex assembly. It appears that,
when there are sufficient synaptobrevin and syntaxin-1 molecules
available, the number of SNARE complexes assembled in the
absence of Ca2+ is sufficient to cause fusion. However, fusion
requires Ca2+ when the numbers of synaptobrevin and syntaxin-1
molecules are very low and, correspondingly, the number of
SNARE complexes that can be assembled is more limited.

Synergy between Syt1 and Membrane Anchoring of SNAP-25. Our
results show that efficient Ca2+-dependent fusion can be
achieved in the presence of dSNAP-25, Munc18-1, Munc13-1C,
NSF, α-SNAP, and Syt1 even at very low synaptobrevin-to-lipid
and syntaxin-1–to–lipid ratios. To test whether Syt1 is important
for fusion efficiency under these conditions, we performed
fusion assays with dT-liposomes bearing a 1:5,000 syntaxin-
1–to–lipid ratio and V- or VSyt1-liposomes containing a 1:10,000
synaptobrevin-to-lipid ratio, in the presence of Munc18-1, Munc13-
1C, NSF, and α-SNAP. To estimate the relative amounts of proteins
in the lumen and on the liposome surface existing at these P:L
ratios, we performed proteolysis experiments with the dT-liposomes
as well as with V- and VSyt1-liposomes analogous to those used for
the fusion assays but containing a synaptobrevin L26C mutant that
was labeled with Alexa 488, as synaptobrevin is difficult to visualize
at these low densities. Analyses of the liposomes by SDS-PAGE
followed by fluorescence imaging and Coomassie Blue staining (SI
Appendix, Fig. S4 A and B) showed that about 80% of syntaxin-1
and dSNAP-25 are exposed on the surface of the dT-liposomes,
while about 80% of synaptobrevin and more than 90% of Syt1 are
exposed on the surface of the various V- and VSyt1-liposomes.
Since our reconstitutions yield liposomes of about 100 nm diameter
(32), which contain about 100,000 lipids, these results imply that the
dT-liposomes with these P:L ratios contain about 16 syntaxin-1
molecules on their surface, and V- or VSyt1-liposomes contain
about eight exposed synaptobrevin molecules.

A

B

Fig. 2. Membrane anchoring of SNAP-25 dramatically enhances liposome
fusion. (A) Content mixing between V- or VSyt1-liposomes (V 1K or VSyt1 1K,
respectively) and T- or dT-liposomes (T 0.8K or dT 0.8K, respectively) was
monitored from the increase in the fluorescence signal of Cy5-streptavidin
trapped in the V- or VSyt1-liposomes caused by FRET with PhycoE-biotin
trapped in the T- or dT-liposomes upon liposome fusion. The synaptobrevin-to-lipid
ratio in V- and VSyt1-liposomes was 1:1,000, the Syt1-to-lipid ratio in VSyt1-
liposomes was 1:1,000, the syntaxin-1–to–lipid ratio in the T- and dT-liposomes
was 1:800, and the dSNAP-25–to–lipid ratio in the dT-liposomes was 1:800. The
assays were performed in the presence of 1 μM Munc18-1, 0.2 μM Munc13-1C,
0.4 μM NSF, 2 μM α-SNAP, 5 μM excess SNAP-25 (only for experiments per-
formed with T-liposomes), and 5 μM streptavidin. Experiments were started in
the presence of 100 μM EGTA, and Ca2+ (600 μM) was added at 300 s. (B)
Quantification of the content mixing assays shown in A. Bars represent aver-
ages of the normalized fluorescence intensities observed in the content mixing
assays at 300 s (i.e., before Ca2+ addition) and at 600 s (i.e., 300 s after Ca2+

addition), performed in triplicates. Error bars represent SDs. Statistical signifi-
cance and P values were determined by one-way ANOVA with the Holm–Sidak
test (***P < 0.001).
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At these protein densities, fusion of VSyt1-liposomes with dT-
liposomes was much more efficient than that observed with the
V-liposomes (Fig. 4A, black and green curves, respectively;
Fig. 4B), showing again that Syt1 strongly stimulates fusion at
very low SNARE densities. Control experiments where either
Munc18-1, Munc13-1C, NSF, α-SNAP, or ATP were omitted
individually showed that each one of these factors is required for
the efficient Ca2+-dependent fusion observed between VSyt1-

and dT-liposomes (SI Appendix, Fig. S4 C and D). Additional
experiments with VSyt1-liposomes bearing mutations in the
Ca2+-binding sites of the C2A or C2B domain confirmed that
Ca2+ binding to both domains is important for the stimulation of
fusion by Syt1 under these conditions (Fig. 4A, blue and pink
curves; Fig. 4B), as observed in the experiments of Fig. 1 C and
D. Interestingly, the low efficiencies of fusion observed in the
absence of Syt1 (Fig. 4A, green curve) or with soluble SNAP-25

A B

C D

FE

Fig. 3. Enhancement of liposome fusion by membrane anchoring of SNAP-25 at different synaptobrevin and syntaxin-1 densities. (A, C, and E) Content
mixing between VSyt1-liposomes and T- or dT-liposomes was monitored from the increase in the fluorescence signal of Cy5-streptavidin trapped in the VSyt1-
liposomes caused by FRET with PhycoE-biotin trapped in the T- or dT-liposomes upon liposome fusion. In the VSyt1-liposomes, the Syt1-to-lipid ratio was
1:1,000 and the synaptobrevin-to-lipid ratio was 1:5,000 (A and C) or 1:10,000 (E) (VSyt1 5K or VSyt1 10K, respectively). In the dT-liposomes, the dSNAP-
25–to–lipid ratio was 1:800. In the T- and dT-liposomes, the syntaxin-1–to–lipid ratio was 1:800 (T 0.8K and dT 0.8K, respectively) (A), 1:2,500 (T 2.5K and dT
2.5K, respectively) (C), or 1:5,000 (T 5K and dT 5K, respectively) (E). The assays were performed in the presence of 1 μM Munc18-1, 0.2 μM Munc13-1C, 0.4 μM
NSF, 2 μM α-SNAP, 5 μM excess SNAP-25 (only for experiments performed with T-liposomes), and 5 μM streptavidin. Experiments were started in the presence
of 100 μM EGTA, and Ca2+ (600 μM) was added at 300 s. (B, D, and F) Quantification of the content mixing assays shown in A, C, and E. Bars represent averages
of the normalized fluorescence intensities observed in the content mixing assays at 300 s (i.e., before Ca2+ addition) and at 600 s (i.e., 300 s after Ca2+ ad-
dition), performed in triplicates. Error bars represent SDs. Statistical significance and P values were determined by one-way ANOVA with the Holm–Sidak test
(***P < 0.001).
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Fig. 4. Synergy between Syt1 and membrane anchoring of SNAP-25 in promoting liposome fusion at very low synaptobrevin and syntaxin-1 densities. (A and
C) Content mixing between V- or VSyt1-liposomes and dT-liposomes (dT 5K) was monitored from the increase in the fluorescence signal of Cy5-streptavidin
trapped in the V- or VSyt1-liposomes caused by FRET with PhycoE-biotin trapped in the dT-liposomes upon liposome fusion. The VSyt1 liposomes contained
WT Syt1 or Syt1-bearing mutations in the Ca2+-binding sites of the C2A domain or the C2B domain (VSyt1 10K, VSyt1-C2A* 10K, or VSyt1-C2B* 10K, re-
spectively). The synaptobrevin-to-lipid ratio in V- and VSyt1-liposomes was 1:10,000, and the Syt1-to-lipid ratio in VSyt1-liposomes was 1:1,000. In dT-
liposomes, the syntaxin-1–to–lipid ratio was 1:5,000 and the dSNAP-25–to–lipid ratio was 1:800. The assays were performed in the presence of 1 μM
Munc18-1, 0.2 μM Munc13-1C, 0.4 μM NSF, 2 μM α-SNAP, and 5 μM streptavidin. The assays of A and C were performed under analogous conditions with
different preparations. In C, experiments with VSyt1 liposomes bearing mutations in the Ca2+-binding sites of both C2 domains (VSyt1-C2A*B* 10K) were also
included. (E) Content mixing assays analogous to those shown in A and C but omitting Munc13-1C and replacing WT Munc18-1 with Munc18-1 D326K. All
experiments were started in the presence of 100 μM EGTA, and Ca2+ (600 μM) was added at 300 s. (B, D, and F) Quantification of the content mixing assays
shown in A, C, and E. Bars represent averages of the normalized fluorescence intensities observed in the content mixing assays at 300 s (i.e., before Ca2+

addition) and at 600 s (i.e., 300 s after Ca2+ addition), performed in triplicates. Error bars represent SDs. Statistical significance and P values were determined
by one-way ANOVA with the Holm–Sidak test (***P < 0.001).
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in the presence of Syt1 (Fig. 3E, orange curve) show that both
Syt1 and membrane anchoring of SNAP-25 are critical for effi-
cient fusion under these conditions and, therefore, that there is a
strong synergy between the two proteins. We also note that it is
common to observe some variability in results obtained with
different liposome preparations in reconstitution assays of
membrane fusion (47). Hence, it is important to perform repeat
experiments with the same preparations for quantitative analyses
(e.g., Fig. 4B) and to confirm that the relative extent of fusion
observed under different conditions can be reproduced with
different preparations. We find that this is particularly important
when using very low P:L ratios, as there is larger variability in the
activity of the liposomes. This variability is illustrated by the
fusion assays shown in Fig. 4 C and D, which were performed
with different liposome preparations containing the same P:L
ratios as those of Fig. 4 A and B and exhibited less efficient fu-
sion. However, the relative effects caused by removal of Syt1 or
by mutations in the Ca2+-binding sites of its C2A or C2B domain
were comparable. In this set of experiments, we also included
VSyt1-liposomes with mutations in the Ca2+-binding sites of
both C2 domains (Fig. 4C, gray curve; Fig. 4D) and observed that
these mutations again abolished stimulation of fusion by Syt1
completely.
While mammalian Munc13s and their invertebrate homolog

unc-13 are normally essential for neurotransmitter release (30,
31), the total abrogation of neurotransmitter release observed in
their absence can be partially rescued by distinct mutations
designed to facilitate SNARE complex formation (2), including a
gain-of-function mutation in Munc18-1 (22). Correspondingly,
gain-of-function mutations in Munc18-1 partially overcome the
requirement of Munc13-1C for fusion in our assays (16, 22).
Hence, this reconstitution system provides an avenue to study
how Munc13 function can be bypassed and to analyze fusion in
the absence of any effects from Ca2+ binding to the Munc13-1C
C2B domain. To test whether liposome fusion can still be ob-
served at very low synaptobrevin and syntaxin-1 densities in the
absence of Munc13-1C, we performed fusion assays with dT-
liposomes bearing a 1:5,000 syntaxin-1–to–lipid ratio and V- or
VSyt1-liposomes containing a 1:10,000 synaptobrevin-to-lipid
ratio in the presence of NSF, α-SNAP, and the gain-of-function
Munc18-1 mutant D326K (16). We observed slow Ca2+-depen-
dent fusion between VSyt1-liposomes and dT-liposomes, but not
between V-liposomes and dT-liposomes, and fusion involving the
VSyt1-liposomes was disrupted by mutations in the Ca2+-binding
sites of both C2 domains (Fig. 4 E and F). Hence, fusion can
indeed be observed with such low synaptobrevin and syntaxin-1
densities in the absence of Munc13-1C, but Syt1 is required for
fusion under these conditions, and fusion depends on Ca2+

binding to both Syt1 C2 domains.

Discussion
Fusion assays with reconstituted proteoliposomes provide a
powerful tool to investigate the mechanism of neurotransmitter
release, but faithful recapitulation of the events that lead to
Ca2+-evoked synaptic vesicle fusion is challenging because of the
complexity of this exquisitely regulated process. Studies showing
that highly efficient Ca2+-dependent liposome fusion could be
observed with Munc18-1, Munc13-1C, NSF, α-SNAP, and the
three neuronal SNAREs represented a milestone because they
explained the essential nature of Munc18-1 and Munc13s for
neurotransmitter release (9, 32). However, the high fusion effi-
ciency observed in these assays prevented analysis of how the
Ca2+ sensor Syt1 affects fusion. Here, we addressed this question
and examined whether liposome fusion could be achieved with
very low synaptobrevin and syntaxin-1 densities, which may allow
to better reproduce the states that lead to neurotransmitter re-
lease in neurons. Importantly, we show that liposome fusion in
the presence of Munc18-1, Munc13-1C, NSF, and α-SNAP is

strongly stimulated by Syt1 at low synaptobrevin-to-lipid ratios
and that such stimulation depends on Ca2+ binding to both Syt1
C2 domains. We also show that anchoring SNAP-25 on the
T-liposomes dramatically enhances fusion and exhibits a marked
synergy with Syt1, allowing highly efficient Ca2+-dependent fu-
sion with a few SNARE complexes in a Syt1-, Munc18-1-, and
Munc13-1C–dependent manner. These reconstitutions with the
eight most central components of the neuronal exocytotic ma-
chinery provide a powerful framework to further investigate the
mechanism of neurotransmitter release.
Presynaptic active zones constitute minimal computational

units of the brain where synaptic vesicles fuse to release neuro-
transmitters, and the release probability is exquisitely controlled
through a variety of presynaptic plasticity processes that underlie
multiple forms of information processing in the brain (1, 48).
Hence, synaptic vesicle fusion depends on a delicate balance
between inhibitory and stimulatory interactions among the
components of the release machinery, many of which perform
both active and inhibitory roles (2). Munc18-1 hinders formation
of the SNARE complex by binding to the closed conformation of
syntaxin-1 (19) but constitutes a template to assemble the
SNARE complex in downstream events (14–17). Munc13-1 helps
to open syntaxin-1 to form the SNARE complex (19, 20) while
bridging the vesicle and plasma membranes (18), but such
bridging appears to occur in at least two orientations: 1) an ap-
proximately perpendicular orientation that is favored in the ab-
sence of Ca2+ and keeps the membranes apart, promoting
SNARE complex assembly but to a limited extent; and 2) a more
slanted orientation induced by Ca2+ binding to the Munc13-1C
C2B domain that promotes SNARE complex assembly more
efficiently and facilitates membrane fusion (10, 33). This second,
active orientation is also favored by binding of the C1 domain to
diacylglycerol and the C2B domain to phosphatidylinositol 4,5-
bisphosphate (PIP2, and is likely stabilized during short-term
plasticity processes that depend on Munc13-1 (34, 49). Hence,
the number of SNARE complexes that are preassembled for
each primed vesicle before Ca2+ influx is most likely controlled
by energy barriers imposed by the same proteins that orchestrate
SNARE complex assembly (Munc18-1 and Munc13-1) and per-
haps by other factors, therefore preventing uncontrolled fusion
that would result if too many SNARE complexes were formed.
The much more efficient SNARE complex assembly that can
occur in the presence of Ca2+ is limited because the intracellular
Ca2+ concentration is elevated only for a very short time after
Ca2+ influx but is facilitated when Ca2+ accumulates during re-
petitive stimulation, increasing the priming and fusion efficiency.
In our previous studies of liposome fusion in the presence of

Munc18-1, Munc13-1C, NSF, and α-SNAP, but not Syt1, the V-
and T-liposomes were typically prepared with 1:500 and 1:800
P:L ratios, respectively, and therefore contained about 200
copies of synaptobrevin and 125 copies of syntaxin-1 (assuming a
100-nm diameter). Under these conditions, a few SNARE
complexes are assembled in the absence of Ca2+, and SNARE
complex assembly is dramatically enhanced by addition of Ca2+

(10, 32), resulting in highly efficient Ca2+-dependent fusion. The
stimulation of fusion by Ca2+ in these assays likely reflects events
that occur during synaptic vesicle priming and fusion and that are
facilitated during repetitive stimulation but cannot be resolved in
the time scale of our measurements. Because of the high fusion
efficiency, it was impossible to observe stimulatory effects on
Ca2+-dependent fusion by Syt1 or any other factor under these
conditions. These arguments led us to test whether a stimulatory
effect of Syt1 in our fusion assays could be uncovered by lowering
the SNARE densities on the liposomes and therefore limiting
the number of SNARE complexes that could be formed at any
given time. Indeed, we observed a strong stimulation of Ca2+-
dependent liposome fusion by Syt1 when we lowered the
synaptobrevin-to-protein ratio to 1:10,000 (Fig. 1). Such stimulation
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was Ca2+ dependent and was disrupted by mutations in the
Ca2+-binding sites of the Syt1 C2 domains (Fig. 1). Note also that
the fusion observed in these assays requires both Munc18-1 and
Munc13C (Fig. 1) and that only about eight synaptobrevin
molecules are available on the surface of the liposomes (see
above). These observations show that in these assays, fusion is
mediated by a few SNARE complexes that are assembled via a
Munc18-1–Munc13-1C–dependent pathway and is stimulated by
Ca2+ binding to the Syt1 C2 domains. Hence, these reconstitution
assays recapitulate several fundamental features of neurotrans-
mitter release in neurons. It is still unclear how Syt1 stimulates
fusion, but recent data suggested a mechanism whereby Syt1 is
bound to the SNARE complex before Ca2+ influx and Ca2+

releases the Syt1-SNARE interaction, inducing a specific Ca2+-
and PIP2-dependent interaction with the plasma membrane
and allowing cooperation between the SNAREs and Syt1 in fast
membrane fusion (26).
Our results also show that membrane anchoring of SNAP-25

dramatically enhances liposome fusion (Figs. 2 and 3). Previous
studies had shown that such anchoring enhanced fusion medi-
ated by the SNAREs alone because it facilitated formation of a
syntaxin-1–SNAP-25 acceptor complex (46). However, fusion
stimulation by membrane anchoring of SNAP-25 could not occur
by this mechanism in our assays because they were performed in
the presence of NSF and α-SNAP, which disassemble syntaxin-
1-SNAP-25 complexes (9). Rather, fusion stimulation can be
attributed to the drastic increase in the local concentration of
SNAP-25 upon anchoring to the syntaxin-1–containing lipo-
somes, which is expected to greatly facilitate binding of SNAP-25
to synaptobrevin and syntaxin-1 when they form the template
complex with Munc18-1 (14–17). It is worth noting that SNAP-25
was reported to form a tripartite complex with syntaxin-1 and
Munc18-1 (50), but the nature of this tripartite complex is highly
unclear, as the interactions between the syntaxin-1 and SNAP-25
SNARE motifs observed in the SNARE complex (7) are in-
compatible with those present in the closed syntaxin-1–Munc18-
1 complex (13). Moreover, incubation of liposomes containing
syntaxin-1–SNAP-25 heterodimers with NSF, α-SNAP, and
Munc18-1 releases SNAP-25 from the liposomes, leading to
formation of the binary syntaxin-1–Munc18-1 complex (9). Our
results also argue against formation of the SNAP-25–syntaxin-
1–Munc18-1 tripartite complex, as such a complex would already
localize SNAP-25 to the membrane, and thus, membrane an-
choring of SNAP-25 would not be expected to increase fusion so
dramatically.
Membrane anchoring of SNAP-25 allowed highly efficient

Ca2+-independent fusion at moderate synaptobrevin and syntaxin-1
P:L ratios (1:1,000 and 1:800, respectively) even without Syt1 (Fig. 2),
but fusion became more Ca2+ dependent at lower synaptobrevin and
syntaxin-1 densities (Fig. 3). Efficient Ca2+-dependent fusion at
synaptobrevin-to-lipid ratio 1:10,000 and syntaxin-1–to–lipid ra-
tio 1:5,000 required both Syt1 and membrane anchoring of
SNAP-25 (Fig. 4A). These results reveal an intriguing synergy
between Syt1 and membrane anchoring of SNAP-25. It is plau-
sible that this synergy arises in part because Syt1 also facilitates
trans-SNARE complex assembly in the absence of Ca2+ (10),
which may underlie the role of Syt1 in synaptic vesicle priming
(51, 52). However, fusion stimulation by Syt1 depends on Ca2+

binding to its C2 domains, which is not expected to facilitate
assembly. Hence, it seems likely that the synergy arises also from
cooperativity between two separate effects, that is, the en-
hancement of SNARE complex assembly by membrane an-
choring of SNAP-25 and the stimulatory effect of Syt1 on fusion
itself. As explained above, there is a balance between inhibitory
and stimulatory interactions, and the efficiency of fusion depends
on this balance. In the absence of Ca2+, Munc18-1 and Munc13-
1C promote SNARE complex assembly, but at the same time
Munc13-1C likely hinders fusion, and SNARE complex assembly

is less efficient than in the presence of Ca2+. As a result, fusion is
Ca2+ dependent when the number of SNARE complexes as-
sembled before Ca2+ addition is insufficient, but efficient Ca2+-
independent fusion occurs when SNARE complex assembly is
enhanced by gain-of-function mutants of Munc18-1 (16, 22) or
by membrane anchoring of SNAP-25. The stimulatory activity of
Syt1 is not required for fusion when there are enough SNARE
complexes assembled but becomes critical with fewer SNARE
complexes.
While our reconstitution results are satisfying because they

correlate with multiple features of neurotransmitter release
in vivo, further studies will be required to understand other as-
pects of release. Thus, while the similar impairments in fusion
caused by mutations in the Ca2+-binding sites of both Syt1 C2
domains (Figs. 1 and 4) agree with the fact that both C2 domains
are important for release, mutations in the C2B domain Ca2+-
binding sites disrupt release more strongly in vivo (44, 53). It is
plausible that this discrepancy arises because the strong disrup-
tion of release caused by mutations in the Syt1 C2B domain
Ca2+-binding sites may be due, in part, to a dominant negative
effect that requires complexins (53), proteins that enhance Ca2+-
triggered neurotransmitter release (54) and were not included in
our assays. In preliminary experiments, we have not been able to
observe stimulatory effects of complexin-1, and it has been
generally difficult to observe such stimulatory effects in bulk
fusion assays reported in the literature. Stimulation of fusion by
complexin-1 was observed in single-vesicle fusion assays that did
not include Munc18-1, NSF, α-SNAP, and Munc13-1C (55–57),
or included Munc18-1, NSF, α-SNAP, and a Munc13-1 fragment
that lacks the C2C domain (58) and is much less active than
Munc13-1C (32). Since complexin-1 prevents the disassembly of
trans-SNARE complexes by NSF-α-SNAP (10), it is plausible
that this activity underlies the decrease of neurotransmitter re-
lease observed in the absence of complexins (54), and the ob-
servation of a stimulatory role in our assays may require a careful
adjustment of the concentrations of Munc18-1, NSF, α-SNAP,
and Munc13-1C to have the proper balance between trans-
SNARE complex disassembly and reassembly. Elucidating the
effects of multiple lipids on exocytosis will also require further
study. For instance, sphingolipids are abundant brain lipids that
were not included in our reconstitutions, and the cholesterol
concentrations in synaptic vesicles and the presynaptic plasma
membrane (37, 38) are higher than those present in our lipo-
somes. These lipids can cluster in membrane domains where
SNAREs accumulate (59), which may increase their activity or
potentially sequester them. Note also that the time scale of our
assays (seconds) does not allow resolution of the fusion step
from upstream events, such as tethering and priming. Never-
theless, these bulk fusion assays have provided a wealth of in-
formation on the mechanism of neurotransmitter release that
can be used to improve other assays that have faster time reso-
lution, as was done recently with single-vesicle fusion experi-
ments (58). Thus, the results described here provide a framework
to make further advances in this field through reconstitution and
many other approaches.

Methods
Protein Expression and Purification. The proteins used in this study included
the following: full-length rat syntaxin-1, full-length rat SNAP-25A (WT and
C84S,C85S,C90S,C92S mutant), full-length rat synaptobrevin-2, full-length rat
Munc18-1 (WT and D326K mutant), rat synaptotagmin-1 57 to 421 (cysteine-free
mutant without and with D178A,D230A,D232A, D309A,D363A,D365A, or
D178A,D230A,D232A,D309A,D363A,D365A mutations), full-length Cricetulus
griseus NSF, full-length Bos Taurus α-SNAP, and a rat Munc13-1 fragment
spanning the C1, C2B, MUN, and C2C domains (Munc13-1C; residues 529 to
1725, Δ1408 to 1452). Expression vectors for these proteins, as well as methods
to express them in Escherichia coli BL21 (DE3) cells and purify them, were
described previously (9, 10, 12, 16, 18, 32). Briefly, syntaxin-1 was purified using
HisPur Ni-NTA Resin (Thermo Fisher) in 20 mM Tris, pH 7.4, 500 mM NaCl,
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8 mM imidazole, 2% Triton X-100 (vol/vol), and 6 M urea, followed by elution
in 20 mM Tris, pH 7.4, 500 mM NaCl, 400 mM imidazole, and 0.1% dode-
cylphosphocholine (DPC). The polyhistidine tag was removed using throm-
bin, followed by size-exclusion chromatography on a Superdex 200 column
(GE 10/300) equilibrated in 20 mM Tris, pH 7.4, 125 mM NaCl, 1 mM Tris(2-
carboxyethyl)phosphine (TCEP), and 0.2% DPC. The cysteine-free variant of
SNAP-25 was purified using HisPur Ni-NTA Resin (Thermo Fisher) in 50 mM
Tris, pH 8.0, 500 mM NaCl, 20 mM imidazole, and 1% Triton X-100 (vol/vol).
The His6-tag was cleaved by thrombin, and the protein was further purified
by size-exclusion chromatography using a Superdex 75 column (GE 16/60) in
50 mM Tris, pH 8.0, and 150 mM NaCl. For WT SNAP-25, the elution buffer
contained 0.1% DPC instead of 1% Triton X-100 (vol/vol). Dodecylation of
WT SNAP-25 was performed as described (46). Purification of full-length
synaptobrevin-2 was carried out using Glutathione Sepharose 4B resin (GE)
at 4 C. The bound proteins were washed with phosphate-buffered saline
(PBS) with 1% Triton X-100 (vol/vol) followed by the addition of thrombin to
remove the glutathione-S-transferase (GST)-tag. Final purification involved
cation exchange chromatography on a HiTrap SP column (GE) in 25 mM
NaAc, pH 5.5, 1 mM TCEP, and 1% β-octyl glucoside (β-OG) (wt/vol) using a
linear gradient from 0 to 1 M NaCl. Full-length Munc18-1 was purified on
Glutathione Sepharose 4B resin (GE) at 4 C, and the bound proteins were
treated with PBS, PBS with 1% Triton X-100 (vol/vol), and PBS with 1 M NaCl.
The GST-tag was cleaved with thrombin followed by immediate size-
exclusion chromatography on a Superdex 200 column (GE 16/60) in a
buffer containing 20 mM Tris, pH 7.4, 200 mM KCl, and 1 mM TCEP. The
Munc18-1 D326K mutant was purified by the same procedures. His6-syn-
aptotagmin-1 57 to 421 was obtained from the soluble fraction of the cell
lysate that was subsequently mixed with 1.5% Triton X-100 (vol/vol) and
stirred at 4 C for 2 h. Upon further centrifugation, the supernatant was in-
cubated with PurHis Ni-NTA resin (Thermo Fisher) at 4 C for 2 h. The resin
was washed with 25 mM Hepes, pH 7.4, 600 mM KCl, 10 mM imidazole, and
1% β-OG (wt/vol). Final purification was performed using size-exclusion
chromatography on a Superdex 200 column (GE 16/60) in 25 mM Hepes,
pH 7.4, 600 mM KCl, and 1% β-OG (wt/vol). The proteins bearing mutations
in the C2A and/or C2B domain Ca2+-binding sites (D178A,D230A,D232A,
D309A,D363A,D365A, or D178A,D230A,D232A,D309A,D363A,D365A) were
purified following the same protocol. Full-length NSF was obtained by af-
finity purification on HisPur Ni-NTA resin (Thermo Fisher) followed by size-
exclusion chromatography of hexameric NSF on a Superdex S200 column
(GE 16/60) in 50 mM Tris, pH 8.0, 100 mM NaCl, 1 mM ATP, 1 mM ethyl-
enediaminetetraacetic acid (EDTA), 1 mM dithiothreitol, and 10% glycerol
(vol/vol). Upon Tobacco Etch Virus (TEV) protease and apyrase treatment,
the hexameric form of NSF was separated from the monomer by three
rounds of size-exclusion chromatography on a Superdex S200 column (GE 16/
60) in 50 mM NaPi, pH 8.0, 100 mM NaCl, and 0.5 mM TCEP. Final reassembly
with the monomers and gel filtration chromatography of reassembled
hexameric NSF were performed using a Superdex S200 column (GE 16/60) in
50 mM Tris, pH 8.0, 100 mM NaCl, 1 mM ATP, 1 mM EDTA, 1 mM TCEP, and
10% glycerol (vol/vol). Munc13-1C (residues 529 to 1725, Δ1408 to 1452) was
purified using HisPur Ni-NTA resin (Thermo Fisher) and washed with 50 mM
Tris, pH 8, 10 mM imidazole, 750 mM NaCl, 1 mM TCEP, and 10% glycerol
(vol/vol). Upon elution, the protein was dialyzed overnight at 4 C in 50 mM
Tris, pH 8, 250 mM NaCl, 1 mM TCEP, 2.5 mM CaCl2, and 10% glycerol (vol/vol)
in the presence of thrombin. The protein was further purified by anion
exchange chromatography on a HiTrap Q column (GE) in 20 mM Tris, pH
8.0, 1 mM TCEP, and 10% glycerol (vol/vol) using a linear gradient from
0 to 1 M NaCl.

Content Mixing Assays. The assays were performed basically as reported (47)
with a few modifications as described below. V-liposomes containing full-length
synaptobrevin-2 (P:L ratio 1:1,000, 1:5,000, or 1:10,000) were made with 39%
POPC (1-palmitoyl, 2-oleoyl phosphatidylcholine), 19%DOPS (1,2-dioleoyl-sn-glycero-
3-phospho-L-serine), 19% POPE (1-palmitoyl-2-oleoyl-sn-phosphatidylethanolamine),
20% cholesterol, 1.5% NBD-PE (N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)-1,2-
dihexadecanoyl-sn-glycero-3-phosphoethanolamine, triethylammonium salt),

and 1.5% Marina Blue DHPE (1,2-dihexadecanoyl-sn-glycero-3-phosphoetha-
nolamine). VSyt1-liposomes containing synaptotagmin-1 57 to 421 (P:L ratio
1:1,000) and full-length synaptobrevin (P:L ratio 1:1,000, 1:5,000, or 1:10,000)
contained 40% POPC, 6.8% DOPS, 30.2% POPE, 20% cholesterol, 1.5% NBD-
PE, and 1.5% Marina Blue DHPE. T-liposomes containing syntaxin-1 and
cysteine-free SNAP-25 (syntaxin-1:lipid ratio 1:800, 1:2,500, or 1:5,000) and dT-
liposomes containing dSNAP-25 (P:L ratio 1:800) and syntaxin-1 (P:L ratio 1:800,
1:2,500, or 1:5,000) were made with 38% POPC, 18% DOPS, 20% POPE, 20%
cholesterol, 2% PIP2 (phosphatidylinositol 4,5-biphosphate), and 2% DAG
(diacylglycerol). For T-liposomes, SNAP-25 was included during reconstitution
at a concentration that was fivefold the syntaxin-1 concentration. Dried lipid
films were resuspended in 25 mM Hepes, pH 7.4, 150 mM KCl, 1 mM TCEP,
10% glycerol (vol/vol), and 2% β-OG. Lipid solutions were then mixed with the
respective proteins and with 4 μM phycoerythrin-biotin for T- or dT-liposomes
or with 8 μM Cy5-streptavidin for V- or VSyt1-liposomes in 25 mM Hepes, pH
7.4, 150 mM KCl, 1 mM TCEP, and 10% glycerol (vol/vol). Proteoliposomes
were prepared by detergent removal using dialysis with 2 g/L Amberlite XAD-2
beads (Sigma) three times at 4 C and subsequent cofloatation on a three-layer
Histodenz gradient (35%, 25%, and 0%) and harvested from the topmost
layer. Although liposomes prepared by these procedures allow simultaneous
monitoring of lipid mixing from dequenching of Marina Blue fluorescence and
content mixing from the increase in Cy5 fluorescence due to development of
FRET with phycoerythrin, lingering intermittent problems with our spectro-
fluorometer prevented us from consistently obtaining lipid mixing data of
sufficient quality. Hence, in this study, we focused on measuring content
mixing (excitation at 565 nm, emission at 670 nm), which provides the more
reliable means to monitor liposome fusion. Each reaction was prepared in a
total volume of 200 μl with V- or VSyt1-liposomes (0.125 mM total lipid), T or
dT-liposomes (0.25 mM total lipid), 2.5 mM MgCl2, 2 mM ATP, 0.1 mM EGTA,
5 μM streptavidin, 5 μM SNAP-25 (only for reactions with T-liposomes), 0.4 μM
NSF, 2 μM α-SNAP, 1 μM Munc18-1, and 0.2 μM Munc13-1C in different com-
binations as described in the figure legends. At 300 s, 0.6 mM CaCl2 was added
to each reaction. Experiments were repeated at least three times with a given
preparation, and the results were verified in multiple experiments performed
with different preparations. All assays were performed at 30 C using a PTI
QuantaMaster 400 spectrofluorometer (T-format) equipped with a rapid
Peltier temperature-controlled four-position sample holder. Content mixing
signals were normalized to the maximum signals obtained by the addition of
1% β-OG to control reactions acquired without streptavidin to measure the
maximal Cy5 fluorescence.

Limited Proteolysis of Liposomes. Proti-Ace Kit by Hampton Research was
used to perform proteolysis of the following liposomes: V-liposomes con-
taining full-length synaptobrevin-2 L26C prelabeled with Alexa 488 as de-
scribed (10) (P:L ratio 1:10,000); VSyt1-liposomes containing Alexa488-
labeled synaptobrevin L26C (P:L ratio 1:10,000) and synaptotagmin-1 57 to
421 WT or D178A,D230A,D232A, D309A,D363A,D365A, or D178A,D230A,-
D232A,D309A,D363A,D365A mutants (P:L ratio 1:1,000); and dT-liposomes
containing syntaxin-1 (P:L ratio 1:5,000) and dSNAP-25 (P:L ratio 1:800). For
this purpose, 20 μl liposomes (2.5 mM lipid) were mixed either with 60 μl
buffer (25 mM Hepes, pH 7.4, 150 mM KCl, and 1 mM TCEP) or with 60 μl six
Proti-Ace enzymes (10 μl of 0.01 mg/mL stock of each protease reagent) and
incubated at 37 C for 5 h. The reaction was stopped by addition of SDS-PAGE
sample buffer, and the digests were separated by SDS-PAGE. The gel was
analyzed with a ChemiDoc imager using emission and excitation filters to
detect Alexa 488 and later was stained with Coomassie Blue. The amounts of
proteins were estimated from the gel images with ImageLab.

Data Availability.All the data presented in this study are included in the article
text, SI Appendix, and Dataset_S1.
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