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SNARE and regulatory proteins induce local
membrane protrusions to prime docked vesicles for
fast calcium-triggered fusion
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Abstract

Synaptic vesicles fuse with the plasma membrane in response to
Ca?* influx, thereby releasing neurotransmitters into the synaptic
cleft. The protein machinery that mediates this process, consisting
of soluble N-ethylmaleimide-sensitive factor attachment protein
receptors (SNAREs) and regulatory proteins, is well known, but the
mechanisms by which these proteins prime synaptic membranes
for fusion are debated. In this study, we applied large-scale, auto-
mated cryo-electron tomography to image an in vitro system that
reconstitutes synaptic fusion. Our findings suggest that upon
docking and priming of vesicles for fast Ca>*-triggered fusion,
SNARE proteins act in concert with regulatory proteins to induce a
local protrusion in the plasma membrane, directed towards the
primed vesicle. The SNAREs and regulatory proteins thereby stabi-
lize the membrane in a high-energy state from which the activa-
tion energy for fusion is profoundly reduced, allowing synchronous
and instantaneous fusion upon release of the complexin clamp.
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Introduction

In neurons, synaptic vesicles fuse with the plasma membrane within
100 microseconds of Ca®>* influx, causing near-instantaneous release
of neurotransmitters into the synaptic cleft [1,2]. This requires that
a readily releasable pool of synaptic vesicles is docked at the
plasma membrane, in a state primed for fusion [3,4]. The core

protein machinery for membrane fusion consists of the soluble
N-ethylmaleimide-sensitive factor attachment protein receptors
(SNAREs), which are characterized by SNARE motifs: extended alpha-
helices that have the propensity to assemble together with cognate
SNARE proteins into four-helix bundles [5,6]. The v-SNARE VAMP2
on synaptic vesicles interacts with its cognate t-SNARE syntaxinl/
SNAP-25 on the plasma membrane [7] to form a trans-SNARE com-
plex. Trans-SNARE complex assembly occurs in a zipper-like manner
beginning with the N-terminal, membrane-distal halves of the SNARE
motifs, proceeding through the membrane proximal halves of the
SNARE motifs, thereby bringing the membrane in close contact, and
continuing through the linker into the transmembrane regions to form
the fully-assembled post-fusion state [8,9]. This process suggests a
model where SNARE complex assembly generates a mechanical force
to induce membrane fusion. Dependent on the SNARE complex
zippering state, increasing forces might be transmitted to the lipid
bilayers, resulting in local changes to membrane shape.

Intermediate stages in assembly provide natural targets for regu-
latory proteins and the current model predicts [10-13] the following
protein roles. Synaptotagmin 1, the Ca?" sensor, is an integral
membrane protein in synaptic vesicles and binds the t-SNARE syntaxinl/
SNAP-25 on the plasma membrane, thereby docking vesicles
[14-19]. Complexin stabilizes the N-terminal half of the partially
assembled four-helix bundle, but blocks further zippering of the
C-terminal half by occupying the membrane proximal region of
syntaxinl /SNAP-25 [14,20,21]. The cytosolic SM (Secl/Muncl8-like)
protein Munc18-1 binds the preassembled t-SNARE complex and
the membrane proximal section of VAMP2 and thereby promotes
further SNARE complex assembly [22,23], but does not overcome
the complexin-induced arrest [14]. Upon Ca*”" influx via a voltage-gated
Ca®* channel, the C2 domains of synaptotagmin interact with anionic
phospholipids and the t-SNARE, causing local phospholipid bilayer
perturbation and the release of the complexin inhibition, triggering
fusion [13,24].
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Although the molecular machinery controlling membrane fusion
has been identified, it is unclear how the network of SNAREs and
regulatory components manipulates and constrains the lipid
membranes to prime and mediate fusion. Two recent studies have
addressed this question using cryo-electron microscopy (cryoEM) to
image mixtures of reconstituted liposomes containing v- and
t-SNAREs and a subset of regulatory proteins. The first study [25]
was primarily limited to SNAREs and used a fragment of VAMP2
(syntaptobrevin) to slow down SNARE complex assembly and allow
intermediates to be visualized. In this system, extended tight
membrane contacts between liposomes were observed, some of
which had undergone hemifusion, and it was proposed that fusion
is induced at the edges of extended membrane interfaces. In the
second study [26], small unilamellar vesicles (SUVs) contained
reconstituted SNAREs and reconstituted full-length synaptotagmin 1.
Hemifusion diaphragms were observed, as well as points where
liposomes contacted one another but had undergone no change in
membrane shape. No extended tight membrane contacts were
observed in the absence of Ca®**. Upon Ca?" addition, only the
point-contacts underwent fast fusion.

Here, we have re-addressed how membranes are primed for
fusion by imaging an in vitro reconstituted system mimicking
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Figure 1. Observation of docked vesicles on the target membrane.
A A schematic representation of the in vitro system employed in this study.
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synaptic vesicle fusion [14] in three dimensions by cryo-electron
tomography (cryoET).

Results and Discussion

We mixed SUVs, into which we had inserted VAMP2 and synapto-
tagmin 1, with giant unilamellar vesicles (GUVs) containing
syntaxinl and SNAP-25. SNARE complex formation was promoted
by Munc18-1, but stalled by the presence of complexin (Fig 1A, Sup-
plementary Methods). Using a fluorescence dequenching assay we
verified that Ca®>" triggers fast, synchronous lipid mixing in this
system, in a manner dependent on the presence of the reconstituted
SNARESs [14] (Fig 1B).

Reactions were incubated for 1 min at 37°C in the absence of
Ca’™", vitrified by plunge-freezing, and transferred to the electron
microscope for imaging (Supplementary Methods). We collected
low-magnification overview images (Supplementary Fig S1) of large
areas of the samples to assess the degree to which the SUVs were
docked to the GUVs, and collected high-magnification cryo-electron
tomograms of docked SUVs to obtain 3D views of the membrane
morphology at the docking site. Reconstructed cryo-electron

Membrane fusion
arrested by
complexin

B Kinetics of fusion reactions monitored by a plate reader assay for lipid mixing (see Supplementary Methods). Upon the addition of Ca®*, docked and primed vesicles
fuse almost instantaneously as evident by a sudden increase in fluorescence signal indicating fast lipid mixing. Reaction mixtures contained or lacked the indicated
components. All: all components (syntaxin1/SNAP-25, VAMP2, synaptotagmin 1, complexin, and Munc18) were present in the fusion assay; empty SUVs: protein-free
SUVs lacking VAMP2 and synaptotagmin 1 were used; +CD-VAMP2: the cytoplasmic domain of VAMP2 was added to the reaction containing all components.

C Slice through a representative cryo-electron tomogram showing large populations of SUVs docked onto the target membrane in a reaction containing SNARE
proteins, synaptotagmin 1, complexin and Munc18-1. Large populations of docked vesicles were not observed in a control reaction with empty SUVs. See also

Supplementary Figs S1, S2A and Movie S1.
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tomograms from the complete reaction showed large numbers of SUVs
apparently docked to the GUV target membranes (Fig 1C, Supple-
mentary Fig S2A, Movie S1). Quantitative analysis of overview
images (Supplementary Fig S1) revealed that 68% of SUVs were
proximal to a GUV in the complete reaction (Table 1), compared
to only 21% of SUVs in control reactions where the SUVs
contained no protein - these presumably represent SUVs in the
vicinity of a GUV by random chance. Together these data suggest
that approximately 69% of the SUVs that are proximal to GUVs
in the complete reaction are specifically docked. In reactions in
which VAMP2 was omitted, or in which the cytoplasmic domain
(CD) of VAMP2 was added to compete with SNARE complex
formation, or in which Muncl8-1 was omitted, the fraction of
docked vesicles was similar to that in the complete reaction, indi-
cating that these components do not mediate or modulate docking
(Table 1 and Fig 2G). In a control experiment in which synapto-
tagmin 1 was omitted, only a background level of docking was
observed (~8%, Supplementary Table S3). This is consistent with
previous studies indicating that synaptotagmin 1 is required to
mediate vesicle docking [14,16,23].

The high-magnification three-dimensional reconstructions of
docked SUVs revealed three major classes of membrane morphology
at the sites where a SUV was proximal to a GUV (Fig 2A-F, see Sup-
plementary Methods for detailed definitions). In the first, simplest
class (“contact”) the SUV and GUV were in close proximity but
there was no obvious distortion induced in the vesicle, or on the
target membrane at the docking site (Fig 2B and E). The second
class (“extended contact”) was that of a more extended membrane-
membrane contact, with two closely apposing membranes (Fig 2C
and F). In the third class (“protrusion”) we observed a prominent
protrusion in the GUV membrane at the point of closest approach,
oriented towards the SUV (Fig S2A and D, Supplementary Fig S2B,
Movie S1).

We hypothesized that these three classes represented different
stages of membrane docking and fusion. In this case the addition or
omission of regulatory components should alter the relative
frequency of the morphologies observed. Thus, we prepared
samples in which all components were present; where the cytoplas-
mic domain of VAMP2 (CD-VAMP2) was added as a competitor for
trans-SNARE complex formation; where VAMP2 was absent; where
VAMP2 and synaptotagmin 1 were absent (“empty SUVs”); and
where Munc18-1 was absent. For each sample we used large-scale
automated cryoET to reconstruct large numbers of docking sites in
3D. The data for the different samples were mixed and randomized,
and the occurrences of the different classes were quantified
“blind”. The experiment was repeated in triplicate for different
biological replicates. The results of the quantification are summa-
rized in Fig 2G (see also Table 1 and Supplementary Tables S1-S2,
Supplementary Methods).

In the “empty SUV” control sample, where proximity between
SUVs and GUVs presumably results from random chance, we found
that 60% of sites showed a simple contact and 40% of sites showed
an extended contact (Supplementary Fig S3). In this sample, the
“protrusion” class was not observed. In contrast, in the complete
reaction, 48% of sites showed a simple contact, 8% an extended
contact, and 44 % a protrusion. Considering that we estimated above
that 69% of SUVs in the vicinity of the GUVs in the complete
reaction are specifically docked, these data suggest that when all

© 2014 The Authors
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proteins are present, specific docking of SUVs induces a protrusion
in the target membrane in the majority of cases.

To understand whether formation of the protruding membrane
intermediate requires trans-SNARE complex assembly, we consid-
ered the sample where the cytoplasmic domain of VAMP2 was
added as a competitor for t-SNARE binding. We observed that the
number of protruding membrane intermediates observed was
reduced by approximately 75% (Table 1 and Supplementary Tables
S1-S2). In the sample where the SUVs were completely devoid of
VAMP2 (containing only synaptotagmin 1), the effect was more
dramatic: only 2% of docked SUVs showed a protrusion, 96% fewer
than in the complete reaction. These experiments indicate that
docking of vesicles to the target membrane, though mediated by
synaptotagmin 1, is not sufficient to induce protrusions on the target
membrane. (This observation rules out the possibility that protru-
sions are formed mechanically by docked SUVs being pulled away
from the GUV membrane during sample preparation: in this case

Undocked

G
All
empty
SUVs
+CD-
VAMP2

Proportion

Figure 2. Large-scale automated cryoET and blind quantification of
major membrane morphologies observed.

A-C Cartoons showing the three major types of membrane morphologies
observed where SUVs were proximal to GUVs.

D-F Tomographic slices showing examples of (A-C). See also Supplementary
Fig S2B for a gallery of the protruding target membrane intermediate.

G Blind quantification (see Supplementary Methods) of the instances of
each morphology observed in three independent biological replicates of
each sample. Raw data are shown in Table 1. Error bars represent the
95% confidence intervals for each observed proportion (see
Supplementary Methods and Supplementary Table S1-S2 for details of
statistical analysis). The ratio of undocked (gray bar) to docked (red, blue
and orange bars) vesicles was quantified using low-magnification images
and the ratio of “protrusion”, “contact” and “extended” contact vesicles
was quantified using high-magnification cryoET data (see also
Supplementary Figs S1, S2 and S3).
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one would expect protrusion formation to correlate with docking.)
Formation of the protruding membrane intermediate is dependent
on formation of a trans-SNARE complex.

The presence of Munc18-1 stimulated calcium-independent lipid
mixing to a certain degree (Fig 1B), but it only resulted in a small
increase in the formation of membrane protrusions, which was
statistically not significant (Fig 2G, Supplementary Table S2). However,
we cannot exclude that Munc18-1 may induce more subtle changes
in the SUV or GUV membrane, which we did not score with our
rigorous definition of protrusions.

We next asked whether at time points where priming was incom-
plete there was a corresponding lower number of protrusions. We
therefore carried out an experiment in which a mixture of v-SNARE
SUVs and t-SNARE GUVs was incubated on ice for different time
periods in the presence of complexin. Subsequently we measured
the extent of docking using a previously described liposome sedi-
mentation assay [23] (Fig 3A, Supplementary Table S3), and mea-
sured the degree of fusion upon Ca®>* addition (Fig 3B-C). Further,
we collected cryoET data (Fig 3D) at the different time points and
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“blindly” quantified the degree of protrusion formation. Combining
these data, we found that between 1, 5, and 60 min time points, the
amount of docking and of protrusion formation increased (Fig 3E).
Simultaneously, the number of vesicles primed for fusion, as indi-
cated by the extent of fusion upon Ca®>* addition, also increased
(Fig 3C). Therefore, where priming was incomplete, a lower
number of protrusions was observed.

This protruding target membrane intermediate was not observed
in the recent cryoEM studies of SNARE mediated fusion in SUV mix-
tures in the absence of complexin [25,26]. In these studies either
close contact between SUVs, or an extended contact region, was
suggested to represent the pre-fusion intermediate. We hypothesize
that protrusions are less easily visualized in SUVs than in GUVs due
to the higher membrane curvature and membrane tension in the
SUVs. We carried out an additional experiment where v- and
t-SNARE proteins were each reconstituted into separate populations
of SUVs that were then mixed in the presence of complexin and
Munc18-1 and imaged by cryoEM and cryoET (Supplementary
Fig S4A). Consistent with the recent studies, we did not observe the

-
- @ O o
o ©o o o©o

N oW s O O
o O o o o

% of maximum fusion after calcium O
-
o

1min 2min Smin 10 min 60 min

5 min

1 min

o
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1 min

5 min

60 min

60 min

Figure 3. Protrusion formation correlates with priming and membrane fusion. Reactions containing VAMP2/synaptotagmin 1 SUVs were mixed on ice with t-SNARE

GUVs in the presence of complexin, but in the absence of Munc18.

A Rate of docking assayed by a liposome sedimentation assay described in [23] at different time points. Docking was found to increase as a function of time. Error bars

indicate s.e.m. (n = 3).

B Kinetics of the fusion reaction at 37°C monitored by a plate reader assay for lipid mixing. Error bars indicate s.e.m. (n = 3).
C Change in fluorescence signal 10 s after induction with Ca** for the same samples. The extent of priming was seen to increase as a function of time. Error bars

indicate s.e.m. (n = 3).

D Samples were prepared on ice and plunge-frozen for cryoEM at different time points at 4°C. Representative tomographic slices from these experiments are shown

(n = 1 for each time point).

E Quantification of randomized data from one sample at each time point (see Supplementary Methods) shows that both docking and protrusion formation increase as
a function of time. Undocked vesicles (gray), contact (blue), extended contacts (orange), protrusions (red).
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formation of protrusions at contact sites between SUVs (Supplemen-
tary Fig S4A). We found that in this reaction, the similar sizes of the
two SUV populations prevented discrimination of contacts between
v- and t-SNARE containing SUVs from contacts between SUVs that
both contain t-SNAREs or both contain v-SNAREs. We therefore
repeated the reaction with all the components included (as in
Fig 1C), but reconstituted the t-SNARE proteins into the SUVs and
the v-SNARE proteins into the GUVs (Supplementary Fig S4C).
Although fusion priming was efficient in this reaction (Supplemen-
tary Fig S4E), the formation of protrusions was inefficient (Supple-
mentary Fig S4D, Table S3). These two observations together
suggest that protrusion formation is specific to the t-SNARE-containing
membrane, and is hindered by the high tension of SUVs.

In summary, we used a system where SUVs containing VAMP2
and synaptotagmin 1 (mimicking the small synaptic vesicles) were
incubated with GUVs containing syntaxinl and SNAP-25 (mimicking
the low curvature of the synaptic plasma membrane), in the
presence of complexin to stall the fusion reaction. We observed
that SUVs efficiently dock with the GUVs to form an intermediate
characterized by a local bilayer protrusion in the target membrane,
directed towards the SUV. SUV docking was dependent on
synaptotagmin 1, but independent of trans-SNARE complex
assembly. In contrast, induction of the membrane protrusion was
dependent on formation of the trans-SNARE complex, which likely
provides the energy required to deform the target membrane.
Under conditions where fusion priming is incomplete, lower num-
bers of protrusions are seen. These data suggest that formation of a
primed pre-fusion state is associated with a protruding membrane
intermediate. Such protrusions have been hypothesized to be
important for exocytosis [27]. Biophysical models have predicted
that protein-mediated membrane fusion starts with a point-like con-
tact between the vesicle and the target membrane, inducing a local
lipid bilayer protrusion in the target membranes, followed by the
formation of a hemi-fusion stalk and finally culminating in lipid
bilayer merger [28,29]. Local bilayer protrusions have an increased
membrane curvature, which can significantly reduce the kinetic bar-
rier opposing spontaneous fusion within a biologically relevant time
frame [30]. Based on our data, we propose that docked synaptic
vesicles are primed in a high-energy state in which a local bilayer
protrusion in the target membrane is stabilized by forces applied
by the trans-SNARE complexes. In this primed state, activation
with Ca®* induces the insertion of the C2 domains of synaptotag-
min 1 into the target membrane. This releases the complexin
block, allowing the system to go energetically downhill towards full
membrane fusion.

Materials and Methods

Protein reconstitution into liposomes, the assay for lipid-mixing,
and sample preparation protocols for cryoEM have been described
previously [14] (See also Supplementary Methods). The reaction
partners were mixed and incubated for 1 min at 37°C before sample
preparation for cryoEM, except for the time course assay for fusion
(described in Fig 3) where cryoEM sample preparation was carried
out at 4°C. CryoEM data was collected on an FEI Polara microscope
operated at 200 kV, equipped with an energy filter (see Supplemen-
tary Methods). Low-magnification overview images were collected

© 2014 The Authors
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with SerialEM [31], and cryoET data was collected using the FEI
Tomography 4 software. CryoET data was processed using IMOD
[32] and RAPTOR [33]. CryoEM data quantification was performed
‘blind’ by randomizing the data prior to image processing, unless
otherwise specified. Statistical analysis is described in further detail
in Supplementary Tables S1-S2 and in the Supplementary Methods
section.

Supplementary information for this article is available online:
http://embor.embopress.org
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