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Neurotransmitter release is orchestrated by synaptic proteins, such
as SNAREs, synaptotagmin, and complexin, but the molecular
mechanisms remain unclear. We visualized functionally active synap-
tic proteins reconstituted into proteoliposomes and their interactions
in a native membrane environment by electron cryotomography
with a Volta phase plate for improved resolvability. The images
revealed individual synaptic proteins and synaptic protein complex
densities at prefusion contact sites between membranes. We ob-
served distinct morphologies of individual synaptic proteins and
their complexes. The minimal system, consisting of neuronal SNAREs
and synaptotagmin-1, produced point and long-contact prefusion
states. Morphologies and populations of these states changed as
the regulatory factors complexin and Munc13 were added. Com-
plexin increased the membrane separation, along with a higher pro-
pensity of point contacts. Further inclusion of the priming factor
Munc13 exclusively restricted prefusion states to point contacts,
all of which efficiently fused upon Ca2+ triggering. We conclude
that synaptic proteins have evolved to limit possible contact site
assemblies and morphologies to those that promote fast Ca2+-
triggered release.
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The process of vesicle trafficking is central for transporting
materials both inside and outside of cells and is essential for

maintaining cellular homeostasis (1, 2). Synaptic vesicle fusion
releases neurotransmitter molecules into the synaptic cleft upon an
action potential—a fast (<5 ms) and highly regulated process. The
neuronal SNARE proteins synaptobrevin-2/VAMP2 and syntaxin-
1A are anchored in the synaptic vesicle and plasma membranes,
respectively, whereas SNAP-25 is peripherally associated with
the plasma membrane. The N- to C-terminal zippering of the
trans SNARE complex between synaptic and plasma mem-
branes provides the force for membrane juxtaposition and fusion
(3), but SNAREs alone are not Ca2+-sensitive. Synaptotagmins
are membrane-tethered proteins containing two Ca2+-binding
C2 domains, and a subset of the 16 isoforms of mammalian syn-
aptotagmins act as Ca2+ sensors for neurotransmitter release: e.g.,
synaptotagmin-1 (Syt1) is the Ca2+ sensor for evoked synchronous
neurotransmitter release (4). The system is exquisitely fine-tuned
to increase the probability of fusion between synaptic vesicles and
the plasma membrane by orders of magnitude upon Ca2+ binding
to Syt1. Synaptotagmins simultaneously interact with anionic
phospholipid membranes (5) and the neuronal SNARE complex
(6, 7). The SNARE complex also interacts with complexin (Cpx), a
small soluble protein that both activates evoked release and reg-
ulates spontaneous release (8, 9). Moreover, Cpx forms a tripartite
complex with the SNARE complex and Syt1 (10). This tripartite
complex is part of the prefusion, “primed” state of the synaptic
vesicle fusion machinery. Both Munc13 and Munc18 are impor-
tant for priming, and, at the molecular level, they facilitate proper
SNARE complex assembly (11, 12).

Although high-resolution structures are available for some of the
key complexes of soluble fragments of synaptic proteins (6, 10, 13,
14), and the process has been reconstituted (11, 15, 16), the associ-
ation of these complexes with the synaptic and plasma membranes
remains unclear. Previous cryo-EM projection studies revealed only
membrane shapes but no protein densities (16–18). All synaptic
proteins are relatively small (ranging from 45 to 200 kDa) and form
heterogeneous and dynamic complexes, posing challenges for imag-
ing by conventional electron tomography. Moreover, the complex
nature of cellular synapses consisting of dynamic and dense networks
of protein–protein and protein–membrane interactions makes it dif-
ficult to study the synaptic fusion protein machinery in vivo. There-
fore, we used a bottom-up approach where we reconstituted synaptic
proteins into liposomes in a stepwise fashion: Synaptobrevin-2 and
Syt1 were reconstituted into liposomes with a defined synthetic lipid
composition that mimics synaptic vesicles (referred to as “SV vesi-
cles”), and syntaxin-1A and SNAP-25A were reconstituted into li-
posomes with a lipid composition that mimics the plasma membrane
obtained from lipid brain extracts (referred to as “PM vesicles”) (19).
To visualize the morphology of membrane-associated synaptic

proteins and contact sites between membranes of these function-
ally active proteoliposomes, we used electron cryotomography
(cryo-ET), which allows the study of membranes (20) and
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membrane proteins under close to native conditions (21). How-
ever, low-dose imaging of radiation-sensitive biological samples
leads to poor contrast (that is, poor signal-to-noise ratio) of the
images. The conventional method of artificially defocusing im-
proves the phase contrast of the images, but at the expense of
inducing contrast transfer function-related artifacts that have to be
dealt with during image processing. This limitation becomes even
more important for imaging of the relatively small synaptic pro-
teins. Introduction of defocus fundamentally limits the achievable
resolution of EM images unless accurately corrected, but, in to-
mography, the contrast transfer function (CTF) correction is
technically challenging due to the tilt-induced complexity in the
sample (22). Consequently, alignments become very sensitive to
defocus artifacts exaggerating resolution loss in the original image
when reconstructed in 3D, more so in small particles due to poor
alignment features. To overcome the limitations of conventional
cryo-ET, we used phase contrast imaging with the Volta phase
plate (VPP), allowing in-focus imaging of the samples with signif-
icantly higher contrast (23, 24).

Results
Volta Phase Plate Electron Cryomicroscopy of Functional Synaptic
Proteoliposomes. When mixed together, and Ca2+ is added, SV
and PM vesicles fuse as shown by a single vesicle fusion assay as
previously reported (12, 16) (Fig. S1): i.e., the SV and PM vesicles
represent a minimal system for Ca2+-triggered fusion. Inclusion of
additional synaptic proteins, in particular, Cpx and Munc13, greatly
increases the efficiency, synchrony, and sensitivity of Ca2+-triggered
fusion (Fig. S1).
Cryo-ET images of individual PM and SV vesicles under

optimized conditions (Methods) showed evenly distributed and
well-separated vesicles that do not form any contacts or fusion
interfaces (Fig. 1 A and B). VPP greatly improved the resolvability
and reliability of imaging of membranes and of individual synaptic
proteins (Fig. 1C and Fig. S2). The vesicles had an effective bilayer
thickness of ∼40 Å (Fig. S3 A–C). The diameter distributions of the
PM and SV vesicles had pronounced maxima at ∼90 and 55 nm,
respectively (Fig. S3D). Some densities protruded from the surface
of SV vesicles that likely correspond to Syt1 C2A-C2B domains,
based on the shape and volume of these densities (Fig. 1C, Top and
Fig. S2C). Smaller densities that protruded from PM vesicles likely
correspond to complexes between syntaxin-1A and SNAP-25A
(Fig. 1C, Bottom). The differences in vesicle diameters and the

protruding densities made it possible to uniquely identify the par-
ticular type of vesicle in mixtures of PM and SV vesicles.
We trapped prefusion protein–membrane contact sites by in-

cubating a mixture of PM and SV vesicles in the absence of Ca2+

for 1 min before freezing. Cryo-ET of the mixture revealed con-
nected densities between many pairs of docked vesicles. These
contact sites are strong densities as seen in 2D slice views (gray left
subpanels in Fig. 2 B–D, Fig. S4, and Movie S1) and in isosurface
3D maps (Fig. 2 B–D, green surface subpanels). The isosurface
contour level of the 3D maps was adjusted such that the membrane
or membrane-associated proteins, such as Syt1, were visible and
matched the expected size.
An analysis of tomograms with several hundred contact sites of

the SV + PM vesicle mixtures revealed a limited number of distinct
contact site morphologies. We characterized them based on the
contact site length (Methods). The majority of the observed contact
sites are tight point contacts (site length ∼115 to 160 Å, 48%),
along with smaller populations of loose point contacts (site length
∼50 to 80 Å, 34%) and long point contacts (site length ≥180 Å,
18%) (Fig. 2 B–D, Table S1, and Methods). Volumetric occupancy
analysis of representative contact sites suggests that the density of a
tight-contact site can accommodate approximately two SNARE–
Syt1 complexes (Fig. S5 A and B and Tables S2 and S3).

Effect of Complexin-1 on Membrane Separation and Contact Site
Morphologies. We next determined the effect of Cpx on the con-
tact site morphologies. We incubated the SV vesicles for 30 min
with 2 μM full-length Cpx (referred to as SVCpx vesicles) before
mixing with PM vesicles. As previously reported (12), inclusion of
Cpx increased the amplitude of Ca2+-triggered fusion between
SVCpx and PM vesicles using the single vesicle fusion assay (Fig.
S1). Inclusion of Cpx also increased the number of contact sites,
thereby increasing the apparent number of vesicles in the EM to-
mograms in the absence of Ca2+ (Fig. 2E). At the morphological
level, similar classes of contact sites were observed as without Cpx
(Fig. 2 B–D and F–H and Figs. S4 and S5 E–J). However, the
population of tight point contact sites increased from 48 to 66%
whereas the populations of loose and long contact sites decreased.
Additionally, the mean membrane separation increased by ∼24 Å
for loose and tight point contact sites (Fig. S3E). Volumetric oc-
cupancy analysis of representative contact sites suggests that the
density of a tight-contact site can accommodate approximately two
tripartite complexes consisting of Syt1, SNAREs, and Cpx (Fig. S5
C and H–J and Table S4).

Fig. 1. Cryo-ET of individual PM and SV vesicles. (A and B) Gray scale tomographic slice views of individual PM and SV vesicles that were separately frozen on EM
grids, respectively. SV vesicles include reconstituted Syt1 and synaptobrevin-2 whereas PM vesicles include syntaxin-1A and SNAP-25A. (C) Representative sub-
tomograms (tilt axes along the solid white lines) of SV (light gray, Top) and PM vesicles (dark gray, Bottom). Protruding densities (arrows) from both vesicles are
seen both in 2D-slice (Left) and 3D isosurface views (Middle and Right). These densities likely correspond to Syt1 in SV vesicles and syntaxin-1A/SNAP-25A
complexes in PM vesicles. Tomogram 2D slice thickness: 1 pixel = 3.42 Å. (Scale bars: black, 100 nm; gray, 25 nm.) Thin white lines, tilt axes.
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Imaging of Flexible Munc13 Bound to Membranes. Next, we pre-
incubated PM vesicles with 0.5 μM C1C2BMUN fragment of
Munc13 for 30 min (referred to as PMC1C2BMUN vesicles) and also
included 0.5% diacylglycerol (DAG) in the preparation of the PM
vesicles as previously described (12). The cryo-ET tomograms
of the PMC1C2BMUN vesicles alone revealed several flexible fila-
mentous densities protruding from them, roughly corresponding to
the dimensions of the C1C2BMUN fragment based on its crystal
structure (25) (Fig. 3A). The C1C2BMUN fragments appear to be
loosely or tightly attached to the membrane at varying angles. The
loosely bound C1C2BMUN fragments were in contact with the
membrane whereas the tightly bound fragments had a pronounced
density at the base (Fig. 3A). The loosely bound C1C2BMUN
fragments might involve binding to DAG in the membrane because
the C1 domain of Munc13 binds to DAG (26, 27), and both DAG
and PIP2 were included in the preparation of the PM vesicles (12).
The tighter bound C1C2BMUN fragments may additionally in-
volve an interaction with the reconstituted complex of syntaxin-1A
and SNAP-25A in the PM vesicles.
The C1C2BMUN fragments exhibited flexibility near the

membrane-attached base and in the middle of the fragment (Fig. 3A).
Nevertheless, we managed to generate a low-resolution (∼41 Å)
(Fig. S6) subtomogram average from particles that projected away
from the membrane plane at an ∼45° angle (Fig. 3B). The aver-
aged C1C2BMUN EM density represents the arrangement of the
C1C2BMUN fragment in one conformation with respect to the
membrane (Fig. 3B). The subtomogram average fits the crystal
structure of the C1C2BMUN fragment reasonably well (Fig. 3B),
where the C1 and C2B domains at the base of the filament in-
teract with the membrane, whereas the MUN domain projects
away. The extra densities in the EM map are likely due to 32
N-terminal and 38 C-terminal residues of the C1C2BMUN frag-
ment that are missing in the crystal structure.

Effect of Munc13 on Contact Site Morphologies. We next studied the
effect of both C1C2BMUN and Cpx on vesicle contact site mor-
phologies and performed cryo-ET of SV and PM vesicles pre-
incubated with these synaptic proteins, respectively. Functionally,
inclusion of the C1C2BMUN fragment resulted in a further large
increase of the Ca2+-triggered fusion amplitude of SVCpx +
PMC1C2BMUN vesicles (Fig. S1). In the absence of Ca2+, the mixture

of SVCpx + PMC1C2BMUN vesicles clearly revealed the two vesicles
types: PM vesicles with protruding C1C2BMUN fragment densities
and SV vesicles with protruding Syt1 densities (Fig. 3C). We ob-
served loose or tight point contact sites (33%) that have no
C1C2BMUN fragments at the site (Fig. 3D, Figs. S5 K–N and S7
A–D, and Table S5). Another large population (41%) are point
contact sites with nearby C1C2BMUN fragment densities (Fig. 3E
and Figs. S5M and S7B). Remarkably, no long contact sites were
observed: i.e., the presence of the C1C2BMUN fragment sup-
presses formation of these long contact sites. A smaller fraction
(26%) of the contact sites also included filamentous densities
interacting with the contact site densities (Fig. 3F and Figs. S5N
and S7A). The filamentous densities (black arrows in close-up views
in Fig. 3F) at these sites corresponded in size and shape to
C1C2BMUN fragments (Fig. 3B and Fig. S5D). Additionally, there
were corresponding densities at these contact sites that probably
consist of complexes of SNAREs, Syt1, and Cpx (white arrows in
close-up views in Fig. 3F).

Effect of Ca2+ Addition on Contact Site Morphologies. To study the
effect of Ca2+ addition on the vesicle contact site morphologies, we
performed cryo-ET of SVCpx + PM and SVCpx + PMC1C2BMUN
mixtures after addition of 500 μM Ca2+ for 1 min, followed by
flash-freezing. Single vesicle fusion experiments with the same sets
of vesicle preparations indicated Ca2+-triggered events as pre-
viously reported (12, 16) (Fig. S1). Fusion between a pair of PM
and SV vesicles was expected to result in a relatively small increase
in the diameter of the resulting fused vesicle, so it was difficult to
extract this increase from vesicle size diameter distributions con-
sidering the observed variation in diameters (Fig. S3D). However,
for both SVCpx + PM and SVCpx + PMC1C2BMUN, we also observed
several large circular or elliptical vesicles (≥200 nm) (Fig. 4 A and
G), which were likely caused by multiple fusion events with the
same vesicle.
Analysis of the contact site morphologies revealed substantial

changes in the population of the sites upon Ca2+ addition. Some
point and long contacts remained even after Ca2+ addition for
SVCpx + PM vesicle mixtures: i.e., without C1C2BMUN (Fig. 4
C–E). These remaining point contacts may include protein com-
plexes that are not properly assembled and do not undergo fast
Ca2+ triggered fusion. Also, several hemifusion diaphragms (20%)

Fig. 2. SV + PM vesicle contact site morphologies with and without Cpx. (A) Tomographic 2D-slice view of a mixture of SV + PM vesicles in the absence of Cpx.
(B–D) Representative morphologies of contact sites of a mixture of SV + PM vesicles: loose, tight, or long contacts (seeMethods for definition). Subtomograms of
vesicles with contact sites are shown in 2D-slice view (gray, Left, tilt axes along the solid white lines) and corresponding isosurface representations [green, Right,
insets show close-up views (4×) of the contact sites]. (E) Tomographic 2D-slice view of a mixture of SVCpx + PM vesicles (i.e., SV vesicles were first incubated with
2 μM Cpx, and Cpx continued to be present during mixing with PM vesicles). (F–H), Representative morphologies of contact sites of a mixture of SVCpx + PM
vesicles shown in tomographic 2D-slice view (gray, Left, tilt axes along the solid white lines) and isosurface representation [pink, Right, insets show close-up views
(4×) of the contact sites]. Additional views of the isosurface representations are shown in Fig. S5 E–J, more representative gray scale tomographic 2D-slice views
are shown in Fig. S4, and videos of representative tomograms are available in Movies S2 and S3. Percentages were calculated with respect to the total number of
observed interfaces (Table S1). Tomogram 2D slice thickness: 1 pixel = 3.42 Å. (Scale bars: black, 100 nm; gray, 25 nm.) Thin white lines, tilt axes.
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(Fig. 4F and Table S1) were observed along with the point and long
contacts. Such hemifusion diaphragms are long-lived metastable
states (16, 17) that should be considered “dead-end” states in the
context of fast neurotransmitter release.
In marked contrast, when C1C2BMUN was included, all point

contact sites of the SVCpx + PMC1C2BMUN vesicle mixtures dis-
appeared after Ca2+ addition (Fig. 4 G–I), and the fraction of
hemifusion diaphragms was much smaller (Fig. 4 G and J), which
suggests that nearly all docked SVCpx + PMC1C2BMUN vesicles
completely fused upon Ca2+ addition, except for small fractions of
hemifusion diaphragms (7%) and long contacts (9%) (Fig. 4 I and
J and Table S1). The lack of C1C2BMUN fragments at a con-
siderable number of contact sites before Ca2+ addition (Fig. 3D)
suggests that, in these cases, Munc13 catalyzed proper SNARE
complex assembly and then dissociated from the primed prefusion
complexes before Ca2+ triggering.

Discussion
The number of synaptic proteins and their assembly into higher
order complexes have been the subjects of intense investigation
and controversy (28–32). We visualized synaptic protein prefusion
states in a native membrane environment at 41-Å resolution (Fig.
S6). We built the system in a step-wise fashion to visualize indi-
vidual synaptic protein interactions and their regulation. Our im-
ages show that SNAREs and Syt1 produce a distinct set of contact
morphologies between membranes. Point contacts include at most
two complexes whereas long contacts contain more complexes

(>∼6) that are likely related to higher order assemblies (Tables S3–
S5): i.e., the precise copy number of complexes involving SNAREs
and Syt1 is variable. Inclusion of Cpx increased the membrane
mean separation between synaptic and target membranes and also
increased the occurrence of tight point contacts while reducing the
occurrence of long contacts in our tomography datasets (Fig. 2 and
Fig. S3E). Upon further inclusion of the C1C2BMUN fragment of
Munc13, the contacts were largely restricted to point contacts only:
i.e., no long contacts were present, and the large majority of vesicles
completely fused upon Ca2+ addition (Fig. 4 G–I). This effect of
Munc13 is probably related to its molecular function to promote
proper synaptic complex assembly (12). Although hemifusion dia-
phragms are possible outcomes of membrane fusion with a system
that consists of SNAREs only, they were suppressed as the recon-
stituted system was made more complete with Cpx and Munc13.
Taken together, the occurrence of point contacts between

membranes consisting of approximately two synaptic complexes
increases in our reconstituted system as Cpx and Munc13 are
added. It is therefore tempting to speculate that the synaptic fusion
machinery has evolved to prefer point contacts rather than more
extensive contacts. We note that each synaptic complex composed
of SNAREs, Syt1, and Cpx has two states: locked and Ca2+-trig-
gered (10). Only the Ca2+-triggered state promotes fusion whereas
the locked state resists fusion by keeping membranes apart. We
note that inclusion of Cpx increases the membrane separation (Fig.
S3E), supporting the notion that a locked complex lowers the
probability of fusion, as also suggested by the dominant negative

Fig. 3. SV + PM vesicle contact site morphologies in the presence of Cpx and C1C2BMUN. (A) Tomographic 2D-slice view of individual PMC1C2BMUN vesicles (i.e., PM
vesicles were incubated with the C1C2BMUN fragment ofMunc13). Multiple flexible densities (gold) protrude from the vesicles that correspond to C1C2BMUN fragments.
The black arrow points to the hinge of a bent filament. The grey arrow shows a straight filament protruding at an ∼45 degree angle from the membrane. (B) Sub-
tomogram average of the C1C2BMUN fragment (Left, two orthogonal isosurface views) and superposition with the automatically docked crystal structure of the
C1C2BMUN fragment (N- to C-terminal, blue-to-red rainbow-colored ribbon representation, PDB ID code 5UE8) (25) and crystal structures of theMUN domain (red ribbon
representation, PDB ID codes 5UF7 and 4Y21). Bottom, domain structure of the C1C2BMUN fragment. (Right) A composite model consisting of a subtomogram of the
membrane and the subtomogram average of the C1C2BMUN fragment in an orientation as seen for a C1C2BMUN fragment in A (gray arrow in A). (C) Gray scale
tomographic 2D-slice views of mixtures of SVCpx + PMC1C2BMUN vesicles (i.e., SV vesicles were preincubated with 2 μM Cpx, PM vesicles were preincubated with 0.5 μM
C1C2BMUN fragment, and both Cpx and C1C2BMUN were present during mixing of the two classes of vesicles). (D–F) Corresponding vesicle contact site morphologies.
Subtomograms of vesicles with contact sites are shown in tomographic 2D-slice view (gray, Left, tilt axes along the solid white lines) and corresponding isosurface
representations [blue, Right, insets show close-up views (4×) of the contact sites]. Black arrows in F point to C1C2BMUN fragments, and white arrows point to other
densities that may correspond to complexes of SNAREs, Syt1, and Cpx. Additional views of the isosurface representations are shown in Fig. S5 K–N, more representative
gray scale tomographic 2D-slice views are shown in Fig. S7A–D, and a video of a representative tomogram is available inMovie S4. Percentages are calculatedwith respect
to the total number of observed interfaces (Table S1). Tomogram 2D slice thickness: 1 pixel = 3.42 Å . (Scale bars: black, 100 nm; gray, 25 nm.) Thin white lines, tilt axes.
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phenotype of certain mutations of the C2B domain of Syt1 (10).
Suppose that there are n synaptic complexes in a contact site; then
the probability that all complexes are triggered upon Ca2+ addition
is pn, where p is the probability that an individual synaptic complex
switches to the Ca2+-triggered state. If a locked complex is strongly
inhibitory (i.e., fusion cannot occur if there remains at least one
locked complex in a particular contact site upon Ca2+ addition),
then a small contact site is more likely to fuse than a large one.
Alternatively, if the locked and triggered complexes are energeti-
cally balanced (i.e., a simple majority of triggered complexes is
sufficient for fusion, and the triggered complexes have to be spa-
tially adjacent to each other in the contact site to promote fusion),
again, a smaller contact site would have a higher probability of
Ca2+-triggered fusion. Of course, further studies are required that
will include additional factors, such as Munc18. Nevertheless, these
simple models could explain why a parsimonious system consisting of
the smallest required number of synaptic complexes would have been
evolutionarily favored for fast Ca2+-triggered neurotransmitter release.

Methods
Vesicle Sample Preparation and Fusion Assay. SV and PMvesicles were prepared
and fusion experiments (Fig. S1 and Table S6) were performed using the
protocols published in refs. 12 and 19.

Cryo-ET Sample Preparation and Data Acquisition. The PM/SV vesicle samples
were mixed for 1 min at 37 °C before plunge-freezing under liquid-N2 condi-
tions. For experiments with Cpx, SV vesicles were preincubated with 2 μM full-
length Cpx for 30 min before mixing with PM vesicles while maintaining the
same Cpx concentration. For experiments that also included the C1C2BMUN
fragment, 0.5% DAG was added to the PM vesicles, and PM vesicles were
preincubated with 0.5 μM C1C2BMUN for 30 min before mixing with SVCpx

vesicles that had been preincubated with Cpx while maintaining the same Cpx
and C1C2BMUN concentrations. For experiments that imaged the vesicles after
Ca2+-triggered fusion, 500 μM Ca2+ was added to the corresponding vesicle
mixtures for 1 min and then frozen.

Gold fiducialmarkers (10 nm, EMBSAgold tracer)were added to the samples
before freezing for tilt-series alignment. For freezing, aliquots of 3 μL of the
various vesicle samples were applied to glow-discharged 200-mesh Lacey
Carbon copper grids (Plano GmbH), which were then vitrified in liquid ethane
using a Leica EM GP automatic plunger (Leica Microsystems Inc.). Sample
blotting during freezing was done using ashless Whatman filter paper (grade
40 to 44; GE Healthcare).

We optimized freezing conditions to reduce the tendency of vesicles to
associate with the hydrophobic edges of the grid bars and to ensure spreading
of the vesicles in the holes away from the edges. We tried Quantifoil copper
grids (Quantifoil Inc.) of varying hole sizes (hole sizes 0.5 to 2 μm) andwith Lacey
Carbon copper grids (Plano GmbH). We found that glow discharged (27 s)
Lacey grids, with their varying sizes and shapes of the holes, produced the best
freezing results with our samples. Before use, the grids were cleaned by or-
ganic solvent (ethyl acetate) overnight, followed by twice washing in deionized
water and drying overnight.

Tilt-series for cryo-ET were acquired on a Titan Krios field emission gun (FEG)
electron microscope (FEI) operated at an acceleration voltage of 300 kV. The
microscope was equipped with a Gatan postcolumn energy filter and an FEI
Volta phase plate. The images were recorded on a direct detector camera
(K2 summit; Gatan) operated in counting mode. The tilt-series were collected
using SerialEM (33, 34) using the Volta phase plate protocol at 0 μm defocus
(35). All tilt series were acquired at a magnification of 42,000× at a sample
spacing of 3.42 Å, tilt range of ±64°, tilt increment of 2°, and total dose
of ∼86 e−/Å2.

Image Processing. Tilt series were aligned using the gold fiducial markers, and
tomograms were reconstructed using the IMOD package (36). All unbinned
tomograms (pixel size, 3.42 Å) were analyzed at a ∼45-Å resolution (low-pass
filtered), at which all of the features were clearly distinguishable against the
background with minimal noise. A total of ∼15 tomograms were collected for
each condition (SV/PM/PMC1C2BMUN only; SV + PM; SVCpx + PM; SVCpx +
PMC1C2BMUN), with ∼100 vesicle pairs observed per tomogram.

From each of the SV + PM conditions, ∼300 of the best contact sites were
identified such that the contact site was formed between larger PM and smaller
SV vesicles; protruding Syt1 densities could be seen from smaller SV vesicles. In
the SVCpx + PMC1C2BMUN tomograms, PM vesicles additionally showed filamen-
tous C1C2BMUN proteins protruding from the surface. All contact sites be-
tween docked vesicles were identified such that no missing wedge was seen
along the contact sites (perpendicular to the tilt axis). The subtomograms of
docked vesicle pairs were extracted and analyzed using Chimera (37). Map
segmentation and visualization were performed using the scientific visualiza-
tion and analysis tool of AMIRA (ZIB, Zuse Institute Berlin; FEI) and Chimera (37).

Vesicle Diameter Measurement. The diameters of the SV and PM vesicles were
determinedusing the 3DMODmodule of IMOD,with adjustable sliders allowing
diameter measurement of spherical objects such as vesicles. The vesicle diam-
eters were measured in the nonmissing wedge direction with an approximate
diameter measurement error of ±10 nm. A regular histogram of 25-nm bin size
was plotted with an error estimation based on misclassification likelihood,
based on the ±10-nm measurement error, into nearby bins using ipython’s
matplotlib module (DOI 10.5281/zenodo.15423) (Fig. S3D).

Fig. 4. Contact site morphologies after Ca2+-triggered fusion. (A) Gray scale tomographic 2D-slice view of SVCpx + PM vesicles after incubation with 500 μM Ca2+ for
1 min. (B–F) Corresponding 2D-slice views (gray, Left, tilt axes along the solid white lines) and isosurface representations (dark pink, Right) of subtomograms of the
vesicles. (G) Gray scale tomographic 2D-slice view of SVCpx + PMC1C2BMUN vesicles after incubation with 500 μMCa2+ for 1 min. We also observed a substantial increase
in the number of C1C2BMUN fragments that were bound to PM vesicles relative to Fig. 3C, consistent with an increase of membrane binding of the C2B domain in
the presence of Ca2+ (26). (H–J) Corresponding 2D-slice views (gray, Left, tilt axes along the solid white lines) and isosurface representations (dark blue, Right) of
subtomograms of the vesicles. Videos of representative tomograms are available in Movies S5 and S6. Percentages were calculated with respect to the sum of the
total number of observed interfaces plus the number of vesicles without interfaces (Table S1). Tomogram 2D slice thickness: 1 pixel = 3.42 Å. (Scale bars: black,
100 nm; gray, 25 nm.) Thin white lines, tilt axes.
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Membrane Thickness. To measure the membrane thickness, a 4× magnified 2D
tomographic slice (pixel size 3.42 Å) showing a lipid bilayer was acquired from a
4× binned tomogram (voxel size, 13.7 Å) by using the 3dmod module in the
IMOD package (36). A line profile of the slice was then used to obtain the
distance between peak-to-peak densities at the original pixel size of 3.42 Å
using the Lineplot tool in DigitalMicrograph (Gatan Inc.) (Fig. S3 A–C).

Definition of Contact Site Morphologies. The observed contact sites for SV + PM
and SVCpx + PM vesicle mixtures fell into three discrete classes that we charac-
terized by contact site length (that is, the maximum length of the density of the
contact site parallel to the membranes): “loose” point contact (∼50 to 80 Å),
“tight” point contact (∼115 to 160 Å), and long contact sites (≥180 Å). We chose
the site length rather than the site height to characterize the contact site mor-
phologies because the site length could be efficiently identified in the tomograms.

Measurement of Membrane Separation at Contact Sites. Membrane separation
at a contact site between two vesicleswas estimated bymeasuring theminimum
distance between the inner leaflet density edges at the contact site rather than
the separation between outer leaflets because the presence of density at the
contact site between the membranes makes the distance estimation difficult.
Specifically, the distances were measured from the tomograms using Chimera
(37) at the contact sites by calculating the minimum distance between two
pseudo-atoms placed at the two inner leaflet membrane edges at the contact
site. The outer leaflet membrane distances shown in Figs. 2 and 3 were esti-
mated by subtracting twice the bilayer thickness (i.e., 80 Å) from the measured
inner-leaflet minimum distance. The distribution of inner-leaflet minimum
distances shifted to larger values upon inclusion of Cpx (Fig. S3E).

Subtomogram Averaging of the C1C2BMUN Fragment. Subtomograms of the
C1C2BMUN fragment ofMunc13were extracted from tomogramsof PMC1C2BMUN

vesicles (i.e., preincubated with the C1C2BMUN fragment). Fully automated
particle marking using the program PEET (38) was not possible due to hetero-
geneity in size and shape of the filamentous C1C2BMUN particles protruding
from the membrane at varying angles. Therefore, subtomograms of decorated
vesicles were extracted using Chimera to identify relatively straight particles at a
∼45° angle with respect to the bilayer, which were then marked in PEET for
alignment. For initial alignment, a preliminary average from ∼5 to 10 particles
was generated using PEET. The reconstruction averaging process was stopped
when the addition ofmore particles led to a resolution drop due to heterogeneity.

The final average (Fig. 3B) was generated from the 40 best particles out of an
initial 80 at a resolution of 41 Å at Fourier shell correlation (FSC) = 0.5 using PEET
(Fig. S6).

Volumetric Occupancy Analysis of Contact Sites. We estimated possible can-
didates of synaptic proteins or their complexes of known structure for
the observed contact sites by calculating their volumes at the resolution level
of our tomograms (∼45 Å). The possible candidates included neuronal SNAREs,
Syt1, Cpx, and the C1C2BMUN fragment of Munc13 (i.e., the proteins used in
our vesicle experiments) (Fig. S5 A–D). The molecular surfaces of the corre-
sponding crystal structures were rendered and low-pass filtered to isosurface
maps in chimera at a sampling of 3.42 Å at a resolution corresponding to the
tomograms (∼45 Å). We calculated volumes of the low-pass filtered molecular
surfaces (Table S2). The high contrast in the VPP tomograms allowed us to
perform automatic density-based segmentation in AMIRA to extract only
the bilayer from the docked vesicle pair. The extracted bilayer was then
subtracted from the vesicle pair to calculate a difference map (Movie S1 and
Fig. S7 E–G). The volume measure module in Chimera was used to estimate
the volume of the observed remaining density at the contact site in the
difference map (Tables S3–S5). We estimated the most likely candidate(s) by
comparing the volumes of the candidates (Table S2) with the expected
protein composition with the observed volumes of the contact sites (Tables
S3–S5). Only those candidates were considered that included the synaptic
proteins that were present in the particular vesicle mixtures. The volumetric
occupancy analysis also provided the maximum number of the most likely
candidate for the various sites (Tables S3–S5). We did not include shape in
this analysis because the candidate complexes may not be in the same
conformation as that in the crystal structures. The representative contact
sites shown in Figs. 2 and 3 and Fig. S5 E–N were used for the volume cal-
culations. The volumes were measured with maps filtered to a ∼41-Å reso-
lution (Fig. S6). Clearly, the heterogeneity of the contact sites may result in
differences for other similar contact sites.
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Fig. S1. Single vesicle fusion experiments. Ca2+-triggered fusion experiments using the same SV and PM vesicles preparations as used for the cryo-ET experiments
shown in Figs. 2–4. Fusion between single vesicles was observed by using a content-mixing assay as previously described (12, 19). (A) Fusion experiments without
and with 2 μM Cpx. (B) Fusion experiments in the presence of 2 μM Cpx and without and with 0.5 μM C1C2BMUN fragment, as described in ref. 12. Note that the
experiments shown in B included 0.5% DAG, resulting in a slightly increased Ca2+-triggered amplitude (compare B, Top Right vs. A, Bottom Right). After SV-PM
vesicle association, vesicle pairs either undergo Ca2+-independent fusion or remain associated until fusion is triggered by 500 μM Ca2+ addition. The histograms
were normalized with respect to the corresponding number of analyzed SV-PM vesicle pairs (Table S6).
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Fig. S2. VPP cryo-EM. (A–C, Top Left) Conventional cryo-TEM images of a mixture of SV + PM vesicles collected at ∼6.5 μm defocus. (Lower Left) The TEM images
of the same mixture of SV + PM vesicles that were collected with VPP at 0 μm defocus. Increased resolvability of the images at focus allowed improved in-
terpretation of the images, as is shown in the close-up views of the areas indicated by gray boxes in the Right Top and Bottom panels showing vesicle bilayers,
protein patches, and protruding membrane proteins, such as Syt1. (Scale bars: black, 100 nm; gray, 25 nm.) All other tomograms throughout this work were
collected with VPP. Tomogram 2D slice thickness: 1 pixel = 3.42 Å.
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Fig. S3. Vesicle and membrane analysis. (A–C) Bilayer thickness measurement. (A) The lipid bilayer thickness measurement was performed for the selected region
(red box) using a VPP tomographic 2D slice of a mixture of SV + PM vesicles. (Scale bar: 100 nm.) (B) Close-up view of the selected region. (Scale bar: 10 nm.) (C) Line
plot of the density across the bilayer (red dotted box in B). The bilayer thickness was estimated from the peak-to-peak distance. Tomogram 2D slice thickness:
1 pixel = 3.42 Å. (D) Bar chart of vesicle diameter distributions of individual SV (light gray) vesicles and PM (dark gray) vesicles. The majority of the individual SV
vesicles have a diameter of 55 nm whereas the majority of the individual PM vesicles have a diameter of 90 nm. Representative images of SV and PM vesicles shown
next to the two top bars. (Gray scale bar: 25 nm.) (E) Inner leaflet distance with and without Cpx. The bar graph shows the average and SD for theminimum distance
between inner leaflets at contact sites between vesicles in the absence and presence of Cpx. Means and SDs are shown (146 ± 16 Å in the presence of Cpx and 122 ±
11 Å in the absence of Cpx). Statistical significance was assessed by Student’s t test (***P < 0.001).
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Fig. S4. Contact sites of SV + PM vesicles with and without Cpx. Representative gray scale tomographic 2D-slice views of contact sites, in addition to those shown
in Fig. 2. Contact sites with and without Cpx are shown in the right and left panels, respectively. (A) Loose point contact, (B) tight point contact, and (C) long
contact. Tomogram 2D slice thickness: 1 pixel = 3.42 Å.
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Fig. S6. Fourier shell correlation analysis. Fourier shell correlation (FSC) analysis for the subtomogram average of the C1C2BMUN fragment at ∼41-Å resolution.

Fig. S7. Contact sites of SVCpx + PMC1C2BMUN vesicles and difference map analysis. (A–D) Representative gray scale tomographic 2D-slice views of contact sites, in
addition to those shown in Fig. 3. Some of the C1C2BMUN fragments are indicated by arrows. The left, center, and right panels show three examples of the
particular contact site. Tomogram 2D slice thickness: 1 pixel = 3.42 Å. (E–G) Difference map analysis. (E, Left) A docked SVCpx + PMC1C2BMUN vesicle pair (blue).
(Middle) A difference map (red) obtained after bilayer subtraction. (Right) A superposition of the difference map and the segmentation of the subtomogram. All
maps are shown in isosurface representation. (F and G) Gray scale tomographic 2D slices of the contact site (CS) observed in the docked SVCpx + PMC1C2BMUN vesicle
pair shown in A along the XZ/XY directions (relative to the tomogram axis) before and after subtraction of the two membranes (M1 and M2), respectively. F shows
a contact site with no bilayer subtraction in two orthogonal views (left and right panels). G shows the same contact site as in F after bilayer subtraction in the same
orthogonal views. A video of the contact site analysis is available in Movie S1.
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Table S2. Volumes of synaptic proteins with known structure

Candidate no. Synaptic protein(s) Volume (V × 103 Å3)

1 SNARE complex (PDB ID code 1SFC) (13) 145
2 SNARE complex, prefusion mimetic (PDB ID code 5W5C) (10) 97
3 Syt1(C2A-C2B)-SNARE complex (PBD ID code 5CCG) (6) 302
4 Syt1(C2B)-SNARE complex (PDB ID code 5CCG) (6) 218
5 SNARE-Cpx-Syt1 (C2AB) complex (PDB ID code 5W5C) (10) 227
6 C1C2BMUN fragment (PDB ID code 5UE8) (25) / subtomogram

average of the C1C2BMUN fragment
347/461

Table S3. Candidates for SV + PM contact sites

Type
Measured CS

volume/103 Å3 (Fig. 2B–D)
Possible candidates based on
volume and composition Maximum no.

Loose point contact 92 2 1
Tight point contact 295 3,4 2
Long contact 877 3,4 6

Table S4. Candidates for SVCpx + PM contact sites

Type
Measured CS

volume/103 Å3 (Fig. 2F–H)
Possible candidates based on
volume and composition Maximum no.

Loose point contact 460 3,4,5 1
Tight point contact 899 3,4,5 2
Long contact 850 3,4,5 6

Table S5. Candidates for SVCpx + PMC1C2BMUN contact sites

Type
Measured CS

volume/103 Å3 (Fig. 3D–F)
Possible candidates based

on volume and composition Maximum no.

Loose point contact without
C1C2BMUN at or nearby the site

454 3,4,5 1

Tight point contact without
C1C2BMUN at or nearby the site

827 3,4,5 2

Contact site with C1C2BMUN at the site 1,511 3,4,5,6 1, 1–2*

*Maximum number of C1C2BMUN molecules.

Table S6. Data summary table for the fusion experiments shown in Fig. S1

Vesicles
Ca2+-independent

fusion events
Ca2+-triggered
fusion events

No. of analyzed
SV-PM vesicle pairs Repeats (n)

SV + PM 84 100 1,562 3
SVCpx + PM 22 76 1,279 4
SVCpx + PM* 24 154 1,624 3
SVCpx + PMC1C2BMUN* 20 227 1,079 7

*With DAG.
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Movie S1. Movie of synaptic protein contact site analysis and associated synaptic proteins from a representative tomogram. 0 to 6 s, 2D slice of a tomogram
(gray) showing docked vesicle pairs; 6 to 20 s, extracted subtomogram of a docked vesicle pair (blue surface); 21 to 23 s, difference map (red surface) after
subtraction of the radially averaged bilayer showing membrane-associated proteins and connecting densities between the membranes; some expected dif-
ference in the bilayer itself is due to the missing wedge of the tomogram; 24 to 33 s, overlay of the difference map, the extracted vesicle pair, and the original
tomogram.

Movie S1

Movie S2. Movie of a representative tomogram of SV + PM vesicle mixtures.

Movie S2
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Movie S3. Movie of a representative tomogram of SVCpx + PM vesicle mixtures.

Movie S3

Movie S4. Video of a representative tomogram of SVCpx + PMC1C2BMUN vesicle mixtures.

Movie S4
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Movie S5. Movie of a representative tomogram of SVCpx + PM vesicle mixtures after 1-min incubation with 500 μM Ca2+.

Movie S5
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Movie S6. Movie of a representative tomogram of SVCpx + PMC1C2BMUN vesicle mixtures after 1-min incubation with 500 μM Ca2+.

Movie S6
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