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SNARE assembly enlightened by cryo-EM structures
of a synaptobrevin-Munc18-1-syntaxin-1 complex

Karolina P. Stepien'?3, Junjie Xu"*3, Xuewu Zhang'?, Xiao-Chen Bai""**, Josep Rizo

Munc18-1 forms a template to organize assembly of the neuronal SNARE complex that triggers neurotransmitter
release, binding first to a closed conformation of syntaxin-1 where its amino-terminal region interacts with the
SNARE motif, and later binding to synaptobrevin. However, the mechanism of SNARE complex assembly remains
unclear. Here, we report two cryo-EM structures of Munc18-1 bound to cross-linked syntaxin-1 and synaptobrevin.
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The structures allow visualization of how syntaxin-1 opens and reveal how part of the syntaxin-1 amino-terminal
region can help nucleate interactions between the amino termini of the syntaxin-1 and synaptobrevin SNARE
motifs, while their carboxyl termini bind to distal sites of Munc18-1. These observations, together with mutagen-
esis, SNARE complex assembly experiments, and fusion assays with reconstituted proteoliposomes, support a
model whereby these interactions are critical to initiate SNARE complex assembly and multiple energy barriers
enable diverse mechanisms for exquisite regulation of neurotransmitter release.

INTRODUCTION

Release of neurotransmitters by Ca**-evoked synaptic vesicle exo-
cytosis is mediated by the vesicle soluble N-ethylmaleimide-sensitive
factor attachment protein receptor (SNARE) synaptobrevin and the
plasma membrane SNAREs syntaxin-1 and SNAP-25, which form
a tight complex (1) through their ~65-residue SNARE motifs. The
SNARE complex consists of a parallel four-helix bundle (2, 3) and
brings the vesicle and plasma membranes together (4), which is crucial
for membrane fusion [reviewed in (5)]. In syntaxin-1, the SNARE
motif is preceded by a 190-residue N-terminal region (Fig. 1A) con-
taining a three-helix bundle domain (the H,p. domain) that binds
intramolecularly to the SNARE motif, forming a “closed” confor-
mation that precludes SNARE complex assembly (6-8). The SNARE
complex is disassembled by N-ethylmaleimide-sensitive factor (NSF)
and soluble NSF attachment proteins (SNAPs; no relation to SNAP-25)
(1), whereas SNARE complex assembly is orchestrated through an
NSF-SNAP-resistant pathway by Munc18-1 and Muncl3 (9, 10).
This pathway starts with Munc18-1 bound tightly to closed syntaxin-1
(7, 8) and is activated by Munc13 when it helps to open syntaxin-1
(11, 12), while it bridges the vesicle and plasma membranes (13, 14),
enabling a wide variety of Muncl3-dependent presynaptic plasticity
processes that underlie multiple forms of information processing in
the brain (15-17). The importance of this pathway was highlighted
by the total abrogation of neurotransmitter release observed in the
absence of Muncl8-1 or Muncl3s (18-21). Moreover, an L165A-
E166A mutation that opens syntaxin-1 (LE mutation) (7) partially
rescues the impairments in release caused by deletion of diverse pro-
teins in Caenorhabditis elegans, including the Munc13 homolog Unc-13
(15,22, 23), and a P335A mutation in Muncl8-1 that leads to a gain of
function (24-26) also rescues release partially in unc-13 nulls (16).
Thus, elucidating the mechanism of SNARE complex assembly
not only is critical to understand brain function but also can help
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develop novel therapies for many neurological disorders exhibiting
altered synaptic transmission, and is also relevant to diseases arising
from defects in regulated secretion, including hypertension, cancer,
and diabetes (27, 28).

In addition to binding tightly to closed syntaxin-1, Munc18-1
interacts weakly with synaptobrevin (29), which suggested that
Munc18-1 forms a template for SNARE complex assembly (24).
This notion was firmly established by seminal crystal structures of
the yeast vacuolar Sec1-Munc18 (SM) homolog Vps33 bound to the
SNARE motif of the syntaxin-1 homolog Vam3 or the synaptobrevin
homolog Nyv1 (30), which showed that simultaneous binding to
Vps33 would place Vam3 and Nyv1 near each other in the correct
register for SNARE complex assembly. Subsequent biophysical
studies of Muncl18-1 further supported the idea that a template
complex of Muncl8-1 bound to syntaxin-1 and synaptobrevin is a
central intermediate between the Munc18-1-closed syntaxin-1 com-
plex and the SNARE complex, and showed that the syntaxin-1
N-terminal region plays a crucial role in template complex forma-
tion (31, 32). However, the basis for such crucial role is unknown, and
the steps that lead from the Munc18-1-closed syntaxin-1 complex to
the SNARE complex remain enigmatic, in part because no struc-
tures are available for Munc18-1 bound to synaptobrevin or for
any SM protein bound simultaneously to its two cognate SNAREs.

Here, we fill this fundamental gap, describing the elucidation of
two structures of a synaptobrevin-Munc18-1-syntaxin-1 template
complex by cryo-electron microscopy (cryo-EM). The two struc-
tures reveal how syntaxin-1 opens while Munc18-1 holds synapto-
brevin and syntaxin-1 through the C termini of their SNARE motifs,
favoring interactions between the SNARE motif N termini that are
nucleated by the linker sequence between the syntaxin-1 SNARE
motif and the H,,. domain. Mutagenesis, together with SNARE
complex assembly assays and reconstituted proteoliposome fusion
experiments, supports the functional relevance of the cryo-EM
structures. Our results explain the critical role of the syntaxin-1
N-terminal region and suggest a model whereby this region, together
with Munc18-1, helps nucleate SNARE complex assembly via a mech-
anism involving multiple energy barriers that provide varied oppor-
tunities for tight regulation of neurotransmitter release.
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Fig. 1. Two cryo-EM structures of the template complex. (A) Domain diagrams of syntaxin-1 and synaptobrevin, and summary of the fragments used to prepare SyxLE/
Syb. N-pep, N-peptide; SNARE, SNARE motif. (B and €) 3D reconstructions of two structures of the template complex, class1 (A) and class2 (B), and corresponding ribbon
diagrams fitted into the cryo-EM maps at 3.7 and 3.5 A, respectively. (D to F) Comparison of the crystal structure of the syntaxin-1-Munc18-1 complex (SyxM18) (PDB code
3C98) (8, 34) (D) with the two cryo-EM structures of the template complex, class1 (E) and class2 (F). The surface of Munc18-1 is shown in blue, and the SNAREs are repre-
sented by ribbon diagrams with synaptobrevin (Syb) in red and syntaxin-1in orange (N-peptide and Hapc domain), pink (linker), and yellow (SNARE motif). The domains
of Munc18-1 (D1, D2, D3a, and D3b) are labeled. The helices formed by syntaxin-1 (named Ha-Hg) are indicated. The N and C termini of Syb, as well as the C terminus of
SyxLE, are labeled. (G) Summary of the locations of the helices observed in SyxM18, class1, and class2. The helices are represented by cylinders, and they are shown below
a domain diagram of syntaxin-1 with selected residue numbers above to indicate domain boundaries. The helix formed by the N-peptide at the very N terminus is named
N-pep, and subsequent helices of class1 and class2 are named Ha to Hg. To facilitate comparisons, the same nomenclature is used for SyxM18 helices in the same or
similar positions as those observed in class1 and class2, but not that there is no He helix in SyxM18.

RESULTS
Formation of a stable template complex

complex assembly (33) and to facilitate formation of a synaptobrevin-
Munc18-1-syntaxin-1 template complex (32). To further favor

The weak affinity of synaptobrevin for Munc18-1 (29) hinders struc-
tural studies of complexes between them. To overcome this prob-
lem, we cross-linked the syntaxin-1 cytoplasmic region containing
the LE mutation (SyxLE) to a synaptobrevin fragment spanning
most of its SNARE motif (Syb) through a disulfilde bond between
single cysteine residues placed at the N termini of their SNARE motifs
(residue 36 of synaptobrevin and residue 205 of syntaxin-1). We refer
to the resulting conjugate as SyxLE/Syb (Fig. 1A). Cross-linking
through these residues was previously shown to support SNARE

Stepien et al., Sci. Adv. 8, eabo5272 (2022) 22 June 2022

template complex formation, we used Muncl8-1 bearing a D326K
gain-of-function mutation that increases the affinity of synaptobrevin
for Muncl18-1 because it unfurls a Munc18-1 loop that covers the
synaptobrevin binding site (31). SyxLE/Syb coeluted with Munc18-1
D326K in gel filtration (fig. S1, A and B) and formed an SDS-resistant
SNARE complex with SNAP-25 in the presence of Munc18-1 much
more efficiently than the separate SyxLE and Syb fragments (com-
pare the amounts of SNARE complex formed in lanes 6 and 9 in
fig. S1C).
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Cryo-EM structures of the template complex
Imaging of the template complex by cryo-EM and initial three-
dimensional (3D) classification led to the identification of two major
classes, which we refer to as class1 and class2 and were resolved at
3.7and 3.5 A, respectively (Fig. 1, B and C, figs. S2 and S3, and table S1).
The two structures reveal extensive interactions of Munc18-1 with
syntaxin-1 and synaptobrevin (see buried surface areas in table S2)
and have similar architectures, with common features that were also
observed in the crystal structure of the syntaxin-1-Munc18-1 com-
plex (8) but with important differences (Fig. 1, D to F, and fig. S4).
Munc18-1 has an almost identical three-domain arch shape in the
three structures. The most notable difference is in the loop joining
helices H11 and H12 of domain 3a, which is furled in the Munc18-
1-syntaxin-1 complex, covering the synaptobrevin binding site, but is
unfurled in class1 and class2 to allow synaptobrevin binding (Fig. 2).
Almost the entire synaptobrevin SNARE motif forms a continuous
helix in both class1 and class2, but in class2, the helix is bent at the
middle (Fig. 1, E and F). The C-terminal half of the synaptobrevin
SNARE motif binds to a groove formed by helices H11 and H12 of
Muncl8-1 (Figs. 1, E and F, and 2, B and C), in an analogous posi-
tion to that observed for Nyv1 bound to Vps33 (fig. S5, A to C) (30).
Binding to the groove is mediated by a combination of hydrophobic
and polar interactions, and side chains in the interface include L307
and L348 of Munc18-1 (fig. S6, A to D), which had been implicated in
synaptobrevin binding and/or template complex formation through
mutagenesis (24, 32). The R56 side chain in the middle of the syn-
aptobrevin SNARE motif binds to a pocket at the bottom of the
H11-H12 groove in both classl and class2, but there are almost no
further contacts between Munc18-1 and residues N-terminal to R56
(fig. S6, E to H). This observation contrasts with the extensive con-
tacts of the N-terminal half of Nyv1 with Vps33 in their complex
(fig. S5A). Instead, the N-terminal half of the synaptobrevin SNARE
motif interacts with syntaxin-1 (Fig. 1, E and F, and fig. S6, E to H),
which is expected to be favored by the disulfide bond. It is unclear
whether, during the process of SNARE complex assembly, the
N-terminal half of the synaptobrevin SNARE motif might bind at
some point to the unfurled loop of Munc18-1, as observed in the
Vps33-Nyvl complex (fig. S5A), but it seems most likely that such

binding is transient if it occurs, as it prevents interactions between
the N termini of the synaptobrevin and syntaxin-1 SNARE motifs
for initiation of SNARE complex assembly. It is also worth noting
that R56 of synaptobrevin forms a polar layer in the middle of the
SNARE complex four-helix bundle, which otherwise is formed by
hydrophobic layers (3), and is at the corner where the synaptobrevin
helix bends in the class2 structure (fig. S6H). Thus, R56 may consti-
tute a pivot point where helices formed by the N- and C-terminal
halves of the synaptobrevin SNARE motif may change direction
during SNARE assembly.

Some of the interactions of Munc18-1 with syntaxin-1 observed
in classl and class2 are analogous to those observed previously in
the syntaxin-1-Munc18-1 complex, while other interactions are re-
modeled, resulting in slightly larger buried surface areas between
Munc18-1 and syntaxin-1 in the two cryo-EM structures than in the
binary syntaxin-1-Munc18-1 complex (table S2). This remodeling
occurs at least in part because of large conformational changes re-
quired to initiate syntaxin-1 opening. Because of these conforma-
tional changes, the number of syntaxin-1 helices is different in the
two cryo-EM structures compared to the Munc18-1-syntaxin-1 com-
plex. To facilitate comparisons, we use the same nomenclature for
the syntaxin-1 helices of classl, class2, and the Munc18-1-syntaxin-1
complex, but note that the latter is missing one helix (helix He; see
Fig. 1G).

In both class1 and class2, syntaxin-1 forms a short a-helix at the
very N terminus (the N-peptide motif) that binds to the N-terminal
domain of Munc18-1, as in the syntaxin-1-Munc18-1 complex (34),
and seven additional helices (called Ha-Hg) (Fig. 1, E and F, and
fig. S4, B and C). The C terminus of the syntaxin-1 SNARE motif,
which includes the short Hg helix, binds to a groove of domain 1 of
Munc18-1 and a pocket that defines its arch shape, also as observed
in the Munc18-1-syntaxin-1 complex (Fig. 1, D to F, and fig. S7, A
to C). This interaction and that of the N-peptide are the most con-
served among the multiple interactions between syntaxin-1 and
Munc18-1 in their binary complex, class1 and class2, suggesting that
they serve as anchor points that retain syntaxin-1 bound to Munc18-1,
while other regions undergo substantial rearrangements in the path-
way toward SNARE complex assembly. Note that the interaction of

Class2 #Q

Fig. 2. Structural changes in Munc18-1 that lead to synaptobrevin binding and template complex formation. (A to C) Close-up views of the area where the Munc18-1
loop unfurls to allow synaptobrevin binding in the syntaxin-1-Munc18-1 complex (SyxM18) before unfurling (A) and in class1 (B) and class2 (C), where the loop is unfurled
and synaptobrevin is bound. Munc18-1 is colored in blue, synaptobrevin (Syb) in red, and syntaxin-1in orange (N-peptide and H,,c domain), pink (linker), and yellow
(SNARE motif). P335 is shown as a stick model, with carbon atoms in cyan. The positions of the furled loop and D326 in the Munc18-1-syntaxin-1 complex, as well as of
synaptobrevin (Syb), P335, a nearby B-hairpin, and selected helices of Munc18-1 and syntaxin-1 are indicated.
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the C-terminal half of syntaxin-1 SNARE motif with the Munc18-1
pocket was also observed in the crystal structure of the vacuolar
Vam3-Vps33 complex (30) (fig. S5D), suggesting that this interac-
tion is universally conserved among SM proteins and their cognate
SNARE from the syntaxin family.

The structure of the Hyp. domain of syntaxin-1 is very similar in
classl, class2, and the syntaxin-1-Munc18-1 complex, and the Hype
domain-Munc18-1 interface is similar in the three structures (fig.
S7, D to F), but the orientation of H,p. with respect to Munc18-1 is
somewhat different in class1 (fig. S4, D to F). In contrast, compari-
sons with the crystal structure of the yeast SM protein Vps45 bound
to the syntaxin-1 homolog Tlg2 (35), in which TIg2 is open, show
that the orientation of the H,p. domain of Tlg2 resembles more that
observed in class1 than that of class2 (fig. S5, G to I). These observa-
tions suggest that the Hyp.~Munc18-1 interface, and likely Hype-SM
protein interfaces in general, can adapt to structural rearrange-
ments that occur during formation of the template complex and
subsequent events that lead to SNARE complex assembly.

The N-terminal half of the syntaxin-1 SNARE motif forms a
long a-helix (Hf) that contacts domain 3a of Munc18-1 in both
classl and class2 (Fig. 1, E and F), and is in an analogous position to
that of the homologous region of Vam3 in its complex with Vps33
(fig. S5, D to F). This region of syntaxin-1 also binds to the same site
of domain 3a of Munc18-1 in the binary complex, but establishing
more extensive contacts than in class1 and class2 (Fig. 2, A to C, and
fig. S6, I to K). Moreover, the helix formed by this region is shifted
and rotated in class1 and class2 with respect to its position in the
Munc18-1-syntaxin-1 complex (fig. S6, I to K), where the helix is
extended to the very N terminus of the SNARE motif, exhibiting a
bend in the middle (Fig. 1D) that is not observed in helix Hf of
classl and class2 (Fig. 1, E and F). This feature of the Munc18-1-
syntaxin-1 complex allows extensive interactions of the SNARE
motif with the H,p. domain that define the closed conformation of
syntaxin-1. These contacts are less extensive in class1 and even less
extensive in class2 (Fig. 3, A to C; fig. S7, H to J; and table S2),
suggesting that classl occurs first and class2 later in the pathway
that leads from the Munc18-1-closed syntaxin-1 complex to the
SNARE complex. Thus, the gradual rotation of the SNARE motif
with respect to the Hyp. domain observed when comparing the
three structures (Fig. 3, A to F, and fig. S7, H to J) may reflect how
the syntaxin-1 conformation opens during this pathway.

The local resolution of the density corresponding to the linker
sequence connecting the Hpp. domain with the SNARE motif is
worse than that of the rest of the complex for both class1 and class2
(see the bottom of the cryo-EM maps in the perspective shown in
fig. S2B). Although we could not model the chains corresponding to
part of the densities in this region, two helices were clearly distin-
guishable in both class1 and class2 (helices Hd and He; fig. S8).
Helix He could be assigned to the sequence spanning the very
N terminus of the syntaxin-1 SNARE motif and the preceding se-
quence from the linker in both structures, but the sequence corre-
sponding to helix Hd could not be assigned and was modeled as
polyalanine (Fig. 3, H and [, and fig. S8). On the basis of the distances
from the C terminus of helix Hc to the N terminus of helix Hd and
from the C terminus of helix Hd to the N terminus of helix He, we
speculate that helix Hd of class1 and class2 is formed by the same
residues of the linker that form helix Hd in the closed conformation
of syntaxin-1 bound to Munc18-1 (Fig. 3A). Regardless of which
specific residues form helix Hd, it is clear that the structure of the
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linker sequence is drastically different in classl and class2 compared
to the syntaxin-1-Munc18-1 complex (Figs. 1, D to F, and 3, A to F).

In both classl and class2, helices Hd and He of the linker form a
small four-helix bundle with the N terminus of the synaptobrevin
SNARE motif and helix Hf, which comprises part of the syntaxin-1
SNARE motif N terminus (Fig. 3, H to K). This four-helix bundle is
similar in class1 and class2 (Fig. 3G) and involves multiple contacts
between side chains of the synaptobrevin and syntaxin-1 SNARE
motifs (fig. S6, E to F) that are also in contact in the SNARE com-
plex (3). It is noteworthy that formation of helix Hd requires con-
siderable stretching of the residues connecting helix Hc to helix Hd
and/or the residues connecting Hd to He (depending on which spe-
cific residues form Hd). Hence, it seems likely that this region is
highly dynamic, and there is a range of structures in the particles
used to construct the classl and class2 cryo-EM maps such that
helix Hd, helix He, and/or the C terminus of Hc (where the local
resolution is also low) are stretched to different extents in some of
the particles. Thus, formation of the small four-helix bundle may
be transient, but it is remarkable that similar four-helix bundles are
formed in classl and class2 (Fig. 3, G to K) despite considerable dif-
ferences in the structures of class1 and class2 around this region, in-
cluding the bend of the synaptobrevin helix in class2 but not classl
(Figs. 1, E and F, and 2, B and C) and the different orientations of
the short four-helix bundle with respect to the Hyp. domain (Fig. 3,
B, C, and F). These observations suggest that this small four-helix
bundle constitutes a relatively stable (or metastable) structure that
helps to nucleate the first interactions between syntaxin-1 and
synaptobrevin for eventual SNARE complex formation, while
Munc18-1 provides a platform that holds the C-terminal halves of
the syntaxin-1 and synaptobrevin SNARE motifs. This model ex-
plains why the syntaxin-1 N-terminal region is crucial for template
complex formation (32).

Alteration of Munc18-1-SNARE interactions by mutagenesis

To study the functional effects of disrupting the template complex
and hence test the functional relevance of our cryo-EM structures,
we used a battery of Munc18-1 mutations that included the gain-of-
function D326K and P335A mutations. The P335A mutation was
previously designed to extend helix H12 and increase synaptobrevin
binding, but such increase was not observed (24); instead, the P335A
mutation decreased syntaxin-1 binding (26). Note that this mutation
was also found to stabilize the synaptobrevin-Munc18-1-syntaxin-1
template complex (32). To impair binding of Munc18-1 to syntaxin-1
at a different site, we used an S42Q mutation expected to disrupt
interactions with the syntaxin-1 SNARE motif C terminus. We also
included the L307R and L348R mutations that disrupt synaptobrevin
binding and/or template complex formation (24, 32), an E352K muta-
tion that we designed to also disrupt Munc18-1-synaptobrevin
binding, and a Q301D mutation that impairs neurotransmitter re-
lease and was reported to impair binding of Munc18-1 to synap-
tobrevin or to Muncl3-1 (36, 37). The locations of the mutated
residues are shown in Fig. 2A and figs. S6 (A to D) and S7 (A to C)
(note that D326 is visible in the Munc18-1-syntaxin complex, but
not in class1 and class2).

To analyze the effects of these mutations on binding of Munc18-1
to the syntaxin-1 cytoplasmic region and SyxLE/Syb, we used mass
photometry, a single-molecule interferometric scattering-based
technique that allows counting of proteins and complexes existing
in solution (Fig. 4 and table S3) (38). This method yields reliable
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Fig. 3. Conformational changes in syntaxin-1 that lead to template complex formation. (A to C) Close-up views of the region where the syntaxin-1 SNARE motif in-
teracts with the Hpc domain and the linker in SyxM18 (A) as well as with synaptobrevin in class1 (B) and class2 (C). (D to F) Superpositions among SyxM18 (gray), class1
(green), and class2 (purple) in the same close-up views shown in (A) to (C). The structures were superimposed using the atoms of the H,,c domain. (G) Superposition of
class1 and class2 in a similar close-up view but superimposing the atoms of the residues of the syntaxin-1 and synaptobrevin SNARE motifs (residues 206-219 and 37-50,
respectively) that form the small four-helix bundle with helices Hd and He of the syntaxin-1 linker, showing that the small four-helix bundle has a similar structure in class1
and class2. Munc18-1 is not shown for simplicity in (A) to (G). (H to K) Close-up views of the small four-helix bundle in two different orientations. The views of (J) and (K)
are rotated 90° with respect to those of (H) and (I). The N-terminal residues of the synaptobrevin SNARE motif and helix Hf formed by the SNARE motif of syntaxin-1, as
well as the N- and C-terminal residues of helix He formed by the syntaxin-1 linker, are indicated. The sequence of the linker forming helix Hd could not be assigned, but
we speculate that it corresponds to the same sequence that forms helix Hd in the Munc18-1-closed syntaxin-1 complex. The position of residue 166 resulting from this

assumption is indicated. In (H) to (K), Munc18-1, the H,pc domain, and the N-peptide are not shown for simplicity.

measurements of molecular masses in the 30-kDa to 5-MDa range
and hence allowed us to count the numbers of free Munc18-1 mol-
ecules and Munc18-1-syntaxin-1 or Munc18-1-SyxLE/Syb com-
plexes in samples containing mixtures of Munc18-1 with syntaxin-1
or SyxLE/Syb, respectively. The dissociation constants (Kp’s) could
thus be calculated from these counts. We measured a Kp of 3.3 nM
between Munc18-1 and syntaxin-1, consistent with previous iso-
thermal titration calorimetry data (34), whereas the Kp of Munc18-1
for SyxLE/Syb was 17.9 nM. It is worth noting that the syntaxin-1
LE mutant by itself binds to Munc18-1 with low nanomolar affinity
(34), which can be attributed to the fact that, although the LE muta-
tion destabilizes the closed conformation (7), this syntaxin-1 mutant
can still adopt a closed conformation upon binding to Munc18-1
(39). This conformation is stabilized by the L205 side chain, which
is buried and interacts with the H,p. domain, but these interactions
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are prevented by the L205C mutation and the cross-link to synapto-
brevin in SyxLE/Syb, which thus cannot adopt a closed conforma-
tion. Hence, it is not surprising that SyxLE/Syb binds to Munc18-1
with somewhat weaker affinity than the Syx LE mutant.

The Munc18-1 P335A mutation induced Munc18-1 dimerization,
but we were able to distinguish the peak of the syntaxin-1-Munc18-1
P335A heterodimer (fig. S9) and obtained a Kp of 12.3 nM, con-
firming that this mutation impairs syntaxin-1 binding (26). However,
P335A had no overt effect on Munc18-1 binding to SyxLE/Syb
(Fig. 4]). These results are consistent with the fact that P335 packs
closely against syntaxin-1 in the Munc18-1-syntaxin-1 complex,
whereas P335 does not contact syntaxin-1 in classl and class2
(fig. S6, I to K). In contrast, the S42Q mutation strongly impaired
binding of Munc18-1 to both syntaxin-1 and SyxLE/Syb (Fig. 4,
D and H to J), which indicates that the C-terminal half of the
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Fig. 4. Analysis of Munc18-1-SNARE interactions by mass photometry. (A to
H) Normalized histograms of mass distributions observed for samples containing
the indicated concentrations of WT or mutant Munc18-1 (M18) plus WT or mutant
syntaxin-1 (2-253) (Syx) (A to D), or mutant Munc18-1 plus SyxLE/Syb with or with-
out the M183A or D184P mutations (E to H). Gaussian fits (solid lines) were used to
calculate the populations of free and bound Munc18-1 and derive dissociation
constants (Kp's). Binding of Munc18-1 D326K to SyxLE M183A/Syb and SyxLE
D184P/Syb was too weak to derive reliable Kp's. (I and J) Bar diagrams illustrating
the average Kp's (table S3) obtained from six independent experiments for sam-
ples containing WT or mutant Munc18-1 plus WT or mutant syntaxin-1 (2-253) (1),
or WT or mutant Munc18-1 plus SyxLE/Syb with or without the M183A or D184P
mutations (J). Error bars represent SDs. Statistical significance and P values were
determined by one-way analysis of variance (ANOVA) with the Holm-Sidak test
(***P <0.001).

syntaxin-1 SNARE motif plays a key role in binding to Munc18-1
both in the binary complex and in the template complex, and is
consistent with the similarity of the binding modes observed in the
corresponding region of the binary complex, class1 and class2 (fig.
S7, A to C). Binding of Munc18-1 to SyxLE/Syb was strengthened
by the D326K mutation, as expected, and was impaired to differ-
ent degrees by the L307R, Q301D, E352K, and L348R mutations
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(Fig. 4]). These results are consistent with our cryo-EM structures
and support the notion that the physiological effects of the Q301D
mutation arise from impairment of Munc18-1 binding to synapto-
brevin (37) rather than to Muncl3-1 (36).

Disrupting the template complex impairs trans-SNARE
complex formation and fusion

To test the effects of the Munc18-1 mutations on SNARE complex
assembly, we first adapted a solution fluorescence resonance energy
transfer (FRET) assay that showed that the Munc13-1 MUN domain
accelerates the transition from the Muncl8-1-syntaxin-1 complex
to the SNARE complex (11). To avoid using the high concentrations
of MUN domain required for such acceleration, we covalently attached
the MUN domain to the C terminus of the syntaxin-1 cytoplasmic
region with a long flexible linker (Fig. 5A). The syntaxin-1-MUN
domain fusion (SyxMUN) assembled into SNARE complexes with
SNAP-25 and soluble synaptobrevin as efficiently as syntaxin-1 alone
(Fig. 5B). Binding of Munc18-1 to syntaxin-1 alone abolished SNARE
complex assembly, but the SyxMUN fusion bound to Munc18-1
was still able to assemble into SNARE complexes (Fig. 5B). The re-
action was stimulated by the P335A and S42Q Munc18-1 muta-
tions, but not by D326K, and slight accelerations also appeared to
be caused by the mutations that disrupt synaptobrevin binding
(Fig. 5C, and fig. SI0A). The P335A and S42Q mutations allowed
SNARE complex assembly even in the absence of the MUN domain
(Fig. 5D and fig. S10B). These results are consistent with an involve-
ment of the template complex in SNARE complex assembly, as the
rates of assembly are affected by mutations that disrupt interactions
of Munc18-1 with syntaxin-1 and synaptobrevin. However, the ob-
servation that these mutations accelerate assembly while D326K
does not have an effect shows that the rate-limiting step for SNARE
complex assembly in these solution assays is not the binding of syn-
aptobrevin to the Munc18-1-syntaxin-1 complex to form the template
complex but rather the dissociation of the syntaxin-1 and synapto-
brevin SNARE motifs from Munc18-1.

To better mimic the geometry of SNARE complex assembly in
neurons, we next used a FRET assay that measures assembly of trans-
SNARE complexes between synaptobrevin-containing liposomes
(V-liposomes) and syntaxin-1 liposomes (S-liposomes) (Fig. 5E),
adapting a previously described assay that used SNAP-25 with an
M71D-L78D mutation in the C terminus of its first SNARE motif
(SNAP-25m) to prevent liposome fusion (10). The S-liposomes were in-
cubated with wild-type (WT) or mutant Munc18-1, and trans-SNARE
complex assembly was monitored upon addition of V-liposomes,
SNAP-25m, and a fragment spanning the conserved C-terminal re-
gion of Munc13-1, which includes its C;, C,B, MUN, and C,C do-
mains (Munc13C). As expected (10), assembly in the presence of WT
Munc18-1 was slow in the absence of Ca** and was strongly activated
by Ca®", which likely arises because Ca** binding to the Munc13-1
C,B domain changes the orientation in which Munc13C bridges the
two membranes (40). The D326K and P335A mutations substan-
tially enhanced Ca**-independent trans-SNARE complex assembly
(Fig. 5F and fig. S10C), consistent with the gains of function ob-
served previously for these two mutants (16, 31). However, the S42Q
mutation impaired trans-SNARE complex assembly, in contrast to
the effect observed for this mutation in the solution assays. This
opposite effects might arise because of differences in the transition
states that determine the reaction rates in the two assays, but further
research will be required to test this proposal. The Q301D, L307R,
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Fig. 5. Effects of mutations in Munc18-1 on SNARE complex assembly rates. (A) Diagram summarizing the assays used to monitor SNARE complex assembly in solu-
tion starting with Munc18-1 (blue) bound to the syntaxin-1 cytoplasmic region (Hapc domain, orange; linker, pink; SNARE motif, yellow) alone (Syx) or covalently linked to
the Munc13-1 MUN domain (purple) (SyxMUN). Synaptobrevin (red) was labeled with a donor fluorescent probe (green dot), and SNAP-25 (green) was labeled with an
acceptor probe (red dot). SNARE complex assembly was monitored by the development of FRET between the probes. (B to D) Decrease in relative donor fluorescence
(normalized to the first time point) as a function of time in SNARE complex assembly reactions where synaptobrevin and SNAP-25 were added to Syx or SyxMUN free or
pre-bound to WT Munc18-1 (M18) (B), to SyxMUN bound to WT or mutant Munc18-1 (C), or to Syx bound to WT or mutant Munc18-1 (as indicated) (D). (E) Diagram sum-
marizing trans-SNARE complex assembly assays between V-liposomes containing synaptobrevin labeled with a donor fluorescent probe (green dot) and S-liposomes
containing syntaxin-1 labeled with an acceptor probe (red dot) in the presence of Munc13C, a SNAP-25 mutant (SNAP-25m), and WT or mutant Munc18-1. (F) Decrease
in relative donor fluorescence (normalized to the first time point) as a function of time in trans-SNARE complex assembly assays performed with WT or mutant Munc18-1

as indicated. Reactions were initiated in the presence of 100 uM EGTA, and Ca** (600 uM) was added at the time indicated by the arrow.

L348R, and E352K mutations decreased assembly in the absence
and presence of Ca®" to different extents (Fig. 5F and fig. $10, C and
D) that approximately correlated with impairment in binding of
Muncl18-1 to SyxLE/Syb (Fig. 4]).

To analyze how the mutations affect the ability of Munc18-1 to
support SNARE-dependent membrane fusion, we used an assay
that measures content mixing between V-liposomes and liposomes
containing syntaxin-1 and SNAP-25 (T-liposomes) in the presence
of Muncl8-1, Munc13C, NSF, and aSNAP (13) and that has al-
lowed us to establish many correlations between the effects of mu-
tations on liposome fusion and their effects on neurotransmitter

Stepien et al., Sci. Adv. 8, eabo5272 (2022) 22 June 2022

release in neurons (Fig. 6A) (13, 14, 40, 41). As expected, no lipo-
some fusion was observed in the absence of Munc18-1, and inclu-
sion of WT Munc18-1 yielded inefficient Ca**-independent fusion
that was strongly stimulated by addition of Ca** (Fig. 6B). The
D326K and P335A mutations strongly enhanced Ca**-independent
fusion, as observed previously (16, 31), and the S42Q mutation in-
duced a similar stimulation (Fig. 6B and fig. S11A). In contrast, the
Q301D, L307R, L348R, and E352K mutations abolished the small
amount of Ca**-independent fusion observed for WT Munc18-1
and impaired Ca**-dependent fusion to different extents (Fig. 6B
and fig. S11, A and B) that approximately correlate with the effects
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Fig. 6. Effects of Munc18-1 and syntaxin-1 mutations on liposome fusion. (A) Diagram summarizing the content mixing between T-liposomes containing syntaxin-1
and SNAP-25, which were preincubated with Munc18-1, NSF, and aSNAP, and V-liposomes containing synaptobrevin in the presence of Munc13C. V-liposomes contain
trapped Cy5-strepatavidin, and T-liposomes contain trapped PhycoE-biotin. (B to D) Content mixing between V-liposomes and T-liposomes was monitored from the
increase in the fluorescence signal of Cy5-streptavidin caused by FRET with PhycoE-biotin. Assays were performed with WT or mutant Munc18-1 (B), or WT or mutant
syntaxin-1 and WT (C) or D326K mutant (D) Munc18-1, as indicated. Experiments were started in the presence of 100 uM EGTA, and Ca>* (600 uM) was added at 300 s.

of these mutations on binding of Munc18-1 to SyxLE/Syb and on
trans-SNARE complex assembly (Figs. 4] and 5F and fig. S10, C
and D). Although the effects of the L307R and Q301D mutations
on Ca**-dependent fusion appear to be small, they are signifi-
cant, as mild impairments in activity in these assays are often not
observable (40).

The formation of a small four-helix bundle by synaptobrevin, the
syntaxin-1 SNARE motif, and helices Hd and He from the syntaxin-1
linker in class1 and class2 (Figs. 1, E and F, and 3, H to K) suggests
that the linker acts as a template to nucleate assembly of the SNARE
complex. To test the functional relevance of the structure formed in
this region, we designed two mutations in helix He: a D184P muta-
tion expected to disrupt the helical structure and an M183A muta-
tion designed to disrupt hydrophobic contacts that stabilize the
short four-helix bundle (fig. S6, E to H) and involve a highly con-
served residue (fig. S12). These mutations are not expected to sub-
stantially perturb the closed conformation of syntaxin-1 because
these residues are exposed in a loop (fig. S7G). The M183A and
D184P mutations did not impair syntaxin-1 binding to Munc18-1,
but they strongly disrupted binding of SyxLE/Syb to Munc18-1
D326K (Fig. 4, Ato Cand E to G).

Ca**-dependent liposome fusion in the presence of WT Munc18-1
was strongly disrupted by the M183A mutation and was impaired
by the D184P mutation (Fig. 6C and fig. S11C). Analysis of the lipo-
somes by SDS-polyacrylamide gel electrophoresis (SDS-PAGE)
(fig. S11E) showed that these results did not arise from poor syntaxin-1
incorporation onto the liposomes. Since the high efficiency of
Ca**-dependent fusion might have masked the severity of the effect
of the D184P mutation, we also performed liposome fusion assays
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in the presence of the Munc18-1 D326K mutant, which yields Ca**-
independent fusion. Both M183A and D184P abolished Ca**-
independent fusion (Fig. 6D and fig. S11D), emphasizing the importance
of the He helix of syntaxin-1 for the molecular events that lead to
liposome fusion.

DISCUSSION

The crystals structures of Vps33-SNARE complexes (30) and multi-
ple data on Munc18-1 (24, 31, 32) showed that SM proteins form
templates for SNARE complex assembly and that a synaptobrevin-
Munc18-1-syntaxin-1 template complex represents a crucial inter-
mediate in the path from the Munc18-1-closed syntaxin-1 complex
to the SNARE complex. However, the steps leading to SNARE com-
plex assembly and the basis for the key role played by the syntaxin-1
N-terminal region in template complex formation remained poorly
understood, and no structure was available for Munc18-1 bound to
synaptobrevin or for any SM protein bound to its two cognate
SNAREs. Our cryo-EM structures now fill this gap and, together
with our biophysical assays and previous data, allow us to develop a
realistic model of the steps that lead from the Munc18-1-closed
syntaxin-1 complex to the SNARE complex in which the syntaxin-1
linker plays a key role in nucleating SNARE assembly, while the C
termini of the syntaxin-1 and synaptobrevin SNARE motifs are held
at distant sites of Munc18-1.

Structural characterization of the template complex was hin-
dered by its necessarily dynamic nature as an intermediate in the
pathway to SNARE complex assembly. To overcome this problem,
we used chemical cross-linking and took advantage of the ability of
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Fig. 7. Model of SNARE complex assembly templated by Munc18-1 and the syntaxin-1 N-terminal region. The model postulates that assembly starts with Munc18-1
bound to closed syntaxin-1 (A) (PDB code 3C98) and is initiated when the Munc18-1 loop unfurls to allow synaptobrevin binding (B) (model built manually). (C and
D) Conformational changes in syntaxin-1 that are stimulated by Munc13-1 (not shown) lead to template complex configurations such as those of class1 and class2, where
syntaxin-1 gradually opens and the syntaxin-1 linker nucleates interactions between the syntaxin-1 and synaptobrevin SNARE motifs. The color code is the same as in
Fig. 1. (E) Binding to SNAP-25 (green) eventually leads to formation of the SNARE complex (PDB codes: Hapc domain 1BRO; SNARE four-helix bundle 1SFC). The N and

C termini of the SNAREs are indicated in the relevant panels.

cryo-EM to characterize substantially populated states within con-
formational ensembles. In principle, the introduction of a disulfide
bond between synaptobrevin and syntaxin-1 might cause local
structural distortions, but multiple arguments suggest that the bias
introduced by the cross-link selects for configurations of the en-
semble that are on the productive pathway for SNARE complex as-
sembly. First, the two cross-linked residues are in contact in the
structure of the SNARE complex (3). Second, the cross-link facili-
tates SNARE complex assembly (fig. S1C) (33) and formation of the
template complex in optical tweezer experiments (32). Third, these
experiments established multiple correlations between the effects of
mutations on template complex formation and their effects on lipo-
some fusion or neurotransmitter release (32). Fourth, our cryo-EM
structures readily explain our Munc18-1-SNARE binding, SNARE
complex assembly, and liposome fusion data. Thus, the effects of
Munc18-1 mutations on binding (Fig. 4) support the interaction
modes of Munc18-1 with synaptobrevin and syntaxin-1 observed in
the two structures. Moreover, the effects of the Munc18-1 muta-
tions on SNARE complex assembly and fusion (Figs. 5 and 6) illus-
trate the importance not only of Munc18-1 binding to the syntaxin-1 and
synaptobrevin SNARE motifs but also of release of these interac-
tions to allow SNARE complex formation. Compelling evidence for the
functional relevance of the conformations observed for the syntaxin-1
linker in our cryo-EM structures is provided by the severe dis-
ruption of Munc18-1-SyxLE/Syb binding and of liposome fusion
caused by the M183A and D184P mutations in syntaxin-1 (Figs. 4
and 6, C and D).
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Our results suggest a model for the transition from the Munc18-
1-syntaxin-1 complex to the SNARE complex where states resem-
bling our two cryo-EM structures of the template complex are at
center stage (Fig. 7). Multiple energy barriers need to be overcome
during this transition, for instance, to open the syntaxin-1 confor-
mation, to unfurl the Munc18-1 loop, and to disrupt extensive
Munc18-1-SNARE interactions that are expected to confer speci-
ficity to SNARE complex formation but need to be released for the
SNARE complex to form fully. Hence, the transition must involve a
series of steps. Interactions of the syntaxin-1 N-peptide and the Hop
domain with Munc18-1 (Fig. 1, D to F, and fig. $4, A to C) are like-
ly present throughout the pathway and may remain even after the
SNARE complex is formed. These interactions, together with bind-
ing of the C-terminal half of the syntaxin-1 SNARE motif to the
Muncl18-1 cavity (Fig. 1, D to F, and fig. S4, A to C), provide anchor
points to keep syntaxin-1 bound to Munc18-1, while the N-terminal
half of the SNARE motif and the linker undergo conformational re-
arrangements that are necessary to form the template complex. At a dis-
tal site, binding of the C-terminal half of the synaptobrevin SNARE
motif to the groove between helices H11 and H12 of Munc18-1
(Fig. 2, A to C) provides an anchor point for synaptobrevin. Thus, a
central aspect of this model is that the attachment of the C-terminal
halves of the synaptobrevin and syntaxin-1 SNARE motifs to distal
parts of Munc18-1 allows their N-terminal halves to come close and
bind, as proposed from optical tweezer experiments (32).

Unfurling the Munc18-1 loop to allow synaptobrevin binding
(Fig. 2, A to C) is clearly a key event for SNARE complex assembly, as
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shown by the observation that the D326K mutation that unfurls the
loop leads to gains of function in vivo (31) and in the trans-SNARE
complex assembly and liposome fusion assays in vitro (Figs. 5F and
6B). However, this mutation or mutations that disrupt Munc18-1-
synaptobrevin interactions did not affect SNARE complex assembly
in our solution assays (Fig. 5C). Thus, synaptobrevin binding is a
rate-limiting step in the trans-SNARE complex assembly, but not in
the solution assays, which in principle is unexpected because bridg-
ing of the two membranes by Munc13-1C (14) should increase the
local concentration of synaptobrevin and the Munc18-1-syntaxin-1
complex in the former assays. These findings likely arise because the
highly elongated Munc13-1C fragment has a tendency to bridge the
membranes in an approximately perpendicular orientation that
keeps the membranes apart in the absence of Ca** (14, 40), which
may hinder binding of synaptobrevin to the Munc18-1-syntaixn-1
complex. The effects of the D326K mutation are similar to those
caused by the P335A mutation in Munc18-1, which also induces a
gain of function in vivo (16, 25) and enhances trans-SNARE com-
plex assembly and liposome fusion (Figs. 5F and 6B). The region
around P335 and a nearby B-hairpin are well packed against syntaxin-1
in the Munc18-1-syntaxin-1 complex, but not in classl and class2
(Fig. 2 and fig. S6, I to K). Correspondingly, the P335A mutation
markedly impairs binding of Munc18-1 to syntaxin-1, but not to SyxLE/
Syb (Fig. 4 and fig. S9). Thus, the gain of function caused by this muta-
tion likely arises because it helps to release the interaction of the
N-terminal half of the syntaxin-1 SNARE motif with Munc18-1, which
is required to form the template complex and might occur in a concerted
fashion with the unfurling of the Munc18-1 loop. However, the obser-
vation that P335A accelerates SNARE complex assembly in the solution
assay (Fig. 5, C and D), unlike D326K, suggests that unfurling of the
Muncl18-1 loop occurs first (Fig. 7B), before release of the interactions
between the region of Munc18-1 around P335 and syntaxin-1.
Interactions of the N-terminal half of the syntaxin-1 SNARE
motif with the H,p. domain, which define the closed conformation,
also need to be released to allow binding between the N-terminal
halves of the synaptobrevin and syntaxin-1 SNARE motifs to form the
template complex (Fig. 3, A to C). Since the syntaxin-1 linker is packed
against the SNARE motif in the closed conformation (Fig. 3A and
fig. S7G), the motion of the SNARE motif to bind to synaptobrevin
must also be accompanied by structural changes in the syntaxin-1
linker. Hence, multiple energy barriers need to be overcome for the
synaptobrevin and syntaxin-1 SNARE motifs to come together, and
it seems unlikely that the resulting interactions between a few resi-
dues of the SNARE:s are sufficient to overcome these barriers. Even
if such interactions occur transiently, the system might quickly re-
vert to the closed syntaxin-1-Munc18-1 complex structure unless the
initial synaptobrevin and syntaxin-1 interactions are stabilized. The
SNARE motifs of syntaxin-1 and synaptobrevin form a short four-
helix bundle with helices Hd and He from the syntaxin-1 linker
in both class1 and class2 (Figs. 1, E and F, and 3, H to K), and the
four-helix bundle includes native contacts between residues of syn-
aptobrevin and syntaxin-1 that also interact in the SNARE complex
(e.g., V42, M46 of synaptobrevin and L212, F216 of syntaxin-1; fig.
S6, E and F). These observations suggest that formation of this small
four-helix bundle stabilizes the interactions between the SNARE motifs
and constitutes the initiation point for SNARE complex formation.
The different extents of interaction between the syntaxin-1 SNARE
motif and the Hyp. domain observed in the Munc18-1-syntaxin-1
complex, classl, and class2 (Figs. 3, A to C,and 7, A, C, and D, and

Stepien et al., Sci. Adv. 8, eabo5272 (2022) 22 June 2022

fig. S7, H to J) help to visualize how syntaxin-1 opens gradually and
suggest that, once the small four-helix bundle forms, it helps to
maintain the native synaptobrevin-syntaxin-1 contacts during the
opening process. However, this structure is likely metastable, as dis-
cussed above, and helices Hd-He need to be at least partially disso-
ciated in subsequent events to allow SNAP-25 binding to syntaxin-1
and synaptobrevin. As the SNARE complex zippers, the C-terminal
halves of the synaptobrevin and syntaxin-1 SNARE motifs need to
dissociate from Munc18-1 to allow full SNARE complex assembly
(Fig. 7E). The central role of the syntaxin-1 linker in nucleating
SNARE complex assembly postulated by this model is supported by
the severe impairment in liposome fusion caused by the M183E and
D184P mutations in the linker (Fig. 6, C and D). An 18-residue se-
quence upstream of the SNARE motif in the linker region of Vam3
was found to play a key role in SNARE complex assembly and lipo-
some fusion mediated by the yeast vacuolar SNAREs (42), suggest-
ing that linker sequence upstream of the SNARE motifs from the
syntaxin family may play a universal role in nucleating SNARE
complex formation. Note, however, that the homotypic fusion and
protein sorting (HOPS) complex, which mediates yeast vacuolar fusion
and contains Vps33, associates first with the synaptobrevin homo-
log Nyv1 and later with the syntaxin-1 homolog Vam3 (43, 44), in
contrast with the initial binding of Munc18-1 to syntaxin-1 and
later to synaptobrevin. Moreover, Vam3 does not adopt a closed con-
formation (45). These findings illustrate that there are also substantial
differences in the molecular mechanisms underlying yeast vacuolar
fusion and synaptic vesicle exocytosis.

The multiple energy barriers that hinder the transition from the
Munc18-1-syntaxin-1 complex to the template complex and then
to the SNARE complex provide varied possibilities for regulation.
Muncl13-1 acts as a master regulator of release (5) and is expected to
influence the molecular events outlined above by at least two mech-
anisms. First, as mentioned above, the orientation of Muncl3-1 as it
bridges the two membranes controls the accessibility of the Munc18-1-
syntaxin-1 complex to synaptobrevin, and changes in this orientation
induced by Ca** and diacylglycerol during repetitive stimulation
likely increase this accessibility, facilitating SNARE complex assembly
(40). Second, Munc13-1 helps to open syntaxin-1 (11, 12) through
weak interactions with the residues of the syntaxin-1 linker that
connect helices Hc and Hd (46, 47). These interactions might facil-
itate formation of the small four-helix bundle involving the linker
and the syntaxin-1 and synaptobrevin SNARE motifs, or may sim-
ply destabilize the linker conformation existing in the Munc18-1-
syntaxin-1 complex, thus catalyzing conformational rearrangements
in syntaxin-1. Both effects and perhaps direct Munc18-1-Munc13-
1 interactions (36) might also stimulate unfurling of the Munc18-1
loop to facilitate synaptobrevin binding. Release is also modulated
by kinases that phosphorylate Munc18-1, altering interactions with
SNAREs [e.g., (48)]. Hence, this pathway is central for the exquisite
regulation of synaptic vesicle fusion, which is a hallmark that allows
presynaptic terminals to act as small computational units in the
brain (49). The facts that a mutation in Unc-18 analogous to P335A
partially rescues the severe phenotypes caused by deletion of Unc-13
(16) and that the LE mutation of syntaxin-1 can partially rescue
the phenotypes caused by the absence of very diverse proteins
(15, 22, 23) emphasize how understanding the mechanism of neu-
rotransmitter release allows manipulation of the release efficiency.
The structures of Munc18-1-SNARE complexes that are now avail-
able, together with the mechanistic understanding yielded by our
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mutagenesis studies (Figs. 4 to 6) and previous data [reviewed in (5)],
provide a framework to design strategies for modulation of neurotrans-
mitter release and other forms of regulated secretion that might
have therapeutic use for a wide variety of diseases.

MATERIALS AND METHODS

Protein expression and purification

Escherichia coli expression and purification of full-length rat syntaxin-
1A, the cytoplasmic fragment of rat syntaxin-1A (residues 2-253),
a cysteine-free variant of full-length rat SNAP-25a, a full-length rat
synaptobrevin-2, rat synaptobrevin-2 (residues 29-83), rat synapto-
brevin (residues 1-96), full-length rat Munc18-1, full-length Cricetulus
griseus NSF, full-length Bos taurus oSNAP, and a rat Munc13-1
fragment spanning the C;, C,B, MUN, and C,C domains (residues
529-1725, A1408-1452) (referred to as Muncl13C) were described
previously (9, 10, 13, 50-52). The following mutants were also de-
scribed previously (10, 31, 47) and were purified through the same
protocols used for the WT proteins: full-length syntaxin-1 S186C,
C145A, C271A, C272A; SNAP-25a R136C C84S, C85S, C90S, C92S;
SNAP-25a M71D, L78D C84S, C85S, C90S, C92S (SNAP-25m); full-
length synaptobrevin-2 L26C; synaptobrevin-1 1-96 L26C; Munc18-1
P335A; Munc18-1 D326K; and Munc18-1 L348R.

Briefly, full-length syntaxin-1 was expressed overnight at 25°C
upon induction with 0.4 mM isopropyl-B-p-thiogalactoside (IPTG).
Cell pellets were resuspended with 20 mM Hepes (pH 7.4), 500 mM
NaCl, 8 mM imidazole, and 1 mM tris(2-carboxyethyl)phosphine
(TCEP). The protein was initially purified via affinity chromatography
using HisPur Ni-nitrilotriacetic acid (NTA) resin (Thermo Fisher
Scientific) in 20 mM tris (pH 7.4), 500 mM NaCl, 8 mM imidazole,
2% (v/v) Triton X-100, and 6 M urea. Upon extensive washes, the
protein was eluted in 20 mM tris (pH 7.4), 500 mM NaCl, 400 mM
imidazole, and 0.1% dodecylphosphocholine (DPC). The polyhisti-
dine tag was removed using thrombin protease, 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 TCEP,
and 0.2% DPC.

Expression of syntaxin-1 2-253 was induced with 0.4 mM IPTG
and expressed overnight at 25°C. Upon cell lysis, purification was
done using Glutathione Sepharose 4B resin (GE) in phosphate-buffered
saline (PBS; pH 7.4), PBS with 1% (v/v) Triton X-100, and PBS with
1 M NaCl. The glutathione S-transferase (GST)-tag was cleaved by
thrombin protease, and the eluted protein was further purified by
anion exchange chromatography on a HiTrap Q column (GE) in
25 mM tris (pH 7.4) and 1 mM TCEP using a linear gradient from
0to 1 M NaCl. Please note that the purification of syntaxin-1 2-253
C145A, L165A, E166A, L205C (SyxLE) was carried out with the
same procedure except that the final purification was done by size
exclusion chromatography using a Superdex 75 (GE 10/300) column
equilibrated with 100 mM phosphate buffer at pH 7.0 with 100 mM
NaCl, 6 M urea, 0.2 mM EDTA, and 0.5 mM TCEP.

Cysteine-free SNAP-25 was expressed overnight at 25°C upon
induction with 0.4 mM IPTG. Upon cell lysis, protein purification
was performed using HisPur Ni-NTA resin (Thermo Fisher Scien-
tific) in 50 mM tris (pH 8.0), 500 mM NaCl, 20 mM imidazole, and
1% (v/v) Triton X-100. The His6-tag was cleaved by thrombin pro-
tease, and the protein was purified by size exclusion chromatogra-
phy using a Superdex 75 column (GE 16/60) in 50 mM tris (pH 8.0)
and 150 mM NaCl.
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Full-length synaptobrevin-2 was expressed overnight at 25°C
upon induction with 0.4 mM IPTG. Cells were resuspended in PBS
buffer containing 1% (v/v) Triton X-100. Purification was done
using Glutathione Sepharose 4B resin (GE) at 4°C. The bound pro-
teins were treated with PBS with 1% (v/v) Triton X-100, followed by
the addition of thrombin to cleave the GST-tag. The protein was
further purified by cation exchange chromatography on a HiTrap S
column (GE) in 25 mM NaAc (pH 5.5), 1 mM TCEP, and 1% (w/v)
using a linear gradient from 0 to 1 M NaCl

Expression of synaptobrevin-2 1-96 or synaptobrevin-2 29-83
Q36C (Syb) was induced with 0.4 mM IPTG and expressed over-
night at 23°C. Purification was done using Glutathione Sepharose
4B resin (GE), followed by cleavage of the GST-tag. The final
purification of synaptobrevin-2 1-96 was performed using size
exclusion chromatography on a Superdex 75 column (GE 16/60)
equilibrated in 20 mM tris (pH 7.4) and 125 mM NacCl. The
final purification of synaptobrevin-2 29-83 Q36C was carried
out using size exclusion chromatography on a Superdex 75 col-
umn (GE 10/300) equilibrated with 100 mM phosphate buffer
at pH 7.0 with 100 mM NaCl, 6 M urea, 0.2 mM EDTA, and
0.5 mM TCEP.

Expression of aSNAP was induced by the addition of 0.4 mM
ITPG and continued overnight at 25°C. Protein purification was
performed using Glutathione Sepharose 4B resin (GE) by washing
bound proteins with PBS, PBS with 1% (v/v) Triton X-100, and PBS
with 1 M NaCl. Upon GST-tag cleavage in the presence of thrombin,
the protein was purified by size exclusion chromatography using
a Superdex 75 column (GE 16/60) in 20 mM tris (pH 7.4), 150 mM
KCl, and 1 mM TCEP.

Expression of NSF was induced with 0.4 mM IPTG and contin-
ued overnight at 20°C. Purification was performed using HisPur
Ni-NTA resin (Thermo Fisher Scientific), followed by size exclu-
sion chromatography of hexameric NSF on a Superdex S200 col-
umn (GE 16/60) in 50 mM tris (pH 8.0), 100 mM NaCl, 1 mM
adenosine triphosphate (ATP), 1 mM EDTA, 1 mM dithiothreitol
(DTT), and 10% (v/v) glycerol. Removal of the His6-tag and mono-
merization of NSF were performed using Tobacco Etch Virus
(TEV) protease and apyrase, respectively, while dialyzing with
nucleotide-free buffer for 36 hours. To separate the hexameric form
of NSF from the monomeric, three rounds of size exclusion chroma-
tography on a Superdex S200 column (GE 16/60) in 50 mM NaPi
(pH 8.0), 100 mM NaCl, and 0.5 mM TCEP were performed by
reinjecting fractions with hexameric NSF. Final reassembly of mono-
mers and gel filtration chromatography of reassembled hexameric
NSF were done 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% (v/v) glycerol.

Expression of full-length Munc18-1 was induced with 0.4 mM
IPTG and continued overnight at 20°C. Upon cell lysis and centrif-
ugation, the supernatant was loaded on Glutathione Sepharose 4B
resin (GE) at 4°C, and the bound proteins were washed with PBS,
PBS with 1% (v/v) Triton X-100, and PBS with 1 M NaCl. The GST-
tag was cleaved by a thrombin treatment, followed by immediate
size exclusion chromatography using a Superdex 200 column (GE
16/60) in a buffer containing 20 mM tris (pH 7.4), 200 mM KCI, and
1 mM TCEP.

Expression of the rat Muncl3C (residues 529-1725, A1408-
1452) was induced with 0.5 mM IPTG and performed overnight at
16°C. The protein was purified by affinity chromatography using
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HisPur Ni-NTA resin (Thermo Fisher Scientific) with extensive
washes with 50 mM tris (pH 8), 10 mM imidazole, 750 mM NaCl, 1 mM
TCEP, and 10% (v/v) glycerol. The protein was eluted with 50 mM
tris (pH 8), 250 mM NaCl, 1 mM TCEP, 10% (v/v) glycerol, and
500 mM imidazole and dialyzed overnight at 4°C in 50 mM tris
(pH 8), 250 mM NaCl, 1 mM TCEP, 2.5 mM CaCl,, and 10% (v/v)
glycerol in the presence of thrombin. The protein was further puri-
fied by anion exchange chromatography on a HiTrap Q column
(GE) in 20 mM tris (pH 8.0), 1 mM TCEP, and 10% (v/v) glycerol
using a linear gradient from 0 to 1 M NaCl.

The following mutants were generated using the QuikChange
site-directed mutagenesis and custom-designed primers and puri-
fied as the unmodified constructs: full-length syntaxin-1A (1-288)
M138A; full-length syntaxin-1A (1-288) D184P; syntaxin-1A
(2-253) M183A; syntaxin-1A (2-253) D184P; syntaxin-1A (2-253)
C145A, L165A, E166A, L205C; syntaxin-1A (2-253) C145A, L165A,
E166A, M183A, L205C; full-length syntaxin-1A (1-288) C145A,
L165A, E166A, M183A, L205C; full-length syntaxin-1A (1-288)
C145A, L165A, E166A, D184P, L205C; synaptobrevin-2 29-83
Q36C; Munc18-1 S42Q; Munc18-1 L307R; Munc18-1 Q301D; and
Munc18-1 E352K.

Template complex formation

Before complex formation, TCEP was removed from each protein
preparation using Superdex 75 10/300 GL column. TCEP-free Syb
(100 to 200 uM) was mixed with 400 to 500 pM 2,2-dithiodipyridine
(Sigma-Aldrich). The reaction was monitored at 343 nm using an
Agilent 8453 ultraviolet-visible spectrometer. Upon completion, the
excess of 2,2-dithiodipyridine was removed using a PD MiniTrap
G-25 Sephadex column with 100 mM phosphate at pH 7.0, 100 mM
NaCl, 6 M urea, and 0.2 mM EDTA as the elution buffer. An excess
of activated Syb was then mixed with TCEP-free SyxLE and left in-
cubated at room temperature overnight. The efficiency of disulfide
bond formation between Syb and SyxLE was estimated on the basis
of the absorbance at 343 nm. The SyxLE/Syb conjugate was purified
by size exclusion chromatography using Superdex 75 10/300 GL
and 20 mM Hepes (pH 7.4), 150 mM KCl as the running buffer.
TCEP-free Munc18-1 D326K was then mixed with purified SyxLE/Syb
and left rotated overnight at room temperature. The template
complex was finally purified by size exclusion chromatography using
a Superdex 75 10/300 GL column in 20 mM Hepes (pH 7.4) with
150 mM KClL.

EM data acquisition

Fluorinated fos-choline-8 was added into purified template complex
formed by SyxLE and Munc18-1 D326K (7.5 mg/ml) to a final con-
centration of 5 mM, and 3 pl of the sample was applied to glow-
discharged (30 mA, 80 s) Quantifoil R1.2/1.3 300-mesh gold holey
carbon grids (Quantifoil, Micro Tools GmbH, Germany). Grids
were blotted for 4.0 s under 100% humidity at 4°C before being
plunged into the liquid ethane using Mark IV Vitrobot (FEI).
Micrographs were acquired on a Titan Krios microscope (FEI) op-
erated at 300 kV with a K3 direct electron detector (Gatan), using a
slit width of 20 eV on a GIF-Quantum energy filter. SerialEM was
used for data collection. A calibrated magnification of 46,296 was
used for imaging of the samples, yielding a pixel size of 1.08 A on
the images. The defocus range was set from —1.6 to —2.6 um. Each
micrograph was dose-fractionated to 30 frames with a total dose of
about 60 e /A%,
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Image processing

The cryo-EM refinement statistics are summarized in table S1. A
total of 7401 movie frames of the SyxLE/Syb-Munc18-1 D326K com-
plex were motion-corrected, binned twofold, resulting in a pixel
size of 1.08 A, and dose-weighted using MotionCor2. The con-
trast transfer function (CTF) parameters were estimated using Getf.
RELIONS3 (53) was used for the following processing. Particles were
first roughly picked by using the Laplacian-of-Gaussian blob method
and then subjected to 2D classification. Class averages representing
projections of the SyxLE/Syb-Munc18-1 D326 complex in different
orientations were used as templates for reference-based particle
picking. Extracted particles were binned three times and subjected
to 2D classification. Particles from the classes with fine structural
features were selected for 3D classification using an initial model
generated from a subset of the particles in RELION3. Particles from
one of the resulting 3D classes showing good secondary structural
features were selected and reextracted into the original pixel size of
1.08 A. Subsequently, we performed finer 3D classification imposed
by using local search in combination with small angular sampling
(3.75°), resulting in new classes showing two distinct conforma-
tions of the SyxLE/Syb-Munc18-1 D326 complex. The particles
corresponding to two different conformations were selected and
refined separately, leading to two different cryo-EM maps at 3.5-A
(class2) and 3.7-A (class1) resolution, respectively.

Model building and refinement

Model building of both template complexes was started by docking
the individual chains from the previously solved crystal structure of
the syntaxin-1-Munc18-1 complex [Protein Data Bank (PDB) ID:
3C98] using Chimera 1.15 (54). The models were improved by iter-
ative manual building in Coot 0.9 (55) and real-space refinement in
the software package Phenix 1.19.1 (56). The density for Hd in syn-
taxin in both tcl and tc2 is rather weak, preventing the assignment
of individual residues. This part was therefore built as a polyalanine
helix, with the register of the residues undetermined. The quality of
the model stereochemistry and fit to density was evaluated with the
comprehensive validation method MolProbity (57) as implemented in
the Phenix package. The statistics are shown in table S1. The PyMOL
Molecular Graphics System, Version 4.6.0 (Schrodinger LLC) was
used for visualization of the structures, preparation of molecular
diagrams for the figures, and calculations of buried surface areas.

Gel filtration-binding assay

Samples (6 to 20 uM) containing Munc18-1 D326K, Munc18-1
D326K incubated with SyxLE and Syb, or Munc18-1 D326K incu-
bated with SyxLE/Syb were injected into a size exclusion chroma-
tography column (Superdex 30 Increase 10/300 GL) using 20 mM
Hepes (pH 7.4), 150 mM KCl as the running buffer. To form poten-
tial complexes, selected proteins were incubated overnight at 4°C
before injection. Selected eluted fractions were loaded into SDS-
PAGE gel and stained with InstantBlue Coomassie protein stain to
confirm protein coelution.

SDS-PAGE SNARE complex assembly assay

To detect the SDS-resistant SNARE complex, the template complex
was formed as described above, and the SyxLE/Munc18-1 D326K
complex was preformed (overnight incubation at 4°C). SNAP-25
(5 uM) was added to 5 uM template complex; 5 uM Syb and 5 uM
SNAP-25 were added to the SyxLE/Munc18-1 D326K complex; or 5 uM
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Syb, 5 uM SNAP-25, and 5 uM SyxLE were mixed. The reaction was
done in 25 mM Hepes (pH 7.4), 150 mM KCI, and 10% (v/v) glyc-
erol at room temperature. After 3 min, the reaction was stopped
by addition of the SDS-PAGE gel-loading buffer. The samples were
then loaded into SDS-PAGE gels and stained with InstantBlue
Coomassie protein stain. The gels were imaged using a Bio-Rad
ChemiDoc imaging system.

Mass photometry

Samples containing 1000 nM SyxLE/Syb, or SyxLE M183A/Syb, or
SyxLE D184P/Syb, or syntaxin-1 (2-253), or syntaxin-1 (2-253)
M183A, syntaxin-1 (2-253) D184P were incubated overnight at room
temperate with TCEP-free 1000 nM or 2000 nM WT or mutant
Muncl8-1. Before the measurements, the samples were diluted
10-fold using PBS at pH 7.4. High-precision microscope cover
glasses were rinsed with Milli-Q water, isopropanol, Milli-Q water,
isopropanol, and Milli-Q water and dried using a stream of nitrogen
gas. Clean coverslips with attached silicon gaskets were then mounted
on immersion oil (refractive index of 1.518)-covered lenses of a
Refeyn’s second-generation mass photometer. All the measurements
were performed using PBS at pH 7.4. Data were collected using
AcquireMP software. A single gasket was filled with 13 to 17.1 pl of
PBS to enable focusing of the coverslip. Once the focus signal was
stable, 0.9 to 7 ul of the 100 nM sample were added and quickly
mixed to achieve the desired final protein concentrations. A movie was
recorded for 60 s (2819 frames) and processed using DiscoverMP.
Contrast-to-mass calibration was achieved using a bovine serum
albumin (BSA) standard (0.002 mg/ml). The contrasts observed for
BSA monomer (66 kDa), dimer (132 kDa), and trimer (198 kDa)
were used to generate a standard calibration curve. Each measure-
ment is displayed as normalized histograms with Gaussian fitting of
the binding event counts with a loaded standard calibration curve.
Kp was calculated using a standard one-ligand binding model.

Solution SNARE complex assembly assay

To monitor SNARE complex assembly in solution, synaptobrevin
(1-96) L26C and SNAP-25 R136C (50 to 150 uM) were respectively
labeled with Alexa Fluor 488 maleimide and tetramethylrhodamine
(TMR) maleimide at room temperature with 10- to 20-fold excess of
the dyes for 2 hours. The excess of the reagents was removed using
a Superdex 75 (10/300) column equilibrated with 20 mM tris (pH 7.4),
150 mM NaCl, and 1 mM TCEP. SNARE complex assembly was mon-
itored by detecting Alexa Fluor 488 donor fluorescence intensity
(excitation at 468 nm and emission at 518 nm) as a function of time at
37°C using a PTT Quantamaster 400 spectrofluorometer (T-format)
equipped with a rapid Peltier temperature—controlled four-position
sample holder with a GG495 long-pass filter mounted. To start the
reactions, 0.1 uM synaptobrevin (1-96) L26C-Alexa Fluor 488 was
mixed with 1 pM SNAP-25R136C-TMR and 1 uM syntaxin-1 (2-253)/
Munc18-1 complexes (preformed for 1 hour at room temperature).
The reaction buffer was 25 mM Hepes (pH 7.4), 150 mM KCl, 1 mM
TCEP, and 10% (v/v) glycerol.

Trans-SNARE complex formation assay

Single-cysteine variants of syntaxin-1A S186C and synaptobrevin-2
L26C were labeled with TMR and Alexa Fluor 488, respectively,
as described above. V-liposomes were prepared similarly to those
used for content mixing fusion assays (see below) except that they
contained synaptobrevin-2 L26C-Alexa Fluor 488 with a 1:10,000
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protein-to-lipid ratio. S-liposomes were prepared as the T-liposomes
used for the content mixing assays but using syntaxin S186C-TMR
without SNAP-25. Trans-SNARE complex formation was mea-
sured by the development of FRET between Alexa Fluor 488-
synaptobrevin on V-liposomes (0.0625 mM total lipid) and
TMR-syntaxin-1A on S-liposomes (0.25 mM total lipid) at 37°C using
a PTI Quantamaster 400 spectrofluorometer (T-format) equipped
with a rapid Peltier temperature-controlled four-position sample
holder. Before the measurements, the S-liposomes were incubated
with 0.37 uM WT or mutant Munc18-1 for 1 hour at room tem-
perature. The Alexa Fluor 488 donor fluorescence of V-liposomes
at 518 nm (excitation at 468 nm) was recorded to monitor the de-
velopment of FRET over time upon mixing with S-liposomes con-
taining the preformed syntaxin-1/Munc18-1 complexes, 2 pM
SNAP-25a M71D, L78D, 0.2 uM Muncl3C, and 0.1 mM EGTA. At
1100 s, the reaction was paused and 0.6 mM CaCl, was quickly
added to each reaction. The reaction buffer contained 25 mM Hepes
(pH 7.4), 150 mM KCl, 1 mM TCEP, and 10% (v/v) glycerol. A
GG495 long-pass filter (Edmund Optics) was used to filter scat-
tered light.

Content mixing assays

The assay was performed as previously described (17). Briefly,
V-liposomes containing full-length synaptobrevin-2 (protein-to-
lipid ratio of 1:500) were prepared with 39% 1-palmitoyl, 2-oleoyl
phosphatidylcholine (POPC), 19% 1,2-dioleoyl-sn-glycero-3-phospho-
L-serine (DOPS), 19% 1-palmitoyl-2-oleoyl-sn-phosphatidylethanolamine
(POPE), 20% cholesterol, 1.5% N-(7-nitrobenz-2-oxa-1,3-diazol-
4-yl)-1,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine,
triethylammonium salt (NBD-PE), and 1.5% 1,2-dihexadecanoyl-
sn-glycero-3-phosphoethanolamine (Marina Blue DHPE). T-
liposomes containing syntaxin-1 (WT or M183, or D184P;
syntaxin-1-to-lipid ratio of 1:800) and 25 uM SNAP-25 were prepared
with 38% POPC, 18% DOPS, 20% POPE, 20% cholesterol, 2% phospha-
tidylinositol 4,5-biphosphate (PIP,), and 2% diacylglycerol (DAG).
Dried lipid films were resuspended in 25 mM Hepes (pH 7.4),
150 mM KCI, 1 mM TCEP, and 2% octyl B-glucopyranoside (BOG).
Lipid solutions were then mixed with the respective proteins and
with 4 uM phycoerythrin-biotin for T-liposomes or with 8 uM
Cy5-streptavidin for V-liposomes in 25 mM Hepes (pH 7.4), 150 mM
KCI, 1 mM TCEP, and 10% (v/v) glycerol. Proteoliposomes were
prepared by detergent removal using dialysis with Amberlite XAD-2
beads (2 g/liter; Sigma-Aldrich) three times at 4°C and subsequent
co-floatation on a three-layer histodenz gradient (35, 25, and 0%)
and harvested from the topmost layer. Content mixing signals were
measured from the development of FRET between Cy5-streptavidin
trapped in V-liposomes and phycoerythrin-biotin trapped in
T-liposomes (excitation at 565 nm and emission at 670 nm). Each
reaction was prepared in a total volume of 200 ul with V-liposomes
(0.125 mM total lipid), T-liposomes (0.25 mM total lipids), 2.5 mM
MgCl,, 2 mM ATP, 0.1 mM EGTA, 5 uM streptavidin, and the
following proteins: 1 pM SNAP-25, 0.4 uM NSF purified in
ATP-containing buffer, 2 uM aSNAP, 1 uM Muncl8-1 (WT or other
tested mutants), and 0.2 uM Muncl3C. At 300 s, the reaction was
paused and 0.6 mM CaCl, was added to each reaction mixture and
quickly mixed. All experiments 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 measurements were normalized to control reactions
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collected without streptavidin in the presence of 1% BOG to mea-
sure the maximal Cy5 fluorescence attainable.

Statistics

To analyze the statistical significance of the results obtained in var-
ious assays (Figs. 3 to 5), all experiments were performed at least in
triplicates and one-way analysis of variance (ANOVA) was per-
formed through an all-pairwise multiple comparison procedure
using the Holm-Sidak test (***P < 0.001 and **P < 0.01). For the
analysis of binding of WT and Munc18-1 mutants to SyxLE/Syb by
mass photometry (Fig. 31), the difference between the Kp’s obtained
for WT and S42Q mutant Munc18-1 was obviously statistically sig-
nificant (P < 0.001), but the very large Kp calculated for the S42Q
mutant and the correspondingly large SD hinder the statistical anal-
ysis of significance for other pairwise comparisons within the group.
Hence, all other comparisons within the group were performed
after removing the $42Q data.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abo5272

View/request a protocol for this paper from Bio-protocol.
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