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Abstract

SNARE proteins and Sec1/Munc18 (SM) proteins constitute the core molecular engine that drives
nearly all intracellular membrane fusion and exocytosis. While SNARES are known to couple
their folding and assembly to membrane fusion, the physiological pathways of SNARE assembly
and the mechanistic roles of SM proteins have long been enigmatic. Here, we review recent
advances in understanding the SNARE-SM fusion machinery with an emphasis on biochemical
and biophysical studies of proteins that mediate synaptic vesicle fusion. We begin by discussing
the energetics, pathways, and kinetics of SNARE folding and assembly in vitro. Then, we describe
diverse interactions between SM and SNARE proteins and their potential impact on SNARE
assembly in vivo. Recent work provides strong support for the idea that SM proteins function as
chaperones, their essential role being to enable fast, accurate SNARE assembly. Finally, we review
the evidence that SM proteins collaborate with other SNARE chaperones, especially Munc13-1,
and briefly discuss some roles of SNARE and SM protein deficiencies in human disease.
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1. INTRODUCTION

Eukaryotic cells use vesicles and other membranous carriers to transport proteins and lipids
among different cellular compartments. These vesicles bud from a donor membrane and
fuse with a target membrane, delivering their cargo into the membrane or lumen of the
corresponding compartment (1, 2). Membrane fusion is mediated by a conserved machinery
comprising two key types of proteins: soluble A-ethylmaleimide-sensitive factor attachment
protein receptors (SNARES) and Sec1/Muncl18 (SM)-family proteins (3). Additional
proteins act on this machinery to precisely control the location, time, speed, and magnitude
of membrane fusion. SNARE-SM-mediated fusion is ubiquitous in eukaryotes and underlies
numerous physiological and pathological processes in humans. A prominent example is
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synaptic exocytosis, which is triggered by action potentials and forms the basis of all
thoughts and actions. Vesicle—plasma membrane fusion also mediates insulin secretion for
glucose homeostasis; antibody, cytokine, and cytotoxin secretion associated with immune
responses; and the release of various hormones. Dysfunctions of the fusion machinery are
linked to neurological disorders, diabetes, cancer, and immunological diseases (4-7).

SNARE proteins, most of which are integral membrane proteins with C-terminal anchors,
contain characteristic SNARE motifs that are ~60 residues in length (Figure 1a) (8,

9). While most SNAREs contain one SNARE motif, a few instead consist of two

SNARE motifs connected by an extended linker. Individual SNARE motifs are intrinsically
disordered (10-13), whereas complementary sets of four SNARE motifs assemble to form
parallel four-helix bundles (10, 12-15) (Figure 1b). The coupled folding and assembly

of membrane-bridging (#rans-) SNARE complexes draws two membranes into close
proximity to produce the force required to overcome the energy barrier associated with
membrane merger (16-21). In this manner, frans-SNARE complex assembly both induces
membrane fusion and contributes to its specificity (1, 21). Fusion converts a frans-SNARE
complex, in which the participating SNARESs are anchored in two different membranes,
into a ¢/ SNARE complex, in which all of the SNARESs are embedded in the same

fused membrane. These and other inactive SNARE complexes are then recycled—that is,
forcibly disassembled—by the AAA* ATPase NSF (22, 23). With the development of
new technologies over the past decade, the assembly energetics, kinetics, and pathways of
SNARE proteins in vitro have become relatively well characterized (17, 20, 24, 25). Much
less is known about physiological SNARE assembly, guided by regulatory chaperones, in
vivo (26). It is nonetheless clear that the physiological pathway(s) are different from the
unsupervised pathways (27-29).

Of fundamental importance for SNARE complex assembly in vivo are the SM proteins. One
of the first SM proteins, UNC-18, was discovered by Brenner in 1974, via a genetic screen
for Caenorhabditis elegans mutants that displayed uncoordinated movement (30). unc-18
mutants display a paralytic phenotype and accumulate the neurotransmitter acetylcholine,
consistent with a defect in synaptic vesicle fusion (31). The yeast SM protein Secl was
discovered five years later by Novick and Schekman, who reported the first of what would
soon become a large collection of temperature-sensitive Saccharomyces cerevisiae secretion
mutants (32, 33). At nonpermissive temperatures, sec yeast cells display a dramatic
accumulation of secretory vesicles, suggesting a block in fusion at the plasma membrane.

In 1993, the mammalian homolog of Unc18, Munc18-1, was isolated as a binding partner
of the synaptic SNARE syntaxin-1 and was later found to be essential for neurotransmitter
secretion (34, 35). Together, Secl and Munc18 gave rise to the name SM protein. Humans
have seven SM proteins, including three—Munc18-1, Munc18-2, Munc18-3—that function
in exocytosis (36, 37). Consistent with in vivo observations, SM proteins can promote
SNARE-mediated fusion between reconstituted proteoliposomes (38). However, despite
intensive studies over the past four decades, it is only recently that a detailed understanding
has begun to emerge regarding how SM and SNARE proteins cooperate to drive membrane
fusion.
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This review focuses primarily on recent experimental approaches that have begun to
elucidate the energetics, kinetics, and pathways of SNARE assembly in the absence and
presence of SM proteins. These experiments suggest that SNAREs assemble stepwise with
characteristic kinetics and that representative SM proteins chaperone SNARE assembly via
conserved intermediates. We emphasize the well-studied synaptic SNARE-SM machinery,
which mediates the fusion of synaptic vesicles with the plasma membrane to enable the
release of neurotransmitters into the synaptic cleft (Figure 1a). This calcium-triggered
process requires additional regulatory proteins, including Munc13-1, synaptotagmin,
complexin, and NSF, whose specific functions have been recently reviewed (39-41). Of
these proteins, we focus our discussion on Munc13-1, since recent experiments imply that it
cooperates directly with Munc18-1 to chaperone SNARE assembly (42-47).

2. ENERGETICS, KINETICS, AND PATHWAYS OF SNARE ASSEMBLY
2.1. SNARE Domains and SNARE Complexes

The fusion of synaptic vesicles with the presynaptic plasma membrane requires three
SNARE proteins: the vesicle (v-) SNARE VAMP2 and the target membrane (t-) SNAREsS
syntaxin-1 and SNAP-25 (48) (Figure 1a). Syntaxin-1 and VAMP2 contain C-terminal
transmembrane anchors, whereas SNAP-25 associates with the plasma membrane by
means of palmitoylated cysteine residues in the linker between its two SNARE motifs.
Syntaxin-1, despite its relatively modest size (33 kDa), contains a surprisingly large number
of functionally relevant regions. These include an N-terminal regulatory domain (NRD),

a SNARE motif, a juxtamembrane linker domain (LD), and a C-terminal transmembrane
domain (TMD). The NRD (pink in Figure 1b) consists of three parts: an N-terminal peptide
(N-peptide, residues 1-26), a three-helical Habc domain (residues 27-146) (49), and a
linker connecting the Habc domain to the SNARE motif (residues 147-187). The SNARE
motif comprises N-terminal and C-terminal domains (NTD and CTD; Figure 1b), both in
syntaxin-1 and in other SNAREs.

Crystal structures of fully assembled ¢/ssSNARE complexes reveal parallel bundles of

four a-helical SNARE motifs (14, 15, 50). The core of the bundle is composed of 16

layers, numbered from -7 to +8 (Figure 1b). Fifteen of these layers contain predominantly
hydrophaobic residues. The central zero layer, by contrast, comprises three glutamines and
one arginine that interact with one another via charge-stabilized hydrogen bonds. These
zero-layer residues, which are almost universally conserved among SNARE complexes, gave
rise to a useful alternative nomenclature in which the glutamine-containing SNARES are
named the Qa-, Qb-, and Qc-SNARES (with a, b, and ¢ denoting their relative positions
within the four-helix bundle), while the arginine-containing SNARE is an R-SNARE (8,

9). For the synaptic SNAREs, VAMP?2 is the R-SNARE, syntaxin-1 is the Qa-SNARE,

and SNAP-25—with two SNARE motifs separated by an extended linker—is termed a Qbc-
SNARE. More typically, the Qb- and Qc-SNARES are two separate proteins. In the most
complete X-ray structure of a ¢cissSNARE complex, the a-helices adopted by the SNARE
motifs of syntaxin-1 and VAMP2 extend through the juxtamembrane LDs and TMDs of both
proteins (15).
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2.2. SNARE Folding and Assembly

Diverse in vitro approaches have been used to characterize the folding rates and
thermodynamic stabilities of cytoplasmic SNARE complexes (i.e., complexes among
SNAREs lacking their TMDs) (Figure 1b) (25). Syntaxin-1 and SNAP-25 can form a binary
1:1 t-SNARE complex (or Qabc complex), which then binds VAMP2 to form a 1:1:1 ternary
SNARE complex (10, 51) (Figure 1c). The binding of the t-SNARE complex to VAMP2 is
relatively fast, with estimates of the rate constant ranging from 6 x 103 to 5 x 10° M~1s71
(52, 53). When all three SNARESs are mixed simultaneously, however, assembly of the
ternary complex is much slower—requiring from tens of minutes to hours (54)—presumably
because of competing off-pathway reactions (see Section 2.3). Once assembled, the ternary
SNARE complex is exceptionally stable, with a melting temperature over 90°C (15, 55).

The pronounced hysteresis of SNARE assembly and disassembly (55) has stymied efforts to
measure the thermodynamic stability of the cytoplasmic SNARE complex using traditional
bulk methods (25). A powerful alternative is single-molecule force spectroscopy (25). In

a typical experiment, a single cytoplasmic SNARE complex is suspended between micron-
sized polystyrene beads confined in dual optical traps (Figure 1b). This allows both the
distance between the beads (the extension) and the force exerted by the SNARE complex
on the beads to be measured simultaneously and with subnanometer and submillisecond
resolution (17). Manipulating the beads applies a controlled pulling force to the C termini
of syntaxin-1 and VAMP?2, inducing SNARE unfolding, and the force is subsequently
relaxed to allow SNARE refolding. The pulling force exerted by the optical traps mimics
the membrane repulsive force on the #rans-SNARE complex during SNARE assembly and
membrane fusion. The resulting force-extension curves or extension-time trajectories reveal
SNARE folding and unfolding transitions in real time (Figure 1d) (56). Unfolding energy is
derived from the work (the force multiplied by the extension change) corresponding to each
transition (56, 57). A similar experimental setup has been applied to characterize t-SNARE
folding (58).

These measurements, interpreted in the light of other biophysical and structural studies,
imply that the 1:1 t-SNARE complex (syntaxin-1-SNAP-25) is a parallel three-helix bundle
with disordered C termini (layers +5 to +8) (Figure 1c, state @). The t-SNARE complex
exhibits a thermodynamic stability of 17 kgT (1 kgT per molecule is equivalent to 0.6
kcal/mol) (58). VAMP2 binds to the t-SNARE complex in a stepwise manner: first, the
VAMP2 NTD (from the -7 to -1 layers) (Figure 1c, state @), then the CTD (from the 0 to
+8 layers) (Figure 1c, state @), and finally, the juxtamembrane LD (Figure 1c, state @) (17,
24). At each of these three steps, the corresponding region of VAMP2 folds into an a-helical
conformation. The directional, stepwise folding and assembly of SNARE four-helix bundles
is typically termed SNARE zippering. NTD zippering is slow, whereas CTD zippering is
extremely fast without any energy barrier. NTD zippering stabilizes layers 0 to +4 of the
t-SNARE complex (state @) (58, 59); CTD zippering then induces the folding of layers

+5 to +8 of the t-SNARES (state @) (24, 52, 58). Overall, assembly of a single synaptic
SNARE complex outputs a total energy of approximately 85 kgT, including 68 kgT from
zippering between the t- and v-SNARES (24) and 17 kgT from the folding of the t-SNARE
complex (58). The existence of intermediate states in the in vitro assembly of synaptic
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SNARE complexes has also been observed using a surface force apparatus (60), magnetic
tweezers (61, 62), electrophysiological measurements (63, 64), and split VAMP2 peptides
(52, 65). Several nonsynaptic SNARE complexes, when examined using optical tweezers,
were found to zipper together in an analogous, stepwise manner (20).

In vivo, the different synaptic SNARE folding domains appear to have distinct functions
(24, 66). NTD zippering is responsible for docking synaptic vesicles and priming the
SNAREs for Ca2*-triggered fusion. CTD zippering is tightly coupled to membrane fusion
and neurotransmitter release. Although both the LD and the TMD also contribute to the
energy of SNARE zippering (15, 17, 20), their functions in membrane fusion are less clear.
Nonetheless, both domains strongly interact with lipid bilayers, transducing the SNARE
zippering force to the membranes (67, 68) and/or disrupting the membranes to facilitate
fusion (69-74).

2.3. SNARE Misassembly

In the absence of chaperones, SNAREs misassemble into various off-pathway products that
are incapable of mediating membrane fusion (75). For example, cytoplasmic syntaxin-1
forms homotetramers that are unable to bind SNAP-25 or VAMP2 (76, 77). In the presence
of SNAP-25, syntaxin-1 forms off-pathway 2:1 complexes in addition to on-pathway 1:1
complexes (51, 53, 78, 79). The more stable 2:1 complexes, in which the second syntaxin-1
blocks VAMP2 binding, complicate bulk studies of SNARE assembly (51, 53). By contrast,
optical tweezers make it possible to generate single 1:1 t-SNARE complexes by forcibly
unzippering the VAMP2 molecule from a ternary SNARE complex. Upon relaxing the
optical trap, the t-SNARE complex binds free VAMP2 present in the solution (58) with an
apparent rate constant [2 x 106 M~1s71 (28)] that is 4- to 300-fold higher than those inferred
from bulk measurements (52, 53) (see Section 2.2). Thus, SNARE zippering is intrinsically
rapid but is slowed down in vitro by off-pathway reactions.

Another type of SNARE misassembly involves the formation of complexes with antiparallel
SNARE motifs (75, 80). Indeed, single-molecule fluorescence resonance energy transfer
(SmFRET) experiments showed that 40% or more of the complexes that formed upon mixing
the three synaptic SNARESs contained antiparallel helices (43). In addition, it has long been
known that cytoplasmic SNAREs can form cognate and noncognate complexes with similar
efficiencies (81, 82). Overall, SNARE assembly in the absence of regulatory proteins is
limited in both speed and accuracy.

3. SEC1/MUNC18-SNARE INTERACTIONS AND THEIR FUNCTIONAL
IMPLICATIONS
3.1. Overview of Sec1/Munc18-SNARE Interactions

SM proteins interact with SNAREs and, like SNAREs, are essential for membrane fusion in
vivo. Each SM protein interacts with one or more distinct sets of client SNARESs (36). X-ray
structures of all four families of SM proteins have now been reported, and they are all very

similar, the most notable feature being a large cleft created by a helical hairpin in domain 3a
that extends, somewhat like a thumb, away from the globular body of the protein (27, 83-94)
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(Figure 2). The molecular mechanisms underlying SM function have been challenging to
decipher. This is, at least in part, because the interactions between SM proteins and their
cognate SNAREs are remarkably varied. For example, SM proteins can bind the extreme N
terminus—the N-peptide—of Qa-SNARES (85, 86, 95, 96), but the affinity of the interaction
ranges from low nanomolar to almost undetectable (86, 87, 91, 92, 97, 98). More generally,
it has been unclear whether there are universal principles that explain why SM proteins

are essential for SNARE-mediated fusion. Recent developments have, however, seemed to
move us closer to answering this question. Here, we describe representative SM—SNARE
interactions and draw some conclusions about their likely roles in SNARE assembly and
membrane fusion.

3.2. Secl/Muncl8-Qa-SNARE Complexes

Munc18-1 binds tightly to the Qa-SNARE syntaxin-1 with an affinity of approximately 1
nM (44, 86). Crystal structures revealed that Munc18-1 associates with the entire length of
syntaxin-1’s cytoplasmic domain (86, 94) (Figure 2a). The bound SNARE is wedged into
the cleft, with the Habc domain folded back on the N-terminal half of the SNARE motif

to form a closed conformation. The SNARE motif, rather than being a single unbroken
helix, as observed in the ¢/s-SNARE complex, instead forms several shorter helices and is
disordered at its C-terminal end. Most of its core residues are sequestered in interactions
with the Habc domain (layers -7 to +1) or Munc18-1 (layers +2 and +3), preventing
syntaxin-1 from associating with other SNAREs. Consequently, Munc18-1 inhibits SNARE
assembly in vitro (86, 94). Nevertheless, the high-affinity Munc18-1-syntaxin-1 complex is
important for the trafficking of syntaxin-1 to the presynaptic membrane (99) and appears to
represent the physiologically relevant starting point for SNARE complex assembly (29)

The idea that SM proteins trap Qa-SNAREs in closed conformations has been highly
influential, but is it the rule or the exception? Subsequent SM—Qa-SNARE structures,
because they lacked major portions of the SNARE, left this question unresolved. One such
structure, Sly1-Sed5, contained only the N-peptide of the Qa-SNARE, which binds with
nanomolar affinity to the back side of the SM protein (85). Reexamination of the Munc18-1-
syntaxin-1 structure (94) revealed that syntaxin-1’s N-peptide binds to an analogous site
(86) (Figure 2a). Yet another SM—Qa-SNARE structure, of Vps33 bound to Vam3, contained
only the SNARE motif of Vam3 (27). Very recently the structure of a second almost-
complete Qa-SNARE (Tlg2) bound to an SM protein (Vps45) was reported (89) (Figure

2b). Strikingly, although Vps45 engages all of the same Qa-SNARE regions as Munc18-1—
the N-peptide, the Habc domain, and the SNARE motif—the conformation of the bound
SNARE is much more open. The SNARE motif makes the same interactions with the SM
protein, centered around layers +2 and +3, but interacts only glancingly with the Habc
domain. Interestingly, both syntaxin-1 and Tlg2 are prone to misassembling into tetramers,
driven by their SNARE motif’s propensity to assemble into four-helix bundles (76, 77,

89). Both the closed complex formed by Munc18-1-syntaxin-1 and the open complex
formed by Vps45-Tlg2 prevent this off-pathway association from occurring. Overall, it is
now clear that SM-bound Qa-SNAREs can adopt at least two conformations, one closed

and one (more) open. It is intriguing to speculate that the closed binding mode might
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be a specialization that evolved to provide stringent control of certain SNARE assembly
reactions, such as those that prime synaptic vesicles for neurotransmitter release.

3.3. Secl/Muncl8-R-SNARE Complexes

Despite substantial evidence that SM proteins bind to R-SNAREs (44, 100-102), only one
structure of an SM—R-SNARE complex has been reported: VVps33 bound to the SNARE
motif of Nyv1 (27). The R-SNARE binding site, while distinct from the Qa-SNARE binding
site, is formed almost entirely by the extended helical hairpin (Figure 2c). Once again, the
bound SNARE motif forms several (in this case, two) shorter helices rather than one long
one, with a break at the zero-layer arginine. Structure-guided mutations that weakened the
interaction between Vps33 and Nyv1 compromised SNARE- and SM-mediated fusion, both
in vitro and in vivo, supporting the functional significance of the SM—R-SNARE interaction
(27).

Analogously, direct binding between Munc18-1 and VAMP2 was demonstrated in vitro
using FRET assays, nuclear magnetic resonance, cross-linking mass spectrometry, and
pull-down assays, with an estimated Kj in the range of 10-100 uM (43, 101, 103). As
with Vps33-Nyv1, binding occurs on the helical hairpin of Munc18-1, and the Munc18-1
hairpin must be in its extended or unfurled conformation in order to bind VAMP2 (44, 101,
103, 104) (Figure 2b,c). Conversely the helical hairpin adopts a furled conformation in the
Munc18-1-syntaxin-1 structure, with the tip of the hairpin folded over and a substantial
portion of the R-SNARE binding site buried inside (Figure 2a). Mutations in the helical
hairpin such as P335A and D326K, both of which appear to promote unfurling, enhance
both VAMP2 binding and membrane fusion (44, 101). Although a high-resolution structure
of the Munc18-VAMP2 complex has not been reported, the available data are consistent
with a binding mode much like the one observed in the Vps33-Nyv1 complex (44, 105).

3.4. Secl/Muncl8-RQa Complexes (Template Complexes)

The crystal structures of the Vps33-Vam3 and Vps33—-Nyv1 binary complexes demonstrated
that the R-SNARE and the Qa-SNARE motifs bind to nonoverlapping sites, consistent with
the observation by size-exclusion chromatography that all three proteins form a ternary
complex (27). Combining the two crystal structures yielded a model for this ternary complex
(Figure 2c) in which the NTDs (i.e., the N-terminal halves of the SNARE motifs) are helical
and properly aligned for SNARE complex assembly. The CTDs, by contrast, diverge, with
the R-SNARE following the groove in the helical hairpin, while the Qa-SNARE follows the
same path as it does in the closed Munc18-1-syntaxin-1 structure. This model is evocative
of a half-zippered SNARE complex. The SM protein functions as a template, nucleating
SNARE assembly by holding the NTDs of the R- and Qa-SNARE motifs in alignment for
binding to the NTDs of the Qb- and Qc-SNAREs.

Single-molecule force spectroscopy in conjunction with structural modeling and site-
directed mutagenesis provided strong evidence that both Vps33 and Munc18-1 form
structurally similar ternary template complexes with their cognate R- and Qa-SNARES
(28) (Figure 3). Importantly, these experiments allowed thermodynamic stabilities and
folding/unfolding kinetics to be measured. The synaptic template complex was found to
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have an unfolding free energy of 5.2 kgT and a lifetime of 1.4 seconds. The stabilities

of various mutant template complexes were measured to enable comparison with a rich

set of existing data cataloging the impact of mutations on membrane fusion and/or
neurotransmitter release. Mutations known to attenuate membrane fusion formed less stable
template complexes whereas mutations that enhance membrane fusion formed superstable
template complexes (28). This correlation suggests that formation of the template complex is
a rate-limiting step for SNARE-mediated membrane fusion in vitro and in vivo.

Single-molecule studies of Munc18-1 and SNARE mutant proteins also revealed new
insights into the synaptic template complex (28) (Figure 3). Dissection of the syntaxin-1
NRD revealed that both the N-peptide and the Habc domain stabilize the template complex.
The impact of the Habc domain was especially dramatic: When it was deleted, the template
complex failed to form, but when it was added back as a separate molecule in #rans,

the template complex was once again observed. By contrast, removal of the linker region
connecting the Habc domain to the SNARE motif had no apparent effect on the stability

of the template complex (J. Yang & Y. Zhang, unpublished results). Thus, this linker
region, which is well ordered in the Munc18-1-syntaxin-1 complex (Figure 2a), is likely
to be unfolded in the template complex. Overall, single-molecule studies indicated that two
regions of the NRD—the N-peptide and the Habc domain—stabilize the synaptic template
complex and thereby promote membrane fusion. Nonetheless, unresolved discrepancies
remain. Most notably, the roles of the N-peptide and Habc domain in liposome fusion and
neurotransmitter release have been somewhat controversial, with some reports concluding
that they are essential and others that they are dispensable (38, 106-110).

There are several limitations inherent in using the known structures of Vps33-Vam3 and
Vps33—-Nyv1 to model the structure of the synaptic template complex. First, the NRD of the
Qa-SNARE is missing, so its role in stabilizing the template complex cannot be rationalized.
Second, the R- and Qa-SNARE motifs, when present simultaneously, seem certain to
influence one another’s conformations and perhaps also that of the helical hairpin. Indeed,
single-molecule studies of mutant template complexes suggested that the VAMP2 NTD is
helical all the way to the N-terminal -7 layer (28), whereas in the Vps33—-Nyv1 structure,
layers =7 to —4 are disordered (27). The =7 to -4 layers of VAMP2 presumably stabilize

the template complex through interactions with the corresponding layers in syntaxin-1. For
the CTDs, however, many aspects of the model based on Vps33-Vam3 and Vps33—-Nyv1 are
borne out by single-molecule studies. For example, replacing the highly conserved +6 layer
phenylalanine of VAMP2 with alanine abolishes template-complex formation, consistent
with the expectation that this residue inserts into a hydrophobic pocket on Munc18-1.
Altogether, it appears that the majority of the R- and Qa-SNARE motifs contribute to the
stability of the template complex—from the -7 to the +3 layer for syntaxin-1 and from the
-7 to the +6 layer for VAMP2.

Four different template complexes, associated with various fusion machineries, have now
been observed and characterized using optical tweezers. These include, in addition to
Munc18-1-syntaxin-1-VAMP2 and Vps33-Nyv1-Vam3, Munc18-2—syntaxin-11-VAMP8
for cytotoxin release (J. Yang & Y. Zhang, unpublished results) and Munc18-3-syntaxin-4—
VAMP2 for GLUT4 translocation (28). All four template complexes share similar stabilities
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and characteristic structural features. Formation of the three Munc18-associated template
complexes requires the NRD of the Qa-SNARE. These findings, taken together, imply that
the template complex may be a universally conserved intermediate for SM-chaperoned
SNARE assembly.

3.5. Other Sec1l/Munc18-SNARE Complexes

Munc18-1 binds to the ternary synaptic SNARE complex with modest affinity (Ky = 0.7
UM) (86, 111). Neither this SM—QabcR complex, nor any other, has been characterized

in structural detail. Nonetheless, it is clear that Munc18-1 engages the SNARE complex
predominantly by binding to the NRD of syntaxin-1. This conclusion follows from the
observation that Munc18-1 binds with identical affinity to the isolated NRD and to

the SNARE complex (86). The ability to bind to the NRD of syntaxin presumably

gives Munc18-1 the capacity to engage other syntaxin-1-containing SNARE complexes

as well, including 1:1 and 2:1 syntaxin-1-SNAP-25 complexes. The roles of these SM—
Qabc complexes are still up for debate, but possibilities include rescuing syntaxin-1 from
unproductive complexes and/or promoting SNARE assembly (79, 112). However, since the
t-SNARE complex is subject to disassembly by NSF, it may not represent a functional
intermediate in SNARE assembly in vivo (29). Likewise, the functional significance of
Munc18-1 binding to the ternary SNARE complex is questionable, since point mutations
that abrogate this interaction support normal synaptic transmission (108). Overall, the SM-
SNARE complexes with the best-established functional roles in synaptic vesicle fusion

are the Munc18-1-syntaxin-1 complex and the Munc-18-syntaxin-1-VAMP2 template
complex.

4, SEC1/MUNC18 PROTEINS CHAPERONE SNARE ASSEMBLY
4.1. Secl/Muncl8 Proteins as SNARE Chaperones

It has long been suspected that SM proteins chaperone SNARE assembly. In 2004, for
example, Peng et al. proposed that the yeast SM protein Slyl promotes specific SNARE
pairing by binding its cognate t- and v-SNAREs, thus proofreading SNARE assembly (113).
In 2007, Shen et al. used a reconstituted proteoliposome fusion assay to demonstrate that
Munc18-1 promotes fusion via a mechanism that depends on specific SM—Qa-SNARE and
SM-R-SNARE interactions (38). This important study also showed that Munc18-1 enhances
trans-SNARE complex assembly. In 2013, a landmark paper by Ma et al. introduced a
reconstituted proteoliposome fusion assay that depends on both Munc18-1 and a second
protein that is also essential for neurotransmitter release, Munc13-1 (29). This system
differed from previous reconstitutions because it began with liposomes bearing Munc18-1-
syntaxin-1 rather than t-SNARE complexes. Munc13-1 was included in this assay, at least
in part, to open Munc18-bound closed syntaxin, thereby permitting Munc18-chaperoned
SNARE assembly (114). In 2017, Lai et al. showed that Munc18-1 and Munc13-1 could
cooperate to inhibit SNARE misassembly (43). These and many additional studies implied
that SM proteins function as chaperones to enhance both the speed and the accuracy of
SNARE assembly. However, while Munc18-1 is without doubt the most intensively studied
SM protein, its ability to inhibit SNARE assembly (by forming a stable complex with
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syntaxin-1) made it difficult to study its ability to promote SNARE assembly (by functioning
as a template).

4.2. The Template Hypothesis

The discovery that R- and Qa-SNAREs combine with SM proteins to form a conserved
template complex provides an attractive mechanism for Munc18-catalyzed SNARE
assembly (27, 28). In 2018, Jiao et al. demonstrated that Munc18-1 enhances the speed and
accuracy of synaptic SNARE assembly in a template complex—dependent manner (28). Once
the Munc18-1-syntaxin-1-VAMP2 template complex is formed, SNAP-25 rapidly binds to
form the ternary SNARE complex (Figure 3). Upon the completion of SNARE assembly,
Munc18-1 likely dissociates from the SNARE four-helix bundle (28, 103, 108).

The synaptic template complex is well suited to catalyzing SNARE assembly (27, 28). The
syntaxin-1 and VAMP2 NTDs, aligned in a helical conformation on the Munc18-1 helical
hairpin, nucleate assembly. The divergent CTD binding sites, meanwhile, ensure that CTD
zippering weakens the SNARE—template interactions, promoting product release (Figure
3). Furthermore, the extensive interactions between SM and SNARE proteins, as well as
interactions between the two templated SNAREs, confer specificity by helping to prevent
noncognate or antiparallel SNAREs from assembling. To play these roles, a relatively weak
template complex is necessary, because an overly stable template complex would act as a
kinetic trap to slow down SNARE assembly. Nonetheless, within the range of stabilities

of the wild type and mutant synaptic template complexes that have been tested, there is

(as noted in Section 3.4) an excellent correlation between template-complex stability and
function. The rate-determining role of the template complex enables the regulatory control
of SNARE assembly by either SM or SNARE posttranslational modification or by other
proteins that bind to the template complex.

4.3. Effects of Phosphorylation

Membrane fusion and exocytosis are regulated by the phosphorylation of SM and SNARE
proteins (115). Munc18-1 is phosphorylated on Y473 by neuronal Src family kinases,
abrogating Munc18-1-dependent membrane fusion in vitro and synaptic transmission in
neurons (116). In contrast, Munc18-1 phosphorylation at S306 and S313 by protein kinase
C boosts neurotransmitter release and contributes to short-term synaptic plasticity (117).

In adipocytes, insulin triggers phosphorylation of Munc18-3 at Y219 and Y521 to activate
fusion of GLUT4 storage vesicles for glucose uptake (118). In contrast, phosphorylation of
VAMPS at T47, T53, S54, or S61 inhibits SNARE zippering and mast cell exocytosis (119).

All of the sites of Munc18-1 phosphorylation mentioned above are located in the predicted
SNARE-binding interfaces and presumably alter the stability of the template complex.
Indeed, the Munc18-1 phosphomimetic mutation Y473D eliminates template-complex
formation, while S306D and S313D stabilize the template complex, consistent with the
observed effects of phosphorylation on exocytosis (28). Alternatively, phosphorylation could
alter the energetics of CTD zippering. This Munc18-1-independent mechanism presumably
explains the impact of VAMP8 phosphorylation on T47, S54, and S61, which are located

at the +3, +5, and +7 layers of the SNARE motif. Munc18-1-dependent and independent
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contributions can be distinguished by using single-molecule strategies to measure the
stabilities of the template complex and the SNARE complex, respectively.

5. COOPERATION WITH OTHER ESSENTIAL SNARE CHAPERONES
5.1. Muncl3-1

Munc13-1 is a large (193 kDa) protein that is essential for synaptic vesicle fusion and
neurotransmitter release (120). Munc13-1 facilitates the docking and priming of synaptic
vesicles upstream of Ca2*-triggered fusion. It contains a C; domain, three C, domains

(C,A, CyB, and C,C), and a MUN domain, arranged as shown in Figure 4. The MUN
domain is homologous to the CATCHR (complexes associated with tethering containing
helical rods) family of multisubunit tethering complexes (MTCs) (121). The largest fragment
of Munc13-1 that has been structurally characterized, C;{C,BMUN, revealed that the Cq

and C,B domains pack against the N-terminal end of the rod-like MUN domain; the C,C
domain, while not present in the crystallized construct, would presumably be located near
the C-terminal end of the MUN domain (122). These structural features match up well with
the critical role of Munc13-1 in tethering vesicles to the plasma membrane (123-125).
Specifically, the C4 and C,B domains recognize the plasma membrane by binding
diacyglycerol and negatively charged lipids, respectively, while the C,C domain binds to

the synaptic vesicle membrane (123). In the absence of Ca2*, all of these interactions appear
to be weak. Recent evidence suggests that at least six copies of Munc13-1 form a cluster that
tethers a synaptic vesicle to the active zone (123, 126-128). The Munc13-1 membrane tether
is further regulated by Ca2* and by binding to RIM and other proteins that play important
roles in short-term synaptic plasticity (129, 130).

The MUN domain of Munc13-1 catalyzes SNARE assembly starting from Munc18-1-
syntaxin-1 complexes (42, 114, 131). Catalysis requires that MUN bind to both syntaxin-1
and VAMP?2: a central region of MUN binds to the linker region between the Habc domain
and SNARE motif of syntaxin-1 with an affinity of ~40 uM (131), while a C-terminal region
of MUN binds to the juxtamembrane LD of VAMP2 with an affinity of ~10 uM (46) (Figure
3). The ability of the MUN domain to interact with both syntaxin-1 and VAMP2 presumably
underlies its ability to promote their proper orientation (i.e., parallel instead of antiparallel)
in SNARE assembly experiments conducted in the absence of Munc18-1 (43). Nevertheless,
the MUN domain alone fails to promote parallel pairing between syntaxin-1 and SNAP-25.
It therefore seems likely that Munc13-1 cooperates with Munc18-1 in order to chaperone
proper SNARE assembly.

5.2. Mechanism of Munc13-1 and Munc18-1 Cooperativity

Extensive studies have indicated that Munc13-1 and Munc18-1 cooperate to chaperone
SNARE assembly by three mechanisms: opening closed syntaxin-1, recruiting SNARES, and
stabilizing the template complex (28, 29, 42, 45-47, 114, 131, 132) (Figure 3). Munc13-1
likely opens syntaxin-1 by binding to its linker region to induce its unfolding, exposing the
syntaxin-1 SNARE motif for the initiation of SNARE assembly (131). Consistent with this
view, a destabilizing mutation in the syntaxin-1 linker region [the so-called LE mutation
(133)] enables Munc13-1-independent SNARE assembly (42). Single-molecule optical
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tweezers experiments revealed unfolding energies of 7.2 and 2.6 kgT for the Munc18-1-
bound closed and open syntaxin-1, respectively (28), implying that the process of opening
Munc18-1-bound syntaxin-1 requires an energy input of only 4.6 kgT. This is substantially
less than the energy of ~22 kg T needed to wrest syntaxin-1 away from Munc18-1 (86). The
structure of the opened syntaxin-1 is unknown but might, as noted in Section 3.2, resemble
that of open Tlg2 bound to Vps45 (Figure 2). In summary, opening Munc18-1-bound
syntaxin-1 involves a relatively small energy input, which may be provided by the weak
binding of Munc13-1 to the syntaxin-1 linker region.

A recent study found that the MUN domain of Munc13-1, in addition to binding syntaxin-1
and VAMP?2, also binds to the linker region of SNAP-25 with an affinity of ~30 uM (132,
but see also 134) (Figure 3). It would be interesting to determine whether Munc13-1 can
simultaneously bind to all three synaptic SNARE proteins in such a way as to enhance the
rate of template-complex formation and SNARE assembly. Furthermore, single-molecule
measurements suggest that the Munc13-1 MUN domain stabilizes the template complex, in
part by binding to syntaxin-1 and VAMP2, and thereby supports efficient SNAP-25 binding
(45). Together, these studies support a model in which the templating function of Munc18-1
joins with the multiple functions of Munc13-1 in syntaxin-1 opening, SNARE recruitment,
and template-complex stabilization to cooperatively enhance SNAP-25 binding and SNARE

zippering.

5.3. NSF/SNAP

SM proteins also cooperate with the SNARE disassembly machinery to promote proper
SNARE assembly. Following membrane fusion, ¢/ssSNARE complexes are disassembled
by the AAA+ ATPase NSF and its adapter protein SNAP (no relation to SNAP-25) in

an ATP-dependent manner (23). Other NSF/SNAP substrates include SNARE assembly
intermediates—1:1 and 2:1 t-SNARE complexes, syntaxin-1 oligomers, and partially
assembled frans-SNARE complexes—as well as various misassembled SNARE complexes
(135-137). SM proteins appear to protect productive assembly intermediates from
disassembly by NSF/SNAP, while permitting NSF/SNAP to recycle the off-pathway
products of SNARE misassembly reactions. This role of SM proteins has been demonstrated
for Munc18-1, Vps33, and Sly1 (136-139); however, its detailed molecular mechanism
remains to be elucidated.

5.4. Multisubunit tethering complexes

The initial, reversible contact between a vesicle and its target membrane is thought to be
mediated by MTCs (26, 140). For synaptic vesicles, Munc13-1 appears to play this role;

in most other trafficking pathways, tethering requires an MTC from either the CATCHR

or HOPS/CORVET family. There is abundant evidence that both families of MTCs, in
addition to tethering the two membranes, promote SNARE assembly. The SNARE assembly
activity of the HOPS/CORVET family relies in part on the SM protein Vps33, which is

an integral subunit of the complex (27). There is also some evidence for direct interactions
between CATCHR-family MTCs and SM proteins (141, 142). In addition, the MTCs appear
to have SM-independent roles in SNARE assembly. For example, the CATCHR-family Dsl1
complex binds Qb- and Qc-SNAREs via their Habc domains, holding them in proximity and
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preventing them from forming closed conformations, while the CATCHR-family exocyst
complex binds to the Qa-SNARE Sso02 such that it loosens its otherwise tightly closed
conformation (143, 144). How MTCs and SM proteins collaborate to couple vesicle
tethering to efficient SNARE assembly and membrane fusion is a fascinating area for future
investigation.

6. THE SNARE-SEC1/MUNC18 FUSION MACHINERY AND HUMAN

DISEASE

Mutations in SNAREs and SM proteins have been linked to diverse diseases and disorders.
For example, hundreds of Munc18-1 heterozygous mutations have been identified in
patients with epilepsy, intellectual disability, and movement disorders (4, 145, 146). The
SNAP-25 substitution 167N causes myasthenia, cerebellar ataxia, cortical hyperexcitability,
and intellectual disability, and bovine chromaffin cells expressing the mutant protein
exhibited reduced evoked exocytosis (146). Defects in the SNARE-SM fusion machinery
responsible for cytotoxin secretion in cytotoxic T lymphocytes and natural killer cells,
including mutations in syntaxin-11, Munc18-2, and Munc13-4, are associated with the
immune disorder hemophagocytic lymphohistiocytosis (7, 147-150). Mutations in human
Vps33B cause defects in platelet a-granule biogenesis and are linked to arthrogryposis—
renal dysfunction—cholestasis syndrome (151-153).

Defects in the SNARE-SM fusion machinery can cause disease via multiple mechanisms.
First, SNARE mutations can directly alter the energetics of SNARE zippering. For example,
the SNAP-25 mutation 167N, located in the +4 layer of the Qb-SNARE motif, lowers the
CTD zippering energy by 14 kgT (5). Similarly, the SNAP-25 167T mutation, identified in
the blind-drunk mouse, reduces CTD zippering energy by 10 kgT. Second, SNARE or SM
protein mutations can alter the stability of the template complex and thus the ability of the
SM protein to chaperone SNARE assembly. The Munc18-1 disease mutations P335L and
L341P (4), for example, destabilize and abolish the template complex, respectively, thereby
compromising SNARE assembly (28). The effects of these mutations are not surprising,
because all of them are located in the SM—SNARE binding interface. Third, many Munc18-1
mutants fail to fold properly and are degraded in the cell, causing Stxbpl (another name for
Munc18-1) haploinsufficiency (154, 155). Stxbpl haploinsufficiency tends to reduce cortical
inhibitory neurotransmission, causing seizures characteristic of epilepsies (154). Finally,
many disease mutations are found on the surface of SM proteins outside the SNARE binding
interface (4). These mutations are not expected to significantly destabilize the SM proteins
nor to directly affect SNARE binding, suggesting mechanisms yet to be discovered.

Synaptic SNARES are also chaperoned by other proteins, including two—a-synuclein
and cysteine string protein-a (CSPa)—that are involved in neurodegeneration (156).
Aggregation of a-synuclein in Lewy bodies is a defining feature of Parkinson’s disease
(157). Interestingly, both a-synuclein and CSPa. prevent SNAP-25 aggregation and
degradation; a-synuclein additionally protects VAMP2 (158). The underlying molecular
mechanisms, however, are not well understood.
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7. CONCLUSIONS AND PERSPECTIVES

Current data support a working model for membrane fusion, using synaptic exocytosis
as an example, that places essential SNARE chaperones in the context of the full

fusion machinery (Figure 4). First, during vesicle docking, SNAREs and Munc18-1 are
recruited to and thereby concentrated at the future site of membrane fusion, in part by
tethering proteins including Munc13-1. Munc13-1 bridges vesicle and plasma membranes
and catalyzes syntaxin-1 opening. Subsequently, Munc18-1 binds to VAMP2 to form the
template complex, which is further stabilized by Munc13-1. Rapid binding of SNAP-25
generates a partially zippered SNARE complex. Synaptotagmin and complexin are likely
to associate with the partially zippered SNARE complex, stabilizing it in an NSF/SNAP-
resistant, primed state. Finally, calcium triggers fast zippering of the SNARE CTDs,
inducing membrane fusion.

Fundamental questions remain to be addressed. First, how do SNAP-25 and other key
regulatory proteins such as synaptotagmin and complexin interact with the synaptic template
complex and potentially oligomerize to form a SNARE-chaperone supercomplex, as is
outlined in the buttressed ring model (126)? Second, what is the precise structural nature

of the template complex and subsequent SNARE assembly intermediates? Finally, how

do the structures of the template complex and subsequent intermediates confer resistance

to disassembly by NSF-SNAP and thereby allow productive SNARE assembly? These

and other questions should be addressable through the synergistic application of structural
biology, single-molecule methods, and other experimental approaches.
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Figurel.
Stepwise SNARE folding and assembly drives membrane fusion. (8) Schematic diagram of

chaperoned SNARE assembly and membrane fusion. (4) Typical experimental setup to pull
a single synaptic SNARE complex using dual-trap optical tweezers (17, 28). The cartoon
of the fully assembled cytoplasmic SNARE complex incorporates the X-ray structure of
the four-helix SNARE motif bundle (PDB ID: 3HD7) and the nuclear magnetic resonance
structure of the syntaxin-1 Habc domain (PDB ID: 1BRO0). A 2,260-base-pair DNA handle
is used to attach a single SNARE complex to the surfaces of two polystyrene beads held

in optical traps, whose separation is accurately controlled to change the pulling force
applied to the SNARE complex. Red numbers indicate the hydrophobic layers and the
ionic zero layer. (¢) Energetics of uncatalyzed synaptic SNARE assembly as measured
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using the experimental setup in panel 4. The free energies of states @—-@ relative to

the fully assembled SNARE complex (state @) are shown below the state diagrams. (a)
Representative time-dependent extension at constant force. The red dashed lines represent
states @ and @ (as shown in panel ¢), and the transitions between them represent the rapid,
reversible folding and unfolding of the SNARE CTD. Panel dmodified [with permission]
from Reference 17. Abbreviations: CTD, C-terminal domain; LD, juxtamembrane linker
domain; Munc, mammalian homolog of unc; NTD, N-terminal domain; PDB ID, Protein
Data Bank identifier; SNARE, soluble A-ethylmaleimide—sensitive factor attachment protein
receptor.
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Structures of SM—-Qa-SNARE complexes. (4) The SM protein Munc18-1 bound to the Qa-
SNARE syntaxin-1 (PDB ID: 3C98). Syntaxin-1 adopts a closed conformation in which the
SNARE motif (red) interacts with the NRD (pink). The helical hairpin (go/d) of Munc18-1
(gray surface) adopts a furled conformation, hiding the R-SNARE binding site. (6) The
SM protein Vps45 bound to the Qa-SNARE Tlg2 (PDB ID: 6XM1). Tlg2 adopts an open
conformation, with only minimal interactions between the SNARE motif and the NRD.

In addition, the linker connecting the three-helical Habc domain (p/nk) to the SNARE
motif (red) is disordered, unlike in the Munc18-1-syntaxin-1 structure. The helical hairpin
is unfurled, exposing the presumptive R-SNARE binding site. (¢) A composite model
combining two SM-SNARE motif crystal structures: Vps33 with the Qa-SNARE Vam3
(PDB ID: 5BUZ) and Vps33 with the R-SNARE Nyv1 (PDB ID: 5BV0). In both the
Munc18-1-syntaxin-1 and Vps45-TIg2 structures, the N-peptide-binding site is at the left,
behind the SM protein; Vps33 does not possess an N-peptide-binding site. Abbreviations:
NRD, N-terminal regulatory domain; PDB ID, Protein Data Bank identifier; SM, Sec1/

Munc18.
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Open syntaxin Synaptic template complex

Closed
syntaxin

MUN + SNAP-25

-y

>

MUN + SNAP-25

VAMP2 7
MUN-bound MUN-bound
open syntaxin template complex

Figure 3.
Schematic diagrams of key intermediates and pathways of SNARE assembly chaperoned by

Munc18-1 and the MUN domain of Munc13-1. Open syntaxin-1 can be generated by local
unfolding of the syntaxin-1 linker region, through either thermal fluctuation, perturbation

by mutation, or binding of Munc13-1. VAMP2 binding to the opened Munc18-1-syntaxin-1
complex forms the template complex, which in turn can be stabilized by the MUN domain
of Munc13-1. SNAP-25 binding concludes SNARE assembly and displaces both chaperones
from the four-helix bundle. Stars (outlined in ye/low) indicate SNARE-binding sites on the
MUN domain; the binding site for SNAP-25 has not been mapped and is therefore arbitrary.
Abbreviation: NRD, N-terminal regulatory domain.
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Fully assembled
SNARE complex

Model for Munc18-1- and Munc13-1-chaperoned SNARE assembly and synaptic vesicle

fusion. Munc13-1 first tethers the synaptic vesicle to the plasma membrane by

simultaneously binding to both membranes through its terminal C, and C; domains and
associates with VAMP2, SNAP-25, and Munc18-1-bound syntaxin. The latter association
opens closed syntaxin. The open syntaxin then binds VAMP2 to form the template complex
that is stabilized by Munc13-1. SNAP-25 binds to the templated SNARES, generating a half-
zippered SNARE complex in the presence of other SNARE chaperones like synaptotagmin
and complexin. Finally, calcium triggers full SNARE assembly to induce membrane fusion
and neurotransmitter release. ( 7op midd/e) The domain structure of Munc13-1 inferred from
the crystal structure of the Munc13-1 fragment containing the C4, C,B, and MUN domains
(122), with the N-terminal CoA domain omitted.
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