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COMMENTARY

Faithful SM proteins chaperone SNAREs on path to 
successful assembly
Haijia Yua,1  and Jingshi Shenb,1

In eukaryotic cells, proteins are transported between 
membrane-bound organelles by vesicles (1). To deliver cargo, 
a vesicle must merge with its target organelle in a membrane 
fusion process catalyzed by soluble N-ethylmaleimide–sen-
sitive factor attachment protein receptors (SNAREs) (2, 3). 
When a vesicle finds its target membrane, vesicle-anchored 
v-SNAREs pair with target membrane–associated t-SNAREs 
to form trans-SNARE complexes that zipper progressively 
toward the membranes (1). Energy derived from SNARE com-
plex assembly is used to overcome the energy barrier of 
membrane merging (4). SNAREs, however, do not work alone 
and must be assisted by Sec1/Munc18 (SM) proteins, soluble 
molecules of 60 to 70 kDa (1). Despite intense studies, SM 
proteins stubbornly resist fully revealing their molecular 
secrets, baffling and fascinating researchers for decades. The 
prototypical isoform used in most SM protein studies is 
Munc18-1, which mediates synaptic vesicle fusion in mam-
malian neurons (5, 6). A molecular function of Munc18-1 was 
first discovered using reconstituted fusion assays, in which 
Munc18-1 grabs both v- and t-SNAREs and promotes their 
assembly into fusion-competent trans-SNARE complexes (7). 
This chaperone function of Munc18-1 was genetically con-
firmed in the cell (8–10) and later found to be conserved in 
other SM proteins (11, 12). In PNAS, Yang et al. present novel 
insights into how SM proteins chaperone SNARE complex 
assembly using high-resolution optical tweezers (13).

To drive membrane fusion, the SNARE motifs of cognate 
v- and t-SNAREs must align precisely in a parallel manner 
and assemble into a four-helix bundle (3, 14). However, 
SNAREs alone tend to misassemble into kinetically trapped 
dead-end structures unable to drive membrane fusion  
(14, 15). In retrospect, requirement of chaperones for SNARE 
assembly is hardly surprising as protein complex assembly 
is a highly challenging process, especially in the crowded 
cellular environment. How do SM proteins chaperone 
SNARE assembly? In 2015, two crystal structures solved by 
Baker et al. gave the first glimpse of a SM protein engaged 
in an initial stage of SNARE assembly (12). The yeast SM 
protein Vps33 was observed interacting with either Vam3 
(Qa subunit of t-SNAREs) or Nyv1 (v-SNARE, also known as 
R-SNARE). Superposition of the two binary structures sug-
gests a ternary complex, in which the N-terminal regions 
(membrane distal) of SNARE motifs align in parallel when 
bound to Vps33, while the C-terminal regions are kept sep-
arate (12). Based on these observations, it was proposed 
that a SM protein simultaneously binds to Qa- and v-SNAREs 
to form a template complex, which subsequently recruits 
Qbc subunits of t-SNAREs to complete SNARE complex 
assembly (Fig. 1) (12). Recent cryoelectron microscopic 
(cryo-EM) structures of the synaptic template complex 
strongly support the template model and revealed new 

binding modes of Munc18-1, syntaxin-1 (synaptic Qa-SNARE), 
and VAMP2 (synaptic v-SNARE) (16).

The structures described above represent snapshots of 
the template complex, but its dynamics and functional roles 
in SNARE assembly were still unclear. Single-molecule optical 
tweezers have proven to be very powerful in studying the 
dynamics and energetics of SNARE assembly (4). In a typical 
optical tweezers experiment, Qa- and v-SNAREs are cross-
linked at the N termini of their SNARE motifs through a 
disulfide bond, whereas their C-terminal ends are conju-
gated to two micron-sized polystyrene beads held in two 
optical traps (17, 18). This setup enables researchers to exert 
force on single SNARE complexes and measure their 
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Fig. 1. SM protein–chaperoned SNARE assembly. According to the template 
model (4, 12, 13, 16, 17), a SM protein first interacts with Qa- and R-SNAREs 
to form a ternary template complex, which switches between inactive and 
active states (A–C). The active template complex rapidly recruits a specific 
Qbc-SNARE to complete SNARE complex assembly (D). For clarity, the diagram 
depicts exocytic vesicle fusion, in which a Qbc-SNARE contains two SNARE 
motifs connected by a linker. In other vesicle fusion pathways, Qb- and Qc-
SNAREs are usually two separate proteins (14).
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conformational changes at submillisecond and subnanom-
eter resolution (17, 18). When Munc18-1 was added to syn-
taxin-1 and VAMP2 held at an appropriate force range, a 
ternary template complex was observed (17, 18). The tem-
plate complex subsequently recruits SNAP-25, a synaptic 
Qbc-SNARE, to complete SNARE complex assembly (17, 18). 
Another two SM proteins exhibited similar behaviors (17), 
suggesting that the template complex represents a universal 
intermediate in SM protein–chaperoned SNARE assembly. 
These single-molecule studies also identified additional ele-
ments required for the formation of the template complex 
including the N-terminal regulatory domain of the Qa-SNARE.

In PNAS, Yang et al. further investigated the mechanism 
by which the template complex recruits the Qbc-SNARE using 
optical tweezers (13). They measured the kinetics of SNAP-25 
binding to the synaptic template complex over a range of 
SNAP-25 concentrations. From these measurements, they 
inferred that the synaptic template complex switches 
between two configurations: one is compatible with SNAP-25 
binding (active state), whereas the other is not (inactive state) 
(Fig. 1). SNAP-25 binds rapidly to the active template com-
plex, likely due to its long-range electrostatic interactions 
with Qa- and v-SNAREs in the template complex. Mutations 
of a conserved hairpin region in domain 3a of Munc18-1 
abolish both template complex formation and SNAP-25 
recruitment. Since the hairpin region is critical for SM protein 
function in the cell (19, 20), these mutational studies estab-
lished a physiological connection to the optical tweezer find-
ings. SNAP-25 recruitment requires a poorly characterized 
linker region located between the N-terminal regulatory 
domain and the SNARE motif of syntaxin-1 (13). In cryo-EM 
structures of the synaptic template complex, the linker 
region of syntaxin-1 forms a helical bundle with the SNARE 
motifs of syntaxin-1 and VAMP2 (16). Mutations of two con-
served residues in the linker region, M183 and D184, abolish 
reconstituted liposome fusion (16). Surprisingly, truncation 
of the linker region of syntaxin-1 does not significantly influ-
ence the stability of the template complex in optical tweezer 
measurements, and M183 and D184 mutations have little 
effect on template complex formation or SNAP-25 recruit-
ment (13). The reason for these discrepancies is unclear.

The single-molecule data of Yang et al. also shed light on 
the role of SM proteins in determining the specificity of SNARE 
assembly (13). Intracellular vesicle fusion requires specific 
SNARE association, but SNAREs themselves pair promiscu-
ously (7). Specificity is achieved when a SM protein recognizes 
and chaperones its cognate v- and t-SNAREs (7, 11). Formation 
of the template complex determines the initial pairing speci-
ficity of Qa- and v-SNAREs, but it was unclear whether the 
template complex selects specific Qbc-SNAREs. Yang et al. 
observed that the Munc18c:syntaxin-4:VAMP2 template com-
plex, which is involved in GLUT4 exocytosis, recruits the 

Qbc-SNARE SNAP-23 but not SNAP-25 (13). By contrast, the 
synaptic template complex recruits both SNAP-25 and SNAP-
23, consistent with the observation that SNAP-23 supports 
significant levels of synaptic vesicle fusion when SNAP-25 is 
absent (21). The Munc18c data clearly demonstrate that a 
template complex can determine the specificity of Qbc-SNARE 
binding.

Yang et al. (13), along with earlier single-molecule meas-
urements (17, 18), yielded rich information on SM protein–
chaperoned SNARE assembly with at least seven kinetic stages 
observed. These findings filled a major gap in our knowledge 
of SNARE assembly. It should be noted that the challenges 

faced by SNARE assembly in the cell are shared by 
all protein complexes in membrane trafficking. 
Thus, other trafficking complexes are likely also 
dependent on dedicated chaperones to guide 
their assembly. The principles established by Yang 

et al. and other SM protein studies offer a blueprint for dis-
secting other assembly processes.

Looking forward, key questions remain to be answered. 
First, what is the conformation of the template complex with-
out SNARE cross-linking? Due to their limited stability, tem-
plate complexes were prepared and characterized with 
artificial cross-linking between Qa- and v-SNAREs (13, 17, 18). 
Yang et al. demonstrated that the choice of cross-linking sites 
influences the behaviors of the template complex (13). Thus, 
new methods are needed to prepare template complexes 
without SNARE cross-linking. Second, what are the alternative 
routes in SM protein–chaperoned SNARE assembly? The tem-
plate model described by Yang et al. correlates well with 
reconstituted fusion assays in which Qa- and Qbc-SNAREs 
were added separately (11, 12, 22). However, when t-SNAREs 
were preassembled, both Munc18-1 and Munc18c potently 
stimulated SNARE assembly and fusion kinetics with strin-
gent specificity (7, 11, 23), suggesting that t-SNARE formation 
can precede v-SNARE binding in certain vesicle fusion events. 
Moreover, in yeast vacuole fusion, a template complex was 
formed by a SM protein, Qb-, Qc-, and R-SNAREs (24). Further 
studies of these alternative SNARE assembly routes will 
expand the scope of the template model. Finally, how do SM 
proteins act in concert with other regulators of SNARE assem-
bly such as Munc13? Besides its role in upstream vesicle 
tethering, Munc13 promotes SNARE assembly by recruiting 
SNARE subunits and regulating Qa-SNARE conformation (18, 
22, 25, 26). Interestingly, Munc13 is not expressed in adipo-
cytes (27), raising the question of whether Munc18c regulates 
GLUT4 exocytic SNAREs by itself. However, it is more likely 
that another tethering factor (e.g., exocyst) assists the assem-
bly of GLUT4 exocytic SNAREs analogous to the role of 
Munc13 in synaptic SNARE assembly. The single-molecule 
optical tweezers methods described by Yang et al. are well 
positioned to address these questions when complemented 
with reconstituted fusion assays and genetic analyses.
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“In PNAS, Yang et al. present novel insights into 
how SM proteins chaperone SNARE complex 
assembly using high-resolution optical tweezers.”
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