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Abstract

Fusion of transmitter-containing vesicles with plasma membranes at the synaptic and 

neuromuscular junctions mediates neurotransmission and muscle contractions, respectively, 

thereby underlying all thoughts and actions. The fusion process is driven by the coupled folding 

and assembly of three synaptic SNARE proteins - syntaxin-1 and SNAP-25 on the target plasma 

membrane (t-SNAREs) and VAMP2 on the vesicular membrane (v-SNARE) into a four-helix 

bundle. Their assembly is chaperoned by Munc18–1 and many other proteins to achieve the speed 

and accuracy required for neurotransmission. However, the physiological pathway of SNARE 

assembly and its coupling to membrane fusion remain unclear. Here, we review recent progress 

in understanding SNARE assembly and membrane fusion, with a focus on results obtained 

by single-molecule manipulation approaches and electric recordings of single fusion pores. We 

describe two pathways of synaptic SNARE assembly, their associated intermediates, energetics, 

and kinetics. Assembly of the three SNAREs in vitro begins with the formation of a t-SNARE 

binary complex, on which VAMP2 folds in a stepwise zipper-like fashion. Munc18–1 significantly 

alters the SNARE assembly pathway: syntaxin-1 and VAMP2 first bind on the surface of Munc18–

1 to form a template complex, with which SNAP-25 associates to conclude SNARE assembly 

and displace Munc18–1. During membrane fusion, multiple trans-SNARE complexes cooperate 

to open a dynamic fusion pore in a manner dependent upon their copy number and zippering 

states. Together, these results demonstrate that stepwise and cooperative SNARE assembly drive 

stagewise membrane fusion.
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Introduction

When arriving at a neuron ending, an action potential activates voltage-gated calcium 

channels, eliciting a Ca2+ influx (Sabatini and Regehr 1996). The resultant fast rise of local 

Ca2+ concentration triggers further folding of a partially assembled complex containing 

three soluble N-ethylmaleimide-sensitive factor attachment protein receptor (SNARE) 

proteins. The Ca2+-triggered SNARE assembly drives fusion of neurotransmitter-containing 

vesicles to the presynaptic plasma membrane, causing release of the neurotransmitters 

into the synaptic junction (Rothman 2014; Sudhof 2014). The neurotransmitters then 

bind to the receptors in the post-synaptic neurons to induce action potentials, completing 

the neurotransmission. Similar SNARE-dependent and calcium-triggered fusion machinery 

mediates numerous other vesicle fusion events, including muscle contraction, insulin release, 

glucose uptake, and antibody secretion (Sudhof and Rothman 2009; Rorsman and Ashcroft 

2018). Consequently, dysfunction of the SNARE machinery has widely been linked to 

human diseases (zur Stadt et al. 2009; Stamberger et al. 2016; Rebane et al. 2018; Cali et al. 

2021). However, many aspects of the SNARE fusion machinery are not well understood at a 

molecular level, especially with respect to SNARE assembly (Brose et al. 2019).

Synaptic SNAREs consist of VAMP2 (also called synaptobrevin) anchored on vesicular 

membranes (v-SNARE) and syntaxin-1 and SNAP-25 attached to the target plasma 

membrane (t-SNAREs) (Sollner et al. 1993; Sudhof 2014). These SNAREs share 

characteristic SNARE motifs ~60 amino acids in length, one in syntaxin-1 and VAMP2 

and two in SNAP-25 (Figure 1(A)) (Fasshauer et al. 1998). Individual SNARE motifs 

are disordered in solution (Fasshauer et al. 2002), but four of them associate into an 

extraordinarily stable four-helix bundle (Figure 1(B)) (Sollner et al. 1993; Sutton et al. 

1998; Stein et al. 2009). However, the SNARE assembly typically takes minutes to hours in 
vitro (Fasshauer and Margittai 2004). In contrast, synaptic vesicle fusion occurs within 200 

microseconds upon calcium triggering, which is essential for fast neurotransmission in the 

brain (Sabatini and Regehr 1996). The apparent slow assembly in vitro is partly caused by 

SNARE misfolding or misassembly into many stable fusion-incompetent products, including 

syntaxin oligomers, 2:1 syntaxin-1:SNAP-25 t-SNARE complexes, and various anti-parallel 

helical bundles (Brunger 2005). These misassembled products serve as kinetic traps for 

SNARE folding, thereby greatly slowing down proper SNARE assembly. Thus, efficient 

SNARE assembly must occur via specific pathway(s) assisted by other proteins (Shen et al. 

2007; Wickner 2010; Brunger et al. 2019; Koike and Jahn 2022; Rizo 2022).

The physiological pathway of synaptic SNARE assembly has been a matter of debate 

(Ma et al. 2013; Jakhanwal et al. 2017; Jiao et al. 2018; Zhang and Hughson 2021). A 

key feature of the assembly pathway is the order of the three synaptic SNAREs joining 

into a ternary SNARE complex (Figure 2). Within three binary combinations of synaptic 

Zhang et al. Page 2

Crit Rev Biochem Mol Biol. Author manuscript; available in PMC 2022 October 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



SNAREs in the absence of regulatory proteins, only two t-SNAREs associate into a stable 

1:1 syntaxin:SNAP-25 t-SNARE complex, as well as the 2:1 t-SNARE complex (Fasshauer 

et al. 1997). The former efficiently binds VAMP2 to form the four-helix bundle, while the 

latter is a misassembled intermediate that does not bind VAMP2 (Brunger 2005). However, 

recent results from biophysical, structural, and single-molecule studies have suggested an 

alternative Munc18–1-dependent pathway (Ma et al. 2013; Zhang and Hughson 2021). In 

this pathway, syntaxin-1 and VAMP2 first partially pair with each other on the surface 

of Munc18–1 to form a ternary template complex (Baker et al. 2015; Jiao et al. 2018). 

Then SNAP-25 binds to the templated SNAREs to form the four-helix bundle and displace 

the Munc18–1 molecule. Munc18–1 is the founding member of the highly conserved Sec1/

Munc18 (SM) - family proteins that are essential for all SNARE-mediated membrane fusion 

(Sudhof and Rothman 2009; Zhang and Hughson 2021). Thus, this new SNARE assembly 

pathway is chaperoned by SM proteins and probably physiologically relevant.

SNARE assembly outputs the energy to counteract the energy barrier of membrane fusion 

(Jahn and Scheller 2006). The energy output from a single SNARE complex likely dictates 

the copy number of SNARE complexes required for membrane fusion, with reported values 

ranging from one to more than ten (Mohrmann et al. 2010; van den Bogaart et al. 2010; 

Shi et al. 2012; Mostafavi et al. 2017; Rothman et al. 2017; Bao et al. 2018; Manca et al. 

2019; Radhakrishnan et al. 2021). A major difficulty in determining the copy number is the 

lack of effective methods to control and count the number of SNARE complexes associated 

with a fusion event. To overcome this difficulty, Shi et al. pioneered the use of nanodiscs to 

accommodate a specific average number of SNARE complexes and detected the fusion of 

nanodiscs with liposomes as a function of the copy number of SNARE complexes (Shi et al. 

2012). In addition, the small size of nanodiscs (typically 10–20 nm) can be used to modulate 

the dynamics of fusion pores. Recently, Bao and co-workers improved the approach to 

detect the copy number-dependent dynamics of a single fusion pore formed between the 

VAMP2-anchored nanodisc and the suspended planar bilayer with microsecond resolution 

using electrical recording (Bao et al. 2018; Das et al. 2020). These experiments revealed that 

one SNARE complex is enough to open small fusion pores, but more SNAREs are required 

to dilate the fusion pores. Thus, multiple SNARE complexes cooperate to drive efficient 

membrane fusion.

In this review, we first introduce the single-molecule manipulation approach to protein 

folding using a single two-stranded coiled coil. Then we summarize the results of SNARE 

folding pathways, energetics, and kinetics mainly obtained from this approach. Finally, we 

relate SNARE assembly to fusion pore dynamics. This review focuses primarily on the 

core fusion machinery for synaptic fusion, i.e., the three synaptic SNAREs and Munc18–

1. Other key proteins that regulate SNARE assembly, including NSF, SNAP, Munc13–1, 

synaptotagmin, and complexin, have recently been reviewed elsewhere (Baker and Hughson 

2016; Brunger et al. 2018; Brunger et al. 2018; Rizo 2018; Brose et al. 2019; Brunger et al. 

2019; Zhang and Hughson 2021; Koike and Jahn 2022; Rizo 2022).
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Single-molecule manipulation approach to protein folding

Among many approaches applied to study SNARE folding and assembly, single-molecule 

methods are advantageous in dissecting the multiple assembly and misassembly pathways 

and their associated intermediates (Zhang et al. 2018; Zhang and Hughson 2021; Ha et al. 

2022). For example, single-molecule fluorescence studies have shown different orientations 

of SNARE motifs in the misassembled SNARE complexes and SNARE disassembly 

by the AAA+ ATPase NSF (Weninger et al. 2008; Ryu et al. 2015; Lai et al. 2017). 

Single-molecule force spectroscopy, including optical tweezers (Gao et al. 2012; Zhang 

et al. 2013), magnetic tweezers (Min et al. 2013; Shon et al. 2018; Kim et al. 2021), 

and atomic force microscopy (Oelkers et al. 2016), utilize mechanical force to induce 

unfolding of SNARE complexes and detect their folding often with subnanometer and 

submillisecond resolution. This approach can detect SNARE folding and unfolding under 

thermal equilibrium conditions that are essential for measurements of SNARE folding 

energy and kinetics (Rebane et al. 2016; Zhang 2017; Shon et al. 2018). In addition, 

the mechanical force mimics the membrane repulsive force applied to SNAREs during 

membrane fusion, which can modulate SNARE assembly pathway and kinetics (Li et al. 

2007; Zorman et al. 2014). For instance, while membrane-anchored SNAREs assemble 

directionally from the membrane distal N-terminal end to the membrane proximal C-

terminal end, isolated SNAREs tend to zipper in the opposite direction (Li et al. 2016). 

Given the importance of single-molecule force spectroscopy in studies of SNARE assembly, 

we first introduce the methodology using optical tweezers and a simple two-stranded coiled 

coil as a model system (Figure 3(A)).

Optical tweezers have widely been applied to study the folding of proteins and nucleic 

acids (Liphardt et al. 2001; Cecconi et al. 2005; Bustamante et al. 2020). They utilize 

focused laser light to form harmonic potentials to trap micron-sized polystyrene or silica 

beads as force and displacement sensors (Figure 3(A)) (Ashkin et al. 1986; Sirinakis et 

al. 2012; Zhang et al. 2013). Specifically, the bead displacements are detected by laser 

interferometry. To appreciate the stability of the synaptic SNARE complex, Xi et al. studied 

one of the strongest coiled coil pIL derived from the GCN4 transcription factor, which 

remains folded even in boiling water (Gao et al. 2011; Xi et al. 2012). A single pIL is 

tethered between two trapped beads via a 2,260 bp DNA handle (Cecconi et al. 2005). The 

force applied to the protein is controlled by the separation between the two optical traps. The 

extension response of the protein-DNA tether is detected to derive protein conformational 

transitions. At constant trap separations with a mean force range of 11 – 14 pN, the 

coiled coil reversible folds and unfolds between a fully folded state (low extension) and 

a completely unfolded state (high extension) in a force-dependent manner, as indicated by 

the corresponding extension changes (Figure 3(B)). Note that the mechanical properties 

of DNA molecules have been well characterized, which are inert under force below 60 

pN (Smith et al. 1996). The force-dependent unfolding probability and transition rates are 

derived from these extension trajectories, leading to an equilibrium force of 12.4 pN with 

half unfolding probability (Figures 3(C,D)). Force tilts the energy landscape of protein 

folding and unfolding such that the free energy of the unfolded state and the transition 

state relative to that of the folded state linearly decreases as force increases (Figure 3E), 
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leading to the characteristic sigmoid unfolding probability and approximately exponential 

rates as a function of force (Figures (C,D)). Consequently, the folding energy and folding 

and unfolding rates can be derived as parameters to fit these curves (Rebane et al. 2016; 

Jiao et al. 2017). Particularly, the unfolding energy can be estimated by the mechanical 

work to unfold the protein, which is the equilibrium force multiplied by the corresponding 

extension change, minus the small entropic energy to stretch the unfolded polypeptide to 

the equilibrium force. Accordingly, a high unfolding energy of 24 kBT is measured for the 

coiled coil (Xi et al. 2012), corroborating its extraordinary stability.

Pathways, energetics, and kinetics of SNARE assembly in vitro

Syntaxin-1 consists of a disordered N-terminus called N-peptide (residues 1–26), an Habc 

domain folded into a three-helix bundle (residues 27–146) (Fernandez et al. 1998), a 

disordered linker region (residues 147–187), the SNARE motif (residues 188–255), a 

juxtamembrane linker domain (LD, residues 256–265), and the transmembrane domain 

(TMD, residues 266–288) (Figures 1(A,B)). Similarly, VAMP2 contains a disordered N-

terminal region (residues 1–30) and a juxtamembrane linker domain (residues 86–96). 

SNAP-25 bears two SNARE motifs connected by a disordered linker. Structural studies 

show that the fully assembled SNARE complex contains a parallel four-helix bundle formed 

by the SNARE motifs and an extended coiled coil formed by the linker domains and the 

transmembrane domains of syntaxin-1 and VAMP2 (Sutton et al. 1998; Stein et al. 2009). 

The core of the four-helix bundle consists of 15 layers of hydrophobic residues and one 

middle layer of hydrophilic residues, which are numbered from −7 at the N-terminus to +8 

at the C-terminus with the middle zero layer.

In a typical experiment to study SNARE folding and assembly, a single SNARE complex 

without transmembrane domains is pulled from the C-termini of syntaxin-1 and VAMP2 

(Figure 1(B)) (Gao et al. 2012; Jiao et al. 2017). The N-termini of their SNARE motifs are 

crosslinked by a disulfide bridge to facilitate reversible SNARE assembly and disassembly. 

At ~17 pN, a single SNARE complex undergoes reversible and sequential transitions among 

four distinct states (Figure 1(C)) (Ma et al. 2015). Layer mutations significantly alter the 

kinetics of the transitions and their associated equilibrium force and energy (Figures 1(C, 

D)) (Rebane et al. 2018). In combination with results from other experimental approaches, 

the single-molecule experiments reveal the pathway, energetics, and kinetics of SNARE 

assembly (Figure 1(E)). SNARE assembly in vitro starts from the formation of the 1:1 

t-SNARE complex. The t-SNARE complex contains a three-helix bundle with a frayed 

C-terminus after the +4 layer, with unfolding energy of ~17 kBT (Zhang et al. 2016). 

Subsequently, the v-SNARE VAMP2 folds on the t-SNARE complex in four steps, a process 

termed as SNARE zippering: First, the N-terminal domain of VAMP2 (NTD, from −7 

layer to −1 layer) associates with the corresponding domain in the t-SNARE with an 

association rate constant of 2×106 M−1s−1 (Pobbati et al. 2006; Jiao et al. 2018); Then, the 

middle domain (MD, from −1 layer to +2 layer) zippers with a small energy barrier of ~5 

kBT resulting mainly from pairing of the ionic layer (Ma et al. 2015); Subsequently, the 

C-terminal domain (CTD, from +3 layer to +8 layer) rapidly folds in a diffusion-limited 

manner with ~22 kBT energy output and is accompanied by folding of the frayed C-terminal 

end of the t-SNARE complex; Finally, the linker domain (LD) zippers with an energy output 
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of ~8 kBT and small energy barrier of ~5 kBT. Overall, the assembly of a single synaptic 

SNARE complex without the transmembrane domain generates total energy of 85 kBT, 

including 68 kBT from SNARE zippering. SNARE zippering continues to the TMDs of 

syntaxin and VAMP2 (Stein et al. 2009). However, the corresponding energy contribution 

remains to be determined. In addition, membranes are expected to strongly modulate LD 

zippering (Liang et al. 2013; Rathore et al. 2019; Rizo et al. 2022). Compared to the strong 

coiled coil pIL (Xi et al. 2012), SNARE assembly generates significantly more energy (85 

vs 24 kBT) and higher force (~17 pN equilibrium force for the CTD vs ~12 pN for pIL). 

Interestingly, many SNARE complexes responsible for other membrane traffic pathways 

zipper in a similar stepwise manner with large energy output and fast CTD zippering 

(Zorman et al. 2014), consistent with their role as a molecular engine for membrane fusion.

The different SNARE zippering domains likely play distinct roles in synaptic vesicle fusion 

(Sorensen 2009; Ma et al. 2015). Assembly of the SNARE NTD and CTD are associated 

with vesicle docking or priming and final fusion, respectively, while MD assembly controls 

the accuracy of SNARE assembly. The docked vesicles are ready for fusion when triggered 

by Ca2+, whose number correlates with the strength of neurotransmission, while CTD 

zippering energy and kinetics control the speed of membrane fusion. The distinct roles 

of SNARE domains have been confirmed by numerous SNARE mutations whose effects 

in SNARE assembly, membrane fusion, or neurotransmission have been compared. A 

prominent example is SNAP-25B mutation I67N and I67T at the +4 layer in the CTD 

(Figure 1(A)), which are identified from a human patient suffering from intellectual 

disability and the blind-drunk mouse with the schizophrenia phenotype, respectively (Jeans 

et al. 2007; Shen et al. 2014). Optical tweezer measurements reveal that both mutations 

dramatically weaken CTD assembly (Figures 1(C,D)) (Rebane et al. 2018), likely leading 

to failure in membrane fusion. In contrast, both mutations barely change NTD and MD 

assembly. Thus, the energy output from SNARE assembly is essential for membrane fusion.

Munc18–1-chaperoned SNARE assembly

Closed and open syntaxin bound by Munc18–1

The SNARE assembly pathway in the cell may be significantly different from the t-SNARE 

pathway described above. First, there is probably no free syntaxin-1 available for SNARE 

assembly in the cell. Instead, syntaxin-1 exists in a complex with Munc18–1 as soon 

as syntaxin-1 is synthesized (Hata et al. 1993; Yin et al. 2018). Munc18–1 serves as a 

molecular chaperone to help syntaxin-1 traffic from the endoplasmic reticulum membrane to 

the plasma membrane and protect syntaxin-1 from degradation (Zhou et al. 2013). Knockout 

of either syntaxin or Munc18–1 leads to a reduced concentration for the other protein. 

However, Munc18–1 also sequesters syntaxin from binding other SNARE proteins for 

SNARE assembly, forming closed syntaxin (Burkhardt et al. 2008). Crystal structures reveal 

that Munc18–1 interacts extensively with the entire cytoplasmic syntaxin (Figure 4(A), state 

i) (Misura et al. 2000; Colbert et al. 2013). Consequently, a high affinity in the range of 2–10 

nM has been reported for the Munc18–1:syntaxin complex (Burkhardt et al. 2008). Thus, it 

becomes a key puzzle how the closed syntaxin opens to allow SNARE assembly.
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Evidence suggests that Munc13–1 promotes opening of the closed syntaxin via a series 

of local conformational changes in both syntaxin and Munc18–1 (Rizo 2022). Munc13–

1 is a large multifunctional protein essential for synaptic vesicle fusion (Augustin et al. 

1999). With a rod shape of ~19 nm in length, Munc13–1 helps tether synaptic vesicles 

to the plasma membrane via its terminal C1 and C2 domains (Michelassi et al. 2017; Xu 

et al. 2017; Quade et al. 2019; Grushin et al. 2022). Through its central MUN domain, 

Munc13–1 also binds to the linker region of syntaxin-1 (Wang et al. 2017). However, the 

binding does not dissociate entire syntaxin-1 from Munc18–1. Instead, it likely induces 

local unfolding of the linker region and the N-terminal region of the SNARE motif to open 

syntaxin (Shin et al. 2010; Ma et al. 2013; Yang et al. 2015). Consistent with this view, 

the MUN domain only weakly binds free syntaxin with a dissociation constant greater than 

40 μM (Lai et al. 2017; Wang et al. 2017; Magdziarek et al. 2020) and the closed syntaxin 

can be opened by destabilizing mutations in the linker region such as the LE mutation 

(L165A/E166A) (Ma et al. 2011). This conformation of open syntaxin is further supported 

by single-molecule manipulation experiments (Jiao et al. 2018). By pulling single syntaxin 

molecules at different positions using optical tweezers, Jiao et al. identified a new mutation 

R198C in the linker region that opens syntaxin for further SNARE assembly. Combining 

with results from various syntaxin mutations, they found that the parts of the linker region 

and the N-terminal SNARE motif are either unfolded or dissociated from the Munc18–1, 

while the C-terminal SNARE motif including +1 to +3 layers remains bound in a cavity 

in Munc18–1 (Figure 4(A), state ii). Interestingly, Munc18–1 binds the N-peptide and the 

Habc domain in the open syntaxin similarly to the closed syntaxin. These experiments also 

reveal the unfolding free energy of the open syntaxin (2.6 kBT) and the closed syntaxin 

(7.2 kBT) relative to an unfolded syntaxin state in which the SNARE motif, but not the 

entire syntaxin molecule, is dissociated from Munc18–1 (Figure 4(A), state v; Figure 4(B), 

a). Thus, syntaxin opening only needs a small energy input of 4.6 kBT, which may be 

provided by binding of Munc13–1 to syntaxin. In addition, the weak Munc13–1 binding 

may lower the energy barrier for syntaxin opening. Finally, the derived structural model of 

open syntaxin is consistent with the crystal structure of a homologous complex Vps45:Tlg2 

in which Tlg2 appears to exhibit an intrinsically open conformation (Eisemann et al. 2020).

Template complex and SNARE assembly

Recent experiments suggest that Munc18–1 can simultaneously bind VAMP2 (Parisotto et 

al. 2014; Munch et al. 2016; Sitarska et al. 2017; Andre et al. 2020) and Syntaxin-1 to form 

a Munc18–1:syntaxin-1:VAMP2 ternary template complex (Figure 4(A), state iii) (Baker 

et al. 2015; Jiao et al. 2018; Wang et al. 2019; Shu et al. 2020). Moreover, this template 

complex is essential to drive membrane fusion in reconstituted assays using SNARE proteins 

and accessory proteins at physiologically relevant concentrations (Stepien et al. 2019). To 

characterize the template complex using optical tweezer at a molecular level, Jiao et al. 

strategically crosslinked syntaxin residue R198C to VAMP2 residue N29C, both N-terminal 

to the SNARE motifs (near the extended −8 layer), to create the open syntaxin in the 

presence of Munc18–1 (Jiao et al. 2018). By pulling the C-termini of syntaxin-1 and 

VAMP2, they identified the synaptic template complex (Figure 4(A), state iii) and measured 

its stability (−5.2 kBT) and lifetime (1.4 s) relative to the open syntaxin (Figure 4(B), b). 

They also examined the stabilities of a battery of mutants and found various domains or 
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regions critical for the template complex. Baker et al. first predicted a homologous template 

complex in the thermotolerant fungus Chaetomium thermophilum Vps33:Vam3:Nyv1, 

which are homologs of mammalian Munc18–1, syntaxin-1, and VAMP2, respectively, 

and derived a structural model based on superposition of two binary crystal structures of 

Vps33:Vam3 and Vps33:Nyv1 (Baker et al. 2015). In this model, both SNARE motifs 

of Vam3 and Nyv1 bind on the surface of Vps33 as two broken helices each, with their 

N-terminal helices aligned on the 3a helical hairpin domain of Munc18–1 while their 

C-terminal SNARE motifs separated. Consequently, Vps33 interacts extensively with both 

SNARE motifs, from −7 to +3 layers in syntaxin and from −3 to +6 layers in VAMP2. 

Particularly, Nyv1 inserts its highly conserved phenylalanine residue at the +6 layer (F77) 

into a hydrophobic pocket in Vps33. The single-molecules studies demonstrated that the 

synaptic template complex not only shares some key features of this structural model, 

including a strong anchor by VAMP2 F77, but also exhibits additional features not predicted 

by the model (Jiao et al. 2018). The N-terminal hydrophobic layers of VAMP2 from 

−7 to −4 layers appear to associate with the corresponding layers in syntaxin, as their 

mutations to alanine destabilize the template complex. Importantly, the N-terminal domains 

of syntaxin, including the N-peptide and the Habc domain also stabilize the template 

complex. Particularly, the Habc domain is required for forming the template complex.

The template complex greatly enhances the efficiency of SNARE assembly (Jiao et al. 

2018). SNAP-25 quickly binds the template complex to conclude SNARE assembly (Figure 

4(A), from state iii to state iv; Figure 4(B), c). After SNARE assembly, Munc18–1 is 

displaced from the four-helix bundle but may remain bound to the N-terminal domains of 

syntaxin. The rate constant of SNAP-25 binding to the template complex is estimated to be 

~5×105 M−1s−1. This rate is at least 25-fold greater than the rate of spontaneous SNARE 

assembly in the absence of Munc18–1 under otherwise identical experimental conditions. 

In this case, the rate of proper SNARE assembly is limited by t-SNARE formation 

and SNARE misassembly. Note that the single-molecule assay underestimates the rate of 

SNARE misassembly in bulk, because many known misassembled SNARE complexes, such 

as syntaxin oligomers and SNARE bundles containing anti-parallel syntaxin and VAMP2, 

are inhibited in the single-molecule assay. In the presence of Munc18–1, the rate of SNARE 

misassembly is greatly reduced, and nearly all SNARE assembly is chaperoned by Munc18–

1 via the template complex. In addition, Munc18–1 promotes the specificity of proper 

SNARE assembly. SNARE proteins responsible for different membrane trafficking pathways 

readily form complexes in vitro in the absence of chaperones, leading to promiscuous 

SNARE pairing (Yang et al. 1999). The extensive interactions between SNAREs and 

Munc18–1 in the template complex help proofread SNARE pairing (Shen et al. 2007; Koike 

and Jahn 2022), such that any noncognate SNAREs that do not associate with Munc18–

1 to form the template complex cannot assemble into the ternary SNARE complexes. 

The essential role of the template complex in SNARE assembly and membrane fusion 

is supported by extensive mutagenesis studies (Jiao et al. 2018): Mutations in Munc18–1 

or SNARE proteins that destabilize the template complex impair the chaperoned SNARE 

assembly, membrane fusion in vitro, and neurotransmitter release in vivo. In particular, a 

few Munc18–1 mutations identified from patients with epilepsy are found to destabilize 

the template complex. In contrast, the mutations that enhance the stability of the template 
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complex promote membrane fusion and neurotransmission. These results suggest that the 

formation of the template complex is likely a rate-limiting step in membrane fusion. 

Finally, the template complex and its essential role in chaperoning SNARE assembly are 

conserved among SNARE-SM fusion machines in different membrane trafficking pathways 

and species, including Vps33:Vam3:Nyv1 in yeast for vacuole formation (Wickner 2010; 

Baker et al. 2015; Orr et al. 2017) and Munc18–3:syntaxin-4:VAMP2 in mammals for 

insulin secretion and GLUT4 translocation (Jiao et al. 2018). In conclusion, the template 

complex is a conserved intermediate of SM protein chaperoned SNARE assembly that 

significantly enhances the speed and accuracy of SNARE assembly.

The synaptic template complex is regulated by many proteins that control synaptic vesicle 

fusion (Zhang and Hughson 2021). Munc13–1 associates with the template complex to 

enhance its stability, but without interfering with SNAP-25 binding and subsequent SNARE 

assembly (Shu et al. 2020). The association requires binding of Munc13–1 to the linker 

region of syntaxin and likely VAMP2 at distant sites on the MUN domain (Wang et al. 

2019). Munc13–1 also binds SNAP-25 at its linker region connecting the two SNARE 

motifs to help recruit SNAP-25 for its association with the template complex (Sundaram et 

al. 2021). Therefore, Munc13–1 cooperates with Munc18–1 to form a tetrameric complex 

and helps recruit SNAP-25 for efficient SNARE assembly, in addition to Munc13–1’s role 

in opening syntaxin. Note that Munc13–1 alone contributes to proper SNARE assembly by 

promoting parallel pairing between syntaxin and VAMP2 (Lai et al. 2017), likely because 

Munc13–1 binding to opposite ends of the SNARE motifs of syntaxin-1 and VAMP2 at 

the two distal ends of the rod-like MUN domain only allows their parallel pairing in the 

presence of SNAP-25. Moreover, Munc18–1 is phosphorylated at multiple sites by many 

kinases to regulate the stability of the template, thereby modulating SNARE assembly and 

neurotransmitter release (Jiao et al. 2018). For example, Munc18–1 phosphorylation at S306 

or S313 stabilizes the template complex and promotes neurotransmission (Genc et al. 2014), 

whereas phosphorylation at Y473 abolishes the template complex and neurotransmission 

(Meijer et al. 2012). Finally, Munc18–1 prevents the ubiquitous NSF and SNAP proteins 

in the cell from disassembling the functional intermediates of SNARE assembly but allows 

NSF/SNAP to specifically disassemble misassembled SNARE complexes (Xu et al. 2010; 

Prinslow et al. 2019; Stepien et al. 2019). Thus, it is reasonable to hypothesize that the 

template complex is resistant to NSF/SNAP disassembly, a hypothesis remaining to be tested 

(Zhang and Hughson 2021). In conclusion, the template complex may serve as a hub to 

regulate SNARE assembly and synaptic vesicle fusion.

Atomic structure of the template complex

Recently, Stepien et al. solved the first atomic structure of any template complex, which 

not only confirms many salient features of the structural model described above, but also 

reveals interesting new features (Figure 5(A)) (Stepien et al. 2022). To stabilize the synaptic 

template complex, they crosslinked syntaxin-1 L205C and VAMP2 Q36C at a different site 

near −6 layer as previously tested (Ma et al. 2015; Jiao et al. 2018) (Figures 1(A) and 5(B)). 

Consequently, they were able to purify the complex in bulk and determine its structure using 

cryo-electron microscopy (Stepien et al. 2022). Two structures of the complex have been 

resolved, but with similar architectures. Both structures reveal the aligned helices formed 
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by the NTDs of syntaxin-1 and VAMP2 and their separated CTDs bound on the surface of 

Munc18–1 (Figure 5(A)). The N-peptide and the Habc domain exhibit similar conformations 

as in the closed syntaxin. In addition, both structures show an extended loop of the 3a helical 

hairpin domain (Munc18–1 residues 314–335) expected for the open syntaxin (Hu et al. 

2011; Christie et al. 2012; Parisotto et al. 2014; Baker et al. 2015; Sitarska et al. 2017). This 

loop is furled back in the closed syntaxin to block VAMP2 binding (compare states i and iii 

in Figure 4(A)) (Misura et al. 2000). All these features are consistent with the results derived 

from the single-molecule studies and the corresponding structural model (Baker et al. 2015; 

Jiao et al. 2018; Zhang and Hughson 2021).

Importantly, the atomic structures reveal several new features (Stepien et al. 2022). First, 

the linker region of syntaxin-1 folds into two short helices (Hd and He helices) that 

associate with the NTD helices of syntaxin-1 and VAMP2 to form an N-terminal four-helix 

bundle (Figure 5(B)). The Hd helix is also found in the Munc18–1:syntaxin-1 complex 

to stabilize the closed syntaxin (Figure 4(A), state i), but switches binding partners in the 

template complex. Two mutations in the He helix (M183A and D184P) that are predicted 

to destabilize the N-terminal four-helix bundle impair the template complex and membrane 

fusion in vitro. These observations suggest an important role of the N-terminal four-helix 

bundle in the chaperoned SNARE assembly. Second, both NTDs of syntaxin-1 and VAMP2, 

as well as the entire N-terminal four-helix bundle, detach from Munc18–1 (Figure 5(B)). As 

a result, only the MD/CTD regions directly bind Munc18–1. While the detached syntaxin-1 

NTD is a characteristic of open syntaxin (Eisemann et al. 2020; Zhang and Hughson 2021), 

the hanging VAMP2 NTD is unexpected, because the same region of the homologous 

Nyv1 binds to the extended 3a helical hairpin domain of Vps33 in the Vps33:Nyv1 binary 

complex (Baker et al. 2015) and the underlying Munc18–1 binding surface is critical for 

template complex formation and neurotransmitter release (Munch et al. 2016; Jiao et al. 

2018). The two structures of the template complex differ in the separation of the N-terminal 

four-helical bundle from the underlying Munc18–1 surface (Stepien et al. 2022). The 

structure with greater separation is the mature template complex (Figure 5(A)), while the 

other one (not shown) represents an intermediate conformation during the transition from the 

closed syntaxin to the mature template complex. Finally, VAMP2 exhibits a continuous helix 

from −7 layer to + 6 layer, but with a kink near the 0 layer in the mature template complex, 

compared to two broken helices in the previous structural model (Baker et al. 2015). More 

experiments are required to further test the biological significance of the new structures, 

especially in the cell.

Fusion pores and SNARE assembly

Membrane fusion often proceeds via distinct stages, including vesicle docking, priming, 

hemifusion, transient fusion pore opening and closing (pore flickering), and final pore 

expansion (Fang and Lindau 2014; Zhao et al. 2016; Bao et al. 2018; Sharma and Lindau 

2018). Particularly, the fusion pore establishes the first connection between the lumens 

bounded by the two fusing membranes and is widely observed in vesicle fusion in the cell 

(Albillos et al. 1997). Fusion pores are generally small and transient with their diameters and 

lifetimes less than a few nanometers and 10 milliseconds, respectively (Breckenridge and 

Almers 1987; Albillos et al. 1997; Henkel et al. 2000; Klyachko and Jackson 2002; Jackson 
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and Chapman 2006; Dhara et al. 2020). Then, they either quickly dilate for full fusion 

or close for ‘kiss-and-run’ fusion (Jackson and Chapman 2008; Alabi and Tsien 2013). 

Alterations in SNARE proteins significantly change the size and stability of the fusion pores 

(Han et al. 2004; Kesavan et al. 2007; Fang et al. 2008), suggesting a tight coupling between 

SNARE assembly and fusion pore dynamics.

It remains an open question how the different steps of SNARE assembly described above 

underlie the different stages of membrane fusion, especially the fusion pore dynamics. 

Despite their physiological relevance, the SNARE assembly described above is mainly 

derived from experiments based on cytosolic SNAREs. In contrast, SNARE assembly 

during membrane fusion is counteracted by two opposing lipid bilayers, regulated by many 

accessory proteins, and occurs in concert with multiple SNARE complexes. While the 

stepwise SNARE assembly is detected in the presence of approximately constant force in the 

single-molecule manipulation experiments (Gao et al. 2012; Zhang 2017; Jiao et al. 2018; 

Zhang and Hughson 2021), multiple trans-SNARE complexes cooperatively assemble in the 

presence of the membrane repulsive force that varies quickly with the distance between 

the two membranes (Zorman et al. 2014). Therefore, the lifetimes and populations of the 

derived intermediates may differ in the context of trans-SNARE assembly. In addition, 

the role of SNARE TMDs in fusion is controversial. SNARE TMDs may simply act 

as membrane anchors to transduce the SNARE zippering force to membranes (Zhou et 

al. 2013), provide additional zippering energy required for fusion (Stein et al. 2009), or 

oligomerize to form proteinaceous fusion pores (Han et al. 2004; Chang et al. 2016). In 

addition, these challenges called for new experiments to correlate the sequence of events of 

SNARE assembly with that of membrane fusion.

Membrane fusion has been reconstituted with fixed average numbers of SNARE complexes. 

Shi et al. first used nanodiscs (NDs) to control the copy number of VAMP2 inserted into 

the nanodiscs and detected their fusion with small unilamellar vesicles (SUVs) containing 

excess t-SNARE complexes (Shi et al. 2012). Each ND is a small patch of lipid bilayer 

enclosed by two molecules of membrane scaffold proteins (MSPs) like a belt (Bayburt 

et al. 2002). NDs are self-assembled during the gradual removal of detergent from the 

reconstitution reaction composed of lipids, MSPs, and membrane proteins. Besides their 

superior solubility and stability, NDs can be made in different sizes ranging from 6 to 100 

nm in diameter using a library of MSPs derived from apolipoproteins (Bayburt et al. 2002; 

Denisov et al. 2004; Hagn et al. 2013; Nasr et al. 2017; Zhang et al. 2021). Consequently, 

NDs have widely been adopted as model membranes for structural and biophysical 

characterization of membrane proteins (Autzen et al. 2019; Sligar and Denisov 2021). To 

control the average copy number of VAMP2 inserted into NDs, Shi et al. varied the molar 

ratio of VAMP2 to MSP during ND preparation and further purified the NDs containing 

specific copy numbers of VAMP2 (Shi et al. 2012). An additional benefit of the assay is that 

the NDs with a typical diameter of ~16 nm prevents dilation of the fusion pores, thereby 

stabilizing the generally transient fusion pores for characterization of their properties. Using 

this assay, they found that a single SNARE complex is enough to induce lipid mixing or 

hemifusion in which only the outer leaflets of the two membranes fuse, while at least three 

SNARE complexes are required to open the fusion pores with an average diameter of ~3 

nm. This observation suggests that the opening of a fusion pore experiences much higher 
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energy barrier than hemifusion, and thus requires energy from cooperative zippering of at 

least three SNARE complexes. As a potential rate-limiting state for membrane fusion, the 

fusion pore formation is regulated by many regulatory proteins. For example, in the presence 

of synaptotagmin-1 (Syt1), the Ca2+ sensor for neurotransmission, two SNARE complexes 

are sufficient to catalyze glutamate release (Bhalla et al. 2006; Bao et al. 2016; Zhou et 

al. 2017). Finally, the SNARE TMDs are required for pore opening, as substitution of the 

TMDs with lipid anchors abolishes glutamate release (Shi et al. 2012; Chang et al. 2016). 

Thus, SNARE TMDs not only act as a membrane anchor to transduce the SNARE zippering 

force to membranes, but also play an active role in fusion pore opening (Ngatchou et al. 

2010; Bao et al. 2016; Dhara et al. 2016; Sharma and Lindau 2018; Dhara et al. 2020). The 

latter observation contrasts with other findings that lipid-anchored SNAREs lacking their 

TMDs support membrane fusion or neurotransmitter release (Jun et al. 2007; Zhou et al. 

2013).

The fusion pores stabilized by NDs have been further characterized at a single pore level 

with sub-millisecond resolution. Wu et al. applied cell-based patch clamp and single-channel 

recording to characterize single fusion pores between v-SNARE-anchored NDs and cell 

surfaces ectopically expressing flipped t-SNAREs (Wu et al. 2016; Wu et al. 2017). They 

observed fast and reversible flickering of fusion pores with an average pore diameter of ~1.2 

nm and a lifetime of ~6 s before their irreversible resealing in the presence of 7–9 copies of 

v-SNAREs in nanodiscs. However, the high background current from the cell surface and the 

rapid pore closure poses challenges for a more detailed characterization of the fusion pores. 

Bao et al. significantly improved the electrical recordings of single fusion pores by replacing 

cell membranes with planar lipid bilayers (Figure 6(A)) (Bao et al. 2018). The high electric 

impedance of the synthetic planar bilayer leads to high signal-to-noise ratio to detect fusion 

pores without the need of a patch clamp. In addition, the fusion pore is further stabilized by 

the lipids in the planar lipid bilayer that lower the membrane bending energy for fusion pore 

formation. Consequently, individual fusion pores are readily observed with microsecond 

temporal resolution for over 30 minutes (Figure 6(B)). Consistent with previous studies, 

the new experiment revealed that the number of SNARE complexes dictates the pore size 

and lifetime and that the fusion pores are highly dynamic. Moreover, by virture of the 

improved resolution, the open pores exhibit approximately equal sizes for a given copy 

number of SNARE complexes, leading to discrete two-state transitions between the open 

and the closed state (Figure 6(B)) and accurate measurements of pore sizes and lifetimes 

(Figures 6(C,D)). An average of three VAMP2 molecules in ND3 only forms an unstable 

1.1 nm pore with an open lifetime of only ~3 ms (Figure 6 (D)). The addition of two 

more VAMP2 molecules (ND5) significantly stabilizes the pore with an increase in the 

pore size to 2.2 nm and the average open lifetime to 0.2 s. An average of 7 VAMP2 

molecules in ND7 generates long-lived pores with an average lifetime of ~2 s and a pore 

size of 3 nm. Interestingly, the shape of the pore lifetime distributions significantly changes 

as the SNARE copy number increases: For ND3, the distribution is approximately single 

exponential, indicating the existence of a single energy barrier for pore opening, while for 

ND5 and ND7, the distributions become unimodal, suggesting multiple energy barriers or at 

least transient intermediate states for pore opening. Consistent with the latter interpretation, 

some intermediate states are observed in time-dependent current trajectories (Bao et al. 
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2018). Finally, pore formation requires the transmembrane domains (TMD) of syntaxin and 

VAMP2 and is altered by mutations in the TMD. Since the TMDs of three copies of SNARE 

complexes are too few to form a completely proteinaceous pore, this observation suggests 

that the fusion pores are formed by both lipids and SNARE TMDs, consistent with the 

results from molecular dynamic simulations and other studies (Bao et al. 2016; Dhara et al. 

2016; Sharma and Lindau 2018; Sharma and Lindau 2018; Dhara et al. 2020).

The pore dynamics is intrinsically coupled to SNARE zippering. The use of planar bilayer 

facilitates the addition of various regulatory proteins or other factors to interrogate the 

SNARE assembly underlying the pore dynamics. The fusion pore is closed by the addition 

of the cytosolic fragment of v-SNARE in a concentration-dependent manner (Bao et al. 

2018), indicating the presence of at least one partially zippered trans-SNARE complexes in 

the closed pore state that are available for competitive binding of the cytosolic v-SNARE 

fragment (Figure 6(A)). Furthermore, mutations that impair CTD zippering of the SNARE 

complex destabilize the fusion pores. Together, these observations suggest that closed and 

open pore states correspond to half-zippered and fully zippered states of the SNARE 

complex, respectively. Regulatory proteins, including Syt1, α-synuclein, and complexin, 

may promote SNARE zippering or membrane remodelling to facilitate pore opening and 

membrane fusion (Das et al. 2020; Nellikka et al. 2021; Wu et al. 2021; Courtney et 

al. 2022). Thus, the electrical recording of fusion pores formed between nanodiscs and 

planar lipid bilayers provides a powerful platform for interrogating the relationship between 

SNARE assembly and fusion pore dynamics.

Although fusion pores are observed as a distinct intermediate before their dilation to full 

fusion in some cells (Breckenridge and Almers 1987; Henkel et al. 2000; Jackson and 

Chapman 2006), they remain elusive during synaptic vesicle fusion. As a step to detect 

fusion pores during synaptic vesicle fusion, Bao et al. increased the size of the nanodisc to 

~50 nm to allow fusion pore expansion (Bao et al. 2018). They found that flickering fusion 

pores of ~2 nm diameter frequently appear before they irreversibly expand into full fusion, 

suggesting the fusion pores as an intermediate in membrane fusion. Importantly, distinct 

fusion pores are directly observed in SNARE-mediated fusion between small unilamellar 

vesicles and planar lipid bilayers again with electric recordings (Heo et al. 2021). In this 

case, α-hemolysin channel proteins are incorporated into the v-SNARE anchored vesicles 

to facilitate measurements of the current through fusion pores. The experiment revealed 

small flickering fusion pores with average diameters of 0.4 nm and 0.8 nm mediated by 

one and two trans-SNARE complexes, respectively. Three or more trans-SNARE complexes 

lead to irreversible pore expansion without distinct fusion pores, consistent with highly 

cooperative SNARE assembly among different trans-SNARE complexes. The variable pore 

sizes observed in the different experiments are likely caused by different membranes used. 

Thus, the dynamics of fusion pores or membrane fusion in generally can be exquisitely 

regulated by the size and composition of membranes, SNARE proteins, and various 

accessory proteins.
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Concluding remarks

Experiments in vitro have revealed two pathways of SNARE assembly and their associated 

intermediate states: the t-SNARE pathway and the template complex pathway. While the 

t-SNARE pathway has long been exploited in reconstituted membrane fusion assays, the 

template complex pathway likely represents the physiological pathway of SNARE assembly 

in vivo. This conclusion is supported by the conserved template complexes observed for 

multiple SNARE-SM fusion machines and the essential role of the template complex in 

the chaperoned SNARE assembly and membrane fusion. Note that the total energy of 

SNARE assembly is independent of the pathways and thus the values measured based 

on the t-SNARE pathway should be approximately equal to the energy output from the 

Munc18–1-chaperoned SNARE assembly. In addition, the SNARE assembly along both 

pathways converges in partially zippered states in which the N-terminal SNARE motifs are 

zippered while the C-terminal motifs are unzipped (Ma et al. 2015; Jiao et al. 2018; Yu et 

al. 2018). Other regulatory proteins, including Munc13–1, synaptotagmin, and complexin, 

may bind to the partially zippered trans-SNARE complexes to form a super-complex primed 

for Ca2+-triggered membrane fusion (Rothman et al. 2017). Due to the strong coupling 

between SNARE zippering and pore opening, the stability of the super-complex is also 

modulated by the interactions of both regulatory proteins and SNAREs with membranes. 

However, it remains unclear whether and how all these proteins form a primed super-

complex with a defined stoichiometry. It will be interesting to reconstitute the primed 

state in vitro, determine their structures, and further interrogate their functions in Ca2+-

triggered membrane fusion. To this end, it will be crucial to combine optical tweezers 

with single-molecule fluorescence to simultaneously pull trans- or cis-SNARE complexes 

in membranes and visualize the action of regulatory proteins. In addition, the fusion pore 

assays need further improvement to examine fusion pores mediated by precise numbers of 

trans-SNARE complexes in the presence of Munc18–1. Finally, super-resolution microscopy 

and electron microscopy may be applied to dissect the structure and dynamics of the primed 

super-complex (Adams et al. 2015; Radhakrishnan et al. 2021). Together, these techniques 

will help uncover the long-standing puzzle on the key molecular machinery underlying our 

thinking and action.
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Figure 1. 
Energetics of stepwise SNARE zippering revealed by optical tweezers. (A) Amino acid 

sequences of SNARE motifs of synaptic SNAREs VAMP2, syntaxin-1A (SX1), and 

SNAP-25B (SN1 and SN2), and their associated folding domains and layer numbers. The 

folding domains include the N-terminal domain (NTD), the middle domain (MD), the 

C-terminal domain (CTD), and the linker domain (LD). The residues in VAMP2 Q36 and 

syntaxin-1 L205 in the red rectangle are mutated to cysteine and crosslinked to facilitate 

detection of reversible SNARE assembly in some single-molecule manipulation experiments 

(see results in C-E). (B) Crystal structure of the synaptic SNARE complex and its associated 

folding domains and layer numbers (red). The yellow lines indicate the disulfide bonds used 
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to crosslink syntaxin and VAMP2 at their N-termini (top) and VAMP2 to the DNA handle 

(bottom, as in Figure 3(A)). The N-terminal SNARE crosslinking site varies in different 

experiments. (C) Time-dependent extension of the wild-type (top) or mutant (bottom) 

SNARE complex showing their reversible and stepwise zippering at constant force. The 

mutant contains a disease mutation at SNAP-25B I67N (highlighted red in A). The red lines 

represent idealized transitions derived from hidden-Markov modelling (Zhang et al. 2016). 

The green lines indicate average positions of the states with blue numbers shown in E. (D) 

Folding energy of different domains of the wild-type and mutant SNARE complexes. The 

disease mutations SNAP-25B I67N and I67T reduce the total folding energy of CTD and 

LD (CTD/LD), but not that of the NTD and MD (NTD/MD). (E) Diagrams of the different 

SNARE folding/assembly states and their energy relative to the fully assembled state.

Zhang et al. Page 24

Crit Rev Biochem Mol Biol. Author manuscript; available in PMC 2022 October 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
Schematics of two SNARE assembly pathways and their associated characteristic 

intermediates, the 1:1 syntaxin-1:SNAP-25 t-SNARE complex and the Munc18–

1:syntaxin-1:VAMP2 template complex. Additional intermediates and their structural 

models and transition kinetics are shown in Figures 1(E) and 4(A).
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Figure 3. 
Folding energy and kinetics of a strong coiled coil revealed by optical tweezers. 

(A) Schematic diagram of the experimental setup. The homodimeric GCN4 variant is 

crosslinked at its N-terminus (top) and pulled from its C-terminus via a DNA handle. 

The force applied to the protein is controlled by the separation between two optical traps 

and the extension of the protein-DNA tether is measured to probe protein folding and 

unfolding transitions with subnanometer and submillisecond resolution. (B) Time-dependent 

extensions due to reversible unfolding and refolding of the coiled coil at two constant forces 

(F). (C) Unfolding probability of the coiled coil as a function of force, with the measured 

values and theoretical predictions shown in symbols and the line, respectively. The reversible 

folding transition has an equilibrium force of Fe=12.4 pN as indicated. (D) Measured 
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folding and unfolding rate (symbols) and their theoretical predicts (lines) as a function of 

force. (E) A constant external force (F) applied to the protein tilts its folding and unfolding 

energy landscape to facilitate protein unfolding. Specifically, the force lowers the energy of 

the unfolded state and unfolding energy barrier in their extension-dependent manner.
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Figure 4. 
Munc18–1 chaperones SNARE assembly via multiple essential intermediates. (A) The 

pathway of Munc18–1-chaperoned SNARE assembly. The closed syntaxin (state i) is 

opened by Munc13–1 (not shown) or mutations to expose the N-terminal region of the 

SNARE motif in syntaxin (state ii). Syntaxin opening is accompanied by unfurling a loop 

at the tip of the 3a helical hairpin domain in Munc18–1, as indicated by the green arrow in 

state i, which extends the 3a domain. Then, the open syntaxin binds to VAMP2 to form the 

template complex (state iii). The two SNARE binding sites for Munc13–1 (not shown) are 

indicated by blue arrows. Finally, SNAP-25 associates with the templated SNAREs to form 

the four-helix bundle (state iv), a process likely accompanied by displacement of Munc18–1 

from the SNARE bundle. The free energy to unfold the SNARE motif of syntaxin (state v) 

has been measured for the closed and open syntaxin. The solid greys arrows point to the 
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states with lower relative free energy. (B) Time-dependent extension trajectories associated 

with reversible unfolding of the closed syntaxin (a) and the template complex in the absence 

(b) or presence (c) of SNAP-25 at the indicated force (F).
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Figure 5. 
Atomic structure of the template complex (A) and the close-up view of the N-terminal 

four-helix bundle (B). In (A), the helical N-peptide binds to the back of Munc18–1 (grey) 

and connects to the Ha helix with a disordered polypeptide. Part of the unfurred loop of 

the 3a helical hairpin in Munc18–1 (a.a. 327–334) exhibits a helical conformation and is 

highlighted yellow, while the other part (a.a. 316–326) is not resolved and likely disordered. 

The amino (‘N’) - and carboxyl (‘C’) -ends of the SNARE polypeptides are labelled. In 

(B), the zero-layer residue R56 in VAMP2 and the cysteine residues in both VAMP2 and 

Syntaxin-1 used for crosslinking the two polypeptides are shown in sticks.
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Figure 6. 
Dynamics of fusion pores as a function of the copy number of SNARE complexes revealed 

electric recordings. (A) Illustration of closed (“C”) and open (“O”) pores formed between a 

nanodisc containing two v-SNARE molecules (ND2) and a planar lipid bilayer harbouring 

t-SNARE complexes. The reversible transition between the two states is detected by the 

current through the pore under a constant voltage across the two sides of the planar 

lipid bilayer. (B) Representative time-dependent current showing reversible opening of the 

pore through a nanodisc containing three (ND3) or five (ND5) v-SNAREs on average. 

The average copy number of trans-SNARE complexes is approximately half of the total 

v-SNARE number per nanodisc, as only v-SNAREs anchored on one side of nanodiscs 

can engage with the t-SNAREs in the planar lipid bilayer. The right panel shows close-up 

views of the regions in the left panel marked by cyan brackets. (C) The average diameter 

of the pore as a function of SNARE copy number in the nanodisc. (D) The corresponding 

distributions of the pore lifetimes.
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