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Summary

Intracellular membrane fusion is mediated by dynamic assembly and disassembly of soluble N-

ethylmaleimide-sensitive factor (NSF) attachment protein (SNAP) receptors (SNAREs). α-SNAP 

guides NSF to disassemble SNARE complexes after membrane fusion. Recent experiments 

showed that α-SNAP also dramatically enhances SNARE assembly and membrane fusion. How α-

SNAP plays roles in these opposing activities is not known. Here, we examined the effect of α-

SNAP on the step-wise assembly of the synaptic SNARE complex using optical tweezers. We 

found that α-SNAP destabilized the linker domain (LD) of the SNARE complex but stabilized its 

C-terminal domain (CTD) through a conformational selection mechanism. In contrast, α-SNAP 

minimally affected assembly of the SNARE N-terminal domain (NTD), indicating that α-SNAP 

barely bound the partially assembled trans-SNARE complex. Thus, α-SNAP recognizes the folded 

CTD for SNARE disassembly with NSF and subtly modulates membrane fusion by altering the 

stabilities of the SNARE CTD and LD.
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Introduction

Alpha SNAP is a ubiquitous protein essential for membrane fusion in eukaryotes (Clary et 

al., 1990). Deletion of α-SNAP is lethal in mice, and mutation of α-SNAP causes 

hydrocephaly (Chae et al., 2004). Changes in the expression level of α-SNAP have been 

associated with neurological disorders, cancer, and diabetes (Andreeva et al., 2006). α-

SNAP mainly serves as an adaptor protein for the hexameric AAA+ ATPase, NSF, to 

disassemble the fully assembled cis-SNARE complex after membrane fusion has occurred, 

thereby recycling individual SNARE proteins for the next round of fusion (Sollner et al., 

1993). NSF and α-SNAP disassemble nearly all fully assembled cis-SNARE complexes in 

the cell (Zhao et al., 2015) as well as some partially- and mis-assembled SNARE complexes 

in vitro (Vivona et al., 2013). However, NSF and α-SNAP do not disassemble the trans-

SNARE complex that bridges two opposing membranes (Lobingier et al., 2014; Weber et al., 

2000), an essential intermediate for calcium-triggered synaptic exocytosis (Sudhof and 

Rothman, 2009). Because NSF does not directly interact with SNARE proteins (Sollner et 

al., 1993; Zhao et al., 2015), these observations reveal that α-SNAP, either alone or together 

with other proteins, recognizes certain global and common features unique to cis-SNARE 

complexes. Whereas all cis-SNARE complexes exhibit a shared four-helix bundle structure 

(Stein et al., 2009; Sutton et al., 1998), evidence suggests that trans-SNARE complexes are 

partially assembled (Gao et al., 2012; Zorman et al., 2014). Accordingly, Zhao et al. 

proposed that the partially assembled SNARE complexes may not be a favored substrate for 

α-SNAP and NSF (Zhao et al., 2015). Alternatively, Sec1/Munc18 and other proteins are 

suggested to protect trans-SNARE complexes from NSF- and α-SNAP-mediated 

disassembly (Lobingier et al., 2014; Sollner et al., 1993). In particular, the yeast homotypic 

fusion and vacuole protein sorting (HOPS) complex prevents disassembly of vacuolar trans-

SNARE complexes (Xu et al., 2010). α-SNAP alone primarily binds cytoplasmic SNARE 

complexes in a 1:1 stoichiometry. However, in the presence of membranes or NSF, α-SNAP 

is found to associate with SNARE complexes in different stoichiometries, ranging from one 

to four α-SNAP molecules per SNARE complex (Marz et al., 2003; Shah et al., 2015; 
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Wimmer et al., 2001; Zhao et al., 2015; Zhou et al., 2015). How α-SNAP binds SNARE 

complexes with different stoichiometries remains mysterious.

Recently, α-SNAP was reported to regulate SNARE assembly and membrane fusion. Park et 

al. found that α-SNAP arrests the trans-SNARE complex in a half-zippered state, thereby 

preventing fusion in a membrane curvature-dependent manner (Park et al., 2014). Ryu et al. 

observed that α-SNAP destabilizes the C-terminus of the SNARE complex but not enough to 

form the half-zippered state (Ryu et al., 2015). In contrast, Zick et al. found that the yeast α-

SNAP homologue, Sec17, strongly promotes trans-SNARE folding and triggers membrane 

fusion (Zick et al., 2015). However, the mechanism by which α-SNAP directly attenuates or 

enhances SNARE zippering is not fully understood.

Studying regulated SNARE assembly and disassembly is difficult using traditional 

ensemble-based experimental approaches (Gao et al., 2012). Therefore, we developed a 

single-molecule approach using high-resolution optical tweezers to characterize the 

energetics and kinetics of SNARE assembly (Gao et al., 2012; Ma et al., 2016; Zorman et 

al., 2014). We found that synaptic SNARE complexes zip up in at least three stages, each 

with potentially distinct functions: while NTD association initiates SNARE assembly and is 

responsible for vesicle docking, rapid CTD zippering directly drives membrane fusion. In 

addition, the SNARE complexes that are responsible for different membrane trafficking 

pathways in multiple different species share the same assembly pathway and kinetics 

(Zorman et al., 2014). In this work, we extended the single-molecule approach to pinpoint 

the role of α-SNAP during synaptic SNARE complex assembly. We find that α-SNAP 

attenuates LD zippering, but enhances CTD zippering, via conformational selection.

Results

α-SNAP Destabilizes the LD

Synaptic SNARE complexes consist of syntaxin 1A and SNAP-25B, which are located on 

plasma membranes (t-SNAREs), and VAMP2, which is anchored in synaptic vesicles (v-

SNARE) (Sollner et al., 1993) (Figure 1A). The fully assembled SNARE complex contains a 

parallel four-helix bundle (4HB), a two-stranded coiled coil that spans the LD and the 

transmembrane domain, and an N-terminal regulatory domain (NRD) in syntaxin (Stein et 

al., 2009; Sutton et al., 1998). The NRD consists of two functionally distinct domains: an N-

terminal peptide of ∼15 amino acids and an autonomously folded three-helix bundle called 

the Habc domain (Shen et al., 2007; Zhou et al., 2013). We pulled a single cytoplasmic 

SNARE complex from the C-termini of syntaxin and VAMP2 via a 2,260-bp DNA handle 

(Cecconi et al., 2005; Gao et al., 2012) while their N-termini were crosslinked through a 

disulfide bridge (Figure 1A). The folding intermediates, energies, and kinetics of the same 

SNARE construct have recently been determined (Ma et al., 2016).

We first pulled and then relaxed a single SNARE complex for three consecutive rounds 

(Figure 1B, #1-3), with α-SNAP added at the end of the first round (Figure 1B). The 

resultant force-extension curves (FECs) exhibited discrete extension that flickered in two 

force ranges, one at 11-14 pN and the other at 16-20 pN (Figure 1B, regions marked by red 

rectangles), which was caused by reversible folding and unfolding of the LD and the 4HB, 

Ma et al. Page 3

Cell Rep. Author manuscript; available in PMC 2016 April 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



respectively. Closer inspection showed that the 4HB transition contained two overlapping 

transitions mediated by a partially zippered state (Figure 1B, state 3 in the green FEC). 

SNARE assembly and disassembly was fully reversible below a force of ∼22 pN, as is 

indicated by the overlapping FECs obtained by pulling and relaxing the SNARE complex 

(black and gray FECs). All of these observations are consistent with our recent report (Ma et 

al., 2016).

After adding 5 μM α-SNAP to the solution, we found that α-SNAP generally did not alter 

the FECs or the folding and unfolding pathways of the SNARE complex under these 

experimental conditions (Figure 2B, compare the green and grey FECs). Further pulling on 

the SNARE complex to ∼22 pN caused a small rip (Figure 1B, black arrow), indicating 

irreversible unfolding of the t-SNARE complex and dissociation of the SNAP-25 molecule 

(Gao et al., 2012; Ma et al., 2016). As a result, the SNARE complex failed to re-assemble 

when the tension was reduced to a low force, as is shown by the large hysteresis between the 

FECs (the cyan FEC) and confirmed by subsequent pulling (FEC #3). Thus, we identified at 

least five different SNARE folding states (Figure 1E).

We further examined the possible effect of α-SNAP on SNARE folding at higher 

spatiotemporal resolution by holding a single SNARE complex at a fixed trap separation. We 

first held the complex in the force region of the LD transition. In the absence of α-SNAP, the 

LD rapidly unfolded and refolded in a two-state manner with an extension change of 3-5 nm 

and a lifetime of 1-5 ms for both states, as seen in the extension-time trajectories (Figure S1) 

(Gao et al., 2012; Ma et al., 2016). In the presence of 5 μM α-SNAP, we found that the fast 

extension flickering frequently paused in a high extension state (Figure 1C, regions colored 

in red). The flickering states (regions in black) were indistinguishable from those seen in the 

absence of α-SNAP, indicating an intact LD transition. The flickering-paused state typically 

lasted for 0.1-10 seconds in an extension position similar to that of the unfolded LD state 

(Figures 1D and S1), revealing a new α-SNAP-bound state (state 2α). In addition, the new 

state occurred less frequently at a lower α-SNAP concentration (Figure S1). We analyzed the 

extension trajectories using three-state hidden-Markov modeling (HMM) (Ma et al., 2016; 

Rebane et al., 2016) and obtained apparent α-SNAP-SNARE association rates of 9 s-1 and 2 

s-1 at 5 μM and 1 μM α-SNAP concentrations, respectively. These observations indicate that 

α-SNAP bound to the SNARE complex and stabilized its LD-unfolded state. This finding is 

consistent with a recent report (Ryu et al., 2015) and further reveals information about the 

kinetics of α-SNAP binding to the SNARE complex.

α-SNAP Stabilizes the SNARE CTD, but not the NTD

When held at a higher constant force in the range of 16-18 pN, the SNARE complex 

sequentially and rapidly transitioned between three states: the free 4HB state 2, the partially-

zippered state 3, and the unzipped state 4 (Figure 2A, B, - α-SNAP, and Figure 1E), as was 

previously observed (Ma et al., 2016). In the partially-zippered state, the t-SNARE is largely 

structured as in the fully folded SNARE complex, but its C-terminus is frayed to 

approximately the +4 hydrophobic layer, and the v-SNARE is unzipped to approximately the 

+1 hydrophobic layer (Figure 1E).
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We then added α-SNAP into the solution and repeated the experiment under otherwise 

identical conditions. In the presence of 5 μM α-SNAP, distinct long dwelling frequently 

appeared in the SNARE transitions (Figure 2A, B, + α-SNAP, red regions), revealing a 

fourth state in the 4HB transition. This state had an average extension equal to that of the 

free 4HB state 2 (Figure 2C), suggesting that α-SNAP bound to the 4HB structure. As 

expected, the α-SNAP-bound state occurred more frequently as α-SNAP concentration 

increased (Figure S2). We analyzed the extension trajectories in the absence or presence of 

α-SNAP based on three- or four-state HMM, respectively, and obtained good fits to the 

corresponding extension trajectories (Figure 3A and Figure 3B, Schemes 1 and 2). We 

determined the average extensions, lifetimes, populations, and transition rates associated 

with all states. Particularly, the HMM successfully separated the α-SNAP-bound state from 

the other three states based on their distinct lifetimes (Figures 2A, 3A, and 3C). The latter 

states (black regions in Figure 2A, - α-SNAP) exhibited approximately the same extension 

probability density distribution as the SNARE states in the absence of α-SNAP (Figure 2A, 

+ α-SNAP, and Figure 2C), which suggests that these states with short lifetimes were α-

SNAP-unbound states. In addition, the dwell time distributions of both the α-SNAP-bound 

and -unbound 4HB states were single exponentials (Figures 3C,D), as is expected for 

distinct Markovian states. The average lifetimes of the two states derived by fitting the 

distributions with exponential functions (212 ms and 3.0 ms) were close to the 

corresponding lifetimes calculated based on the best-fit HMM parameters, which were 223 

ms for the α-SNAP-bound state and 4.6 ms for the unbound 4HB state (Figure 3B, Scheme 

2). The long lifetime of the α-SNAP-bound state shows that α-SNAP significantly stabilized 

the 4HB state. In contrast, α-SNAP had minimal effects on the partially-zippered state 3 and 

the unzipped state 4 with respect to their extensions (Figure 2C), lifetimes, and transition 

rates (Figure 3B, Schemes 1 and 2). These observations suggest that α-SNAP specifically 

bound to the 4HB state (Weber et al., 2000).

The two α-SNAP binding activities observed in the force regions of the LD and 4HB 

transitions could result from either the same or two distinct α-SNAP-SNARE binding 

modes. We found that α-SNAP showed close SNARE association rates and that the α-

SNAP-bound 4HB state and the LD-unfolded state had similar lifetimes. Thus, we 

contended that the two activities were caused by a single α-SNAP-SNARE binding mode 

2α. Moreover, due to step-wise SNARE folding, α-SNAP had to bind the unfolded LD state 

to attenuate its folding. In conclusion, α-SNAP directly bound to the LD and the CTD to 

simultaneously destabilize the LD and stabilize the CTD.

α-SNAP Binds the SNARE 4HB by Conformational Selection

In principle, α-SNAP could bind the SNARE 4HB by targeting either the pre-assembled 

4HB (Figure 3B, Scheme 2, conformational selection), the partially-zippered SNARE 

complex (induced binding in Scheme 3), or both. In the induced binding model, α-SNAP 

first transiently bound the partially zippered SNARE complex in state 3 and then induced the 

SNARE complex to fold from state 3 to state 2α. An optimal model can be determined by 

HMM based on these potential models, as we have recently demonstrated (Jiao et al., 2015). 

We compared results from HMM containing only the conformational selection pathway 

(Scheme 2) or both pathways (Scheme 3). We found that the conformational selection 
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pathway alone fit the extension trajectory better, as was judged by its higher likelihood in 

terms of the Bayesian information criterion (BIC) (Schwarz, 1978), a standard criterion for 

model selection. Extensive analyses confirmed that the conformational selection pathway 

generally fit our data better and yielded more consistent transition rates than the induced 

binding pathway (Figures 4 and S2). The fitting revealed an association rate of 5-12 s-1 and a 

dissociation rate of 4-8 s-1, which led to an association rate constant of 1-2×106 M-1s-1 and a 

dissociation constant of 2-6 μM. The dissociation constant was close to the recently reported 

measurement of 1.5 μM (Vivona et al., 2013). However, both association and dissociation 

rate constants we measured were greater than corresponding previous values, i.e., 1.7×105 

M-1s-1 and 0.26 s-1, respectively, indicating that our SNARE zippering assay demonstrated 

different α-SNAP binding kinetics compared to those derived from previously used direct 

binding assays.

The NRD is targeted by SNARE regulatory proteins, such as Munc18-1, to regulate SNARE 

assembly and membrane fusion (Ma et al., 2016; Shen et al., 2007; Sudhof and Rothman, 

2009; Zhou et al., 2013). It is not clear whether the NRD plays a role in the α-SNAP-

dependent SNARE assembly. To test the potential role of the NRD in SNARE zippering, we 

repeated our above experiments using a SNARE construct lacking the NRD. We found that 

the NRD did not significantly affect zippering of the SNARE complex (Ma et al., 2016) or 

binding of α-SNAP to the complex, as the SNARE complex without the NRD exhibited 

similar kinetics of SNARE zippering and α-SNAP binding as the SNARE complex with the 

NRD (compare extension trajectories in Figures 4 and 2). The similarity became more 

pronounced when the extension trajectories with and without the NRD were plotted at the 

same bandwidth, especially with respect to α-SNAP binding (Figure S2). Increasing the 

force applied to the SNARE complex proportionally reduced the populations of both the free 

and α-SNAP-bound 4HB states (Figure 4C, states 2 and 2α), corroborating the 

conformational selection mechanism of α-SNAP binding. Accordingly, force did not 

significantly change the α-SNAP association and dissociation rates. However, the lifetime of 

the α-SNAP-bound 4HB state changed more dramatically than that of the free 4HB state 

(Figure S3). Using a theoretical model to describe protein folding in optical traps 

(‘Experimental Procedures’) (Rebane et al., 2016), we fit the model to the measured state 

populations and forces, transition rates, and relative state extensions, and determined the 

model parameters at zero force. The fitting yielded the folding energies and lifetimes of 

different states in the absence and presence of 5 μM α-SNAP. We obtained the average free 

energy of the α-SNAP-bound 4HB state relative to the free 4HB state, ΔG=-0.2 (±0.6, 

standard deviation) kBT, which was measured from a total of 32 SNARE complexes. 

Accordingly, we calculated the dissociation constant as KD=P2×[α-SNAP]/P2α=[α-SNAP]

×exp(ΔG/kbT)=4 (±3) μM, where P2 and P2α are the populations of the free 4HB state and 

the α-SNAP-bound 4HB state, respectively, with the α-SNAP concentration [α-SNAP]=5 

μM. The dissociation constant is consistent with that derived in the presence of force. Taken 

together, α-SNAP was able to bind to the folded SNARE 4HB via a conformational 

selection mechanism, and the force applied to the SNARE complex affected the population 

of the free 4HB state to modulate α-SNAP binding yield.
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Heterogeneity in α-SNAP Binding Kinetics

The α-SNAP binding kinetics were generally homogeneous, which indicated that α-SNAP 

primarily binds a single site on the folded 4HB in solution with a 1:1 stoichiometry, 

consistent with previous results (Vivona et al., 2013). Yet, we occasionally observed 

heterogeneity in α-SNAP binding kinetics. This was demonstrated by sudden switching in 

the binding kinetics (Figures 5A and S4), unusually long dwelling times in the folded state 

(Figure 5B), and distinct dwelling durations in the partially folded state (Figure 5C). These 

events occurred at a rate of less than 0.003 s-1, whereas the canonical α-SNAP binding event 

described before appeared at a rate of 1-6 s-1. The kinetic heterogeneity suggests that α-

SNAP could occasionally bind to the folded 4HB state on alternative sites or with variable 

stoichiometry, or associate with the partially zippered SNARE complex. Particularly, when a 

SNARE complex is partially or completely unzipped, α-SNAP might specifically or 

nonspecifically bind to the SNARE complex with a low probability, leading to 

overestimation of the association and dissociation rates of α-SNAP detected in our assay.

Discussion

Our results show that α-SNAP destabilized the LD, stabilized the CTD, and barely affected 

the NTD, which may help elucidate the functions of α-SNAP in SNARE assembly and 

disassembly. First, our findings suggest that α-SNAP preferentially binds the folded 4HB 

state that corresponds to the cis-SNARE complex, but not the partially-zippered state 

characteristic of the synaptic trans-SNARE complex. Intriguingly, yeast Sec17 is able to 

bind vacuolar trans-SNARE complexes and disassemble them in vitro with Sec18, an NSF 

homolog (Ungermann et al., 1998). The apparent discrepancy may be explained by the 

observation that trans-SNARE complexes alone are in dynamic equilibrium between a 

partially-zippered state and a 4HB state (Shin et al., 2014). Like α-SNAP, Sec17 may 

specifically bind to trans-SNARE complexes in the 4HB state to disassemble SNAREs. 

However, in the cell, the HOPS complex likely protects the 4HB state from disassembly (Xu 

et al., 2010). Thus, our observations corroborate the notion that α-SNAP specifically 

disassembles cis-SNARE complexes, but not trans-SNARE complexes, in a physiological 

context. Second, α-SNAP increased the SNARE CTD zippering energy by ∼12.4 kBT and 

decreased the LD zippering energy by ∼8 kBT under standard conditions (calculated from 

∼4 μM dissociation constant), leading to a net energy gain of ∼4.4 kBT (Gao et al., 2012). 

This energy increase is expected to significantly enhance membrane fusion (Ma et al., 2016), 

but it does not likely impede SNARE disassembly because the energy gain is negligible 

compared to the ∼ 70 kBT total SNARE zippering energy (Gao et al., 2012; Ma et al., 2016) 

and the ∼200 kBT total energy necessary for NSF to disassemble a single SNARE complex 

(Shah et al., 2015). Third, the dual role of α-SNAP in SNARE zippering may cause the 

observed positive and negative effects of α-SNAP on membrane fusion (Park et al., 2014; 

Stein et al., 2009; Zick et al., 2015). CTD zippering serves as the major power stroke for 

membrane fusion (Ma et al., 2016). We suggest that Sec 17 enhances CTD zippering by 

conformational selection in a manner similar to that of α-SNAP, which accounts for the 

positive role of Sec17 in membrane fusion (Zick et al., 2015). The role of LD in membrane 

fusion is not well understood. Continued SNARE zippering to the LD is shown to be 

required for membrane fusion in some experiments in vitro (Stein et al., 2009) but not in 
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other experiments (Kesavan et al., 2007). Additionally, both the syntaxin and VAMP2 LDs 

bind to membranes (Liang et al., 2013). Particularly, the syntaxin LD strongly interacts with 

phosphatidylinositol 4,5-biphosphate and mediates the formation of syntaxin clusters (van 

den Bogaart et al., 2011). Consequently, membranes may attenuate or inhibit association of 

α-SNAP to the LD, which reduces the negative role of α-SNAP in LD zippering and leads to 

a membrane curvature-dependent role of α-SNAP in membrane fusion (Park et al., 2014; 

Zick et al., 2015). Finally, our data support the finding that α-SNAP mainly binds the 

cytoplasmic SNARE 4HB in a 1:1 stoichiometry at up to a 10-μM α-SNAP concentration 

(Shah et al., 2015; Vivona et al., 2013). However, NSF and/or membranes promote up to 

four α-SNAP molecules to bind each SNARE 4HB (Zhao et al., 2015). In this case, binding 

of the first α-SNAP molecule to the primary binding site on the SNARE 4HB observed may 

nucleate binding of additional α-SNAP molecules to weaker binding sites. Future 

experiments will pinpoint how membranes and NSF influence α-SNAP-SNARE binding and 

its role in SNARE zippering (Winter et al., 2009; Zhao et al., 2015; Zhou et al., 2015)

Experimental Procedures

Proteins and sample preparation—Bovine α-SNAP, rat syntaxin 1A (amino acids 

1-265, L205C), VAMP2 (1-96, Q36C), and SNAP-25B were expressed in BL21 E. Coli cells 

and purified using His-tags. Except for SNAP-25B, His-tags were cleaved for all proteins 

after purification. Four natural cysteine residues in SNAP-25B and one cysteine residue in 

syntaxin 1A were substituted with serine. An Avi-tag was added to the C-terminus of 

syntaxin 1A and biotinylated using biotin ligase (Gao et al., 2012). The SNARE complex 

was formed by mixing syntaxin 1A, VAMP2, and SNAP-25B at a molar ratio 0.8:1:1 in the 

presence of 1 mM tris(2-carboxyethyl)phosphine (TCEP) and purified using nickel-

nitrilotriacetic acid (NTA) columns. After removing TCEP, the purified complex was 

immediately mixed with the thiol-containing DNA handle at a molar ratio of 50:1 in 100 

mM phosphate buffer, pH 8.5, with 0.5 M NaCl, oxidized in air overnight, and stored at 

-20 °C before use.

Dual-trap optical tweezers—The optical tweezers were home-built and calibrated as 

previously described (Gao et al., 2012; Ma et al., 2016). The stiffness of the optical traps 

was measured based on the Brownian motion of a trapped bead and was typically 0.1-0.2 

pN/nm for polystyrene beads that were ∼2 μm in diameter (Spherotech, IL, USA). A 

microfluidic chamber with four channels was used to inject buffers, α-SNAP solutions, and 

streptavidin-coated and anti-digoxigenin antibody-coated polystyrene beads. The optical 

tweezers had relative resolutions of ∼0.3 nm for extension and ∼0.05 pN for force measured 

on the same molecule, but they had systematic errors of >30 nm for extension and ∼10% for 

force measured on different molecules (Gao et al., 2012; Ma et al., 2016).

Single-molecule experiments—An aliquot of the crosslinked SNARE complex-DNA 

handle was first bound to 20 μL DIG beads, diluted in phosphate-buffered saline (PBS) to 1 

mL, and injected to a microfluidic channel. The DIG bead was trapped and brought close to 

a streptavidin-coated bead in the other trap to form a single SNARE-DNA tether between the 

two beads. The experiment was carried out at room temperature (23 °C ± 1 °C).
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Data analysis—Our methods of data analysis have been described in detail elsewhere 

(Rebane et al., 2016) and were used to derive the conformations shown in Figure 1E in the 

absence of α-SNAP (Ma et al., 2016). Briefly, extension-time trajectories were mean-filtered 

to 5 kHz or 1 kHz and analyzed by the histogram analysis (Figures 1D and 2C) and HMM 

(Rebane et al., 2016). The probability density distribution of the extension ρ(X) was 

calculated as the number of extension data points Ni falling into the i-th bin with an average 

extension of Xi, i.e., ρi = Ni/(NTdX), where NT was the total number of data points in all 

bins and dX was the extension size for each bin. Given a hidden Markov model, model 

parameters included average state positions, fluctuations, and transition rates. The likelihood 

of observing a specific extension trajectory was calculated using the forward-backward 

algorithm and maximized by optimizing the model parameters using either a gradient-search 

method or the expectation-maximization algorithm (Gao et al., 2012; Rebane et al., 2016). 

The state populations were calculated based on the optimized transition rates. The lifetime 

of a state was computed as the inverse of the sum of the rates leaving the state. Folding 

energies at zero force were calculated by non-linear least-squares fitting of a theoretical 

model of protein transitions in optical traps to the measured state populations, forces, 

extensions, and transition rates, as previously described (Gao et al., 2012; Ma et al., 2016; 

Rebane et al., 2016).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Experimental Setup and Derived States of SNARE Zippering and α-SNAP Binding
(A) A single SNARE complex was attached to two beads and pulled by moving one optical 

trap at a speed of 10 nm/s or by fixing the separation between two optical traps. The 

extension and the tension of the protein-DNA tether were detected at 10 kHz and used to 

derive conformations, energies, and transition kinetics of SNARE folding intermediates with 

the help of the crystal structure of the SNARE complex (Rebane et al., 2016). The crystal 

structure of the yeast α-SNAP homolog Sec17 (Rice and Brunger, 1999) was modeled to 

bind to the SNARE complex.

(B) Force-extension curves (FECs) of the SNARE-DNA tether obtained by pulling (black, 

green, and magenta) and relaxing (gray and cyan) a single SNARE complex in three 

consecutive rounds (#1-3) in the absence of α-SNAP (#1) or in the presence of 5 μM α-

SNAP (#2 and #3). The FECs corresponding to individual rounds of pulling and relaxation 

(#1, #2, and #3) are shifted along the x-axis for comparison and clarity. Regions of the LD 

and the four-helix bundle (4HB) transitions are marked by red rectangles. The black arrow 

indicates t-SNARE unfolding. Continuous regions in the FECs #2 were fit by worm-like 

chain models for the DNA handle and the unfolded polypeptide (red solid lines), revealing 

conformations of the corresponding SNARE folding states (red numbers, see E). The red 

dashed lines mark the extension positions of transient intermediate states.
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(C) Extension-time trajectories under a constant mean force of 12.4 pN that demonstrate LD 

transitions in the presence of α-SNAP. A close-up view of the indicated region is shown at 

the bottom. The α-SNAP-unbound and -bound regions are shown in black and red, 

respectively. Positions of different SNARE zippering states with their conformations shown 

in E are marked by green dashed lines. Data were plotted in 333 Hz.

(D) Probability density distributions of the extensions of the α-SNAP-unbound (black) and -

bound (red) states corresponding to the regions marked by black and red bars in C. The 

distributions were fit by double- and single-Gaussian functions (solid lines) with individual 

Gaussian functions for the former plotted in black dashed lines. States corresponding to the 

distribution peaks are marked by the associated state numbers as in E.

(E) Conformations of different folding states and their transitions derived from this work and 

previous work (Gao et al., 2012; Ma et al., 2016). The states are numbered the same 

throughout the work: the free 4HB state 2, the α-SNAP-bound 4HB state 2α, the partially-

zippered state 3, and the unzipped state 4. Individual SNAREs are colored as in A, and α-

SNAP is depicted as a gray oval.
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Figure 2. α-SNAP Stabilizes the Folded SNARE Four-Helix Bundle (4HB)
(A) Extension-time trajectories of a single SNARE complex at 16.5 pN mean force in the 

absence (- α-SNAP) and presence (+ α-SNAP) of 5 μM α-SNAP. The α-SNAP-bound state 

(2α) is highlighted in red, which was identified by hidden Markov modeling (HMM) shown 

in Figure 3. Dashed green lines indicate the positions of the different SNARE folding states 

depicted in Figure 1E.

(B) Close-up views of the region in A marked by the magenta dashed rectangle. The 

extension trajectories were mean-filtered to 1 kHz and plotted in A and B. More trajectories 

plotted at 5 kHz are shown in Figure S2.

(C) Probability density distributions of extensions shown in A (symbols) and their best fits 

with a sum of three Gaussian functions (lines).
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Figure 3. α-SNAP Binds the 4HB by Conformational Selection
(A) Comparison of the measured (gray) and idealized (colored) extension trajectories in the 

presence of α-SNAP. The idealized trajectory was derived from the HMM based on reaction 

Scheme 2 in B. Different idealized states (Figure 1E) are color-coded. Data were analyzed 

and shown at 1 kHz bandwidth.

(B) Comparison of transition schemes, rates, and lifetimes of the SNARE complex derived 

from the extension trajectories shown in Figure 2A. Three- or four-state HMM was used to 

fit the extension trajectories in the absence (Scheme 1) or presence (Schemes 2 and 3) of α-

SNAP, respectively, yielding the best-fit transition rates shown by numbers in black in units 

1/s and state lifetimes shown by numbers in blue. Scheme 2 led to greater Bayesian 

information criterion (BIC) (Schwarz, 1978), indicating its better fit to the experimental data 

than Scheme 3. The BIC is defined as BIC = log (L) − 0.5 × N log (T), where L is the 

maximum likelihood observing the measured extension trajectory based on the HMM, N the 

number of fitting parameters (13 for Scheme 2 and 14 for Scheme 3), and T = 25,280 the 

number of data points in the trajectory.

(C-D) Histogram distributions of the dwell times of the free 4HB state (C) and the α-SNAP-

bound 4HB state (D).
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Figure 4. Force-Dependent SNARE Zippering and α-SNAP Binding
(A) Extension-time trajectories (gray) of a single SNARE complex under different mean 

forces F. The colored traces indicate the average extensions of different states derived from 

HMM (Figure 1E). The extensions were mean-filtered to 5 kHz and plotted.

(B) Close-up view of the region in A shown in the dashed box.

(C) Force-dependent state populations and transition rates determined by HMM (symbols). 

These data were fitted with a theoretical model (curves) to extrapolate folding energetics and 

kinetics to zero force (‘Experimental Procedures’). The SNARE complex without the NRD 

was used in this experiment.
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Figure 5. Kinetic Heterogeneity in α-SNAP-SNARE Interactions
Extension-time trajectories at different mean forces (F) showing three kinds of kinetic 

heterogeneity: kinetic switching (A), unusually long dwelling in the folded 4HB state (B), 

and long dwelling in the partially zippered state (C). These events occurred at a rate of 

1.1×10-3 s-1, 8.3×10-4 s-1, and 2.9×10-3 s-1, respectively, which were measured on 26 single 

SNARE complexes in 5 μM α-SNAP for an accumulated time of 7,219 seconds in the force 

range of 15-19 pN. The folded 4HB state and the partially zippered state stabilized by α-

SNAP are highlighted in red and green, respectively. The black arrow in A indicates the 

moment of kinetic switching upon α-SNAP binding.
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