
Structure

Article
Accessory Proteins Stabilize the Acceptor Complex
for Synaptobrevin, the 1:1 Syntaxin/SNAP-25 Complex
Keith Weninger,1,5 Mark E. Bowen,2,5 Ucheor B. Choi,1 Steven Chu,3 and Axel T. Brunger4,*
1Department of Physics, North Carolina State University, Raleigh, NC 27695-8202, USA
2Department of Physiology and Biophysics, Stony Brook University Medical Center, Stony Brook, NY 11794-8661, USA
3Lawrence Berkeley National Laboratory, Berkeley, CA 94720, USA
4Howard Hughes Medical Institute and Departments of Molecular and Cellular Physiology, Neurology and Neurological Sciences,

Structural Biology, and Photon Science, Stanford University, Stanford, CA 94305, USA
5These authors contributed equally to this work.

*Correspondence: brunger@stanford.edu
DOI 10.1016/j.str.2007.12.010
SUMMARY

Syntaxin/SNAP-25 interactions precede assembly of
the ternary SNARE complex that is essential for neu-
rotransmitter release. This binary complex has been
difficult to characterize by bulk methods because of
the prevalence of a 2:1 dead-end species. Here, using
single-molecule fluorescence, we find the structure
of the 1:1 syntaxin/SNAP-25 binary complex is vari-
able, with states changing on the second timescale.
One state corresponds to a parallel three-helix bun-
dle, whereas other states show one of the SNAP-25
SNARE domains dissociated. Adding synaptobrevin
suppresses the dissociated helix states. Remarkably,
upon addition of complexin, Munc13, Munc18, or
synaptotagmin, a similar effect is observed. Thus,
the 1:1 binary complex is a dynamic acceptor for syn-
aptobrevin binding, and accessory proteins stabilize
this acceptor. In the cellular environment the binary
complex is actively maintained in a configuration
where it can rapidly interact with synaptobrevin, so
formation is not likely a limiting step for neurotrans-
mitter release.

INTRODUCTION

Neurotransmitter release depends on the Ca2+-dependent fusion

of synaptic vesicles with the presynaptic plasma membrane (Ste-

vens, 2003; Südhof, 2004). This highly regulated process is gov-

erned at all levels, from vesicle formation to targeting and fusion,

by a series of sequential protein/protein interactions (Südhof,

2004; Brunger, 2005; Jackson and Chapman, 2006; Jahn and

Scheller, 2006). The SNARE (soluble N-ethylmaleimide-sensitive

factor attachment protein receptor) family of proteins is essential

for the final stages of synaptic vesicle fusion (Duman and Forte,

2003; Kidokoro, 2003). At the synapse, three SNARE proteins,

syntaxin and SNAP-25 (synaptosome-associated protein of

25 kDa) on the plasma membrane and synaptobrevin on synaptic

vesicles, form a heterotrimeric SNARE complex that bridges the

vesicle and plasma membrane (Söllner et al., 1993). The neuronal

SNARE complex is sufficient to dock lipid vesicles and promote
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lipid mixing in vitro (Weber et al., 1998), although the extent and

kinetics of lipid mixing and fusion are highly dependent on the ex-

perimental conditions (Bowen et al., 2004; Fix et al., 2004; Liu

et al., 2005; Pobbati et al., 2006). In addition, the transmembrane

domains of synaptobrevin and particularly syntaxin disrupt mem-

branes and favor fusion pore opening (Dennison et al., 2006). Al-

though the molecular mechanism by which SNAREs participate

in Ca2+-triggered synaptic vesicle fusion is still uncertain (Duman

and Forte, 2003; Rizo et al., 2006), SNAREs must play a key role in

the process, as disruption of SNARE complex formation by

knockout (Schoch et al., 2001) or separation of the complex

from the transmembrane domains by clostridial neurotoxins

inhibits neurotransmitter release (Humeau et al., 2000).

The pathway for SNARE complex assembly in vivo remains un-

clear. SNARE interactions in vitro are promiscuous, resulting in

low specificity for cognate binding partners (Fasshauer et al.,

1999), whereas mixtures of alternate configurations form during

assembly in solution (Weninger et al., 2003). As SNARE domains

are largely unstructured as monomers, complex formation is

coupled to protein folding of SNAREs (Fasshauer et al., 1997a,

1997b; Fiebig et al., 1999).

Assembly of the heterotrimeric SNARE complex is thought

to begin with a binary ‘‘acceptor’’ complex between syntaxin

and SNAP-25 with 1:1 stoichiometry (Fasshauer and Margittai,

2004), although other binary SNARE interactions have also been

observed (Woodbury and Rognlien, 2000; Chen et al., 2001;

Bowen et al., 2004; Liu et al., 2006). Syntaxin and SNAP-25 can

also form a 2:1 species in vitro where an additional syntaxin

molecule occupies the binding site for synaptobrevin in the ter-

nary SNARE complex (Margittai et al., 2001; Xiao et al., 2001).

Although less stable than the ternary SNARE complex, the 2:1

species of the syntaxin/SNAP-25 complex dissociates slowly

(Fasshauer and Margittai, 2004), so it represents a kinetically

trapped dead-end state that would require chaperones for disas-

sembly in vivo. Furthermore, prevention of formation of the 2:1

species greatly accelerates the lipid mixing observed in liposome

assays in vitro (Pobbati et al., 2006). Finally, the 2:1 species is not

conserved, for example it does not occur with the yeast sso1/

sec9 t-SNARE complex (Nicholson et al., 1998; Fiebig et al.,

1999). FRET studies in PC12 cells (An and Almers, 2004) indi-

cated that, in vivo, the syntaxin/SNAP-25 complex is fundamen-

tally different from the ternary SNARE complex (Sutton et al.,

1998; Ernst and Brunger, 2003) and from the 2:1 species
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(Margittai et al., 2001; Xiao et al., 2001; Zhang et al., 2002), but the

bulk character of the study prevented a more detailed structural

interpretation. Taken together, the 2:1 species of the syntaxin/

SNAP-25 complex is likely not a physiological intermediate on

the pathway to vesicle fusion.

The tendency to form the 2:1 species at high protein concen-

tration has precluded the study of the 1:1 binary complex by

structural methods such as X-ray crystallography or nuclear

magnetic or electron paramagnetic resonance spectroscopy.

Here we used single-molecule fluorescence resonance energy

transfer (smFRET) to characterize the binary complex under con-

ditions that favor the 1:1 species. Binary complexes were formed

in supported bilayers containing full-length syntaxin at extremely

low protein-to-lipid ratios. The low protein concentration along

with the limited mobility of syntaxin in the bilayer maximizes for-

mation of the 1:1 complex. Inter- and intramolecular smFRET ef-

ficiency was measured between a series of labeling site pairs in

syntaxin and SNAP-25. The dissociation rate of the 1:1 binary

complex is slow, but the complex showed substantial conforma-

tional variability. These conformations could be rapidly locked

into a single FRET efficiency state by the addition of synaptobre-

vin. Thus, the 1:1 syntaxin/SNAP-25 complex serves as a dy-

namic acceptor for synaptobrevin binding. We also studied the

effect of adding complexin, Munc13, Munc18, or synaptotagmin

to the binary complex. Surprisingly, we found that all of these

proteins, but not bovine serum albumin (BSA) or buffer-only

controls, lock the binary complex into a single configuration.

RESULTS

To investigate the conformation of the binary complex and the

folding pathway that leads to SNARE complex formation, we de-

signed a series of SNARE constructs with specific mutations for

labeling with fluorescent dyes and studied their interactions by

smFRET. Multiple dye combinations and labeling sites were

used to limit the possibility of the dyes influencing the results.

The cytoplasmic domain of syntaxin dimerizes with micromolar

affinity and forms tetramers with ten micromolar to millimolar

affinity (Lerman et al., 2000). In addition, the syntaxin transmem-

brane domain has a tendency to weakly self-associate (Laage

et al., 2000; Bowen et al., 2002; Kroch and Fleming, 2006). In or-

der to maximize formation of the 1:1 syntaxin/SNAP-25 complex,

we sought to isolate syntaxin monomers in a supported bilayer by

reconstituting syntaxin at very low protein-to-lipid ratios (1:106 or

1:107). Using conservative assumptions in the analysis (Figure 1;

Experimental Procedures), at least 50% of the syntaxin mole-

cules are monomeric and will therefore form 1:1 complexes

upon addition of SNAP-25. The actual number of 1:1 complexes

is likely higher, as discussed below.

Binary Complex Formation and Stability
We first tested binding of labeled SNAP-25 to several different

surfaces. SNAP-25 showed very little nonspecific binding to pro-

tein-free bilayers (Figure 2A, first triangle and first circle; Fig-

ure 2B, squares). Nonspecific binding of SNAP-25 to lipid bila-

yers was not found to depend strongly on length of exposure

for times ranging from 15 min to 24 hr. When unlabeled syntaxin

was incorporated into the egg phosphatidylcholine (PC) bilayer,
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we observed increasing levels of SNAP-25 recruitment to the

bilayer that scaled with the syntaxin concentration. SNAP-25

has been reported to bind to syntaxin with an on-rate of

6000 M�1s�1 (Fasshauer and Margittai, 2004). Based upon the

low concentration of SNAP-25 (60 nM), the characteristic time

of the binding reaction in our experiment is expected to be

around 280 min. Considering a 20 min waiting period prior to

the start of the illumination, we estimate that the reaction should

have proceeded to about�1-e�20/280, or only 7% saturation. This

estimate agrees well with the extent of binding that we observe at

concentrations of 1–10 syntaxin/mm2 (Figure 2A), particularly

when considering that our reconstitution method orients about

half of the syntaxins in the bilayer toward the optical surface.

Studies in PC12 cells had suggested that SNAP-25 binding to

synaptobrevin might be the first step in SNARE complex forma-

tion (Chen et al., 2001), although other studies do not support for-

mation of a stable synaptobrevin/SNAP-25 binary complex (Lang

et al., 2002; An and Almers, 2004). The synaptobrevin/SNAP-25

interaction is the weakest among all pairwise SNARE domain

interactions as assessed by circular dichroism experiments (Fas-

shauer et al., 1998a), but it can be observed by GST pull-down

experiments (Chapman et al., 1994). The dissociation constant

between synaptobrevin and SNAP-25 is KD = 1–1.4 mM (depend-

ing on which protein is GST tagged in the pull-down experiment),

compared to that between syntaxin and SNAP-25, KD = 0.4 mM

(using GST-syntaxin for the pull-down) (Pevsner et al., 1994).

Likewise, there is a weak interaction between synaptobrevin

and SNAP-23 (Foster et al., 1998). To test whether this interaction

can be observed with single-molecule microscopy experiments,

we incubated SNAP-25 above supported bilayers containing

unlabeled full-length synaptobrevin. SNAP-25 binding was also

Figure 1. Syntaxin Monodispersity in Supported Lipid Bilayers

Acceptor-labeled syntaxin was reconstituted into supported lipid bilayers at

concentrations that were low enough to spatially resolve individual molecules

(73 ± 30 labeled protein molecules in the view area of 45 3 90 mm, obtained

from a protein-to-lipid ratio of 1:107 during reconstitution). Individual photo-

bleaching steps were counted in intensity time traces from observed spots

to assess the aggregation state. Examples of one, two, and three dyes are

shown in the inset. The normalized frequency of occurrence is plotted as a his-

togram. The error bars represent variability in separate trials using alternate

labeling sites, different fluorescent dyes, as well as with and without Ca2+

and EDTA. Also shown is the theoretical frequency of occurrence of molecules

being colocalized in observed spots assuming a random distribution of

molecules (see Experimental Procedures for details).
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observed, albeit at nearly 100-fold higher protein concentration

compared to syntaxin bilayers (Figure 2A, circles).

Once binary complexes between syntaxin and SNAP-25 were

assembled on supported bilayers, they were very stable with

little spontaneous disassembly detected over long timescales

(Figure 2B, triangles). The observed high stability of the syn-

taxin/SNAP-25 binary complex agrees with other studies using

changes in fluorescence anisotropy upon competitive dissocia-

tion (Pobbati et al., 2006) and extrapolation of GdnHcl unfolding

Figure 2. Binary SNARE Complex Interactions on Supported Lipid

Bilayers

(A) SNAP-25 N139C (Cy3) was incubated at room temperature above protein-

containing, supported lipid bilayers at 60 nM for 20 min and rinsed away. Un-

labeled syntaxin (triangles) or unlabeled synaptobrevin (circles) was present in

the supported bilayer at the concentrations indicated in the abscissa. The first

point for each curve represents protein-free bilayer. For each condition, the

surface concentration of SNAP-25 molecules retained at the bilayers was sam-

pled at many (>10) locations and averaged to yield a point on the graph. The full

width of the error bars reports two times the standard deviation accompanying

that average. These data report one experiment, but the results were indepen-

dently reproduced three times.

(B) Cy3-SNAP-25-labeled binary complexes were assembled on bilayers con-

taining 50–100 protein molecules/mm2 (triangles for syntaxin and circles for

synaptobrevin) as in (A), after which excess SNAP-25 was rinsed away. The bi-

layers were then stored in a 37�C incubator and removed periodically to allow

SNAP-25 surface density to be measured at room temperature with the single-

molecule microscope to assess the spontaneous disassembly of the binary

complexes. Bilayers were returned to 37�C following each periodic count.

The squares represent a control using a protein-free lipid bilayer that received

the same SNAP-25 incubation. Error bars indicate the standard deviation of

the average of ten randomly sampled locations on the bilayers.
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experiments (Fasshauer et al., 2002). In contrast, we observed

faster spontaneous disassembly of the synaptobrevin/SNAP-25

complex (Figure 2B, circles), indicating a greater off-rate for this

weaker complex.

Configurations of the 1:1 Binary Complex:
Labels on Syntaxin and SNAP-25
We next investigated the configurations of the 1:1 syntaxin/

SNAP-25 complex using smFRET. SNAP-25 was labeled with

the donor dye near the N terminus (Q20C) of its first SNARE do-

main (SN1), and full-length syntaxin was labeled with an accep-

tor dye at the N terminus of its SNARE domain (S193C). In the ter-

nary SNARE complex, this particular labeling site pair produces

two populations, the majority population exhibiting full FRET

(indicating a parallel configuration between syntaxin and SN1)

and a smaller population with FRET = 0 (indicating an antiparallel

configuration) with no significant intermediate FRET population

(Weninger et al., 2003). Because these site pairs showed high

FRET in the SNARE complex, we used the appearance of non-

zero FRET within the first second of the observation period to

select complexes for further analysis. Binary complexes were

formed in situ on syntaxin containing supported bilayers at a pro-

tein-to-lipid ratio of 1:107. The probability of observing a given

FRET efficiency state in the binary complex is shown in Figure 3A,

and representative time traces are shown in Figure 3C.

We observed high and low FRET efficiency states for the bi-

nary complex similar to that seen in the ternary complex (We-

ninger et al., 2003). However, we also observed a large number

of intermediate FRET efficiency states that were not observed in

the ternary SNARE complex. Theses intermediate states cover

the entire range of possible FRET efficiency values, so they can-

not represent a single intermediate conformation. Examination of

individual fluorescence intensity time traces showed a wide va-

riety of dynamic behaviors (Figure 3C). We observed complexes

that switched between low FRET (donor high while acceptor is

low) and high FRET (acceptor high while donor is low) on time-

scales of 0.1–1 s (top panel), whereas others displayed more

stable intermediate FRET efficiency states (donor and acceptor

at a similar level, middle and bottom panels). Fifteen percent of

the complexes in this experiment switched states at least once

during the 45 s observation period. The intermediate levels and

dynamic changes of FRET efficiency values suggest that the

binary complex samples a variety of configurations rather than

adopting a unique structure. The transitions between FRET effi-

ciency states imply that the dye attachment sites are moving

more than 5 nm. Thus, in the binary complex, the SNARE do-

mains can adopt configurations very different from that of the

ternary SNARE complex.

Addition of the cytoplasmic domain of synaptobrevin (residues

1–96) to the binary complex eliminated the intermediate FRET

states and dynamic behavior (Figures 3B and 3D). Only the high

and low FRET populations characteristic of the ternary SNARE

complex remained (Weninger et al., 2003). No state switching

or stable intermediate FRET efficiency states were observed in

any of the corresponding time traces following synaptobrevin

exposure (Figure 3D).

Time traces for the binary and ternary SNARE complexes

were obtained under identical buffer, labeling, and illumination

conditions. Thus, the dynamic behavior observed in the binary
hts reserved
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Figure 3. smFRET Measurements of Binary

Syntaxin/SNAP-25 Complexes with Dyes

Attached to Syntaxin and SN1, and the Ef-

fect of the Addition of Synaptobrevin

Lipid bilayers were formed with acceptor-labeled

syntaxin (S193C-Cy5) sufficiently diluted to allow

imaging of individual proteins similar to the condi-

tions of Figure 1. All experiments were collected

under identical buffer and illumination conditions.

In (A), donor-labeled SNAP-25 (Q20C-Cy3) was in-

cubated at 75 nM for 18 hr over the syntaxin bila-

yer and then rinsed away. FRET efficiency values

for individual binary complexes that exhibited non-

zero FRET within the first half-second of illumina-

tion were calculated frame by frame and compiled

into a histogram. As such, the histograms repre-

sent the probability of a binary complex exhibiting

a particular FRET efficiency level rather than the

number of complexes observed at a given FRET

level. In (B), inclusion of 125 nM synaptobrevin

(residues 1–96) during the 18 hr incubation of

75 nM SNAP-25 over syntaxin bilayers eliminated

the population with intermediate FRET. Represen-

tative time traces are shown in (C) and (D). All time

traces were obtained with green illumination.

Green laser illumination does not give rise to ac-

ceptor emission, so acceptor emission indicates

FRET due to close proximity of the donor dye.

Eventual photobleaching events are visible for all

but one dye ([D], bottom trace). (C) shows repre-

sentative individual time traces for binary SNARE

complexes corresponding to the experiments

summarized in (A). Note the stochastic switching

of FRET efficiency values as well as sustained

intermediate FRET for some of the traces, which

can be interpreted as switching between high

and low FRET on timescales faster than the 0.1 s

temporal resolution of the measurement. (D) shows

representative individual time traces after synapto-

brevin was added to the binary complex (corre-

sponding to the experiments summarized in [B]).

Intermediate FRET efficiency states and dynamic

changes in FRET efficiency are absent. The ob-

served single steps correspond to photobleaching

of the acceptor (upper and lower panels) or the do-

nor (middle panel).
complex is the result of conformational differences and cannot

be the result of dye photophysics such as blinking.

Doubly Labeled SNAP-25
To further characterize the structure of the binary complex, we

created combinations of donor/acceptor labeling site pairs on

SNAP-25 itself within its two SNARE domains (SN1 and SN2):

C terminus of SN1 versus C terminus of SN2 (CC); N terminus

of SN1 versus C terminus of SN2 (NC); and N terminus of SN1

versus N terminus of SN2 (NN). These double mutants allowed

examination of the relative configuration of the two SNARE do-

mains in SNAP-25. Doubly labeled proteins were prepared by

simultaneous reaction with two dyes such that either labeling

site could contain either the donor or acceptor dye. Labeling

efficiency was high at both sites (>80%), and the protein samples

were monomeric as assessed by gel filtration (data not shown).

An alternating red and green laser illumination scheme allowed
Structure 16,
us to select for analysis molecules with exactly one donor and

one acceptor dye.

We formed complexes between the doubly labeled SNAP-25

mutants and unlabeled syntaxin reconstituted into supported

egg PC bilayers. Because of the high labeling efficiency and

monodispersity of SNAP-25, all single dye pairs could be reliably

assumed to correspond to exactly one SNAP-25 molecule. We

confirmed this expectation by labeling a sample of SNAP-25

NC with only donor dye and a second sample of SNAP-25 NC

with only acceptor dye. We then made an equimolar mixture of

these two samples that we introduced above, a syntaxin con-

taining bilayer to form binary complexes. Our red-green alternat-

ing laser illumination allowed us to diagnose the population of

binary complexes that contained at least one of each different

dye species. Sampling over 1000 binary complexes, we found

that about 4% of acceptor containing observation spots also

had a donor present. When we required that FRET be present
308–320, February 2008 ª2008 Elsevier Ltd All rights reserved 311
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between the donor and acceptor, a stricter criterion that will elim-

inate some of the unavoidable occurrences of two SNAP-25 mol-

ecules that are not complexed together but that randomly reside

within a distance smaller than the optical resolution of our instru-

ment, we found that only 0.4% of colocalized complexes contain

two SNAP-25 molecules with donor and acceptor dyes posi-

tioned within the range of FRET. We conclude that complexes

of one syntaxin and two SNAP-25 molecules occur less than

one-half-percent of the time. We therefore returned to using

SNAP-25 complexes labeled with mixtures of donor and acceptor

dye in order to use FRET to characterize the binary 1:1 complex.

Figures 4A, 4C, and 4E show the FRET efficiency distributions

for binary complexes formed from the NN, CC, and NC SNAP-25

constructs, respectively. In all cases, populations of low, interme-

diate, and high FRET efficiency states were observed. Note that

we observed a more pronounced intermediate FRET = 0.5 state

for these labeling combinations compared to the SNAP-25/syn-

taxin labeling combination (Figure 3A). In the cases with dye la-

bels positioned to report a parallel configuration, NN and CC (Fig-

ures 4A and 4C), we find large populations in a high FRET state.

Thus, the binary complex preferentially assembles with the SN1

and SN2 SNARE domains oriented in a parallel configuration sim-

ilar to their orientation in the ternary SNARE complex. The NC la-

beling combination (Figure 4C), for which the labels would be

separated by more than 8 nm if it were in the parallel configuration

of the ternary SNARE complex, showed a pronounced intermedi-

ate FRET efficiency state (near FRET = 0.5). These observations

are consistent with a model wherein SN1 and SN2 maintain a pre-

dominantly parallel orientation with each other as in the ternary

complex. However, as was observed for the syntaxin/SNAP-25

labeling combinations, there is significant conformational vari-

ability in the binary complex that allows the termini to get closer

(within 5 nm) than in the extended helical bundle of the ternary

complex. The fluorescence intensity time traces for the doubly la-

beled SNAP-25 binary complex showed stable intermediate

FRET, stable high FRET, and dynamic switching between other-

wise stable states similar to the data in Figure 3C (see Figure S2

in the Supplemental Data available with this article online). Aver-

aging over four independent experiments, we found that 10.7%

of complexes (standard error of the mean 2.3%) exhibited at least

one switch between mid and high FRET states during the�1 min

observation window.

Next, we added the unlabeled synaptobrevin cytosolic domain

above the supported bilayer for 90 min to form the ternary

SNARE complex in situ (Figures 4B, 4D, and 4F). Similar to the

syntaxin/SNAP-25 labeling combination (Figure 3B), addition of

synaptobrevin to the preassembled NN and CC binary com-

plexes entirely eliminated the populations with intermediate

FRET. That the intermediate FRET efficiency states could be

eliminated with a short 90 min (or even with 30 min; data not

shown) incubation demonstrates that our experimental condi-

tions primarily produce the 1:1 binary complex in the supported

bilayer, as the dissociation rate of the 2:1 binary complex is sub-

stantially longer (Fasshauer et al., 2002).

The effect was less pronounced for the NC label pair, although

increased low and high FRET populations (indicating parallel and

antiparallel alignment, respectively) are apparent.

This result is consistent with what we observe for the NC

reporting labeling combination for the purified ternary SNARE
312 Structure 16, 308–320, February 2008 ª2008 Elsevier Ltd All rig
complex (compare Figure S1B and Figure 4F). Thus, there is

a population of SNARE complex with antiparallel helices that is

stabilized by the interaction with synaptobrevin. Note that there,

the majority of complexes are in the parallel configuration (be-

tween 60% and 70%; see Figure S1 and accompanying text).

We conclude that synaptobrevin is stabilizing both parallel and

antiparallel (SN1-SN2) configurations.

Effect of Accessory SNARE-Binding Proteins
on the Binary Complex
A number of accessory proteins that interact with syntaxin and

SNAP-25 are known to be essential for neurotransmitter release.

Figure 4. smFRET Population Distributions of Binary Syntaxin/

SNAP-25 Complexes with Dyes Attached to SN1 and SN2, and the

Effect of the Addition of Synaptobrevin

SNAP-25 (20 nM) labeled with mixtures of Cy3 and Cy5 was incubated over

supported lipid bilayers containing unlabeled full-length syntaxin (30 protein

molecules/mm2, similar to the conditions of Figures 1 and 5) for 20 min and

then rinsed away. FRET efficiencies for all complexes showing exactly one do-

nor and one acceptor were measured and compiled into histograms. Distribu-

tions for all three mutants of SNAP-25, K76C/Q197C (CC in [C]), Q20C/Q197C

(NC in [E]), and Q20C/N139C (NN in [A]), show three main populations at low,

medium, and high FRET. The high FRET population was the largest for both of

the two combinations of labeling sites expected to have high FRET for the par-

allel configuration, Q20C/N139C (A) and K76C/Q197C (C). For dye positions

that are expected to be 8 nm apart if they were an elongated parallel helix bun-

dle, a population with FRET�0.4 was dominant. In SNAP-25 NN (B), SNAP-25

CC (D), the intermediate FRET population is eliminated by a 90 min incubation

of 50 mM synaptobrevin (1–96) over the bilayer containing binary complexes

previously formed by binding SNAP-25 to membrane-incorporated, unlabeled

syntaxin.
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Figure 5. Accessory SNARE-Binding Proteins Alter the Intermediate FRET State of the Binary Complex

(A) FRET distributions are presented for doubly labeled SNAP-25 NN incorporated into binary complexes formed by 30 min incubation of 20 nM SNAP-25 over

syntaxin bilayers (30 protein molecules/mm2). Histograms were acquired immediately before (red) and �15 min after (blue) addition of 50 mM complexin (a), 5 mM

Munc13 (b), 5 mM Munc18 (c), 25 mM synaptotagmin (d), or controls of protein-free imaging buffer (e) or 10 mM BSA (f). Each histogram is the accumulation of three

to five independently repeated experiments.

(B) From the histograms in (A), the percent decrease in the fraction of all molecules that were in the mid-FRET states was calculated. The mid-FRET state is

defined as events within the FRET efficiency range 0.17–0.65, which are the minima in the valleys between the peaks in all of the accessory protein-free,

binary complex experiments (red curves) (i.e., if f = [number of events mid-FRET/total events] for a given histogram, then mid-FRET fractional decrease [%] =

100*[fpreaccessory protein � fpostaccessory protein]/fpreaccessory protein). The bars give the average of at least three independently repeated experiments and the full error

bar lengths are twice the standard error of the mean. BSA and buffer-only experiments show little effect.

(C) Single-molecule FRET traces between a donor dye (Cy3) at residue 383 of synaptotagmin and an acceptor dye (Cy5) on SNAP-25 NC in bilayer-incorporated

binary complexes (in TBS adjusted to contain 50 mM NaCl and 1 mM CaCl2) confirm a direct molecular interaction.
We investigated the effects of complexin, the MUN domain of

Munc13, Munc18, and the cytoplasmic domain of synaptotag-

min I on the intermediate FRET states that we have reported

for the binary complex formed with doubly labeled SNAP-25.

Binary complexes using SNAP-25 NN labeled with both donor

and acceptor were formed on syntaxin containing bilayers. A

data set was acquired to characterize the binary complex thus

formed similar to the conditions and procedures described

above (cf Figure 4). Next, a solution containing one of the acces-

sory proteins was introduced into the channel, and a new data

set was acquired from the same binary complex containing sur-

face while the accessory protein remained in solution. The nor-

malized FRET distributions measured before and after addition

of the accessory proteins are displayed together in Figure 5A

for each accessory protein tested in independent experiments.
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Each histogram is the accumulation of three to five independently

repeated experiments. Complexin, Munc13, Munc18, and synap-

totagmin I in the absence of Ca2+ all decrease the intermediate

FRET population in favor of the high FRET, parallel-aligned

state. Control experiments, in which protein-free buffer or BSA-

containing buffer were used, had little effect on the intermediate

FRET state. To quantify the effect of the accessory proteins, we

calculated the fractional decrease of the intermediate FRET

population upon addition of the indicated proteins (Figure 5B).

The changes in the binary complex FRET states following ex-

posure to the accessory SNARE-binding proteins, but not upon

exposure to BSA or protein-free buffer, suggest that each of

these accessory proteins has a significant interaction with the bi-

nary complex. We sought to verify that interaction by detection of

smFRET signals between binary complexes and synaptotagmin
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in solution above the bilayer. Binary complexes were prepared in

the supported bilayers using SNAP-25 NC that was dye labeled

with only the acceptor dye Cy5 rather than the mixture of Cy3

and Cy5 used in the previous sections. We introduced synapto-

tagmin, labeled at a cysteine mutation in the C2B domain (residue

383) with the donor dye Cy3 (Bowen et al., 2005), into the channel

at 1 nM. Such low concentrations are necessary to allow single-

molecule level imaging of interactions, so to increase the binding

between synaptotagmin and the binary complex, we lowered the

salt concentration and augmented the buffer with calcium, condi-

tions first discovered by Tang et al. (2006) for robust synaptotag-

min/ternary SNARE complex interactions. With the same alter-

nating laser illumination sequence used above, we identified

individual binary complexes on the bilayer by emission of Cy5 un-

der red laser illumination, and then monitored fluorescence from

those spots under green illumination. Synaptotagmin was ob-

served to bind at binary complexes with variable levels of FRET

(see Figure 5C). The duration of the synaptotagmin-bound state

was exponentially distributed with a decay time of 1.6 s. A broad

FRET distribution resulted from pooling all binding events (data

not shown).

There is some variation of the FRET profiles in the absence of

the accessory factors (red curves in Figure 5). This variation is

quite typical, as each panel represents a distinct experiment

with freshly purified proteins and reconstituted binary complex.

Each such process appears to produce somewhat different dis-

tributions of the three configurations of the binary complex. How-

ever, because the addition of accessory factors is performed on

the same respective samples, these experimental variations do

not affect our conclusions.

DISCUSSION

SNARE complex formation is an essential step in the fusion of

synaptic vesicles and the release of neurotransmitters. In the

prevailing model, the binary interaction between syntaxin and

SNAP-25 represents the first intermediate in SNARE complex for-

mation. This complex has been called the target (t)-SNARE or ac-

ceptor complex because it is predicted to form the binding site for

synaptobrevin, which localizes to synaptic vesicles (Jahn and

Scheller, 2006; Pobbati et al., 2006). The binding of synaptobrevin

to the binary syntaxin/SNAP-25 complex thus serves to closely

tether synaptic vesicles near the active zone of the synapse.

The assembly of the SNARE complex from three natively un-

folded monomers is thought to provide the energy needed to

drive membrane fusion. As such, folding of the SNARE complex

has been carefully studied. Like other protein folding reactions,

the SNARE assembly pathway is filled with local minima and

off-pathway states that must be avoided to ensure that mem-

brane fusion occurs. Our previous work showed that SNARE pro-

teins can dock vesicles in a variety of combinations and that

SNARE complex assembly could be uncoupled from vesicle

docking and fusion (Bowen et al., 2004). However, under those

conditions fusion was a rare event, suggesting that the correct

folding pathway might be important in coupling SNARE complex

formation to vesicle fusion.

Syntaxin and SNAP-25 often form a stable dead-end 2:1 com-

plex in vitro where a second syntaxin SNARE domain takes the

usual position of the synaptobrevin helix in the SNARE complex.
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In PC12 cell assays, formation of 2:1 complexes through the

addition of excess syntaxin SNARE domain has a dominant-neg-

ative effect on secretion (Chen et al., 2001). The prevalence of

this 2:1 species during solution assembly of SNARE proteins

made it impossible to study the 1:1 binary complex by bulk

methods. In contrast to the neuronal SNAREs, the yeast binary

SNARE complex adopts a 1:1 stoichiometry. NMR studies of

the yeast SNAREs revealed significant conformational flexibility

of the binary t-SNARE complex, although some structure is in-

duced compared to individual SNAREs (Fiebig et al., 1999). It

is likely that the neuronal t-SNARE complex exhibits similar flex-

ibility in the 1:1 state. In contrast, the 2:1 state forms a very stable

four-helix bundle (Margittai et al., 2001; Xiao et al., 2001; Kim

et al., 2002). Using smFRET we have characterized, to our

knowledge for the first time, the structure and dynamics of the

neuronal binary complex in its 1:1 state, and investigated its in-

teractions with synaptobrevin, complexin, Munc13, Munc18,

and synaptotagmin.

Structure and Dynamics of the Neuronal
1:1 Syntaxin/SNAP-25 Complex
The conformation of the 1:1 binary complex is more variable than

one would expect if it formed a stable three-helix bundle. With la-

beling sites in syntaxin and SN1, and dual labeling sites in SNAP-

25, we observed dynamic changes in FRET efficiency levels. This

included both frame-by-frame variability in FRET efficiency as

well as stochastic switching between stable intermediate and

high FRET states (Figures 3 and 4). These large changes in

FRET efficiency indicate conformational transitions within the bi-

nary complex involving large (>5 nm) movements. Some of the

intermediate FRET efficiency values can arise from motional

averagingoverdiscreteconformationalstatesthatoccurona time-

scale faster than our instrument’s integration time (�100 ms).

When the labeling sites were near the same end of the SNAP-

25 domains (NN or CC), the distribution is dominated by a high

FRET population, indicating that the dyes are in close proximity

(Figures 4A and 4C, respectively). This suggests a preference for

a parallel configuration for the two SNAP-25 SNARE domains.

When the dyes were at opposite ends of the SNAP-25 SNARE

domains (NC), most complexes were observed with intermediate

to low FRET, suggesting that the N and C termini can sometimes

approach within 5 nm of each other, significantly closer than if

they were in the extended state of the ternary SNARE complex

(�11 nm) (Figure 4E).

Considering the sparse nature of labeling site combinations

used for the FRET efficiency measurements, we could only de-

duce an approximate model of the configurations of the 1:1 bi-

nary complex (Figure 6). We propose an equilibrium between

three configurations of the binary complex, a configuration con-

sisting of the SNARE domains of syntaxin (SX) and SNAP-25

(SX-SN1-SN2), and two configurations involving the SNARE do-

main of syntaxin and either one of the two SNAP-25 SNARE do-

mains with the other SNAP-25 domain dissociated (referred to as

SX-SN1 and SX-SN2) (Figure 6). The SX-SN1 and SX-SN2 states

give rise to the intermediate populations because the dissoci-

ated SNAP-25 SNARE domain (SN2 and SN1, respectively) is

expected to move on a timescale faster than the time resolution

producing average FRET values that vary between FRET = 0 and

FRET = 1. The broad distribution of the intermediate state is
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consistent with sampling of different conformations on a fast

timescale. If the intermediate state were in a well-defined unique

conformation, it would lead to a much sharper intermediate

FRET peak. In vivo palmitoylation of SNAP-25 will likely affect

details of the kinetics of switching between the three configura-

tions of the binary complex, although membrane anchoring of

the linker region would not outright prevent any of these config-

urations in the binary complex.

The existence of the SX-SN1 configuration is consistent with

observations in PC12 cells using a dual-labeled construct that

only contained the SN1 and linker regions of SNAP-25 (An and

Almers, 2004). It is also consistent with the ability to form a com-

plex between the syntaxin SNARE domain and SN1 (Misura et al.,

2001). However, our data also suggest the presence of an

SX-SN2 configuration with the SN1 domain dissociated, as the

intermediate FRET state is more pronounced in the experiments

with doubly labeled SNAP-25 compared to single-labeled SNAP-

25. When comparing Figures 3 and 4, it appears that the interme-

diate state is much more pronounced for the SN1-SN2 FRET

experiments. In fact, the effect is much more than what one would

expect if the dynamics between SN2 and syntaxin would be sim-

ilar to that of SN1 and syntaxin. Thus, we conclude that SN2 has

a higher tendency to dissociate from the binary complex.

We believe that the syntaxin N-terminal domain is in the ‘‘open’’

conformation (Dulubova et al., 1999; Munson et al., 2000) in the

Figure 6. A Model of Conformational Flexi-

bility in the Binary Complex that Would Gen-

erate the Intermediate FRET State

The long-lived 1:1 complex between syntaxin and

SNAP-25 is drawn as an equilibrium between

three distinct configurations (top): (top center in

parentheses) both SNAP-25 SNARE domains

bound to the syntaxin SNARE domain (SX-SN1-

SN2); (top right) only the SN1 domain of SNAP-25

bound to syntaxin (SX-SN1); or (top left) only the

SN2 SNAP-25 domain bound to syntaxin (SX-

SN2). A stable complex of both SNAP-25 domains

tightly bound (SX-SN1-SN2) would lead to stable,

high FRET efficiency using our NN and CC FRET

labeling combinations. In the cases with one

SNAP-25 domain unbound from syntaxin (SX-

SN1 or SX-SN2), the free SNAP-25 domain will

be in rapid motion relative to the bound domain.

With a donor in one domain and an acceptor in

the other domain, this rapid motion will lead to

widely varying FRET efficiencies that change on

timescales faster than the 100 ms integration

time of our instrument, resulting in the intermediate

FRET values that are measured. Accessory pro-

teins drive the conformational equilibrium from

the states with one helix unbound in favor of the

state with both helices bound, the synaptobrevin

acceptor state.

binary complex because if it were perma-

nently in the closed conformation, it would

prevent interactions between syntaxin

and SNAP-25, at least in the N-terminal

portion of the SNARE domains. Because

little difference is observed between N-

and C-terminal labeling pairs on SNAP-

25 (Figure 4), we can exclude the presence of a permanently

closed syntaxin configuration. Could there be a dynamic effect?

If syntaxin would dynamically interchange between a closed con-

formation and an open conformation that can interact with SNAP-

25, we would expect Munc18 to siphon away syntaxin from as-

sembled binary complexes because it interacts very tightly with

the closed conformation. We do not see such an effect. Rather,

upon exposure to Munc18, the surface density of SNAP-25

dye-labeled binary complexes in the supported bilayers remains

constant within experimental fluctuations.

We observe transitions between intermediate FRET and

FRET = 1 states (Figure 3C and Figure S2), as indicated in our

model. It is unlikely that there would be direct transitions

between SX-SN1 and SX-SN2. Rather, such transitions would

involve the SX-SN1-SN2 configuration as an intermediate state.

Having two helices bound as an intermediate step between the

single SX-SN1 or SX-SN2 configurations would help keep the

SNAP-25 molecule bound to the syntaxin molecule and result

in the very low overall observed dissociation rate for the binary

complex (off-rate �0.005 ± 0.004 hr�1).

SNAP-25 Domain Swap Does Not Occur
SNAREs were proposed to form oligomers joined by the linker be-

tween domain-swapped SNAP-25 SNARE motifs (Fasshauer

et al., 1998b; Kweon et al., 2002) possibly involving complexin
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(Tokumaru et al., 2001), although this particular observation has

been disputed (Pabst et al., 2002). Furthermore, the linker is func-

tionally dispensable in a PC12 cell-based assay for neurotrans-

mitter release (Chen et al., 1999). To determine the likelihood

for a SNAP-25 domain swap in SNARE complexes, we carried

out experiments with a mixture of acceptor- and donor-labeled

SNAP-25 molecules added to syntaxin, and analyzed the result-

ing binary complexes. We did not observe any significant popu-

lation of complexes that exhibited high FRET (�0.4%); in other

words, the probability of SNAP-25 domain swapping is extremely

low. Thus, it is unlikely that SNAP-25 domain swapping plays

a role in a putative higher-order oligomer of the SNARE complex.

Effect on Intermediate State
upon Addition of Synaptobrevin
Upon addition of synaptobrevin, the equilibrium shifts predomi-

nantly toward the SX-SN1-SN2 configuration (Figure 6). This ef-

fect occurs on a fast scale (90 min in Figure 4, and 30 min in data

not shown), significantly faster than the published rate constants

for synaptobrevin binding to the 2:1 binary complex (Pobbati

et al., 2006). Addition of synaptobrevin to the 1:1 binary complex

also completely eliminated dynamic variability in FRET efficiency

levels and stochastic switching. These changes were observed

with all labeling site combinations. The resulting distributions

after synaptobrevin addition are similar to the ternary SNARE

complex formed using these same labeling sites (Figure S1; We-

ninger et al., 2003). Thus, the binary complex that we observe is

biologically active and forms proper SNARE complexes.

Effect on Intermediate State
upon Addition of Other Factors
Surprisingly, we also observed a significant reduction of the in-

termediate state of the binary complex upon addition the acces-

sory proteins complexin, Munc13, Munc18, and synaptotagmin,

but not buffer or BSA controls (Figure 5). All experiments used

protein concentrations above the published dissociation con-

stant for each accessory protein, so the relative magnitude of

the change in FRET distribution reflects a differential effect of

that protein on the dynamics of the binary complex.

There is clear evidence that complexin interacts with the

ternary SNARE complex (Chen et al., 2002; Pabst et al., 2002).

However, no interaction was detected between complexin and

the individual SNAREs or the binary complex by using isothermal

titration calorimetry in solution (Pabst et al., 2002). In these exper-

iments, the binary complex was likely in the 2:1 state as charac-

terized by multiangle laser light scattering (Fasshauer et al.,

1997b), which might have prevented complexin binding. Further-

more, the N-terminal accessory helix of complexin (residues

29–48) has an inhibitory effect on neurotransmitter release, sug-

gesting that this region can be a placeholder for the C-terminal

portion of the synaptobrevin SNARE motif, thereby regulating as-

sembly of the SNARE complex (Xue et al., 2007). This model thus

implies an interaction between complexin and the binary com-

plex. Our results now confirm a direct interaction between com-

plexin and the 1:1 binary complex, and that this interaction dra-

matically stabilizes the SX-SN1-SN2 configuration.

The MUN domain of Munc13 that we studied here is a helical

as determined by circular dichroism and has been shown to be

sufficient for rescuing neurotransmitter release in hippocampal
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neurons lacking Munc13s (Basu et al., 2005). It does not interact

with syntaxin alone, but we find an interaction with the binary

complex that has a similarly pronounced effect as complexin

leading to stabilization of the SX-SN1-SN2 configuration. Inter-

estingly, both the SNARE-interacting domain of complexin and

the MUN domain of Munc13 are highly a helical, so their strong

effect on diminishing the SX-SN1 and SX-SN2 configurations

could be explained by stabilization of the SX-SN1-SN2 complex

by four-helix bundle formation.

The cytosolic domain of synaptotagmin I contains two con-

served Ca2+-binding domains (Perin et al., 1991), C2A and

C2B, that interact, in a Ca2+-dependent manner with acidic lipids,

and both in a Ca2+-dependent and -independent manner with

SNAP-25 and syntaxin, the binary complex, and the ternary

SNARE complex (Bai and Chapman, 2004; Südhof, 2004; Rizo

et al., 2006). The possibility of simultaneous binding to both mem-

brane and SNARE complex was first proposed based on low-res-

olution smFRET measurements between synaptotagmin and the

ternary SNARE complex (Bowen et al., 2005), and has recently

been actually observed (Dai et al., 2007). The precise physiolog-

ical meaning of these interactions and their role in Ca2+-triggered

neurotransmitter release are still unclear. We now observe a

direct interaction between synaptotagmin I and the binary com-

plex. Our results using the doubly labeled SNAP-25 FRET

reporter incorporated into the binary complex indicate that syn-

aptotagmin I stabilizes the three-helix bundle configuration SX-

SN1-SN2 to the same extent as synaptobrevin, even in the ab-

sence of Ca2+. We further used FRET between acceptor-labeled

binary complex and donor-labeled synaptotagmin to directly

confirm the molecular interaction. Consistent with the observed

stabilization of the three-helix bundle configuration, recent cross-

linking studies between the C2AB fragment of synaptotagmin I

and SNAP-25 have revealed interactions with both SN1 and

SN2 (Lynch et al., 2007). Our observed stabilization of the binary

t-SNARE complex explains the large increase in the extent of lipid

mixing in bulk assays with reconstituted SNAREs in liposomes

upon addition of C2AB and then, after an incubation period,

Ca2+ (Stein et al., 2007; Tucker et al., 2004) (Ed Chapman, per-

sonal communication). However, because synaptotagmin I and

the binary complex are thought to reside primarily on opposite

membranes, this interaction could take place only if the synaptic

vesicle is sufficiently close to the target membrane.

Sec1/Munc18 (SM) proteins are a small family of cytoplasmic

proteins that play an important but poorly understood role in intra-

cellular membrane fusion. Interactions between the neuronal SM

protein Munc18 and syntaxin (Hata et al., 1993; Misura et al.,

2000), the binary t-SNARE complex (Zilly et al., 2006), and the ter-

nary SNARE complex have been found (Dulubova et al., 2007).

Based on the available structural and biophysical information,

several possible interaction interfaces and conformations have

been found: a tight interaction between the closed form of syn-

taxin and Munc18 involving part of the syntaxin SNARE motif,

and the N-terminal domain of syntaxin (Misura et al., 2000), as

well as interactions between the SNARE domains of the ternary

complex and the short N-terminal sequence of syntaxin (Bracher

et al., 2002; Dulubova et al., 2007). We now observe interactions

between the MUN domain of Munc18 and the 1:1 binary complex

accompanied by stabilization of the SX-SN1-SN2 configuration.

However, in contrast to the other accessory proteins tested, the
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effect on the configurations of the binary complex is highly vari-

able. This variability might be related to the several distinct bind-

ing modes between Munc18 and syntaxin. Although we do not

see any evidence for Munc18 displacing SNAP-25 and inducing

the closed conformation of syntaxin, it is conceivable that some

Munc18 interactions only involve the N-terminal sequence of syn-

taxin without affecting the SNARE domains and thus no effect

on the intermediate FRET states, whereas other binding modes

would directly affect the SNARE domains, leading to the stabiliza-

tion of the SX-SN1-SN2 configuration.

Concluding Remarks
We conclude that in the cellular environment the binary complex

will be primarily in the SX-SN1-SN2 configuration because there

is a high likelihood that at least one of the accessory proteins is

near a particular t-SNARE complex. Because it is the SX-SN1-

SN2 configuration to which synaptobrevin can readily bind, the

formation of this configuration of the t-SNARE complex is likely

not going to a limiting step in neurotransmitter release. Progres-

sion from this acceptor complex to the four-helix bundle might

be the only folding pathway that leads to membrane fusion (Fig-

ure 6, top and bottom center in parentheses). Synaptobrevin

might interact with the helix unbound states of the binary com-

plex, but these complexes would be delayed in folding until reas-

sociation of the missing SNAP-25 helix (bottom left and right).

Thus, although these complexes could transition to four-helix

bundles and dock vesicles, this alternate folding pathway would

inefficiently couple the folding reaction to membrane fusion.

The dynamic nature of the t-SNARE complex might also ac-

count for some of the variability observed in many in vitro exper-

iments. It has been suggested that ‘‘SNARE proteins are power-

ful but hapless, unable to channel the energy released by their

complex formation, and need to be organized by Rab and SM

proteins’’ (Südhof, 2007). This study shows that several of the

factors identified as important for Ca2+-triggered vesicle release

have an effect on the structure and dynamics of a key intermedi-

ate in the SNARE assembly pathway. It might be that by making

the 1:1 binary complex a better acceptor for synaptobrevin, the

energy associated with the correct folding pathway becomes

available to catalyze the merger of the two bilayers.

EXPERIMENTAL PROCEDURES

Proteins and Lipid Bilayers

Plasmids, protein expression, and protein purification for full-length syntaxin,

full-length SNAP-25, full-length synaptobrevin, synaptobrevin fragment (1–96),

complexin, and synaptotagmin I C2AB (residues 96–421, T383C) have been

described previously (Weninger et al., 2003; Bowen et al., 2004, 2005). Briefly,

all proteins were expressed as hexa-His fusions in pet28 (Novagen) (except

synaptotagmin, which was a GST fusion in pGex4T1) and were purified by

a combination of metal-affinity (except synaptotagmin, glutathione resin affin-

ity), ion-exchange, and gel-filtration chromatography. Transmembrane pro-

teins were extracted in Thesit and transferred to b-octyl glucoside before

reconstitution.

The expression construct for hexa-His-tagged Munc18 was a kind gift from

Doug Hattendorf and William Weis (Misura et al., 2000). Protein was expressed

in BL21(DE3) cells and purified by Ni-NTA affinity according to the manufac-

turer’s instructions (QIAGEN). The eluted protein was dialyzed into 20 mM

Tris (pH 7.8), 200 mM NaCl, 1 mM DTT, and was 90% pure as assessed by

SDS-PAGE. Samples (5–10 mM) of Munc18 were stored at 4�C and used for

single-molecule experiments within 4 days of Ni-NTA purification.
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Purified protein samples of the MUN domain of Munc13 (Basu et al.,

2005) were a generous gift of Jose Rizo and Yibin Xu. The protein sample was

purified by ion-exchange and gel-filtration chromatography. SDS-PAGE was

used to check the homogeneity of the sample. The protein concentration

was initially 20 mM, and was diluted to 5 mM for binding experiments.

Three different combinations of double cysteine mutations (Q20C/N139C,

Q20C/Q197C, and K76C/Q197C) were introduced into a cysteine-free SNAP-

25 template by the QuikChange method (Stratagene). The ternary SNARE com-

plex (Figure S1) was purified with or without a urea step as described previously

(Weninger et al., 2003). Briefly, the hexa-His tag was left on synaptobrevin,

which allows for metal-affinity chromatography to isolate the SNARE complex

followed by anion exchange in order to remove free synaptobrevin.

Our general protocol for dye labeling of syntaxin and synaptobrevin at suit-

able sites has been described elsewhere (Weninger et al., 2003; Bowen et al.,

2004, 2005). Briefly, it involves incubation of proteins with maleimide dyes (Cy

dyes, GE Healthcare, unless noted otherwise) at pH 7.4 followed by gel filtra-

tion and dialysis to remove free dye. We used the following modification for the

double dye species labeling of SNAP-25. The two cysteine residues in the

SNAP-25 double mutants were labeled with a mixture of maleimide-derivat-

ized donor (Cy3) and acceptor (Cy5) dyes by simultaneously mixing the protein

with both dyes, each at a 10-fold molar excess over protein. Donor and accep-

tor dyes randomly bound to all cysteines yielding three populations of doubly

labeled proteins, one with two donors, a second with two acceptors, and a third

with one donor and one acceptor. Our analysis protocol of the smFRET data

was designed to select only those molecules with exactly one donor and

one acceptor. Labeling efficiencies for SNAP-25 were typically greater than

80% as assessed by UV-vis absorption spectroscopy.

Experiments were performed with custom-built quartz flow cells. Supported

lipid bilayers were formed by spontaneous condensation of liposomes. Recon-

stitution of membrane proteins into preformed liposomes was accomplished

by detergent depletion followed by size exclusion on Sepharose CL-4B to

remove free protein (Weninger et al., 2003).

Because unlabeled protein is not directly observable, the concentration of

unlabeled syntaxin incorporated into the supported lipid bilayers was esti-

mated from the protein-to-lipid ratio used during reconstitution. The reconsti-

tution efficiency is less than 100%, and approximately 50% of reconstituted

protein ends up oriented toward the optical surface in the final supported bi-

layers as assessed by susceptibility to proteases (Bowen et al., 2004). Thus,

the concentration of correctly inserted syntaxin in the bilayer is significantly

overestimated. All lipid bilayers and liposomes in this work were formed

from egg phosphatidylcholine (EggPC) purchased from Avanti Polar Lipids.

Fluorescence Measurements

smFRET efficiency measurements were made with a prism-type, total internal

reflection microscope equipped with either a Pentamax CCD (Roper Scientific)

or Cascade EMCCD (Princeton Instruments) as described previously (We-

ninger et al., 2003; Bowen et al., 2004, 2005; Li et al., 2007). Single-molecule

observations in Figure 1 were made under steady red laser (635 nm) illumina-

tion. In Figures 2 and 3, steady green laser (532 nm) was used. For Figures 4

and 5 and Figure S1, an alternating laser illumination sequence (0–1 s at 635

nm; 1.5–46 s at 532 nm; 47–57 s at 635 nm) allowed us to diagnose the number

of acceptor and donor dyes at each molecule independent of any possible

FRET. Between 1 and 1.5 s, laser shutters were active so this period was

excluded from the analysis.

All FRET efficiency measurements (except studies in Figure 5C) were carried

out at room temperature in 20 mM Tris (pH 7.8), 200 mM NaCl, 1 mM DTT, 2%

glucose (w/v), 100 mM cyclooctatetraene, supplemented with an enzymatic

oxygen scavenger mixture consisting of glucose oxidase (Sigma) 100 units/ml

and catalase (Sigma) 1000 units/ml. Studies of FRET between acceptor-la-

beled binary complex and donor-labeled synaptotagmin (Figure 5C) used

the same oxygen-scavenging buffer with the following modifications: NaCl

was 50 mM and CaCl2 was present at 1 mM. Experiments with accessory pro-

teins in solution were prepared by mixing equal volumes of doubly concen-

trated observation buffer into protein solutions to achieve constant oxygen-

scavenging mixtures for all observations.

Measured emission intensity values were corrected for background

fluorescence (I’ = Imeasured � Ibackground) and leakage of 7% of the donor in-

tensity into the acceptor channel. FRET efficiency was calculated from the
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background-corrected measurements of acceptor emission (I’acceptor) and

donor emission (I’donor) as FRET = I’acceptor/(I’acceptor + I’donor).

Histograms were compiled from the measured FRET efficiency observed in

individual time traces. In Figure 3, histograms show frame-by-frame FRET

efficiency for complexes that showed nonzero FRET within the first second

of the observation period. These histograms were compiled over the entire du-

ration of the time traces. Thus, these histograms represent the probability that

a binary complex will display a given FRET efficiency state during the course of

the experiment. Histograms in Figures 4 and 5 contain frame-by-frame FRET

values for the time when exactly one donor and one acceptor were confirmed

to be present at a complex and not bleached. The histogram in Figure S1

shows a five-frame average FRET efficiency value calculated over the first

half-second of green laser illumination for all single donor/acceptor dye pairs,

and thus represents the number of complexes that were observed at a given

FRET efficiency state from an ensemble of particles.

Syntaxin Monodispersity in Supported Bilayers

Syntaxin was reconstituted into vesicles at submicromolar concentrations,

which is below the reported micromolar KD for self-interaction (Lerman et al.,

2000). In order to achieve lateral separation between dye-labeled molecules in

the bilayer greater than the optical resolution of the microscope, vesicles con-

taining syntaxin were diluted with protein-free vesicles before bilayer deposition.

We obtained roughly 73 ± 30 syntaxin molecules in the 4050 mm2 observation

field when using a protein-to-lipid ratio of 1:106 or 1:107 during reconstitution.

To confirm that syntaxin is largely monomeric under these conditions, we ob-

served the fluorescence intensity of labeled syntaxin at each spot in the micro-

scope image under extended red laser illumination. The number of dyes present

in an observed spot was derived from the number of discrete steps observed in

the decay of fluorescence emission to baseline (Figure 1, inset).

To limit the possibility that experimental factors affected monodispersity, we

tested labeling sites in the N and C termini of syntaxin, labeling with Alexa dyes

(Invitrogen) or Cy dyes (GE Healthcare) and the effect of Ca2+ and/or EDTA.

None of these factors affected the distribution of the frequency of occurrence

for a specified number of dyes in observed spots, so we used an average of all

distributions in the subsequent analysis (Figure 1). The frequency of occur-

rence of one or two dyes had to be corrected for partial labeling of syntaxin

in order to obtain the true probability b that two syntaxin molecules (labeled

or unlabeled) colocalize in a particular spot. The fraction of labeled syntaxin

molecules (a) ranged from 40% to 65% as determined from the ratio of dye

peak absorbance to 280 nm absorbance (corrected for dye absorbance) mea-

sured with UV-vis spectroscopy. The vast majority (�99%) of the spots contain

single or double dyes (Figure 1). Thus, we neglected triplet and higher-order

species in the following analysis.

The observed probability R of experimentally detecting two dyes at a given

spot was determined from the results shown in Figure 1 by

R =
Dobs

Sobs + Dobs

;

where Sobs is the number of observed spots with single dyes and Dobs is the

number of observed spots with two dyes. From this, we obtain R = 0.154 ±

0.032.

The occurrence of one dye in an observed spot can result from labeled sin-

gles or from doubles with one labeled molecule and one unlabeled molecule.

Thus, the probability of occurrence of a single dye in a spot is

S = ð1� bÞa + 0:5bað1� aÞ:

The probability of occurrence of two dyes in an observed spot is

D = 0:5ba2:

We can express R in terms of the labeling efficiency (a) and colocalization

probability (b) as

R =
D

S + D
:

This equation can be solved for the colocalization probability b as a function

of R to yield
318 Structure 16, 308–320, February 2008 ª2008 Elsevier Ltd All righ
b =
R

0:5ða + RÞ:

Using the measured labeling efficiency and the experimental R value, we

obtain a colocalization probability b = 0.51 ± 0.14. Thus, about 50% of the syn-

taxin molecules are isolated singles. The remaining spots may contain colocal-

ized syntaxin. However, colocalization does not imply that two syntaxin mole-

cules actually interact.

To determine whether there is any interaction between two syntaxin mole-

cules, we calculated a theoretical prediction that is derived from considering

the frequency that two molecules will randomly land at the same location.

For N molecules randomly distributed on an area of the bilayer Ascreen, the pop-

ulation average that two molecules are located within the observed spot with

area Aspot around a single molecule is calculated as

Pð2dyesÞ= N

�
Aspot

Ascreen

�
;

the population average of three dyes in an observed spot is

Pð3dyesÞ= NðN� 1Þ
�

Aspot

Ascreen

�2

;

and so on. A somewhat higher fraction of doubles is observed in the experi-

ment than is expected from random colocalization (Figure 1), so there might

be a small fraction of interacting syntaxin molecules. As shown above, the frac-

tion of colocalized syntaxin (labeled or unlabeled) molecules does not exceed

50%. Because the mobility of syntaxin molecules is restricted in our supported

bilayers (Bowen et al., 2004), we conclude that at least 50% of syntaxin

molecules will form 1:1 complexes upon addition of SNAP-25.

Supplemental Data

Supplemental Data include two figures and can be found with this article online

at http://www.structure.org/cgi/content/full/16/2/308/DC1/.
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Note Added in Proof

Recently, Rizo and coworkers have also found an interaction between the

Munc13 MUN domain and membrane-anchored SNARE complexes. Guan,

R., Dai, H., and Rizo, J. (2008). Binding of the Munc13-1 MUN domain to mem-

brane-anchored SNARE complexes. Biochemistry, in press.
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