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An activated Q-SNARE/SM protein complex as a
possible intermediate in SNARE assembly
Shrutee Jakhanwal1, Chung-Tien Lee2,3 , Henning Urlaub2,3 & Reinhard Jahn1,*

Abstract

Assembly of the SNARE proteins syntaxin1, SNAP25, and synapto-
brevin into a SNARE complex is essential for exocytosis in neurons.
For efficient assembly, SNAREs interact with additional proteins
but neither the nature of the intermediates nor the sequence of
protein assembly is known. Here, we have characterized a ternary
complex between syntaxin1, SNAP25, and the SM protein
Munc18-1 as a possible acceptor complex for the R-SNARE
synaptobrevin. The ternary complex binds synaptobrevin with fast
kinetics, resulting in the rapid formation of a fully zippered SNARE
complex to which Munc18-1 remains tethered by the N-terminal
domain of syntaxin1. Intriguingly, only one of the synaptobrevin
truncation mutants (Syb1-65) was able to bind to the syntaxin1:
SNAP25:Munc18-1 complex, suggesting either a cooperative
zippering mechanism that proceeds bidirectionally or the progres-
sive R-SNARE binding via an SM template. Moreover, the complex
is resistant to disassembly by NSF. Based on these findings,
we consider the ternary complex as a strong candidate for a
physiological intermediate in SNARE assembly.
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Introduction

Exocytotic membrane fusion in presynaptic nerve terminals is

mediated by the assembly of the SNARE proteins synaptobrevin

(also referred to as VAMP-2) residing in the synaptic vesicles, and

syntaxin1 and SNAP25 residing in the presynaptic plasma

membrane. Assembly is exergonic and thought to proceed from

the membrane-distal N-terminal ends toward the C-terminal

membrane anchors, thus pulling the membranes together and

overcoming the energy barrier for membrane fusion. The end

result is a stable bundle of four a-helices, in which each helix is

contributed by a different SNARE motif (one each from syntaxin1

and synaptobrevin, also termed Qa-SNARE and R-SNARE

respectively, and two from SNAP25, also termed Qb and Qc-

SNARE) (Stein et al, 2009).

Although in vitro SNARE assembly can mediate fusion without

the need for cofactors, it is generally thought to be regulated by

accessory proteins in intact cells (Südhof & Rizo, 2011). These

include members of the conserved SM and CATCHR protein families

(Munc18 and Munc13, respectively, in neurons) that function in all

SNARE-mediated fusion events, and synaptotagmin and complexin

that function in the calcium-regulated triggering of neuronal exocyto-

sis (Jahn & Fasshauer, 2012). However, despite major efforts by

many laboratories, the precise sequence and mechanism of these

proteins still remain unclear. In particular, the SM protein Munc18-1

continues to baffle scientists because of contradicting observations

(Toonen & Verhage, 2007). For instance, genetic ablation of

Munc18-1 completely blocks neurotransmitter release (Verhage

et al, 2000). On the other hand, Munc18-1 binds with high affinity to

syntaxin1, locking the SNARE in a cleft of Munc18-1, in a “closed”

conformation such that it is unable to enter SNARE complexes

(Misura et al, 2000).To resolve this conflict, it was proposed that

under certain conditions, Munc18-1 loosens its grip on syntaxin1,

allowing it to partially open as needed for SNARE assembly. For

instance, Munc18-1 appears to bind less tightly to syntaxin1 when it

contains the transmembrane domain (Lewis et al, 2001; Zilly et al,

2006). Moreover, there is a spatially separate binding site between

syntaxin1 and Munc18-1 involving the N-terminal peptide of

syntaxin1, which binds to the outer surface of Munc18-1 (Burkhardt

et al, 2008), and may play a role in syntaxin1 opening. Intriguingly,

disruption of N-peptide binding does not affect synaptic transmission

while it allows syntaxin1 to readily enter SNARE complexes

(Burkhardt et al, 2008; Meijer et al, 2012), suggesting that “locking”

of syntaxin1, at whichever point in the SNARE activation pathway,

is not required for function. Recently, it has been suggested that

Munc13-1 may help in opening syntaxin1 (Ma et al, 2011; Yang

et al, 2015), thus resulting in a reactive syntaxin1 intermediate, with

both Munc18-1 and Munc13-1 being bound. Indeed, acceleration of

SNARE-mediated liposome fusion was observed in the presence of

Munc18-1 and Munc13-1 (also requiring synaptotagmin in one case;

Ma et al, 2013; Liu et al, 2016) but neither the structural intermedi-

ates nor the rate-limiting steps are known. Finally, fatty acids like

arachidonic acid may alter the interaction of Munc18-1 with

syntaxin1 to favor SNARE assembly (Rickman & Davletov, 2005),
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either by exposing an additional binding site or by loosening the

closed syntaxin1: Munc18-1 structure (Connell et al, 2007).

The next open question is to understand the binding sequence of

the other two SNAREs (SNAP25 and synaptobrevin). Again, the

suggestions are conflicting. According to the first concept, Munc18-1

forms a metastable complex with SNAP25 and syntaxin1, thus

providing a pre-assembled acceptor site for synaptobrevin and facili-

tating SNARE complex formation. Intuitively, such an activated

Qabc-SNARE acceptor complex is appealing since it can be pre-

formed at the plasma membrane and does not require previous dock-

ing of the vesicle, in agreement with the observation that under

certain conditions, vesicles can undergo exocytosis directly after

arriving at the plasma membrane, with no measurable delay

(Ninomiya et al, 1996, 1997; Takahashi et al, 1997; Liu et al, 2005).

Evidence for such a ternary interaction was derived from studies

using purified proteins reconstituted in liposomes or supported

bilayers (Guan et al, 2008; Weninger et al, 2008) and from high-

resolution microscopy of the proteins in intact neuronal plasma

membranes (Pertsinidis et al, 2013). Moreover, it has recently been

shown by electron paramagnetic resonance spectroscopy that

syntaxin1 can associate with SNAP25 while being bound to Munc18-

1, thereby yielding a 1:1:1 complex containing syntaxin1, SNAP25

and Munc18-1 (Dawidowski & Cafiso, 2016). This observation,

however, disagrees with an earlier study reporting that the addition

of Munc18-1 to syntaxin1:SNAP25 complexes results in complete

dissociation of SNAP25 from syntaxin1, resulting in the formation of

syntaxin1:Munc18-1 complexes (Ma et al, 2013). According to the

second concept, the SM protein may initiate SNARE complex assem-

bly by simultaneously interacting with Qa- and R-SNAREs, thus

forming an acceptor site for the subsequent binding of Qb/c SNAREs.

Support for such a scenario is derived from experiments in which N-

terminally cross-linked SNARE complexes were pulled apart with

optical tweezers (Ma et al, 2015). Moreover, crystal structures of the

Munc18-1 orthologue Vps33 have recently been published in which

either the corresponding Qa-SNARE or the R-SNARE was bound

(Baker et al, 2015), lending further support to the second model

(Baker & Hughson, 2016).

The difficulties in pinpointing the intermediates of SNARE assem-

bly are not surprising, considering the fact that the acceptor

complexes need to be maintained at a high energy level in order to

avoid siphoning off too much energy from the final zippering reac-

tion. The reactive SNAREs easily assemble into stable partial

complexes that may be “off-pathway” such as the syntaxin1:

SNAP25 complex (in a 2:1 stoichiometry; Fasshauer et al, 1997),

which are both kinetically and thermodynamically trapped.

Therefore, in this paper, we have investigated whether a ternary

complex between full-length syntaxin1 (containing its transmem-

brane domain), SNAP25, and Munc18-1 can be assembled in vitro

and whether synaptobrevin is capable of binding to such a complex,

resulting in the formation of a fully zippered SNARE complex.

Results

A syntaxin1:SNAP25:Munc18-1 complex allows for fast and
efficient formation of SNARE complexes with synaptobrevin

In the first set of experiments, we investigated whether a ternary

complex between syntaxin1, SNAP25, and Munc18-1 (all full-length

proteins, with syntaxin1 containing its transmembrane domain) can

be assembled and purified in vitro. To this end, we purified the

three monomeric proteins and allowed them to assemble in vitro

(see Materials and Methods). Next, we purified the complex by ion-

exchange chromatography, followed by size-exclusion chromato-

graphy (Fig 1A). Analysis by SDS–PAGE (Fig 1B) revealed that in

the first peak of Fig 1A, all the three proteins comigrate, suggesting

that a ternary complex containing syntaxin1, SNAP25, and

Munc18-1 had indeed been formed.

Next, we tested whether synaptobrevin can bind to this ternary

complex. To this end, we used a point mutant (S28C) of the cytoplas-

mic fragment of synaptobrevin (1-96), labeled with the fluorescent

dye Oregon Green, as reporter. The protein was added to freshly

prepared ternary complex, and changes in fluorescence anisotropy

were monitored as an indicator for binding (Pobbati et al, 2006). An

increase in anisotropy of synaptobrevin was observed upon the

addition of the syntaxin1:SNAP25:Munc18-1 complex (Fig 1C). In

contrast to this, no such increase was observed when an excess of

unlabeled synaptobrevin was added to the reaction mixture. We also

tried to assemble this complex using a syntaxin1 mutant lacking

its transmembrane domain (syntaxin1–262; Zhang et al, 2015).

Although assembly of a ternary complex was observed, fast binding

of synaptobrevin was not detectable (Fig EV1A).

Since the ternary complex lost its activity over extended incuba-

tion times (Fig EV1B), we resorted to chemical cross-linking of the

purified complex in order to obtain insights into its architecture. To

this end, we used the cross-linker bis(sulfosuccinimidyl)suberate

(BS3), a homobifunctional N-hydroxysuccinimide ester (spacer arm

length 11.4 Å) that reacts with primary amino groups in lysine

side chains or at the N-terminus. The cross-linked fractions

(see Fig EV1C) were analyzed by mass spectrometry (MS/MS; see

▸Figure 1. Syntaxin1:SNAP25:Munc18-1 tripartite complex sets the stage for SNARE complex assembly.

A Separation of the syntaxin1:SNAP25:Munc18-1 complex from the monomers. Purification was performed on a Superdex 10/300 Increase column (GE Healthcare).
B SDS–PAGE analysis of the syntaxin1:SNAP25:Munc18-1 complex and the corresponding monomers.
C Binding of fluorescently labeled synaptobrevin (1-96) to the unlabeled syntaxin1:SNAP25:Munc18-1 acceptor complex. Upon addition of the acceptor complex, a very

fast increase in anisotropy was observed. This increase was prevented by adding excess of unlabeled synaptobrevin to the reaction mixture (1-96; syb control).
D Crystal structure of the syntaxin1:Munc18-1 binary complex (Burkhardt et al, 2008; PDBID: 3c98). The labeled residues indicate the regions on syntaxin1 that form

contacts with the “cleft” of Munc18-1. In this structure, syntaxin1 is present in a “closed” conformation.
E Chemical cross-linking of the syntaxin1:SNAP25:Munc18-1 complex showed direct cross-links between Munc18-1 and both SNAP25 and syntaxin1, as indicated.

Munc18-1 is shown in cyan, SNAP25 in green, and syntaxin1 in red. The structure of the syntaxin1:SNAP25 complex has been adopted from the crystal structure of
the SNARE complex (Stein et al, 2009) (PDBID:3HD7), and the Habc domain has been adopted from the structure of the N-terminal domain of syntaxin1 (Fernandez
et al, 1998) (PDBID:1BR0).

Data information: Panels (D) and (E) were prepared using PyMol (DeLano Scientific).
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Materials and Methods). The cross-links obtained were compared to

the previously reported crystal structure of the syntaxin1:Munc18-1

complex (Fig 1D). In the syntaxin1:SNAP25:Munc18-1 complex,

cross-links were obtained between all three proteins namely syntax-

in1, SNAP25, and Munc18-1 (see Table EV1). Most importantly, we

observed cross-links between lysine 46 of Munc18-1 and lysine 72

of SNAP25a (Fig 1E). In Munc18-1, lysine 46 is localized to the cleft

that is occupied by syntaxin1 in the binary syntaxin1:Munc18-1

complex and in SNAP25, the cross-linked residue (lysine 72) is posi-

tioned close to the C-terminal end of the Qb-SNARE motif.

These observations indicate that the structure of the syntaxin1:

SNAP25:Munc18-1 complex is different from that of the binary

syntaxin1:Munc18-1 complex. Moreover, cross-links were also

found between the Habc domain of syntaxin1 (Lys 83) and residues

in the cleft of Munc18-1 (Lys 13). Interestingly, intramolecular

cross-links between the Habc domain and the H3 motif of syntaxin1

were very low (Fig EV2), suggesting that in the ternary syntaxin1:

SNAP25:Munc18-1 complex, syntaxin1 is shifted toward the “open”

conformation.

Next, we compared synaptobrevin binding to the ternary

complex with its binding to two previously characterized SNARE

acceptor complexes: the syntaxin1:SNAP25 (2:1) complex

(Fasshauer et al, 1999) and the C-terminally stabilized DN complex

in which a C-terminal fragment of synaptobrevin is bound to

SNAP25 and syntaxin1, leaving an N-terminal SNARE binding site

free (Pobbati et al, 2006). Synaptobrevin binding to the syntaxin1:

SNAP25 (2:1) complexes is known to be slow due to the need for

displacing syntaxin1 from the binding site (Margittai et al, 2001).

In contrast, binding of synaptobrevin to the DN complex is fast

due to the accessible N-terminal binding site (Pobbati et al, 2006).

We again performed fluorescence anisotropy measurements using

the different acceptor complexes and monitored the binding of

labeled synaptobrevin (Syb1-96). A representation of the

complexes used for these experiments has been shown in Fig 2A.

As shown in Fig 2B, binding of synaptobrevin to the ternary

syntaxin1:SNAP25:Munc18-1 complex was much faster as

compared to the syntaxin1:SNAP25 (2:1) complex, but occurred at

a similar timescale as compared to the DN complex (Fig 2C).

Quantifications of these measurements are shown in Fig EV3A and

B. Additionally, no increase in anisotropy was observed when

monomeric syntaxin1, SNAP25, or Munc18-1 was added to fluores-

cently labeled synaptobrevin (Fig EV3C).

Since fluorescence anisotropy measurements only report the

local conformational flexibility of a fluorescently labeled moiety, we

also measured SNARE complex formation by fluorescence reso-

nance energy transfer (FRET). To this end, we prepared acceptor

complexes with a single-cysteine mutant of SNAP25 (C130) that was

labeled with the dye Texas Red and incubated them with labeled

synaptobrevin as above (Winter et al, 2009). As shown in Fig 2D,

addition of synaptobrevin to both the ternary syntaxin1:SNAP25:

Munc18-1 complex and the DN complex resulted in a fast quenching

of the donor emission, thus confirming the results obtained with

fluorescence anisotropy measurements. No change in the donor

fluorescence was observed when an excess of unlabeled synapto-

brevin was added. Decrease in the donor emission was accompa-

nied by a corresponding increase in the acceptor emission

(Fig EV4A), confirming that donor quenching was caused due to

FRET. A dose-dependent response was observed when FRET

measurements were carried over a range of concentrations of the

syntaxin1:SNAP25:Munc18-1 complex (Fig 2E).

The entire cytoplasmic domain of synaptobrevin is required for
efficient binding to the syntaxin1:SNAP25:Munc18-1 complex

It is generally believed that SNARE zippering proceeds gradually

from the N-terminal toward the C-terminal end of the SNARE motifs,

leading to a consecutive formation of the interacting side chain

layers after N-terminal nucleation of the complex. This implies that

the N-terminal end of the acceptor site is freely accessible for synap-

tobrevin binding, as is the case for DN complex. On the other hand,

it is conceivable that in the ternary syntaxin1:SNAP25:Munc18-1

complex, syntaxin1 is still partially closed and thus may render the

N-terminal end of the SNARE motifs inaccessible, at least for initial

binding. To address this issue, we used single-cysteine variants of

both C- and N-terminally truncated fragments of synaptobrevin

(Syb1-65 C28, Syb1-52 C28, Syb49-96 C79) that had been fluores-

cently labeled and measured their binding to acceptor complexes

both by fluorescence anisotropy (using unlabeled acceptor

complexes) and FRET (using labeled acceptor complexes). As

shown in Fig 3A and B, progressive truncation from the C-terminus

of synaptobrevin, resulted in an impairment of binding to the

syntaxin1:SNAP25:Munc18-1 complex. A deletion of 31 residues

from the C-terminus of synaptobrevin (Syb1-65) resulted in a signifi-

cantly reduced binding to the syntaxin1:SNAP25:Munc18-1

complex. No significant binding was detectable after truncation of

the last 44 residues of synaptobrevin (Syb1-52). Similarly, trunca-

tion of 48 residues from the N-terminus led to a complete loss of

binding. In contrast to the syntaxin1:SNAP25a:Munc18-1 complex,

binding of the synaptobrevin fragments to the DN complex showed

a different pattern. Here, both fragments with an intact N-terminus

(Syb1-65 and Syb1-52) showed binding, albeit with lower efficiency

as compared to the entire cytoplasmic fragment (Fig 3C and D), in

agreement with previous reports (Wiedelhold & Fasshauer, 2009).

Synaptobrevin binding to the syntaxin1:SNAP25:Munc18-1
complex results in re-arrangements but does not cause
dissociation of Munc18-1

Next, we investigated whether Munc18-1 dissociates from the

syntaxin1:SNAP25:Munc18-1 complex after binding of synapto-

brevin. To this end, we monitored changes in the molecular size/

hydrodynamic radius of the ternary syntaxin1:SNAP25:Munc18-1

complex upon addition of synaptobrevin using size-exclusion chro-

matography. As indicated in Fig 4A, after synaptobrevin addition,

the complex eluted at a slightly lower retention volume (black

curve) than in the absence of synaptobrevin (red curve). This

apparent size increase suggests that Munc18-1 does not dissociate

when synaptobrevin is incorporated into the syntaxin1:SNAP25:

Munc18-1 complex (see also Fig EV4B). To confirm this conclusion,

we reconstituted the syntaxin1:SNAP25:Munc18-1 complex into

liposomes in the presence or absence of synaptobrevin. Then, the

liposomes were separated from unbound/dissociated proteins by

flotation gradient centrifugation using a Nycodenz density gradient.

After centrifugation, the distribution of Munc18-1 and synapto-

brevin was monitored by immunoblotting (Fig 4B). The results

showed that in both the cases, Munc18-1 comigrates with the
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liposomal fraction on the top of the gradient. In contrast, when

Munc18-1 was incubated with protein-free liposomes, it did not

specifically associate with the liposomal fraction after gradient

centrifugation (Fig 4B, bottom lane). These results indicate that

Munc18-1 remains bound to the SNARE complex after binding of

synaptobrevin to the syntaxin1:SNAP25:Munc18-1 complex. The

orientation of the syntaxin1:SNAP25:Munc18-1 complex on lipo-

somes was also determined using trypsin digestion assay, which

indicated reconstitution of this complex with an almost 100%

“right-side out” orientation (Fig EV5A).

In order to obtain an understanding about the structural associa-

tions of Munc18-1 with the SNARE complex, we cross-linked the

syntaxin1:SNAP25:Munc18-1 complex after synaptobrevin addition,

again using the chemical cross-linker BS3 (Table EV2). Interest-

ingly, after synaptobrevin addition, we observed cross-links

between the Habc domain of syntaxin1 and regions in domain 3b of

Munc18-1, which is positioned on the outer surface, clearly sepa-

rated from the syntaxin1-binding cleft of Munc18-1 (Fig 4C). No

cross-links were obtained between the SNARE motifs of SNAP25 or

synaptobrevin with Munc18-1. We also observed cross-links

between the C-terminus of synaptobrevin and the C-termini of both

syntaxin1 and SNAP25 (Fig 4D), as expected for a fully zippered

SNARE complex. Apparently, binding of synaptobrevin to the

syntaxin1:SNAP25:Munc18-1 complex leads to major structural re-

arrangements of Munc18-1 with respect to the assembled SNARE

complex. The final state is represented by a completely assembled

A

B C

D E

Figure 2. Synaptobrevin binds to both syntaxin1:SNAP25:Munc18-1 complex and DN complex with similar kinetics, leading to SNARE complex assembly.

A Cartoons showing the different complexes used in the experiments. Fluorescent and non-fluorescent versions of the syntaxin1:SNAP25:Munc18-1 complex and the
DN complex, as well as the non-fluorescent version of syntaxin1:SNAP25 complex, were assembled in vitro and purified.

B Binding of fluorescently labeled synaptobrevin to the syntaxin1:SNAP25 complex, as monitored by fluorescence anisotropy, was much slower than to the syntaxin1:
SNAP25:Munc18-1 complex.

C Binding of synaptobrevin to the DN complex proceeded with a rate comparable to that of the syntaxin1:SNAP25:Munc18-1 complex.
D Binding of synaptobrevin to the labeled syntaxin1:SNAP25:Munc18-1 complex and the DN complex measured by FRET (monitored by donor quenching), resulted in

kinetics similar to the anisotropy measurements.
E Dose dependence of binding of the syntaxin1:SNAP25:Munc18-1 complex to synaptobrevin, monitored by FRET.

Data information: Representative traces are shown in (B–E).
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SNARE complex with Munc18-1 being tethered to the N-terminal

region of syntaxin1, in agreement with a previous report (Burkhardt

et al, 2008). Full zippering of the SNARE complex was also con-

firmed by the appearance of SDS-resistant bands (Fig EV5B) that

are typical hallmarks of fully assembled SNARE complexes

(Hayashi et al, 1994).

The syntaxin1:SNAP25:Munc18-1 complex but not the SNARE
complex resulting from addition of synaptobrevin is resistant to
disassembly by NSF-aSNAP

In the final set of experiments, we investigated whether the

ternary syntaxin1:SNAP25:Munc18-1 complex can be disassem-

bled by NSF-aSNAP. It has been shown previously that NSF not

only acts on fully assembled SNARE four helix bundles (Söllner

et al, 1993) but also on partial complexes (syntaxin1:SNAP25;

Vivona et al, 2013) and even on syntaxin1 alone. Thus, the

question arises whether the association of the binary syntaxin1:

SNAP25 with Munc18-1 prevents its disassembly by NSF-aSNAP.
To this end, we used labeled variants of syntaxin1 and SNAP25

(syntaxin1 C197, labeled with Oregon Green, and SNAP25 C130,

labeled with Texas Red) to prepare the ternary syntaxin1:

SNAP25:Munc18-1 complex (Fig 5A, left lane). Incubation of this

complex with purified NSF and a-SNAP, in the presence of

Mg2+-ATP, did not result in any change of the donor and accep-

tor fluorescence (see also Fig EV6). In contrast, some reduction

in FRET was observed (here measured as an increase in donor

fluorescence) when the complex was incubated in 1 M NaCl

(Fig 5A). For comparison, we used the same labeled proteins

to prepare a standard syntaxin1:SNAP25 (2:1) complex (see

cartoon to the left of Fig 5B). When NSF-aSNAP was added to

this complex, a rapid, Mg2+-ATP-dependent loss of FRET was

observable showing the rapid disassembly of this complex, as

expected.

Finally, we tested whether NSF-aSNAP disassembles the

SNARE complex formed after synaptobrevin binding to the

syntaxin1:SNAP25:Munc18-1 complex. Here, we again resorted to

fluorescence anisotropy using labeled synaptobrevin. As shown

in Fig 5C, addition of synaptobrevin to the complex led to an

increase in anisotropy. Subsequent addition of NSF-aSNAP
reverted this increase, indicative of disassembly of the SNARE

complex and the subsequent release of synaptobrevin into the

solution.

Discussion

In this study, we have characterized a ternary complex between the

Q-SNAREs syntaxin1 and SNAP25 with the SM protein, Munc18-1.

Our data show that this complex is protected against disassembly by

NSF-aSNAP and is highly reactive toward binding of synaptobrevin,

which results in a fully zippered SNARE helical bundle, making it

an attractive candidate for the still elusive SNARE acceptor complex

in neuronal exocytosis.

The instability of the syntaxin1:SNAP25:Munc18-1 complex

in vitro prevented us from obtaining detailed structural information.

However, several conclusions can be drawn from the biochemical

characterization and from the cross-linking experiments (see

cartoon in Fig 6). First, in the ternary syntaxin1:SNAP25:Munc18-1

complex, the N-terminal Habc domain of syntaxin1 is associated

with the syntaxin1-binding cleft of Munc18-1 as in the closed binary

complex, but no contacts were found between the syntaxin1-binding

cleft of Munc18-1 and the syntaxin1 SNARE motif. Second, the C-

terminal end of the Qb-SNARE motif of SNAP25 contacts the cleft in

Munc18-1. This suggests that the structure of this complex is dif-

ferent from the binary syntaxin1:Munc18-1 complex, with syntaxin1

probably being in a more open conformation. It is also different

from complexes between SM proteins and fully assembled SNARE

complexes, where the contact is limited to the N-terminal peptide of

the respective syntaxin (Qa-SNARE; as is the case for Munc18-1;

Burkhardt et al, 2008) or to the surface of the four-helical bundle

(as is the case for Sec1; Togneri et al, 2006). Third, the syntaxin1:

SNAP25:Munc18-1 complex is highly reactive toward binding to

synaptobrevin. Possibly, this reactivity is caused by the ability of

Munc18-1 to prevent the formation of the off-pathway syntaxin1:

SNAP25 (2:1) complex and also by induction of helicity in the

syntaxin1:SNAP25:Munc18-1 acceptor complex, similar to the role

of Vc-peptide in the DN complex (Ma et al, 2015; Li et al, 2016).

Additionally, synaptobrevin binding to the syntaxin1:SNAP25:

Munc18-1 complex results in a fully zippered SNARE complex with

Munc18-1 remaining tethered to the N-terminal domain of syntax-

in1, with no evidence for an association with any of the SNARE

motifs in the helical bundle.

Our results shed new light on the surprising flexibility with

which SM proteins can associate with various states of SNAREs and

SNARE complexes. This flexibility may explain why it has been so

difficult to understand the conformational transitions and protein–

protein interactions during the activation sequence of SNARE

proteins. Indeed, taking the different modes of SM/SNARE interac-

tions into account, arriving at a single, coherent mechanism for all

SM proteins is challenging. However, in light of current and earlier

research with Munc18-1, we conclude that the cleft of SM proteins

provides an adaptable platform for Q-SNARE motifs to be conforma-

tionally constrained and arranged in a way that facilitates final

nucleation of the SNARE complex, possibly assisted by some confor-

mational dynamics of the Habc domain. These intermediates are

probably transient and stabilized by weak interactions so that their

re-arrangement during SNARE assembly does not siphon off too

◀ Figure 3. Full-length synaptobrevin is required for fast binding to the syntaxin1:SNAP25:Munc18-1 complex but not to the DN complex.
Binding was measured using C- or N-terminally truncated fragments of synaptobrevin that were labeled with Oregon Green at C79 for Syb-49-96 and C28 in all other
fragments. Binding of synaptobrevin to the acceptor complexes was monitored both by FRET (A and C) and by fluorescence anisotropy (B and D). The left panels show the
average traces (n = 3), and the right panels in each case show the quantification of the respective measurements. Error bars show the range of values from three independent
experiments.

A, B Binding of synaptobrevin fragments to fluorescently labeled (A) or unlabeled (B) syntaxin1:SNAP25:Munc18-1 complex.
C, D Binding of synaptobrevin fragments to fluorescently labeled (C) or unlabeled (D) DN complex.
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much energy from the zippering reaction. Such transient states may

explain why pre-incubation of Q-SNARE-containing liposomes with

Munc18-1 for several hours accelerated fusion in a previous study

(Shen et al, 2007).

It remains to be established whether the R-SNARE binds to the

SM protein before assembling with its SNARE partners. Support for

such a scenario is provided by the presence of a conserved R-SNARE

binding site on the surface of the SM proteins (Baker et al, 2015)

which also appears to be functionally involved in exocytosis of

synaptic vesicles (Xu et al, 2010; Parisotto et al, 2014). Indeed,

based on crystal structures of the SM protein Vps33 with either the

corresponding R-SNARE or the Qa-SNARE, it has recently been

A B

C

D

Figure 4. Synaptobrevin binding does not displace Munc18-1 from the syntaxin1:SNAP25:Munc18-1 complex.

A Gel-filtration profiles of syntaxin1:SNAP25:Munc18-1 complex with (black curve) or without (red curve) synaptobrevin pre-incubation. A slight shift in the elution peak
toward lower retention volume was observed after incubation of the complex with synaptobrevin. Separation was performed on Superdex 10/300 Increase column
(GE Healthcare).

B Syntaxin1:SNAP25:Munc18-1 complexes were mixed with synaptobrevin and thereafter incorporated into liposomes. The liposomes were then separated from the free
(or displaced) proteins using a Nycodenz density gradient; 25 ll fractions were then collected from top to bottom of the gradient and analyzed by Western blotting
using a-Munc18-1 and a-synaptobrevin antibodies. As a control experiment, protein-free liposomes were treated with Munc18-1 (bottom panel, the second last lane
is blank due to the marker position) and processed as above to assess the non-specific binding of Munc18-1 to the liposomes.

C Cross-links observed between syntaxin1 and Munc18-1 after incubation of the syntaxin1:SNAP25:Munc18-1 complex with synaptobrevin. Freshly purified complex
was incubated with synaptobrevin and was subjected to chemical cross-linking with BS3. MS/MS analysis revealed that Munc18-1 remains associated with syntaxin1
after SNARE complex formation. Cross-links were observed between residues lying in the Habc region of syntaxin1 (residues 70 and 92) and K384 and K461 of
Munc18-1, indicating a major conformational shift of syntaxin1 with respect to Munc18-1 after synaptobrevin addition. No cross-links were observable between the
SNARE motifs of SNAP25 and Munc18-1

D MS/MS analysis of the cross-linked samples after synaptobrevin treatment also revealed cross-links between the C-termini of syntaxin1, SNAP25, and synaptobrevin,
thereby demonstrating the formation of a fully zippered SNARE complex after synaptobrevin binding to the syntaxin1:SNAP25:Munc18-1 complex.

Source data are available online for this figure.
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proposed that these two SNAREs bind first and then recruit the Qb

and Qc-SNAREs to the complex. A similar mechanism for SNARE

assembly has recently been also suggested for Munc18-1 based on

single-molecule force experiments (Ma et al, 2015). Additionally,

the helix 12 of Munc18-1 has been proposed to be involved in

synaptobrevin binding, thereby helping in synaptic vesicle priming

(Munch et al, 2016). However, according to our data, the Q-SNAREs

need to pre-assemble on the SM template before synaptobrevin can

bind. Also, it should be noted that simultaneous binding of the Qa-

and R-SNAREs to Vps33 was not detectable, making the model

somewhat tenuous. Intriguingly, however, structural modeling

shows that the R-SNARE binding site in Munc18-1 only becomes

accessible if the protein is in the open conformation. Thus, it is

possible that R-SNARE binding to the SM protein is required for

A

B

C

Figure 5. The syntaxin1:SNAP25:Munc18-1 is resistant to disassembly by NSF-aSNAP but becomes sensitive after binding of synaptobrevin.

A Double-labeled syntaxin1:SNAP25:Munc18-1 complex containing syntaxin1 (labeled with Oregon Green) and SNAP25 (labeled with Texas Red) was purified. Incubation
with NSF-aSNAP in the presence of Mg2+-ATP did not result in any change of donor fluorescence. Incubation with 1 M NaCl resulted in a small increase in donor
fluorescence, indicating that under high-salt conditions, some minor dissociation of the complex does occur.

B Purified, double-labeled Syx:SN25 (2:1) complex containing syntaxin1 and SNAP25 (labeled as in A) could be disassembled by NSF-aSNAP as evident from a rapid
increase in donor fluorescence (loss of FRET).

C Fluorescence anisotropy measurements showing the disassembly of the SNARE complex generated upon addition of fluorescently labeled synaptobrevin to a pre-
assembled syntaxin1:SNAP25:Munc18-1 complex. Addition of NSF-aSNAP led to a rapid decrease in the anisotropy as expected for SNARE disassembly. The red arrows
indicate the addition of the protein(s)/reagents, whereas the black arrows indicate the reaction condition.

The EMBO Journal Vol 36 | No 12 | 2017 ª 2017 The Authors

The EMBO Journal An activated intermediate in SNARE assembly Shrutee Jakhanwal et al

1796



assembly (as suggested by Baker et al, 2015) even though the

sequence of SNARE assembly on the SM template is different than

that proposed for Vps33 (Baker et al, 2015).

Intriguingly, a truncation of 44 residues from the C-terminus of

the cytoplasmic fragment of synaptobrevin (Syb1-52) resulted in a

complete loss of binding to the syntaxin1:SNAP25:Munc18-1

complex, in stark contrast to the artificial DN complex containing

a free N-terminal nucleation site. Additionally, a truncation of 48

residues from the N-terminus (Syb49-96) also resulted in a

complete loss of binding to the syntaxin1:SNAP25:Munc18-1

complex. It is conceivable that the N-terminal ends of the

Q-SNARE motifs are not accessible in the syntaxin1:SNAP25:

Munc18-1 complex. Such an occlusion may also explain why SM

proteins shield SNAREs from NSF-driven disassembly (see also Ma

et al, 2013; Baker et al, 2015). Accordingly, this behavior can be

explained by an alternative zippering mechanism where nucleation

of SNARE assembly commences somewhat downstream of the

N-terminal end of the SNARE motifs, with zippering then progress-

ing in a cooperative fashion both toward the N- and C-terminal

end of the SNARE bundle. On the other hand, the truncated

versions may have reduced affinities for the SM protein (as shown

for Nyv1 binding to Vps33), thereby preventing efficient binding to

the syntaxin1:SNAP25:Munc18-1 complex. Presently, it cannot be

decided which of the two scenarios is correct. Moreover, it needs

to be determined whether the assembly pathways of SNAREs on

different SM proteins are always the same or whether the versatile

SM templates permit different binding sequences for different sets

of SNAREs.

Our data lend strong support for Munc18-1 being the central

catalyst for SNARE nucleation. The rapid and coordinated binding

of synaptobrevin suggests that the ternary syntaxin1:SNAP25:

Munc18-1 complex is the direct precursor of the fully zippered

SNARE complex and thus precedes fusion. Our data agree with

single-molecule experiments suggesting that Munc18-1 stabilizes the

acceptor complexes for SNARE zippering (Weninger et al, 2008)

and with the presence of assemblies of syntaxin1:SNAP25:Munc18-1

on the neuronal plasma membrane (Pertsinidis et al, 2013). They

also agree with a recent work showing that the association of

syntaxin1:Munc18-1 complexes with SNAP25 shifts the equilibrium

toward the “open”-state of syntaxin1 (Dawidowski & Cafiso, 2016),

C

A B

Figure 6. Cartoon summarizing the different associations between Munc18-1 and the SNAREs syntaxin1, SNAP25, and synaptobrevin that could exist at the
different stages of SNARE complex assembly.

A Binary syntaxin1:Munc18-1 complex with syntaxin in a “closed” conformation.
B Ternary complex between Munc18-1, syntaxin1, and SNAP25. As shown by cross-linking, the C-terminal region of the SNAP25 Qb-SNARE motif is associated with the

cleft in Munc18-1 together with the Habc domain. The syntaxin1:SNAP25:Munc18-1 complex serves as an efficient acceptor complex for rapid synaptobrevin binding.
C Binding of synaptobrevin to the syntaxin1:SNAP25:Munc18-1 complex leads to the formation of a fully zippered four-helical SNARE complex, with syntaxin1 being in

the open conformation and Munc18-1 still tethered to the N-terminal domain of syntaxin1.
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and with the observation that Munc18b, a relative of Munc18-1,

forms ternary complexes with syntaxin3 and SNAP25 for regulated

epithelial secretion (Liu et al, 2007).

It remains to be established how the ternary syntaxin1:

SNAP25:Munc18-1 complex fits into the overall pathway of SNARE

activation and zippering. In particular, it needs to be clarified by

which mechanisms this energized complex is assembled and stabi-

lized. A possible starting point could be the binary syntaxin1:

Munc18-1 complex which is energetically trapped, since syntaxin1

mutants assuming a more open conformation promote both exo-

cytosis and SNARE complex assembly (Rizo & Xu, 2015). Thus, a

first step would involve activation of this complex, with a strong

candidate for this role being Munc13-1, a protein essential for regu-

lated exocytosis. Munc13-1 is known to interact both with the

binary syntaxin1:Munc18-1 complex (Ma et al, 2011) and with free

syntaxin (Betz et al, 1997). A similar activation can also be

brought about by arachidonic acid (Connell et al, 2007). Finally, it

needs to be clarified at which point the SNARE assembly is

arrested before exocytosis gets triggered by calcium, and how the

arrest is relieved by the combined action of synaptotagmin and

complexin.

Materials and Methods

Expression constructs

Wild-type pET28a expression constructs containing sequences

encoding full-length syntaxin (1-288), a cysteine-free variant of

full-length SNAP25a (1-206), full-length synaptobrevin (1-116), the

cytoplasmic fragment of synaptobrevin (1-96), and full-length

Munc18-1 (1-584) were used for the study [as described earlier

(Fasshauer et al, 1997, 1999; Margittai et al, 1999; Burkhardt et al,

2008)]. For anisotropy and FRET experiments, we used the single-

cysteine mutants of syntaxin (C197), SNAP25a (C130), synapto-

brevin 1-96 (C28), synaptobrevin 1-65 (C28), synaptobrevin 1-52

(C28), and synaptobrevin 49-96 (C79; Margittai et al, 2001;

Pobbati et al, 2006; Burkhardt et al, 2008; Wiedelhold &

Fasshauer, 2009; Walter et al, 2010). All the proteins used were

from Rattus norvegicus.

Protein purification

Monomeric syntaxin1, SNAP25, and synaptobrevin were purified

by Ni2+-NTA affinity chromatography, followed by ion-exchange

chromatography (as described in Fasshauer et al, 1999; Fasshauer

& Margittai, 2004). Munc18-1 was purified by affinity chromato-

graphy followed by gel-filtration chromatography on Superdex 200

16/60 (GE Healthcare).For complex formation, the purified mono-

mers were mixed and incubated overnight at 4°C. Unless indicated

otherwise, all proteins were full-length, with syntaxin1 containing

its transmembrane domain. The assembled complexes were

further purified either by ion-exchange chromatography or by

size-exclusion chromatography. All complexes (syntaxin1:SNAP25,

syntaxin1:SNAP25:Munc18-1, or DN complex) were purified in

one of the following detergents: 1% (w/v) CHAPS, 1% (w/v)

octyl b-D-glucopyranoside, or 0.03% (w/v) n-dodecyl b-D-malto-

side (DDM).

Assembly of syntaxin1:SNAP25a:Munc18-1 complex

For complex assembly, purified monomeric syntaxin (1-288) and

SNAP25a (1-206) were mixed overnight at 4°C, followed by the

addition of a twofold molar excess of full-length Munc18-1, and a

further incubation of 4 h at room temperature. The assembled

complex was further purified by ion-exchange chromatography or

(and) size-exclusion chromatography. The buffer composition used

for purification of the complex by size-exclusion chromatography

included 20 mM HEPES, 200 mM NaCl, 0.5 mM TCEP, 10% glyc-

erol (with the corresponding percentage of detergent) at a pH of 7.4.

The complex could be purified in either 0.03% (w/v) n-dodecyl

b-D-maltoside (DDM) or 1% (w/v) octyl b-D-glucopyranoside.
The freshly purified complex was immediately used for all the

experiments.

Proteoliposome preparation

1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), 1,2-dioleoyl-sn-

glycero-3-phosphoethanolamine (DOPE), 1,2-dioleoyl-sn-glycero-3-

phospho-L-serine (DOPS), cholesterol, 1-oleoyl-2-{12-[(7-nitro-2-1,3-

benzoxadiazol-4-yl)amino]dodecanoyl}-sn-glycero-3-phosphoserine

(NBD-PS), and 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-

(lissamine rhodamine B sulfonyl) (Rhodamine-PE) were ordered

from Avanti Polar lipids for proteoliposome preparation (Fasshauer

et al, 1998, 1999). The molar (%) ratio between the different

lipids was 50% (DOPC):20% (DOPE):20% (DOPS):10% (choles-

terol). For the preparation of labeled liposomes, the ratio of the

lipids mixed was 50% (DOPC): 18.5% (DOPE): 1.5% (Rho-

damine-PE): 18.5% (DOPS): 1.5% (NBD-PS): 10% (cholesterol).

After drying the lipids, the lipid film was resuspended in 20 mM

HEPES, 150 mM KCl, and 5% (w/v) sodium cholate solution and

vortexed thoroughly. The lipid mix was then mixed with the

respective protein(s) in 20 mM HEPES, 150 mM KCl, 3% (w/v)

sodium cholate (Pobbati et al, 2006). Proteoliposomes were

prepared by detergent removal using gel-filtration chromatogra-

phy on a column packed with Sephadex G-50. The buffer compo-

sition for proteoliposome preparation was 20 mM HEPES,

150 mM KCl, 1 mM DTT at a pH of 7.4. The protein: lipid (n/n)

ratio was 1:1,000.

Anisotropy measurements

All anisotropy measurements were carried out in a Fluorolog 3 spec-

trometer containing a magnetic stirrer and an in-built T-configura-

tion equipped for polarization (Model FL322, Jobin Yvon; described

in Pobbati et al (2006)). For monitoring, the binding of synapto-

brevin to the different acceptor complexes, 200 nM of synaptobrevin

labeled with Oregon Green at position C28, was used. The concen-

tration of the acceptor complexes used was 400 nM. Anisotropy (r)

was calculated using the formula r = (IVV � G × IVH)/(IVV + 2 ×

G × IVH), where “I” denotes the fluorescence intensity, and the first

and second subscript letters indicate the polarization of the exciting

light and the emitting light, respectively. For synaptobrevin C28-

Oregon Green, the excitation wavelength was 490 nm and the emis-

sion wavelength was set to 520 nm. All experiments were

performed in a reaction volume of 600 ll and at a temperature of

37°C.

The EMBO Journal Vol 36 | No 12 | 2017 ª 2017 The Authors

The EMBO Journal An activated intermediate in SNARE assembly Shrutee Jakhanwal et al

1798



Fluorescence Resonance Energy Transfer (FRET) experiments

All FRET measurements were performed in a FluoroMax 3 (Horiba

Jovin Yvon) spectrometer equipped with a magnetic stirrer. In order

to study SNARE zippering between synaptobrevin and the different

acceptor complexes (syntaxin1:SNAP25:Munc18-1 complex or DN
complex), we monitored FRET between synaptobrevin labeled with

Oregon Green iodoacetamide at position C28 and SNAP25a labeled

with the fluorescent dye Texas Red maleimide at position C130

(Margittai et al, 2001). SNARE zippering was measured as a real-

time decrease in donor emission upon the addition of the acceptor

complexes. Spectral scans were also performed to monitor the

simultaneous increase in the acceptor emission with a decrease in

donor emission. The spectral scans were performed over a wave-

length range of 500–700 nm, with an excitation wavelength of

490 nm. The excitation maximum for Oregon Green is 490 nm, and

the emission maximums for Oregon Green and Texas Red are 520

and 615 nm, respectively. All experiments were performed with

freshly purified complexes in a reaction volume of 600 ll at 37°C.
Fluorescence intensity is represented as F/F0, where F0 is the initial

fluorescence.

Co-flotation assay

Proteins bound to liposomes can be separated from the unbound

fraction by using a Nycodenz density gradient (Park et al, 2014).

For the assessment of synaptobrevin binding to the syntaxin1:

SNAP25:Munc18-1 complex, freshly purified complex was mixed

with synaptobrevin and reconstituted into liposomes. The liposomes

were then separated by ultracentrifugation on a Nycodenz density

gradient. Proteoliposomes (50 ll) were mixed with 80% Nycodenz

(50 ll). Another layer of 30% Nycodenz (50 ll) was layered on top

of this, followed by a very gentle addition of 50 ll reconstitution
buffer (20 mM HEPES, 150 mM KCl, 1 mM DTT, pH 7.4; Park et al,

2014). The density gradient was subjected to ultracentrifugation in a

Beckman TL-100 ultracentrifuge (TLS55 rotor) at 100,000 g for 1.5 h

at 4°C; 25 ll fractions were carefully taken from top to bottom of

the gradient and analyzed by Western blotting using a-synapto-
brevin and a-Munc18-1 antibodies.

Western blotting

Protein samples were separated by SDS–PAGE and were then trans-

ferred onto nitrocellulose membranes (Towbin et al, 1979).

a-Syntaxin (78.2, Synaptic Systems), a-SNAP25a (71.1, Synaptic

Systems), a-synaptobrevin (69.1, Synaptic Systems), and a-Munc18-1

(polyclonal) antibodies were used for immunodetection. The

primary antibodies were used at a dilution of 1:1,000. Goat

a-mouse (for syntaxin1, SNAP25, and synaptobrevin) or goat

a-rabbit (for Munc18-1) secondary antibodies coupled to horse-

radish peroxidase (HRP) were used at a dilution of 1:2,000 for

subsequent detection by enhanced chemiluminescence (ECL).

Electrophoretic procedures

The property of SDS resistance of SNARE complex was used as

a measure to monitor SNARE complex formation upon the addi-

tion of synaptobrevin to the syntaxin1:SNAP25:Munc18-1

complex. Fluorescently labeled synaptobrevin was added to the

freshly prepared syntaxin1:SNAP25:Munc18-1 complex, and the

resulting mixture was used for proteoliposome preparation.

Thereafter, the bound proteins were separated from the unbound

fraction by co-flotation assay (as described above). The samples

from the co-flotation assay were mixed with SDS sample buffer

and were separated by electrophoresis, without prior boiling of

the samples. The binding of synaptobrevin to the syntaxin1:

SNAP25:Munc18-1 complex and the formation of SDS-resistant

SNARE complexes was monitored by observing the fluorescence

of synaptobrevin (Fig EV5B; Burkhardt et al, 2008). The scans of

the fluorescent gels were made in TECAN fluorescence scanner

(FLA-7000).

Chemical cross-linking

Freshly purified syntaxin1:SNAP25:Munc18-1 complex was used

for chemical cross-linking with bis(sulfosuccinimidyl)suberate

(BS3; Pierce, Thermo Fisher Scientific), an amine-reactive, water-

soluble, homobifunctional protein cross-linker (Xu et al, 2010).

The syntaxin1:SNAP25:Munc18-1 complex was titrated with

increasing amounts of the cross-linker in order to determine

the optimum amount of the cross-linker required for efficient

cross-linking (see Fig EV1C). A fifty times molar excess of the

cross-linker over the syntaxin1:SNAP25:Munc18-1 complex

seemed to be optimal for the cross-linking reaction; 80 pmol of

the syntaxin1:SNAP25:Munc18-1 complex was incubated with

4 nmol of BS3 and incubated at room temperature for 1 h. After

the incubation period, the reaction was quenched by addition of

1 ll of 1 M Tris–HCl (at a pH of 8.0). The cross-linked samples

were thereafter subjected to SDS–PAGE on a 4–12% Bis–Tris gel

(Invitrogen) with MES as running buffer. The gel was stained

using Coomassie blue. The band corresponding to the cross-

linked sample was excised and subjected to in-gel trypsin diges-

tion (Shevchenko et al, 2007). The proteolytic peptides were

reconstituted in a solvent system containing 5% acetonitrile

(ACN) and 0.1% formic acid (FA) in a final volume of 20 ll and
subjected to liquid chromatography–tandem mass spectrometry

(LC-MS/MS) analysis.

Mass spectrometry (MS/MS)

The reconstituted proteolytic peptides were subjected to further

separation using a nano-liquid chromatography system (UltiMateTM

3000 RSLCnano system) containing a C18-trapping column of

3 cm × 150 lm inner diameter, in line with a 30 cm × 75 lm inner

diameter C18 analytical column (both packed in-house with 1.9-lm
C18 material, Dr. Maisch GmbH). Peptides were loaded on the trap-

ping column and desalted for 3 min at a flow rate of 10 ll/min in

95% of mobile phase A (0.1% FA in H2O, v/v) and 5% of mobile

phase B (80% ACN and 0.05% FA in H2O, v/v). Thereafter, the

peptides were eluted and separated on the analytical column using a

43-min linear gradient of 15–46% mobile phase B, at a flow rate of

300 nl/min (Absmeier et al, 2015).

Orbitrap Fusion mass spectrometer (Thermo Scientific) was used

for the online analysis of the separated peptides. We employed a

method called “top-20”, where the 20 most intense precursor ions

with charge states 3–8 in the survey scan (380–1,580 m/z scan
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range) were isolated in the quadrupole mass filter (isolation window

1.6 m/z) and fragmented in the higher energy collisional dissocia-

tion (HCD) cell with normalized energy. A dynamic exclusion of 20

s was used. Both the survey scan (MS1) and the product ion scan

(MS2) were performed in the Orbitrap at 120,000 and 30,000 resolu-

tion, respectively. Spray voltage was set at 2.3 kV, and 60% of

S-lens RF level was used. Automatic gain control (AGC) targets were

set at 5 × 105 (MS1) and 5 × 104 (MS2).

The raw data were converted to mgf files by Proteome Discoverer

2.0.0.802 software (Thermo Scientific). The mgf files were searched

against a FASTA database containing the sequences of syntaxin1,

SNAP25a, synaptobrevin 2, and Munc18-1 from Rattus norvegicus

by pLink 1.23 software using a target-decoy strategy (Elias & Gygi,

2007). Database search parameters included mass accuracies of

MS1 < 10 ppm and MS2 < 20 ppm, carbamidomethylation on

cysteine as a fixed modification, oxidation on methionine as

variable modification. Number of residues of each peptide on a

cross-link pair was set between 4 and 40. A maximum of two

trypsin missed-cleavage site was allowed. The results were obtained

with 1% false discovery rate.

Trypsin digestion assay

In order to determine the orientation of the syntaxin1:SNAP25:

Munc18-1 complex after its incorporation into liposomes, we carried

out limited proteolysis. The liposomes containing syntaxin1:

SNAP25:Munc18-1 complex were incubated with 0.1 mg of trypsin

(Sigma Aldrich) in the presence or absence of 0.3% (w/v) Triton X-

100 at 37°C, for 2 h. As control, the liposomes were incubated only

with the reconstitution buffer (without trypsin or Triton). The

reconstitution buffer consisted of 20 mM HEPES, 150 mM KCl,

1 mM DTT, at a pH of 7.4. After completion of the incubation

period, the samples were analyzed by Western blotting using a poly-

clonal antibody against Munc18-1.

Protein labeling

The single-cysteine mutants (C28) of synaptobrevin 1-96, synapto-

brevin 1-65, and synaptobrevin 1-52 and the cysteine mutant of

syntaxin (C197) were labeled with Oregon Green iodoacetamide

(Thermo Fisher Scientific) by incubating the proteins with around

six times molar excess of the dye, overnight at 4°C (Fasshauer &

Margittai, 2004). Excess unreacted dye was removed by passing the

labeled proteins through commercially available PD-10 columns (GE

Healthcare). The cysteine mutant of SNAP25a (C130) was labeled

with Texas Red maleimide (Thermo Fisher Scientific) using the

same procedure.

Disassembly by NSF-aSNAP

Syntaxin1-288 (C197) labeled with Oregon Green and SNAP25a

(C130) labeled with Texas Red were used to assemble syntaxin1:

SNAP25 complex and syntaxin1:SNAP25:Munc18-1 complex. The

assembled complexes were further purified by ion-exchange

chromatography, using a MonoQ column (GE Healthcare). The

disassembly reaction was performed by monitoring the change in

FRET between syntaxin1 and SNAP25 upon the addition of NSF and

aSNAP in the presence of ATP and magnesium. The reaction was

performed in FluoroMax 3 (Horiba Jovin Yvon) spectrometer

equipped with a magnetic stirrer. The fluorescence signal was moni-

tored at an excitation of 490 nm and an emission of 520 nm, which

corresponds to the excitation and emission maximum, respectively,

of Oregon Green (the donor fluorophore). The fluorescence signals

are represented as F/F0, where F0 is the initial fluorescence. As a

negative control, the disassembly reaction was performed in the

absence of magnesium and ATP. As a positive control, 1 M NaCl

solution was used to disassemble the syntaxin1:SNAP25:Munc18-1

complex. The concentrations of the different components used were

as follows: NSF (200 nM), aSNAP (1.5 lM), ATP (100 nM), and

magnesium (200 nM). All the reactions were performed at 37°C, in a

reaction volume of 600 ll.

Data availability

Referenced data: (Fernandez et al, 1998; Burkhardt et al, 2008;

Stein et al, 2009).

Expanded View for this article is available online.
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