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Abstract The Sec1/Munc18 (SM) protein Munc18-1 and

the SNAREs syntaxin-1, SNAP-25 and synaptobrevin form

the core of the membrane fusion machinery that triggers

neurotransmitter release. Munc18-1 binds to syntaxin-1

folded into a closed conformation and to the SNARE

complex formed by the three SNAREs, which involves an

open syntaxin-1 conformation. The former interaction is

likely specialized for neurotransmitter release, whereas SM

protein/SNARE complex interactions are likely key for all

types of intracellular membrane fusion. It is currently

unclear whether the closed conformation is highly or only

marginally populated in isolated syntaxin-1, and whether

Munc18-1 stabilizes the close conformation or helps to

open it to facilitate SNARE complex formation. A detailed

NMR analysis now suggests that the closed conformation is

almost quantitatively populated in isolated syntaxin-1 in

the absence of oligomerization, and indicates that its

structure is very similar to that observed previously in the

crystal structure of the Munc18-1/syntaxin-1 complex.

Moreover, we demonstrate that Munc18-1 binding prevents

opening of the syntaxin-1 closed conformation. These

results support a model whereby the closed conformation

constitutes a key intrinsic property of isolated syntaxin-1

and Munc18-1 binding stabilizes this conformation; in this

model, Munc18-1 plays in addition an active role in

downstream events after another factor(s) helps to open the

syntaxin-1 conformation.
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Abbreviations

COSY Correlation spectroscopy

FRET Fluorescence resonance energy transfer

HSQC Heteronuclear single quantum coherence

NOESY Nuclear Overhauser effect spectroscopy

NSF N-ethylmaleimide sensitive factor

SM protein Sec1/Munc18 protein

SNAP Soluble NSF attachment protein

SNAP-25 Synaptosomal associated protein of 25 kDa

SNARE SNAP receptor

TMAO Trimethylamine N-oxide

TOCSY Total correlation spectroscopy

TROSY Transverse relaxation optimized

spectroscopy

VAMP Vesicle associated membrane protein

Introduction

The exquisite spatial and temporal regulation of neuro-

transmitter release is critical for brain function. To achieve

such regulation, release is controlled by a complex protein

machinery and occurs in a series of steps that include

docking of synaptic vesicles to the plasma membrane, a

priming step(s) that leaves the vesicles in a release-ready
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state, and Ca2+-triggered release of neurotransmitters by

vesicle exocytosis (Sudhof 2004). Central components of

the release apparatus are the member of the Sec1/Munc18

(SM) family Munc18-1 and the SNARE proteins syntaxin-

1, SNAP-25 and synaptobrevin/VAMP (Jahn and Scheller

2006; Brunger 2005; Rizo et al. 2006; Toonen and Verhage

2007). These proteins have homologues in most types of

intracellular membrane traffic and are thus thought to form

the core of a conserved membrane fusion machinery (Rizo

and Sudhof 2002). Among these proteins, syntaxin-1 plays

a particularly central role in the regulation and execution of

neurotransmitter release.

Syntaxin-1 contains a single C-terminal transmembrane

sequence and a cytoplasmic region of 265 residues that

includes an autonomously folded three-helix bundle

domain (called the Habc domain, residues 27–146), a lin-

ker sequence, and a SNARE motif (which is the signature

of SNARE proteins; residues 190–259) (Fernandez et al.

1998). The syntaxin-1 SNARE motif forms a tight four-

helix bundle with the SNARE motifs of synaptobrevin and

SNAP-25 that is known as the SNARE complex (Poirier

et al. 1998; Sutton et al. 1998). Formation of this complex

brings the synaptic vesicle and plasma membranes together

and is key for membrane fusion (Hanson et al. 1997; Jahn

and Scheller 2006). Syntaxin-1 also binds tightly to

Munc18-1 (Hata et al. 1993; Pevsner et al. 1994b; Garcia

et al. 1994), an interaction that is incompatible with the

SNARE complex and requires a ‘closed conformation’ of

syntaxin-1 involving intramolecular binding of its SNARE

motif to the Habc domain (Dulubova et al. 1999).

All SNAREs from the syntaxin family share the domain

structure of syntaxin-1 and form analogous SNARE com-

plexes. However, while the closed conformation is also

adopted by Sso1p, the syntaxin from the yeast plasma

membrane (Nicholson et al. 1998; Fiebig et al. 1999), this

feature is not generally found in syntaxins from other

membrane compartments (Dulubova et al. 2001, 2002;

Yamaguchi et al. 2002). Moreover, the SM protein that

functions in the yeast plasma membrane, Sec1p, binds to

the SNARE complex containing Sso1p rather than to iso-

lated Sso1p (Carr et al. 1999), and syntaxins from diverse

membrane compartments of yeast and vertebrates bind to

their cognate SM proteins through an N-terminal motif

preceding the Habc domain (Dulubova et al. 2002, 2003;

Yamaguchi et al. 2002; Bracher and Weissenhorn, 2002).

The apparently confusing picture that emerged from the

observation of such diverse interactions between highly

conserved proteins has been recently clarified by increasing

evidence suggesting that SM proteins generally bind to

SNARE complexes and that such interactions involve in

many cases the N-terminal motifs of the corresponding

syntaxins (Collins et al. 2005; Peng and Gallwitz 2002;

Carpp et al. 2006; Latham et al. 2006). Indeed, a potential

mechanism for how these SM protein/SNARE complex

macromolecular assemblies may act as the core of the

fusion machinery has been proposed (Rizo et al. 2006), and

Munc18-1 was shown recently to bind to the neuronal

SNARE complex (Dulubova et al. 2007) and to enhance

SNARE-mediated liposome fusion (Shen et al. 2007).

These findings suggest that the binary interaction

between Munc18-1 and the closed conformation of syn-

taxin-1 is not universal but rather represents a specific

feature that evolved to meet the tight regulatory require-

ments of Ca2+-evoked exocytosis. Thus, a popular model

envisages that the transition from the closed conformation of

syntaxin-1 to its open conformation is key for priming

vesicles into the release-ready state and that the priming

factor Munc13 plays a crucial role in this transition (Rich-

mond et al. 2001; Rizo and Sudhof 2002). Based on the

crystal structures of the Munc18-1/syntaxin-1 complex and

the closed conformation of isolated Sso1p, it has also been

proposed that Munc18-1 binding could play an active role in

helping to open the syntaxin-1 conformation (Misura et al.

2000; Munson et al. 2000). Conversely, single molecule

FRET studies suggested that Munc18-1 binding stabilizes

the closed conformation and that this conformation is only

populated 15–30% of the time in isolated syntaxin-1 (Mar-

gittai et al. 2003). Assessing the merit of these different

proposals is critical to understand the mechanism of neu-

rotransmitter release, but has been hindered by the lack of

high-resolution structural information on the conforma-

tional state of the cytoplasmic region of syntaxin-1.

Here we describe an NMR study of a fragment encom-

passing the minimal sequence required to form the closed

conformation of syntaxin-1. Our data indicate that much of

the closed conformation of isolated syntaxin-1 is very sim-

ilar to that of syntaxin-1 bound to Munc18-1, but is less

stable. In combination with 1H-15N HSQC spectra of diverse

syntaxin-1 fragments and a 1H-15N TROSY-HSQC spec-

trum of one fragment bound to Munc18-1, our data show

that the stability of the closed conformation depends on the

ionic strength and on the syntaxin-1 fragment used, and that

Munc18-1 prevents opening of syntaxin-1 at physiological

salt concentrations. Overall, our results strongly support the

notion that Munc18-1 binding to syntaxin-1 stabilizes the

closed conformation, preventing rather than facilitating

SNARE complex assembly, even though Munc18-1 likely

assists in SNARE complex formation and membrane fusion

after other components of the release machinery help to

open the syntaxin-1 conformation.

Materials and methods

Vectors for bacterial expression of rat syntaxin-1A frag-

ments spanning residues 27–146, 2–243 and 2–253, as well
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as full-length rat Munc18-1 were described previously

(Fernandez et al. 1998; Dulubova et al. 1999, 2007). The

vector to express the Sxcl fragment (residues 26–230 of rat

syntaxin-1A) was generated by standard PCR-based pro-

cedures and subcloned into pGEX-KT (Hakes and Dixon

1992). All proteins were expressed in bacteria as GST-

fusion proteins and purified after cleavage of the GST

moiety as described (Dulubova et al. 1999, 2007). Uniform
2H, 15N and 13C labeling in different combinations was

accomplished by growing the bacteria in media made with

D2O as the solvent, using 15NH4Cl and 13C6-labeled glu-

cose as the sole nitrogen and carbon sources, respectively,

as needed. The complex between 2H,15N-labeled syntaxin-

1(2–253) and unlabeled Munc18-1 was prepared by mixing

equimolar amounts of the two purified proteins and puri-

fication of the complex by gel filtration.

All NMR experiments were acquired at 28�C on a Varian

INOVA600 spectrometer equipped with a triple resonance

probe. All samples were prepared in 20 mM phosphate

buffer (pH. 7.4) containing no NaCl, unless otherwise indi-

cated, using H2O:D2O 95:5 (v/v) or D2O as the solvent.

The protein concentration was 100–200 lM for 1H-15N

HSQC experiments of syntaxin-1 fragments, 200 lM for

the 1H-15N TROSY-HSQC spectrum of the Munc18-1/2H,
15N-syntaxin-1(2–253) complex, and 700 lM in all experi-

ments used for resonance assignment of the syntaxin-1

(26–230) fragment and determination of the structure of the

Habc domain within this fragment. These experiments were

performed using standard sensitivity-enhanced, pulsed-field

gradient-based pulse sequences for double and triple reso-

nance spectra (Zhang et al. 1994; Muhandiram and Kay

1994; Kay et al. 1993; Yamazaki et al. 1994), and included:

(i) 2D DQF-COSY, 2D NOESY, 2D TOCSY, 3D 1H-15N

TOCSY-HSQC and 3D 1H-15N NOESY-HSQC acquired on

a uniformly 15N-labeled sample; (ii) 3D 1H-15N TOCSY-

HSQC, 3D 1H-15N NOESY-HSQC, 3D 1H-13C NOESY-

HSQC, HNCO, HNCACB, CBCA(CO)NH, (H)C(CO)

NH-TOCSY, H(C)(CO)NH-TOCSY, and HCCH-TOCSY

acquired on a uniformly 15N, 13C-labeled sample;

(iii) HNCO, HNCA, HN(CO)CA, HN(CA)CB and

HN(COCA)CB acquired on constant time and non-constant

time modes in the 13C dimension on a uniformly 2H,15N,
13C-labeled sample; and (iv) 3D 1H-15N NOESY-HSQC

and 3D 1H-15N,1H-15N HSQC-NOESY-HSQC (only one 1H

dimension developed) acquired on a uniformly 2H,
15N-labeled sample. All data were processed with NMRPipe

(Delaglio et al. 1995) and analyzed with NMRView (John-

son and Blevins 1994). The assignments for the Sxcl

fragment have been deposited in BMRB (accession code

15646). Determination of the structure of the Habc domain

within the Sxcl fragment was performed based on interpro-

ton distance restraints derived from NOEs, hydrogen bond

restraints derived from NH/H2O exchange cross-peaks

observed in the 3D 1H-15N TOCSY-HSQC and NOESY-

HSQC spectra, and torsion angle restraints derived by anal-

ysis of chemical shifts using Talos (Cornilescu et al. 1999).

The general methodology used for resonance assignment and

structure determination was described earlier (Shao et al.

1998; Ubach et al. 1999; Dulubova et al. 2001; Chen et al.

2002).

Results

Resonance assignments

Previous studies of syntaxin-1 fragments spanning most of

its cytoplasmic region (up to residue 253) using 1H-15N

HSQC spectra showed that residues 2–26 and 227–253 are

flexible and largely unstructured, thus implicating residues

27–226 in formation of the closed conformation (Dulubova

et al. 1999; Fernandez et al. 1998). Thus, to study in detail

the closed conformation by NMR spectroscopy, we pre-

pared a minimal fragment encompassing these residues

(the fragment contained residues 26–230 and will be

hereafter referred to as Sxcl fragment). Analysis of the

fragment was performed in 20 mM phosphate (pH 7.4)

without addition of salt for optimal solubility. As shown in

Fig. 1a, b, 1H-15N HSQC spectra of the Sxcl fragment

exhibited some well dispersed cross-peaks, but also severe

overlap in the central region. Such overlap likely arises in

part from the highly helical nature of the fragment and the

paucity of aromatic residues in its sequence, but also

suggests that some regions of the fragment might be flex-

ible. Although homogeneous intensities were observed for

many cross-peaks, we also observed low intensities and

severe broadening of other cross-peaks, which did not

depend on the protein concentration in a range from 20 to

700 lM. Hence, the observed broadening originates from

conformational exchange rather than from aggregation.

A battery of experiments that included standard homo-

nuclear 2D and heteronuclear 3D spectra acquired on four

samples with different labeling schemes was used to assign

the resonances of the Sxcl fragment, although complete

assignment was hindered by the problems with resonance

overlap and broadening. To obtain as many assignments as

possible, we acquired HNCA, HN(CO)CA, HN(CA)CB

and HN(COCA)CB spectra on a uniformly 2H,15N,13C-

labeled sample both in constant time mode, to improve the

resolution in the 13Ca and 13Cb dimensions and thus help

correlating unambiguously the corresponding chemical

shifts, and in non-constant time mode to improve the

sensitivity for cross-peaks broadened by conformational

exchange. Because of the highly helical nature of the Sxcl

fragment, assignment of backbone amide groups was

facilitated by the observation of NH/NH NOEs, which
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were particularly well resolved through a 1H-15N,1H-15N

HSQC-NOESY-HSQC experiment acquired in three

dimensional mode whereby the two 15N dimensions were

developed during t1 and t2, and one 1H dimension was

acquired during t3. Sample stripes illustrating the assign-

ment of sequential NOEs for residues 113–127 of the Sxcl

fragment are shown in Fig. 1c. Altogether, we were able to

obtain full or partial assignments for 80% of the residues in

the Sxcl fragment (assignments of selected 1H-15N HSQC

cross-peaks are shown in Fig. 1a, b).

Structural analysis

To interpret our NMR data on the Sxcl fragment in solu-

tion, we made extensive use of the crystal structure of

syntaxin-1 bound to Munc18-1, where syntaxin-1 adopts a
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Fig. 1 Assignment of amide groups of the Sxcl fragment. (a, b)
1H-15N HSQC spectrum of uniformly 2H,15N-labeled Sxcl fragment

(a) and expansion of the central region of the spectrum (b) showing

the assignment of backbone cross-peaks. Note that a few cross-peaks

could not be assigned. (c) (F3,F1) stripes of a 3D 1H-15N,1H-15N

HSQC-NOESY-HSQC spectrum of uniformly 2H,15N-labeled Sxcl

fragment where both 15N dimensions were developed, taken at the F2

plane corresponding to the 15N chemical shift of the residues

indicated below each stripe. The lines illustrate the connectivities

from diagonal to sequential NH/NH cross-peaks that yield the

sequential assignment for residues 113–127 of the Sxcl fragment
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closed conformation (Misura et al. 2000). A ribbon dia-

gram of residues 27–230 within this structure (Fig. 2a)

shows that the SNARE motif (helix Hf) packs against

helices Hb and Hc of the Habc domain, forming a four-

helix bundle, and that the linker region forms two short

helices (Hd and He) and three loops at one end of the

bundle. The diagram is color coded to illustrate the resi-

dues for which assignments were obtained, showing that

practically the entire Habc domain was assigned, whereas

only limited information could be obtained for the rest of

the Sxcl fragment. This observation can be attributed to the

marginal stability of the closed conformation. Thus, even

though the population of the closed conformation appears

to be close to 100% (see below), the Sxcl fragment likely

samples a significant amount of open conformations where

the Habc domain is structured but the remaining sequences

(the linker and the SNARE motif) become flexible.

Even with the limited information available for part of

the Sxcl fragment, the available NMR data strongly suggest

that the closed conformation of isolated syntaxin-1 is very

similar to that of syntaxin-1 bound to Munc18-1. Thus, the

differences between the observed Ca chemical shifts and

those of a random coil (DdCa; see Fig. 2b) correspond well

with those expected according to the secondary structure of

syntaxin-1 bound to Munc18-1, including the patterns

observed for the loops and helices of the linker region. For

instance, negative values of DdCa were observed for a

short stretch between helices Hc and Hd that adopts an

extended structure in the complex, whereas all helical

residues exhibited positive values of DdCa. These positive

values were generally of lower magnitude in the linker

region than for the helices of the Habc domain, which can

be attributed to some flexibility in the linker and correlates

with the high structure factors observed in this region of the

crystal structure of the syntaxin-1/Munc18-1 complex

(Misura et al. 2000). It is also noteworthy that a gradient of

DdCa values is observed at the C-terminus of the Sxcl

fragment, which illustrates how a decreasing population of

helical conformation is adopted from the N- to the C-ter-

minus of the segment spanning residues 216 to 230. This

observation correlates with the fact that, in the crystal

structure of the complex, the helix formed by residues 216–

230 is oriented slightly away from the Habc domain and

does not pack well against this domain. Hence, the helical

structure of this segment is mostly likely stabilized in the

complex by its tight packing against Munc18-1, but the

helix frays toward the C-terminus in isolated syntaxin-1

because it is not stabilized by tertiary or quaternary
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Fig. 2 Secondary structure of

the Sxcl fragment. (a) Ribbon

diagram of residues 27–230

within the crystal structure of

the syntaxin-1/Munc18-1

complex [PDB code 1DN1;

(Misura et al. 2000)]. Residues

for which full or partial

resonance assignments were

obtained are indicated in blue

for the Habc domain and in

orange for the linker region and

SNARE motif; other residues

are in gray. The helices are

labeled Ha-Hf. The numbers

indicate the positions of selected

residues in the structure. (b)

Differences between the Ca
chemical shifts observed for the

Sxcl fragment and those

expected for a random coil. The

positions of the helices are

indicated in red at the bottom.

The short extended segment

between helices Hc and Hd is

indicated in blue

J Biomol NMR (2008) 41:43–54 47

123



contacts. Indeed, the resonances of residues 220–230 were

much sharper than those of the rest of the Sxcl fragment,

showing its high flexibility.

The resonance assignments obtained for the linker

region and SNARE motif were largely limited to backbone

nuclei and we were thus unable to perform a full structure

determination for the Sxcl fragment. However, all the

backbone NOE patterns observed were consistent with the

secondary structure of syntaxin-1 bound to Munc18-1,

further reinforcing the notion that Munc18-1 binding does

not induce major alterations in the syntaxin-1 closed

conformation (although it does induce structure in the

flexible C-terminal sequences that do not form part of the

closed conformation). We did assign sufficient NOEs for

the Habc domain to determine its structure within the

closed conformation. A backbone superposition of the ten

conformations with the lowest energies shows that the

structure is well defined throughout the domain (Fig. 3a),

and the structural statistics revealed low deviations from

the experimental restraints as well as good geometries (see

legend of Fig. 3a). A ribbon diagram of the lowest energy

structure is displayed in Fig. 3b, and is shown superim-

posed with ribbon diagrams of the crystal structure of the

isolated Habc domain (Lerman et al. 2000) and of the Habc

domain within the crystal structure of the syntaxin-1/

Munc18-1 complex (Misura et al. 2000) in Fig. 3c. The

similarity between the three structures shows that neither

the transition from the open to the closed conformation nor

binding of Munc18-1 to the closed conformation induce

large structural changes in the Habc domain. The former

conclusion is further supported by comparison of the

chemical shifts of the Habc domain within the closed

conformation obtained here with those of the isolated Habc

domain obtained previously (Fernandez et al. 1998). This

analysis revealed generally small changes in aliphatic 1H

and 13C chemical shifts (data not shown). The changes in

amide 1H and 15N chemical shifts (Fig. 4a) are larger but

still of moderate magnitude and, considering the high

sensitivity of amide chemical shifts to the chemical envi-

ronment, they can be attributed to slight rearrangements

induced by the intramolecular interactions of the SNARE

motif with the Habc domain. Indeed, the most substantial

chemical shift changes were observed in the regions of the

Habc domain that pack against the SNARE motif in the

closed conformation (Fig. 4b).

Munc18-1 stabilizes the closed conformation

The differences in the 1H-15N HSQC cross-peaks of the

isolated Habc domain (residues 27–146), which represents

the open conformation, and the Sxcl fragment (residues

26–230), which represents the closed conformation, are

also illustrated in Fig. 5a, where a few diagnostic cross-

peaks have been labeled. These differences are analogous

to those observed previously with a longer syntaxin-1

fragment including the entire SNARE motif, which led to

the conclusion that syntaxin-1 adopts a closed conforma-

tion involving intramolecular interactions between the

Habc domain and the SNARE motif (Dulubova et al.

1999). As stated above, the picture that emerged from the

NMR analysis of the Sxcl fragment suggests that there is

exchange between the closed conformation and a signifi-

cant albeit small population of open conformations where

the linker and SNARE motif become flexible while the

Habc domain remains structured. Although we cannot

completely rule out the potential existence of multiple

Fig. 3 Structure of the Habc domain within the syntaxin-1 closed

conformation. (a) Backbone superposition of the ten lowest energy

structures. The structures (residues 27–141) were calculated using

1675 NOE-derived interproton distance restraints (which include 433

long-range restraints), 186 H bond restraints and 195 backbone

torsion angle restraints, and there were no violations larger than 0.3 Å

or 5�. The structures exhibited low deviations from idealized covalent

geometry (averages of 0.0027 Å for bonds, 0.47� for angles and 0.37�
for impropers) and good Ramachandran map statistics (94.9% of

residues in the most favored regions and none in disallowed regions).

The average rms deviation among the ten structure is 0.38 Å and

0.90 Å for the backbone and all heavy atoms, respectively. (b)

Ribbon diagram of the lowest energy structure of the Habc domain

within the syntaxin-1 closed conformation. (c) Superposition of

ribbon diagrams of the structure shown in (b) with the crystal

structure of the isolated Habc domain [orange; PDB code 1EZ3;

(Lerman et al. 2000)] and the Habc domain within crystal structure of

the syntaxin-1/Munc18-1 complex [yellow; PDB code 1DN1; (Misura

et al. 2000)
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states, which would hinder determination of their popula-

tions, the fact that two distinct cross-peaks can be assigned

to the open and closed states for a longer syntaxin-1

fragment (see below and Fig. 5c) suggests that a two-state

model can be assumed to a first approximation; based on

this assumption, the sensitivity of our 1H-15N HSQC

spectra of the Sxcl fragment and the absence of cross-peaks

corresponding to the open conformation, our data suggest

that the closed conformation is populated more than 98% in

the Sxcl fragment. These conclusions contrasts with single

molecule FRET studies that suggested that the population

of the closed conformation in isolated syntaxin-1 is only

15–30% populated (Margittai et al. 2003). To try to resolve

this apparent paradox and gain further insights into the

equilibrium between open and closed conformations, we

analyzed perturbations in 1H-15N HSQC spectra of the Sxcl

fragment under a variety of conditions. However, changes

in the NaCl concentration from 0 to 200 mM, or addition

of agents that stabilize protein structure such as glycerol or

TMAO, did not induce substantial changes in chemical

shifts or linewidths that would suggest destabilization

or stabilization of the closed conformation of the Sxcl

fragment, and the alterations observed upon gradually

increasing the temperature from 12 to 35�C did not suggest

a substantial opening of the conformation (data not shown).

Interestingly, the closed conformation is much more

sensitive to the ionic strength in the context of a longer

syntaxin-1 fragment (residues 2–253) that we used to

analyze the effects of Munc18-1 binding (see below). This

conclusion is illustrated by monitoring the cross-peaks of

S59 and S64, which exhibit marked shifts upon closing of

the syntaxin-1 conformation (Fig. 5a) because these resi-

dues are located in a region of the Habc domain that packs

against the SNARE motif (Fig. 5b). In the absence of

NaCl, strong S59 and S64 cross-peaks are observed at the

positions corresponding to the closed conformation; a

small cross-peak is also observed in the position corre-

sponding to the open conformation for S64, although this
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Fig. 4 Differences between the

amide chemical shifts of the

Habc domain within the Sxcl

fragment and those of the

isolated Habc domain

(Fernandez et al. 1998). (a) The

combined differences in 1H and
15N backbone chemical shifts

were calculated as

DdN,HN = [(Dd15N/

5.5)2 + (Dd1H)2]1/2, where

Dd15N and Dd1H are the

differences in backbone 15N and
1H chemical shifts, respectively.

The positions of helices Ha-Hc

are indicated at the bottom. (b)

Ribbon diagram of residues 27–

230 within the crystal structure

of the syntaxin-1/Munc18-1

complex [PDB code 1DN1;

(Misura et al. 2000)] illustrating

the residues with the largest

amide chemical shift changes

(DdN,HN [ 0.2 yellow;

DdN,HN [ 0.1 orange). The

positions of the helices and of

selected residues are indicated
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cross-peak is almost at noise level (Fig. 5c). In 100 mM

NaCl, cross-peaks can be observed at the positions of both

the open and the closed conformations, with some

substantial broadening for the S59 cross-peaks, and no

cross-peaks corresponding to the closed conformation are

observable in 150 mM NaCl (Fig. 5c). These results show

Fig. 5 Munc18-1 binding stabilizes the closed conformation. (a)

Superposition of 1H-15N HSQC spectra of the Sxcl fragment (residues

26–230; black contours) and the isolated Habc domain (residues 27–

146; red contours) in 20 mM phosphate (pH 7.4). The cross-peaks

corresponding to residues 58–60 and 64 are labeled. (b) Structure of

the syntaxin-1/Munc18-1 complex [PDB code 1DN1; (Misura et al.

2000)] with the surface of Munc18-1 shown in gray and syntaxin-1

shown in ribbon diagram. The linker and SNARE motif are colored in

orange, and the Habc domain is colored in blue except for residues

58–60 and 64, which are colored in yellow. (c) Expansions of the

regions containing the cross-peaks of S64 (above) and S59 (below) in
1H-15N HSQC spectra of syntaxin-1(2–253) in the presence of 0, 100

and 150 mM NaCl, and of syntaxin-1(2–243) in the presence of

150 mM NaCl. (d) 1H-15N TROSY-HSQC spectrum of 2H,15N-

labeled syntaxin-1(2–253) bound to unlabeled Munc18-1 in 20 mM

phosphate (pH 7.4) containing 200 mM NaCl. (e) Superposition of

the 1H-15N TROSY-HSQC spectrum shown in (d) with a 1H,15N

HSQC spectrum of 2H,15N-labeled syntaxin-1(2–253) in 20 mM

phosphate (pH 7.4) without NaCl
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that increasing the ionic strength gradually shifts the

equilibrium from the closed to the open conformation for

this fragment. The different sensitivity of the closed con-

formation in the context of syntaxin-1(2–253) and the Sxcl

fragment (residues 26–230) can be attributed to the ten-

dency of the longer fragment to oligomerize, which was

shown previously by analytical ultracentrifugation (Lerman

et al. 2000) and requires an open conformation. This ten-

dency arises from the known propensity of the syntaxin-1

SNARE motif to form coiled coils and promiscuously

associate with itself or with a wide variety of proteins

through hydrophobic interactions (Jahn and Scheller 2006),

which are favored by increasing the ionic strength.

This notion explains the higher stability of the closed

conformation of the Sxcl fragment to NaCl, as this

fragment contains only half of the SNARE motif and hence

has a much lower tendency to self-associate through

hydrophobic interactions. Indeed, only the cross-peaks

corresponding to the closed conformation are observed for

a syntaxin-1 fragment containing residues 2–243 in

150 mM NaCl (illustrated for S59 and S64 HN in Fig. 5c),

showing that just deleting the ten C-terminal residues of

syntaxin-1(2–253) is sufficient to strongly impair its

oligomerization.

To investigate the effects of Munc18-1 binding on the

syntaxin-1 closed conformation, we acquired a 1H-15N

TROSY-HSQC spectrum of uniformly 2H,15N-labeled

syntaxin-1(2–253) bound to unlabeled Munc18-1 in the

presence of 200 mM NaCl to help with complex solubility

(Fig. 5d). The strong cross-peak overlap observed in the

spectrum prevented a thorough analysis of the changes in

the chemical shifts of the syntaxin-1 fragment induced by

Munc18-1 binding. However, the spectrum had good sen-

sitivity, considering the relatively large size of this

complex (95 kDa), and allowed comparison of the loca-

tions of diagnostic, well-resolved cross-peaks with those of

the 1H-15N HSQC spectrum of isolated syntaxin-1(2–253)

(acquired at 0 mM NaCl to preserve the closed confor-

mation; Fig. 5e). Particularly informative in this respect are

the cross-peaks of residues 58–60 and 64, which are

located at the C-terminus of helix A and do not contact

Munc18-1 (Fig. 5b) but exhibit substantial changes in the

transition from the open to the closed conformation

(Fig. 5a). All these cross-peaks appear in positions close to

those corresponding to the closed conformation in the
1H-15N TROSY-HSQC spectrum of syntaxin-1(2–253)

bound to Munc18-1 (Fig. 5e), showing that Munc18-1

keeps the syntaxin-1 fragment in the closed conformation

in 200 mM NaCl, as expected from the high affinity of

Munc18-1 for the syntaxin-1 closed conformation. Note

that this NaCl concentration is above that required to

completely open isolated syntaxin-1(2–253) at the protein

concentrations used (Fig. 5c). Furthermore, the similarity

of the chemical shifts of the diagnostic cross-peaks in the

syntaxin-1/Munc18-1 complex with those of the closed

conformation of isolated syntaxin-1 further supports the

conclusion from our structural analysis that Munc18-1

binding does not induce large changes in the closed con-

formation. These results demonstrate that Munc18-1

binding stabilizes the syntaxin-1 closed conformation and

strongly suggest that the binding does not induce sub-

stantial rearrangements to help opening the conformation.

Discussion

Initial studies of SM protein/SNARE interactions revealed

a surprising diversity of binding modes (Dulubova et al.

1999, 2002; Yamaguchi et al. 2002; Carr et al. 1999), but it

now seems clear that SM proteins generally bind to

assembled SNARE complexes (Carr et al. 1999; Peng and

Gallwitz 2002; Carpp et al. 2006; Latham et al. 2006;

Dulubova et al. 2007; Shen et al. 2007; Collins et al.

2005), in interactions that may be key for membrane fusion

(Rizo et al. 2006) and most often involve syntaxin N-ter-

minal sequences (Khvotchev et al. 2007). Thus, the binary

association between Munc18-1 and the closed conformation

of syntaxin-1 now appears to constitute a specialization

that may have evolved to meet unique regulatory require-

ments of Ca2+-evoked exocytosis. Previous studies led to

contradictory conclusions about the stability of the closed

conformation (Dulubova et al. 1999; Margittai et al. 2003)

and to opposing models for the role of Munc18-1 binding to

syntaxin-1, which proposed that Munc18-1 stabilizes the

closed conformation of syntaxin-1 (Margittai et al. 2003) or

alters this conformation to facilitate its opening (Munson

et al. 2000). Our data now suggest that the closed confor-

mation is almost quantitatively formed in isolated syntaxin-1

in the absence of oligomerization, and strongly support the

notion that the binary interaction of Munc18-1 with syn-

taxin-1 stabilizes the closed conformation, hindering

SNARE complex formation, even though it is clear that

Munc18-1 must have an additional, active role in down-

stream events.

The idea that Munc18-1 prevents SNARE complex

assembly emerged from the early observation that this

protein competes with SNAP-25 and synaptobrevin for

syntaxin-1 binding (Pevsner et al. 1994a). This conclusion

was reinforced in part by the finding that the so-called ‘LE

mutation’ in syntaxin-1, which destabilizes the closed

conformation and impairs Munc18-1 binding, enhances

SNARE complex formation (Dulubova et al. 1999).

However, these conclusions seemed counterintuitive given

the crucial role of Munc18-1 for neurotransmitter release

(Verhage et al. 2000), leading to the proposal that, even if

there is competition between Munc18-1 and SNAP-25/
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synaptobrevin for syntaxin-1 binding, Munc18-1 could still

somehow assist in SNARE complex formation with the

help of other factors (Dulubova et al. 1999; Misura et al.

2000). Moreover, the crystal structure of the closed con-

formation of Sso1p, the syntaxin-1 homologue from the

yeast plasma membrane, revealed significant differences

with respect to the closed conformation of syntaxin-1

bound to Munc18-1, particularly in the linker region

(Munson et al. 2000). This observation suggested that

Munc18-1 binding might modify the syntaxin-1 closed

conformation, partially releasing the inhibition of the

SNARE motif by the Habc domain and thus helping to

promote binding to SNAP-25. However, our results are

clearly inconsistent with this proposal. First, all our NMR

data suggest that the closed conformation of isolated syn-

taxin-1 is very similar to that adopted in the syntaxin-1/

Munc18-1 complex; note that, although these data are not

definitive because a full structure determination could not

be achieved, the fact that Munc18-1 binding does not

significantly shift the cross-peaks of residues 58–60 and 64

strongly suggests that the binding does not substantially

alter the linker region, given its proximity to these residues

(see Fig. 5b, e). Second, and perhaps more important, our

analysis by 1H-15N HSQC spectra clearly demonstrate that

Munc18-1 binding stabilizes the closed conformation.

Previous single molecule FRET studies led to a similar

conclusion but, surprisingly, also suggested that only 15–

30% of isolated syntaxin-1 molecules adopt the closed

conformation (Margittai et al. 2003), which raises the

question as to whether isolated syntaxin-1 truly has an

intrinsic tendency to adopt a closed conformation with any

biological relevance. However, the low population of

closed conformation was largely derived from data

obtained with FRET pair labels placed at residues 91 and

225 of syntaxin-1, and measurements with FRET pairs in

other positions did not appear to unambiguously support

such low population. Since residue 225 is at the C-terminal

region that is highly flexible according to our NMR data,

the FRET results could be attributed to this flexibility

rather than to the opening-closing model assumed to con-

clude that syntaxin-1 is largely open. Note also that it

seems unlikely that oligomerization might have induced

opening of the syntaxin-1 conformation in the FRET

experiments, since the protein concentrations used for these

experiments [10–100 pM) were much lower than those

required for oligomerization [in the low lM range; see

(Lerman et al. 2000)]. Regardless of whether the inter-

pretation of the FRET study of Margittai et al. was correct,

our NMR data conclusively demonstrate that the closed

conformation is highly populated in the absence of oligo-

merization, and hence constitutes an intrinsic property of

isolated syntaxin-1 that is expected to hinder intermolec-

ular interactions of its promiscuous SNARE motif. This

property may be crucial to prevent immediate SNARE

complex reassembly after the complex is disassembled by

the ATPase activity of NSF (Hanson et al. 1995), which

would lead to a futile expense of ATP.

Our NMR data also show that, even though the closed

conformation of syntaxin-1 is highly populated, this con-

formation is marginally stable and can easily open.

Furthermore, our data leave no doubt that Munc18-1

binding stabilizes the closed conformation. Hence, from a

purely thermodynamic point of view, Munc18-1 binding

prevents opening of the syntaxin-1 closed conformation

and cannot directly facilitate SNARE complex formation.

This conclusion does not rule out the possibility that

Munc18-1 binding to syntaxin-1 might have an indirect,

beneficial effect for SNARE complex assembly by pre-

venting the promiscuous SNARE motif of syntaxin-1 from

engaging in non-specific interactions such as those

involved in formation of non-productive 2:1 syntaxin-1/

SNAP-25 heterodimers, which should also hinder forma-

tion of the SNARE complex. In addition, Munc18-1

binding likely plays a role in the overall stabilization of

syntaxin-1 in vivo, since syntaxin-1 levels are dramatically

decreased in Munc18-1 knockout mice (Verhage et al.

2000), and there is little doubt that Munc18-1 participates

in downstream events that help to form the SNARE

complex, since Munc18-1 binds to the SNARE complex

and facilitates it assembly in vitro when starting from

co-expressed syntaxin-1/SNAP-25 heterodimers (Dulubova

et al. 2007; Shen et al. 2007). Nevertheless, the stabiliza-

tion of the syntaxin-1 closed conformation by Munc18-1

binding implies that the binary Munc18-1/syntaxin-1

interaction necessarily imposes an energy barrier to

SNARE complex assembly and that additional factors

should help to overcome this barrier for assembly to occur

during the fast time scales of synaptic vesicle priming and

fusion. Primary candidates to perform this role are the

members of the Munc13 family, which has been recently

supported by the finding that the Munc13-1 MUN domain

binds to membrane anchored SNARE complexes and

syntaxin-1/SNAP-25 heterodimers (Guan et al. 2008;

Weninger et al. 2008). Importantly, Munc13s contain

additional domains that likely mediate diverse forms of

regulation of the efficiency of release during presynaptic

plasticity processes involved in some forms of information

processing in the brain, which has led to the proposal that

regulation of MUN domain activity by these various

domains underlies these processes (Basu et al. 2005).

In an exquisitely regulated biological process such as

neurotransmitter release, inhibition of the process is as

critical as its activation. Hence, the picture that emerges

from all these observations is that the binary interaction of

Munc18-1 with the syntaxin-1 closed conformation, which

may not be generally conserved in other forms of
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membrane traffic, might have evolved as a roadblock that

provides a key point for diverse forms of regulation of

neurotransmitter release. The insights into the nature of this

block offered by our NMR data provide a nice illustration

of how NMR spectroscopy can yield a wealth of infor-

mation on biological processes even when a full structure

determination cannot be achieved.
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