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Dual Modes of Munc18-1/SNARE Interactions Are Coupled
by Functionally Critical Binding to Syntaxin-1 N Terminus
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The SM (Sec1/Munc18-like) protein Munc18-1 and the soluble N-ethylmaleimide-sensitive factor attachment protein (SNAP) receptor
(SNARE) proteins syntaxin-1, SNAP-25, and synaptobrevin/VAMP (vesicle-associated membrane protein) constitute the core fusion
machinery for synaptic vesicle exocytosis. Strikingly, Munc18-1 interacts with neuronal SNARE proteins in two distinct modes (i.e., with
isolated syntaxin-1 alone in a “closed” conformation and with assembled SNARE complexes containing syntaxin-1 in an “open” confor-
mation). However, it is unclear whether the two modes of Munc18/SNARE interactions are linked. We now show that both Munc18/
SNARE interaction modes involve the same low-affinity binding of the extreme syntaxin-1 N terminus to Munc18-1, suggesting that this
binding connects the two Munc18/SNARE interaction modes to each other. Using transfected cells as an in vitro assay system, we
demonstrate that truncated syntaxins lacking a transmembrane region universally block exocytosis, but only if they contain a free intact
N terminus. This block is enhanced by coexpression of either Munc18-1 or SNAP-25, suggesting that truncated syntaxins block exocytosis
by forming an untethered inhibitory SNARE complex/Munc18-1 assembly in which the N-terminal syntaxin/Munc18 interaction is
essential. Introduction of an N-terminal syntaxin peptide that disrupts this assembly blocks neurotransmitter release in the calyx of Held
synapse, whereas a mutant peptide that does not disrupt the SNARE complex/Munc18 assembly has no effect. Viewed together, our data
indicate that binding of Munc18 to the syntaxin N terminus unites different modes of Munc18/SNARE interactions and is essential for
exocytic membrane fusion.
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Introduction
At the most fundamental level, all forms of exocytosis require two
conserved protein families that participate in all membrane fusion
reactions: membrane-anchored soluble N-ethylmaleimide-sensitive
factor attachment protein (SNAP) receptor (SNARE) proteins and
Sec1/Munc18-like proteins (SM proteins). SNARE proteins form a
complex with each other via their conserved �70 residue SNARE
motifs (Sutton et al., 1998). Synaptic vesicle exocytosis is mediated
by the neuronal SNARE proteins synaptobrevin/vesicle-associated
membrane protein (VAMP) on the vesicles and SNAP-25 and syn-
taxin-1A/1B on the plasma membrane. Synaptobrevin and
SNAP-25 are “minimal” SNARE proteins composed of one or two
SNARE motifs, respectively, and of membrane anchor sequences. In
contrast, syntaxins are more complex and contain an additional
large N-terminal region consisting of a short natively unstructured
N-terminal sequence, an autonomously folded Habc domain (Fer-
nandez et al., 1998), and a linker sequence (see Fig. 1A). The

N-terminal region confers two alternative conformations onto
plasma membrane syntaxins: a “closed” conformation in which the
Habc domain folds back onto the SNARE motif, thus preventing its
assembly into SNARE complexes, and an “open” conformation in
which the SNARE motif is exposed to participate in the SNARE
complex (Dulubova et al., 1999).

SM proteins are cytosolic �600 aa proteins with a conserved
arch-shaped structure (Misura et al., 2000; Bracher and Weissen-
horn, 2001). The SM protein Munc18-1 mediates synaptic vesicle
exocytosis (for review, see Rizo and Sudhof, 2002; Brunger, 2005;
Jahn and Scheller, 2006). The central role of SM proteins in fu-
sion is illustrated by the observation that in mice, deletion of
Munc18-1 disrupts neurotransmitter release more severely than
deletion of either synaptobrevin or SNAP-25 (Verhage et al.,
2000; Schoch et al., 2001; Washbourne et al., 2002). Munc18-1
interacts with SNARE proteins by two mutually exclusive mech-
anisms: it binds to closed syntaxin-1 in a binary complex (Du-
lubova et al., 1999) and to SNARE complexes in a heteromulti-
meric assembly (Dulubova et al., 2007; Shen et al., 2007). The first
interaction mode is not observed for other SM proteins, except
for the ubiquitous Munc18-1 homolog Munc18-2, whereas the
second interaction mode resembles that of other SM proteins,
including Munc18-3, that appear to generally bind to assembled
SNARE complexes (Carr et al., 1999; Dulubova et al., 2002; Carpp
et al., 2006; Latham et al., 2006; Togneri et al., 2006).

Received May 1, 2007; revised Sept. 10, 2007; accepted Sept. 16, 2007.
This work was supported by National Institutes of Health Grants R01-MH69585-01 (T.C.S.) and NS37200 (J.R.).

We thank Iza Kornblum and Iryna Huryeva for excellent technical assistance.
Correspondence should be addressed to Dr. Mikhail Khvotchev, Department of Neuroscience, University of Texas

Southwestern Medical Center, 6000 Harry Hines Boulevard, Dallas, TX 75390. E-mail: mkhvoc@mednet.swmed.edu.
I. Dulubova’s present address: Reata Pharmaceuticals Inc., 2801 Gateway Drive #150, Irving, TX 75063.
DOI:10.1523/JNEUROSCI.3655-07.2007

Copyright © 2007 Society for Neuroscience 0270-6474/07/2712147-09$15.00/0

The Journal of Neuroscience, November 7, 2007 • 27(45):12147–12155 • 12147



The finding of two Munc18/SNARE interaction modes raised
several questions. How can two sets of essential membrane fusion
proteins participate in distinct interactions in the same fusion
reaction? How are these interaction modes coupled? Are these
interaction modes essential for fusion? Here, we show that the
two Munc18-1/SNARE interaction modes involve a common
binding of Munc18-1 to the syntaxin-1 N terminus that closely
resembles the previously described binding of the SM proteins
Sly1, Vps45, and Munc18-3 to short N-terminal sequences in
their cognate syntaxins (Dulubova et al., 2002, 2003; Yamaguchi
et al., 2002; Carpp et al., 2006). The N-terminal syntaxin-1 bind-
ing couples the two Munc18-1/SNARE interaction modes to each
other and is essential for the membrane fusion. Our data suggest
a general principle of SM and SNARE protein function in exo-
cytic membrane fusion that involves distinct compartment-
specific modes of their interaction and a universal interaction of
SM proteins with SNARE complexes.

Materials and Methods
Plasmids, proteins, and reagents. Expression vectors for human growth
hormone, various syntaxin fragments, Munc18-1, and SlyI were de-
scribed previously (Dulubova et al., 1999; Yamaguchi et al., 2002; Matos
et al., 2003; Khvotchev and Sudhof, 2004). We used standard PCR-based
procedures to introduce point mutations, deletions, or fusions and ver-
ified newly generated constructs by sequencing. Constructs for bacterial
expression of syntaxin-1A fragments were generated by subcloning PCR
products into pGEX-KT vectors (Hakes and Dixon, 1992). Recombinant
proteins were expressed as glutathione S-transferase (GST) fusions in
bacteria, affinity purified on glutathione-Sepharose beads (Amersham
Biosciences, Piscataway, NJ), released from the GST moiety by on-resin
cleavage with thrombin (Sigma, St. Louis, MO), and further purified by
ion exchange and size-exclusion chromatography.

Secretion assays. Secretion assays were described in detail previously
(Khvotchev et al., 2003; Khvotchev and Sudhof, 2004). For measure-
ments of regulated exocytosis, PC12 cells were cotransfected with
pHGHCMV5 and test plasmids at a 1:1 ratio using Fugene 6 transfection
reagent (Roche, Indianapolis, IN). Secretion was measured at basal and
stimulation conditions (using high-potassium solutions or �-latrotoxin)
by radioimmunoassay (Nichols Institute Diagnostics, San Clemente,
CA) and calculated as percentage from the total human growth hormone
(hGH) produced by cells. For measurements of constitutive exocytosis,
HEK293 and HeLa cells were cotransfected with pHGHCMV5 and test
plasmids at a 1:20 ratio using Fugene 6. Secretion was determined by
measuring amounts of hGH accumulated in the medium and normalized
to the amount of hGH remaining in transfected cells.

Fluorescence resonance energy transfer assays. Fluorescent Munc18-1
(monomeric Cerulean-labeled) and syntaxin-1A (Venus-labeled) pro-
teins were produced in HEK293 cells. For initial test experiments, fluo-
rescence resonance energy transfer (FRET) was measured in whole cells
that were cotransfected with both fluorescent proteins. For all other ex-
periments, transfected cells were disrupted by sonication in the buffer
containing 150 mM NaCl, 25 mM HEPES, pH 7.6, 1 mM EDTA, and 1%
BSA, and lysates were cleared by ultracentrifugation. Lysates were mixed
so that each sample initially contained the same amount of Cerulean and
Venus fluorescence and were incubated on ice for 2 h to allow Munc18-
1/syntaxin-1A complex formation. Fluorescence emission measure-
ments were performed on a model LS55 spectrofluorimeter
(PerkinElmer, Wellesley, MA). Spectra were collected twice and averaged
for each sample between 450 and 550 nm in 0.5 nm increments at 25°C.
The excitation wavelength was set to 433 nm with both the excitation and
emission slit widths set to 5 nm. In addition, Venus fluorescence was
monitored by recording emission at 528 nm with excitation wavelength
set to 515 nm.

Nuclear magnetic resonance spectroscopy. Uniform 15N or 13C labeling
of protein fragments was achieved by growing the bacteria in M9 mini-
mal medium containing 15NH4Cl or 13C6-glucose (CIL, Andover, MA)
as the sole source of nitrogen or carbon, respectively, with wither H2O or

D2O as a solvent. 1H- 15N heteronuclear single quantum coherence
(HSQC) spectra of syntaxin-1A fragments in the presence or absence of
the recombinant Munc18-1 proteins were acquired on a Varian (Palo
Alto, CA) INOVA 800 instrument at 27°C in a buffer containing 20 mM

sodium phosphate, pH 7.1, 150 mM NaCl, and 2 mM DTT. For the exper-
iments with full-length Munc18-1, the syntaxin-1A 2–243/Munc18-1
complex was initially assembled at low protein concentration (below 10
�M) and concentrated to 0.2 mM final protein concentration using a
30,000 MNWL concentrator (Millipore, Bedford, MA) to prevent pre-
cipitation of Munc18-1. One-dimensional (1D) 13C-edited 1H nuclear
magnetic resonance (NMR) spectra of Munc18-1/SNARE complexes in
the presence or absence of syntaxin-1A N-terminal sequence peptides
were obtained as described by Dulubova et al. (2007). Spectra obtained
for the isolated peptides at identical concentrations were subtracted from
the spectra obtained for the Munc18-1/SNARE complex/peptide sam-
ples to remove the contribution from the natural abundance of 13C in the
peptides. All data were processed with the NMRPipe (Delaglio et al.,
1995) and analyzed with NMRView (Johnson and Blevins, 1994).

Measurements of exocytosis at calyx of Held. Preparation of slices (200
�m thickness) and whole-cell recordings of the nerve terminal were
performed mostly as described previously (Borst et al., 1995; Wu and
Borst, 1999). Presynaptic whole-cell recordings were made with an
EPC-9 amplifier (HEKA Elektronik, Lambrecht, Germany). The presyn-
aptic series resistances (�15 M�) were compensated by 60% (lag, 10 �s).
Presynaptic currents were low-pass filtered at 5 kHz and digitized at 20
kHz. Capacitance measurements were obtained with an EPC-10 ampli-
fier together with a software lock-in amplifier (PULSE version 8.66;
HEKA Elektronik). A sinusoidal stimulus was applied in addition to the
DC holding potential (�80 mV). The peak-to-peak voltage of the sine
wave was �60 mV to avoid activation of Ca2� currents, and the sine-
wave frequency was 1 kHz. Data were processed by IGOR 3.1 and Sig-
maPlot 2000 (version 6.00), using homemade programs for noise filter-
ing and presynaptic current integrations.

Results
Mechanism of syntaxin inhibition of exocytosis
Using transfected cells as an extended in vitro system, we showed
previously that a soluble syntaxin-1A fragment containing resi-
dues 1–243 (syntaxin-1A 1–243) potently inhibits regulated exocy-
tosis in neuroendocrine PC12 cells and constitutive exocytosis in
HEK293 and HeLa cells (Khvotchev and Sudhof, 2004) (Fig. 1).
This inhibitory effect operates late in the secretory pathway in all
types of exocytosis and all cells investigated, suggesting that syn-
taxin-1A 1–243 acts on a conserved feature of the exocytic mem-
brane fusion machinery. To investigate the mechanism of this
inhibition, we examined whether shorter syntaxin-1A fragments
also inhibit exocytosis. Small additional C-terminal truncations
of syntaxin-1A 1–243 dramatically decreased its inhibitory effect
on regulated exocytosis in PC12 cells and on constitutive exocy-
tosis in HEK293 cells, with syntaxin-1A 1–230 being almost inac-
tive in both assays (Fig. 1B,C,H, gray bars).

Syntaxin-1A 1–243, which inhibits exocytosis, and syntaxin-
1A 1–230, which does not, differ in two major properties: syntaxin-
1A 1–243 tightly binds to Munc18-1 and forms SDS-resistant
SNARE complexes with synaptobrevin/VAMP and SNAP-25,
whereas syntaxin-1A 1–230 does neither (Matos et al., 2003) (sup-
plemental Fig. 1, available at www.jneurosci.org as supplemental
material). These differences suggest that syntaxin-1A 1–243 might
impair exocytosis indirectly by sequestering endogenous cognate
SM proteins and/or SNARE proteins, thereby depleting the cell of
these essential components of the fusion machinery. Indirect in-
hibition may work in all cells because syntaxin-1A binds to all
three Munc18 isoforms and also promiscuously engages in
SNARE complexes with various exocytic SNARE proteins
(Fasshauer et al., 1999; Yang et al., 1999; Dulubova et al., 2003). It
is also possible that syntaxin-1A 1–243 impairs exocytosis directly
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by forming an inhibitory complex, which could consist of the
binary Munc18/syntaxin-1A 1–243 complex and/or the SNARE
complex/Munc18 assembly containing syntaxin-1A 1–243.

To differentiate between these hypotheses, we tested whether

coexpressed Munc18-1 alters the ability of
syntaxin-1A fragments to impair exocyto-
sis. If syntaxin-1A 1–243 simply sequestered
endogenous Munc18, coexpression of
Munc18-1 should alleviate its inhibitory
effect. However, Munc18-1 did not change
the inhibitory activity of syntaxin-1A 1–243,
nor did it by itself significantly inhibit exo-
cytosis. Instead, coexpressed Munc18-1
converted the smaller, truncated
syntaxin-1A fragments that do not inhibit
exocytosis into potent inhibitors of exocy-
tosis (Fig. 1B,C).

We next tested whether the closed con-
formation of syntaxin-1A 1–243 was impor-
tant for its inhibitory activity. Consistent
with previous data (Dulubova et al., 1999),
mutant syntaxin-1A 1–243 containing the
“LE” substitution that opens syntaxin-1
was a poor inhibitor of exocytosis. By ren-
dering syntaxin-1A 1–243 predominantly
open, the LE mutation decreases the
Munc18-1/syntaxin-1A binding affinity
�100-fold, but it does not completely
abolish Munc18-1/syntaxin-1 binding
(supplemental Fig. 2, available at www.
jneurosci.org as supplemental material).
Strikingly, when we coexpressed Munc18-1
with LE mutant syntaxin-1A1–243, we ob-
served an increase in the inhibition of exocy-
tosis (Fig. 1C).

Viewed together, these results indicate
that syntaxin-1A 1–243 inhibits exocytosis
not by depleting the cell of endogenous
Munc18, but by forming a complex with
endogenous or coexpressed Munc18. This
mechanism differs from that of the soluble
fragment of syntaxin-5A (residues 1–260,
equivalent to syntaxin-1A 1–243), the inhi-
bition of transport through the Golgi com-
plex of which is reversed by coexpression
of its cognate SM protein Sly1, consistent
with the notion that syntaxin-5A 1–260 in-
hibits exocytosis by sequestering endoge-
nous Sly1 (Fig. 1D).

Next, we examined whether SNARE
complex formation is required for inhibi-
tion of exocytosis by syntaxin-1A 1–243. We
introduced mutations that reduce the sta-
bility of SNARE complexes formed by syn-
taxin-1A 1–243 [L205D and I209D (Matos
et al., 2003)] but retain Munc18-1 binding
(supplemental Fig. 3, available at www.
jneurosci.org as supplemental material).
These mutations partly (I209D) or almost
completely (L205D) abolished the inhibi-
tory effects of syntaxin-1A fragments on
exocytosis (Fig. 1E), suggesting that syn-
taxin-1A 1–243 has to assemble into stable

SNARE complexes to inhibit exocytosis. However, SNARE com-
plexes do not by themselves inhibit exocytosis because expression
of the partial SNARE motif of syntaxin-1A 1–243 (i.e., residues
189 –243) had no effect on exocytosis (Fig. 1F,G). In testing the

Figure 1. Syntaxin-mediatedinhibitionofregulatedandconstitutiveexocytosisinvolvesMunc18-1andSNAP-25binding.A,Domainstructure
ofsyntaxin-1.Aminoacidresiduesarenumberedontopandontherightofthealignment.TheconservedN-terminalsequencesofsyntaxin-1to-5
(Synt1A–5A) are aligned below, with shared residues highlighted in blue. Residues critical for the syntaxin-5A/Sly1 interaction and corresponding
residues in other syntaxins are shown in red. The D3 position (D5 for syntaxin-5A) is marked with an asterisk. TMR, Transmembrane region. B, C,
Munc18-1potentiatestheinhibitionofexocytosisbysyntaxin-1Afragments[whichactbyblockingfusionattheplasmamembrane(Khvotchevand
Sudhof,2004)].DatashownareassaysofregulatedexocytosisinPC12cells(stimulatedwith56mMK�for15min(B)andofconstitutiveexocytosis
inHEK293cells(C).CellswerecotransfectedwithanhGHreportervectorandvariousexpressionvectorsasindicated;exocytosiswasmeasured72h
(B,F )or48h(C–E,G,H )aftertransfection.RegulatedexocytosisinPC12cellsisshownasthedifferenceinreleaseofhGH(calculatedasthefraction
oftotalhGHproduced)betweenstimulatedandcontrolcells.ConstitutivehGHreleaseisdisplayedastheratioofextracellular-to-intracellularhGHfor
a given sample. D, Sly1 relieves the inhibition of hGH secretion by syntaxin-5A, which blocks the secretory pathway in the Golgi complex. E, The
inhibitoryactivityofsyntaxin-1A 1–243isreversedbymutationsthatimpairstableSNAREcomplexformationbutnotMunc18-1binding(L205Dand
I209D) (Matos et al., 2003) (see supplemental Fig. 3, available at www.jneurosci.org as supplemental material). F, G, The isolated SNARE motif of
syntaxin-1A is unable to inhibit regulated (F ) or constitutive (G) exocytosis. Syntaxin-1A 1–243 and syntaxin-1A 173–243 were C-terminally fused to
EYFP (to stabilize expression). Both EYFP-fusion proteins form SDS-resistant SNARE complexes in cells (see supplemental Fig. 4, available at www.
jneurosci.org as supplemental material). H, SNAP-25 potentiates the inhibition of exocytosis mediated by syntaxin-1A fragments similar to
Munc18-1.Errorbars indicateSEM.
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effect of SNARE complexes, we used an
enhanced yellow fluorescent protein
(EYFP) fusion protein of syntaxin-1A189–243

because the partial SNARE motif of syn-
taxin-1A1–243 alone was not detectably ex-
pressed in transfected cells, whereas it was
abundantly produced and formed stable
SDS-resistant SNARE complexes after EYFP
fusion (supplemental Fig. 4, available at
www.jneurosci.org as supplemental mate-
rial). A control EYFP fusion protein of syn-
taxin-1A1–243 potently inhibited regulated
and constitutive exocytosis, demonstrating
that the EYFP fusion itself is not detrimental
to the inhibitory activity of syntaxin-1A1–243

(Fig. 1F,G).
These data demonstrate that syntaxin-

1A 1–243 has to participate in a stable
SNARE complex to inhibit exocytosis but
that the SNARE complex in itself is not
inhibitory. This conclusion was confirmed
by coexpression experiments with SNAP-
25. Similar to Munc18-1, SNAP-25 alone
did not inhibit exocytosis but potently en-
hanced the inhibition of exocytosis by the
shorter syntaxin-1A fragments or by open syntaxin-1A 1–243 con-
taining the LE mutation (Fig. 1H). Together, our results indicate
that syntaxin-1A 1–243 inhibits exocytosis not by indirect seques-
tering of endogenous Munc18 and/or SNARE proteins but di-
rectly as a part of an inhibitory complex.

In vitro binding studies indicate that two Munc18/syntaxin-
1A 1–243 complexes may exist in cells: a binary Munc18/syntaxin-
1A 1–243 complex and a SNARE complex/Munc18 assembly con-
taining syntaxin-1A 1–243 (Dulubova et al., 1999, 2007; Shen et al.,
2007). Which of these complexes is the inhibitory agent in exo-
cytosis? It is difficult to envisage how binary the Munc18/syn-
taxin-1A 1–243 complex may inhibit exocytosis. On the other
hand, SNARE complex/Munc18 assembly containing untethered
syntaxin-1A 1–243 and endogenous vesicular SNARE proteins may
block exocytosis by competing with endogenous membrane-
anchored syntaxins. The observation that coexpression of either
Munc18-1 or SNAP-25 potentiates the inhibitory activity of var-
ious syntaxin-1A fragments (Fig. 1B,C,H) and that syntaxin-1A
fragments are only inhibitory if capable of forming stable SNARE
complexes (Fig. 1E) strongly argues that the heteromultimeric
SNARE complex/Munc18 assembly is the inhibitory agent in
exocytosis. The LE mutation that opens syntaxin-1A 1–243 and
decreases formation of the binary Munc18-1/syntaxin-1A 1–243

complex also decreases the ability of syntaxin-1A 1–243 to inhibit
exocytosis (Fig. 1C). This observation suggests that the binary
Munc18-1/syntaxin-1A 1–243 complex may not be inhibitory by
itself but physiologically required as a precursor for subsequent
formation of the inhibitory SNARE complex/Munc18 assembly.

Critical role of the syntaxin-1A N terminus in the inhibition
of exocytosis
The data in Figure 1 suggest that syntaxin-1A 1–243 inhibits exo-
cytosis by a two-step pathway involving formation of the binary
Munc18/syntaxin-1 complex and the heteromultimeric SNARE
complex/Munc18 assembly. We considered our previous finding
that formation of the SNARE complex/Munc18 assembly re-
quires an intact, free N-terminal sequence in syntaxin-1 (Du-
lubova et al., 2007). We thus examined whether changes in the N

terminus of syntaxin-1A 1–243 diminished its inhibition of
exocytosis.

Strikingly, addition of a short myc-epitope tag to the
syntaxin-1 N terminus inactivated the inhibitory activity of syn-
taxin-1A 1–243 (Fig. 2A). This effect was not attributable to a de-
crease in protein concentration, because immunoblots con-
firmed that syntaxin-1A 1–243 and myc-syntaxin-1A 1–243 were
present at comparable levels (data not shown). Moreover, in-
creasing the amount of transfected DNA to enhance protein ex-
pression revealed that relatively low levels of syntaxin-1A 1–243

potently inhibited exocytosis, whereas even at 10-fold higher
concentrations, myc-tagged syntaxin-1A 1–243 was ineffective
(Fig. 2B).

The N termini of plasma-membrane syntaxins are composed
of a conserved sequence that precedes the Habc domain (Fig. 1A).
To test the role of the conserved N-terminal syntaxin-1 sequence,
we examined whether substitutions in two conserved amino ac-
ids (D3R and T5A) or a short N-terminal truncation (deletion of
residues 2–9) alter the inhibitory effect of syntaxin-1A 1–243.
These mutations were chosen because similar substitutions dis-
rupt binding of SM proteins to syntaxin-5 and -16, which bind to
their cognate SM proteins via an N-terminal interaction (Du-
lubova et al., 2002; Yamaguchi et al., 2002). Strikingly, the
N-terminal deletion and the D3R substitution nearly abolished
the inhibitory action of syntaxin-1A 1–243, and the T5A substitu-
tion severely decreased it (Fig. 2C).

General involvement of the N-terminal sequence of plasma-
membrane syntaxins in exocytosis
Syntaxin-1 is not normally expressed in non-neuronal cells such
as HEK293 cells and HeLa cells, which likely contain syntaxin-2,
-3, and/or -4. To probe whether the effect of syntaxin-1A in
HEK293 and HeLa cells reflects a general function of plasma-
membrane syntaxins in exocytosis, we investigated whether cy-
toplasmic fragments of syntaxin-2, -3 and -4 that correspond to
syntaxin-1A 1–243 inhibit constitutive exocytosis. Expressed
alone, syntaxin-2 1–243 and syntaxin-4 1–251 moderately inhibited
exocytosis, whereas syntaxin-3 1–242 had no effect (Fig. 3A). Co-

Figure 2. Free intact syntaxin-1A (Synt1A) N terminus is required for the inhibition of exocytosis. A, B, Inactivation of the
inhibitory activity of syntaxin-1A 1–243 by addition of an N-terminal myc-tag. To ensure that the apparent effect of the myc-tag is
not attributable to a loss of expression, we measured the relative inhibition of exocytosis as a function of increasing amounts of
transfected plasmid (B). All samples contained equal amounts of total transfected DNA (1.05 �g/well), with the remainder made
up of empty expression vector. C, Mutations in, or truncation of, the N terminus of syntaxin-1A inactivate the inhibition of
constitutive exocytosis by syntaxin-1A 1–243. All data shown are from a representative experiment performed in duplicate and
independently repeated at least twice with comparable results. Error bars indicate SEM.
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expression of either syntaxin-2 1–243 or syntaxin-3 1–242 with syn-
taxin-4 1–251, however, produced strong inhibition of exocytosis
(Fig. 3A).

We next tested whether the D3R substitution that inactivates
the inhibitory effect of syntaxin-1A 1–243 also abolishes the inhib-
itory effect of other plasma membrane syntaxins. Indeed, the
D3R substitution blocked the moderate inhibition of exocytosis
mediated by syntaxin-2 and -4 (Fig. 3B). Again, as a positive
control, we used Golgi-resident syntaxin-5A in which the corre-
sponding D5R mutation that disrupts binding to Sly I (Yamagu-
chi et al., 2002; Dulubova et al., 2003) also reversed the indirect
inhibition of constitutive exocytosis (Fig. 3B). Moreover, the
D3R substitution strongly decreased the inhibitory effect of co-
expressed syntaxin-2/-4 and syntaxin-3/-4 fragments (Fig.
3C,D). Overall, these data suggest a general involvement of the
N-terminal sequence of plasma membrane syntaxins in exocyto-
sis, possibly by a universal mechanism that involves binding of
SM protein to SNARE complexes.

The N terminus of syntaxin-1A directly interacts with
Munc18-1: FRET analysis
Our secretion assays suggest that soluble syntaxin-1A fragments
may universally inhibit exocytosis by initially forming the binary
complex with Munc18 that is then converted into the inhibitory
SNARE complex/Munc18 assembly. This mechanism requires
coupling of the two Munc18/syntaxin-1 binding modes, possibly
through a shared structural feature. One potential connection
between two binding modes could be provided by the N terminus
of syntaxin-1 because it is required for the SNARE complex/
Munc18 assembly (Dulubova et al., 2007) and the N-terminal
sequences in other syntaxins are known to participate in SM pro-
tein binding. Although immunoprecipitations and affinity mea-
surements confirmed the long-held conclusion that the N termi-
nus of syntaxin-1 is dispensable for the formation of a binary
Munc18-1/syntaxin-1A complex in the presence or absence of
the LE mutation (supplemental Figs. 2, 5 and supplemental Table
1, available at www.jneurosci.org as supplemental material), it is
possible that the syntaxin-1 N terminus makes a contribution to
this interaction and that this contribution was masked by the
high affinity of the complex. To examine this possibility, we de-
veloped a FRET-based assay for syntaxin-1A binding to
Munc18-1 and used monomeric Venus and Cerulean as green
fluorescent protein (GFP) variants because of their excellent
FRET properties (Nagai et al., 2002; Rizzo et al., 2004).

We fused Venus to the C terminus of syntaxin-1A 1–243

(which, as we showed above, does not impair its inhibitory effect)
(Fig. 1F,G), and inserted Cerulean into Munc18-1 at two posi-
tions, after residues 24 and 94. Rescue experiments with
Munc18-1 knock-out neurons revealed that insertions of Cer-
ulean at these two positions do not impair Munc18-1 function (F.
Deak and T. C. Südhof, unpublished observation). When we co-
expressed Cerulean-tagged Munc18-1 with Venus-tagged syn-
taxin-1A 1–243 in transfected cells, we observed low FRET effi-
ciency when Cerulean was inserted at position 24 of Munc18-1
but high FRET efficiency when Cerulean was inserted at position
94 (Fig. 4A). Next, we separately produced in transfected cells
Venus-tagged syntaxin-1A 1–243, syntaxin-1A 1–243D3R, and syn-
taxin-1A 10 –243; Venus alone; and Cerulean-tagged Munc18-1.
We then bound the Venus-tagged syntaxins to Cerulean-tagged

Figure 3. Effects of plasma membrane syntaxins 2– 4 and Golgi syntaxin-5A on constitutive
exocytosis also depends on N-terminal sequences. Secretion assays were performed as de-
scribed in Figure 1. Syntaxin (Synt)-2, -3, -4, and -5A fragments were modeled after the syn-
taxin-1A 1–243 fragment based on protein sequence alignment. A, Effects of individual syntaxins
and their combinations. B, Comparison of effects of syntaxins with or without the D3R mutation
(D5R for syntaxin-5A). C, D, Unequal contributions of syntaxins to constitutive exocytosis inhi-
bition by introducing D3R mutations in various combinations of syntaxins-2 and -4 (C) and
syntaxins-3 and -4 (D). All data shown are from a representative experiment performed in
duplicate and independently repeated at least twice with comparable results. Error bars indi-
cate SEM. WT, Wild type.

Figure 4. FRET reveals essential role of the N-terminal syntaxin-1A sequence in Munc18-1
binding. A, Venus-tagged syntaxin-1A 1–243 exhibits efficient FRET when bound to Munc18-1
containing monomeric Cerulean inserted at position 94 but not at position 24. Fluorescence
emission spectra (excitation, 433 nm) were collected from HEK293 cells transfected with ex-
pression vectors encoding Venus-tagged syntaxin-1A 1–243 and Cerulean-tagged Munc18-1. B,
Intact N terminus of syntaxin-1A (Synt1A) is required for efficient FRET with Munc18-1. HEK293
cells were transfected with Munc18-1 C94, Venus GFP, or various syntaxin-1A fragments fused
to Venus. Cell extracts were mixed so that each sample contained an equal amount of Cerulean
(excitation, 433 nm; emission, 475 nm) and Venus (excitation, 515 nm; emission, 528 nm)
fluorescence. After incubation to allow formation of Munc18-1/syntaxin-1A complexes, fluo-
rescence emission spectra (excitation, 433 nm) were collected. Data are from a single experi-
ment repeated multiple times with similar results.
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Munc18-1, such that each sample initially
exhibited the same Venus and Cerulean
fluorescence. Incubation of Cerulean-
tagged Munc18-1 with Venus-tagged syn-
taxin-1A 1–243 resulted in strong FRET,
whereas incubation of Cerulean-tagged
Munc18-1 with Venus-tagged syntaxin-
1A 1–243D3R or syntaxin-1A 10 –243 pro-
duced almost no FRET, suggesting that the
FRET depends on the N-terminal syn-
taxin-1A 1–243 sequence, although the
high-affinity binding does not (Fig. 4B;
and supplemental Table 1 and supplemen-
tal Figs. 2, 5, available at www.jneurosci.
org as supplemental material). All re-
corded spectra intersected at the isosbestic
point, confirming equal concentrations of
fluorophores present in each sample.
These data are consistent with the notion
that the syntaxin-1A N terminus partici-
pates in the binary syntaxin-1A/Munc18-1
complex in a manner that does not signif-
icantly contribute to its overall affinity but
instead induces a subtle conformational
change in the complex. Although other in-
terpretations of these data are possible,
this notion accounts for the large changes
we observed in FRET, which is extremely
sensitive to small changes in orientation
and distance between the two fluorescent
probes.

The N terminus of syntaxin-1A directly
interacts with Munc18-1: NMR analysis
We next examined the Munc18-1/
syntaxin-1A interaction by NMR spectros-
copy. First, we compared 1H- 15N HSQC
spectra of a uniformly 15N-labeled syn-
taxin-1A 2–243 fragment in the absence and
presence of Munc18-1. The spectrum of
isolated syntaxin-1A 2–243 (Fig. 5A, black
contours) is characterized by broad cross-
peaks corresponding to the structured part
of the molecule (residues 27–217; X. Chen and J. Rizo, unpub-
lished results) and sharp cross-peaks from the remaining se-
quences, which are highly flexible (note the abundance of strong
cross-peaks with poor dispersion in the 1H dimension). The ad-
dition of Munc18-1 led to broadening beyond detection of most
cross-peaks (Fig. 5A, red contours), as expected from the partic-
ipation of most of the syntaxin-1A 2–243 sequence in binding to
Munc18-1. Interestingly, broadening beyond detection was also
observed for the cross-peaks corresponding to Thr5 and Thr10
from the N-terminal syntaxin-1A sequence, suggesting a direct
interaction (Fig. 5A). Examination of the crystal structure of the
Munc18-1/syntaxin-1A complex showed that the N-terminal se-
quence of syntaxin-1A could easily reach the same binding site of
Munc18-1 that is involved in binding of Sly1 to the syntaxin-5/
Sed5p N-terminal sequence (Bracher and Weissenhorn, 2002;
Dulubova et al., 2003) (Fig. 5D, dashed line).

Munc18-1 and other SM proteins contain three domains, of
which the N-terminal domain is autonomously folded (Du-
lubova et al., 2003). In Sly1, the N-terminal domain is responsible
for binding to the short N-terminal sequence of syntaxin-5

(Bracher and Weissenhorn, 2002; Dulubova et al., 2003; Arac et
al., 2005). To test whether the interaction of Munc18-1 with the
N terminus of syntaxin-1A may operate by a similar mechanism,
we analyzed 1H- 15N HSQC spectra of syntaxin-1A 2–180 (which
lacks the SNARE motif and does not form a closed conformation)
in the presence and absence of the Munc18-1 N-terminal domain
(residues 1–136). These two fragments do not exhibit a detectable
interaction in GST pulldown or gel-filtration experiments (data
not shown), suggesting that they do not form a stable complex.
However, we observed broadening and/or shift of numerous
cross-peaks from 15N-labeled syntaxin-1A 2–180 after addition of
Munc18-1 1–136 (Fig. 5B,C). This observation reveals a direct in-
teraction between these protein fragments at the high concentra-
tions used to acquire the NMR spectra (50 �M). Remarkably, the
sharp cross-peaks from Thr5 and Thr10 are broadened beyond
detection after binding to Munc18-1 1–136, demonstrating that
the N-terminal sequence of syntaxin-1A 2–180 participates in this
interaction. Moreover, the cross-peaks from the Habc domain
that exhibit the most substantial perturbations after binding to
Munc18-1 1–136 correspond to the region of the Habc domain that

Figure 5. N-terminal sequence of syntaxin-1A binds to Munc18-1: analysis by NMR. A, Superposition of 1H- 15N HSQC spectra
of 15N-labeled syntaxin-1A 2–243 (0.2 mM) in the absence (black) or presence (red) of a 1.5 molar excess of unlabeled full-length
Munc18-1. The spectra are plotted at high contour levels to help visualizing the sharp cross-peaks from flexible residues. B, C,
Superposition of 1H- 15N HSQC spectra of 15N-labeled syntaxin-1A 2–180 (0.05 mM) in the absence (black) or presence (red) of 1.5
molar excess of unlabeled Munc18-1 N-terminal domain (residues 1–136); C displays an expansion of the spectra in B (denoted by
the dashed rectangle) to illustrate the shifts and/or broadening of selected cross-peaks of syntaxin-1A (labeled with the corre-
sponding assignments) after binding to the Munc18-1 N-terminal domain. In A and B, the cross-peaks corresponding to T5 and
T10 from the N-terminal motif of syntaxin-1A are labeled. D, Structure of the syntaxin-1A Habc domain (residues 27–146; orange)
and Munc18-1 N-terminal domain (residues 1–136; blue) within the crystal structure of the Munc18-1/syntaxin-1A complex
(Misura et al., 2000). The residues of the Habc domain that are substantially shifted and/or broadened by binding to the Munc18-1
N-terminal domain are shown in green. The N- and C-terminal residues of both domains are labeled. The dashed line illustrates
that the N-terminal sequence of syntaxin-1A, which was not visible in the crystal structure of the Munc18-1/syntaxin-1A complex,
could easily reach the binding site observed for the N-terminal sequence of Sed5p on the Sly1p N-terminal domain in the crystal
structure of the Sed5p/Sly1p complex (Bracher and Weissenhorn, 2002).
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binds to the Munc18-1 N-terminal domain in the crystal struc-
ture of the Munc18-1/syntaxin-1A complex (Fig. 5D), which in-
dicates that the weak interaction observed in our NMR experi-
ments reproduces the binding mode observed in the crystal
structure. Overall, these experiments show that the N-terminal
sequence of syntaxin-1A directly binds to Munc18-1 and suggest
that this sequence together with the N-terminal Habc domain
participates in a low-affinity interaction with Munc18-1 both in
the open and the closed conformation of syntaxin-1A, although
its energetic contribution is not required for the stability of
the Munc18-1 complex with the closed conformation of
syntaxin-1A.

Binding of Munc18-1 by the syntaxin-1A N terminus is
essential for synaptic vesicle exocytosis
To test the importance of the syntaxin-1A N terminus in synaptic
vesicle exocytosis, we sought to perturb the N terminus-
dependent interaction of syntaxin-1A and Munc18-1 by using a
short peptide containing the first 15 aa residues of syntaxin-1A.
As a negative control, we chose a peptide carrying the D3R sub-
stitution because this mutation universally inactivated the inhi-
bition of exocytosis by various syntaxin fragments (Figs. 2, 3) and
led to dramatically reduced FRET with fluorescent Munc18-1
(Fig. 4B). Because tight binding of syntaxin-1A to Munc18-1
does not require the syntaxin-1A N terminus (supplemental Fig.
2, available at www.jneurosci.org as supplemental material), the
peptide is not expected to displace syntaxin-1A from its binary
complex with Munc18-1. However, the peptide could compete
with the SNARE complex for Munc18-1 binding, because this
interaction critically depends on the syntaxin-1A N terminus
(Dulubova et al., 2007). To test the latter prediction, we used a
previously described 1D NMR method (Arac et al., 2003). As
observed previously (Dulubova et al., 2007), the intensity of the
strongest methyl resonance (SMR) in the 1D 13C-edited 1H
NMR spectrum of 13C-labeled Munc18-1 was substantially de-
creased after the addition of excess unlabeled SNARE complex
because of quantitative formation of the Munc18-1/SNARE
complex assembly (Fig. 6A). In a parallel experiment in which
480 �M wild-type peptide was added, the SMR intensity of 13C-

labeled Munc18-1 was almost restored to
that of isolated Munc18-1, showing that
peptide binding to Munc18-1 displaced
the SNARE complex almost completely; in
contrast, the D3R mutant peptide had no
significant effect (Fig. 6A). SDS-PAGE
analysis of the samples used for the NMR
measurements confirmed equal amounts
of all proteins and full assembly of the
SNARE complexes (Fig. 6B). These results
show that the wild-type peptide competes
with the SNARE complex for binding to
Munc18-1 and that the D3R mutation
abolishes this activity. The considerable
excess of peptide required for the compe-
tition reflects its weaker affinity for
Munc18-1 compared with the SNARE
complex. Note that we were previously un-
able to detect binding of the wild-type pep-
tide to the isolated N-terminal domain of
Munc18-1 (Dulubova et al., 2003), which
likely arises because domain 2 of SM pro-
teins cooperates with the N-terminal do-
main to bind to their cognate syntaxin

N-terminal peptides (Bracher and Weissenhorn, 2002; Hu et al.,
2007).

To test the effects of the peptides in a physiological system, we
took advantage of the high electrophysiological resolution and
accessibility offered by the large nerve terminals in the calyx of
Held synapse (Schneggenburger and Forsythe, 2006). We intro-
duced into the presynaptic terminal the wild-type peptide that
corresponds to the N terminus of syntaxin-1A, again using the
D3R substitution peptide as a negative control (Fig. 7). The wild-
type peptide strongly inhibited exocytosis in a time-dependent
manner, presumably reflecting the time it takes for the peptide to
diffuse into the nerve terminal (Fig. 7A). Inhibition of exocytosis
by the wild-type peptide was observed at relatively low peptide
concentrations in the pipette (0.25 mM) and was almost complete
after �20 min at 1 mM (Fig. 7C). In contrast, even high concen-
trations of the D3R-mutant peptide had no measurable effect on
exocytosis (Fig. 7B). Neither peptide had altered Ca 2� currents in
the terminal (Fig. 7A,B), indicating that the peptides did not
interfere with the channel function, or adversely affected the in-
tegrity of the terminal.

Discussion
At the synapse, Munc18-1 and the SNARE proteins syntaxin-1,
SNAP-25, and synaptobrevin/VAMP are thought to constitute the
core of the fusion machinery (Jahn et al., 2003; Brunger, 2005; Rizo
et al., 2006). Munc18-1 interacts with SNARE proteins in two dis-
tinct modes: the long-recognized binding to syntaxin-1 in the binary
complex in which syntaxin-1 is folded into a closed conformation,
and the recently observed binding to assembled SNARE complexes
containing syntaxin-1 in an open conformation (Dulubova et al.,
2007; Rickman et al., 2007; Shen et al., 2007). However, previous
studies did not detect a connection between the two Munc18/
SNARE interaction modes, and their significance for the fundamen-
tal function of Munc18-1 in fusion remained unknown.

We now demonstrate that although the binding of Munc18-1
to closed syntaxin-1 does not require the syntaxin-1 N terminus,
it nevertheless involves a direct interaction of the syntaxin-1 N
terminus with Munc18-1 similar to the binding of assembled
SNARE complexes to Munc18-1 (Figs. 4, 5).

Figure 6. Wild-type (WT) but not mutant (D3R) N-terminal syntaxin-1A peptide interferes with Munc18-1/SNARE complex
assembly. A, 1D 13C-edited 1H-NMR spectra of 2 �M

13C-labeled Munc18-1 in the absence or presence of 5 �M unlabeled
preassembled SNARE complex containing syntaxin-1A 2–253, Synaptobrevin 2 1–96, and the two SNARE motifs of SNAP-25 (resi-
dues 11– 82 and 141–203), before and after addition of 480 �M wild-type or D3R mutant syntaxin-1A N-terminal peptides
(residues 2–16 with addition of a C-terminal cysteine residue). B, SDS-PAGE analysis of protein complexes used in NMR experi-
ments shown in A. The asterisk indicates a proteolytic fragment of Munc18-1; such proteolysis occurs in a flexible loop and does
not impair binding to syntaxin-1A (Misura et al., 2000) or the SNARE complex (our unpublished results).
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We than asked whether Munc18-1 binding to the N terminus
of syntaxin-1 is functionally important. Using two different ap-
proaches, we show that the binding of the syntaxin-1 N terminus
to Munc18-1 is essential for fusion and is likely required for
Munc18-1 function via both interaction modes. Moreover, our
results indicate that the mechanism thus uncovered applies to all
forms of exocytosis.

Our peptide injection experiments into calyx terminals re-
vealed that a wild-type peptide corresponding to the free N ter-
minus of syntaxin-1 blocked exocytic fusion, whereas a mutant
peptide with a single amino acid substitution had no effect (Fig.
7). The wild-type peptide but not the mutant peptide perturbed
Munc18-1 binding to assembled SNARE complexes in the 1D
NMR experiments (Fig. 6). This experiment demonstrates the
importance of the binding of the syntaxin-1 N terminus to
Munc18-1 in a physiologically relevant system and suggests that
Munc18-1 interaction with SNARE complexes is essential. Be-
cause of the small overall contribution of the syntaxin-1 N termi-
nus to the stability of the binary Munc18-1/syntaxin-1 complex
(supplemental Fig. 2 and supplemental Table 1, available at www.
jneurosci.org as supplemental material), it seems unlikely that
the peptides used in this study interfered with the binary com-
plex, and we therefore cannot make any conclusions about the
functional importance of this complex.

Our transfection experiments demonstrate that the previously
described inhibitory effect of syntaxin-1A 1–243 in exocytosis
(Khvotchev and Sudhof, 2004) acts by binding of syntaxin-1 to
Munc18 proteins and its incorporation into SNARE complexes
and that this inhibitory effect requires the intact free syntaxin-1 N
terminus (Figs. 1, 2). In addition, these experiments showed that
truncated versions of other plasma syntaxins also inhibit exocy-
tosis and that their N-terminal sequences are similarly required
for inhibition (Fig. 3), a result that generalizes our conclusions to
all forms of exocytosis. The fact that the LE mutation, which
opens syntaxin-1 and promotes SNARE complex formation (Du-
lubova et al., 1999) (supplemental Fig. 1, available at www.
jneurosci.org as supplemental material), also diminishes the in-
hibitory action of the syntaxin-1 1–243 on regulated and constitu-
tive exocytosis indicates that binding of Munc18-1 to the closed
syntaxin-1 may also be required. However, at present we cannot
exclude the possibility that the LE mutation inhibits the forma-
tion of the SNARE complex/Munc18 assembly and thereby de-

creases the inhibitory activity of truncated syntaxins, but we con-
sider this possibility unlikely because our biochemical data
indicate that any effect of the LE mutation on the SNARE com-
plex/Munc18 assembly is, at best, subtle. Thus, truncated syn-
taxin-1A 1–243 likely inhibits exocytosis by a two-step reaction
during which it first forms the high-affinity binary complex with
Munc18; this binary complex is then converted into the SNARE
complex/Munc18 assembly, which most likely represents the ac-
tual inhibitory agent.

Viewed together, our results are consistent with a general
model whereby during exocytic membrane fusion, Munc18-1
initially binds to closed syntaxin before SNARE complex assem-
bly. The model indicates that during the subsequent assembly of
syntaxin-1 into SNARE complexes with SNAP-25 and synapto-
brevin, Munc18-1 remains associated with syntaxin-1, at least in
part, via its N-terminal sequence. Our data strongly suggest that
the interaction of Munc18-1 with the syntaxin-1 N terminus is
essential for fusion and are consistent with a critical role of the
SNARE complex/Munc18 assembly in fusion, but do not prove
such a role, nor do they provide evidence for an essential role of
the binary Munc18/syntaxin complex in fusion. Moreover, our
data do not identify the precise function of the SNARE complex/
Munc18 assembly in fusion, issues that remain to be addressed in
future studies.

Can our observations shed light on the universal functions of
SM proteins? A plausible view is that the molecular machinery
responsible for membrane traffic is partly conserved to perform
the basic reactions underlying membrane fusion and fission and
is partly cell type and compartment specific to meet the unique
requirements of a particular cellular locale. SM proteins are con-
served in fusion and universally appear to bind to SNARE com-
plexes. Our data are consistent with the notion that for most,
possibly all, SM proteins, this binding is nucleated by an interac-
tion of the SM protein with the free syntaxin N terminus, as
initially observed for Sly1 and Vps45 (Dulubova et al., 2002, 2003;
Yamaguchi et al., 2002). It remains to be established whether this
interaction serves to promote and catalyze SNARE complex as-
sembly to convert nonproductive SNARE complexes into pro-
ductive SNARE complexes, or whether it serves to allow an action
of the SM proteins on membranes containing assembled SNARE
complexes (Jahn et al., 2003; Rizo et al., 2006; Shen et al., 2007).
At the same time, SM proteins illustrate how a general fusion

Figure 7. Effect of N-terminal syntaxin-1A peptides on synaptic vesicle exocytosis in the calyx of Held synapse. A, B, Sample traces of calcium current and capacitance measurements at the
presynaptic terminal of calyx of Held performed after dialysis of 0.5 mM wild-type syntaxin-1A peptide (A) and 0.5 mM D3R syntaxin-1A peptide (B). C, Dose-dependent rundown of exocytosis after
dialysis of wild-type or D3R syntaxin-1A peptides. WT, Wild type; n, number of independent experiments.

12154 • J. Neurosci., November 7, 2007 • 27(45):12147–12155 Khvotchev et al. • Direct Function of Munc18-1 in Exocytic Membrane Fusion at the Synapse



protein adapts to a particular cellular locale, because every SM
protein appears to exhibit a unique site-specific set of features in
its interaction with its cognate SNARE proteins. The Munc18-1/
syntaxin-1 interaction serves as an example of this conclusion
because it involves two mechanistically different modes of inter-
action which are coupled by a common binding to the free N
terminus of syntaxin-1. The function of the Munc18/syntaxin
heterodimer, the regulation of its transition into the SNARE
complex/Munc18 assembly, and the need for Munc18 in fusion
are important issues that remain to be addressed to fully under-
stand the role of Munc18 in neurotransmitter release.
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