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Abstract. The Sec1 family of proteins is proposed to
function in vesicle trafficking by forming complexes
with target membrane SNAREs (soluble N-ethylmale-
imide-sensitive factor [NSF] attachment protein
[SNAP] receptors) of the syntaxin family. Here, we
demonstrate, by using in vitro binding assays, nondena-
turing gel electrophoresis, and specific neurotoxin treat-
ment, that the interaction of syntaxinlA with the core
SNARE components, SNAP-25 (synaptosome-associ-
ated protein of 25 kD) and VAMP2 (vesicle-associated
membrane protein 2), precludes the interaction with

nSecl (also called Munc18 and rbSecl). Inversely, asso-
ciation of nSecl and syntaxinlA prevents assembly of
the ternary SNARE complex. Furthermore, using
chemical cross-linking of rat brain membranes, we iden-
tified nSecl complexes containing syntaxinlA, but not
SNAP-25 or VAMP2. These results support the hypoth-
esis that Secl proteins function as syntaxin chaperons
during vesicle docking, priming, and membrane fusion.
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Introduction

Two of the most intensively studied membrane transport
processes are the fusion of Golgi apparatus-derived vesi-
cles with the plasma membrane in yeast and the secretion
of neurotransmitter from the mammalian presynaptic
nerve terminal (Bennett and Scheller, 1994; Jahn and Stud-
hof, 1994; Rothman, 1994). These membrane fusion events
are mediated by a set of structurally and likely functionally
related proteins called SNARESs! (soluble N-ethylmale-
imide-sensitive factor [NSF] attachment protein [SNAP]
receptors; Bennett, 1995). These proteins include vesicle-
associated membrane proteins (VAMP) 1 and 2 (synap-
tobrevin), a synaptosome-associated protein of 25 kD
(SNAP-25), and syntaxinlA and B in mammals; and their
yeast orthologues Sncl and 2, Sec9, and Ssol and 2, re-
spectively (Bennett and Scheller, 1994; Brennwald et al.,
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1994). The pairing of SNARES across membranes to form
four-stranded helical bundles is a late event in the fusion
process, perhaps driving the actual mixing of the lipid bi-
layers (Poirier et al., 1998; Sutton et al., 1998; Weber et al.,
1998; Chen et al., 1999).

In addition to SNAREsS, a critical component of the fu-
sion process is the Seclp protein, known in mammals as
muncl8, nSecl, or rbSecl (Hata et al., 1993; Garcia et al.,
1994; Pevsner et al., 1994b). This soluble protein is critical
for vesicle trafficking in yeast and is proposed to play an
important role in the exocytosis process. Loss of Secl
function results in an accumulation of vesicles at specific
steps in secretion (Novick and Scheckman, 1979; Ossig et
al., 1991; Cowles et al., 1994), and overexpression of Secl
in Drosophila melanogaster results in a reduction of synap-
tic transmission (Schulze et al., 1994; Wu et al., 1998). Bio-
chemical studies conducted with the mammalian proteins
showed that nSecl from brain extracts, bacterially ex-
pressed recombinant, or in vitro translated nSecl, binds
directly to syntaxin (Hata et al., 1993; Garcia et al., 1994;
Hodel et al., 1994; Pevsner et al., 1994b). Further investi-
gations demonstrated that when syntaxin is bound to
nSecl, the binding to either VAMP or SNAP-25 is inhib-
ited (Pevsner et al., 1994a).

A model for Secl/syntaxin function was suggested from
an early study demonstrating that binding of the NH,-ter-
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minal region of syntaxin to its own COOH-terminal H3
domain resulted in inhibition of the interaction with
VAMP and SNAP-25 (Calakos et al., 1994). It was pro-
posed that syntaxin could adopt a closed conformation
to which Secl bound and stabilized, inhibiting syntaxin
from interacting with the other SNAREs (Pevsner et al.,
1994a). Further, it was proposed that interactions with
Rab proteins or their effectors were responsible for disso-
ciating nSecl from syntaxin, allowing syntaxin to “open
up” and interact with the SNAREs. Over the last several
years, a variety of studies have confirmed and extended
these initial results (Dulubova et al., 1999; Peterson et al.,
1999). For example, nuclear magnetic resonance studies
of the NH,-terminal domain of syntaxin revealed a three-
helical structure, containing a surface groove to which the
COOH-terminal H3 domain of syntaxin might bind in
forming the closed conformation (Fernandez et al., 1998;
Dulubova et al., 1999).

In contrast to the binding and structural studies per-
formed with the brain proteins, a recent investigation of
the interaction of yeast Seclp with SNAREs came to dif-
ferent conclusions (Carr et al., 1999). In their study, immu-
noprecipitations and binding studies lead the authors to
conclude that Seclp binds to the heterotrimeric core fu-
sion complex comprised of Snclp, Sec9p, and Ssolp, not to
monomeric Ssolp as would be expected from the mamma-
lian studies. Importantly, however, the complexes under
investigation were not purified to homogeneity. Instead,
the experiments were performed with extracts of yeast and
were analyzed by immunoblotting. Thus, it is possible that
the biochemical associations observed were not direct pro-
tein—protein interactions, but were mediated through in-
tervening molecules. The alternative explanation is that
there is a fundamental difference between the yeast and
mammalian secl proteins, in spite of the fact that the other
components of the membrane fusion pathway appear to
have similar functions.

At the time of the initial studies on the nSecl/syntaxin
interaction, relatively little was known about the core fu-
sion complex. After further investigation, we conclude
that the binding of nSecl to syntaxin does indeed result in
a stable complex that is unable to associate with VAMP
and SNAP-25 to form the core fusion complex. We also
conclude that nSecl does not bind to the heterotrimeric
fusion complex. These data further support the hypothesis
that, as the vesicle interacts with the target membrane, a
signal is transmitted, possibly through a Rab or Rab effec-
tor, to the Secl/syntaxin complex, resulting in conforma-
tional changes that would allow or possibly facilitate for-
mation of the core fusion complex.

Materials and Methods

Plasmids and Plasmid Construction

Plasmids encoding the syntaxinlA (amino acids 4-266), SNAP-25 (amino
acids 1-206, with the four cysteines between amino acids 85-92 mutated to
alanines), SNAP-25 NH,-terminal domain (amino acids 1-82) and
COOH-terminal domain (amino acids 141-206), VAMP2 cytoplasmic do-
main (amino acids 25-94), and nSecl (amino acids 1-594) were prepared
as described previously (Pevsner et al., 1994b; Yang et al., 1999). All pro-
teins were expressed as glutathione S-transferase (GST)-fusion proteins.
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Protein Expression and Purification

GST-fusion proteins were expressed in Escherichia coli AB1899 cells and
purified using glutathione agarose as described previously (Yang et al.,
1999).

Preparation of the Binary and Ternary SNARE
Complexes and nSecl/syntaxinlA Complex

Binary SNARE complex and ternary SNARE complex were formed by
mixing approximately equal molar amounts of syntaxinlA and SNAP-25
with or without VAMP2 at 4°C overnight. nSecl/syntaxin1A complex was
formed by incubating equal molar amounts of nSecl and syntaxin1A for
1 h at 4°C. Complexes were purified as described previously (Yang et al.,
1999) in 150 mM NaCl, 20 mM Tris-HCI, pH 8, and 5 mM B-ME.

In Vitro Binding Assay

GST-fusion proteins incorporating nSecl were prepared as described
above. nSecl was eluted from glutathione-agarose beads using 10 mM re-
duced glutathione in 150 mM NaCl, 20 mM Tris-HCI, pH 8. The protein
was then purified by gel filtration as described with 0.02% Tween-20, and
reconjugated onto glutathione-agarose beads. For nSecl/syntaxinlA
beads, GST-nSecl was incubated with syntaxinlA for 1 h at 4°C. The com-
plex was then purified by gel filtration and conjugated onto glutathione-
agarose beads. The nSecl or nSecl/syntaxin1lA bound beads (10 pl) were
incubated with approximately equal molar amount of the indicated re-
combinant proteins for 120 min at 4°C in the buffer above with 0.05%
Tween-20 and 5 mM B-ME. After washing, proteins on the beads were
solubilized in 10 pl of sample buffer and subjected to electrophoresis. Pro-
tein bands were visualized by Coomassie blue staining.

Electrophoretic Procedures

SDS resistance was tested as previously described (Yang et al., 1999). Na-
tive gel electrophoresis was performed using 8-25% Phast gels with native
buffer strips (Pharmacia Biotech, Inc.). Gels were stained with Coomassie
blue or transferred onto nitrocellulose and probed with indicated anti-
bodies.

Neurotoxin Treatment

Equal molar amounts (0.5 pmol) of each protein (combination of nSecl/
syntaxinlA, SNAP-25, and VAMP2, or syntaxinlA, SNAP-25, and
VAMP2) were incubated for 1 h at 4°C and the mixtures (10 wl/reaction)
were treated with 300 nM of either botulinum toxin D or E at 25°C for 30
min in 150 mM NaCl and 20 mM Tris-HCI, pH 8. The untreated samples
were incubated in the same buffer without adding toxins. As a control, the
protein monomers, syntaxinlA, SNAP-25, VAMP2, and the nSecl/
syntaxin1lA complex were treated with toxins in the same way (data not
shown). The reactions were terminated by adding protein sample buffer
and then subjected to SDS-PAGE analysis.

Brain Membrane Cross-linking Assay

Rat brain membranes were extracted with 1% Triton X-100 and the re-
maining insoluble material was sedimented at 100,000 g for 1 h. The Tri-
ton X-100 extract was incubated with 1 mM noncleavable cross-linked di-
succinimidyl suberate (DSS; Pierce Chemical Co.) for 2 h on ice and
guenched with 100 mM glycine for 30 min. A second portion of mem-
branes was incubated first with DSS and then quenched before being
mixed with SDS-containing sample buffer. The cross-linked membranes
were separated on 16% SDS-PAGE and transferred onto nitrocellulose
paper for Western blotting.

Results

Exclusive Interactions of nSec1/Syntaxinl
and SNAREs

Previously, it was shown that nSecl interacts with syn-
taxinlA with high affinity and that this complex prevents
syntaxin from binding the target SNARE, SNAP-25, in
vitro (Pevsner et al., 1994a). However, it was never deter-
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Figure 1. Among proteins of
the SNARE complex, only
x free syntaxin interacts with
nSecl. nSecl (nSEC1) and
all SNARE complex compo-
nents, syntaxinlA (SYNL1),
SNAP-25  (SN25), and
VAMP2, were purified as
monomeric species by affin-
ity chromatography. SYN1/
SNAP-25  (binary) and
nSecl/SYN1 complexes were

— — ————
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assembled and further puri-
fied by size-exclusion chro-
matography. The bead-bind-
ing assays were performed by
prebinding purified GST-
tagged nSecl or nSec1/SYN1
onto glutathione-agarose
beads. The beads were then
incubated with the indicated

components overnight at
4°C. After washing, sample
buffer was added to the

-+ boil

beads and the proteins were separated on a 16% SDS-polyacrylamide gel. Molecular mass markers are indicated on the left in kD. Ap-
parent molecular weights: monomeric nSecl, 70 kD; SYN1, 31 kD; SN25, 25 kD; and VAMP?2, 10 kD.

mined whether the binary association of syntaxin and
SNAP-25 could prevent the nSecl/syntaxin interaction. To
test this possibility, we incubated purified syntaxinlA,
SNAP-25, or binary SNARE complex (syntaxinlA/SNAP-
25) with GST-nSecl-bound glutathione-agarose beads.
nSecl-bound agarose beads retained syntaxin, but not
SNAP-25 (Fig. 1, lanes 10 and 11), consistent with previ-
ous results. The nSecl/syntaxinlA interaction, however,
was prevented by syntaxinlA/SNAP-25 binary association
(Fig. 1, lane 12). As a control, GST beads did not retain
any SNAREs (Fig. 1, lanes 5-8). Furthermore, we tested
the ability of nSecl to prevent assembly of the complete
ternary SNARE complex. The glutathione-agarose beads
conjugated with the nSecl/syntaxinlA complex were incu-
bated with either SNAP-25, VAMP2, or both. The results
showed that the high-affinity nSecl/syntaxinlA interac-
tion completely prevented binding among the SNAREs
(Fig. 1, lanes 14 and 15) and assembly of the ternary
SNARE complex (Fig. 1, lanes 16 and 17). These results
indicate that association of syntaxin with SNAREs in ei-
ther binary or ternary complexes and the association of
syntaxin with nSecl are mutually exclusive.

Syntaxin Bound to nSecl Does Not Form SNARE
Complexes, and nSecl Does Not Associate with the
Preassembled SNARE Complex

To test the possibility that SNARE complexes act as re-
ceptors for nSecl (Carr et al., 1999), either purified syn-
taxin or nSecl/syntaxinlA complex was incubated with
SNAP-25 and VAMP?2 in solution. Free syntaxin, along
with the other SNAREs, formed a SDS-resistant complex,
as previously reported (Fig. 2 A). Similarly, the nSecl-
bound syntaxin was capable of forming an SDS-resistant
SNARE complex (Fig. 2 A). This nSecl/syntaxinlA-
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derived SNARE complex required all SNARE protein
components for SDS resistance (data not shown) and dis-
sociated into individual monomers after boiling (Fig. 2 A),
indicating that the complex is identical to the ternary
SNARE complex. To test whether nSecl remains associ-
ated with the SDS-resistant SNARE complex, we sepa-
rated the protein complexes on a nondenaturing gel.
SNAP-25, nSecl/syntaxinlA, and syntaxinlA ran as dis-
tinct bands on the native gel, whereas nSecl and the posi-
tively charged VAMP2 did not enter the gel (Fig. 2 B,
lanes 1-5). Surprisingly, in contrast to the results obtained
by SDS gel electrophoresis, the native gel showed that the
mixture of nSecl/syntaxinlA, SNAP-25, and VAMP2, in-
stead of running as a unique complex, ran as individual
components (Fig. 2 B, lane 6). In the absence of nSecl, the
mixture of SNARES ran as a unique band that represents
the assembled complex (Fig. 2 B, lane 7), indicating that
this assay is capable of detecting assembled SNARE com-
plex. Therefore, we conclude that the ability of the nSecl/
syntaxinlA complex to form SNARE complexes in the
presence of SDS is due to the SDS-induced dissociation of
the nSecl/syntaxinlA complex, which allows the released
syntaxin to bind the other SNAREs. Furthermore, we
tested for the possible association between nSecl and the
preassembled SNARE complex using a bead binding as-
say. As shown in Fig. 3, nSecl beads failed to retain any of
the ternary SNARE complex.

nSecl Prevents Syntaxin from Forming a
Neurotoxin-Resistant SNARE Complex

Assembly of binary and ternary SNARE complexes re-
sults in protection from neurotoxin digestion, whereas free
SNAP-25 and VAMP?2 are specifically cleaved by botuli-
num toxin E or D, respectively (Hayashi et al., 1994). To
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Figure 2. nSecl-bound syntaxin does not form SNARE com-
plexes. A, SyntaxinlA/nSecl complex (SYN1/nSEC1), syn-
taxinlA (SYN1), SNAP-25 NH,- and COOH-terminal domains
(SN25), and VAMP2 were purified by affinity and size-exclusion
chromatography. Either SYN1, SN25 and VAMP2 (left), or
SYN1/nSecl, SN25, and VAMP2 (right) were combined and in-
cubated for 1 h at 4°C. For each combination, sample buffer (fi-
nal concentration of 2% SDS) was added, and half of the mixture
was boiled, whereas the other half was kept at room temperature.
The samples were then separated on a 12% SDS-polyacrylamide
gel and visualized by Coomassie blue staining. Molecular mass
markers are indicated on the left in kD. Apparent molecular
weights: nSecl, 70 kD; and SYN1, 31 kD. SN25 NH,-terminal do-
main, SN25 COOH-terminal domain, and VAMP2 ran as 12 kD
or below. SDS-resistant bands are marked by asterisks. Using
full-length SNAP-25 gave similar results, with the SDS-resistant
complex running larger. B, Native gel migration of full-length
SN25, VAMP2, SYN1/nSEC1, nSecl, SYN1, and mixtures of
SYN1/nSEC1, SN25, and VAMP2, or SYN1, SN25, and VAMP2.
Note that the mixture of SYN1/nSEC1, SN25, and VAMP2, in-
stead of running as a unique complex, ran as individual mono-
mers. Neither VAMP2 nor nSecl entered the native gel.

further characterize whether both free syntaxinlA and
prebound nSecl/syntaxinlA complex were able to form
stable, neurotoxin-protected SNARE complexes in solu-
tion, we incubated either free syntaxin (Fig. 4, lanes 1, 2, 5,
and 6) or prebound nSecl/syntaxin (Fig. 4, lanes 3, 4, 7,
and 8) with SNAP-25 and VAMP2, followed by treatment
with either botulinum toxin E or D. Without toxin treat-
ment (Fig. 4, lanes 1-4), both free syntaxin and nSecl/
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Figure 3. nSecl does not bind the ternary SNARE complex.
Both GST and GST-nSecl (nSEC1) were purified by affinity
chromatography. Ternary SNARE complex (marked by an aster-
isk) was formed by mixing syntaxinlA, full-length SNAP-25, and
VAMP2, and purified by size-exclusion chromatography. The
purified GST or GST-nSecl was incubated with glutathione-aga-
rose beads for 1 h and washed. The beads were then incubated
with purified ternary SNARE complex overnight at 4°C. The
beads were washed and sample buffer (final concentration of 2%
SDS) was added, and half of the mixture was boiled whereas the
other half was kept at room temperature. Protein were separated
on a 16% SDS-polyacrylamide gel. Molecular mass markers are
indicated on the left in kD.

syntaxinlA were capable of forming thermally sensitive
SNARE complexes as assayed by SDS-PAGE. As shown
in Fig. 2, the nSecl/syntaxin complex is dissociated by
SDS, followed by SNARE complex formation. Upon boil-
ing in the presence of SDS, the complexes dissociated into
SNARE monomers, as demonstrated by the increase in
the density of both the SNAP-25 and VAMP2 protein
bands. With either botulinum toxin E or D treatment, the
complexes formed by syntaxinlA, SNAP-25, and VAMP2
were greatly protected from digestion, as intact SNAP-25
and VAMP2 bands were observed after boiling (Fig. 4,
lanes 5 and 6). In contrast, treatment of nSecl/syntaxinlA,
SNAP-25, and VAMP2 with botulinum toxin E or D re-
sulted in digestion of SNAP-25 and VAMP?2 into products
with higher electrophoretic mobility (Fig. 4, lanes 7 and 8),
indicating that neither SNAP-25 nor VAMP2 were pro-
tected as part of an assembled SNARE complex. These re-
sults further indicate that prebound nSecl/syntaxinlA,
SNAP-25, and VAMP2 are unable to assemble into a com-
plex in solution without addition of SDS.

In Vivo nSecl Is Present in a Complex Containing
SyntaxinlA, but Not SNAP-25 or VAMP2

Next, to investigate the in vivo interactions between nSecl
and the SNARE proteins, we cross-linked detergent-solu-
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Figure 4. Association between nSecl and syntaxin prevents
toxin-resistant SNARE complex formation. Either syntaxinlA
(SYNZ; lanes 1, 2, 5, and 6) or nSecl/syntaxin1lA complex (SYN1/
nSECI; lanes 3, 4, 7, and 8) was combined with full-length SNAP-
25 (SN25) and VAMP2. The mixtures were incubated for 1 h at
4°C. Then, either botulinum toxin E to digest SNAP-25 (BotT E;
upper panel of lanes 5-8) or botulinum toxin D to digest VAMP2
(BotT D; lower panel of lanes 5-8) was added and incubated 30
min at 25°C. After incubation, sample buffer (final concentration
of 2% SDS) was added, and half of the mixture was boiled,
whereas the other half was kept at room temperature. Proteins
were then separated on a 16% SDS-polyacrylamide gel and visu-
alized by Coomassie blue staining.

bilized brain extracts with the noncleavable cross-linked
DSS. The extracts were analyzed by Western blotting with
antibodies against either nSecl or the different SNAREs,
as indicated in Fig. 5. Cross-linking generated two higher
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Figure 5. Chemical cross-linking of rat brain membrane reveals
complexes containing syntaxinlA and nSecl, but not VAMP2 or
SNAP-25. Rat brain membrane detergent extracts were incu-
bated with or without DSS (1 mM) for 2 h on ice. Lysates (20 p.g/
lane) were analyzed by Western blot with the antisyntaxinlA,
anti-nSecl, anti-SNAP-25, or anti-VAMP2 antibodies as indi-
cated. Asterisk-labeled complexes are described in Results.
There are also two major unidentified cross-linked bands with
molecular weights ranging from 45-60 kD recognized by anti—
SNAP-25 antibody. There is one major 56-kD cross-linked band
recognized by anti-VAMP2 antibody corresponding to synapto-
physin/lVAMP2 complex as previously demonstrated (Calakos
and Scheller, 1994). Molecular mass markers are indicated on the
left in kD.
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molecular mass complexes (apparent molecular weights:
105 and 140 kD), both of which were immunoreactive with
antisyntaxinlA and anti-nSecl. Significantly, however,
these two bands were not recognized by either anti-SNAP-
25 or anti-VAMP2. Furthermore, chemically cross-linking
purified rat brain membrane before solubilization with de-
tergent gave the same results (data not shown). Therefore,
in the mammalian case, we see no evidence for the exist-
ence of assembled SNARE complexes bound to nSecl.

Discussion

Using recombinant proteins purified to homogeneity, we
have investigated the interactions between nSecl and the
SNARES. Several observations, obtained from in vitro
binding assays, nondenaturing gel electrophoresis, and
specific neurotoxin treatment, suggest that the interaction
of syntaxinl with the core SNARE components, SNAP-25
and VAMP?2, precludes the interaction of syntaxinl with
nSecl. Inversely, association of nSecl and syntaxinl pre-
vents assembly of the binary and ternary SNARE com-
plexes. Furthermore, chemical cross-linking of rat brain
membranes revealed nSecl complexes containing syn-
taxinl, but not SNAP-25 or VAMP2. These data are con-
sistent with the hypothesis that syntaxin adopts an inacces-
sible closed conformation when bound to nSecl that must
be actively dissociated or conformationally altered to be-
come eligible to form fusion complexes. In contrast to this
hypothesis, a recent study using yeast concluded that
Seclp binds only to preformed SNARE complexes (Carr
et al., 1999). However, associations of membrane proteins
in detergents can result in complexes that bind via hydro-
phobic membrane anchors, making assignment of stoichi-
ometries difficult. NSF dissociation of SNARE complexes
would likely reduce associations via membrane anchors as
well. Carr et al. (1999) further speculated that Seclp func-
tions to promote exocytosis after SNARE complexes have
been assembled. If both the conclusions from the yeast
study and this work are true, there is likely to be a funda-
mental difference between the yeast and mammalian Secl
proteins, despite the fact that other components of the
membrane fusion pathway appear to be similar. Alterna-
tive explanations include the possibility that the binding
affinity of the mammalian fusion complex and nSecl is too
weak to be detected in our assays. However, in yeast, Carr
et al. (1999) failed to detect any binding between Seclp
and Ssop, whereas the mammalian counterparts interact
with very high affinity (Kq = 10 nM). Perhaps in the yeast
study, the Seclp is already bound to Ssop or another pro-
tein and is, therefore, inhibited from binding to recombi-
nant Ssolp. Most interestingly, perhaps Seclp can adopt
two conformations, one with a high affinity for syntaxin
and another with a high affinity for the SNARE complex.
The mammalian and yeast Secl proteins may, for un-
known reasons, favor these alternative conformations.
Characterization of the possible fundamental differences
between different Secl proteins in yeast and mammals
should be performed with either recombinant or purified
yeast proteins to confirm direct protein—protein interac-
tions. In addition, the yeast complexes need to be purified
to be certain of the precise protein composition and stoi-
chiometry.
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When the vesicle arrives at the acceptor membrane, a
series of events, beginning with target recognition and cul-
minating with membrane fusion, ensues. Our data support
a model in which the Secl/syntaxin complex is at least one
component of the target membrane receptor for the vesi-
cle. Consistent with earlier hypothesis, we favor the idea
that the Secl/syntaxin complex is recognized by the vesi-
cle, perhaps through a Rab/Rab effector interaction, and
that conformational changes then occur that allow syn-
taxin to unfold to an open state. The molecular events
leading to these proposed recognition events and confor-
mational changes are not known and represent one of the
most important issues in the membrane trafficking field.
The open state of syntaxin is suggested to then interact
with other SNAREs, leading to the formation of core com-
plexes and membrane fusion. The question of whether
Secl is totally dissociated from the SNARE complex or
may remain bound deserves further investigation.
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