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Promiscuous interaction of SNAP-25 with all plasma membrane
syntaxins in a neuroendocrine cell
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SNAP-25 (25 kDa synaptosome-associated protein) is found in
cells that release neurotransmitters and hormones, and plays a
central role in the fusion of secretory vesicles with the plasma
membrane. SNAP-25 has been shown to interact specifically with
syntaxin 1, a 35 kDa membrane protein, to mediate the fusion
process. Here, we investigated whether other known syntaxin
isoforms found at the plasma membrane can serve as binding part-
ners for SNAP-25 in vivo. In our analysis, we employed rat phaeo-
chromocytoma PC12 cells that are often used as a model of
neuronal functions. We now show that these cells contain large
amounts of SNAP-25, which interacts not only with syntaxin 1,
but also with ubiquitous syntaxins 2, 3 and 4. The plasma mem-
brane syntaxins appear to occupy complementary domains at the
plasma membrane. In defined reactions, the ubiquitous plasma

membrane syntaxin isoforms, when in binary complexes with
SNAP-25, readily bound vesicular synaptobrevin to form SDS-
resistant SNARE (soluble N-ethylmaleimide-sensitive fusion
protein attachment protein receptor) complexes implicated in
membrane fusion. However, vesicular synaptotagmin and cyto-
solic complexin, both implicated in the fusion process, exhibited
differential ability to interact with the SNARE complexes formed
by syntaxins 1–4, suggesting that the plasma membrane syntaxins
may mediate vesicle fusion events with different properties.

Key words: chromaffin cell, PC12 cell, 25 kDa synaptosome-
associated protein (SNAP-25), soluble N-ethylmaleimide-sensi-
tive fusion protein attachment protein receptor (SNARE), syn-
taxin, tumour.

INTRODUCTION

Numerous transport vesicles fuse with the plasma membrane to
mediate many cellular processes, including cell growth, plasma
membrane repair, axonal branching, recycling of plasma mem-
brane transporters and release of soluble signalling molecules
into the extracellular space. Our understanding of the molecular
mechanisms operating in each process, and our ability to inter-
fere with any given process, rely on full definition of fusion
components existing at the plasma membrane. The discovery
of the general principles of SNARE (soluble N-ethylmaleimide-
sensitive fusion protein attachment protein receptor)-mediated
membrane fusion [1,2] provides a solid basis for a detailed char-
acterization of the plasma membrane fusion machinery. The
generality of the SNARE hypothesis is illustrated by the fact
that many fusion events require so-called v (vesicle-associ-
ated)-SNAREs on the vesicular membrane, and t (target mem-
brane)-SNAREs on the target membrane. The mammalian
v-SNARE family consists of nine members, with synaptobrevin 2,
also known as VAMP2 (vesicle-associated membrane protein 2),
being the dominant isoform in the brain [2,3]. The t-SNARE
machinery has a more complex composition, with two or three
components being required in different membrane-trafficking
pathways [3,4]. The syntaxin family of t-SNAREs consists of
at least 12 gene products in animal cells that are localized to
compartments throughout the secretory and endocytic pathways,
indicating that these proteins mediate various membrane-traf-
ficking pathways [3]. The three additional t-SNAREs, SNAP-
25 (25 kDa synaptosome-associated protein) [5], SNAP-23 [6]
and SNAP-29 [7], interact with syntaxin isoforms through com-
binatorial principles which are not yet fully understood.

In the present study, we sought to investigate potential syntaxin
partners for the neuronal SNAP-25. SNAP-25 was initially
detected as the most prominent methionine-labelled protein in
rapid axonal transport, and originally was known as ‘Superpro-
tein’ [8]. The primary structure of SNAP-25 is predominantly
hydrophilic and contains no apparent membrane domains; how-
ever, in model neuroendocrine cells, this protein is almost exclu-
sively found at the plasma membrane [5]. SNAP-25 is unstruc-
tured in solution, but adopts a highly helical structure upon
binding of syntaxin 1 [9]. This syntaxin binding also stimulates
SNAP-25 palmitoylation, which may help to anchor SNAP-25
firmly in the plasma membrane [10,11]. In addition to syntaxin 1,
which is mainly found in the brain, syntaxins 2, -3 and 4 have
been identified as plasma membrane proteins operating in many
different cells [3,12]. The ability of these four syntaxins to
reside at the plasma membrane is probably due to their longer
transmembrane motifs compared with those of syntaxins oper-
ating in the Golgi or the endoplasmic reticulum [13].

We recently demonstrated that, in rat phaeochromocytoma
PC12 cells, SNAP-25 interacts not only with syntaxin 1, but
also exhibits robust binding of syntaxin 2 [14]. Since syntaxins
1–4 have been shown to form complexes with SNAP-25 and
synaptobrevin 2 in in vitro reactions [15], and because PC12 cells
carry syntaxin 3 and syntaxin 4 [12], it was important to establish
the extent of promiscuity for SNAP-25–syntaxin interactions in
this widely used neuronal model cell. We now show that the
plasma membrane of PC12 cells displays a mosaic of different
syntaxin isoforms, all being capable of binding the SNAP-25
molecule. These findings have important implications for recent
studies of SNARE-mediated exocytosis, and shall open new
avenues for investigation of multiple plasma membrane processes.

Abbreviations used: CCD, charge-coupled device; GST, glutathione S-transferase; SNAP-25, etc., 25 kDa synaptosome-associated protein, etc; (t/v)-
SNARE, (target membrane/vesicle-associated) soluble N-ethylmaleimide-sensitive fusion protein attachment protein receptor; VAMP, vesicle-associated
membrane protein.
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EXPERIMENTAL

Plasmids and antibodies

Plasmids encoding GST (glutathione S-transferase) fusion pro-
teins with SNAP-25, syntaxin 1 (amino acids 1–261), syntaxin 2
(amino acids 1–264), syntaxin 3 (amino acids 1–261) and synta-
xin 4 (amino acids 1–269) have been described previously [12,14].
Mouse anti-syntaxin-1 (clone HPC-1) and rabbit anti-syntaxin-3
antibodies were from Sigma (Gillingham, Kent, U.K.). Rabbit
anti-syntaxin-2, anti-syntaxin-4, anti-complexin-1/2, anti-SNAP-
23 and VAMP2 antibodies were from Synaptic Systems
(Göttingen, Germany). An additional rabbit anti-SNAP-23 anti-
body was from Sigma, U.K. Mouse anti-SNAP-25 (clone SMI81)
was from Sternberger Monoclonals (Lutherville, MD, U.S.A.).
Rabbit anti-SNAP-25, anti-syntaxin-1 and anti-synaptotagmin-1
antibodies, produced in our laboratory, have been described pre-
viously [16].

Tissue culture and immunofluorescent staining

The rat phaeochromocytoma cell line, PC12, obtained from
A.T.C.C. (CRL-1721), was cultured in collagen-coated Biocoat
flasks (BD Biosciences, Oxford, U.K.) or on Vitrogen 100
(Cohesion Technologies, Palo Alto, CA, U.S.A.)-coated cover-
slips in DMEM (Dulbecco’s modified Eagle’s medium; Invitro-
gen, Paisley, Scotland, U.K.) containing 10% (v/v) horse serum
(Invitrogen, Paisley, U.K.) and 5 % (v/v) fetal-calf serum (PAA
Laboratories, Teddington, London, U.K.) at 37 ◦C in a humidified
atmosphere of 10% CO2. Cells were fixed with 4% (w/v) para-
formaldehyde for 30 min, treated with 0.1% (v/v) Triton X-100
in PBS for 2 min, and then incubated for 30 min in PBS con-
taining 2% BSA. The fixed cells were treated with a primary
antibody for 90 min, followed by a 30 min incubation with Alexa-
conjugated secondary antibodies (Molecular Probes). The bound
immunofluorescence was observed on a Radiance Confocal sys-
tem (Zeiss/Bio-Rad; Hemel Hempstead, Herts., U.K.) linked to
a Nikon Eclipse fluorescence microscope equipped with an oil-
immersion objective (100×; 1.4 numerical aperture). An argon/
krypton mixed laser was used in combination with a 488 nm band
pass filter (excitation) and a 585 nm long pass filter (emission)
to examine Alexa 488 fluorescence. A 647 nm band pass filter
(excitation) and a 660 nm long pass filter (emission) were used
for Alexa 647 detection.

Protein preparation and binding reactions

Recombinant SNARE proteins were produced in BL21
Escherichia coli, and purified on glutathione–Sepharose beads
(Amersham Biosciences). Proteins were washed with buffer A
[20 mM Hepes/NaOH (pH 7.3)/100 mM NaCl/2 mM EDTA] and
eluted either with 15 mM reduced glutathione (GSH) in buffer A
or using thrombin cleavage [17]. Eluted proteins were purified
further by gel filtration on a Superdex 200 column (Amersham
Biosciences) equilibrated in buffer A. For binding reactions,
3 µg of GST–syntaxin 1–4 were immobilized on glutathione–
Sepharose beads. Following washing in buffer A containing
either 0.1% Triton X-100 or 0.8% (w/v) n-octylglucoside, the
immobilized GST–syntaxin was incubated for 30 min at 24 ◦C
with 10 µg of SNAP-25 and 5 µg of synaptobrevin 2 (amino acids
1–96) in a reaction volume of 100 µl. The beads were washed
three times with buffer A in the presence of 0.1% Triton X-100 by
low-speed centrifugation, and bound protein was eluted into SDS-
containing sample buffer. Proteins were separated by SDS/PAGE
and stained with either Sypro Orange or Coomassie staining. To
analyse formation of the SDS-resistant SNARE complexes, the

cytoplasmic domains of syntaxins were incubated with SNAP-25
and synaptobrevin 2 in buffer A for 30 min at 24 ◦C in the presence
of 0.8% (w/v) n-octylglucoside. The reactions were stopped
by the addition of SDS-containing sample buffer, and analysed by
SDS/PAGE and Coomassie staining.

Anti-SNAP-25 affinity pull-down, MS (mass spectrometry)
analysis and Western immunoblotting

PC12 cell extract was prepared as described previously [14].
Sepharose beads with covalently attached anti-SNAP-25 antibody
(clone SMI81; Sternberger Monoclonals) were incubated with
the cell extract for 1 h at 4 ◦C, and then extensively washed in
buffer A containing 0.1% Triton X-100. Protein eluted into SDS-
containing sample buffer was separated by SDS/PAGE and visu-
alized by Coomassie staining. Peptides of in-gel trypsin-digested
protein bands were separated by liquid chromatography on a
reversed-phase C18 column (150 mm × 0.075 mm internal dia-
meter; flow rate 0.15 ml/min). The eluate was introduced directly
into a Q-STAR hybrid tandem mass spectrometer (MDS Sciex,
Concord, ON, Canada). The spectra were analysed against an
NCBI non-redundant database with MASCOT MS/MS Ions
searching (http://www.matrixscience.com).

For Western immunoblotting, cell extracts from PC12 cells,
COS7 cells and chromaffin cells were prepared in buffer A con-
taining 1% Triton X-100 and the CompleteTM protease inhibitors
mix (Roche, Welwyn Garden City, U.K.). Detergent extracts
from other cell lines, organs and brain parts were from GenoTech
(St Louis, MO, U.S.A.). Before Western immunoblotting, all
samples were normalized by protein content. Protein samples
(30 µg per lane) were separated on 12% Ready gels (Bio-Rad)
and transferred to Immobilon-P membranes (Millipore, Billerica,
MA, U.S.A.). The membranes were blocked for 30 min with
5% non-fat dried milk in PBS containing 0.2% (v/v) Tween
20, followed by incubation for 1 h with primary, and 30 min
with secondary, antibodies. Chemiluminescence was developed
using the West Dura kit (Pierce, Tattenhall, Cheshire, U.K.), and
was imaged on the ChemiDoc XRS equipped with a 12-bit CCD
(charge-coupled device) camera (Bio-Rad). Quantification of the
signals was performed using the Quantity One software (Bio-
Rad).

RESULTS

To determine the relationship between SNAP-25 and the plasma
membrane syntaxins 1–4, we performed immunoblotting analysis
of mature chromaffin cells from adrenal glands as well as
adrenal phaeochromocytoma PC12 cells, both being widely used
to study neuroendocrine exocytosis [18]. As a control, several
non-neuronal cell lines (lymphoma Raji and Jurkat, cervical
HeLa, breast MCF and kidney Cos7 cells) were also tested.
The Western immunoblot analysis of the normalized protein
samples (Figure 1) allowed us to make several conclusions.
First, as expected, only PC12 cells and chromaffin cells, both
secreting catecholamines in a regulated manner, contain SNAP-
25. Secondly, PC12 cells carry six times more SNAP-25 than
chromaffin cells, as estimated by the immunoblotting signals
quantified using a cooled 12-bit CCD camera (results not shown).
Thirdly, plasma membrane syntaxins 2–4 exhibited the highest
expression in PC12 cells, whereas syntaxin 1 was specifically
enriched in chromaffin cells. It is worth noting that mature chro-
maffin cells specialize in catecholamine secretion, whereas other
cell lines under investigation are all of tumour origin. Interestingly,
only one syntaxin isoform tested here was strongly expressed in all
tumour cells: syntaxin 3. Together, the Western immunoblotting
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Figure 1 Neuroendocrine PC12 cells display the full complement of plasma
membrane syntaxins as well as enrichment of SNAP-25, in comparison with
mature chromaffin cells from the adrenal gland

A Western immunoblot using anti-SNAP-25 and anti-syntaxin (Syx) antibodies of chromaffin
cells (CC), and six tumour cell lines (PC12, HeLa, Raji, MCF, COS7 and Jurkat) is shown.
Normalization of total cell protein (30 µg per lane) was verified by Coomassie staining (CS).
Positions of molecular-mass markers (in kDa) are shown on the right of the gels.

analysis indicates that PC12 cells behave, with regards to its
plasma membrane syntaxins, as a hybrid of neuroendocrine and
tumour cells.

The abundance of SNAP-25 in PC12 cells was unexpected,
and raised the possibility that the increased presence of SNAP-
25 is linked to the higher presence of the plasma membrane
syntaxin isoforms, specifically syntaxins 2–4. Therefore we tested
the distribution of the t-SNAREs in cells co-immunostained
with mouse anti-SNAP-25 and rabbit anti-syntaxin antibodies
using confocal fluorescent microscopy (Figure 2A). The four
syntaxins, at the plasma membrane in the equatorial sections,
were distributed in a punctate manner, with SNAP-25 covering
most of the plasma membrane. Each syntaxin isoform could also
be identified within the cell interior in vesicular populations. All
four syntaxin isoforms partially co-localized with SNAP-25 at the
plasma membrane of PC12 cells in the merged images. Since, in
non-neuronal cells, syntaxins 2–4 are known to pair with a SNAP-
25 homologue, SNAP-23 [6,19,20], we determined the relative
endogenous distribution of SNAP-23 and SNAP-25. Interestingly,
in PC12 cells, SNAP-23 was more abundant in the cell interior,
whereas SNAP-25 predominated at the plasma membrane level
(Figure 2B).

Next, we analysed distribution of t-SNAREs relative to syn-
taxin 1 by employing a monoclonal anti-syntaxin-1 antibody
(clone HPC-1) that specifically binds its active, plasma membrane
form [16]. This HPC-1 monoclonal antibody cannot recognize
syntaxin 1, which is in association with a large cytosolic protein,
Munc18, also known as nSec1 [21]. Co-staining of the plasma
membrane form of syntaxin 1 and SNAP-23 again demonstrated
the intracellular localization of the latter t-SNARE (Figure 2C).
In contrast, SNAP-25 exhibited a high degree of co-localization
with the plasma membrane syntaxin 1 (Figure 2C). Furthermore,
co-immunostaining using the HPC-1 monoclonal antibody and
the rabbit anti-syntaxin-2–4 antibodies revealed a segregation of
syntaxin 1 from the ubiquitous syntaxins (Figure 3A), forming
a patchwork at the plasma membrane (Figure 3B). Therefore it
was possible that multiple syntaxins could account for the plasma

Figure 2 Distribution of endogenous syntaxins 1–4, SNAP-25 and SNAP-23
in PC12 cells

(A) Cells were co-immunostained using mouse anti-SNAP-25 and rabbit anti-syntaxin-1–4
(Syx1–Syx4) (B) Co-immunostaining of PC12 cells using mouse anti-SNAP-25 and rabbit
SNAP-23. (C) Cells were co-immunostained using HPC-1 monoclonal anti-syntaxin-1 antibody
and either anti-SNAP-23 or anti-SNAP-25 antibodies. Scale bar, 10 µm.

membrane SNAP-25 staining in PC12 cells, provided that SNAP-
25 could indeed interact with all four plasma membrane syntaxins
(Figure 2).

To address the physical relationship between SNAP-25 and the
plasma membrane syntaxins, we immunoprecipitated SNAP-
25 from PC12 cell extracts using a monoclonal antibody co-
valently attached to Sepharose beads [22]. Western immuno-
blotting of the bound material revealed that all four plasma
membrane syntaxin isoforms were strongly enriched in the pull-
down material (Figure 4A), indicating a direct molecular link
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Figure 3 Syntaxins 1–4 can occupy distinct patches of the plasma mem-
brane of PC12 cells

Cells were co-immunostained using mouse anti-syntaxin-1 (Syx1) and rabbit anti-syntaxin-2–4
(Syx2–Syx4). The rectangular areas shown in the bottom panels in (A) are magnified in the
respective panels in (B) [scale bar in (A), upper left panel, 10 µm; scale bars in (B), 1 µm].

between SNAP-25 and the plasma membrane syntaxins in these
cells. The SNAP-25 antibody beads did not bring down a
control protein, synaptophysin, demonstrating the specificity
of the syntaxin–SNAP-25 interaction. The bound material was
also analysed by liquid chromatography–tandem MS (Figure 4B
and Supplementary Table 1; http://www.BiochemJ.org/bj/392/
bj3920283add.htm), which further confirmed our conclusion
about the ability of SNAP-25 to interact with all four plasma
membrane syntaxins in neuroendocrine PC12 cells.

The ability of syntaxins 3 and 4 to bind SNAP-25 was sur-
prising, and led us to analyse whether these isoforms are present
in the brain. Immunoblotting of protein samples from various rat
organs and parts of the brain demonstrated that the ubiquitous
syntaxins are as abundant in brain tissues as in other organs,
with syntaxin 4 exhibiting some enrichment in the medulla, the
cerebellum and the spinal cord (Figure 5A). If SNAP-25 interacts
promiscuously with the four syntaxins, can these ubiquitous
syntaxins form the SDS-resistant complex implicated in fusion
of synaptic vesicles [23,24]? Addition of synaptobrevin 2 to
a solution of SNAP-25 containing either syntaxin 3 or syn-
taxin 4 resulted in the complete consumption of the v-SNARE
into the SDS-resistant SNARE complexes (Figure 5B). Since
synaptobrevin may have artificially enhanced pairing of syntaxins
with SNAP-25, we analysed the ability of syntaxin 3 or syntaxin 4
to bind SNAP-25 in binary reactions. GST–syntaxin 3 and GST–
syntaxin 4, immobilized on glutathione–Sepharose beads, were
incubated with SNAP-25, and the bound material was analysed
by SDS/PAGE followed by Sypro Orange staining of the gel.
Both syntaxin 3 and syntaxin 4 were able to interact with SNAP-
25, similar to syntaxin 1 (Figure 5C) as quantified by bound
fluorescence (results not shown).

Figure 4 SNAP-25 interacts in vivo with all four plasma membrane syntaxin
isoforms

(A) Immunoprecipitation experiments of PC12 cell extracts using either control Sepharose beads
or Sepharose beads with a covalently attached monoclonal anti-SNAP-25 antibody are shown. A
fraction of the load (one-hundredth) and of the pull-down material (one-tenth) was probed using
rabbit antibodies against the indicated proteins. (B) MS analysis of the anti-SNAP-25 pull-down
material reveals partial peptide coverage for all four plasma membrane syntaxin isoforms.

Our results so far have shown that different syntaxins together
with SNAP-25 can engage the same v-SNARE protein, synapto-
brevin, in a promiscuous manner. We hypothesized that the control
of the SNARE fusion reactions may happen not at the level of the
SNAREs themselves, but at the level of auxiliary proteins. Among
several candidates, the cytosolic complexins 1 and 2 and multiple
vesicular synaptotagmins bind SNAREs, and have a profound
effect on the fusion reaction [2,25]. Complexins are small
cytosolic proteins that bind to the ternary SNARE complex [26]
to modulate the fusion reaction [27,28]. We analysed the binding
of complexin from a brain detergent extract to the four different
SNARE complexes formed using synaptobrevin 2, SNAP-25 and
syntaxins 1–4. Native complexin bound differentially to these four
SNARE complexes, with syntaxin-1-containing complex showing
the strongest binding (Figure 6). Syntaxin-2- and -3-containing
complexes, on the other hand, exhibited a very modest binding
of the brain complexin, whereas syntaxin 4-containing complex
completely failed to interact with complexin. Synaptotagmins are
vesicular proteins that probably tag specific vesicles in different
trafficking pathways [2,20,25], and are capable of constitutive
binding to the syntaxin 1–SNAP-25 heterodimer and the ternary
SNARE complex [29]. We therefore tested whether different
syntaxin-containing complexes bound differently to synaptotag-
min 1, which predominates in brain. Synaptotagmin 1 exhibited
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Figure 5 Syntaxins 3 and 4 are present in the brain, and are capable of
in vitro interaction with both SNAP-25 and synaptobrevin 2

(A) Western immunoblot analysis of rat internal organs and different parts of brain. Protein
normalization (30 µg per lane) was verified by Coomassie staining (CS). (B) Recombinant syn-
taxins 3 and 4 form SDS-resistant SNARE complexes upon addition of SNAP-25 and synapto-
brevin 2 (syb2) in a 30 min reaction at 24◦C. Coomassie stained gel. (C) Syntaxins 3 and 4 (Syx3
and Syx4) are as capable of direct binding to SNAP-25 as syntaxin 1. Immobilized GST fusion
proteins of syntaxins were incubated with SNAP-25 for 30 min and, after extensive washing,
were analysed by SDS/PAGE and Sypro Orange staining. A control reaction was performed using
glutathione–Sepharose beads without GST–syntaxin, but in the presence of SNAP-25.

differential binding to the four complexes, indicating further
that SNARE-associated proteins may discriminate between
the four plasma membrane syntaxin isoforms during the SNARE
assembly (Figure 6). Synaptophysin, a major vesicular protein,
did not bind to any of the SNARE complexes (results not shown),
confirming the specificity of the complexin and synaptotagmin
interactions.

DISCUSSION

SNARE-mediated membrane fusion is the final step in all vesicle
trafficking pathways [2,30]. Although SNAREs were originally

Figure 6 SNARE complexes formed by syntaxins 1–4, SNAP-25 and syn-
aptobrevin 2 differentially interact with complexin and synaptotagmin 1

SNAP-25 and synaptobrevin 2 were pre-bound to GST–syntaxin (GST-Syx) beads (upper panel;
Coomassie-stained gel). The four SNARE complexes were incubated with rat brain Triton X-100
extract for 1 h at 4◦C. Following washing, the SNARE complexes were immunoblotted using
anti-complexin (Cxn) or anti-synaptotagmin-1 (Syt1) antibodies (lower two panels). Syb2,
synaptobrevin 2.

proposed as the main determinants of the specificity of membrane
fusion reactions in the cell [30], later studies resulted in the
modification of such a hypothesis [4,31]. It is becoming clear that
each subcellular compartment can have several SNARE isoforms,
and that it is additional auxiliary proteins, such as Rab proteins,
Munc18 isoforms, synaptotagmins and complexins, that play
an important role in setting up the fusion of a specific vesicle
with a given domain in the target membrane. Here, we found
that SNAP-25 can form complexes with multiple syntaxins
in a single neuroendocrine cell (Figure 4). The identification
of these multiple syntaxin -SNAP-25 complexes in PC12 cells is of
clear importance, considering that previous mechanistic studies
of SNARE-mediated fusion relied on the assumption that syn-
taxin 1 is the principal interacting partner of SNAP-25 at the
plasma membrane. For example, several studies of SNAP-25 func-
tion in neuronal cell lines detected SNAP-25 that was not in asso-
ciation with syntaxin 1, leading the authors to propose that a
pool of SNAP-25 is present at the plasma in a syntaxin free form
[32–34]. However, the ability of SNAP-25 to interact with other
isoforms, such as syntaxins 2–4, has not been taken into account.

PC12 cells, being actively growing cells, display more diverse
syntaxin content compared with chromaffin cells, which are
terminally differentiated and highly specialized secretory cells of
the adrenal medulla [18]. Chromaffin cells display, at the plasma
membrane, a highly coincident localization of SNAP-25 and the
open form of syntaxin 1, recognizable by a specific monoclonal
antibody, HPC-1 [16]. In the present study we found that SNAP-25
is more abundant in PC12 cells than in chromaffin cells (Figure 1),
with noticeable coverage of the PC12 cell plasma membrane
(Figure 2). This correlates well with the presence of additional
plasma membrane syntaxins, namely syntaxins 2, 3 and 4 in
PC12 cells (Figure 1). All syntaxins, being transmembrane
proteins, have to be transported in vesicular structures to their
final destination. Therefore the intracellular punctuate staining for
all four syntaxins detectable by polyclonal antibodies (Figures 2
and 3) probably reflects intracellular vesicular pools carrying
these syntaxins. The ubiquitous syntaxins have previously been
shown to interact in non-neuronal cells with SNAP-23 [6]. Our
preliminary analysis of endogenous SNAP-23 distribution in
PC12 cells demonstrated that this protein localizes mainly to the
cell interior, in contrast with SNAP-25. Importantly, a preferential
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syntaxin binding has been observed previously for SNAP-25 in
comparison with SNAP-23, resulting in significant differences
in their palmitoylation [35]. It will be interesting to determine
whether the preference of syntaxins 1–4 for SNAP-25 at the
plasma membrane, in the presence of endogenous SNAP-23, is
a common phenomenon, as this may have implications for both
neuronal and non-neuronal cells that express SNAP-25, including
oocytes [36], gastric parietal cells [37], pituitary cells [38], and
pancreatic β-cells [39].

What are the potential functions for multiple SNAP-25-
interacting syntaxins? Our search of the literature revealed that
the neurotransmitter release may rely on a combination of SNAP-
25 with syntaxin 3, rather than syntaxin 1, for example, in
ribbon synapses [40]. Furthermore, fast exocytosis during egg
fertilization was reported to involve SNAP-25 together with
syntaxin 4 [36,41], but a direct association between the native
proteins has not been demonstrated previously. The SNARE
motifs of syntaxins 3 and 4, but not of syntaxins 6 and 8, can
inhibit exocytosis in a secretion assay in ‘cracked’ PC12 cells,
suggesting a potential involvement of syntaxins 3 and 4 in
catecholamine release [42]. In addition to regulated exocytosis,
syntaxins with SNAP-25 have been implicated in various neuronal
events, including neurite outgrowth and translocation of glucose
transporter vesicles to the plasma membrane [43,44]. Over-
expression of SNAP-25 has a stimulating effect on neurite out-
growth, whereas overexpression of syntaxin 1 had no effect
on this process [45], indicating that other syntaxins may work
together with SNAP-25 during neurite outgrowth. Botulinum
toxin C, which proteolyses SNAP-25 and syntaxins 1–3 [46],
causes collapse of the growth cones [47], implicating at least one
of these syntaxin isoforms in the membrane expansion during
neurite outgrowth.

The complete understanding of multiple trafficking pathways
requires full definition of the combinatorial complement of
SNARE proteins. The identification of multiple SNAP-25-inter-
acting syntaxins at the plasma membrane of PC12 cells now pro-
vides a basis for a better assignment of multiple plasma membrane
processes to each syntaxin isoform in this neuronal model. It is
conceivable that the presence of a given syntaxin on a membrane
microdomain contributes to a selection of a particular transport
vesicle for eventual fusion. This is supported by the observation
that SNARE-interacting proteins can distinguish between differ-
ent syntaxin isoforms, as illustrated in our study for synaptotagmin
and complexin. It will be important to investigate whether dif-
ferent patches of the plasma membrane in neuroendocrine cells
exhibit different characteristics of membrane fusion, and whether
they are targeted by distinct transport vesicles.

We thank Harvey McMahon for the syntaxins 3 and 4 plasmids and Vesa Olkkonen for the
syntaxin 2 plasmid. F. D. is a recipient of an EMBO long-term fellowship.
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