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Homotypic fusion of immature secretory granules (ISGs) gives rise to mature secretory granules
(MSGs), the storage compartment in endocrine and neuroendocrine cells for hormones and
neuropeptides. With the use of a cell-free fusion assay, we investigated which soluble N-
ethylmaleimide-sensitive fusion protein attachment receptor (SNARE) molecules are involved in
the homotypic fusion of ISGs. Interestingly, the SNARE molecules mediating the exocytosis of
MSGs in neuroendocrine cells, syntaxin 1, SNAP-25, and VAMP2, were not involved in homotypic
ISG fusion. Instead, we have identified syntaxin 6 as a component of the core machinery
responsible for homotypic ISG fusion. Subcellular fractionation studies and indirect immunoflu-
orescence microscopy show that syntaxin 6 is sorted away during the maturation of ISGs to MSGs.
Although, syntaxin 6 on ISG membranes is associated with SNAP-25 and SNAP-29/GS32, we
could not find evidence that these target (t)-SNARE molecules are involved in homotypic ISG
fusion. Nor could we find any involvement for the vesicle (v)-SNARE VAMP4, which is known
to be associated with syntaxin 6. Importantly, we have shown that homotypic fusion requires the
function of syntaxin 6 on both donor as well as acceptor membranes, which suggests that
t–t-SNARE interactions, either direct or indirect, may be required during fusion of ISG mem-
branes.

INTRODUCTION

Cellular organization requires accurate protein transport
throughout the entire secretory pathway. Key requirements
for protein transport are vesicular carriers with a full com-
plement of machinery to enable them to find and fuse with
the correct downstream compartment. This machinery in-
cludes the soluble N-ethylmaleimide-sensitive fusion pro-
tein (NSF) attachment protein (SNAP) receptors (SNAREs).
The SNAREs and SNAPs together with NSF are the core
components of the highly conserved machinery involved in
all docking and fusion steps in membrane traffic pathways
so far described (Robinson and Martin, 1998; Jahn and Sud-
hof, 1999; Mayer, 1999). There are two classes of SNAREs,

vesicle (v)-SNAREs and target (t)-SNAREs, which are de-
fined according to their localization on vesicles or target
membranes, respectively, although t-SNAREs have also
been detected on vesicles (Tagaya et al., 1995; Walch-So-
linema et al., 1995; Gaisano et al., 1996). Typically two t-
SNAREs and one v-SNARE build a 7S complex composed of
a bundle of 4 a-helices (Sutton et al., 1998). SNAREs have
been shown to be the minimal machinery needed to drive
the fusion of lipid bilayers (Weber et al., 1998) and to provide
an inherent level of specificity (McNew et al., 2000, summa-
rized in Clague and Herrmann, 2000).

Although the majority of membrane fusion events are
heterotypic, i.e., between membranes from, or derived from,
different intracellular compartments, there are several mem-
brane fusion events, which are homotypic. Two well-de-
scribed homotypic fusion events occur after cell division
when cells exit mitosis, whereupon both the Golgi complex
and the endoplasmic reticulum reassemble in the daughter
cells (Rabouille et al., 1998; Roy et al., 2000). Homotypic
fusion events also have been described in cells in interphase
and are used to alter the composition and size of compart-
ments, such as the yeast vacuole (Conradt et al., 1992), the
early endosome (Gruenberg and Howell, 1986), and the
immature secretory granule (ISG) (Tooze et al., 1991).

Yeast vacuolar fusion is perhaps the best characterized
homotypic fusion event (for recent review see Wickner and
Haas, 2000). Briefly, yeast vacuolar fusion occurs through a
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series of priming, docking, and fusion reactions. Priming,
triggered by Sec18p (the ortholog of NSF)-catalyzed ATP
hydrolysis, results in the dissociation of the cis SNARE
complex (Ungermann et al., 1998a) and production of a
“primed” t-SNARE, Vam7p, in association with a chaper-
one-like molecule LMA1 (Xu et al., 1998). Docking involves
tethering the vacuoles together, followed by an irreversible
trans-SNARE pairing. Tethering requires a complimentary
set of proteins on both vacuoles, including a member of the
rab family of proteins ypt7 (Mayer and Wickner, 1997).
Trans-SNARE pairing occurs between the primed t-SNARE
Vam7p and a complex of at least 3 v-SNAREs (Ungermann
et al., 1998b). Two of these v-SNAREs, Vam3p and Vti1p,
actually function as the light chains together with the heavy
chain of the t-SNARE Vam3p to make the complete
t-SNARE complex (Fukuda et al., 2000). The remaining v-
SNARE, Nyv1p, which is present on the other vacuolar
membrane, provides the fourth a-helix for the SNARE com-
plex.

ISGs derive from the trans-Golgi network (TGN), the ma-
jor sorting and recycling system for secretory proteins. ISGs
can fuse homotypically to build mature secretory granules
(MSGs), the storage compartment for secretory proteins
such as hormones or neuropeptides. During the maturation
of ISGs, a variety of events specific to the regulated secretory
pathway take place within the granules, including prohor-
mone processing by endopeptidases (for review see Arvan
and Castle, 1998; Tooze, 1998). ISG maturation also allows
the remodeling and removal of excess membrane through
the formation of ISG-derived clathrin-coated vesicles
(CCVs). The formation of these CCVs leads to a further
“proofreading” and/or sorting step for membrane proteins
with destinations other than MSGs. The CCVs derived from
the ISGs contain the adaptor protein AP-1 (Dittié et al., 1996;
Klumperman et al., 1998). Recruitment of the AP-1 complex
requires the small molecular GTP-binding protein ARF1
(Austin et al., 2000) as well as the mannose-6-phosphate
receptor (M6PR) and furin. Both furin and M6PR belong to
a group of membrane proteins that are removed during
maturation from the ISG (Dittié et al., 1996; Dittié et al., 1999;
Klumperman et al., 1998). In addition to the M6PR and furin,
the AP-1 containing CCVs budding from ISGs also contain
syntaxin 6 (Klumperman et al., 1998). Recent experiments in
AtT20 cells (Eaton et al., 2000) suggest that VAMP4 is present
on ISGs and is removed in a BFA-sensitive manner during
maturation, strongly suggesting that VAMP4 also may be
incorporated in the ISG-derived CCVs.

To study the molecules involved in homotypic ISG fusion,
we developed an in vitro fusion assay that reconstitutes
ISG–ISG fusion (Urbé et al., 1998). This assay is based on an
enzyme/substrate processing reaction that reports on the
fusion between a donor ISG vesicle population providing
the prohormone convertase 2 (PC2) enzyme and a [35SO4]-
labeled acceptor membrane population providing the sub-
strate secretogranin II (SgII). Fusion is measured by the
quantification of a cleavage product of [35SO4]-SgII pro-
duced by the PC2 enzyme. With the use of this assay we
have shown that the process of ISG–ISG fusion requires NSF
(Urbé et al., 1998). Here we demonstrate that syntaxin 6 is
required for homotypic fusion of ISGs. Furthermore, we
have identified two syntaxin 6 complexes on the ISG, con-
taining either SNAP-25 or SNAP-29, which suggests that

syntaxin 6 may form multiple SNARE complexes. We have
used the fusion assay to examine whether these and previ-
ously described SNARE molecules that have been shown to
form complexes with syntaxin 6 also have a role in ISG–ISG
fusion. We find that none of the partners of syntaxin 6 are
involved in ISG–ISG fusion. Finally, we provide evidence
that syntaxin 6 is necessary on the membranes of both fusion
partners for efficient homotypic ISG fusion.

MATERIALS AND METHODS

Proteins
Recombinant syntaxin 4 (Bennett et al., 1993), syntaxin 6 (Bock et al.,
1996), and VAMP4 (Advani et al., 1998) proteins lacking their trans-
membrane domains fused to GST in pGEX vectors (Amersham
Pharmacia Biotech, Buckinghamshire, UK) are from R. Scheller
(Stanford University, Palo Alto, CA). Syntaxin 1b (Bennett et al.,
1992) fused to GST in pGEX, as well as a-SNAP (Whiteheart et al.,
1993), myc-NSF (Söllner et al., 1993), and SNAP25 (Oyler et al., 1989)
cloned in the pQE vectors (Qiagen, UK) providing a his6-tag are
from J. Rothman (Memorial Sloan Kettering Cancer Center, New
York, NY). Purification and thrombin cleavage of GST-fusion pro-
tein was performed according to the manufacturer’s protocols (Am-
ersham Pharmacia Biotech). His6-tagged proteins were purified as
described elsewhere (Whiteheart et al., 1993). Botulinum neurotox-
ins (BotNTs) A and E (Binz et al., 1994), C (Land et al., 1997), and D
(Weber et al., 1998) were prepared as His-tagged constructs, ex-
pressed in XL1Blue, induced by 100 mM IPTG, and purified by
Ni-NTA to homogeneity by affinity chromatography.

Antibodies
Rabbit antiserum against syntaxin 6 (amino acid residues 2–231) or
VAMP4 (amino acid residues 2–115) was increased by the subcuta-
neous injection of bacterially expressed cytoplasmic domains of
syntaxin 6 or VAMP4 after cleavage from GST. For affinity purifi-
cation, the antiserum was incubated with the soluble fusion protein
covalently coupled to cyanogen bromide (CNBr)-activated sepha-
rose and was washed extensively, and bound antibodies were
eluted with the use of 0.1 M glycine, pH 2.8. Eluates containing the
affinity-purified antibodies were neutralized and stored at –70°C.
The specificity of the affinity-purified antibodies was tested by
Western blot analysis and competition experiments as well as by
immunofluorescence microscopy. Monoclonal anti-syntaxin 6 was
purchased from Transduction Laboratories (Lexington, KY), mono-
clonal anti-syntaxin 1 antibody (HPC-1) from Sigma (Dorset, UK),
monoclonal anti-SNAP-25 antibody SM181 from Sternberger Mono-
clonals (Lutherville, MD), polyclonal anti-VAMP and anti-VAMP2
antibodies from Synaptic Systems GmbH (Gottingen, Germany),
anti-SNAP29 antiserum was a gift from WS Hong (Singapore), and
anti-SNAP-23 antiserum a gift from P. Roche (National Cancer
Institute, Bethesda, MD). Monoclonal antip18 antibody and poly-
clonal antibody 175 (anti-SgII) are described elsewhere (Dittié and
Tooze, 1995; Tooze et al., 1994). Cy3-conjugated antibodies were
purchased from Jackson ImmunoResearch Laboratories (West
Grove, PA) and Alexa Fluor 488-conjugated antibodies from Molec-
ular Probes (Eugene, OR) for immunofluorescence microscopy.
HRP-conjugated antibodies were from (Amersham Pharmacia-Bio-
tech).

Preparation of ISGs and MSGs
ISG and MSG fractions were prepared from PC12/PC2 cells by
velocity and equilibrium sucrose gradient centrifugation, as de-
scribed previously (Dittié et al., 1996).
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Homotypic ISG–ISG Fusion Assay
ISG–ISG fusion was assayed by the formation of p18, a cleavage
product of SgII, as described previously (Urbé et al., 1998). Complete
fusion reactions were preincubated with or without antibodies for
30 min on ice before starting the fusion reaction. In the case of
preincubation of one ISG population or membrane pellet alone, the
antibody was added to only one or the other or both membrane
populations and was incubated for 30 min on ice. To remove un-
bound antibodies, membranes were harvested by ultracentrifuga-
tion for 1 h 05 min at 100,000 3 g through a sucrose cushion (0.5 M
sucrose in 10 mM HEPES, pH 7.2) and were resuspended in specific
fusion conditions as described (Urbé et al., 1998). To confirm that the
antibodies added to the fusion assay reaction bound their antigen
under the conditions of the fusion assay, we assayed for the pres-
ence of the antibody in the membrane pellet. Membrane pellets
were resuspended and solubilized in SDS-PAGE sample buffer then
were subjected to immunoblotting. The heavy and light chains were
detected with the use of HRP-conjugated antibody specific for rabbit
IgG (VAMP4, SNAP-29) or mouse IgG (SNAP-25).

Immunoisolation
Immunoisolation was performed with the use of affinity-purified
anti-syntaxin 6 antibody covalently coupled with the use of di-
methyl pimelimidate-2HCl (Pierce, Rockford, IL) to protein A mag-
netic microspheres (ProZyme, San Leandro, CA) at a final density of
0.1 mg of IgG per microliter of beads. One hundred fifty microliters
of ISGs, or MSGs containing an equivalent amount of SgII, were
used with 100 ml of antibody beads, or 100 ml of beads treated
identically but without antibody. Membranes were diluted in IB
buffer (i.e., 150 mM NaCl, 50 mM Tris, pH 8.0, 5 mM MgCl2, and 1%
bovine serum albumin), the beads were added, and the mixture was
incubated with gentle agitation at 4°C for 2 h. After incubation, the
samples were washed five times by binding to a magnetic support.
After washing, the bound material was eluted from the beads in
Laemmli sample buffer and was subjected to SDS-PAGE and im-
munoblotting.

Immunoprecipitation
Membranes, typically from 1 ml of ISG fractions, were diluted with
2 volumes of 10 mM HEPES, pH 7.2, were sedimented at 100,000 3
g for 1 h and 5 min, and were solubilized in 750 ml of immunopre-
cipitation (IP) buffer (i.e., 10 mM HEPES, pH 7.2, 100 mM KCl, 2 mM
EDTA, 0.5% Triton X-100, 0.25 mM PMSF, and 10 ml/ml leupeptin).
Unsolubilized membranes were pelleted by centrifugation at 100,
000 3 g for 15 min, and 150 ml of the supernatant was used for each
reaction condition. Monoclonal (SNAP-25, syntaxin 6) or polyclonal
(SNAP-29) antibodies were prebound to protein A or G Sepharose
beads (Amersham Pharmacia Biotech), and 30 ml of antibody beads
were added to the samples and incubated for at least 2 h at 4°C,
rotating end over end. For coimmunoprecipitation of VAMP4, poly-
clonal syntaxin 6 antibodies were covalently coupled to magnetic
beads as described above, and 500 ml of ISGs were used per condi-
tion. After binding, the immunoprecipitates were washed four times
in IP buffer. The bound material was eluted with Laemmli sample
buffer, analyzed by SDS-PAGE and subjected to immunoblotting.

For samples in which assembly or disassembly conditions for
SNARE complexes were applied, recombinant His-tagged-myc-NSF
(1 mg) and His-tagged a-SNAP (2 mg) were added to the samples
and were incubated for 30 min at 4°C in the presence of 0.5 mM ATP
for assembly conditions or 0.5 mM ATP/8 mM MgCl2 for disassem-
bly conditions, respectively, before the addition of antibody beads.
Immunoprecipitates were washed and analyzed as above.

Indirect Immunofluorescence Microscopy
PC12/PC2 cells were fixed with 3% paraformaldehyde in phos-
phate-buffered saline, permeabilized with 0.2% Triton X-100, and

then blocked with 0.2% gelatin and incubated with the appropriate
antibodies. Antibodies were used at the following dilutions: syn-
taxin 6 mAb at a 1:1000 dilution; syntaxin 6 affinity-purified anti-
body (described herein) at a 1:400 dilution; p18 mAb at 1 mg/ml;
and STO 175 at a 1:400 dilution. Images were collected with a
confocal laser scanning microscope (model LSM510, Zeiss, Herts-
fordshire, UK) and represent the projection of z sections (1.6 mm
thick) through each cell. In all cases, images were exported to
Photoshop (Adobe, San Jose, CA) for figure preparation.

Gel Filtration
Recombinant his6-tagged SNAP-25 or the cytoplasmic domains of
syntaxin 4 (amino acid residues 5–274) or syntaxin 6 (amino acid
residues 2–231) were prepared by purification on glutathione–
sepharose (Amersham Pharmacia Biotech) and cleavage from GST
by 0.25U/ml thrombin (Sigma) in 50 mM Tris, pH 8.0, 150 mM NaCl,
2.5 mM CaCl2, and 0.1% b-mercaptoethanol. One milliliter of the
cleaved fusion protein preparation containing either 250 mg of
SNAP-25, 860 mg of syntaxin 4, or 500 mg of syntaxin 6 then was
fractionated by gel filtration in buffer A (i.e., 10 mM HEPES, pH 7.2,
and 100 mM KCl) with the use of a Superdex 200 HR10/30 column
(Amersham Pharmacia Biotech). Fractions of 1 ml were collected. To
calibrate the column, a gel filtration calibration kit (Amersham
Pharmacia Biotech) was used.

RESULTS

Neurotoxin Cleavage of Syntaxin 1 and VAMP2
Does Not Inhibit ISG–ISG Fusion
VAMP1/2, syntaxin 1, and SNAP-25 are the SNAREs in-
volved in the fusion of synaptic vesicles with the presynap-
tic membrane in neuronal cells. The same SNAREs also have
been found to be involved in exocytosis of chromaffin gran-
ules (Glenn and Burgoyne, 1996) and secretory granules in
PC12 cells (Banerjee et al., 1996). Because secretory granules
derive from ISGs, we asked whether any of the SNAREs
involved in exocytosis are also involved in ISG–ISG fusion.
To address this question, we studied the effect of BotNTs on
ISG–ISG fusion with the use of an in vitro fusion assay that
reconstitutes ISG–ISG fusion (Urbé et al., 1998). It has been
established that syntaxin 1 is cleaved by BotNT serotype C
and that SNAP-25 is cleaved by BotNT serotype A as well as
by serotype C, whereas VAMP1/2 is cleaved by BotNT
serotype D (Schiavo et al., 2000). PC2-ISGs were preincu-
bated with the recombinant light chains of BotNT A, C, D, or
C and D together in the presence of an ATP-regenerating
system to ensure that all the SNAREs on the ISG membrane
were accessible to the toxins. As shown in Figure 1A, pre-
treatment of PC2-ISGs with the BotNT A, C, and D in the
presence of an ATP-regenerating system did not have any
effect on ISG–ISG fusion, although all of the VAMP2 and the
majority of the syntaxin 1 on the ISG membranes is cleaved
(Figure 1B). Surprisingly, cleavage of SNAP-25 by either
BotNT A or C is undetectable (Figure 1B). Lack of SNAP-25
cleavage was not due to neurotoxin inactivity as BotNT C
was able to cleave syntaxin 1 and the activity of both toxins
had been confirmed in independent experiments (G.
Schiavo, personal communication).

Syntaxin 6 Is Present on ISGs
Because inactivation of the neuronal SNAREs known to be
involved in exocytosis in PC12 cells did not inhibit ISG–
ISG fusion, we have taken a “candidate” protein approach
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to define the SNAREs necessary for ISG–ISG fusion. Syn-
taxin 6 was shown earlier to be localized to the TGN and
to be part of the regulated secretory pathway (Klumper-
man et al., 1998). To confirm and extend these findings, we
investigated whether syntaxin 6 was present on ISGs in
PC12 cells with the use of several approaches. First, we
established that the subcellular localization of syntaxin 6
is consistent with it being present in vivo on early ISGs
with the use of indirect immunofluorescence and confocal
microscopy in PC12/PC2 cells, a PC12 cell line that is
stably transfected with PC2 (Dittié and Tooze, 1995). We
used two antibodies directed against SgII, one that only
recognizes the full-length protein and one that only rec-
ognizes a shorter form of SgII, p18, that is produced from
the full length by PC2 cleavage. PC2 processing of SgII,
which requires an acidic pH, begins in the ISG but is
optimal in the MSG. Processing in the ISG is slow com-
pared with maturation, resulting in the majority of p18
being present in MSGs (Urbé et al., 1997). Thus, the anti-
body (called 175) specific for the full-length SgII should

label the Golgi apparatus and newly formed ISGs, while
the antibody specific for p18 is expected to label predom-
inantly MSGs. With the use of the former antibody a
perinuclear labeling was detected in PC12/PC2 cells cor-
responding to the Golgi apparatus and early ISG popula-
tions (Figure 2A). The latter antibody directed against
p18, labels maturing ISG populations and MSGs (Figure
2B). Syntaxin 6 (Figure 2D) was found to colocalize with
full-length SgII (Figure 2E) in the Golgi apparatus and
early ISG populations (Figure 2F), Additional punctate
syntaxin 6 staining was found over the entire cell, which
represents the labeling of endosomes (Bock et al., 1997).
Importantly, syntaxin 6 immunoreactivity (Figure 2G) did
not significantly overlap with that of p18 (Figure 2, H and
I), suggesting that syntaxin 6 is not present on MSGs.

To confirm this result, we determined by immunoblotting
with antibodies specific for syntaxin 6 the distribution of
syntaxin 6 in the two secretory granule populations obtained
by subcellular fractionation. ISGs and MSGs were isolated
from PC12 cells with the use of sequential sucrose velocity
and equilibrium gradient centrifugation (Dittié et al., 1997).
Syntaxin 6 immunoreactivity is distributed across the se-
quential gradients in a profile that is very similar to that
previously observed for furin and M6PR (Dittié et al., 1997,
1999), two proteins that are present in the TGN ISGs but not
in MSGs. As seen in Figure 3A, when ISGs and MSGs
containing equivalent amounts of SgII are compared with
the use of antibodies specific for syntaxin 6, syntaxin 6 is
only detectable in the ISG fraction. In addition, we find that
the v-SNARE VAMP4, which has been reported to interact
with syntaxin 6 (Steegmaier et al., 1999) and is found on ISGs
in AtT20 cells (Eaton et al., 2000), also is present on ISGs but
not MSGs in PC12 cells.

To demonstrate directly that the syntaxin 6 immunoreac-
tivity detected in the ISG fractions was present on ISGs, and
not on contaminating membranes present in the fraction, we
performed immunoisolation experiments. Immunoisolation
was performed with the use of the ISG fraction and the
anti-syntaxin 6 antibodies, and the bound membranes were
solubilized and analyzed. Anti-syntaxin 6 antibodies could
efficiently immunoisolate ISGs containing the secretory
granule marker, SgII, from the fraction while the control
beads could not (Figure 3B). Importantly, the ISGs immu-
noisolated with anti-syntaxin 6 antibodies are positive for
the clathrin adaptor protein AP-1 as expected from previous
results in PC12 cells and b-cells (Dittié et al., 1996; Kuliawat
et al., 1997).

Syntaxin 6 Is Required for ISG–ISG Fusion
The evidence presented above indicates that syntaxin 6 must
be removed from maturing ISGs because it is not present on
MSGs. To test whether or not syntaxin 6 is involved in
ISG–ISG fusion, we used the in vitro fusion assay, which
reconstitutes ISG–ISG fusion (Urbé et al., 1998). Preincuba-
tion of the complete fusion reaction with monoclonal or
affinity-purified polyclonal anti-syntaxin 6 antibody to the
fusion assay resulted in a concentration-dependent inhibi-
tion of fusion up to a maximum of 60% (Figure 4A). This
inhibition is successfully eliminated through competition by
preincubation of the antibody with recombinant syntaxin 6.

With the use of recombinant fusion proteins as standards,
we have estimated that ISGs have roughly equivalent

Figure 1. BotNT treatment does not inhibit ISG–ISG fusion. PC2
ISGs were treated with 20 nM BotNT A, C, D, or C and D, or A, C,
and D for 30 min at 37°C in the presence of 0.5 mM ATP. (A)
Pretreated or untreated ISGs were used in a fusion assay containing
[35S]-PC12 ISGs, as described in MATERIALS AND METHODS.
Control ISGs were incubated in buffer alone. The extent of fusion is
compared with controls and represents the signal obtained after
subtraction of the background signal obtained in the absence of ISGs
containing PC2. (B) Aliquots of untreated or treated ISG were sol-
ubilized and were subjected to SDS-PAGE and immunoblotting
with the indicated antibodies. As expected, BotNT C cleaved syn-
taxin 1 (Synt 1) and BotNT D cleaved VAMP2. SNAP-25 was resis-
tant to cleavage by BotNT A or C.
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amounts (; 200 pg/mg ISG protein) of syntaxin 6 and syn-
taxin 1. To rule out the possibility that the antibody inhibited
fusion nonspecifically, an mAb against syntaxin 1 or affinity-
purified rabbit polyclonal antibody against phogrin, a secre-
tory granule membrane protein (Wasmeier and Hutton,
1996), were used as controls (Figure 4A and our unpub-
lished results) and had no effect on fusion. Finally, the
anti-syntaxin 6 antibodies did not block binding of a-SNAP
to syntaxin 6, eliminating the possibility that the inhibition
of fusion was due to the inhibition of a-SNAP and NSF
binding.

Because antibodies against syntaxin 6 could inhibit ISG–
ISG fusion, it should also be possible to inhibit fusion by the
addition of soluble recombinant syntaxin 6 protein, which
would be expected to assemble with the appropriate SNARE
partners that are present on ISG membranes. We did not see
any inhibition of fusion by the addition of the purified,
recombinant soluble syntaxin 6 protein at a final concentra-
tion in the fusion reaction of up to 0.25 mg/ml (; 7.5 mM),
under conditions that would allow for disassembly and/or
reassembly of SNARE complexes. However, the soluble syn-
taxin 6 protein, either as a recombinant GST-fusion protein
that is cleaved from GST by thrombin, or exogenously ex-
pressed in cells as a myc-tagged protein, did not form com-
plexes with any SNAREs under any condition tested and, so,
would be unable to act as a dominant negative reagent to
inhibit SNARE assembly and fusion.

SNAP-25, SNAP-29/GS32, and VAMP4 Exist in a
Protein Complex with Syntaxin 6 on ISG
Membranes
SNAREs can assemble into complexes with defined SNARE
partners depending on, and restricted by, where they are
localized in the cell (Scales et al., 2000). Syntaxin 6 has been
shown to assemble in detergent extracts with several
SNAREs, including SNAP-29/GS32 (Wong et al., 1999),
VAMP2 (Bock et al., 1997), and VAMP4 (Steegmaier et al.,
1999). Because we identified syntaxin 6 as one component of
the SNARE complex involved in ISG fusion, we asked which
other SNAREs might take part in this process. We found
SNAP-23, SNAP-25, and SNAP-29/GS32 by immunoblot-
ting in the ISG fraction (Figure 5A), and therefore we inves-
tigated their possible interaction with syntaxin 6. When
immunoprecipitation with syntaxin 6 antibodies was done
with the use of solubilized ISG membrane fractions, both
SNAP-25, and SNAP-29, but not SNAP-23, could be found in
the immunoprecipitates (Figure 5, B and C, and our unpub-
lished results). The reciprocal coimmunoprecipitation of
syntaxin 6 with antibodies to SNAP-25 (Figure 5B) and
SNAP-29 (our unpublished results) further confirmed these
interactions and clearly established that both SNAP-25 and
SNAP-29 can exist in a protein complex with syntaxin 6.
Both SNAP-25:syntaxin 6 and SNAP-29:syntaxin 6 SNARE
complexes can be dissociated by the concerted actions of

Figure 2. Codistribution of syntaxin 6
with a marker of ISGs but not MSGs. The
distribution of endogenous SgII (A and
E), p18 (B and H), and syntaxin 6 (D and
G) in PC12/PC2 cells is shown by dou-
ble labeling in confocal images, with the
use of the anti-SgII antibody 175, the
anti-p18 antibody 6B1/3, and anti-syn-
taxin 6 antibodies (D, mAb; G, poly-
clonal antibody), respectively. Superim-
posed images (C, F, and I) demonstrate
the overlapping distribution of the syn-
taxin 6 only with SgII in TGN and ISGs.
Full-length SgII, recognized by 175, ap-
pears mainly in the perinuclear region
containing Golgi membranes and early
ISGs (A), whereas p18 staining is found
mainly distributed in maturing ISGs and
MSGs distributed throughout the cyto-
plasm (B). Syntaxin 6 immunostaining
can be found in the Golgi apparatus (D),
where it colocalizes with SgII (E and F).
In addition to the perinuclear Golgi
staining, a punctate syntaxin 6 staining
appears over the entire cell (D and G),
which does not colocalize with p18 (H
and I). Selected images from three inde-
pendent experiments are shown.
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a-SNAP and NSF, as shown in Figure 5C. Likewise, we have
found that VAMP4 could be coimmunoprecipitated with
syntaxin 6 from ISG membrane fractions (Figure 5D)

Although we have found both SNAP-25 and SNAP-29 in
a complex with syntaxin 6, we could not find an involve-
ment of these molecules in homotypic ISG–ISG fusion. An-
tibodies specific for both SNAP-25 and SNAP-29 (Figure 4B,
lines a and b) or the recombinant fusion proteins (our un-
published results) did not result in a detectable inhibition of
the fusion. In similar experiments, we could not identify a
requirement for VAMP4 in ISGs fusion (Figure 4B, line c,
and our unpublished results). The anti-SNAP-25 antibody
used here previously has been shown to inhibit Ca21-depen-
dent secretion of glutamate from synaptosomes (Mehta et al.,
1996). Regarding the remaining antibodies, the failure of

these antibodies to inhibit fusion was not due to their inabil-
ity to bind ISGs, because we could demonstrate that the
antibodies bound to the intact ISGs under the conditions
used for the fusion assay.

Homotypic ISG–ISG Fusion Requires Syntaxin 6 on
Both Donor as well as Acceptor ISG Membranes
The inability of SNAP-25, SNAP-29 reagents, and the
soluble syntaxin 6 protein to inhibit fusion raises a pos-
sibility either that syntaxin 6 is the only t-SNARE required
for fusion or that syntaxin 6 forms a SNARE complex with
SNAREs yet to be localized to ISGs. The former implies
that syntaxin 6 could have an intrinsic ability to form
homotypic t-t-SNARE pairs, and thus would be required
on both donor and acceptor membranes. t-t-SNARE pair-

Figure 3. Syntaxin 6 is present on ISGs from PC12 cells. PC12 ISGs
and MSGs were isolated by subcellular fractionation involving two
sequential sucrose gradients, as detailed in MATERIALS AND
METHODS. (A) MSGs and ISGs were solubilized, subjected to
SDS-PAGE, and immunoblotted with antibodies to SgII, syntaxin 6,
and VAMP4. The number of MSGs and ISGs used were normalized
to contain the same amount of the content protein SgII. (B) ISGs
were subjected to immunoisolation with the use of empty beads
(lane 1) or anti-syntaxin 6 beads (lane 2). The ISGs bound to the
beads, and 1/10 the starting material (lane 3) was solubilized,
subjected to SDS-PAGE, and subjected to immunoblotting with the
antibodies indicated.

Figure 4. Antibodies to syntaxin 6, but not SNAP-25, SNAP-29, or
VAMP4, inhibit ISG–ISG fusion. A standard fusion assay was per-
formed with PC2 ISGs and [35S]-sulfate-labeled ISGs. Both ISG
populations were preincubated with (A) monoclonal anti-syntaxin 6
or syntaxin 1, or (B) SNAP-25 (line a), SNAP-29 (line b), or VAMP4
(line c) then were supplemented with cytosol and nucleotides. In (B)
5 ml and 10 ml (13 and 23, respectively) of monoclonal SNAP-25, 10
ml and 20 ml of polyclonal SNAP-29 (13 and 23, respectively), and
10 ml and 20 ml (13 and 23, respectively) of affinity-purified poly-
clonal VAMP4 (0.2 mg/ml) antibodies were used. In (line b) the
controls shown are done in the presence 20 ml of nonspecific pre-
immune sera. Fusion was assayed by determining the amount of
p18 produced, as detailed in MATERIALS AND METHODS, and
was quantitated as shown in (A) or as shown in (B). For quantita-
tion, the signals used are those obtained after subtraction of the
background obtained in the absence of PC2 ISGs. In (A), a repre-
sentative experiment from a total of three independent experiments,
performed in duplicate, is shown. The experiments in (B) were
repeated two times (lines a and b) and three times (line c).
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ing was shown previously for Ufe1, a yeast SNARE in-
volved in ER membrane fusion (Patel et al., 1998). To
address this question, monoclonal syntaxin 6 antibodies
were added to either the donor or acceptor ISGs. After a
short incubation at 4°C, the ISGs were reisolated to re-
move the excess antibody, then were incubated under
conditions that allow fusion to proceed. As shown in
Figure 6, the incubation of either donor or acceptor mem-
branes alone caused an efficient inhibition of fusion. These
data suggest that syntaxin 6 is required on both donor and
acceptor membranes for fusion to occur. One explanation
would be a t-t-SNARE pairing that would also prevent an
efficient inhibition of ISG fusion with recombinant syn-
taxin 6 protein due to the lack of syntaxin 6 monomers in
the recombinant protein preparation. Indeed, gel filtration
experiments with recombinant syntaxin 6 confirmed that
this recombinant protein exists mainly as an oligomer.
Recombinant syntaxin 6 was subjected to gel filtration
with the use of a Superdex 200 column and was compared
with SNAP-25 and syntaxin 4. Both SNAP-25 and the bulk
of syntaxin 4 protein eluted at a position consistent with
monomers, while syntaxin 6 under the same conditions
eluted with a molecular weight consistent with an oligo-
meric state, corresponding mainly to a hexameric form
(Figure 7).

DISCUSSION

We have investigated which SNAREs are involved in the
homotypic fusion of ISGs in the neuroendocrine cell PC12.

Figure 5. Syntaxin 6 is in a SNARE complex with SNAP-25 as well
as SNAP-29/GS32, and both are regulated by NSF and a-SNAP. (A)
ISG fractions (100 mg of protein) were subjected to immunoblotting
with the use of SNAP-23, SNAP-25, or SNAP-29/GS32 antibodies.
(B) Detergent-solubilized ISG membrane fractions were subjected to
immunoprecipitation with the use of monoclonal antibodies against
SNAP-25, syntaxin 6, or a nonspecific mAb as a control. Immuno-
precipitates were analyzed by SDS-PAGE and immunoblotting with
polyclonal antibodies to syntaxin 6 or SNAP-29/GS32, respectively.
Immunoblotting with SNAP-29/GS32 antibody revealed that
SNAP-29/GS32 was detected in the syntaxin 6 immunoprecipitates.
An unspecific band was detected in both the control and syntaxin 6
immunoprecipitations (*). SUP corresponds to the supernatant left
after the immunoprecipiatation reaction. (C) Detergent-solubilized
ISG membrane fractions (100 mg) were incubated for 30 min at 4°C
with recombinant NSF (2 mg) and a-SNAP (2 mg) and EDTA/ATP
or Mg/ATP to provide assembly or disassembly conditions, respec-
tively, followed by immunoprecipitation with syntaxin 6 antibodies.
Immunoprecipitates were analyzed by SDS-PAGE and immunoblot-
ting with the use of antibodies against SNAP-25 or SNAP-29/GS32,
respectively. (D) Detergent solubilized ISGs (750 mg) were incu-
bated with anti-syntaxin 6 magnetic beads, or magnetic beads alone.
Immunoprecipitates were analyzed by SDS-PAGE and immunoblot-
ting with polyclonal antibodies to VAMP4.

Figure 6. Anti-syntaxin 6 antibodies inhibit ISG–ISG fusion if
added to only one population of ISGs. Anti-syntaxin 6 antibodies
(concentration, 0.25 mg/ml) were added to the complete incubation
on ice (complete 1 syn 6 ab). Alternatively, the PC2 ISGs, the PC12
ISGs, or both were preincubated with anti-syntaxin 6 antibodies,
subjected to centrifugation, resuspended, and supplemented with
the required components for fusion. A standard fusion assay was
performed, and the amount of p18 produced was quantitated, as
detailed in MATERIALS AND METHODS. A representative exper-
iment performed in duplicate from three independent experiments
is shown.
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Initially, we focused on the neuronal SNARE complex,
which consists of two t-SNAREs, syntaxin 1 and SNAP-25,
that are associated with the neuronal plasma membrane,
and the v-SNARE synaptobrevin/VAMP localized to syn-
aptic vesicles. The same SNAREs are involved in the exocy-
tosis of chromaffin granules (Glenn and Burgoyne, 1996) and
secretory granules in PC12 cells (Banerjee et al., 1996). Fur-
thermore, it is known that ; 20% of both syntaxin 1 and
SNAP-25 are present on vesicles, although the majority are
localized to the plasma membrane (Tagaya et al., 1995;
Walch-Solinema et al., 1995; Gaisano et al., 1996). Pretreat-
ment of ISG membrane fractions with BotNTs or specific
antibodies directed against syntaxin 1, SNAP-25, or VAMP2
before fusion did not have any obvious effects on fusion. It
is unlikely, therefore, that these SNAREs play a role in ISG
maturation.

Surprisingly, SNAP-25 on the ISG membrane could not be
cleaved by BotNT/A and C, although disassembly condi-
tions for SNARE complexes were applied. This is in contrast
to the situation at the plasma membrane, where BotNT/A
efficiently cleaves SNAP-25 (Gerona et al., 2000). A pool of
SNAP-25 that is resistant to toxin cleavage also has been
found on chromaffin granules (Höhne-Zell and Gratzl, 1996).
This result raises the possibility that on ISG membranes
SNAP-25 could be protected from cleavage by BotNT/A by
association with another protein. However, because syn-
taxin 1 is cleaved by BONT/C it is unlikely that the toxin-
resistant SNAP-25 is found in a complex with syntaxin 1.

We have taken a candidate protein approach, which led to
the finding that the t-SNARE syntaxin 6 is involved in
homotypic ISG fusion. Syntaxin 6 previously was localized
to the TGN, to vesicles in the vicinity of endosome-like
structures, and to endosomes (Bock et al., 1997). Moreover, it
has been reported that syntaxin 6 is part of the regulated
secretory pathway and colocalizes with AP-1 containing

clathrin-coated buds on the TGN and ISG in endocrine and
exocrine cells (Klumperman et al., 1998). The indirect immu-
nofluorescence, subcellular fractionation, and immunoisola-
tion shown here confirm and extend these findings in PC12
cells. The absence of syntaxin 6 on MSGs strongly suggests
that syntaxin 6 is removed during transit from ISGs by AP1
containing CCVs. This notion is supported by the presence
of several potential sorting signals in the cytoplasmic do-
main of syntaxin 6, including two di-leucine motifs (at po-
sition 31–32 and 123–124) as well as one tyrosine-based
sorting signal motif (YGRL at position 140–143). Recently, it
was reported (Watson and Pessin, 2000) that the tyrosine-
based motif in syntaxin 6 plays a role in the retrieval of
syntaxin 6 from the plasma membrane back to the TGN in
3T3L1 adipocytes. Furthermore, it has been shown recently
in human neutrophil cells, which are terminally differenti-
ated cells and are largely depleted of Golgi membranes, that
syntaxin 6 is mainly localized to the plasma membrane and
plays a role in granule exocytosis (Martin-Martin et al., 2000).
Taken together, these data support the following model in
PC12 cells: Syntaxin 6 is sorted in the TGN into ISGs, then
removed from the maturing secretory granule by CCVs,
which are targeted to the early endosomes (Turner and
Arvan, 2000). Syntaxin 6 then could shuttle to and from the
plasma membrane or possibly could return back to the TGN
via the endosomal system.

Syntaxin 6 in detergent-solubilized membrane extracts
can be copurified with the SNARE molecules SNAP-29/
GS32 (Wong et al., 1999), and VAMP4 (Steegmaier et al.,
1999). In addition, VAMP2, cellubrevin, or both were found
to coimmunoprecipitate with syntaxin 6 with the use of rat
brain membranes (Bock et al., 1997). Our results confirmed
these findings and showed for the first time that these syn-
taxin 6-containing SNARE complexes are also present in
solubilized ISG membrane fractions. In addition, SNAP-25
was found in two separate complexes, either with syntaxin 1
or with syntaxin 6 in the ISG membrane fractions (our
unpublished results). Although syntaxin 6 shows a promis-
cuous behavior and can build different SNARE complexes,
we could not find syntaxin 6 in a SNARE complex with
SNAP-23 on ISG membranes. The promiscuity of syntaxin 6
SNARE interactions is supported by data from the sedimen-
tation analysis of SNAREs in detergent-solubilized rat brain
membranes on glycerol gradients (Steegmaier et al., 1999). In
contrast to VAMP2, VAMP4 and syntaxin 1, which all
showed large stable complexes with defined sedimentation
values, syntaxin 6 had a broad distribution across the entire
gradient. None of the syntaxin 6–SNARE complexes were
involved in ISG–ISG fusion: With the use of the available
antibodies, and those we describe here, we could not find
evidence for an involvement of VAMP2, VAMP4, SNAP-25,
or SNAP-29.

Apart from the ability of syntaxin 6 to form several
SNARE complexes with different members of the SNAP and
VAMP families, we present evidence that ISG–ISG fusion
requires syntaxin 6 on both ISG membranes. Similar results
were observed during ER homotypic fusion obtained with
the use of antibodies specific for Ufe1p (Patel et al., 1998).
One possible explanation for the requirement for syntaxin 6
on both membranes is that ISG homotypic fusion requires a
t-t-SNARE pair. If syntaxin 6 forms t-t-SNARE pairs during
ISG membrane fusion, what would be the nature of this

Figure 7. The schematic representation of gel filtration analysis of
syntaxin 6, syntaxin 4, and SNAP-25. The soluble recombinant (A)
syntaxin 6, (B) syntaxin 4, or (C) full-length SNAP-25 proteins were
subjected to gel filtration with the use of a Superdex 200 column.
The fractions shown correspond to fraction nos. 60 through 120,
with dextran blue eluting at fraction no. 32. For calibration of the gel
filtration column, ribonuclease A (13.7 kDa), ovalbumin (43 kDa),
and aldolase (158 kDa) were used as size standards.
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t-t-SNARE complex on ISG membranes? Syntaxin 6 is an
unusual member of the syntaxin family because it appears to
be more closely related to SNAP-25 than to other syntaxins
(Bock et al., 1996). In addition, a-SNAP binds to the N-
terminal coil-coil domain of syntaxin 6 (Bock et al., 1996), as
has been found for SNAP-25, whereas a-SNAP has been
shown to bind the C-terminal H3 helix of syntaxin 1a. This
suggests that perhaps syntaxin 6 could assemble into an
unusual SNARE complex and could supply either the light
chain or the heavy chain of the t-SNARE. Gel-filtration ex-
periments with recombinant syntaxin 6 protein lacking the
trans-membrane domain revealed that syntaxin 6 can form
dimers, however, the bulk of the recombinant protein is
found predominantly in a molecular range corresponding to
the predicted size of hexamers. An issue to address in future
experiments is whether the oligomeric complexes identified
here represent the relevant physiological functional com-
plexes. In support of our data, Tishgarten et al. (1999) re-
cently have shown a difference in the oligomerization state
of different recombinant SNARE proteins under a variety of
solution conditions. Although light-scattering results indi-
cated that syntaxin 1 and the yeast ortholog Sso1p are mo-
nomeric, they suggested that the closest ortholog of syntaxin
6, Pep12p, predominantly forms dimers and trimers (Tish-
garten et al., 1999).

The yeast SNARE Ufe1p was shown previously to un-
dergo homomeric as well as heteromeric SNARE interac-
tions (Patel et al., 1998). Ufe1p is implicated in the retrograde
transport of vesicles to the ER (Lewis and Pelham, 1996) as
well as in the homotypic fusion of ER membranes (Patel et
al., 1998). Although homotypic ER fusion requires a homo-
meric t-t-SNARE pairing of Ufe1p, which is regulated by
Cdc48/p97, Ufe1p functions in a v-t-SNARE pair during
retrograde transport of vesicles to the ER and is sensitive to
Sec18p/NSF and Sec17/a-SNAP. We have observed that the
homotypic fusion of ISGs only requires NSF and does not
need the action of the p97/p47 complex (Urbé et al., 1998).
So, whereas syntaxin 6, like Ufe1p, may form different
SNARE complexes during its transport through the ISG, the
endosomal compartment, and the plasma membrane, the
regulation of the different syntaxin 6 SNARE complexes
cannot be due to a difference in the requirement for p97 vs.
that for NSF.

There are two further alternative explanations for the
inhibition that we have observed. First, the inhibition by
antibodies on either ISG membrane could be due to a dis-
ruption of the symmetry of SNAREs that is required for
efficient membrane fusion. The efficient homotypic fusion of
yeast vacuoles requires the presence of the Nyv1p (v-
SNARE) and Vam3p (t-SNARE) pair on each vacuole (Ni-
chols et al., 1997). By isolating vacuoles from yeast strains
missing one or both SNAREs, Nichols et al. (1997) demon-
strated that the fusion efficiency decreased dramatically
(down to 25% of the control) when a v-SNARE was only
present on one and a t-SNARE was only present on the
other. This result suggests that efficient fusion requires a pair
of SNAREs on each membrane. This hypothesis is supported
by the observation that vacuoles that have only a v-SNARE
or only a t-SNARE undergo fusion inefficiently (between
25% and 40% of the control) with wild-type vacuoles. Thus,
it is possible that the inhibition of fusion that we observe
results from a loss of symmetry between vt-SNARE pairs on

opposing membranes. Anti-syntaxin 6 antibodies added to
one population may effectively be removing the t-SNARE
from the treated ISGs, which when added to normal ISGs
under fusion conditions results in an inefficient fusion be-
tween ISGs with one v-SNARE and one vt-SNARE pair.

Alternatively, the anti-syntaxin 6 antibody may be dis-
rupting protein–protein interactions mediated by syntaxin 6.
Homotypic membrane fusion, like heterotypic membrane
fusion, requires a series of coordinated protein–protein in-
teractions to complete priming, docking, and finally fusion.
Docking requires the tethering of membranes containing
primed t-SNAREs (Wickner and Haas, 2000) and is facili-
tated by molecules such as EEA1 and Rabenosyn 5, which
bind to both phosphatidylinositol 3-phosphate and rab5-
GTP on early endosomes (Christoforidis et al., 1999; Nielsen
et al., 2000). Both EEA1 and Rabenosyn 5 are required for
endosome–endosome fusion (Mills et al., 1998; Nielsen et al.,
2000). EEA1 has been shown to be assembled into oligomeric
complexes containing NSF and SNAREs (McBride et al.,
1999), and, intriguingly, Rabenosyn 5 also has been shown to
bind the SNAREs required for endosome–endosome fusion,
as well as vps45, an sec21-like molecule that binds syntaxin
6 (Nielsen et al., 2000). Thus, it is possible that anti-syntaxin
6 antibodies inhibit the recruitment of tethering molecules,
which are required to bind to both membranes, as has been
previously observed with EEA1 (Mills et al., 1998) and Ra-
benosyn 5 (Nielsen et al., 2000).

Understanding why syntaxin 6 is required on both mem-
branes requires more information about the syntaxin 6 com-
plex on the ISGs. In future experiments, we will investigate
if the homo-oligomerization of syntaxin 6 represents the
situation on intact ISG membranes. Our experiments also
will be focused on the composition of the syntaxin 6 SNARE
complex and accessory molecules interacting with syntaxin
6 during homotypic ISG fusion.
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