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SNARE proteins are widely accepted to be involved in the docking and fusion process of
intracellular vesicle trafficking. VAMP-2, syntaxin-4, and SNAP-23 are plausible candi-
date SNARE proteins for non-neuronal exocytosis. Thus, we examined the localization,
protein-protein interaction, and intracellular trafficking of these proteins by expressing
them as green fluorescent protein (GFP)- and FLAG-tagged fusion proteins in various
cells, including HSY cells, a human parotid epithelial cell line. GFP-VAMP-2 was ex-
pressed strongly in the Golgi area and weakly on the plasma membrane. Although GFP-
SNAP-23 seemed to be expressed universally in the cytosol, the GFP signal was clearly
seen on the plasma membrane, when soluble GFP-SNAP-23 was removed by treatment
with saponin. GFP-syntaxin-4 was undetectable on the plasma membrane but was
strongly expressed on unidentified unusually large vesicles. GFP-syntaxin-4 without its
transmembrane domain was still incompletely soluble and observed as aggregates.
When syntaxin-4 and muncl8c were coexpressed, syntaxin-4 was translocated at least in
part to the plasma membrane. The protein-protein interaction between syntaxin-4 and
VAMP-2 with their transmembrane domains was markedly inhibited on coexpression of
muncl8c. These results suggest that muncl8c plays an important role in the trafficking
of syntaxin-4 to its proper destination by preventing premature interactions with other
proteins, including SNARE proteins.
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Many proteins on intracellular membranes known as neurons (2). Thus, the SNARE proteins associated with
SNARE proteins are generally accepted to be involved in some regulatory proteins are believed to be the fundamen-
membrane fusion processes during diverse intracellular tal machinery for the membrane fusion,
vesicle trafficking (IS). The best-characterized SNARE In non-neuronal cells, most secretory vesicles have
proteins are those involved in neurotransmitter release. VAMP-2 as a candidate v-SNARE (SNARE proteins on
The role of SNARE proteins in the docking and fusion pro- trafficking vesicle membranes), but t-SNAREs (SNARE
cesses on synaptic vesicles and presynaptdc membranes is proteins on target membranes) on the plasma membrane
strongly supported by a large body of strong evidence. The have still not been identified or are controversial. Syntaxin-
X-ray crystal structure of the core complex of SNARE pro- 4 and SNAP-23 are recognized as the most plausible t-
teins composed of VAMP-2, syntaxin-1, and SNAP-25 re- SNAREs (6). Indeed, there is strong evidence supporting
vealed a four-helix-bundle structure of helices designated the involvement of these proteins in insulin-mediated
as the SNARE motif (3); syntaxin-1 and VAMP-2 have one translocation of GLUT4 from intracellular vesicles to the
SNARE motif each, and SNAP-25 has two of them. Iipo- cell surface in adipocytes (6-11). In exocrine cells, VAMP-2
somes containing recombinant VAMP-2, and ones contain- is also found on the secretory granule membranes, and the
ing recombinant syntaxin-1 and SNAP-25 could specifically prolonged incubation of streptolysin-0 permeabilized cells
and spontaneously dock and fuse, although the fusion pro- with clostridial neurotoxins, which cleave VAMP-2, par-
cess itself was much slower than that observed in intact tially but significantly inhibited amylase release from pan-

creatic (12) and parotid (13) acinar cells. In previous

'This study was supported in part by a Grant-in-Aid for Scientific s t u d i e f {}4' 15^' h o w e v e r> ^f1 0 1^ we clearly demon-
Research from the Ministry of Education, Science, and Culture of strated that parotid acinar cells contained syntaxin-4 and
japan. SNAP-23, an antibody for VAMP-2 failed to coprecipitate
2To whom correspondence should be addressed. Tel: +81-1332-3- either syntaxin-4 or SNAP-23 from a lysate of the acinar
1211, Fax: +81-1332-3-1391, E-mail: takuma@fcoku-iryo-u.acjp cells. Conversely, antibodies for syntaxin-4 and SNAP-23
Abbreviations: GFP, green fluorescent protein; NSF, iV-ethylmaleim- w e r e j j ^ unable to coprecipitate VAMP-2, although the
ide^ensitive fusion protein; SNAIJsoluble NSF attachment pro- ^ . ^ ^ ^ . 4 c l e a r l coprecipitated NSF, munclSc, and
tern; SNARE, SNAP receptor; VAMP, vesicle-associated membrane OTTAT^ r.o ,-.^s ™ .- . • , JOXTATIOO
protein; SNAP-23, synaptosome-associated protein of 23 kDa. SNAP-23 (15). Thus, even if syntaxm^l and SNAP-23 are t-

SNAREs, the binding of these proteins to VAMP-2 would be
@ 2002 by The Japanese Biochemical Society. " very weak or be hindered T)y other proteins in parotid aci-
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nar cells. Furthermore, it has been reported that syntaxin-
4 and SNAP-23 are predominantly located on the basolat-
eral plasma membrane in pancreatic acinar cells (16, 17),
although the possibility can not be excluded that a rela-
tively small amount of these proteins is located on the
luminal plasma membrane, a proper target membrane in
exocrine cells. Thus, the role of these SNARE proteins in
the exocrine glands has not yet been established.

Although in vitro protein-protein interactions between
SNARE proteins have been extensively studied, the results
obtained showed that SNARE proteins can bind promiscu-
ously with cognate SNARE proteins. In addition, the effect
of the protein-protein interaction on the localization and
intracellular trafficking of SNARE proteins in living cells
remains to be elucidated. GFP-tagged SNARE proteins can
be observed directly on confocal microscopy in living cells.
Thus, in this study we expressed GFP- and FLAG-tagged
SNARE proteins in HSY salivary cells, COS-7 cells, and
3T3-L1 adipocytes to examine the localization, protein—pro-
tein interaction, and intracellular trafficking of these pro-
teins. During these experiments we found an unexpected
distribution of these proteins and obtained results suggest-
ing that muncl8c is involved in the proper targeting of syn-
taxin-4 to the plasma membrane by preventing premature
interaction with other proteins that exhibit intrinsic affin-
ity to syntaxin-4.

MATERIALS AND METHODS

Materials—Anti-rat syntaxin-4 (rabbit, polyclonal) was
raised against a synthetic peptide (ELRQGDNISDDEDE)
corresponding to the N-terminal portion of rat syntaxin^t,
and was affinity-purified as described previously (15). Poly-
clonal antibodies to SNAP-23 and munc-18c were generous
gifts from Dr. Yoshikazu Tamori (2nd Department of Inter-
nal Medicine, Kobe University) (7-9). The pEF-BOS vector
was kindly provided by Dr. Shizuo AMra (Research Insti-
tute for Microbial Diseases, Osaka University). An antibody
to rat VAMP-2 (polyclonal) was purchased from Wako
(Osaka). The pEGFP-C3 vector and the antibodies to GFP
(monoclonal and polyclonal) were from CLONTEC (Palo
Alto, CA), whereas the pFLAG-CMV-5c vector and the anti-
body to FLAG were from Sigma (St. Louis, MO). Pefabloc
SC was obtained from Merck (Darmstadt, Germany). Fluo-
rescent dyes, Calcium Green-C18 (C-6804), and BODIPY
FL ceramide (D-3521), were obtained from Molecular
Probes (Eugene, OR). The enhanced chemiluminescence kit
came from NEN (Boston, MA); and Block Ace from Dainip-
pon Seiyaku (Osaka). All other chemicals used were of the
highest grade commercially available.

Cell Culture and Transfection—HSY cells were cultured
in Dulbecco's modified Eagle's medium with nutrient mix-
ture F-12 Ham (DMEM/F-12) containing 10% FBS. COS-7
(JCRB) and 3T3-L1 (JCRB9014) cells were obtained from
the Riken Cell Bank (Tokyo), and were cultured in DMEM
containing 10% calf serum. 3T3L1 cells were allowed to dif-
ferentiate into adipocytes as described previously (7-9).
These cells were transfected with plasmids mainly by the
standard method of calcium phosphate precipitation and
glycerol shock, and sometimes by lipofection with Effecten
TM (Qiagen) according to the instructions.

Confocal Microscopy—After transfection, cells were cul-
tured for 20 h, and then the expression and localization of

GFP-tagged proteins in the living cells were observed
under an inverted confocal microscope (Leica TCS-SP sys-
tem; Leica, Germany) controlled by TCS-NT4 software.
Images were obtained with 488 run excitation and an emis-
sion wavelength of 500-550 nm, and were processed with
either NIH Image 1.59 or Adobe Photoshop 6.0.

Plasmid Construction—Full-length cDNAs of rat VAMP-
2, SNAP-23, syntaxin-4, and mouse muncl8c were ampli-
fied by RT-PCR from total RNA prepared from rat and
mouse parotid acinar cells. The primer sets used were 5'-
CGGAATTCCCATGTCGGCTACCGCTGCCAC-3' and 5'-C-
GGAATTCTTAAGTGCTGAAGTAAACGATG-3' for VAMP-
2; 5'-AACTGCAGATGGATGATCTATCACCAGAAG-3' and
5'-AACrGCAGTTAGCTGTCAATGAGTTTCTTTG-3/ for
SNAP-23; 5'-CGGAATTCCCATGCGCGACAGGACCCAT-
GAG-3' and 5'-CGGAATTCTTATCCAACGGTTATGGTGA-
TG-3' for syntaxin-4; and 5'-GGAATTCCGATGGCGCCGC-
CGGTATCGGAG-3' and 5'-GGAATTCCTCCTTAAAGGA-
AACTTTATCC-3' for muncl8c. The cDNAs of VAMP-2,
syntaxin^i, and muncl8c were subcloned into the .EcoRI
site of pEGFP-C3 (CLONTEC). The SNAP-23 cDNA was
subcloned into the Pstl site of pEGFP-C3. To express
FLAG-tagged SNARE proteins, we subcloned the same
cDNAs into the EcoRI site of pFLAG-CMV-5c (Sigma). The
cDNA of syntaxin-4 without a tag was ligated into the Xbal
site (a blunt end site) of pEF-BOS. All sequences amplified
by PCR were confirmed with an ABI 310-sequence analyzer
after the constructs had been made.

Immunoprecipitation and Immunoblotting—Cells were
pelleted, and then lysed on ice for 30 min with PBS con-
taining 2% Triton X-100, 2 mM EDTA, and 1 mM Pefabloc
SC. The lysate was centrifuged at 15,000 rpm for 5 min at
4°C, and the supernatant was rotated at 4°C overnight with
anti-FLAG antibodies conjugated to agarose beads (Sigma).
After incubation, the beads were washed 5 times with lysis
buffer, and the bound proteins were eluted with 0.5 mM
FLAG peptide. The eluate was mixed with the same vol-
ume of 2x Laemmli cocktail and boiled for 5 min.

Proteins in the immunoprecipitate were resolved by
SDS-PAGE on a 5-20% gradient gel (ATTO, Tokyo). Pro-
teins in the gel were transferred to a PVDF membrane at
100 mA per mini-gel (90 x 73 x 1 mm) for 60 min in a semi-
dry blotter with 0.1 M Tris-0.192 M glycine buffer contain-
ing 5% methanol. The membrane was washed twice with
water, blocked with Block Ace at room temperature for 1 h
or overnight at 4"C, and then incubated with properly
diluted primary antibodies in PBS containing 0.05%
Tween-20 (PBST) and 20% Block Ace for 1 h at room tem-
perature or overnight at 4 °C. SNARE proteins were visual-
ized with the NEN Chemiluminescence Reagent Plus sys-
tem, and the images were captured and analyzed in an
ATTO Cool Saver (ATTO).

RESULTS

Localization ofGFP-SNARE Proteins in HSY and 3T3L1
Cells—We first examined the expression and localization of
GFP-VAMP-2, which is the full-length VAMP-2 tagged
with GFP at its N-terminus, in HSY cells. As shown in Fig.
1A-1 and -2, GFP-VAMP-2 fluorescence was strong in the
Golgi area and weak on the plasma membrane, suggesting
that VAMP-2 functions in vesicle transport from the Golgi
complex to the plasma membrane; although HSY cells do
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not contain large secretory granules like those seen in
parotid acinar cells. GFP alone was expressed in the whole
cells including the nucleus (data not shown).

The plasma membrane and Golgi complex of HSY cells
were separately visualized with fluorescent dyes; Calcium
Green-Cl8 for the plasma membrane and BODIPY FL
ceramide for the Golgi complex. To identify the plasma
membrane, we observed the cells that expressed GFP-
VAMP-2 before (Fig. 2A) and after (Fig. 2B) incubation with
10 (xM Calcium Green-C18 for 5 min (18). The plasma
membranes of HSY cells were clearly visualized with Cal-
cium Green-C18, and the GFP signal at the cell periphery
mostly merged with the signal of the fluorescent dye. To
visualize the Golgi complex, HSY cells were incubated with
2 uM BODIPY FL ceramide for 60 min at 37'C. As shown
in Fig. 2C, the fluorescent dye strongly visualized the Golgi
complex and weakly the endoplasmic retdculum. When cells
that expressed GFP-VAMP-2 were stained with BODIPY
FL ceramide, the signal of GFP-VAMP-2 was indistin-
guishable from that of the dye (data not shown). These
results support that GFP-VAMP-2 is expressed in the
Golgi area and on the plasma membrane.

Next we examined the localization of putative t-SNAREs,

Fig. 1. Localization of GFP-tagged SNARE proteins. Full-length
SNARE proteins tagged with GFP at their N-termini were tran-
siently expressed in HSY, COS-7, and 3T3-L1 cells; and the localiza-
tion of GFP signals in the living cells was examined by confocal
microscopy at 20 h after transfection with the plasmids. GFP-
VAMP-2 was expressed in HSY (Al and 2) and 3T3-L1 (A3) cells;
GFP-SNAP-23 was detected in HSY (Bl and 2) and 3T3-L1 (B3)
cells; and GFP-syntaxin-1, in HSY (CD, COS-7 (C2), and 3T3-L1
(C3) cells. Some cells were examined in the presence of 50 (jLg/ml sa-
ponin (A2 and B2).

i.e., GFP-SNAP-23 and GFP-^yntaxin^^ irx HSY cells.
Although these proteins have been reported to be mainly
expressed on the plasma membrane, as judged on imrnuno-
cytochemistry (7, 16, 17), GFP-SNAP-23 was clearly ob-
served in the cytoplasm but not seen in the nucleus or in
some vacuoles (Fig. 1B-1). To examine the possibility that
over-expressed GFP-SNAP-23 becomes soluble and masks
GFP-SNAP-23 on the plasma membrane, we incubated
HSY cells with 50 jig/ml saponin. As shown in Fig. 1B-2,
the GFP signal disappeared from the cytosol and became
prominent on the plasma membrane, suggesting that
GFP-SNAP-23 was actually located on the plasma mem-
brane, at least in part. In the presence of saponin, GFP-
VAMP-2 was more clearly seen on the plasma membrane
also (Fig. 1A-2).

Surprisingly, as can be seen in Fig. 1C-1 and -2, GFP-
syntaxin-4 was observed on unidentified extraordinarily
large intracellular vesicles and also on the peri-nuclear
membranes. The GFP signal was not detectable on the
plasma membrane even in the presence of saponin (data
not shown).

We next examined the localisation of GFP-SNARE pro-
teins in 3T3-L1 adipose cells, in which these proteins func-
tion in insulin-dependent trafficking of membrane vesicles
carrying Glut4 (6-11). As shown in Fig. 1A-3, GFP-VAMP-
2 was observed on the plasma membrane in addition to the
strong signal seen in the Golgi area. GFP-SNAP-23 was
also mainly seen in the cytoplasm (Fig. 1B-3). On the other
hand, GFP-syntaxin-4 was observed on smaller membrane
vesicles in 3T3-L1 adipose cells than those in HSY and
COS-7 cells, and some of these vesicles seemed to be at-
tached to the plasma membrane of the adipose cells (Fig.
1C-3).

Interactions between Syntaxin-4, SNAP-23, and VAMP-
2—To evaluate the effect of protein-protein interaction on
the localization of SNARE proteins, we coexpressed VAMP-
2, syntaxin-4, and SNAP-23 in various combinations in
HSY and COS-7 cells. During these experiments, we ob-
served that syntaxin-4 influenced the localization of SNAP-
23 and VAMP-2. To visualize these effects, we expressed
either GFP-SNAP-23 or GFP-VAMP-2 concurrently with
syntaxin-4 without the GFP-tag. As shown in Fig. 3A, the
GFP signal of SNAP-23 was partly translocated onto the
large vesicles that had been previously seen in cells trans-

A B C
Fig. 2. Visualization of the plasma membrane and Golgi com-
plex with fluorescent dyes. Confocal microscopic images of HSY
cells, which expressed GFP-VAMP-2, were captured before (A) and
after (B) incubation with 10 jiM calcium Green-C18 for 5 min under
a microscope. C, control HSY cells without coexpression of GFP-
VAMP-2 were incubated with 2 (JLM BODIPY FL ceramide for 60 min
at 37'C. Images A and C were obtained with 488 nm excitation and
an emission wavelength of 500-550 nm, and B with 568 nm excita-
tion and an emission wavelength of 580—700 nm.
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fected with GFP-syntaxin-4 (Fig. 1C-1 and 2), suggesting
that the destination on intracellular trafficking of SNAP-23
is determined at least in part by syntaxin-4. Similarly, the
GFP signal of VAMP-2 was seen on the large vesicles in
addition to being detected in the Golgi area and on peri-
nuclear membranes, but it was not found on the plasma
membrane.

For evaluation of the protein-protein interaction between
these proteins, VAMP-2-FLAG and syntaxin-4-FLAG, both
of which are full-length proteins tagged with the FLAG
epitope (DYKDDDDK) at their C-termini, were coexpressed
with other SNARE proteins in COS-7 cells; and VAMP-2-
FLAG and syntaxin-4—FLAG were immunoprecipitated
with anti-FLAG antibodies conjugated to agarose beads. As
shown in Fig. 4 (lane 2), VAMP-2 and syntaxin-4 bound
together much more strongly than VAMP-2- and SNAP-23
did (Fig. 4, lane 1). Coprecipitation of GFP-SNAP-23 with
VAMP-2-FLAG increased when GFP-syntaxin-4 was coex-
pressed (Fig. 4, lane 4), indicating that most of the SNAP-
23 indirectly binds to VAMP-2 through the binding to syn-
taxin-4 (15). The interaction between VAMP-2 and syn-
taxin-4 was greatly reduced (Fig. 4, lane 3) when the
transmembrane domain of syntaxin-4 was truncated. Iden-
tical results were obtained when the transmembrane
domain of VAMP-2 was truncated (data not shown). These

B
Fig. 3. Effect of coexpression of syntaxin-4 on the localization
of GFP-SNAP-23 and GFP-VAMP-2. A, GFP-SNAP-23 and syn-
taxin-4 without GFP tag were coexpressed in HSY cells; B, GFP—
VAMP-2 and syntaxin-4 were coexpressed in COS-7 cells; C, GFP-
VAMP-2 alone was expressed in COS-7 cells.

1 2 3 4

. GFP-SY4
-GFP-SNAP

•VAMP-FLAG

Fig. 4. Protein-protein interaction between SNARE proteins.
Full-length VAMP-2 tagged with the FLAG epitope at its C-termi-
nus was coexpressed with full-length GFP-SNAP-23 (lane 1), full-
length GFP-syntaxin-4 (lane 2), GFP-syntaxin-4 without its trans-
membrane domain (lane 3), or full-length GFP-SNAP-23 and GFP-
syntaxin-4 (lane 4) in COS-7 cells. At 24 h after transfection, cell ly-
sates were prepared, and VAMP-2-FLAG was immunoprecipitated
with anti-FLAG antibodies conjugated to agarose beads. The immu-
noprecipitates were resolved by SDS-PAGE, and proteins coprecipi-
tated with VAMP-2-FLAG were analyzed by immunoblotting with
anti-GFP.

results suggest that the transmembrane domain of both
proteins is necessary for the strong interaction between
VAMP-2 and syntaxin-4.

As can be seen in Fig. 5, A and B, GFP-syntaxin-4 lack-
ing its transmembrane domain was expressed as small par-
ticles without connection to the plasma membrane in COS-
7 and 3T3-L1 adipose cells, suggesting that the cytosolic

C D
Fig. 5. Localization of truncated GFP-syntaxin-4 and GFP-
VAMP-2 without their transmembrane domains. GFP-syntaxin-
4 (A and B) and GFP-VAMP-2 (C and D), both of which lacked the
transmembrane domain, were expressed in COS-7 (A), HSY (C), and
3T3L1 (B and D) cells.

Fig. 6. Effect of coexpression of muncl8c on the localization of
syntaxin-4. Full-length muncl8c tagged with GFP at its N-termi-
nus was expressed alone (A and B) or with syntaxin-4 (C and D) in
HSY cells. At 20 h after plasmid transfection, the cells were exam-
ined by confocal microscopy in the absence (A and C) or presence (B
and D) of 50 |xg/ml saponin.
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domain of syntaxin-4 is still mostly insoluble, and that it
self-aggregates or is contained in aggregates of other pro-
teins. GFP-VAMP-2 without its transmembrane domain
was expressed ubiquitously, including in the nucleus (Fig.
5, C and D).

Interaction between Muncl8c and Syntaxin-4—Because
muncl8 strongly binds to syntaxins (4, 5, 8, 10, 11) and is
believed to play a regulatory role in exocytosis {4-11), we
examined the effect of coexpression of muncl8c on the
localization of syntaxin-4. As shown in Fig. 6A, GFP-munc-
18c was expressed uniformly in the cytosol but not in the
nucleus. When GFP-muncl8c and syntaxin-4 were coex-
pressed (Fig. 6, C and D) and soluble GFP-muncl8c was
removed by treatment with 50 ng/ml saponin, the GFP sig-
nal was clearly observed on the plasma membrane, Golgi
area, and peri-nuclear membranes (Fig. 6D). GFP-
muncl8c, which was expressed by itself, was undetectable
on the plasma membrane even in the presence of saponin
(Fig. 6B).

Irnmunoprecipitation analysis clearly demonstrated the
interaction between GFP-muncl8c and syntaxin-4-FLAG
(Fig. 7, lane 1). Furthermore, the coexpression of GFP-
muncl8c markedly inhibited the protein-protein interac-
tion between syntaxin-4-FLAG and GFP-VAMP-2 (lane 3),
and also that between syntaxin-4-FLAG and GFP-SNAP-
23 (lane 5).

DISCUSSION

VAMP-2 is widely distributed on exocytotic vesicles and is
believed to act as a v-SNARE (1-3, 12-15). Because the
cells used in this study do not have conspicuous secretory
granules, GFP-VAMP-2 was mainly observed in the Golgi
area of HSY, COS-7, and also 3T3-L1 adipose cells (Fig.
1A), as expected. We also detected a weak but obvious GFP
signal on the plasma membrane, suggesting that vesicles
containing VAMP-2 had been transported from the Golgi
apparatus to the plasma membrane. Unexpectedly, how-
ever, in the protein-protein interaction experiments,
VAMP-2-FLAG and GFP-eyntaxin-4 bound together much
more strongly than VAMP-2-Flag and GFP-SNAP-23 did
(Fig. 4). In previous studies (7-9), no protein—protein inter-
action was observed between VAMP-2 and syntaxin-4 ex-
pressed in COS cells, although the transmembrane domain
of both proteins was truncated. Indeed, the interaction be-
tween VAMP-2 and syntaxin-4 was hardly detected, when
the transmembrane domain either one of them was trun-
cated (Fig. 4, lane 3), suggesting that the transmembrane
domain plays an important role in the interaction between
the two proteins. A similar strong interaction between
VAMP-2 and syntaxin-1 through their transmembrane do-
mains was previously observed in a reconstitution study
involving liposomes (19). The interaction between the two
transmembrane domains was proposed to force the sepa-
rate membranes close together, yielding membrane conti-
nuity known as a prefusion stalk. In the present study,
however, the interaction between VAMP-2 and syntaxin^l
very likely occurred in the Golgi area and on the unidenti-
fied large vesicles, but not on the plasma membrane, as can
be seen in Fig. 3B. The premature interaction between
VAMP-2 and syntaxins is unusual and inconvenient for
proper trafficking of these proteins to their destinations
and thus for exocytosis, if these proteins are v- and t-

SNAREs.
Previous immunocytochemical studies showed that en-

dogenous SNAP-23 is predominantly expressed on the
plasma membrane (7, 17, 20-22). SNAP-23 and its isoform,
SNAP-25, have no transmembrane domain and are an-
chored to the plasma membrane through palmitoyl moi-
eties, which are linked to cysteine residues in the cysteine-
rich domain in the middle of the molecule (21-24). A dele-
tion mutant of SNAP-23, which lacked the cysteine-rich do-
main, showed a shift in the distribution of SNAP-23 from
the plasma membrane to the cytoplasm (22-24), indicating
that the cysteine-rich domain is essential for trafficking of
SNAP-23 to the plasma membrane. In the present study,
however, GFP-SNAP-23, which had an intact cysteine-rich
domain was mainly expressed in the cytoplasm of HSY
cells (Fig. IB) and COS-7 cells (data not shown). Only after
the removal of soluble SNAP-23 by treatment with saponin
could GFP-SNAP-23 be seen on the plasma membrane.
These results suggest two possibilities, i.e., that (i) the
plasma membrane has a limited capacity for anchoring of
SNAP-23, and (ii) the intact cysteine-rich domain is insuffi-
cient and additional factors are necessary for the proper
distribution of SNAP-23. Recently, syntaxin-1 was sug-
gested to play a critical role in the targeting of SNAP-25 to
the plasma membrane prior to the palmitoylation of SNAP-
25 (24). In the present study, when syntaxin-4 and GFP-
SNAP-23 were concurrently expressed, GFP-SNAP-23 was
transported at least in part to the vesicles in which syn-
taxin-4 was located (Fig. 3A). Specific interaction between
syntaxin-4 and SNAP-23 is widely recognized both in vivo
and in vitro (7-9, 15, 25). Thus, syntaxin-4 might be
involved in the trafficking of SNAP-23 to the plasma mem-
brane.

Previous immunocytochemical studies have also shown
that endogenous syntaxin-4 is mainly on the plasma mem-
brane (16). In the present study, however, GFP-syntaxkHl
was scarcely expressed on the plasma membrane but
strongly expressed on the unidentified large intracellular
vesicles (Fig. 1C). This localization seems not to be due to
the GFP tag, since syntaxin^4 without the tag was also very
likely located on the same vesicles (Fig. 3, A and B). Similar
large membrane vesicles were previously observed when
the inositol trisphosphate receptor was transiently ex-
pressed in COS cells (26). Although the precise mechanism
of the vesicle formation is unclear, the overexpression of the
proteins, and the binding via homotypic and heterotypic
interactions with proteins on adjacent membranes were
suggested to be the cause of the vesicle formation. In the
present study, however, GFP-syntaxin^t was hardly detect-
able on the plasma membrane even in cells that expressed
the protein very weakly (data not shown). In this study, the
homotypic interaction of GFP-syntaxin-4 seemed to be very
strong, since GFP-syntaxin-4 without its transmembrane
domain was still mostly insoluble and formed aggregates
(Fig. 5, A and B), although other proteins might have been
involved in the aggregate formation.

The interaction between the muncl8/n-secl and syntaxin
protein families has been extensively studied [see reviews
(1, 4-6)], but the role of muncl8 in the regulation of mem-
brane fusion remains obscure. Muncl8 is a binding protein
for syntaxins, and inhibits the binding of both VAMP-2 and
SNAP-25 or -23 to syntaxins. Thus, it was thought to have
an inhibitory effect on exocytosis (27). Indeed, overexpres-
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Fig. 7. Effect of coexpression of muncl8c on protein-protein in-
teraction between syntaxin^i and VAMP-2 or SNAP-23. Syn-
taxin-4-FLAG was expressed with GFP-muncl8c Qane 1), GFP-
VAMP-2 (lane 2), GFP-muncl8c plus GFP-VAMP-2 (lane 3), GFP-
SNAP-23 (lane 4), or GFP-muncl8c plus GFP-SNAP-23 (lane 5) in
COS-7 ceDs. At 24 h after transfection, cell lysates were prepared,
and syntaxin-4-FLAG was then immunoprecipitated with antd-
FLAG antibodies conjugated to agarose beads. Proteins in the im-
munoprecipitates were resolved by SDS-PAGE, and proteins copre-
cipitated with syntaxin-4-FLAG were analyzed by immunoblotting
with anti-GFP. *Degradatdon products of GFP-VAMP-2.

sion of muncl8c inhibited the translocation of GLUT4 to
the plasma membrane in adipocytes (8, 11). Muncl8a, how-
ever, was demonstrated to play an es-sentdal role in neu-
rotransmitter release in a study on muncl8a knockout
mice (28), suggesting that muncl8 has both stimulatory
and inhibitory functions in exocytosis. Previously, we dem-
onstrated that muncl8c bound strongly to syntaxin-4 in rat
parotid acinar cells (15). In the present study, we observed
that muncl8c could support the translocation of syntaxin-4
to the plasma membrane in HSY cells (Fig. 6, C and D),
suggesting that muncl8c is involved in the trafficking of
syntaxin-4 to the plasma membrane. As described above,
syntaxin-4 and VAMP-2 readily interacted via their trans-
membrane domains when they were coexpressed in COS-7
cells (Fig. 4). If VAMP-2 and syntaxin-4 are v- and t-
SNAREs, respectively, their premature interaction on the
endoplasmic reticulum must be strictly prevented for nor-
mal exocytosis. Previously, Rowe et at. (29) reported that
syntaxin-1A, but not syntaxin-3, was mistargeted to the
Golgi-TGN area in a defective PC 12 clone and some epithe-
rial cell lines, which did not express rbSecl/muncl8a. How-
ever, when muncl8a was coexpressed, syntaxin-lA was
properly transported to the plasma membrane, suggesting
that muncl8a plays an important role in the trafficking of
syntaxin-1A. A recent study on the crystal structure of the
muncl8a--syntaxin la complex revealed that muncl8a
tightly held syntaxin la in a closed conformation, in which
syntaxin hardly could interact with other proteins (4).
Muncl8c supposedly forms a similar complex with syn-
taxin-4 and thus would be expected to inhibit the interac-
tion between syntaxin-4 and other proteins, including
VAMP-2, as was in fact observed (Fig. 7). Taken to-gether,
these findings suggest that muncl8 would be essential for
exocytosis through the trafficking of syntaxins to their
proper destination by preventing premature interaction
with other proteins, including SNARE proteins.
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