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the selective interaction of SNARE proteins in the vesi-
SNARE proteins have been implicated in the insulin- cle membrane (v-SNAREs, such as synaptobrevin/

induced translocation of vesicles containing the VAMP) with the cognate SNARE proteins in the target
GLUT4 glucose transporter to the plasma membrane membrane (t-SNAREs, such as syntaxin and SNAP-
of adipocytes. The role of the target SNARE SNAP-25 25) [1]. Several isoforms of VAMP and syntaxin haveor its homologs in this process was investigated by been identified, some of which are expressed outsidescreening a mouse adipocyte cDNA library with rat

the nervous system. Thus, VAMP-2 and cellubrevin [2-SNAP-25 and human SNAP-23 cDNA probes. Both posi-
4] as well as syntaxin isoform 2, 3, 4, and 5 [5] havetive clones isolated encoded a protein with 87% se-
been detected in adipocytes and skeletal muscle. Threequence identity to human SNAP-23, and which was
isoforms (Munc18a, -b, and -c) of the syntaxin-bindingtherefore designated mouse SNAP-23. Immunoblot
protein Munc18/n-Sec1/rbSec1 have also been identi-and immunofluorescence analyses revealed that
fied in 3T3-L1 adipocytes [6]. However, although sev-SNAP-23 is located predominantly in the plasma mem-
eral studies have indicated the importance of SNAREbrane of 3T3-L1 adipocytes incubated in the absence
proteins in the translocation of GLUT4-containing vesi-or presence of insulin. Of syntaxins 1 to 5, SNAP-23
cles [4, 5, 7], the t-SNARE SNAP-25 does not appearbound with the highest affinity to syntaxins 1 and 4 in

the yeast two-hybrid system. Expression of SNAP-23, to be abundant in adipocytes [5, 8, 9]. A cDNA that
syntaxin 4, and the syntaxin-binding protein Munc18c encodes a homolog of SNAP-25, designated SNAP-23,
in COS cells revealed that Munc18c reduced the was recently cloned from human lymphocytes [10].
amount of SNAP-23 bound to syntaxin 4 in a concentra- Thus, adipocytes may also express such homologs that
tion-dependent manner. These results suggest that the act in a manner similar to SNAP-25. To investigate
binding of SNAP-23 to syntaxin 4 is inhibited by whether SNAP-25 or homologs such as SNAP-23 con-
Munc18c in adipocytes. q 1997 Academic Press tribute to GLUT4 translocation in adipocytes, we have

searched for the corresponding cDNAs in a mouse adi-
pocyte library. We cloned mouse SNAP-23 cDNA from
this library and examined the potential role of the en-

Insulin stimulates glucose uptake in muscle and adi- coded protein as a t-SNARE in adipocytes.
pose tissue by promoting the translocation of vesicles
containing the GLUT4 glucose transporter to the MATERIALS AND METHODS
plasma membrane. Although the exact mechanism of
insulin-induced GLUT4 translocation is not known, Antibodies and cDNA clones. Polyclonal antibodies to SNAP-23,
SNARE proteins have been implicated in the docking syntaxin 4, and Munc18c were generated by immunizing rabbits with
and fusion of GLUT4-containing vesicles with the a glutathione S-transferase (GST) fusion protein of mouse SNAP-23,

a GST fusion protein containing the cytoplasmic region of rat syn-plasma membrane. In neurons, the specific targeting
taxin 4 (residues 1 to 273), or a synthetic peptide corresponding toof synaptic vesicles is thought to be achieved through
the COOH-terminal portion of mouse Munc18c (KMLNKSKDKVSF-
KDE), respectively. Rabbit polyclonal antibodies specific for the
COOH-terminal portion of GLUT4 were kindly provided by S. W.1 To whom correspondence should be addressed. Fax: 81-78-382- Cushman (NIH, Bethesda, MD), and syntaxin cDNAs by R. H.

2080. E-mail: gt@med.kobe-u.ac.jp. Scheller (Stanford University, Stanford, CA).
The nucleotide sequence data of mouse SNAP-23 reported in this

paper will appear in the DDBJ, EMBL, and GenBank nucleotide Cell culture and subcellular fractionation. 3T3-L1 adipocytes
were cultured in 100-mm dishes containing Dulbecco’s modified Ea-sequence databases with the following Accession Number AB000822.
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gle’s medium (DMEM) supplemented with 10% fetal bovine serum. ase chain reaction with specific oligonucleotide primers [5*-GAT-
GGCGCCGCCGGTATCG-3 * (sense) and 5*-GTTACTCATCCTTAA-Differentiated adipocytes were subjected to subcellular fractionation

for the isolation of intracellular membrane (ICM) and plasma mem- AGGAAAC-3 * (antisense)] and a mouse adipocyte cDNA library
(Clontech). COS cells were transiently transfected, with the use ofbrane (PM) fractions as described previously [4, 11, 12]. COS cells

were also maintained in DMEM supplemented with 10% fetal bovine lipofectin reagent (GIBCO), with cDNAs encoding full-length mouse
SNAP-23 and the cytoplasmic region of syntaxin 4 that had beenserum.
cloned into the expression vector pcDL-SRa [18], together with vari-Screening of a mouse adipocyte cDNA library. The full-length
ous amounts of full-length Munc18c cDNA cloned into the same vec-human SNAP-23 and rat SNAP-25B cDNAs were obtained by reverse
tor. Forty-eight hours after transfection, the cells were lysed in atranscription and the polymerase chain reaction with specific oligo-
solution containing 20 mM Hepes-KOH (pH 7.5), 140 mM potassiumnucleotide primers [SNAP-23, 5*-CATGGATAATCTGTCATCAG-
acetate, 1 mM MgCl2, 1 mM EGTA, and 1% Triton X-100, and theAAG-3 * (sense) and 5*-TTAGCTGTCAATGAGTTTCTTTGC-3 * (anti-
lysates were subjected to immunoprecipitation with antibodies tosense); SNAP-25, 5*-CATGGCCGAGGACGCAGACATG-3 * (sense)
syntaxin 4. After washing, the immunoprecipitates and the total celland 5*-TTAACCACTTCCCAGCATCTTTG-3 * (antisense)] and total
lysates were boiled in SDS sample buffer and subjected to immu-RNA from either human lymphocytes or rat brain, respectively. Du-
noblot analysis with antibodies to SNAP-23, to syntaxin 4, or toplicate filters of a mouse adipocyte cDNA library (Ç3 1 105 plaques)
Munc18c.(Clontech) were screened by incubating first for 4 h at 427 C in a

solution containing 20% (v/v) formamide, 51 SSPE (saline, sodium
phosphate, EDTA), 51 Denhardt’s reagent, 0.1% SDS, and boiled RESULTS
salmon sperm DNA (100 mg/ml), and then for 12 h at 427 C with
32P-labeled, full-length human SNAP-23 or rat SNAP-25 cDNAs as Cloning of mouse SNAP-23 cDNA. In an attempt to
probes. Phage DNA from the positive plaques was isolated and, after isolate cDNAs encoding SNAP-25 and its homologsdigestion with EcoRI, subcloned into a pUC18 plasmid vector

from mouse adipocytes, we screened Ç3 1 105 plaques(TaKaRa). All DNA sequences were determined on both strands by
the dideoxynucleotide sequencing method. from a mouse adipocyte cDNA library at low stringency

with randomly labeled cDNAs for rat SNAP-25 andImmunoblot analysis. Subcellular fractions of 3T3-L1 adipocytes
and extracts of transfected COS cells were subjected to SDS-poly- human SNAP-23. Two positive clones were isolated,
acrylamide gel electrophoresis with the Laemmli discontinuous both of which were shown by sequencing to encode the
buffer system [13], and immunoblot analysis was performed as de- same protein. The initiator methionine was identified
scribed previously [14, 15], with minor modifications. Primary anti-

in the cDNA sequence by comparison with the cDNAbodies were used at the following dilutions: affinity-purified antibod-
ies to SNAP-23 (1:300), antibodies to the COOH-terminal of GLUT4
(1:500), affinity-purified antibodies to Munc18c (1:1000), and affinity-
purified antibodies to syntaxin 4 (1:300). Immune complexes were
detected with horseradish peroxidase-conjugated antibodies to rabbit
immunoglobulin G and the ECL detection system (Amersham).

Immunolocalization of SNAP-23 in 3T3-L1 adipocytes. 3T3-L1
adipocytes grown in Lab-Tek chamber slides (Nunc) were fixed with
2% (v/v) paraformaldehyde in phosphate-buffered saline (PBS) for
30 min at 207 C, washed, and permeabilized by freezing and thawing
twice. The cells were then incubated for 30 min at 207 C with 5% (w/
v) bovine serum albumin (BSA) in Tris-buffered saline (TBS), and
then for 1 h at 207 C with antibodies to SNAP-23 (1:50 dilution in TBS
containing 1% BSA). After washing for 15 min with three changes of
PBS, the cells were incubated for 60 min at 207 C with Texas red-
conjugated donkey antibodies to rabbit immunoglobulin G (1:100
dilution in TBS containing 1% BSA) (Amersham). The cells were
again washed for 15 min with three changes of PBS, mounted in
PBS containing 50% (v/v) glycerol, and finally examined with an
Olympus BX-50-FLA microscope at 4001 magnification.

Yeast two-hybrid system. Protein-protein interactions were ana-
lyzed with the MATCHMAKER Two-Hybrid System kit (Clontech).
Briefly, full-length rat SNAP-25, human SNAP-23, and mouse
SNAP-23 cDNAs were cloned into the bait and prey yeast expression
vectors pGBT9 and pGAD424. cDNAs encoding the cytoplasmic re-
gions of syntaxin 1A (residues 1 to 265), syntaxin 2 (residues 1 to
266), syntaxin 3 (residues 1 to 263), syntaxin 4 (residues 1 to 273),
syntaxin 5 (residues 1 to 284) [16] were cloned into the same vectors.
Yeast strain YGH1 (kindly provided by D. Beach, Cold Spring Harbor
Laboratory, Cold Spring Harbor, NY) was transfected with bait and
prey vectors by the lithium acetate method [17]. Transformants were
plated on selection medium lacking Trp and Leu. After growth at FIG. 1. (A) Nucleotide and predicted amino acid sequences of
307 C, they were inoculated into SD medium lacking Trp and Leu, mouse SNAP-23. The amino acid sequence is shown in single-letter
and then placed in a shaking incubator at 307 C until the optical code below the nucleotide sequence, with residue numbers on the
density at 600 nm reached 0.5 to 1.0. The activity of b-galactosidase right. Asterisk indicates termination codon. (B) Alignment of the
was then assayed in cell extracts. amino acid sequences of mouse and human SNAP-23. Asterisks and

dots indicate identical and similar amino acids, respectively. Align-In vivo assays of syntaxin 4 binding to SNAP-23 and Munc18c.
The full-length mouse Munc18c cDNA was obtained by the polymer- ment was optimized with the GENETYX-MAC (version 7.3) program.
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FIG. 2. Probability of the formation of coiled-coil structures for
rat SNAP-25B (A), human SNAP-23 (B), and mouse SNAP-23 (C).
The amino acid sequence of each protein was compared by COILS
program to a database of known parallel two-stranded coiled coils
and a similarity score was obtained. By comparing this score to the
distribution of scores in globular and coiled-coil proteins, the program
then calculates the probability that the sequence will adopt a coiled-
coil conformation [22, 23].

sequences of human SNAP-23 and rat SNAP-25, and
its position was confirmed by the presence of upstream
stop codons. The new cDNA sequence encodes a pre-
dicted protein of 210 amino acids (Fig. 1A) that shows
98.6% similarity and 86.7% identity to human SNAP-
23 (Fig. 1B). We therefore concluded that the adipocyte

FIG. 4. Immunofluorescence microscopic analysis of SNAP-23 incDNA encodes mouse SNAP-23. The cysteine residues
3T3-L1 adipocytes. Fixed and permeabilized 3T3-L1 adipocytes wereclustered around residue 90 of SNAP-25 [19], which
incubated with antibodies to SNAP-23 in the absence (A) or presenceare though to contain a palmitoylation site through (B) of recombinant mouse SNAP-23 protein (0.1 mg/ml).

which the protein is anchored to the plasma membrane

[20], are conserved in mouse SNAP-23. The putative
phosphorylation site at Ser187 of SNAP-25 [21] appears
to be converted to Thr192 in mouse SNAP-23. Structural
predictions performed with the COILS program
through the internet (http://ulrec3.unil.ch/software/
COILS_form.html) [22, 23] revealed that mouse and
human SNAP-23 contain two putative coiled-coil do-
mains, whereas SNAP-25 contains three (Fig. 2).

Localization of SNAP-23. Subcellular fractionation
of 3T3-L1 adipocytes and immunoblot analysis re-
vealed that most SNAP-23 was present in the PM frac-
tion under basal conditions and that insulin stimula-
tion of cells did not affect the localization of SNAP-23;
in contrast, insulin induced the translocation of GLUT4
from the ICM fraction to the PM fraction (Fig. 3).

Immunofluorescence labeling confirmed that SNAP-
FIG. 3. Subcellular distribution of SNAP-23 in 3T3-L1 adipo- 23 was expressed predominantly in the plasma mem-

cytes. Cells were incubated in the absence (lanes 1 and 3) or presence brane of 3T3-L1 adipocytes (Fig. 4A). Incubation of cells
(lanes 2 and 4) of 0.1 mM insulin at 377C for 30 min, after which PM with recombinant SNAP-23 protein in addition to anti-(lanes 1 and 2) and ICM (lanes 3 and 4) fractions were prepared and

SNAP-23 antibodies prevented staining of the plasmasubjected (50 mg of protein per lane) to immunoblot analysis with
antibodies to SNAP-23 or to GLUT4. membrane (Fig. 4B). The location of SNAP-23 in adipo-

259

AID BBRC 6560 / 692a$$$942 04-23-97 06:56:36 bbrcg AP: BBRC



Vol. 234, No. 1, 1997 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

TABLE 1

Interactions of SNAP-23 and SNAP-25 with Syntaxins in the Yeast Two-Hybrid System

b-Galactosidase activity (arbitrary units)

pGBT9 (bait vector)

pGAD424 Rat Human Mouse
(prey vector) Syntaxin 1 Syntaxin 2 Syntaxin 3 Syntaxin 4 Syntaxin 5 SNAP-25 SNAP-23 SNAP-23

Syntaxin 1 25.6 { 1.1 6330 { 550 4720 { 370 2870 { 260
Syntaxin 2 3.46 { 2.11 4680 { 300 2250 { 50 1000 { 20
Syntaxin 3 1.51 { 0.30 1490 { 130 372 { 7 56.9 { 1.7
Syntaxin 4 40.4 { 1.2 7240 { 330 4480 { 90 2490 { 70
Syntaxin 5 6.51 { 0.82 38.6 { 0.4 2.17 { 0.63 1.77 { 0.55
Rat SNAP-25 8590 { 1390 4820 { 1200 3430 { 490 6980 { 1000 15.5 { 0.7 183 { 4
Human SNAP-23 393 { 7 6.07 { 1.11 23.4 { 0.9 266 { 6 9.31 { 0.98 20.6 { 0.8
Mouse SNAP-23 81.7 { 3.5 14.3 { 0.2 38.9 { 0.9 23.4 { 1.3 9.69 { 0.46 2.31 { 0.25

Yeast clones transformed with the pGAD424 and pGBT9 vectors containing the indicated combinations of cDNAs were selected on
supplemented plates lacking Trp and Leu and then grown in the presence of selection medium in liquid culture. b-Galactosidase activity
in cell lysates was measured in triplicate. Data are means { SD.

cytes was thus similar to that of SNAP-25 in neural the amount of SNAP-23 that was coprecipitated with
syntaxin 4 decreased.cells.

Association of SNAP-23 with syntaxin isoforms. To
DISCUSSIONinvestigate whether SNAP-23 binds to syntaxins, we

used the yeast two-hybrid system [24]. We cloned
SNAP-25 or SNAP-23 cDNAs into the bait vector Recent studies of synaptic vesicle exocytosis have re-
(pGBT9) and syntaxin cDNAs into the prey vector vealed the important roles of SNARE proteins in this
(pGAD424), and the affinity of interactions between process. However, the wide tissue distribution of
SNAP-25 or SNAP-23 and syntaxins was assessed on SNARE proteins suggests that they also function in
the basis of b-galactosidase activity in yeast cell ex- vesicle transport in nonneural cells. Indeed, these pro-
tracts. These experiments revealed that human and teins have been implicated in the translocation of
mouse SNAP-23 associated most strongly with syn- GLUT4 vesicles to the plasma membrane in adipocytes.
taxins 1 and 4, moderately with syntaxin 2, weakly Thus, both the translocation of GLUT4 and glucose
with syntaxin 3, and hardly at all with syntaxin 5 (Ta- transport induced by insulin were reduced in perme-
ble 1). SNAP-25 showed a similar rank order of prefer- abilized 3T3-L1 adipocytes in which both VAMP-2 and
ence for the syntaxin isoforms, but the affinities of the
interactions were higher than those for the SNAP-23-
syntaxin complexes. When syntaxin cDNAs were
cloned into pGBT9 and SNAP-25 or SNAP-23 cDNAs
into pGAD424, only SNAP-25 retained its pattern of
binding to syntaxins, SNAP-23 associated very weakly
with the syntaxin isoforms (Table 1).

Effect of Munc18c on the binding of SNAP-23 to syn-
taxin 4 in vivo. The effect of the syntaxin-binding pro-
tein Munc18c on the association of syntaxin 4 and
SNAP-23 in intact cells was investigated by expressing
syntaxin 4, SNAP-23, and various amounts of Munc18c

FIG. 5. Inhibition of SNAP-23 binding to syntaxin 4 by Munc18c.in COS cells. Cell lysates were then subjected to immu- COS cells were cotransfected with expression vectors containing full-
noprecipitation with antibodies to syntaxin 4. The total length mouse SNAP-23 cDNA (5 mg) and a cDNA encoding the cyto-
cell lysates and the immunoprecipitates were analyzed plasmic region of syntaxin 4 (3 mg), as well as 0 (lanes 1 and 4), 5

(lanes 2 and 5), or 10 mg (lanes 3 and 6) of the same vector containingby immunoblotting with antibodies to each of the three
full-length Munc18c cDNA. After 48 h, cells were lysed and subjectedproteins. Both SNAP-23 and Munc18c were coprecipi-
to immunoprecipitation with antibodies to syntaxin 4. The total celltated with syntaxin 4, showing that syntaxin 4 actually lysates (lanes 1 to 3) and the immunoprecipitates (lanes 4 to 6) were

binds to these two proteins in vivo (Fig. 5). In addition, analyzed by immunoblotting with antibodies to Munc18c, syntaxin
4, or SNAP-23.as the amount of transfected Munc18c cDNA increased,
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cellubrevin had been cleaved with botulinum neuro- expressed in adipocytes [6], we examined the effect of
the latter isoform on the association of SNAP-23 andtoxin [4]. Moreover, GST fusion proteins encoding solu-

ble forms of VAMP-2 or syntaxin 4 inhibited the insu- syntaxin 4. Our observation that the amount of SNAP-
23 associated with syntaxin 4 decreased as the amountlin-induced translocation of GLUT4 in permeabilized

3T3-L1 adipocytes [7]. However, despite its important of Munc18c increased suggests that Munc18c may reg-
ulate the formation of the SNAP-23-syntaxin 4 SNARErole in the docking and fusion of synaptic vesicles,

SNAP-25 has rarely been detected in nonneural tis- complex in adipocytes.
sues, with the exception of pancreatic islets of Langer-
hans [25, 26], adrenal chromaffin cells [27], and ante- ACKNOWLEDGMENTS
rior pituitary cells [28]. Thus, homologous proteins may
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13028.Acad. Sci. USA 91, 12487–12491.

262

AID BBRC 6560 / 692a$$$943 04-23-97 06:56:36 bbrcg AP: BBRC


