
Rat Basophilic Leukemia Cells Express Syntaxin-3
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In neuronal cells, it is generally agreed that SNARE
roteins underlie the release of neurotransmitter. It is
ontroversial, however, whether they also work func-
ionally in the degranulation of RBL-2H3 cells because
he expression of SNARE proteins has not been con-
rmed and the degranulation is not inhibited by teta-
us toxin which cleaves one of SNARE proteins,
AMP-2. We investigated the expression and the local-

zation of SNARE proteins including VAMP-7 which
s insensitive to tetanus toxin. RT-PCR analysis
howed the existence of SNARE proteins, including
yntaxin-2, -3, -4, SNAP-23, VAMP-2, and VAMP-7. Ex-
eriments using GFP-conjugated proteins revealed
hat VAMP-7 was localized only in granule mem-
ranes, whereas syntaxin-3 was in both the plasma
nd granule membranes. Upon antigen stimulation,
hese proteins in granule membranes moved to the cell
urface due to the fusion of granules with the plasma
embrane. The results suggest the involvement of

NARE proteins in the degranulation of RBL-2H3
ells. © 2000 Academic Press

Mast cells and basophils are specialized secretory
ells that play an important role in allergic inflamma-
ion (1). Their granules contain histamine, serotonin
nd other inflammatory mediators (2). Cross-linking of
he high-affinity receptor for IgE (Fc«RI) by a multiva-
ent antigen is followed by an activation of protein
yrosine kinases, such as Lyn and Syk (3). The conse-
uent activation of phospholipase C leads to phospha-
idylinositol hydrolysis, production of diacylglycerol
nd inositol 1,4,5-trisphosphate (IP3). And then, the
levation of cytosolic calcium together with the activa-
ion of protein kinase C (PKC) results in mediator
elease, which is the result of a membrane fusion re-
ction between the plasma and granule membranes
nd also granule membranes with each other (4–6).
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alcium influx have been well studied as described above,
ittle is known about the proteins involved in the process
ownstream of calcium influx in mast cells and basophils.
n neuronal cells, the membrane fusion mechanism of
eurotransmitter release, which is also regulated by cal-
ium ion, is well described by the SNARE hypothesis
soluble NSF (N-ethylmaleimide-sensitive factor) attach-
ent protein receptor hypothesis] (7). It is originally

aunched to explain the specific targeting of proteins to
arious organelles (8). However, recent studies using
lostridial neurotoxins (9), SNARE-deficient Drosophila
10) or a liposome fusion system (11) have shown that
NARE proteins are involved in the membrane fusion
eaction itself. At the exocytotic release of neurotransmit-
er, the synaptic vesicle membrane protein VAMP-2
vesicle-associated membrane protein-2) and the plasma
embrane protein syntaxin-1 form a SNARE complex
ith SNAP-25 (synaptosomal-associated protein of 25
Da) (12). Guo et al. showed that stimulation with Ca21

r GTPgS induced relocation of SNAP-23, ubiquitously
xpressed isoform of SNAP-25 (13), in streptolysin-O-
ermeabilized rat peritoneal mast cells (RPMCs) (14),
uggesting that SNARE proteins are involved in IgE-
ediated degranulation. A previous experiment (15),
owever, showed that tetanus toxin, which cleaved
AMP-2 and inhibited exocytosis in neuronal cells (16),
id not appear to inhibit the secretion of serotonin from
at basophilic leukemia 2H3 (RBL-2H3) cells stimulated
y Fc«RI cross-linking. Considering these results, one
lausible mechanism is that a protein insensitive to tet-
nus toxin, like VAMP-7 (17), plays a functional role in
xocytosis in mast cells. Therefore, it is crucial to exam-
ne whether or not the SNARE hypothesis is valid in

ast cells.
In the present study, we have investigated the ex-

ression and the localization of SNARE proteins in
BL-2H3 cells, which are used widely for studies of
xocytosis as a model of rat mucosal mast cells. We
ound that the cell line expressed several SNARE pro-
eins including VAMP-7 and syntaxin-3, which can
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ssociate with VAMP-7. Therefore, we tried to reveal
he localization of syntaxin-3 and VAMP-7 in living
ells using green fluorescent protein (GFP) variants,
yan and yellow fluorescent proteins (CFP and YFP).
he fluorescence images demonstrated that both
yntaxin-3 and VAMP-7 were expressed in granule
embranes of RBL-2H3 cells.

ATERIALS AND METHODS

Cell culture. RBL-2H3 cells were cultured at 37°C in MEM sup-
lemented with 10% FCS in a 5% CO2 incubator. Nerve growth
actor (NGF)-treated PC12 cells were cultured as previously de-
cribed (18).

RT-PCR. The expression of SNARE proteins in RBL-2H3 cells
as examined by RT-PCR. mRNAs were purified from RBL-2H3

ells or NGF-treated PC12 cells with a QuickPrep Micro mRNA
urification kit (Amersham Pharmacia Biotech) following the man-
facturer’s instructions. The resulting mRNAs were reverse tran-
cribed into cDNA by Superscript IIRT (GIBCO BRL Life Technolo-
ies) and stored at 220°C until use. The primers used in PCR were
hown in Table 1. The PCR products amplified with ExTaq (Takara)
ere analyzed on a 1% agarose gel.

Determination of rat VAMP-7 sequence. The degenerate forward
rimer 59-YCGGWCAGAYTGAAGYC-39 is designed based on the
pstream region of the initiation codon of human and mouse
AMP-7 (X92396 and X96737, respectively). This and the VAMP-7
everse primer shown in Table 1 were used in PCR. The products
ere cloned into pCR II vector with a TA cloning kit (Invitrogen) and

equenced with a Thermo Sequenase fluorescent labeled primer cycle
equencing kit (Amersham Pharmacia Biotech) and FITC labeled
13-universal primer by DNA sequencer DSQ-1000L (Shimadzu).
he GenBank Data Bank of expressed-sequence tags (ESTs) was
earched with the obtained sequence. Two distinct sets of clones with
ccession Nos. AI535250 and AI231424 were used to determine the
2-bases sequence of 39 end.

Plasmid construction. To express the GFP conjugated proteins in
BL-2H3 cells, the PCR products of syntaxin-3 and VAMP-7 were
loned into pECFP-C1 and pEYFP-C1 (CLONTECH), respectively,
t EcoRI and SalI sites and the sequences were verified by DNA
equencing as described above using FITC labeled primers designed
or GFP variant vector instead of M13-universal primer.

The Primers Used in PCR for A

Target
proteinsa Accession no.

Sizes
(bp) Forwar

yntaxin-1B M95735 867 GAATTCATGAAGGATC
yntaxin-2 L20823 873 GAATTCAATGCGGGAC
yntaxin-3 L20820 870 GAATTCAATGAAGGAC
yntaxin-4 L20821 897 GAATTCAATGCGCGAC
NAP-25A AB003991 621 GAATTCAATGGCCGAG
NAP-23 AF052596 633 GAATTCAATGGATGAT
AMP-2 M24105 351 GAATTCAATGTCGGCT
AMP-7 X92396 663 GAATTCCATGGCGATC

a The source of all target proteins is rat except for VAMP-7 (huma
b EcoRI site is introduced at 59-terminal for cloning.
c SalI site is introduced at 59-terminal for cloning.
37
Electroporation and microscopy. RBL-2H3 cells were transfected
ith CFP-syntaxin-3 and YFP-VAMP-7 with a Gene Pulser II elec-

roporator (Bio-Rad). Electroporated cells suspended in culture me-
ium were transferred to glass chambers and incubated at 37°C for
6 h. After 10 min exposure to 500 ng/ml of mouse anti-dinitrophenyl
DNP) monoclonal IgE (IgE-53-569, provided by Prof. T. Kishimoto,
saka University), cells were washed three times in HEPES buffer

140 mM NaCl, 5 mM KCl, 0.8 mM MgSO4, 1.8 mM CaCl2, 10 mM
EPES, 10 mM glucose, 0.1 mg/ml sulfinpyrazone, 0.1% BSA, pH
.4] and were subjected to imaging with an LSM510 confocal laser
canning microscope (Carl Zeiss). To stimulate cells, 200 ng/ml of
initrophenylated-BSA (DNP10-BSA) was added. Preparation of
NP10-BSA was reported as described previously (19). Obtained

mages were processed and analyzed using NIH Image 1.61 and
dobe Photoshop 5.0.

ESULTS

Expression of SNARE proteins in RBL-2H3 cells.
irst, we investigated the expression of syntaxin iso-

orm 1B, 2, 3, and 4 in RBL-2H3 cells by RT-PCR as
hown Fig. 1a. While bands corresponding to
yntaxin-2, -3, and -4 were clearly found (Fig. 1a, lanes
–4), syntaxin-1B was not amplified with the primer
air based on syntaxin-1B (Fig. 1a, lane 1). The primer
air for syntaxin-1B successfully amplified the tar-
eted gene with the template DNA from NGF-treated
C12 cells (data not shown) (20). Therefore, RBL-2H3
ells seemed to express little or no syntaxin-1B iso-
orm. The sizes of PCR products were in good agree-

ent with the expected size and the identity of PCR
roducts was verified by restriction mapping. These
esults indicated that RBL-2H3 cells expressed
yntaxin-2, -3, and -4.
Next, we examined the expression of SNAP-25A,

NAP-23, VAMP-2, and VAMP-7. As for SNAP-25 iso-
orms, SNAP-23, but not SNAP-25A, was detected (Fig.
b, lanes 1 and 2). SNAP-25A was detected in the
ample derived from PC12 cells. Bands of both
AMP-2 and VAMP-7 were also found (Fig. 1b, lanes 3

plification of SNARE Proteins

Primers

Reversec

ACTCAGGAGC GTCGACCTACAAGCCCAGTGTCCCCC
GCTGC GTCGACTCATTTGCCAACCGTCAAGCC
ACTGGAGCA GTCGACTTATTTCAGCCCAACGGACAA
GACCCA GTCGACTTATCCAACGGTTATGGTGATGCC
CGCAGA GTCGACTTAACCACTTCCCAGCATCTTTGT
ATCACCA GTCGACTTAGCTGTCAATGAGTTTC
CGCTG GTCGACTTAAGTGCTGAAGTAAACGATGAT
TTTGCTGT GTCGACCTATTTCTTCACACAGCTTGGC
m

db

GG
CG
CG
AG
GA
CT
AC
TT

n).
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nd 4). No PCR product was detected from the sample
ithout reverse transcription throughout the RT-PCR
xperiments.

DNA sequence of rat VAMP-7. Since the sequence
f VAMP-7 from rat had been unknown, we determined
t as shown in Fig. 2. Comparison of the deduced amino
cid sequence revealed that rat VAMP-7 had a highly
imilar sequence with that of human and mouse (95%
dentity). This conserved sequence contains heptad re-
eats of hydrophobic residues with Arg-151, which is
ecessary for the formation of a SNARE complex (21),
nd the altered amino acids in the tetanus toxin-
ensitive sequence of VAMP-2 (17).

Intracellular localization of syntaxin-3 and VAMP-7
n living cells. We found that RBL-2H3 cells ex-
ressed syntaxin-2, -3, -4, SNAP-23, VAMP-2, and
AMP-7. With regard to syntaxin-3 and VAMP-7, fur-

her investigation was carried out. In other cells, it was
eported that syntaxin-3 was involved in exocytosis
22, 23) and associated with VAMP-7 (17). Therefore,
e examined the possibility that these two SNARE

FIG. 1. Detection of SNARE proteins in RBL-2H3 cells by RT-
CR. (a) Syntaxin-1B (lane 1), -2 (lane 2), -3 (lane 3), and -4 (lane 4).

b) SNAP-25A (lane 1), SNAP-23 (lane 2), VAMP-2 (lane 3), and
AMP-7 (lane 4). The 100-bp ladder is shown from 300 to 1000 bp on

he left. The expected bands are indicated with arrowheads. The
xpected size of syntaxin-1B and SNAP-25A is 867 bp and 621 bp,
espectively, but they were not detected. In lane 1 of (a), although a
eak band is found, its size is different from that of syntaxin-1B.
38
o investigate the localization of syntaxin-3 and
AMP-7, these proteins were connected with CFP and
FP, respectively. Fluorescent images of CFP-
yntaxin-3 and YFP-VAMP-7 were shown in Fig. 3.
efore stimulation, CFP-syntaxin-3 was expressed in
oth the plasma membrane and granule membranes
Fig. 3d), while YFP-VAMP-7 was expressed exclu-
ively in the granule membranes (Fig. 3g). Therefore,
oth syntaxin-3 and VAMP-7 resided on the organelles
ith a diameter of 0.5–2.0 mm. Considering the size
nd distribution, these organelles seemed to be secre-
ory granules.

In addition, we tried to observe the intracellular
ynamics of these two proteins when cells were stim-
lated by cross-linking of Fc« receptors (see Fig. 3).
fter addition of DNP10-BSA, remarkable changes in
hape of the cell and ruffling of the plasma membrane
ere observed in DIC images (Figs. 3a and 3b) and
uorescence images where the plasma membrane was
isualized by CFP-syntaxin-3 (Figs. 3d and 3e). Gran-
les carrying CFP-syntaxin-3 and YFP-VAMP-7 then
oved to the periphery of the cell and disappeared. At

he same time, the translocation of the fluorescence of
ranule membranes to the plasma membrane oc-
urred. Most of the fluorescence in granule membranes
as translocated in the plasma membrane within
0 min after stimulation (Figs. 3f and 3i). These dy-
amic changes of the localization of the fluorescence

ndicated the fusion reaction of granules with the
lasma membrane upon activation.

ISCUSSION

As described above, we revealed the expression of
everal SNARE proteins in RBL-2H3 cells. VAMP-2 is
nown as one of SNARE proteins that play an essential
ole for neurotransmitter release. In neuronal cells, the
reatment of tetanus toxin inhibited exocytotic release
ue to its proteolytic activity specific for VAMP-2 (16).
n the other hand, the previous report showed that

etanus toxin did not inhibit the release of serotonin in
BL-2H3 cells (15). This suggested that VAMP-2 was
ot involved in the degranulation reaction although
BL-2H3 cells express it. However, this observation
oes not exclude the mechanism of degranulation
ased on the SNARE hypothesis because we found that
BL-2H3 cells expressed VAMP-7, a tetanus toxin-

nsensitive VAMP-2 isoform (17). The amino acid se-
uence of rat VAMP-7 determined in this study con-
erved of the coiled-coil domain with Arg-151 which is
ssential for the formation of a SNARE complex and
xocytosis (21, 24). In addition, both the recognition
equence and cleavage site by tetanus toxin in VAMP-2
re altered in rat VAMP-7 as human VAMP-7, which is
esistant to tetanus toxin (17). These features of pri-
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ary sequence of rat VAMP-7 guarantee the structural
asis for the involvement of VAMP-7 in tetanus toxin
esistant degranulation. We also showed that VAMP-7
as localized in granule membranes and was translo-

ated to the plasma membrane after antigen stimula-
ion. In RBL-2H3 cells and RPMCs, the stimulation
sing phorbol myristate acetate (PMA) with calcium

onophore A23187 mimics the degranulation caused by
ntigen (25, 26), although PMA itself does not induce
he release of mediator from granules without A23187
27). In our preliminary experiments of RBL-2H3 cells
o-transfected with CFP-syntaxin-3 and YFP-VAMP-7,
he stimulation with both PMA and A23187 caused the
ranslocation of YFP-VAMP-7 from granule mem-
ranes to the plasma membrane, whereas the stimu-
ation with PMA only did not cause such changes.
herefore, it is strongly suggested that the SNARE
ypothesis is applicable to the exocytotic release in
BL-2H3 cells.
The degranulation reaction is a fusion event between

he plasma membrane and granule membranes and
lso among granule membranes themselves (6). The
resent study showed that syntaxin-3 was localized in
oth the plasma and granule membranes, suggesting
hat syntaxin-3 works as a machinery for the granule–
lasma membrane fusion and the granule–granule fu-
ion. In pancreatic acinar cells, syntaxin-3 was local-
zed in granule membranes (28) and was served for the
usion among granules (22). In MDCK cells, syntaxin-3
nd VAMP-7 were co-localized in apical route (23) and

FIG. 2. DNA and deduced amino acid sequence of rat VAMP-7. DN
odes. DNA sequence is numbered in the 59 to 39 direction. Underline
2-bases sequence of 39 end (solid line, AI535250; broken line, AI23
39
ere suggested to play a role in apical traffic (23, 29).
nother line of evidence obtained by immunoprecipi-

ation using Caco-2 indicated that syntaxin-3 and
AMP-7 were able to form a complex with SNAP-23

17). The relocation of SNAP-23 was observed in
treptolysin-O-permeabilized RPMCs on stimulation
ith Ca21 or GTPgS (14). The authors argued that this

elocation was required for the degranulation reaction.
onsidering these results together with the data in

his study, it is probable that syntaxin-3 and VAMP-7
orm a fusion complex with SNAP-23, which leads to
he membrane fusion reaction in the degranulation of
ast cells and basophils.
It has been reported that the degranulation reaction

n RBL-2H3 cells is regulated by synaptotagmin II (30)
nd/or Rab3d (31). Moreover, these cells also express
unc18-2 (32), an isoform of munc18, which binds to

yntaxin and inhibits the formation of a SNARE com-
lex (33, 34). These proteins have been well studied in
euronal cells and play a functional role in neurotrans-
itter release (7, 35). This suggests that the mecha-

ism of calcium-dependent exocytosis in these two dis-
inct systems, degranulation of mast cells and
eurotransmitter release in neuronal cells, are basi-
ally similar. Studies of SNARE proteins in neuronal
ells have greatly contributed to understanding the
echanism of exocytosis and membrane fusion. Since
ast cells have some advantages over nerve terminals

uch as their large sizes of cells and granules, the
larification of degranulation mechanism in mast cells

sequence is shown with deduced amino acid sequence in single-letter
gions are the sequences from EST database for determination of the
4) (see Materials and Methods).
A
d re
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hould provide important information regarding the
asic and common mechanism of exocytosis in various
ecretory cells.
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