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ABSTRACT. Types A, B, and C1 botulinum neurotoxin (BoNT), a group of selectivé*Zlependent
endoproteases, have been instrumental in demonstrating that their respective substrates [synaptosomal-
associated protein witM, = 25 kDa (SNAP-25), synaptobrevin (Sbr), and syntaxin] are essential for
regulated exocytosis from nerve terminals and neuroendocrine cells. The colocalization of Sbr, or its
homologue cellubrevin (Cbr), in the majority of the glucose transporter-isotype 4 (GLUT4)-containing
vesicles from adipocytes implicates their involvement in insulin-stimulated glucose uptake, which results
in part from enhanced fusion of these vesicles with the plasmalemma. In this study, exposure of cultured
3T3-L1 adipocytes to BoNT/B in a low-ionic strength medium was found to block insulin-evoked glucose
uptake by up to 64%. BoNT/B was shown by immunoblotting to cause extensive proteolysis of Cbr and
Shr resulting in a significant blockade of the insulin-stimulated translocation of GLUT4 to the plasmalemma.
This establishes that these two toxin substrates contribute to the insulin-regulated fusion of GLUT4-
containing vesicles with the plasmalemma, at least in this differentiated 3T3-L1 clone. Although SNAP-
25 was not detectable in the differentiated adipocytes, its functional homologue SNAP-23 is abundant
and largely confined to the plasmalemma. SNAP-23 proved to be resistant to cleavage by BoNT/A.
Consistent with these results, type A did not block insulin-induced glucose uptake, precluding a
demonstration of its likely importance in this process.

Insulin stimulates glucose uptake into adipocytes by tation to reside largely on distinct vesicle populations in
inducing the fusion of vesicles containing glucose transport- mature rat adipocytes (Zorzares al, 1989) and 3T3-L1
ers (GLUT} with the plasmalemma (Zorzaret al., 1989). adipocytes (Pipeet al, 1991), though another study sug-
Many studies of this process have employed the 3T3-L1 gested that both isotypes can predominantly coexist in the
fibroblast cell line which can be differentiated into an same vesicular compartment of another clone of these cells
adipocyte-phenotype when treated with insulin, dexametha- (Calderheactt al., 1990). The demonstrated colocalization
sone, and (isobutylmethyl)xanthine (IBMX) (Frost & Lane, therein of synaptobrevin (Sbr; also known as vesicle-
1985). The resultant cells respond to insulin with a rapid associated membrane protein, VAMP; Trimbeleal., 1988;
and significant increase in glucose transport [betweé&0- Elferink et al, 1989) and a closely related homologue
fold (Piperet al.,, 1991) and 1520-fold (Frost & Lane, 1985;  cellubrevin (Cbr; McMahoret al., 1993) in the majority of
Calderheadet al, 1990), depending on the cell clone GLUT4-containing vesicles raises the possibility of these
employed]. As well as containing a constitutive GLUT being involved in mediating the insulin-regulated fusion
isotype 1, these differentiated cells also express GLUT4, the mechanism (Caiet al., 1992; Volchuket al., 1995) because
form specific to muscle and fat tissues where transport is Sbr is believed to be an essential component of neuro-
dramatically stimulated by insulin (Jamed al, 1989). exocytosis. It interacté vitro with two synaptic plasma
GLUT1 and GLUT4 have been shown by immunoprecipi- membrane proteins (8oer et al, 1993), syntaxin 1 A/B
(Bennettet al. 1993) and synaptosomal-associated protein
" This work was supported by The Speywood Laboratory Ltd. with M, = 25 kDa (SNAP-25; Oyleet al., 1989); these are
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PAGE, sodium dodecyl! sulfatgpolyacrylamide gel electrophoresis; duced by Clostridium tetaniand Clostridium botulinum

SNAP-25, synaptosomal-associated proteinVpf= 25 kDa; TeTx, respectively, and are composed of a disulfide-linked heavy
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binding to high-affinity neuronal ecto-acceptors, subsequent with alkaline phosphatase or horseradish peroxidase, bovine

internalization and translocation of the LC into the cytosol
where LC blocks exocytosis [reviewed in Simpson (1986)
and Dollyet al. (1992, 1994)]. The LCs of BONTs and TeTx

serum albumin (BSA) fraction V, insulin, unlabeled 2-deoxy-
D-glucose, dexamethasone, IBMX, plus all other reagents
were obtained from Sigma Chemical Co. (Dorset, U.K.).

are Zri*-dependent endoproteases [reviewed in Montecucco A monoclonal antibody against GLUT4 (clone 1F8; James

and Schiavo (1993) and Niemarat al. (1994)]. Sbr is
proteolyzed by TeTx and BoNT/B, /D, /F, and /G (Schiavo
et al, 1992, 1993a,b; Linlet al, 1992; Yamasaket al.,
1994); Cbr is also cleaved by TeTx and BoNT/B (McMahon
etal, 1993; Foraret al., 1995). BoNT/A and /E proteolyze
SNAP-25 at separate sites (Blagial., 1993a; Schiavet
al., 1993c), while BoNT/C1 cleaves both syntaxin (Blesi
al., 1993b) and SNAP-25 (Forast al., 1996).

et al, 1989) was from Genzyme (Kent, U.K.). Rabbit
antiserum generated against a C-terminal peptide correspond-
ing to amino acids 498509 of rat GLUT4 (Piperet al.,
1991) was purchased from Biogenesis Ltd. (Dorset, U.K.).
Affinity-purified 1g against the last 12 C-terminal residues
of GLUT1 was kindly provided by Dr. Stephen Baldwin,
University of Leeds. Antibodies were raised in rabbits
against a soluble recombinant Aisigged mouse syntaxin

Although most studies on these toxins have been per- 1A lacking the last 27 C-terminal residues (kindly provided

formed on neuronal preparations,?Gavoked catecholamine

by D. Liu, of this laboratory) and affinity-purified on

release can be blocked when BoNT is applied intracellularly immobilized antigen (Foraret al., 1996). Alternatively,

into adrenomedullary chromaffin cells (Bittnet al., 1989;
Marxenet al, 1991; Foraret al, 1995). Accordingly, all
of the toxins’ targets have been found in chromaffin cells

identification of syntaxins 1A and B was carried out using
a monoclonal antibody (HPC-1) purchased from Sigma.
Affinity-purified Ig raised against residues 394 of human

and good correlations demonstrated between the levels ofSbr-2 (a region of amino acid sequence shared with Sbr-1
toxin-mediated substrate cleavage and inhibition of secretionand Cbr; McMahoret al., 1993) was prepared, as detailed

(Foranet al., 1995; Lawrencet al., 1996), highlighting the

elsewhere (Foraet al., 1995). Likewise, a rabbit antiserum

importance of these proteins in regulated exocytosis from to the C-terminus of SNAP-25 (residues 1986) was

large dense-core vesicles. Bowd al. (1995) reported a
requirement of Sbr/Cbr and SNAP-25 for Talependent
insulin secretion from one of two insulinoma cell lines tested.
Using permeabilized 3T3-L1 adipocytes, Volchek al.

produced and affinity-purified, as described by Lawreete

al. (1996). Antisera were generated in rabbits against
peptides corresponding to either the first 20 N-terminal
residues of Cbr (MSTGVPSGSSAATGSNRRLC) or the last

(1996) has demonstrated that antibodies selective for syntaxinll C-terminal residues of SNAP-23 (CANARAKKLIDS),

4 inhibit insulin-stimulated glucose uptake (albeit only
partially), but the susceptibility of this process to BoNT

after being covalently conjugated through the additional
cysteines incorporated onto amino groups present on BSA

serotypes was not assessed. On the other hand, BoNT/Busing the bifunctional cross-linking agent M-tnaleimido-

was found to cleave the majority of Chr and Sbr-2 in
streptolysin-Gpermeabilized 3T3-L1 cells, yet this resulted
in only minimal (15%) inhibition of the insulin-dependent
component of glucose uptake (Tamerial., 1996). To date,

methyl)cyclohexane-1-carboxylic acid 3-sulfshydroxysuc-
cinimide ester. Specific Ig was affinity-isolated from im-
mune sera using the immunogenic peptide coupled to
iodoacetyl-Sepharose 4B [prepared as detailed in Lawrence

there is no evidence of a role in this process for the target et al. (1996)]. Each affinity-purified Ig was tested to ensure

of BONT/A; SNAP-25, through its mRNA, has been detected
in the cells (Jagadiset al., 1996); thus, it was warranted to

that it labeled the requisite band of appropristeand bound
to the respective antigen on blots in a manner that was

address this question in this study. To extend the evidencepreventable by inclusion of the immunogen (data not shown).
for the importance of the BoNT substrates, attempts were Prior to use, all synthetic peptides were highly purified using

made to maximize the possibility for toxin inhibition of
insulin-induced glucose uptake by introducing BoNT/A, /B,
or /C1 into intact 3T3-L1 cells via a method proven to be
successful with chromaffin cells (Lawrene# al., 1996;

Foranet al, 1996). In this way, Cbr and Sbr were shown
to be concerned with regulated membrane fusion.

reverse-phase high-performance liquid chromatography and
their identities shown to be correct by mass spectrometry
(expertly performed by Roy McDowell and Dr. Richard
Easton, with thanks). BoNT/A and /B were purified by
modifications of the process described for BoNT/F (Wad-

In sworth et al, 1990), as specified in Shoret al. (1993).

contrast, enhancement of glucose uptake by insulin wasBoNT/B was fully nicked as described by Evaes al.
unaltered by BoNT/A, consistent with the observed absence(1986). BoNT/Cl was isolated as detailed in Schiatal.
of SNAP-25 and the presence on the plasmalemma of its(1995) but excluding the additional metal-chelate chromato-

functional homologue SNAP-23 (Ravichandetral., 1996),
a novel protein not cleaved by this toxin.

EXPERIMENTAL PROCEDURES

Materials. A 3T3-L1 fibroblast clone (obtained from
ATCC; no CCL 92.1) was supplied by the European
Collection of Animal Cell Cultures (Salisbury, U.K.). Cell
culture reagents were from GIBCO BRL (Paisley, Scotland)
and immobilon-P membrane was from the Millipore Cor-
poration (Bedford, MA). High-purity digitonin was pur-
chased from Novabiochem (U.K.). 2-Deory2,6-*H]-

graphic step. Toxins were found to be of high purity by
sodium dodecyl sulfatepolyacrylamide gel electrophoresis
(SDS-PAGE) with Coomassie staining of protein; also, they
all exhibited the high levels of toxicity (assessed by mouse
bioassay) previously reported.

Cell Culture and Adipocyte Differentiation.3T3-L1
fibroblasts (passages-30 of the cells received) were seeded
at 2 x 10° cells/cnt in 6- or 24-well tissue culture plates
and grown to confluence in Dulbecco’s modified Eagle’'s
medium (DMEM) supplemented with 10% (v/v) fetal calf
serum, 2 mM glutamine, 2 mM sodium pyruvate, 100 U/

glucose and ECL-antibody detection system were from mL penicillin, and 100ug/mL streptomycin at 37C in a

Amersham International (Buckinghamshire, U.K.). Affinity-

humidified atmosphere containing 5% €OTwo days after

isolated anti-species-specific immunoglobin (Ig) conjugated reaching confluence, differentiation of the cells was induced
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for 48 h in DMEM (supplemented as above) containing 0.5 plates (~1—2 x 10° cells/well) and rinsed twice with ice-
mM IBMX, 0.25 mM dexamethasone, andi@y/mL insulin, cold PBS before being homogenized in the presence of
followed by a further 48 h period in the above medium protease inhibitors and fractionated by centrifugation at 4
lacking IBMX and dexamethasone. The cells were then °C, as detailed for chromaffin cells (Lawrenetal., 1996).
maintained in DMEM (supplemented) without additions for The homogenate was adjusted to 0.32 M sucrose and then
4 days with the medium being replaced every 2 days (Frostcentrifuged at 100§ max for 10 min to yield the P1
& Lane, 1985). membrane pellet. The resultant supernatant (S1) was re-

Exposure of the Cells to BoNT/A, /B, and [CCultures centrifuged at 150@Pmax for 20 min to yield a crude plasma
of confluent 3T3-L1 fibroblasts or differentiated adipocytes membrane fraction (P2); the supernatant was centrifuged in
were rinsed rapidly with a low-ionic-strength medium [LISM; a Beckman SW60Ti rotor at 2600§0max for 1 h to
consisting (in millimoles per liter) of 5 NaCl, 4.8 KCI, 1.2 sediment all remaining membranes (P3), which included
MgSQ,, 1.2 KH,PO,, 5 NaHCQ, 0.5 CaC}, 20 Hepes high- and low-density microsomes plus the majority of
NaOH, pH 7.4, 10 glucose, 220 sucrose, and 0.5% (w/v) GLUT4-containing vesicles. Where specified, total mem-
BSA] before incubation at 37C for 24—48 h in the same  branes were prepared by centrifuging the S1 supernatant in
buffer in the absence or presence of BONT/A, /B, or /C1, at a Beckman SW60Ti rotor at 39009®ax for 40 min. All
concentrations specified in the figure legends. After rinsing membrane pellets were resuspended in 100 mM-H @3,
once with DMEM (supplemented as described above), the pH 6.8, containing 2% (w/v) SDS and 1 mM EDTA and
cells were re-equilibrated with fresh medium for 24 h at 37 solubilized with heating at 90C for 10 min. Insoluble
°C before experiments were performed. In some initial material was removed by centrifugation at 109@0ax for
experiments, attempts were made to poison cells by exposurel0 min, and protein concentrations of the supernatants were
to BoNT in DMEM. determined by the colourimetic method of Markwetlal.

Quantification of Glucose Uptake into AdipocyteShe (1978) and from absorbancies at 280 nm. Synaptosomal
uptake of 2-deoxy-[2,6-3H]glucose was determined using plasma membranes (termed synaptic membranes) were
methods outlined in Merrallet al. (1993) with minor prepared from rat cerebral cortex using the method of Jones
modifications. After rinsing the cultures twice with serum- and Matus (1974).
free DMEM, the cells (on 24-well plates) were equilibrated  Alternatively, high-density microsomes (HDM), low-
for 2—3 h at 37°C with the same medium and washed three density microsomes (LDM), and plasmalemma (PM)-
times briefly with 10 mM potassium phosphate buffer, pH enriched fractions were isolated, as described by Péper
7.4, containing 150 mM NaCl (PBS). The cells were then al. (1991), from control and BoNT/B-treated adipocytes for
covered with an aliquot of buffer A [(in millimoles per the purpose of monitoring the translocation of GLUT4 from
liter): 136 NaCl, 4.7 KCl, 1.2 MgS@ 1.2 CaC}, 1.2 Nahb- LDM to PM and HDM (in response to insulin) by immu-
POy, 5 NaHCQ, 10 HepesNaOH, pH 7.4, and 0.5% (w/v)  noblotting (see below) and to study the subcellular localiza-
BSA]. Following a 15 min preequilibration at 37C in tion of antigens. The high-speed supernatants containing the
buffer A, a further 20 min incubation was performed in the cytosolic proteins following the pelleting of LDM were
absence or presence of insulin (final concentration of 100 precipitated using a chlorforsrmethanol procedure (Wessel
nM, determined to induce a near-maximal glucose uptake & Flugge, 1984) prior to preparation for immunoblotting.
response in 3T3-L1 adipocytes). Uptake was measured over Permeabilization of Cells with Digitonin in Order To
5 min following addition of 2-deoxy-[2,6-*H]glucose (100 Obsewe the Proteolytic Actiities of BoNT/A, /Cl, or /B.
uM; 1.5 uCi/mL), after which time the wells were washed Bovine chromaffin cells were prepared from adrenal glands
four times briefly with ice-cold PBS. Cells were solubilized and maintained in culture, as described previously by
by the addition of 1 mL of 0.1% (w/v) SDS; after removal Lawrenceet al. (1994). These cells and differentiated 3T3-
of an aliquot for protein determination (Markwedt al., L1 adipocytes were washed three times with buffer A, prior
1978), the radioactivity associated with each well was to exposure in the absence or presence of prereduced 100
determined by scintillation counting. Results are expressednM BoNT/A, /Cl, or /B during permeabilization at 37C
as picomoles of deoxyglucose translocated per milligram of for 30 min with 20 mM digitonin in KGEP buffer [139 mM
protein per minute. In some experiments, the values potassium glutamate, 5 MM EGTA, 20 mM piperazié¥ -
measured for non-insulin-treated (basal) cells were subtractedbis(2-ethanesulfonic acid) [PIPES], pH 7.0], which included
from the requisite totals obtained in the presence of insulin 2 mM MgCL and 2 mM ATP. BoNTs were reduced with
to yield figures for the insulin-dependent deoxyglucose 20 mM dithiothreitol in 25 mM Hepe#®laOH, pH 7.4,
uptake; inhibition of the latter by toxin was calculated as a containing 0.15 M NaCl for 30 min at 3TC before dilution
percentage of the requisite control level. Standard deviationsin digitonin—KGEP and application to cells; neurotoxin-free
for the insulin-dependent component were derived from the control cells were exposed to the same final dithiothreitol
equation [(SD+ insulin? + (SD — insulin}]¥2. Statistical concentration which never exceeded 1 mM. After incuba-
analyses were performed throughout this study using Stu-tion, the latter medium was aspirated and replaced with 50
dent’st test for paired data. The level of nonspecific uptake mM NaHCG;, pH 8.5, containing humerous protease inhibi-
was measured following pretreatment of cells with a potent tors [detailed in Lawrencet al. (1996)], before homogeniz-
inhibitor of the glucose transporter, cytochalasin B [final ing and sedimenting the total membrane fractions at 399000
concentration= 25 uM; Bloch (1973)]; this represented max for 40 min. The resultant pellets were solubilized in
~11% of the basal uptake and was subtracted from all the SDS-containing buffers and processed for immunoblotting
values presented. as described in the next section.

Subcellular Fractionation of Cultured 3T3-L1 Cells, Immunoblotting and Quantitation of Antigen&amples
Chromaffin Cells, and Cerebral Cortex3T3-L1 fibroblasts, were subjected to SDSPAGE (either 10 or 12.5% acryl-
or those differentiated into adipocytes, were grown in 6-well amide), electrophoretically transferred to immobilon-P mem-
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brane, and treated with blocking solution [20 mM THEI, 500
pH 7.4, containing 150 mM NacCl, 4% (w/v) skimmed milk A
powder, 1% (w/v) BSA]. Western blotting was carried out 400 7
as detailed by Foraet al. (1996), with minor modifications.
Primary antibodies (at dilutions indicated in the figure
legends) were incubated with the membranes overnight, 200 -
followed by washing (three times briefly, followed by four
10 min washes) with the above-noted buffer containing 0.1% 100

(v/v) polyoxyethylene-sorbitan monolaurate (Tween 20). |"'|. |—|
Antibodies bound to the membranes were detected using T Froblasts  Adipocytes
either anti-species-specific Ig conjugated to alkaline phos-
phatase (visualized using the substrates 5-bromo-4-chloro-
3-indolyl phosphate and nitro-blue tetrazolium) or horseradish-
peroxidase-coupled anti-species-specific g (visualized by
chemiluminesence using the ECL-detection system). For
both methods, the secondary antibodies were incubated (at
a 1:1000 dilution) fo 2 h at 25°C in blocking solution,
followed by washing (as specified earlier) and subsequent
visualization. Immunoblots were quantified by densitometric
scanning, using image analysis software (NIH image V 1.57),
and the resultant values were expressed as a percentage of
that for the requisite toxin-free control.

RESULTS 500
BoNT/B and /C1, but Not /A, Inhibit Insulin-Stimulated !E-}\ C

300
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500 -

400 -

( pmoles / mg protein./ min )

300 —
200 T

100

Control BoNT/B Control BoNT/B

DMEM LISM

2-Deoxyglucose uptake

Glucose Uptake by 3T3-L1 Adipocytdsibroblasts exhibited 4007
a low level of glucose uptake and insulin failed to signifi- 300 \I\

cantly increase this value (Figure 1A). Differentiation of —
confluent cultures of 3T3-L1 fibroblasts into adipocytes (see 200
Experimental Procedures) produced 2.4- and 6.4-fold in- 3.
creases in basal- and insulin-stimulated total glucose uptake 100 gomo——
compared to the values for undifferentiated fibroblasts
(Figure 1A), in accordance with published data (see intro-
ductory section). Note that insulin gave a 3.6-fold increase
in glucose uptake into differentiated adipocytes above the

basal level (Figure 1A); the insulin-induced increment is : .

. . . fibroblasts and adipocytes. 3T3-L1 fibroblasts were grown to
somewhat low, probably due to th_e resting value_ belng_hlg_her confluence in supplemented DMEM, and some wells were dif-
than that reported elsewhere. With the goal of investigating ferentiated into adipocytes; basal (open symbols) and insulin-
the effect of BONT on insulin-stimulated glucose uptake, stimulated (closed symbols) uptake 8H][-2-deoxyglucose were
methodologies for introducing the toxins inside these cells measured as detailed in Experimental Procedures. In panel A, non-

- : : _ toxin-treated fibroblasts and adipocytes were used but, otherwise,
were evaluated. As prolonged incubation of intact chroma; exposed to LISM in the manner described for panels B and C.

ffin cells with BoNT/A in a low-ionic-strength medium  agipocytes were preincubated for 24 h at 3z in the absence
(LISM) achieved complete blockade of €aevoked secre-  (controi) or presence of fixed (panel B, 400 nM in DMEM or LISM)
tion, even though the high-affinity cholinergic ecto-acceptors or varied (panel C) BoNT/B concentrations in LISM and equili-
are absent (Foraet al., 1995, 1996; Lawrencet al., 1996), greegfd :chgﬂeE'\cafﬁL Sl dlg%/tet:je?rft?ee?:gg%yﬁtaki)@ﬁér

j[hls proqedgre was applied to adlpocyte_s_. Moreover, this bars )g?e omitted when Ft)hey are smaller than the symt;ols.
intoxication is preferable to cell permeabilization protocols

where loss occurs of cytosolic components essential for + 6.4, 57.6+ 5.8, 64.7+ 8.4 (average inhibitiors 51.2%
exocytosis, thereby reducing the levels of insulin-stimulated with 400 nM BoNT/B in LISM), of the insulin-stimulated
GLUT4-translocation and labeled glucose uptake by at leastincrement for an additional six different batches of differenti-
50% (compared to intact cells) followed by entire loss of ated adipocytes. Recent studies by Tanwdrial. (1996)
function if permeabilization exceeds 30 min (Claieal., which introduced BoNT/B using streptolys®@-permeabi-
1994). In preliminary experiments, incubation of intact lization achieved only minimal inhibition of this component
adipocytes with 200 nM BoNT/B in DMEM resulted in a (see introductory section). While the method of poisoning
reduction [30.7+ 8.4% @&SD; n = 4; p < 0.005)] of the used herein was more effective than reported for streptolysin
insulin-stimulated increment of glucose uptake relative to O-permeabilized cells (Tamost al., 1996), it did cause a
that for toxin-free control cells (Figure 1B). Notably, when reduction of 31.5+ 9.1% &SD; n = 4; p < 0.005; Figure
treatment with BoNT/B was performed in LISM, an ap- 1B) in the control level of response to insulin. However,
proximate doubling of the extent of inhibition [56:45.8% this loss is far less than that observed after permeabilization
(£SD;n=4;p < 0.001)] of this same component of glucose (Clarkeet al., 1994; Tamorkt al.,1996). Preincubation of
uptake was observed (Figure 1B). Some variability was cells with increasing concentrations of BONT/B in LISM
noted in the extents of inhibitionHSD; n = 3 or 4; allp yielded a dose-dependent blockade of insulin-induced glucose
values< 0.001), 43.0+ 7.4, 43.1+ 4.5, 45.74+ 10.3, 53.3 uptake, with a smaller but significant decrease in the basal

—— 0

0 T T T T
0 100 200 300 400

BoNT/B (nM)
Ficure 1: Inhibition by BoNT/B of glucose uptake into cultured
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§ T Ficure 3: Distribution of GLUT-isoforms and BoNT substrates
S 300+ in membranes from 3T3-L1 fibroblasts, adipocytes, and chromaffin
4 cells: SNAP-23 is plasmalemma-associated in 3T3-L1 adipocytes
9 \ Total membrane fractions from the specified cells or, alternatively,
g 200 - \I subcellular membrane fractions PM, HDM, and LDM as well as

cytosol (CYT) were isolated from basal- or insulin-stimulated 3T3-
L1 adipocytes (see Experimental Procedures). The amounts of
membrane or cytosol proteins (indicated below) were subjected to
0 SDS-PAGE, transfered to Immobilon-P membranes, and incubated
overnight using the appropriate antibodies specified: anti-GLUT1
0 | : | : (C-terminal peptide); anti-GLUT4 (C-terminal peptide); anti-Cbr
o 100 200 300 400 (N-terminal peptide); anti-SNAP-23 (C-terminal peptide); also, see
figure. Binding of primary antibodies was detected using horserad-
BoNT/C1 (nM) ish-peroxidase-conjugated species-specific secondary g, visualized
FIGURE 2: Treatment of adipocytes with BoNT/C1 but not /A  using enhanced chemilumenescence (film exposure periods varied

reduces basal- and insulin-induced uptake of glucose. Adipocytesfor different antibodies). In panel A, 3@g of membrane protein

were incubated for 24 h in LISM at 3T in the absence (control) ~ blotted was loaded for fibroblast and adipocyte samples; however,
and presence of 400 nM BoNT/A, 400 nM /C1 (A) or various the amounts of chromaffin cell sample blotted varied and are
concentrations of the latter (B) before re-equilibration and measure- specified in brackets as micrograms of protein opposite the
ment of basal- (open symbols) or insulin-induced (closed symbols) appropriate track. In panel B, subcellular fractions isolated by the

uptake of pH]-2-deoxyglucose, as detailed in Figure 1. Data are method of Pipeet al. (1991) were solubilized in equal volumes of
the mean £SD; n = 4). SDS-buffer before immunoblotting using different amounts of

protein (PM= 9, HDM = 12, LDM = 25, and CYT= 73 ugQ). In

. panel C, the quantities of membrane protein blotted were PM
values [for the 400 nM BoNT/B concentration the basal value 20, HDM = 20, and LDM= 50 ug) for fractions isolated from

was lowered by 29.8 5.1% @SD;n = 4;p < 0.005);  pasal- or insulin-stimulated adipocytes. These results are representa-
Figure 1C], consistent with the observations of Tandri  tive of immunoblots from two or three separate experiments
al. (1996). Attempts to achieve a more complete blockade performed using different cell samples.

of the insulin-stimulated glucose uptake by prolonging the exnosure of three batches of differentiated adipocytes
exposure to toxin (up to 48 h) or performing multiple (exhibiting equivalent insulin-evoked glucose uptake re-
additions of toxin over that period proved unsuccessful (not sponses as before) to 400 nM BoNT/A (for 24 or 48 h) in
shown). LISM failed consistently to give a significant reduction in
Having demonstrated that insulin-dependent glucose up-the extent of glucose uptake in response to insulin (Figure
take could be attenuated by BoNT/B and defined the optimal 2A).
incubation conditions, the inhibitory effects of other BONT Detection of GLUT1, GLUT4, Cbr, and Sbr, but Not
types that have different substrates (see introductory section)Syntaxin 1A/B or SNAP-25, in 3T3-L1 Adipocytésimu-
were evaluated. Interestingly, a 24 h exposure of adipocytesnoblotting revealed similar contents of GLUT1 (the ubig-
to 400 nM BoNT/C1 in LISM lowered basal- and insulin- uitously expressed isoform) in total membrane fractions
stimulated glucose uptake by 28133.9% &SD;n=4; p isolated from adrenomedullary chromaffin cells, 3T3-L1
< 0.025) and 55.6t 4.4% (“SD; n = 4; p < 0.005), fibroblasts and differentiated adipocytes (Figure 3A) as
respectively (Figure 2A). Incubation of the cells with a range expected (Pipeet al, 1991). Note that all blotting was
of BONT/C1 concentrations in LISM resulted in a dose- performed with a constant amount (8@) of protein from
dependent decrease of insulin-induced glucose uptake up taindifferentiated and differentiated 3T3-L1 cells whereas the
a maximum of 51.3+ 9.2% @SD;n = 4; p < 0.005); again, signal intensities in many cases necessitated use of lower
a lower reduction of basal uptake was seen (Figure 2B). amounts of chromaffin cell membranes, noted in Figure 3.
Overall, the maximal inhibition of the insulin-stimulated In contrast, the levels of GLUT4 and the BoNT substrates
increment of glucose uptake obtained in seven additional setsvaried enormously in the isolated membranes from these cell
of experiments werefSD;n= 3 or 4) 33+ 5 (p < 0.001), types (Figure 3A). An Ig reactive with GLUT4 only labeled
34+ 9 (p <0.025), 36+ 13 (p < 0.01), 37+ 7 (p < a protein band of approximately 50 kDa in the adipocyte
0.001), 48+ 15 (p < 0.005), 51+ 14 (p < 0.01), and 64+ samples (Figure 3A), consistent with the known tissue
8 (p < 0.005) (average inhibitiorr 43%). In contrast, pre-  distribution of the latter antigen and indicative that dif-

100 o
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- for total membranes isolated from both fibroblasts and
A M om ati ooy e adipocytes; the mobilities coincided with that of syntaxin
p1 | p2 | p3 identified in chromaffin cell membranes (Figure 3A), though
the latter possessed a far higher content because 7.5-fold less
protein was blotted (see legend to Figure 3). Although the
: syntaxin isoform was not identified, the lack of reactivity
T —emesemes | <@GLUT 4 with high concentrations of a monoclonal antibody (HPC-
1) selective for syntaxin 1A/B (Volchulet al, 1996)
-4-Sbr excludes these isoforms. Thus, this polyclonal Ig raised
& Cbr against rec. syntaxin 1A must be exhibiting additional
reactivity toward other syntaxin isoforms (Bennettal,
120 1993).
l B Sbre] ] SNAP-25 was not detectable on blots of the membrane
100

Cor | o = fraction of either 3T3-L1 fibroblasts or adipocytes despite
\ BONT/B| 0 | 75 | 200|400
80 - (nM) -

-+ -1+ -+ BoNT/B

la-Synaptic membranes

|
I
|
4

the use of a highly avid, affinity-purified Ig raised against a
recombinant glutathion8-transferase (GSTHSNAP-25 fu-

sion protein for detection, together with visualization by the
uniquely sensitive ECL-system and prolonged exposure times

remaining ( % control ) ©
o
o
]

Insulin- dependent 2- deoxyglucose uptake
Chbr-remaining ( % control ) e
Sbr-remaining { % control } <

— (Figure 3A). As vastly smaller amounts of membrane protein
40 7 1\ from chromaffin cell (0.2:g) relative to the 3Q«g of 3T3-
\ L1 cell membranes produced a very strong SNAP-25 signal
20 v after only a short exposure period, this establishes that SNAP-
o : | : 25 does not occur in 3T3-L1 cells at least at a level several
o 1('30 200 300 400 hundred-fold lower than that in chromaffin cells. Consis-
BONT/B (nM) tently, blockade of insulin-stimulated glucose uptake was not

FiGURE 4: Comparison of the BoNT/B concentration dependencies OPServed with BoNT/A and only attained following pre-
for inhibition of insulin-stimulated glucose uptake by adipocytes €xposure of adipocytes to BoNT/B or /C1, as noted above.
and cleavage of Cbr and Sbr. Adipocytes were pre-exposed to 400 SNAP-23 Is Expressed in 3T3-L1 Adipocytes, Fibroblasts,
nM (A) or various BoNT/B concentrations (B) in LISM for 24 h  and Chromaffin Cells.A functional non-neuronal homo-

at 37°C. After washing, the cells were incubated in DMEM for 24 ) ) : o
h at 37°C before measurement of insulin-dependent glucose uptakeIOgue of SNAP-25, termed SNAP-23, which exhibits the

(B) or preparation of membrane fractions which were subjected to €xpected affinities for syntaxin isoforms—% and Sbr-
Western blotting (A, B inset) for GLUT4 (monoclonal 1F8), Cbr, isoforms has recently been cloned and detected in a wide
and Sbr [anti-(peptide residues 384 of Sbr-2) Ig] using the  variety of tissues (Ravichandrahal, 1996). While SNAP-

conditions given in Figure 3 legend. Note that in panel A, different 23 jg homologous to SNAP-25 (see Discussion), it could not
amounts of protein were run for P1 (8@), P2 (40ug), and P3

(20 ug) membrane pellets whereas in panel B inset an identical be detected. with two different antibodies reactive with
quantity of P3 membrane protein (4@) was used in all the gel ~ SNAP-25 (Figure 3A and see later). Therefore, to assess
tracks. The levels of immunoreactivity detected on the blots for whether SNAP-23 is expressed in 3T3-L1 adipocytes,
each of the antigens were quantified by densitometric scanning andimmunoglobins were generated against the last 11 C-terminal

corrected for background. The values obtained for uptake of glucose asiques of its deduced sequence (see Materials). For the
(picomoles of }H]2-deoxyglucose per milligrams of protein per ,

minute) under basal conditions were subtracted from the totals first time, the afflnlty-pgrlfled g detected SNA,P,'23 In aI_I
measured in the presence of insulin to yield the insulin-dependentOf the membranes (Figure 3A). The specificity of this
component for control and each of the toxin-treated samples. Thelabeling was established by its eradication when blotting was
resultant insulin-dependent uptake and the content of Cbr and Sbrperformed in the presence of an excess of the immunogenic

in the toxin-treated P3 membranes (data from panel B inset), eaChpeptide' on the other hand, the C-terminal SNAP-25 peptide
expressed relative to the requisite mean control value, are plotted ’ ' . - .
in panel B &SD; n = 3); the values were presented in this way to (500"‘_0'9' molar e)_(cess) used t(_) gene'fate antibodies against
facilitate a direct comparison of the toxin’s effects on both that distinct protein (see Materials) failed to alter the level
parameters. of signal (data not shown). The electrophoretic mobility is
similar to that of SNAP-25; optimization of electrophoresis
ferentiation into the correct phenotype from the original conditions to enable maximum resolution showed that SNAP-
fibroblast lineage had occurred (Calderhestdal., 1990; 23 had a slightly loweM, than SNAP-25, as expected from
Piperet al, 1991). After differentiation of the fibroblasts  their deduced sequences which differ in length by only seven
into adipocytes, equivalent levels of expression of Cbr were residues (data not shown). The differentiation of fibroblast
observed in both cell types (Figure 3A), as reported previ- to adipocyte appeared to reduce the abundance of SNAP-23
ously by Martinet al. (1996). A faint band of higher  (Figure 3A; note that 7.5-fold less protein from the chro-
mobility (equivalent in size to Sbr) was detectable in maffin cell sample was loaded onto the gel). Thus, SNAP-
chromaffin cells which probably represents Sbr because the23 alone occurs in 3T3-L1 cells whereas it coexists with
last four amino acids of the 20-mer Cbr peptide used as SNAP-25 in chromaffin cells.

immunogen are common in Sbr-1 and -2 (McMaletral, SNAP-23 Resides Predominantly on the Plasmalemma of
1993); as shown later in Figure 4A, Sbr is a minor component 3T73-L1 Adipocytes.To examine the subcellular location of
relative to Cbr, which is much more abundant. SNAP-23, the well-defined HDM, LDM, and highly enriched

Further immunoblotting using an affinity-purified antibody PM-fractions were isolated (see Experimental Procedures)
raised against a recombinant ftagged rat syntaxin 1A by Piperet al. (1991). SNAP-23 was found to be most
(termed rec. Syntaxin 1A in Figure 3A) revealed weak signals abundant by far in PM-enriched fractions compared to all
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the other subfractions from 3T3-L1 adipocytes (Figure 3B;

Biochemistry, Vol. 36, No. 19, 19956725

fraction. Cells that had been exposed to BoNT/B displayed

please note that the least amount of PM-membrane proteina reduction in the combined signals for Cbr and Sbr of 67.2
was blotted). This predominant PM location closely parallels + 6.2% and 78.4- 7.7% (% errorsn = 3) from P2 and P3

that found for syntaxin-2 using the same subcellular frac-

tionation protocol (Volchuket al, 1996; Timmeret al.,

1996). Immunoblotting with established LDM-markers
GLUT4 and Cbr demonstrated that very little SNAP-23
coexisted in this defined LDM fraction (Figure 3B). GLUT1
was found in PM, HDM, and LDM fractions (Figure 3B);

pellets, respectively, compared to toxin-free controls (Figure
4A), as established by densitometric scanning of the blots.
This same toxin treatment resulted in a blockade of the
insulin-stimulated increment of glucose uptake of between
43 and 64% relative to non-toxin-treated cells (see earlier).
Immunoblotting for the BoNT/B-insensitive marker GLUT4

when allowance is made for the different quantities of protein on vesicles (as indicated by its undiminished signal in toxin-
used from each fraction (see Figure 3 legend), the relative treated cells), which also contain Cbr/Sbr immunoreactivities

contents of GLUT1 approximate to those found by Pigeer
al. (1991). Further validation of subcellular fractionation is
provided by the known translocation of GLUT4 from LDM
to PM-enriched fractions in response to insulin (Figure 3C).
As expected (Pipegt al, 1991; Volchuket al, 1995), under
the basal condition, very low levels of GLUT4 and Cbr were

(Cain et al, 1992; Volchuket al, 1995), demonstrated
equivalent enrichments of GLUT4 vesicles in P2 or P3
membrane pellets derived from cells preincubated in the
absence or presence of toxin (Figure 4A). Examination of
the concentration dependence for BoNT/B affecting both
parameters showed a reasonably good correlation (Figure

detected in the subsequently isolated PM and HDM fractions 4B). Due to the potential error inherent in densitometric

relative to LDM,; following insulin stimulation, much larger

amounts of GLUT4 and Cbr were found in PM-containing
fraction and to a lesser extent in HDM (Figure 3A; note the
different quantities of protein used for each fraction). In

analysis of immunoblots that was used to quantify the
amounts of BoONT/B substrates remaining, absolute quanti-
tation is precluded.

Subcellular Redistribution of GLUT4 and Cbr/Sbr in

the case of the cytosol from adipocytes, no appreciable Response to Insulin Is Blocked by Pre-Exposure to BoNT/
amount of SNAP-23 was detected (Figure 3B), consistent B. Experiments were performed to ascertain if BONT/B-
with membrane anchoring as established for SNAP-25 by mediated blockade of insulin-stimulated glucose uptake arose

thioester-linked palmitoylation (Oyleet al., 1989); the

from the inability of GLUT4-containing vesicles to fuse with

cysteines responsible for this are conserved in SNAP-23the cells surface due to loss of Cbr/Sbr, rather than a

(Ravichandraret al., 1996). In support of this proposal,
dissociation of SNAP-23 immunoreactivity from 3T3-L1-

nonspecific action of the toxin on another step in glucose
transport. These involved measurement of insulin-induced

membranes occurred only in the presence of detergent andranslocation of GLUT4 and Cbr/Sbr from LDM to PM-

not high ionic strength (0.6 M NaCl) or temporary exposure
to pH 3 buffer (data not shown), consistent with lipid-
anchored proteins (Oylest al,, 1989).

enriched fractions, prepared by differential and density-
gradient centrifugation (see Experimental Procedures) from
BoNT/B-poisoned or toxin-free adipocytes. In nonstimulated

BoNT/B-Mediated Blockade of Insulin-Stimulated Glucose adipocytes, cultured in the LISM in the absence of BONT/
Uptake in Adipocytes Is Associated with Proteolysis of Cbr B, the largest amount of GLUT4 was recovered in LDM

and Sbr. In order to reliably conclude that the BoNT/B-
induced inhibition of insulin-stimulated glucose uptake into

(Figure 5A); please note that 2-fold less LDM protein than
for PM-enriched fraction was immunoblotted. In response

adipocytes results from the direct and selective cleavage ofto insulin, the amounts of GLUT4 and Cbr/Sbr in the PM-
Cbr and Sbr, these two parameters were measured in theenriched fraction increased, accompanied by a decrease in

same samples of cells. Further to the above-noted detectiortheir content in LDM (Figure 5A).

This response is

of Cbr (Figure 3A), the actual abundance of both bands was consistent with a molecular mechanism by which insulin
detected on Western blots with an antibody raised against apromotes glucose uptake due to the fusion of GLUT4-

peptide, residues 3384 of Sbr-2 (that usefully recognizes
Sbr-1, Sbr-2, and Cbr; Forat al,, 1995). The less prevalent

containing vesicles with the cell surface. Quantitation of
immunoblots from three different fractionations using den-

and slower migrating reactivity seen represents Sbr-isoforms,sitometric scanning gave an average increase of 140.8

consisitent with the identical mobility to that present in rat

36.1% &SD;n = 3; p < 0.005) in the GLUT4 reactivity of

brain synaptic membranes (Figure 4A). On the other hand, the PM-enriched fractions and a 50t212.6% @SD; n =

the more intense, lowe¥, band is absent from synaptic

membranes (Figure 4A) and comigrates on gels with Chr.

3; p < 0.005) decrease in that for LDM relative to insulin-
free controls (Figure 5B). These values approximate to those

Adipocytes were poisoned by a 24 h exposure to 400 nM measured in other studies performed using 3T3-L1 adipocytes

BONT/B in LISM and allowed to equilibrate for 1 day in
DMEM before measurement of insulin-evoked glucose

(Volchuk et al., 1995), although a much higher increase in
GLUT4 translocation to PM has been obtained using

uptake. Aliquots of the cells were harvested, homogenized, adipocytes prepared from rat epipidymal fat pads [e.g.,

and fractionated by differential centrifugation (see Experi-

Zorzanoet al. (1989)]. The corresponding redistribution of

mental Procedures) to enrich the Cbr, Sbr, and GLUT4 GLUT4 and Cbr/Sbr observed following insulin-treatment

immunoreactivities in P2 and P3 pellets (Figure 4A,B).

of 3T3-L1 adipocytes accords with their colocalization on

Relative to the P1 pellet, P2 and P3 membrane fractionsthe major vesicle subpopulation (Volchakal, 1995; Martin

exhibited respective increases-e8.3- and~8.9-fold in the

et al, 1996). The somewhat lower elevation by insulin of

combined Cbr and Sbr immuno-reactivities and elevations the GLUT4 content of PM-enriched fraction compared to

of ~4.8- and~14-fold in GLUT4 blot intensities (Figure

the observed increase in 2-deaxglucose uptake (3-4-fold

4A; please note different amounts of protein were loaded following LISM treatments; see above) is most likely due
for P1, P2, and P3.); these high values for the latter accordto a contamination of our PM preparation with small amounts

with the predominant location of these proteins in the LDM

of GLUT4-containing vesicles. This may have arisen
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g E g Ficure 6: Cleavage of SNAP-25 by BoNT/A or /C1 and Sbr/Cbr
;.:7;! by type B upon application to permeabilized cells: resistance of
554 SNAP-23 to proteolysis by BoNTS3T3-L1 adipocytes (A) or

control BoNT/B control BoNT/B chromaffin cells (B) were exposed in the absence or presence of
\ /A / 100 nM prereduced BoNTs during permeabilization at’G7for
PM LDM 30 min with digitonin—-KGEP buffer (as detailed in Experimental

Procedures). Equal amounts of SDS-solubilized total membrane

FIGURE 5: Pre-exposure of adipocytes to BoNT/B blocks the  factions isolated subsequent to toxin exposureguih panel A

subcellular redistribution of GLUT4 that is induced by insulin. 54 20ug in panel B) were subjected to immunoblotting (as detailed
Adipocyte cultures were exposed to LISM in the absence or i, he |egend to Figure 3) using the appropriate antibodies: anti-

presence of 400 nM BoNT/B for 24 h at 3T, followed by SNAP-25 C-t inal tide): anti-(SNAP-23 C-t inal tide):
incubation for another 24 h in toxin-free DMEM supplemented as Eolnti-(Cbr/Sbr'e?;sl,?daugsepf;{B?’ g? IS(br-Z)' anti-(C%rrmll\T-?ePr(rel?nngE)’
detailed in Experimental Procedures before manipulations. The Ce"Speptide). Biﬁding of primary antibodiés was detected using

were equilibrated in serum-free DMEM for-38 h at 37°C and horseradish-peroxidase-conj P ; )
- ) i jugated secondary antibodies and visual
washed twice with PBS followed by buffer A, before being j;eq ysing enhanced-chemiluminescence. In panel C, the C-terminal

incubated for 20 min in the absence or presence of 100 nM insulin. geqyences of SNAP-25 and SNAP-23 are aligned: the vertical lines
After immediate harvesting, the cells were homogenized in buffer ;,qicate amino acid identity.

containing protease inhibitors and LDM or PM-enriched membrane
fractions isolated, as detailed in Experimental Procedures. In panel, . . L . .
A, the membrane fractions were subjected to immunoblotting for itS possible involvement in insulin-regulated fusion of
Chbr/Sbr [anti-(peptide residues 394 of Sbr-2) Ig] and GLUT4 GLUT4-containing vesicles. Therefore, this warranted an

(monoclonal 1F8), using the conditions specified in Figure 3 legend. examination of whether it could be proteolyzed by either

Note that different amounts of protein were run for PM {4§) ; ; ;
and LDM (20ug) samples. Panel B shows the average le : BoNT/A or /C1 (see introductory section). The highly

of GLUT4 immunoreactivies on Western blots of the membrane effICIe_nt method _for aCh',eY'ng_ prOteOIVS'Sf .Of SNAP-25 t?y
fractions from basal (open bars) and insulin-stimulated (closed bars)applying the toxins to digitonin-permeabilized chromaffin
cells from three independently performed sets of experiments (ascell monolayers (e.g., 20 nM BoNT/A or /C1 cleaves the
in part A), quantified using densitometric scanning and expressed majority of SNAP-25 in 30 min; Lawrencet al, 1997, and
relative to normalized control basal values. data not shown), was performed on cultured 3T3-L1 adipo-
because the fractionation methods used proved less efficiencytes, and the extent of proteolysis was monitored by
as only small quantities of intoxicated cells were available. immunoblotting using a total membrane fraction. For this
Following BoNT/B-poisoning of intact adipocytes by purpose, Ig was generated against a peptide encompassing
exposure in LISM, insulin-stimulated GLUT4 translocation the last 11 C-terminal residues of SNAP-23 (see Materials)
from LDM to PM fractions was greatly reduced, compared Wwith the expectation that cleavage of the latter by either
to toxin-free controls; also, an extensive diminution of Cbr/ BONT/A or /C1 (Figure 6C) would result in disappearance
Sbr was noted in the LDM and PM-enriched fractions (Figure of the immunoreactive signal on Western blots. To ensure
5A). Quantitation of Western blots from three different that this was indeed the case, several important control
BoNT/B-intoxications revealed average insignificant values experiments were performed with this Ig. Firstly, it was
of only 2.5+ 7.3% &SD; n = 3; p > 0.5) increase in  demonstrated that the synthetic peptide CANAR (at a 500-
GLUT4 content of the PM-enriched fractions in response to fold molar excess) which comprises the N-terminus of the
insulin and a corresponding minimal decrease ot631.2% peptide immunogen (see Materials), corresponding to the
(£SD; n = 3; p > 0.5) in LDM (Figure 5B). Curiously,  C-terminus of SNAP-23 (Figure 6C) failed to perturb the
the amount of GLUT4 in PM-enriched fractions appeared binding of Ig on blots of total adipocyte membranes.
to increase somewhat after BONT/B treatment (Figure 5B) Moreover, the anti-SNAP-23 Ig did not bind to CANAR
while reducing the basal level of glucose uptake (Figure 1C); peptide immobilized on resin (not shown). Therefore, the
the basis of this anomaly is unclear. Thus, it has been reactivity of this antibody is totally dependent on the residues
demonstrated directly that the insulin-stimulated fusion of positioned on the C-terminal side of the putative cleavage
GLUT4-containing vesicles with the cell surface is exten- sites for BONT/A and /C1 (Figure 6C) and, thus, toxin
sively blocked following BoNT/B-mediated proteolyses of cleavage would diminish the immunoreactive signal. Treat-
Cbr/Sbr in intact adipocytes. ment of permeabilized adipocytes for 30 min with high
SNAP-23 Is Resistant to Proteolytic Scission by BONT/A concentrations (up to 100 nM) of BoNT/A or /C1 failed to
or /C1, the Neurotoxins That Clea SNAP-25 Observation produce a significant reduction in SNAP-23 immunoreac-
of SNAP-23 on PM in 3T3-L1 adipocytes is consistent with tivity in five separate experiments (Figure 6A). In contrast,
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Cbr in thesesame cells was cleaved by BoNT/B, establishingreactive toward the syntaxins 2, 3, and 4 precluded identi-
that this experimental protocol afforded exposure of this fication of the isoforms cleaved, though 1A/B are excluded
susceptible substrate to toxin (Figure 6A). Unlike adipocytes by their absence. Additionally, as GLUT4 translocation to
that were devoid of reactivity with an antibody against a the cell surface in response to insulin was shown to be
C-terminal peptide of SNAP-25 (Lawrena al, 1996) extensively blocked following pre-exposure to BoNT/B, it
(Figure 6A) the relatively high signal in chromaffin cells can reasonably be deduced that its targets Cbr/Sbr are
was virtually abolished by the same exposure to BoNT/A concerned with insulin-regulated fusion of GLUT4-contain-
or /Cl; likewise, Cbr and Sbr immunoreactivities were ing vesicles with the plasmalemma. The apparent suscep-
obliterated by BoNT/B (Figure 6B). However, the detectable tibility of that response to BoNT/C1 could entail their
SNAP-23 signal in the permeabilized chromaffin cells interaction with a type Cl-sensitive syntaxin in a manner
remained unaltered after the 30 min incubation with any of similar to that proposed for neuro-exocytosis|(er et al.,

the three toxins (Figure 6B), confirming the observation with 1993). Although syntaxins 2, 3, and 4 have been demon-
adipocytes. The demonstrated absence of SNAP-25 and thestrated in 3T3-L1 cells (Volchulet al., 1996; Timmerset
resistance of SNAP-23 to BoNT-mediated proteolyses areal., 1996), only isoform 4 has been implicated in insulin-
consistent with the inability of BONT/A to inhibit insulin-  stimulated glucose uptake because its specific Ig antagonized
elicited enhancement of glucose uptake into 3T3-L1 adipo- this process (Volchukt al, 1996). However, this isoform

cytes. is not cleaved by BoNT/C1 (Schiavet al, 1995) while
syntaxins 2 and 3 are reported unable to associate with Sbr
DISCUSSION and Cbr (Calakos et al., 1994; Pevsaeal., 1994; Timmers

The purpose of this study was to ascertain whether theet al, 1996). Clearly, much effort from many laboratories
three intracellular targets for BONT serotypes participate in is required to resolve this complex but fundamental mech-
the enhancement by insulin of glucose uptake into 3T3-L1 anism.
adipocytes. Thus, methodology was optimized for the The aforementioned difficulty in accurately quantifying
introduction of these toxins into the cultured intact cells that toxin-induced inhibition of glucose uptake in batches of cells
lack the high-affinity ecto-acceptors, known to be unique to and cleavage of the targets precluded a truly quantitative
the susceptible terminals of peripheral cholinergic neuronescorrelation being sought with the apparent higher level of
[reviewed by Dollyet al. (1994)]. While permeabilization = blockade of GLUT4 trafficking produced by BoNT/B.
of other cell types with digitonin or streptolysin-O provides Consequently, our data do not exclude the existence of a
access to the toxins (see introductory section), loss of subpopulation of GLUT4-containing vesicles in 3T3-L1
essential cytosolic components can occur which results inadipocytes lacking Sbr and/or Cbr as detected by electron
the decline of exocytosis (Terbush & Holz, 1986; Lawrence microscopy (Martinet al, 1996) which may mediate a
et al, 1994; Clarkeet al, 1994). Furthermore, such component of insulin-stimulated glucose uptake.
permeabilization methods offer very limited periods for  In the case of SNAP-25, use of two different highly avid
manipulation before total decline of cellular functions. For antibodies together with the uniquely sensitive ECL-method
these reasons, prolonged incubation of adipocytes with failed to detect this protein in 3T3-L1 adipocytes. Accord-
BoNTs in LISM was adopted because this protocol (Marxen ingly, BoNT/A proved unable to alter glucose uptake.
et al, 1991) has proved so successful for the abolition of However, an important novel outcome of this investigation
exocytosis from adrenochromaffin cells by BONT/A, /B, or was the detection of SNAP-23 in 3T3-L1 adipocytes almost
/C1 (Marxenet al,, 1991; Foraret al., 1995, 1996); Marxen  entirely in the PM consistent with its proposed function as
et al (1989) have proposed that BoNT/A interacts with a docking/fusion protein (Ravichandranhal, 1996) and the
gangliosides on the cell surface in a manner that leads toobserved lack of susceptibility to cleavage by BoNT/A or
internalization. It is noteworthy that the LISM protocol did /C1, even under conditions for intact and permeabilized cells
not significantly reduce the number of 3T3-L1 cells attached in which the toxins readily proteolyzed their substrates.
to the culture plates, as determined by microscopy and Indeed, analogous to SNAP-25, this homologue can associate
determination of nucleic acid content. Despite a noted drop with syntaxin- and Sbr-isoformsn witro. Importantly,
in the level of insulin-elicited glucose uptake by the cells SNAP-23 while being 59% identical in amino acid sequence
after the LISM treatment, the activity preserved exceeds thatto SNAP-25 exhibits extensive diversity at its C-terminus
found following permeabilization (Tamcei al. 1996; Clarke (Ravichandraret al,, 1996; see also Figure 6C), the region
et al 1994). Furthermore, exposure to the BoNT in LISM which encompasses the cleavage sites of BONT/A and /C1
did not alter the number of cells adhering to the plates as in the latter protein, including an amino acid substitution in
judged by the content of toxin-resistant LDM marker protein the aligned sequences converting the peptide bortéf{Q
GLUTA4. R%) cleaved by type A (Schiavet al, 1993c) to A-R.

When applied in this way, BoNT/B yielded significant Notably, a similar substitution in the BoNT/B and TeTx
blockade of insulin-induced uptake of glucose into 3T3-L1 cleavable G-F bond present in rat Sbr-2 to-\F creates a
adipocytes and a corresponding cleavage of Cbr and Sbr protein profoundly resistant to scission (Schiat@l, 1992).
unlike the discrepancy reported by Tameti al. (1996). Similarly, the significant amino acid sequence differences
BoNT/Cl also partially inhibited glucose uptake and reduced noted between SNAP-23 and SNAP-25 could account for
the signal seen with the polyclonal anti-syntaxin/A Ig. The the observed inability of BoNT/A to cleave SNAP-23.
observed inhibitory effect of BONT/Cl is attributable to the Likewise, BONT/C1 was unable to proteolyze the latter,
syntaxin cleavage rather than its alternative substrate SNAP-despite conservation of the-FA bond shared with the
25 (Foranet al. 1996) because of this being shown herein SNAP-25 sequence (see Figure 6C), which is the demon-
to be absent from 3T3-L1 cells and the homologue SNAP- strated site of C1 cleavage in the latter protein (Niemann,
23 is BoNT-resistant. The unavailability of Ig selectively- 1996).
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In conclusion, the collective findings presented herein

establish that while some proteins are likely to be shared by

the fusion pathways for synaptic vesicles and GLUT4-
containing-vesicles, sufficient differences exist in the relative

Chen et al.

Marxen, P., Erdmann, G., & Bigalke, H. (199ILyxicon 29181—
189.

McMahon, H. T., Ushkaryov, Y. A., Edelmann, L., Link, E., Binz,
T., Niemann, H., Jahn, R., & Sudhof, T. C. (1998ture 364
346—-349.

abundancies and the precise homologues involved to underligVerrall, N. W., Wakelam, M. J. O., Plevin, R., & Gould, G. W.

the characteristic features of these mechanisms.

REFERENCES

Bennett, M. K., Garcia-Arraras, J. E., Elferink, L. A., Peterson,
K., Fleming, A. M., Hazuka, C. D., & Scheller, R. H. (1993)
Cell 74, 863—-873.

Bittner, M. A., DasGupta, B. R., & Holz, R. W. (1989) Biol.
Chem. 26410354-10360.

Blasi, J., Chapman, E. R., Link, E., Binz, T., Yamasaki, S., Camilli,
P. D., Suhof, T. C., Niemann, H., & Jahn, R. (19934ature
365 160-163.

Blasi, J., Chapman, E. R., Yamasaki, S., Binz, T., Niemann, H., &
Jahn, R. (1993bEMBO J. 12,4821-4828

Bloch, R. (1973)Biochemistry 124799-4801.

Boyd, R. S., Duggan, M. J., Shone, C. C., & Foster, K. A. (1995)
J. Biol. Chem. 27018216-18218.

Cain, C. C., Trimble, W. S., & Lienhard, G. E. (1992) Biol.
Chem 267, 11681-11684.

Calakos, N., Bennett, M. K., Peterson, K. E., & Scheller, R. H.
(1994) Science 2631146-1149.

Calderhead, D. M., Kitagawa, K., Tanner, L. I., Holman, G. D.,
Lienhard, G. E. (1990). Biol. Chem. 26513800-13808.

Clarke, J. F., Young, P. W., Yonezawa, K., Kasuga, M., & Holman,
G. D. (1994)Biochem. J. 300631-635.

Dolly, J. O. (1992) inHandbook of Experimental Pharmacology,
Selectie Neurotoxicity(Herken, H., & Hucho, F., Eds.) Vol.
102, pp 681717, Springer-Verlag, Berlin.

Doally, J. O., de Paiva, A., Foran, P., Lawrence, G., Daniels-Holgate,
P., & Ashton, A. C. (199485emin. Neurosci.,6149-158.

Elferink, L. A., Trimble, W. S., & Scheller, R. H. (1989). Biol.
Chem. 26411061+11064.

Evans, D. M., Williams, R. S., Shone, C. C., Hambleton, P.,
Melling, J., & Dolly, J. O. (1986)ur. J. Biochem. 15409—
416.

Foran, P., Lawrence, G., & Dolly, J. O. (199B)ochemistry 34,
5494-5503.

Foran, P., Lawrence, G. W., Shone, C. C., Foster, K., & Dolly, J.
0. (1996)Biochemistry 352630-2636.

Frost, S. C., & Lane, M. D. (1985). Biol. Chem. 2602646~
2652.

Hayashi, T., McMahon, H., Yamasaki, S., Binz, T., Hata, Y.,
Sudhof, T. C., & Niemann, H. (199MBO J. 135051-5061.

Jagadish, M. N., Fernandez, O. S., Hewish, D. R., Macaulay, S.
L., Gough, K. H., Grusovin, J., Verkuylen, A., Cosgrove, L.,
Alafaci, A., Frenkel, M. J., & Ward, C. J. (199®iochem. J.
317, 945-954.

James, D. E., Strube, M., & Mueckler, M. (1989ature 338 83—

87.

Jones, D. H., & Matus, A. I. (1978iochim. Biophys. Acta 356
276-287.

Lawrence, G. W., Weller, U., & Dolly, J. O. (199&ur. J. Biochem.
222 325-330.

Lawrence, G. W., Foran, P., & Dolly, J. O. (1996)r. J. Biochem.
236,877—-886.

Lawrence, G. W., Foran, P., DasGupta, B. R., & Dolly, J. O. (1997)
Biochemistry 363061-3067.

Link, E., Edelmann, L., Chou, J. H., Binz, T., Yamasaki, S., Eisel,
U., Baumert, M., Sudhof, T. C., Niemann, H., & Jahn, R. (1992)
Biochem. Biophys. Res. Commun. 18917-1023.

Markwell, M. A. K., Haas, S. M., Bieber, L. L., & Tolbert, N. E.
(1978) Anal. Biochem. 87206—210.

Marxen, P., Fuhrmann, U., & Bigalke, H. (198Byxicon 27 849—
859.

(1993) Biochim. Biophys. Acta 1177191—198.

Montecucco, C., & Schiavo, G. (1993yends Biochem. Sci. 18
324-327.

Niemann, H. (1996)nternational Conference on the Biomedical
Aspects of Clostridial Neurotoxin®xford, England.

Niemann, H., Blasi, J., & Jahn, R. (199%ends Cell Biol. 4179~
185.

Oyler, G. A., Higgins, G. A., Hart, R. A., Battenberg, E., Billingsly,
M., Bloom, F. E., & Wilson, M. C. (1989)). Cell Biol. 109
3039-3052.

Pevsner, J., Hsu, S.-C., Braun, J. E. A., Calakos, N., Ting, A. E.,
Bennett, M. K., & Scheller, R. H. (1994)\euron 13,353~
361.

Piper, R. C., Hess, L. J., & James, D. E. (19%h). J. Physiol.
260, C570-C580.

Ravichandran, V., Chawla, A., & Roche P. A. (1996Biol. Chem.
271, 133006-13303.

Schiavo, G., Benfenati, F., Poulain, B., Rossetto, O., Polverino de
Laureto, P., DasGupta, B. R., & Montecucco, C. (1982jure
359 832-835.

Schiavo, G., Rossetto, O., Catsicas, S., Polverino de Laureto, P.,
DasGupta, B. R., Benfenati, F., & Montecucco, C. (1993a)
Biol. Chem. 26823784-23787.

Schiavo, G., Shone, C. C., Rossetto, O., Alexander, F. C. G., &
Montecucco, C. (1993h). Biol. Chem. 26811516-11519.

Schiavo, G., Santucci, A., DasGupta, B. R. Mehta, P. P., Jontes,
J., Benfenati, F., Wilson, M. C., & Montecucco, C. (199B&BS
Lett. 335 99-103.

Schiavo, G., Shone, C. C., Bennett, M. K., Scheller, R. H., &
Montecucco, C. (1995). Biol. Chem. 27010566-10570.

Shone, C. C., Quinn, C. P., Wait, R., Hallis, B., Fooks, S. G., &
Hambleton, P. (1993Fur. J. Biochem. 21,7965-971.

Simpson, I. A,, Yver, D. R., Hissin, P. J., Wardzala, L. J., Karnielli,
E., Salans, L. B., & Cushman, S. W. (19&83ipchim. Biophys.
Acta 763 393-407.

Simpson, L. L. (1986)nfect. Immun. 52, 858862.

Sdlner, T., Whiteheart, S. W., Brunner, M., Erdjument-Bromage,
H., Geromanos, S., Tempst, P., & Rothman, J. (1998&ure
362 318-324.

Tamori, Y., Hashiramoto, M., Araki, S., Kamata, Y., Takahashi,
M., Kozaki, S., & Kasuga, M. (1996Biochem. Biophys. Res.
Commun. 220740-745.

Terbush, D. R., & Holz, R. W. (1986). Biol. Chem. 26,117099-
17016.

Timmers, K. I., Clarke, A. E., Omatsukanbe, M., Whiteheart, S.
W., Bennett, M. K., Holman, G. D., & Cushman, S. W. (1996)
Biochem. J. 320429-436.

Trimble, W. S., Cowan, D. M., & Scheller, R. H. (1988)oc.
Natl. Acad. Sci. U.S.A. 83,538-4542.

Volchuk, A., Sargeant, R., Sumitani, S., Liu, Z., He, L., & Klip,
A. (1995)J. Biol. Chem. 2708233-8240.

Volchuk, A., Wang, Q., Ewart, H. S., Liu, Z., He, L., Bennett, M.
K., & Klip, A. (1996) Mol. Biol. Cell. 7, 1075-1082.

Wadsworth, J. D. F., Desai, M. S., Tranter, H., King, H. J.,
Hambleton P., Melling, J., Dolly, J. O., & Shone, C. C. (1990)
Biochem. J. 268123-128.

Wessel, D., & Flugge, U. I. (1984 nal. Biochem. 138141-143.
Yamasaki, S., Binz, T., Hayashi, T., Szabo, E., Yamasaki, N.,
Eklund, M., Jahn, R., & Niemann, H. (199B)ochem. Biophys.

Res. Commun. 20@29-835.

Zorzano, A., Wilkinson, W., Kotliar, N., Thoidis, G., Wadzinski,
B. E., Ruoho, A. E., Pilch, P. F. (1989. Biol. Chem. 264
12358-12363.

BI962331N



