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INTRODUCTION

As a prelude to our prime goal of developing an effective therapy for poisoning with
botulinum neurotoxin type A (BoNT/A), the contributions of amino acids at the P1, P'1 or
P’2 positions in SNAP-25 to its interaction with the active site in the light chain (LC) of
BoNT/A have been assessed by site-directed mutagenesis. Wild-type and mutated SNAP-25
were expressed in E. coli as glutathionine-S-transferase (GST)-linked proteins as detailed in
the 1** annual report. Herein, the proteolytic susceptibilities of the resultant mutated variants
of SNAP-25 to BoNT/A were determined using the ELISA methods, also described earlier.
Whilst some of these mutants are similar to those prepared previously by Schmidt & Bostian
(1997) [where changes were made to a C-terminal 17-mer (187-203) of SNAP-25], attention
was focussed here on the full-length substrate because of the expectation of this being
cleaved more efficiently; additional mutations were also investigated. In fact, this study
demonstrated a much faster BoNT/A cleavage rates for the full-sized substrate compared to
smaller synthetic peptides that encompass the cleavage site but lack an important upstream
S4-motif (Rossetto et al., 1994; Washbourne et al., 1997). The overall aim was to produce
SNAP-25 gene constructs encoding variants highly-resistant to proteolysis by BoNT/A which
might retain ability to support synaptic vesicle docking and fusion when expressed in
neurons; these could then be used to examine the molecular basis for the blockade of
exocytosis persisting for so many weeks. Ideally, SNAP-25 proteins with single-, double- or
triple-point mutations at positions P2 through to P'2 could rescue neurotransmitter release in

BoNT/A-paralysed nerves if successful methods of targeted-delivery were developed.

Whilst the mechanism of BoNT-induced inhibition has received a lot of attention, the
molecular processes involved in recovery from poisoning, which can take several months
depending on which serotype is used, remains poorly understood. In humans, the

improvement from neuromuscular paralysis, 49 days post-injection with either BoNT/A- or B

~is ~ 10% and ~70%, respectively (Sloop et al., 1997). Recently, the physiological basis for

this eventual resumption of neurotransmission in poisoned motor-end-plates has been
revealed by elegant in vivo monitoring of synaptic function in the same identified poisoned
nerve endings of living mice (de Paiva ef al., 1999). These studies proved that full recovery
relies on return of synaptic function to the originally-poisoned nerve terminals, though extra-
junctional synapses created by newly-formed nerve sprouts underlie the first phase of
recovery of neuromuscular transmission. However, it is still unclear if and how the turnover

of SNAP-25 and the BoNT/A-truncated form affect the recovery process.




In order to understand the molecular basis of this protracted intoxication, which seems
to vary with the serotype used, a similar study was undertaken in isolated adreno-chromaffin
cells. Evoked exocytosis from this convenient cell model shares many characteristics with
synaptic vesicle-mediated neurotransmitter release in neurons; in particular, SNAP-25,
synaptobrevin (Sbr), and syntaxinl are present and have all been shown to be essential for
large dense-core vesicle (LDCV) exocytosis (for review see Morgan and Burgoyne, 1997).
Further, BoNT/A- and /B- induced blockade of exocytosis in chromaffin cells has been
shown to be due to cleavage of SNAP-25 and Sbr/Cbr, respectively (Lawrence et al., 1996).
Finally, previous work on this system had suggested that inhibition of catecholamine release
by BoNT/A or TeTx persists for prolonged periods (Bartels et al., 1994). Despite these
encouraging features, the validity of using chromaffin cells for studying recovery of release
had to be assessed in relation to data reported for the neuromuscular junction (NMJ). In
particular, the different profiles of recovery for BONT/A and B found in humans (Sloop et al.,
1997) needed to be determined in chromaffin cells. This would allow the turnover of the
respective BoNT-truncated SNARESs to be directly assessed, a question that cannot be easily
answered at the motor nerve terminals. Further, it was hoped to rescue release in BoNT/A-
poisoned chromaffin cells through the introduction of vectors expressing wild-type SNAP-25.
The failure to achieve this feat provided not only proof for the continued activity of the toxin
but also implied that the SNAP-25 needed to be mutated in such a way that it was profoundly
resistant to BoNT/A without affecting its ability to support exocytosis. The successful
production of BoNT/A-resistant SNAP-25s that are capable of rescuing release establishes
that normal release can be restored at any point after BoNT/A poisoning and that these

residues are redundant for exocytosis.

BODY
MATERIALS AND METHODS

Materials. Highly purified BoNT/A, /B and /E were supplied by Drs Gary Lawrence
(Imperial College, London) and Bibhuti DasGupta (Madison, Wisconsin). An affinity-
purified polyclonal antibody specifically recognising the N-terminal product resulting from
BoNT/A-mediated cleavage of SNAP-25 (termed anti-SNAP-25A-pAb) was prepared as
detailed in the 1st annual report. Antibody preparations reactive with C-terminus of SNAP-
25 were raised against a synthetic peptide encompassing residues 195-206 and affinity-
purified on the immobilised immunogen. Urografin (Schering Healthcare, G.D.R.), digitonin
(Novabiochem, U.K.), radio-immunoassay (RIA) kit for human growth hormone (hGH)
(Nichols Institute, San Capistrano, CA, USA), Quick-Change™ (Stratagene, Netherlands),




calcium phosphate reagents (GIBCO-BRL, Scotland, U.K.), Superfect™ (Qiagen, U.K.),
pGEX-2T (Amersham Pharmacia, U.K.) and pcDNA1.1 (Invitrogen, The Netherlands) were

purchased.

Culture of cells and intoxication with BoNT/A or /B. Bovine chromaffin cells were
prepared from adrenal glands and maintained as primary cultures as described previously
(Lawrence et al., 1996). Cells required for transfection were further enriched (to remove any
contaminating fibroblasts) using Urografin density-gradient centrifugation, as detailed by
Wilson (1987). Within 2-3 days after preparation, cells were incubated with low ionic
strength medium (LISM) at 37°C for 24 h in the absence or presence of 6.6 nM BoNT/A or
66 nM BoNT/B and maintained at 37°C for up to 56 days by weekly replacement of medium
(Lawrence et al., 1996).

Stimulation and quantification of catecholamine secretion from intact chromaffin cells.
Immediately before measuring release, cells pre-treated with or without BoNT/A or /B were
briefly washed with Locke’s solution (Wilson, 1987) and then incubated in quadruplicate at
22°C in this buffer with and without the inclusion of 2 mM Ba®*. After 15 min, aliquots of the
medium bathing the cells were removed and assayed for catecholamine content, using a
fluorometric procedure (Lawrence et al., 1996). Values for basal release of catecholamine
were subtracted from the respective evoked component and expressed as a percentage of the

total content.

Expression of wild-type or mutant SNAP-25 in cells : sole monitoring of
transfected cells using a hGH-based reporter system. Wild-type or mutated SNAP-25
genes generated by PCR-based mutagenesis techniques (see first annual report; listed in
Figure 1) were introduced into the mammalian expression vector pcDNA1.1/Amp from
pGEX-2T, using the BamH]1 and EcoR1 restriction sites. Control or 6.6 nM BoNT/A-treated
chromaffin cells were transfected with the hGH construct together with that of a control,
chloramphenicol acetyl transferase (pcDNA1.1/Amp-CAT) or the appropriate SNAP-25
gene, using the calcium phosphate precipitation method (Holz et al., 1995). Four to six days
after transfection, hGH secretion from intact chromaffin cells was stimulated and quantified
as described for catecholamine release except for the use of a RIA. Some transfected cells
were permeabilised with 20 uM digitonin in a permeabilisation buffer and exposed for 15

min to reduced BoNT/E. Evoked release was assessed over a subsequent 15 min by the




addition of 20 uM free Ca®* (Lawrence et al., 1997). Aliquots were removed and assayed for

hGH content; Ca?*-evoked hGH secretion was calculated as described above.

Assessment of the proteolytic activities of BoNT/A or /B in cell cultures. CHO
cells, which lack SNAP-25, were plated at 50-70% confluency on a 6 well plate. After
treatment with BoNT/A in LISM as detailed for chromaffin cells, CHO cells were transfected
with pcDNA1.1/Amp-SNAP-25s using Superfect™. Membranes were isolated from the latter,
and chromaffin cell samples, as previously described (Lawrence et al., 1996; Foran et al.,
1996), subjected to immunoblotting with IgGs including anti-SNAP-25 (recombinant)-IgG
(an antibody raised against full-length recombinant GST-SNAP-25), anti-SNAP-254-pAb (an
antiserum solely reactive with SNAP-25,), anti-SNAP-25 (C-terminus)-IgG (generated
against the last 12 residues of SNAP-25) and anti-Sbr/Cbr-IgG (Lawrence et al., 1996).
Bound antibodies were detected indirectly using anti-species-specific IgGs-covalently
conjugated to horseradish peroxidase and visualised by the enhanced chemiluminesence

(ECL)-detection system.
Assessment of the susceptibilities of bacterially-expressed wild-type and mutant

SNAP-25 to cleavage by BoNT/A using a novel ELISA. Purified full-length GST-SNAP-25
(Smith & Johnson, 1988) was coated on 96-well plates, rinsed, blocked and exposed to
various concentrations of DTT-reduced BoNT/A at 37 °C for the periods specified in the
Figure legends. The wells were then aspirated, washed and probed with anti-SNAP-25(C-
terminus)-IgG (Lawrence et al., 1996) or anti-SNAP-25,-pAb. Unbound IgGs were removed
by rapid washing and the primary IgGs bound detected indirectly, using anti-species-specific
IgGs-covalently conjugated to alkaline phosphatase, and visualised by colour development
upon addition of para-nitrophenyl phosphate substrate. The A405nm values recorded from
toxin-treated wells were expressed as percentages of toxin-free control values and plotted
against the toxin concentration used. Standard curves relating amounts of intact SNAP-25
remaining in wells were constructed using defined mixtures of full-length or BoNT/A-
truncated GST-SNAP-25. The A405nm readings recorded were expressed as percentages of
that recorded for the 100% intact protein sample and plotted against the amounts of intact
GST-SNAP-25 coated initially. Generally, between 60 and 70 % of the maximal A405nm
signal recorded represented 50 % intact SNAP-25 in wells (depending on the primary Ig
used).

Alternatively, a capture ELISA was employed to determine the initial rates of BoNT/A
cleavage of GST-SNAP-25 at a range of substrate concentrations. GST-SNAP-25




concentrations (0.118 - 15 uM) in KGEP buffer pH7.2 (buffer detailed in Lawrence et al.,
1996) containing 10 pg/ml bovine serum albumin (BSA) and 50 uM ZnCl, were incubated in
the absence or presence of 0.05 nM reduced BoNT/A for several time periods chosen to yield
less than 15 % cleavage. Reactions were quenched by adjusting pH to 10 and by addition of
20 mM EDTA using a suitable buffer. Next, each GST-SNAP-25 sample was diluted to the
same concentration (4 pg/ml) and coated onto multiple wells of a 96-well plate. In addition,
mixtures of full-length and BoNT/A-truncated SNAP-25 (SNAP-25,) were also coated onto
wells in order to generate a standard curve (see below). After incubation of wells with the Ig
that only recognizes SNAP-254 (i.e. anti-SNAP-25A-pAb), unbound IgG was removed by
washing and bound Ig was detected using horseradish peroxidase-conjugated anti-species Ig.
After washing, bound secondary Ig was visualised using a colour reaction that was measured
at 405 nm. Standard curves relating % of SNAP-25,4 of total SNAP-25 protein coated were
plotted against the A4os nm values recorded per well. A linear correlation was observed
between increases in absorbance and the % of SNAP-25, coated; thus, the % SNAP-25,
present in the wells of unknown samples could be extrapolated and used to calculate initial

rates.




RESULTS AND DISCUSSION

Production of mutant SNAP-25 highly resistant to proteolysis by BoNT/A:
arginine at position 198 is crucial for efficient cleavage. A panel of mutants of full-length
SNAP-25 (detailed in Figure 1), generated as described in the 1** annual report, was examined
for susceptibility to BoNT/A protease relative to the wild-type recombinant protein - the most
efficient substrate. Earlier studies (Schmidt and Bostain, 1997) examining the importance of
SNAP-25 residues PS5 through to P’5 for BONT/A protease found that the P'1 arginine residue
at position 198 residue is critical. Thus, appropriate nucleotide bases in the SNAP-25b gene
were altered by PCR-based site-directed mutagenesis and mutant proteins expressed and
purified as GST-linked products (see 1% annual report). Eleven different mutated SNAP-25
polypeptides were generated containing either single, double or triple substitutions at P2
through to P'2 positions (listed in Figure 1B).

ELISAs which allow one to quantify the amounts of either full-length SNAP-25 or the
BoNT/A-truncated product (residues 1-197; termed SNAP-25,) were optimised and
standardised for measuring proteolysis of recombinant SNAP-25 by this toxin. Either wild-
type (wt) or mutant GST SNAP-25s were coated at equimolar amounts onto wells (detailed in
Materials and Methods). After blocking excess binding sites with BSA, the wells were
exposed to increasing concentrations of reduced BoNT/A; the extents of proteolysis were
monitored with either anti-SNAP-25-(C-terminus) reactive antibody (Figure 2A,B) or anti-
SNAP-255-pAb (Figure 3), depending upon the particular mutant being studied. Use of
different antibodies for detection was necessary because alteration of some residues in
SNAP-25 protein abolished primary antibody binding. Notably, SNAP-25,.,0,, A199L, and
SNAP-25pp mutants were not reactive with anti-SNAP-25-(C-terminus)-Ig. Conversely, the
numerous mutants described that contained substitutions at position Q197 did not react with
anti-SNAP-25,-pAb after BoNT/A proteolysis due to the loss of this essential epitope
(detailed in the 1* annual report). Therefore, anti-SNAP-25-(C-terminus) Ig was used to
detect the toxin’s cleavage of single mutants altered at the P1 and/or P'1 sites (Figure 2A,B).
The relative amounts of wt or mutant SNAP-25s remaining intact following toxin treatment
are expressed as A405 nm readings relative to those for toxin-free controls. Incubation of
SNAP-25 or its P1/P'1 variants for 6 h at 37°C with very high concentrations of reduced
BoNT/A (up to 450 nM) was required to give partial or extensive proteolysis of the single-
and double-point mutants. BoONT/A proteolysis of the three remaining SNAP-25 mutants that
lacked reactivity to anti-SNAP-25-(C-terIninus) Ig, were assessed by ELISA using anti-
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SNAP-25,-pAb (Figure 3). As before, wells coated with equal amounts of either wt or
mutant SNAP-25 were exposed to increasing concentrations of reduced BoNT/A (up to 100
nM) for 90 min at 37°C. After development and subtraction of the A405 nm signal in wells
lacking SNAP-25 from those for all samples, the resultant values (means + S.D.; n * 4) were
plotted. Notably, wt and SNAP-25 mutants all exhibited different susceptibilities to BONT/A
(Figure 2 and 3). The ECs for the cleavage of wt and each SNAP-25 mutant by BoNT/A
was extrapolated from Figure 2 and 3 and displayed in Table 1.

It was found that changes at the P’1, but not at the P1 position, yielded proteins highly
resistant to BoONT/A compared to the wild-type substrate; replacement of P'1 arginine with
either alanine (R198A) or threonine (R198T) reduced degradation of SNAP-25 by ~ 560- and
16,000-fold, respectively (Table 1). In contrast, alteration of the Pl glutamine to alanine
caused little change (Q197A; Table 1). Similar observations highlighting the importance of
P'1 substrate residues has also been reported by Shone & Roberts (1994) in the case of
BoNT/B cleavage of Sbr peptides. Notably, they also observed that alterations of the nature
of the residue at the P1 position in Sbr is less important for BoONT/B proteolytic activity, as
found herein for SNAP-25 and type A activity. The rate of hydrolysis by BoNT/A was also
strongly affected by substitutions at the P'2 position; changing an Ala to a larger hydrophobic
Leu residue caused ~50-fold lower susceptibility to BoNT/A-mediated cleavage.
Interestingly, Schmidt & Bostian (1997) reported that when an analogous replacement was
made in their small substrate, the mutant was capable of binding BoN'T/A as efficiently as the
wild-type substrate. However, our observation that the AI199L mutant is significantly
proteolysed by toxin would appear to exclude its usefulness as an inhibitor. On the other
hand, the double-point mutations incorporating the innocuous P1 alanine replacement, in
addition to alterations at the P'l site, to either alanine (Q197A/R198A), lysine
(Q197A/R198K) or glutamic acid (Q197A/R198E) produced even lower susceptibilities to
proteolysis by type A toxin (~4,400-, 38,000- and 38,000-fold, respectively). Unexpectedly,
the double-point SNAP-25 mutant Q197A/R198A which shared the Gln to Ala substitution at
the P1 position (a single mutation that has little effect on BONT/A activity alone) but that also
includes an Ala substitution at the P'1 residue, was much more resistant to the toxin (i.e.
approximately 4400-fold lower susceptibility to BoNT/A protease) compared to the single
P’1 mutant containing the R198A alteration (i.e. ~560-fold slower). The underlying reason
for this anomaly is uncertain, but may reflect a conformational change in the substrate at the
cleavage site. Therefore, point mutations may significantly alter the conformation of the C-

terminus of SNAP-25, as far as this protease is concerned. Other double-point mutations at
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the P1 and P’l positions [i.e. the Q197/R198 sequence to either KH [Q197K/R198H;
naturally occurring in Torpedo SNAP-25 (Washbourne et al., 1997) or WW
(Q197W/R198W)] caused far less resistance to BONT/A (~ 440- and 96-fold, respectively;
Table 1). The relative susceptibility of the Torpedo form of SNAP-25 to BoNT/A was
examined because its electric organ is a strictly cholinergic tissue that serves as a useful
experimental model and shares many similarities to the mammalian NMJ. The unexpectedly
modest reduction in susceptibility observed upon changing the P1 and P’1 positions in SNAP-
25 from Q-R to W-W suggests that the BONT/A enzyme S'1 sub-site favours aromatic
residues to some extent. In order to confirm this possibility, extra experiments are required
involving single point P'1 mutations of the wt Arg to either Trp, Phe or Tyr. During the
course of this study, others (Vaidyanathan et al., 1999) reported a similar high resistance of
SNAP-25 to scission by BoNT/A upon incorporation of P'1 replacements.

In addition to the above changes, other novel changes have been inserted into the SNAP-
25 protein. Whilst removal of four residues resulted in only minor alteration in susceptibility
to the protease, addition of 18 residues had a moderate inhibitory effect. In the latter case,
addition of 18 amino acids to the C-terminus of SNAP-25 (sequence added,
SEFHRDSLTICLARFGDD,; derived from the pGEX vector) reduced susceptibility to
BoNT/A proteolysis by ~7-fold. Based on this information, the possibility exists of adding a
seven amino acid C-terminal biotin-mimic tag (available commercially) to SNAP-25 enabling
direct measurement of BoNT/A cleavage with enzyme-linked streptavidin. Development of
such an assay would provide a more rapid assay compared to the indirect two-step antibody-
based approach currently being employed, and eliminate the need to generate highly specific
Ig preparations.

The lack of immunoreactivities of both triple mutants towards either anti-SNAP-25-(C-
terminus) Ig or anti-SNAP-25,-Ig precluded the ELISA-based assessment of their
susceptibilities to proteolytic attack by BoONT/A. Therefore, their susceptibility to cleavage
by BoNT/A was assessed, following a 2 h incubation at 37°C with different concentrations of
reduced toxin, by SDS-PAGE and visualisation of protein by silver staining. Whilst the wt
substrate was completely proteolysed by the lowest concentration of BoNT/A tested (Figure
4; 0.1 nM), the small shift in Mr seen with the latter was not detectable for either
N196Q/Q197A/R198/K (Figure 4B) or Q197A/R198K/A199L mutants (Figure 4C) when up
to 100 nM toxin was used. Although the latter method is prone to possible errors, it appears

that these triple mutants are also highly resistant to attack by the toxin.
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BoNT/A proteolyses full-sized SNAP-25 more efficiently than small peptide substrates:
co-incubation with S4-motif peptides does not improve protease activity. In pursuit of a
minimal-sized efficient substrate of BONT/A on which to base the development of inhibitors,
it was important to compare the initial rate (v,) of proteolysis measured for the recombinant
full-sized SNAP-25 with those obtained for smaller synthetic substrates. For this purpose,
BONT cleavage of different GST-SNAP-25 concentrations (0.118 to 15uM) in solution were
measured via an ELISA, standardised with defined mixtures of BoNT/A-truncated and intact
protein detected using anti-SNAP-25,-pAb (see Materials and Methods). At the highest
GST-SNAP-25 concentration (15 pM), BoNT/A gave a v, of 12.6 £ 1.1 pmoles/min/mg
toxin (mean = S.D.). Analysis of the results using the Lineweaver-Burke plot revealed that
saturation of the enzymes active site had not been achieved at the maximum substrate
concentration employed (Figure 5). Therefore, both Ki,, and Vs values were unobtainable.
The HPLC assay of Schmidt was employed to assess the kinetic parameters of two small
synthetic peptide substrates; residues 187-203 (i.e. the substrate optimised by Schmidt and
Bostain, 1995; termed acetylated NH 187-203 CA) or a 26-mer peptide residues 181-206
(detailed in 1% annual report; also see Figure 6). The kinetic parameters recorded for these
three substrates are displayed in Table 2. Both of these short peptides were proteolysed by
BoNT/A at initial rates very substantially lower than that observed above for full-length
SNAP-25. Previous studies performed by Schmidt and Bostian (1995, 1997) found that this
17-amino acid peptide served as a substrate for BONT/A; however, extending its length to 66
residues gave much better cleavage (Washborne et al., 1997). Thus, it appears that a 9
residue SNARE motif (145-153), located far upstream of the scissile bond of type A
(Rossetto et al., 1994), is essential for efficient recognition by the toxin.

Although 17-mer C-terminal SNAP-25 and the 26-mer (shown herein) are poorly
proteolysed by BoNT/A relative to the full-length substrate, the former provides a convenient
model for investigating the residues required on either side of the scissile bond. Moreover,
site-modified synthetic peptides have the added advantages that they are often much more
soluble than large recombinant proteins, allowing use of sufficiently high concentrations to
determine the effects of the above modifications on enzymic kinetic parameters.
Unfortunately, the apparent low affinities of BoNTSs for their optimal substrates (Km between
0.1-2 mM; TeTx, Comille ef al., 1994; TeTx and BoNT/B, Foran et al., 1994) preclude the
usefulness of bacterially-expressed recombinant substrates because of their limited solubili_ty.

When stored, as GST-fusion proteins or with GST removed, at
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concentrations in excess of 1 to 2mg/ml protein (equivalent to 40 pM),
association/aggregation leads to their precipitation at neutral pH and temperatures > 23°C
(unpublished data). Also, the isolated soluble recombinant SNAP-25 molecule forms homo-
oligmers > 6-mers at 0.1 mg/ml concentration (Dr. P. Foran, unpublished observation;
Fasshauer et al., 1997).

In view of this discrepancy between the rates of éleavage of the full-length protein and
small synthetic peptides, the S4 SNARE motif was evaluated for ability to improve this
proteolysis by analogy with TeTx and Sbr domains (Cornille et al., 1997). Unfortunately, a
surrogate peptide (acetylated-NH-ARENEMDENLEQVSG-CONH;) encompassing the S4
SNARE motif of SNAP-25 (see Figure 6) proved ineffective (up to 0.1 mM) in accelerating
v, for BONT/A proteolyses of either the 26- or 17-mer peptides; at high concentrations, each
was inhibitory (ICso ~ 2 mM). Future work will examine if the segment of bacterially-
expressed GST-SNAP-25 (residues 1-180), homologous to the BoONT/E-cleaved product, can
potentiate the activity of BoNT/A protease towards small substrates because of its S4
SNARE motif being present in the optimal conformation. In addition, the potential inhibitory
effects of the S4-SNARE motif peptide on BoNT/A cleavage of the full-sized SNAP-25 was
assessed by ELISA,; it inhibited BoNT/A proteolysis of full-sized SNAP-25 with an ICsyp of
approximately 0.5 mM (Figure 6).

Different time courses for recovery of evoked secretion from poisoning with
BoNT/A or B: a process coincident with reappearance of intact SNARE. To investigate
the important question of how BoNTs exert their inhibitory actions for prolonged periods,
neuroendocrine adreno-chromaffin cells were intoxicated for 24 h with BoNT/A (6.6 nM) or
B (66 nM) using a low-ionic strength medium (LISM), to overcome the absence of high
affinity acceptors (Lawrence et al., 1996). Evoked secretion and SNARE contents were
assessed at regular intervals on days 5, 19, 40 and 56, post intoxication (Figure 7). Ba®* was
employed instead of other common stimuli (e.g. 55 mM K" or nicotine that induce Ca*
entry) because it evokes catecholamine release up to 50% of the total content compared to
only ~20 % by the latter stimuli, while still exhibiting the same SNAP-25 and Sbr/Cbr
requirements as that induced by Ca®* (Lawrence ef al., 1996). As expected, BONT/A or /B
treatments at day 5 post-intoxication both yielded extensive inhibition of Ba**-evoked
catecholamine release of 84 + 0.7% and 90 + 0.4% (means + S.E.; n=4), respectively, relative
to that for toxin-free controls. Intact SNAP-25 was monitored using anti-SNAP-25(C-
terminus)-IgG, whilst intact Sbr and Cbr (a close BoNT/B-sensitive homologue (McMahon et

14




al., 1993) was assessed using anti-Sbr/Cbr-IgG. Both of these antibody preparations were un-
reactive towards the BoNT-cleaved products. Further, the presence of BoNT/A-truncated
SNAP-25 was assessed using anti-SNAP-25,-pAb. This antibody was unreactive with intact
SNAP-25 in neurotoxin-free cells, but reacted strongly with the truncated product in BoONT/A
poisoned cells (Figure 7; and as found previously by Lawrence et al., (1997). The BoNT-
mediated inhibition of secretion noted at day 5 was accompanied by total or near-complete
cleavage of intact SNAP-25 or Sbr/Cbr (Figure 7). In addition, the BoNT/A-truncated SNAP-
25 was present at this time (Figure 7A). At day 40 post-intoxication, a trace of intact SNAP-
25 was observed in BoNT/A-poisoned cells; however, the amount noted was much lower
than normal and insufficient to significantly influence the level of evoked secretion recorded
compared to day 5 (Figure 7A). However, at day 56 post-intoxication, slightly larger amounts
of intact SNAP-25 were noted in BoNT/A poisoned cells, apparently enough to cause a
statistically significant, but partial, recovery of exocytosis, equivalent to a doubling of the
amount of Ba>* evoked catecholamine release from 16 to 34%. Throughout this time course,
SNAP-25, persisted in intoxicated cells (Figure 7A). Difficulties inherent to primary cell
cultures precluded studies longer than eight weeks post-intoxication, periods that would
appear to be necessary to attain complete recovery from BoNT/A.

Conversely, 56 days was sufficient to allow near-complete recovery from BoNT/B-
poisoning. The inhibition of evoked secretion in BoNT/B-poisoned cells initially noted on
day 5 post-intoxication of 90 £+ 0.4%, gradually subsided until only 10 + 3.4% inhibition
(means + S.E.; n=4) remained at day 56. Recovery of evoked secretion in BoNT/B-treated
cells was coincident with reappearance of intact Sbr/Cbr to a level comparable to that
observed in toxin-free cells (Figure 7B).

These different recovery periods for exocytosis in BoNT/A- and B- poisoned
chromaffin cells shows striking similarity with previously published data found after focal
intramuscular injection of either toxin in humans (Sloop et al., 1997). Here, it is shown for
the first time that the near-complete recovery after BONT/B poisoning is due to appearance of
intact Sbr/Cbr. Notably, the time course for the latter correlates with that found for
chromaffin cells poisoned with TeTx (Bartels et al., 1994), which suggests that either the
turnover of BoNT/B and TeTx are very similar and/or the rate of replenishment of intact
Sbr/Cbr limits the resumption of catecholamine release. The much slower rates for recovery,
reappearance of newly-synthesised intact SNAP-25, and disappearance of the truncated
product in BoNT/A-treated cells show that either this serotype remains active for longer than
BoNT/B and/or the turnover of SNAP-25 is significantly slower than that of Sbr/Cbr.
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Expression of wild-type and mutant SNAP-25 in CHO cells. Correct expression of
recombinant SNAP-25 from the pcDNA1.1/Amp-SNAP-25 constructs was assessed in CHO
cells, since they lack endogenous SNAP-25, using immunoblotting. Anti-SNAP-
25(recombinant)-IgG, which recognises both the full-length and BoNT-truncated SNAP-25s,
detected expression of SNAP-25 in cells transfected with the wild-type, mutant R198T or
SNAP-25, mammalian expression constructs (Figure 8). Moreover, recombinant SNAP-25
proteins exhibited the appropriate Mr compared to the native protein present chromaffin cells
(Figure 8). Notably, both wild-type and R198T SNAP-25 proteins from toxin-free cells
reacted with anti-SNAP-25(C-terminus)-IgG unlike SNAP-25,; instead, the latter was solely
recognised by anti-SNAP-25,-pAb (Figure 8). In addition, mammalian-expressed SNAP-25s
exhibited equivalent sensitivities to BoNT/A protease as bacterial-generated prdteins.
Immunoblotting using anti-SNAP-25(C-terminus)-IgG revealed proteolyses of the majority
of the wild-type by BoNT/A (leading to the appearance of the SNAP-25, immunoreactivity),
whilst the protease-resistant SNAP-25 R198T mutants reactivity was not altered (Figure 8).
Notably, both wt and R198T mutant SNAP-25s were expressed at equivalent levels in
transfected cells, using the same transfection protocol. As expected, immunoreactivity for
SNAP-25, in CHO cells was unaffected by BoNT/A treatment (Figure 8). Having
demonstrated that this SNAP-25 mutant was resistant to BoNT/A cleavage in mammalian
cells, plasmids encoding wild-type and mutant SNAP-25 were introduced into chromaffin

cells.

Effects of expression of SNAP-25 on evoked exocytosis from control or BoNT/A-
pre-treated chromaffin cells. It was considered a possibility that introduction of SNAP-25
into BoNT/A-poisoned cells should restore regulated exocytosis by replacement of the
endogenous SNAP-254. To investigate the effects of introduced SNAP-25 on evoked
secretory function in chromaffin cells, the protein was transiently co-expressed with hGH.
The latter, which is normally absent from cells, co-localises with catecholamines in LDCVs
(Holz et al., 1995). Thus, evoked hGH secretion serves as an excellent reporter for LDCV
exocytosis (Figure 9). In control or BoNT/A-treated cells that had been transfected with
vectors encoding hGH, and the non-toxic protein CAT, similar amounts of Ba’*-evoked hGH
and catecholamine secretion were observed (Figure 7, 9A). Transfection with a plasmid
encoding SNAP-25 did not alter the amount of hGH secreted from toxin-free cells;

significantly, over-expressed SNAP-25 was unable to overcome the extent of inhibition due
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to BoNT/A poisoning (Figure 9A). These results suggested that the persistence of BoNT/A

maintained the blockade of release.

Effects of expression of SNAP-25, on evoked exocytosis from control or BoNT/A-
pre-treated chromaffin cells. Having established that wild-type or mutant SNAP-25 are
properly expressed, it was deemed important to determine whether the introduced SNAP-25
was participating in exocytosis. Importantly, expression of SNAP-25, (i.e. analogous to the
BoNT/A-~cleaved product) in toxin-free cells inhibited evoked hGH secretion by > 90% of
control in a manner similar to the BoNT/A pre-treatment. Expression of SNAP-25, in
BoNT/A pre-poisoned cells consistently abolished the residual evoked secretion (~ 10 % of
total) that commonly remained following toxin treatment (Figure 9B). Thus, not only does
introduced SNAP-25, replace the endogenous protein, the displacement of the intact SNAP-
25 with the BoNT/A-truncated product establishes that BONT/A poisoning is due solely to
cleavage of SNAP-25.

Rescue of evoked exocytosis in BONT/A-pretreated chromaffin cells by expression
of SNAP-25 mutants resistant to the toxin : validation of the recovered secretion by its
inhibition with BoNT/E. Having established the validity of the system, transfection of
plasmids directing the expression of BoNT/A protease-resistant SNAP-25s were performed.
Introduction of SNAP-25 mutants into toxin-free chromaffin cells caused only a small
reduction in the ability to secrete hGH, as compared to controls (Figure 9A). As hoped,
expression of each protease-resistant SNAP-25 in BoNT/A-treated cells (in which
catecholamine release is inhibited; data not shown) almost completely rescued secretory
function close to the levels recorded for toxin-free controls (Figure 9A). This experiment was
repeated twice, with the pattern being the same in each case. Overall, we have established
that expression of BoNT/A protease-resistant SNAP-25s can efficiently rescue secretory
function in cells poisoned 5 days earlier.

An additional experiment was performed to conclusively demonstrate that the rescue of
evoked hGH secretion in BONT/A pre-intoxicated cells was a direct result of the participation
of expressed BoNT/A protease-resistant SNAP-25. Digitonin-permeabilisation was used to
introduce BoNT/E into cells (because the LISM protocol is ineffective for BoNT/E), so that
this toxin could further proteolyse the artificially-expressed BoNT/A protease-resistant
SNAP-25 R198T mutant, thus, negating its protective effect. As expected in cells lacking
protease-resistant SNAP-25, prior BONT/A poisoning caused an 82 + 4.3% inhibition of hGH
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release when compared to toxin-free cells. On the other hand, evoked hGH secretion in
BoNT/A pre-intoxicated cells that expressed the SNAP-25 protease-resistant R198T mutant
was largely protected. Importantly, when BoNT/A-pre-treated cells expressing R198T mutant
were permeabilised and exposed to reduced BoNT/E (using conditions known to proteolyse
nearly all SNAP-25 (Lawrence et al., 1997), the partial rescue of evoked secretion in
BoNT/A-poisoned cells (noted above) was largely abolished, and an 88 + 7.8% inhibition of
evoked hGH secretion was recorded (Figure 9B). This experiment was repeated twice, with
the pattern being the same in each case.

The ability of BoNT/A-resistant SNAP-25 to rescue release provides some important
insights about SNAP-25 and its BONT/A cleavage site. First, over-expression of either wild-
type SNAP-25 or BoNT/A-resistant mutants do not seem to cause toxicity to the cell, since
the characteristics of release from the toxin-free cells appear to be unaffected. In addition,
recombinant SNAP-25 has been previously shown to be targeted to the appropriate plasma
membrane locations in PC12, as well as insulinoma cells (Bark et al., 1995; Gonelle-Gispert
et al., 1999). As SNAP-25 must complex with the limited amounts of syntaxinl and Sbr
present in order to exert its co-operative exocytotic function, it is reasonable to assume that
most of the excess protease-resistant SNAP-25s competes out the native SNAP-25 for
SNARE complex formation. The fact that BoNT/E inhibits this rescued exocytosis provides
further proof for the participation of BoNT/A-resistant SNAP-25 in SNARE-mediated
exocytosis. Realising these important considerations, it is evident that residues Q197 and
R198 in SNAP-25, which were altered in the protease-resistant mutants, afe not essential for
evoked exocytosis. These studies and those of others have shown that there is a high degree
of amino acid degeneracy in SNAP-25. When the BoNT/E cleavage site (residues 180-181)
in SNAP-25 was mutated, it was found that over-expression of BoNT/E-resistant SNAP-25
prevented the anticipated inhibition of evoked secretion upon exposure to BONT/E (Gonelle-
Gispert et al., 1999), which suggests that these residues are also not critical for exocytosis.
Further, a recent site-directed mutagenesis study of SNAP-25 has revealed that mutations of
hydrophobic residues, found within the core of the four-helix bundle, significantly limited
rescue after BONT/E poisoning (Chen ef al., 1999). The full extent of this degeneracy can be
seen when human SNAP-23 (a BoNT/E-resistant non-neuronal homologue which is only ~60
% identical to SNAP-25) is expressed in permeabilised insulinoma cells; this supported the
same extent of exocytosis upon treatment with BoN'T/E as that found for control cells (Saduol

et al., 1997). However, our study is the first to report the amino acid degeneracy of SNAP-25
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by quantifying the abilities of BONT/A-resistant mutants to rescue exocytosis in intact BONT

pre-poisoned cells

Three weeks after exposure to BoNT/A, only protease-resistant SNAP-25 rescues
regulated exocytosis : demonstration of the persistence of active toxin protease. The
inability to achieve rescue of exocytosis upon transfection of wild-type SNAP-25 into
BoNT/A-poisoned cells suggested that the activity of the toxin persisted for at least a week in
these cells (Figure 9A). To determine how long BoNT/A remained active, this experiment
was repeated up to 3 weeks after exposure to BONT/A (Figure 10). As expected, toxin-free
cells transfected with hGH and CAT encoding control plasmids (i.e. recombinant SNAP-25-
free control), released large amounts of hGH in a divalent cation-dependent manner (Figure
10). Cells exposed to BoONT/A 3 weeks previously, when transfected with the same vectors
gave a much reduced amount of evoked secretion (Figure 10). Therefore, toxin pre-treatment
still afforded a large extent of blockade even after three weeks. As before, expression of wild-
type SNAP-25 did not significantly alter the level of evoked hGH secretion occurring in
toxin-free cells and, significantly, failed to overcome the blockade in toxin-treated cells
(Figure 10). It seems likely that the newly-expressed wild-type SNAP-25 was cleaved by
active BoNT/A protease persisting in the cells. Importantly, the extent of evoked hGH
secretion recorded from cells intoxicated three week earlier expressing protease-resistant
SNAP-25 R198T was returned to the normal level being comparable to that occurring from
toxin-free cells expressing either the same mutant or CAT (see above; Figure 10). This
experiment was repeated four times, with the pattern being the same in each case. Hence, we
show for the first time that BoNT/A is proteolytically active for at least three weeks after
poisoning. This prolonged activity suggests that, at least in chromaffin cells, the continued
activity of BONT/A-LC plays a key role in the continued inhibition of release. Moreover, it is
likely that toxic amounts of active BoNT/A protease remain in cells even 56 days post-
exposure and continues to do so until the eventual complete recovery of evoked secretory
function (not determined). Whilst this agrees with previous data published on chromaffin
cells (Bartels ez al., 1994), it seems to contradict some more recent findings. Human muscles
at the NMJ double-poisoned by injection with a mixture of BoNT/A and /E recovered as if
they had been solely intoxicated with BoNT/E, which has a shorter time-course for recovery
than A (Eleopra ef al., 1998). These results suggest it is not the continued BoNT/A activity
but the persistence of SNAP-25,4 that limits recovery. However, it is unclear how the removal

of 17 extra amino acids from the C-terminal end of SNAP-25, leads to a more rapid recovery
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of neurotransmission. It is likely that this apparent contradiction between results in
chromaffin cells (our data and Bartels et al., 1994) and those found at the NMJ is due to the
different relative ratio of SNAP-25 synthesis to BONT/A-LC activity but this remains to be

determined.

KEY RESEARCH ACCOMPLISHMENTS

1.

10.

BoNT/A exerts a prolonged intoxication of adreno-chromaffin cells that is accompanied
by complete cleavage of SNAP-25 and continues for at least 2 months (the maximum
period studied), presumably due to the persistence of cleaved SNAP-25 (residues 1-197).
Exocytosis in BONT/B-treated cells, initially inhibited completely due to cleavage of Sbr
and Cbr targets, resumed in full after 2 months; this was accompanied by the appearance
of normal amounts of the intact target proteins.

The reported time courses for recovery from neuromuscular paralysis following injection
of BoNT/A into patients parallels that found herein, validating the chromaffin cell model.
BoNT/A proteolyses full-sized SNAP-25 more efficiently (~ 100 fold faster at 15 pM)
than smaller peptide substrates (17 or 26 amino acids in length) which lack the S4 motif
(residues 145-155).

A surrogate peptide encompassing the S4-motif of SNAP-25 proved ineffective in
accelerating BoNT/A proteolysis of the above-noted synthetic peptides or full-length
SNAP-25.

The susceptibilities of 13 different single, double and triple point mutants of SNAP-25
(generated as outlined in 1* annual report) to proteolysis by BoNT/A have been assessed
by ELISA.

The P'1 arginine of SNAP-25 is the most important for defining efficient cleavage by
BoNT/A.

Additional double- and triple-point mutations of SNAP-25 raised the resistance to
BoNT/A up to ~40,000-fold relative to the wt substrate.

BoNT/A poisoning of regulated catecholamine release from neuro-endocrine chromaffin
cells (a process that shares many of the properties of neurotransmitter release from
neurons) can be quickly and completely rescued through the introduction of any of five
BoNT/A-resistant SNAP-25s.

As expression of BoNT/A resistant, but not wt SNAP-25, rescues catecholamine release
in chromaffin cells that have been poisoned for at least three weeks, the LC protease

appears to remain active for prolonged periods.
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Filed internationally on Aug.1999 entitled 'Rescue of Ca®*-regulated exocytosis after

botulinum A posioning by targetted expression of toxin-resistant SNAP-25.
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Dr N. Mohammed awarded Ph.D.

CONCLUSIONS

In summary, the following points should be emphasised. First, in chromaffin cells
BoNT/A-LC appears to remain active for at least three weeks, as introduction of wild-type
SNAP-25 does not rescue release. Second, BoNT/A poisoning can be rescued through the
expression of BoNT/A-resistant SNAP-25. These novel findings establish the proof of
principle for fast rescue from BoNT/A intoxication by this innovative but straight forward
transfection process. Future work will concentrate on the targeting of effective treatments for
botulism to the cholinergic nerve using the non-toxic BoNT/A cholinergic specific
transporter. It is envisaged that the latter transporter will either be directly attached to
therapeutic molecules or attached to viral particles or liposomes containing the agent to be
tested. In addition, a dual strategy will be adopted for effective treatment of botulism
involving the use of small inhibitors of BoNT/A protease (currently being successfully
developed by Drs J. Schmidt and K. Bostain at USAMRIID) to initially arrest the toxins’
activity, prior to replacement of cleaved target protein with intact toxin-resistant SNAP-25

(by direct delivery and/or using gene expression vectors) to rescue neuroexocytosis.
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APPENDICES
TABLE 1.

The overall susceptibilities of wild-type and various SNAP-25 mutants to cleavage by
BoNT/A

Minimum BoNT/A Susceptibilities to
SNAP-25 Position of mutated concentration (nM) proteolysis by BoNT/A
. necessary to proteolyse 50% . . b
variant residue(s) of SNAP-25 in the standard  (re1ative to wild-type)
assay”
Wild-type None 0.0045 (0.022) 1.0
Q197/R198
Q197A P1 0.0054 1.2
R198A Pl’ 2.5 560
R198T Pl 72 16000
A199L P2’ (1.09) 49
QI197A/R198A P1,PI' 20 4400
Q197A/R198K P1, P11’ 170 38000
Q197A/R198E P1, PI’ 170 38000
Q197K/R198H P1, P1’ 2.0 440
Q197W/R198W P1,P1’ 0.43 96
Q198A/R199K/ P2, P1', P2’ >>100 nM >>3000
A199L
N196Q/Q197A/ P1, P1’, P2’ >>100 nM >>3000
R198K
SNAP-25,302 Removal of 4 (0.031) 1.4
residues from C-
terminus
SNAP-254pp Addition of 18 (0.16) 7.3
residues to C-
1-206 (+18) terminus

¢ Standard curves, relating increasing amounts of intact GST-SNAP-25 per well with the increasing A405 nm
values recorded using either anti-SNAP-25-(C-terminus)-Ig or, anti-SNAP-25,-pAb, were used to calculate the
A405nm reading which was equivalent to 50 % intact SNAP-25 remaining in wells. These absorbance values
were used to extrapolate the concentrations of BoNT/A required to proteolyse 50 % of either the wild-type or
mutant SNAP-25 polypeptides from Figure 2 and 3. Whilst incubations with toxin lasted 6 h in experiments
shown in Figure 2, in Figure 3 only 90 min incubations were performed; thus, in this case the toxin

concentrations necessary for 50 % cleavage of the mutants compared to wt are indicated inside brackets.

® Values obtained by dividing the minimal BoNT/A concentration giving 50% cleavage of the SNAP-25 mutant
being tested by the minimal concentration which cleaves wild-type; larger values indicate greater resistance to

proteolysis.
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TABLE 2.

Comparison of the kinetic parameters for BONT/A cleavage of full-sized SNAP-25, 26~ and

17-mer peptides

Substrate Km Vmax Keat Vo Turnover
(mM) (nmoles (sec'l) at 15uM rate
min~ mg (umoles at 15 uM
min” mg™") (sec™)
17-mer
(NH-187- 0.63 3.1 7.7 0.16 0.40
203CA)"
26-mer
(residues 0.72 0.5 1.3 0.02 0.06
181-206)"
Full-
length® >>0.015 ? ? 12.6 31.5
SNAP-25 -

* Assayed using RP-HPLC-based or ELISA®. Incubations with peptide substrates were at 37°C using 10 nM-
reduced BoNT/A in 35 mM Hepes pH 7.5 containing 2 mM DTT, 0.8 mgm!l" BSA and 1 mM ZnCl,
Alternatively, toxin incubations with full-length GST-SNAP-25 were performed as detailed in the Materials and
Methods. Km and Vmax values were obtained from Lineweaver-Burke plots.
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FIGURE LEGENDS

Figure 1. Diagrammatic representation of the mutations, deletions and additions to
SNAP-25. (A) The C-terminal amino acid sequence (179-206) of SNAP-25 is shown
together with the cleavage site of BoNT/A and the residues therein substituted. (B)
Schematic of the mutations of the SNAP-25 protein generated as GST fusions and code
names [i.e. R198T indicating that arginine at position 198 in the primary amino acid sequence

(shown using the single letter code) is changed to threonine].

Figure 2. Assessment by ELISA using anti-SNAP-25-(C-terminus)-Ig of the
susceptibilities of wt or mutant GST-linked SNAP-25s to proteolysis by BoNT/A. ELISA
plate wells were coated with either wild-type or the specified single (A) or double (B)
mutants of SNAP-25 before exposure for 6 h at 37°C to various concentrations of DTT-
reduced BoNT/A in KGEP buffer (pH 7.2). The amounts of wild-type or mutant SNAP-25s
remaining were probed with anti-SNAP-25-(C-terminus)-Ig. Binding of the latter was
quantified using alkaline phosphatase-conjugated anti-species antibodies and a colorimetric
assay (as detailed in Materials and Methods). The resultant colour developmerit was
measured with an ELISA plate reader. Absorbance values at 405 nm are expressed as
percentages of the maximal A405nm values recorded for SNAP-25-containing/toxin-free
control wells and are plotted against the corresponding BoNT/A concentrations used. Data

are means (+ S.D.; n > 6).

Figure 3. Measurement by ELISA using anti-SNAP-25,-pAb of the cleavage by BoNT/A
of wt or mutant proteins. GST-linked wt or the mutant SNAP-25 proteins (specified) were
coated onto ELISA plate wells at equimolar amounts and various concentrations of pre-
reduced BoNT/A were added at 37°C for 90 min in KGEP buffer pH 7.2. The resultant
appearance of the SNAP-25, molecule was detected by following anti-SNAP-25,-pAb
binding, as outlined in the Figure 2. The resultant absorbancies, measured during a constant
development period, are plotted after subtraction of the values for non-toxin treated control

wells (means + SD; n = 4).

Figure 4. Assessment of BoNT/A cleavage of wild-type and triple-point mutants of
SNAP-25 using SDS-PAGE and protein staining. Reduced BoNT/A at the specified
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concentrations was incubated with either SuM wt GST-SNAP-25 (A),
N196Q/Q197A/R198K (B), Q197A/R198K/A199L mutant (C) fusion proteins for 2 h at
37°C in KGEP buffer. Samples were fractionated by SDS-PAGE on 8% acrylamide gels,

fixed and proteins were visualised by a silver staining method.

Figure 5. Lineweaver-Burke plot of initial rates of proteolysis by reduced BoNT/A for
various concentrations of GST-SNAP-25. A capture ELISA was employed to determine the
initial rates of BoONT/A cleavage of GST SNAP-25 at concentrations between 0.118 to 15

pM. (see Material and Methods). Data plotted are means of 16 determinations.

Figure 6. A surrogate peptide encompassing the S4 SNARE motif inhibits BoNT/A
cleavage of GST-SNAP-25, 26- and 17-mer peptide substrates. A diagrammatic
representation of the SNAP-25 molecule is shown indicating important regions. A S4-motif
peptide of the sequence specified was used in experiments where it was pre-incubated for 60
min at 37°C with reduced BoNT/A prior to addition to the substrate specified. Initial rates of
cleavage by BoNT/A of the 17- and 26-mer substrates (50 uM) or GST SNAP-25 (0.5 uM)
performed at 37°C, in the absence or presence of various concentrations of S4-motif peptide,
were assessed by an HPLC assay (analogous to that used by Schmidt and Bostain, 1995,
1997) and ELISA, respectively. The concentrations of the S4-motif peptide necessary to
inhibit the initial cleavage rates by 50% for the different substrates are displayed.

Figure 7. Prolonged monitoring of BoONT/A- and /B-induced inhibition of catecholamine
release in chromaffin cells and assessment of their SNAP-25 and Sbr/Cbr contents.
Intact chromaffin cells were treated for 24 h using a low-ionic strength medium (LISM) in
the absence (open bars) or presence of BoNTs (hatched bars) using (A) 6.6nM BoNT/A or
(B) 66 nM BoNT/B. Cells were then maintained in culture for up to 56 days by weekly
replacement of growth medium. At the specified times, Ba®*-evoked catecholamine release
was quantified fluorometrically (means + S.E.; n=4). After subtraction of basal release values
(cells exposed for 15 min to Locke’s buffer) from Ba**-induced release for 15 min exposure
to 2mM Ba®* (in Locke’s buffer), the evoked component of release was expressed as a
percentage of the total cell content. Immediately after measuring secretion, membrane

fractions were prepared, as detailed in the Methods, solubilised in SDS, and frozen at —80°C.

28




At the conclusion of the time course, fractions were subjected to SDS-PAGE followed by

immunoblotting with the indicated antibodies.

Figure 8. Expression of wild-type and SNAP-25 mutant in transfected CHO cells. CHO
cells, that lack SNAP-25, were transfected with the pcDNA1.1/amp vector incorporating the
specified SNAP-25 gene using the Superfect™ reagent. The transfected cells were treated
with LISM in the absence or presence of 6.6 nM BoNT/A (indicated), as detailed in Materials
and Methods. Two days later, the membrane fraction was isolated from the cells and equal
amounts of SDS solubilised proteins were subjected to immunoblotting, using the indicated
antibodies. Chromaffin cell membrane fraction was run as a control. The relative amounts of
primary antibodies bound were visualised using the methods specified in the legend to

Figure7, but only the relevant track positions are shown.

Figure 9. Expression of protease-resistant SNAP-25 mutants, but not wild-type, rescues
evoked secretion from BoNT/A-pre-treated cells: sole monitoring of transfected cells
using the hGH-based reporter system. (A) Intact chromaffin cells were treated for 24 h
with LISM, in the absence (open bars) or presence (hatched bars) of 6.6 nM BoNT/A, as
described in the legend to Figure 7. After a 24 h recovery period, the resultant cells were
transfected with the pcDNA1.1/Amp mammalian expression vector containing the specified
SNAP-25 or CAT gene together with the reporter plasmid encoding human growth hormone
(hGH; as outlined in the Materials and Methods). After five days, the hGH secretion only
occurring from co-transfected cells under basal and stimulated conditions (using buffers
omitting or containing Ba®"), were quantified using a radio-immunoassay (means + S.E.;
n=4). The evoked component of secretion was expressed as a percentage of the measured
total cell content. (B) Cells pre-treated with LISM in the absence (open bars) or presence
(hatched bars) of 6.6 nM BoNT/A were subsequently transfected with vectors encoding hGH
with or without the plasmid encoding the BoNT/A protease-resistant SNAP-25 R198T
mutant (indicated), and cultured for an additional five days. These cells were then
permeabilised using a digitonin-containing permeabilisation buffer excluding or containing
100 nM of DTT-reduced BoNT/E for 15 min. The Ca®*-evoked component of hGH secretion,
measured over the subsequent 15 min period, was quantified (means + S.E.; n=4) and

expressed as a percentage of the total cell content.
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Figure 10. BoNT/A proteolytic activity persists in poisoned cells for at least 3 weeks;
only protease-resistant SNAP-25 mutants rescue evoked secretion. Intact chromaffin cells
were treated for 24 h with LISM, in the absence (open bars) or presence (hatched bars) of 6.6
nM BoNT/A, as described in the legend to Figure 7. After 16 days, the resultant cells were
transfected with the pcDNA1.1/Amp mammalian expression vector containing the specified
SNAP-25 or CAT gene together with the reporter plasmid encoding hGH, as outlined in the
Materials and Methods section. After a a further five days, Ba**-evoked hGH secretion was

assessed (as outlined in the legend to Figure 9).
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Figure 6
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Figure 9
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GLUT1 or Transferrin Receptors in 3T3-L1 Adipocytes by a Pathway
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An interaction of SNAP-23 and syntaxin 4 on the
plasma membrane with vesicle-associated synaptobre-
vin-2 and/or cellubrevin, known as SNAP (soluble N-
ethyl-maleimide-sensitive factor attachment protein)
receptors or SNARESs, has been proposed to provide the
targeting and/or fusion apparatus for insulin-stimulated
translocation of the GLUT4 isoform of glucose trans-
porter to the plasma membrane. By microinjecting
8T3-L1 adipocytes with the Clostridium botulinum toxin
B or E, which proteolyzed synaptobrevin-2/cellubrevin
and SNAP-23, respectively, we investigated the role of
these SNARESs in GLUT4, GLUT1, and transferrin recep-
tor trafficking. As expected, insulin stimulated the
translocation of GLUT4, GLUT1, and transferrin recep-
tors to the plasma membrane. By contrast, a constitu-
tively active protein kinase B (PKB-DD) only stimulated
a translocation of GLUT4 and not GLUT1 or the trans-
ferrin receptor. The GLUT4 response to PKB-DD was
abolished by toxins B or E, whereas the insulin-evoked
translocation of GLUT4 was inhibited by approximately
65%. These toxins had no significant effect on insulin-
stimulated transferrin receptor appearance at the cell
surface. Thus, insulin appears to induce GLUT4 translo-
cation via two distinct routes, only one -of which: in-
volves SNAP-23 and synaptobrevin-2/cellubrevin, and
can be mobilized by PKB-DD. The PKB-, SNAP-23-, and
synaptobrevin-2/cellubrevin-independent GLUT4 trans-
location pathway may involve movement through recy-
cling endosomes, together with GLUT1 and transferrin
receptors. :

In muscle, adipose tissue, and 8T3-L1 adipocytes, insulin
primarily increases glucose uptake by promoting the traffick-
ing of vesicles containing GLUT4 (glucose transporter isoform
4) to the plasma membrane (reviewed in Refs. 1 and 2). In the
resting state, the majority of GLUT4 resides in vesicles distrib-
uted throughout the cell interior, with a fraction of GLUT4
undergoing cycling between the plasma membrane and several
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tract DAMD 17-97-C-7060 from the United States Army Medical Re-
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costs of publication of this article were defrayed in part by the payment
of page charges. This article must therefore be hereby marked “adver-
tisement” in accordance with 18 U.S.C. Section 1734 solely to indicate
this fact.
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928-8274; E-mail, j.tavare@bristol.ac.uk.
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intracellular sorting compartments. Insulin triggers a substan-
tial translocation of GLUT4-containing vesicles to the plasma
membrane, a phenomenon that can largely explain the increase
in V., of the glucose uptake observed. A detailed molecular
description of how insulin promotes this translocation is pres-
ently lacking, although some of the components involved in the
signaling process and the fusion events have been identified.

Binding of insulin to its receptor activates the integral tyro-
sine kinase, which then elicits a cascade of cellular signaling
responses including phosphorylatlon of the cytosohc proteins
of the insulin- receptor-substrate family (reviewed in Ref. 3). As
a consequence of tyrosine phosphorylation, 1nsulm-receptor
substrates-1 and -2 bind several effectors; the resultant activa-
tion of phosphatidylinositide (4,5)-bisphosphate kinase (PI3-
kinase)! is of particular importance because it is known to play
a key role in transducing the insulin signal leading to GLUT4
vesicle translocation (4—6). The lipid product of this enzyme,
namely phosphatidylinositide 3,4,5-trisphosphate, promotes
the-phosphorylation and activation' of the" serine/threonine-
kinase called protein kinase B (PKB; also known as RAC or
Akt) via two protein kinases named PDK1 and PDK2 (7).
Overexpression of constitutively active forms of PKB causes
increased glucose uptake and GLUT4 translocation in adipo-
cytes in the absence of -insulin (8, 9),. suggesting that this
protein kinase may also be a crucial mediator of the effect of
insulin on glucose transport, at least in part.

The molecular mechanism of GLUT4 vesicle fusion Wlth the
plasma membrane appears to share considerable similarity
with Ca2+-evoked exocytosis in neurons and neuroendocrine
cells (reviewed in Ref. 10). In neurons, Stllner and co-workers
(11) have proposed that the core of the synaptic-clear ves1cle
docking/fusion complex comprises two plasma membrane pro-
teins, syntaxin 1 and SNAP-25 (synaptosomal protein with a
molécular mass of 25 kDa), which interact with synaptobrevin
(Sbr) on the vesicle. This provides the targeting spec1ﬁc1ty
and/or the fusion apparatus necessary for neurotransmitter
release:at the active zones of nerve endings. Additionally, these
three proteins serve as receptors for the cytosolic factors N-
ethyl-maleimide-sensitive factor and SNAP (soluble N-ethyl-
maleimide-sensitive ‘factor attachment protein), which collec-
tively regulate the ternary associations and, therefore; are
referred to as SNAREs (SNAP receptors). SNAP-25 and syn-
taxin 1, located predominantly on the targeted plasma mem-

1 The abbreviations used are: PI3-kinase, phosphatidylinositide (4,5)-
bisphosphate kinase; BoNT, botulinum neurotoxin; Cbr, cellubrevin;
GFP, green-fluorescent protein; IRAP, insulin-responsive amino pepti-
dase; TR, transferrin receptor; hTfR, human TfR; HA, hemagglutinin;
PKB, protein kinase B; Sbr, synaptobrevin; TeTx, tetanus toxin;
TRITC, tetramethylrhodamine B-isothiocyanate; GTPyS, guanosine 5'-
3-O-(thio)triphosphate; PIPES, 1,4-piperazinediethanesulfonic acid.
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brane, are referred to as t-SNAREs, whereas vesicle located
Sbr is the v-SNARE (11). An involvement of Sbr-2 and/or its
ubiquitous non-neurconal homologue, Cbr (12), and syntaxin 4
(13) in insulin-stimulated GLUT4 vesicle fusion in 3T3-L1 adi-
pocytes has been demonstrated. Their appropriate subcellular
locations and protein associations support such a role (14-21);
also, the process is inhibited by the cytosolic delivery of selec-
tive antibodies against syntaxin 4 (14) and overexpression of
interfering SNARE mutants (16, 22). Recently, Martin and
co-workers (23) demonstrated that introduction of Sbr-2, but
not Sbr-1 or Cbr proteins, into these cells could block insulin-
stimulated translocation. Moreover, botulinum neurotoxin
(BoNT) serotypes B and D or tetanus toxins (TeTx), which
selectively proteolyze Sbr isoforms and Cbr (see below), have
been instrumental in establishing the involvement of these
v-SNARESs in insulin-induced glucose uptake and GLUT4 traf-
ficking (21, 24-26).

TeTx and serotypes A to G of BoNT are similar but immu-
nologically distinct proteins produced by Clostridium tetani
and Clostridium botulinum, respectively. They are composed of
a heavy chain and light chain linked by a disulphide bond and
noncovalent interactions. The heavy chain is responsible for
high affinity binding to neuronal cholinergic ecto-acceptors,
subsequent internalization, and translocation of the active moi-
ety into the cytosol, where the light chain blocks exocytosis
(reviewed in Refs. 27-30). The light chains of BoNTs and TeTx
are Zn%*-dependent endoproteases (reviewed in Refs. 28—30).
Sbr is proteolyzed by TeTx and BoNT/B,/D,/F and/G (reviewed
in Refs. 28-30); Cbr is also cleaved by TeTx and BoNT/B (12,
31). BoNT/A and/E proteolyze SNAP-25 at separate C-termi-
nally located sites, whereas BoNT/C1 cleaves both syntaxin 1
(reviewed in Refs. 28—-30) and SNAP-25 (32, 33).

Using highly sensitive Western blotting methods, we (21)
and others (18, 20, 25, 34, 35) have been unable to detect any
SNAP-25 in 3T3-L1 adipocytes. This led to the suggestion that
the recently cloned (from human (86) and mouse (37, 38)),
non-neuronal homologue termed SNAP-23 (also referred to as
Syndet), which is found at high levels and at the appropriate
plasma membrane location in 3T3-L1 adipocytes (21, 37, 38),
may substitute for SNAP-25 to provide the high affinity ter-
nary docking/fusion complex deseribed (39, 40). The association
of SNAP-23 with Sbr-2/Cbr and syntaxin isoforms demon-
strated in vitro (36, 37, 41) is consistent with a potential role of
SNAP-23 in the fusion between GLUT4 vesicles and the
plasma membrane. Indeed, recently, Rea and colleagues (42)
have demonstrated that insulin-stimulated GLUT4 transloca-
tion to the plasma membrane was partially blocked upon the
introduction intoe 3T3-L1 adipocytes of either anti-SNAP-23
antibodies or a synthetic peptide corresponding to the last 24
C-terminal amino acids of SNAP-23.

In this study we have investigated the mechanism by which
insulin and a constitutively active PKB (PKB-DD) induce the
translocation of GLUT4 to the plasma membrane of 3T3-L1
adipocytes. BoNT/B and BoN'T/E, which specifically cleave Sbr-
2/Cbr and SNAP-23, respectively, completely blocked the effect
of PKB-DD but only partially blocked the effect of insulin. We
also found that insulin, but not PKB-DD, caused GLUT1 and
TfR translocation, in a manner that was insensitive to the
actions of BoNT/B and/E. Collectively, our results support the
hypothesis (16, 23, 42, 43) that insulin may operate via two
distinet pathways to promote GLUT4 vesicle fusion with the
plasma membrane. In addition, our data suggest that only one
of these trafficking pathways can be mobilized by a constitu-
tively active PKB.

Insulin and PKB-regulated GLUT4 Translocation

EXPERIMENTAL PROCEDURES

Materials—A murine 3T3-L1 fibroblast clone (obtained from ATCC;
number CCL 92.1) was supplied by the European Collection of Animal
Cell Cultures (Salisbury, UK). Tissue culture reagents were from Life
Technologies, Inc. or Sigma. High purity digitonin was purchased from
Novabiochem (town, UK). Affinity-isolated anti-species-specific Ig con-
jugated with horseradish peroxidase, insulin and all other reagents
were obtained from Sigma. Rabbit anti-GLUT1 antibodies were a gift of
Dr. S. Baldwin (University of Leeds). A monoclonal antibody specific for
human transferrin receptor (WTfR) was provided by Dr. C. Holmes
(University of Bristol), and a plasmid (pCMV5-hTfR) encoding the hTfR
¢DNA under the control of the cytomegalovirus promoter was kindly
provided by Dr. H. Mellor (University of Bristol). The plasmid pGFP-
GLUT4 has been described elsewhere (44). The pCMV5 vector was also
used to overexpress wild-type and constitutively active (-DD; containing
substitutions of Thr®®® and Ser*’® for aspartic acid residues) forms of
PKB (45), and were kindly provided by Drs. Brian Hemmings (Friedrich
Miescher Institute, Basel) and Dario Alessi (University of Dundee).

Antibodies were raised in rabbits against a soluble recombinant
Hisg-tagged form of mouse syntaxin 1A, lacking the last 27 C-terminal
residues, and were affinity-purified on the immobilized antigen (32).
Affinity-purified Ig raised against residues 33-94 of human Sbr-2 (a
region of amino acid sequence shared with Sbr and Cbr; Ref. 12) was
prepared, as detailed elsewhere (32). Because only poor sequence iden-
tities exist between Sbr-2/VAMP-2 and the other recently identified
mammalian VAMP isoforms 48 (46), their immunoreactivity with this
antibody is not expected. Moreover, VAMP isoforms 4—8 are unlikely to
be proteolyzed by BoN'T/B because of their sequence diversites (47).
Likewise, a rabbit antiserum to the C terminus of SNAP-25 (residues
195-206) was produced and affinity-purified (48). Antisera were gener-
ated in rabbits against peptides corresponding to the C-terminal 11
residues of human SNAP-23 (ANARAKKLIDS); specific Ig was affinity-
isolated from immune sera using the immunogenic peptide coupled via
its additional N-terminal cysteine to iodoacetyl-Sepharose 4B (prepared
as detailed in Ref. 48). Each affinity-purified Ig was tested to ensure
that it 1abeled the requisite protein of appropriate M, on Western blots
in a manner that was preventable by inclusion of the immunogen (data
not shown).

Isolated BoNT/A, BoNT/B, BoNT/C1, and BoNT/E were purified and
fully nicked, where necessary, as described previously (21, 48, 49); all
were shown to be of high purity by sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis with Coomassie staining of protein and found
to exhibit the high levels of toxicity (assessed by mouse bioassay) as
published.

Permeabilization of Cells with Digitonin to Observe the Proteolytic
Activities of BoNT/A, BoNT/B, BoNT/C1, or BoNT/E—Bovine chromaf-
fin cells were prepared from adrenal glands and maintained in culture,
as detailed elsewhere (50). Differentiated 3T3-L1 adipocytes were pre-
pared as outlined before (21). Cells (0.5 X 10° cells/well) were washed
three times with buffer A (136 mm NaCl, 4.7 mm KCl, 1.2 mm MgSO,,
1.2 mum CaCl,, 1.2 mm Nal,PO,, 5 mM NaHCO,, 10 mm HEPES, pH
7.4). They were then permeabilized at 37 °C using 40 uM digitonin in
KGEP buffer (139 mm K* glutamate, 20 mm PIPES-HC], pH 7.0, 1 mm
EGTA, 2 mm MgCl,, 2 mm ATP, 0.25 mM phenylmethylsulfonyl fluoride,
20 pg/ml leupeptin, and 10 pg/ml pepstatin A) in the absence or pres-
ence of prereduced BoNT/A, BoNT/B, BoNT/C1, or BoNT/E (at the
concentrations given in the figure legends). More than 95% of the cells
(of the three different lines employed) exhibited nuclear staining by
trypan blue, confirming the efficacy of permeabilization. BoNTs were
reduced with 20 mm dithiothreitol in 25 mm HEPES, pH 7.4, containing
0.15 M NaCl for a minimum of 30 min at 37 °C before dilution in
digitonin-KGEP and application to cells; neurotoxin-free control cells
were exposed to the same final concentration of dithiothreitol, which
never exceeded 1 mm. After incubation, the medium was aspirated and
replaced with 50 mm NaHCO,, pH 8.5, containing protease inhibitors
and the cells were harvested and homogenized (detailed in Ref. 31). The
homogenate was adjusted to 0.32 M sucrose and centrifuged at 800 X
g for 10 min, and the resultant supernatant was subjected to
390,000 X g for 1 h to sediment all remaining membranes. The
resultant pellets were solubilized in 100 mM Tris, pH 6.8, containing
2% (wiv) SDS plus 1 mM EDTA and solubilized by heating to 90 °C for
10 min.

Immunoblotting and Quantitation of Antigens—Samples were sub-
jected to immunoblotting as detailed in Ref. 21. Antibodies bound to the
membranes were detected with anti-species-specific Ig conjugated to
horseradish peroxidase and visualized by enhanced chemilumines-
cence, using the ECL™ detection system (Amersham Pharmacia Bio-




tech). The blots were quantified by densitometric scanning, using image
analysis software (National Institutes of Health Image version 1.61),
and the resultant values were expressed as a percentage of the toxin-
free control. In addition, standard curves of the various amounts of
SNARE proteins plotted against band intensity were found to be linear.

Cell Culture, Adipocyte Differentiation, and Microinjection—3T3-L1
fibroblasts were grown on polylysine-coated glass coverslips, and once
the adipocyte phenotype was attained (using procedures detailed in Ref.
44), they were equilibrated in Dulbecco’s modified Eagle’s medium
supplemented with 10% (v/v) myoclone plus fetal calf serum, 25 mm
HEPES, pH 7.4, and 2 mM NaHCO,, and microinjected using an Ep-
pendorf semi-automatic system. Plasmids were microinjected at 20—
100 pg/ml in the absence or presence of prereduced BoNT/B (2 um) or
BoNT/E (1 pMm) in 10 mM HEPES, pH 7.5, containing 2 mM MgCL,, 10
mM dithiothreitol, and 50 um ZnSO,. It is estimated that approximately
10% of the cell volume is delivered during microinjection, thus provid-
ing an intracellular concentration of toxin of 100—-200 nM. After micro-
injection, the cells were incubated at 37 °C in Dulbecco’s modified
Eagle’s medium containing 10% (v/v) myoclone plus fetal calf serum for
16-24 h. Before further manipulation, adipocytes were incubated for
2 h at 37 °C in serum-free Dulbecco’s modified Eagle’s medium and then
for 1 h in the presence of 200 nM insulin, as required.

Immunofluorescence Analysis—In some experiments, the cellular
distribution of expressed PKB (which possesses a HA tag) was deter-
mined. Cells were fixed and permeabilized, using 4% paraformaldehyde
and 1% Triton X-100. Unless otherwise stated, all subsequent steps
were performed in phosphate-buffered saline supplemented with 3%
bovine serum albumin. In some experiments, the cells were stained
with monoclonal anti-HA antibodies (10 pg/ml of HA11; Berkeley An-
tibody Company, CA) for 30 min, followed by incubation in a 1:200
dilution of fluorescein isothiocyanate-conjugated goat anti-mouse IgG
(Sigma) or TRITC-conjugated rabbit anti-mouse IgG (Dako Laborato-
ries) for 30 min. In other experiments, PKB was visualized using a
1:200 dilution of a rabbit polyclonal anti-HA antiserum (Santa Cruz)
followed by incubation in 1:200 dilution of TRITC-conjugated goat anti-
rabbit IgG (Sigma) for 30 min.

To detect the insulin-responsive aminopeptidase, IRAP, the fixed and
permeabilized cells were stained with a rabbit polyclonal anti-IRAP
serum (5 pg/ml; a kind gift of Drs. Susanna Keller and Gus Lienhard)
in phosphate-buffered saline with 3% bovine serum albumin for 30 min.
This was followed by a 1:200 dilution of TRITC-conjugated goat anti-
rabbit IgG for 15 min. GLUT1 was immunostained using the same
procedure but with 25 pg/ml rabbit anti-GLUT1 antibody for 1 h fol-
lowed by a 1:200 dilution of TRITC-conjugated goat anti-rabbit IgG for
30 min.

Transferrin receptors were detected by staining fixed cells with un-
diluted monoclonal anti-transferrin receptor hybridoma supernatant in
phosphate-buffered saline. Depending on the nature of the experiment,
this was followed by a 1:200 dilution of TRITC-conjugated rabbit anti-
mouse IgG or fluorescein isothiocyanate-conjugated goat anti-mouse
IgG (Sigma) for 30 min in phosphate-buffered saline with 3% bovine
serum albumin.

Confocal Microscopy and Image Analysis—Confocal microscopy was
performed with a Leica DM IRBE inverted confocal microscope con-
trolled with TCS-NT4 software (Leica). Images were processed with
Adobe Photoshop 3.0 and Freelance Graphies 95 (Lotus). The extent of
GFP-GLUT4 translocation to the plasma membrane was quantified by
marking a region of interest around the exterior and interior faces of the
plasma membrane in the confocal image. The levels of fluorescence
intensity within these areas were then computed using TCS-NT soft-
ware, and the intensity of plasma membrane localized GFP-GLUT4
fluorescence (Fpy) expressed as a percentage of total cellular GFP-
GLUT4 fluorescence intensity (Fp). This method corrects for variations
in cell shape, size, and the expression level of GFP-GLUT4.

RESULTS

Murine, but Not Human, SNAP-23 Is Proteolyzed by BoNT/
E—-To investigate the role of SNAP-23 in GLUT4 vesicle dock-
ing and fusion with the adipocyte plasma membrane, the sus-
ceptibilities of the murine and human isoforms to proteolytic
attack by BoN'T/E were examined. A digitonin-based permeabi-
lization method was used to introduce the toxin into cells,
because it is known to allow efficient cleavage of other SNAREs
(outlined in Ref. 21). Following incubation in the absence or
presence of BoNTSs, permeabilized cells were lysed and sub-
jected to immunoblotting using primary antibodies reactive

Insulin and PKB-regulated GLUT4 Translocation

28089
Antibodies | _ E é @ é
reactive  [H| 41 & % 2
wie || ) %) 4]
Syntaxin 1> m Bovine
adreno-
SNAP-25 > medullary
(C-terminus) chromaffin
Sbr> cells
Chbr>
Syntaxin 4:
Mouse
SNAP-23> | 3T3-LI
d " | adipocytes
SNAP-23> |dummat Homan
T — CACO-2
Sbr> | cells
Cbr> W

Fic. 1. Proteolysis of murine SNAP-23 but not the human iso-
form by BoNT E. Bovine adrenomedullary chromaffin cells, 3T3-L1
adipocytes, or human CACO-2 cells were incubated with digitonin-
KGEP permeabilization buffer at 37 °C for 30 min in the absence or
presence of 100 nM of the specified prereduced BoNT serotype. A total
membrane fraction was prepared, and equal amounts of protein (20 pg
for chromaffin cells and 50 ug for 3T3-L1 or CACO-2 cells) were immu-
noblotted using the antibodies indicated. Binding of primary antibodies
was detected with horseradish peroxidase-conjugated secondary anti-
bodies and visualized using enhanced chemiluminescence (see “Exper-
imental Procedures”).

with the relevant SNAREs (detailed in “Experimental Proce-
dures”). Indeed, application of BoNT/A, BoNT/C1, or BoNT/E to
permeabilized bovine chromaffin cells resulted in cleavage of
the majority of SNAP-25, type C1, additionally, proteolyzed
syntaxin 1, whereas BoNT/B proteolyzed the Sbhr isoforms and
Cbr present (Fig. 1). Also, BoN'T/B gave nearly complete cleav-
age of Cbr and Sbr in permeabilized mouse 3T3-L1 adipocytes
and human CACO-2 cells (Fig. 1). These data confirm the high
proteolytic activities and appropriate substrate selectivities of
the BoNT serotypes used in this study.

The cleavage of SNAP-23 at its C terminus by BoNT/E was
investigated using an antiserum that recognizes the C-termi-
nal 11 amino acids downstream of the putative cleavage site in
murine SNAP-23 (potentially between Lys'®°-Ile'%® (21)); the
expectation was that this cleavage would result in the disap-
pearance of its immunoreactivity on Western blots. Whereas
treatment of permeabilized mouse and human cells for 30 min
with 100 nM of either BoNT/A or BoNT/C1 failed to produce
significant cleavage of either murine or human SNAP-23, an
identical exposure to BONT/E diminished the level of reactivity
of murine SNAP-23 (Fig. 1). Quantitation by densitometric
scanning revealed that BoNT/E removed 76.8 + 2.9% (mean +
S.D from four separate experiments) of the immunoreactive
SNAP-23 present, compared with toxin-free control. In contrast
to this extensive cleavage of murine SNAP-23, BoNT/E consis-
tently failed to yield detectable proteolysis of SNAP-23 in the
human CACO-2 cell line, under the same conditions (Fig. 1);
however, a very slow rate of cleavage cannot be excluded.
Furthermore, BoNT/E did not alter the abundance of Sbr-2/Cbr
or syntaxin isoforms 1 or 4 in any of these cell lines, reaffirming
its known selective proteolytic action (Fig. 1). The observed
insensitivity of syntaxin 4 to proteolytic attack by type C1 (Fig.
1) confirms earlier studies (51).

A Requirement for Zn®* and Prereduction of the Interchain
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FiG. 2. Proteolysis of mouse SNAP-23 by BoNT/E requires Zn?*
and reduction of the interchain disulphide bond of the toxin.
3T3-L1 adipocytes were permeabilized in digitonin-KGEP buffer at
37 °C for 30 min in the absence or presence of 100 nM of either prere-
duced (red) or nonreduced (ron-red) BoNT/E. The reduced toxin was
preincubated with the chelator specified (1,10-phenanthroline (PTL), 2
mm; EDTA, 2.5 mm; or dipicolinic acid (DPA), 2 mm) for 30 min at 37 °C
in digitonin-KGEP buffer (lacking 2 mm MgCl,) prior to application to
the cells. Equal amounts of membrane protein were immunoblotted
using an antiserum specific for the C terminus of SNAP-23 as described
under “Experimental Procedures.”

Disulphide of BoNT/E for Proteolysis of Murine SNAP-23 Es-
tablishes Its Selective Action—To reliably confirm that murine
SNAP-23 is cleaved by BoNT/E, we investigated two physical
requirements for the proteolytic activities of the other BoNT
serotypes shared by type E, namely that Zn?* is essential and
that reduction of the interchain disulphide bridge is necessary
to activate the protease of the light chain (reviewed in Refs.
28--30). As shown in Fig. 2, prereduction of BoONT/E was found
to be a prerequisite for proteolysis of SNAP-23 in permeabilized
3T3-L1 adipocytes. Moreover, incubation of reduced BoNT/E
with the divalent cation chelators EDTA, dipicolinic acid, and
1,10-phenanthroline (which is highly selective for Zn%*, com-
pared with CaZ?* or Mg?") before introduction into 3T3-L1
adipocytes removed the ability of BoNT/E to cleave SNAP-23
(Fig. 2); in contrast, the activity of the toxin was not altered by
the protease inhibitors included in the permeabilization buffer
to inhibit a broad range of other cellular proteolytic enzymes
(see “Experimental Procedures”). Therefore, the unique prote-
ase activity of BoNT/E must be responsible for cleavage of
murine SNAP-23 in 3T3-L.1 adipocytes.

Murine SNAP-23 Is Not as Efficiently Proteolyzed as
SNAP-25 by BoNT/E—Digitonin-permeabilized chromaffin
cells that express SNAP-25 and 3T3-L1 adipocytes that contain
SNAP-23 were exposed to various concentrations of BoNT/E.
The extents of proteolysis of the respective targets were deter-
mined essentially as described in the legend to Fig. 1, by
densitometic scanning of the resultant Western blots. The con-
centrations of BoNT/E extrapolated from the plot in Fig. 3
(circles) required to cleave 50% of SNAP-25 was 0.3 nM; in
contrast, this extent of cleavage of murine SNAP-23 in perme-
abilized adipocytes required 30 nM BoNT/E (Fig. 3, squares).
Thus, BoNT/E is 100-fold less effective in cleaving murine
SNAP-23 than its homologue, SNAP-25. Nevertheless, BONT/E
could diminish the SNAP-23 content by 90.3 + 2.8% (mean =
S.D., n = 3). While 2.4 nm BoNT/C1 was sufficient to proteolyze
50% of SNAP-25, longer term treatment of permeabilized adi-
pocytes with high concentrations of this toxin (300 nm) caused
insignificant proteolysis of murine SNAP-23 (Fig. 3). A small
reduction (approximately 20%) in murine SNAP-23 by BoNT/A
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Fic. 3. Relative susceptibilities of SNAP-25 and murine
SNAP-23 to BoNTs. Prereduced BoNT/E, BoNT/A, or BoNT/C were
incubated in digitonin-KGEP buffer for 45 min at 37 °C with either
bovine chromaffin cells (source of SNAP-25; circles) or murine 3T3-L1
fibroblasts (containing SNAP-23; squares). After terminating the pro-
teolytic activity of the toxins using divalent cation chelators, post-
nuclear membrane fractions were harvested. Equal amounts of mem-
brane protein were subjected to immunoblotting using the appropriate
antibodies, and the relative amounts of primary antibody bound were
visualized using methods specified in the legend to Fig. 1. The amount
of substrates remaining after BoNT treatments were quantified by
densitometry and expressed as means (* S.D.; n = 3-5) relative to
toxin-free control incubations.

100

(280 nM) was observed (Fig. 3); however, because 0.04 nM of
BoNT/A gave an equivalent degree of proteolysis of SNAP-25,
cleavage of SNAP-23 requires approximately 7000 times more
toxin. Thus, the ability of BoNT/E to selectively proteolyze
SNAP-23, as well as the incubation conditions necessary to
attain its efficient cleavage, have been established.

To conclude, our observations confirm the reported proteol-
ysis of bacterially expressed murine SNAP-23 by native
BoNT/E (52), although another group found murine recombi-
nant SNAP-23 to be resistant to the toxin (25). The inability of
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IRAP

a GFP-GLUT4

Fic. 4. GFP-tagged GLUT4, IRAP, and GLUT1 co-localization
in 8T38-L1 adipocytes. a, 3T3-L1 adipocytes were microinjected with
plasmid encoding GFP-GLUT4 and imaged 24 h later after fixing and
staining with an anti-IRAP antibody, which was detected using TRITC-
conjugated anti-rabbit IgG. b, adipocytes were microinjected with the
plasmid encoding GFP-GLUT4 and imaged 24 h later after fixing and
staining with an anti-GLUT1 antibody that was detected using TRITC-
conjugated anti-rabbit IgG. The figure shows representative laser scan-
ning confocal micrographs of the distribution of these proteins.

this toxin to proteolyze human SNAP-23 agrees with the find-
ing of others (53). SNAP-23, while being 59% identical in amino
acid sequence to SNAP-25, exhibits extensive diversity at its C
terminus (36-38), the region which encompasses the cleavage
sites of BoNT/A, BoNT/C1, and BoNT/E. Thus only small
changes in amino acid sequence between SNAP-25 and human
SNAP-23 could account for the inabilities of BONT/A, BoNT/C1,
or BoNT/E to proteolyze the latter. Similarly, human and mu-
rine forms of SNAP-23 also differ by 13% (36-38), perhaps
explaining their differing proteolytic susceptibilities to BoNTs.

GFP-GLUTH4 Trafficking to the Plasma Membrane Occurs in
Response to a Constitutively Active Form of PKB—Having dem-
onstrated the cleavage of SNAP-23 by BoNT/E, its effect on
GLUT4 translocation was investigated after microinjection
into 3T3-L1 adipocytes. To monitor GLUT4 translocation, we
used a single cell assay that involved expression of a chimera
linking GLUT4 to the C terminus of GFP from the jellyfish,
Aequoria victoria (44). This entailed microinjecting a plasmid
encoding GFP-GLUT4 into the nucleus, followed by laser scan-
ning confocal microscopy 24 h later. We confirmed that the
GFP-GLUT4 chimera was expressed in native GLUT4-contain-
ing vesicles, by demonstrating its efficient co-localization with
endogenous IRAP, a bona fide GLUT4 vesicle-resident protein
(54, 55). As shown in Fig. 4a, the majority of the GFP-GLUT4-
containing vesicles co-localized with IRAP. In addition, GFP-
GLUT4 was found in GLUT1-containing vesicles (presumably
endosomes) but also in a population of vesicles that largely
lacked GLUT1 (Fig. 4b). This is consistent with the known
apparent distribution of GLUT4 between endosomes and spe-
cialized GLUT4-containing vesicles as determined previously
(56, 57). In the basal state, the bulk of the GFP-tagged GLUT4
was distributed throughout the cytoplasm and just beneath the
plasma membrane but was also concentrated close to the nu-
cleus (Fig. 5a). Exposure to insulin resulted in a dramatic
redistribution of GFP-GLUT4, such that a continuous line of
fluorescence was observed on the plasma membrane (Fig. 5b;
see also Ref. 44).
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Fic. 5. Insulin and constitutively active PKB promote GFP-
GLUT4 translocation. 3T3-L1 adipocytes were microinjected with a
plasmid encoding GFP-GLUT4 and imaged 24 h later after incubation
in the absence (¢ and c—f) or presence (b) of 200 nM insulin for 1 h.
Alternatively, the cells were additionally co-microinjected with plas-
mids directing the overexpression of wild-type PKB (c and e) or consti-
tutively active PKB-DD (d and f). These cells were fixed and, in the case
of ¢ and d, stained with anti-HA antibodies that recognize the HA-tag
on the expressed PKBs. Visualization of GFP-GLUT4 fluorescence (a, b,
e, and ) or anti-HA immunofluorescence using TRITC (¢ and d) were
performed by laser scanning confocal microscopy. Selected representa-
tive cells are shown.

Adipocytes were also co-microinjected with pGFP-GLUT4
and plasmids encoding either wild-type PKB or a mutant PKB
rendered constitutively active through substitution of Thr®%®
and Ser®™ for aspartate residues (PKB-DD; both PKB con-
structs possessed a HA epitope tag for subsequent detection).
The cells were fixed, stained with anti-HA antibodies, and
imaged 24 h post-microinjection. Interestingly, both wild-type
PKB and PKB-DD were located largely on the plasma mem-
brane (Fig. 5, ¢ and d); this is different from the predominantly
cytosolic distribution of this kinase in nonstimulated fibro-
blasts and adipocytes as determined by either immunofluores-
cence staining or cell extraction followed by subcellular frac-
tionation (9, 58—-60). The reasons for the discrepancy are not
known but could reflect the ability of the pleckstrin homology
domain of PKB to bind phosphatidylinositide (4,5)-bisphos-
phate (61), which may be more abundant in the plasma mem-
brane of resting 3T3-L1 adipocytes. Nevertheless, a plasma
membrane location of the wild-type protein per se is not suffi-
cient to promote the translocation of GLUT4-containing vesi-
cles (Fig. 5¢). PKB-DD, but not wild-type PKB, caused GFP-
GLUT4 translocation to the plasma membrane to a similar
extent to that induced by insulin (i.e. compare Fig. 5, f versus
b). Thus, PKB activation mimicked by substitution of Thr3°®
and Ser®*’® for aspartate residues can promote GLUT4
translocation.

BoNT/B and /E Block GLUT4 Translocation Induced by Con-
stitutively Active PKB More Efficiently than That Evoked by
Insulin—Because 100 nm BoNT/E was required to cause ap-
proximately 90% proteolysis of SNAP-23 in permeabilized
3T3-L1 adipocytes in a 45-min incubation (Fig. 3), concentra-
tions of between 100 and 200 nM were delivered by microinjec-
tion. Because BoNTs can exert their activities over long periods
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Fic. 6. BoNT/B and BoNT/E block GFP-GLUT4 translocation in
3T3-L1 adipocytes. 3T3-L1 adipocytes were microinjected with pGFP-
GLUT4 and where appropriate PKB-DD, in the presence of prereduced
BoNT/B (B) or BoNT/E (E) or toxin-free buffer (—) as indicated. The
cells were serum starved for 2 h and treated, as indicated, in the
absence or presence of 200 nM insulin for 1 h. The cells were fixed,
permeabilized, and stained with anti-HA antibodies to confirm the
expression and location of HA-tagged PKB-DD. The cells were then
examined both visually and by laser scanning confocal microscopy. In a,
cells that were deemed visually to have undergone a translocation
response (i.e. exhibited a continuous line of GFP fluorescence around
the plasma membrane) are expressed as the percentage of all cells
examined. In b the data (means * S.E.) is plotted as the fraction of total
GFP-GLUT4 fluorescence found in the plasma membrane, calculated
from a confocal image of the cell (see “Experimental Procedures”).
Because fewer than 50% of the cells responded to PKB-DD or insulin
(@), in b only those cells that exhibited a translocation response were
used in the guantitation in conditions 2, 5, 6, and 7. In both panels, the
results are pooled from two independent experiments, and each bar
comprises data from 20—44 cells. * indicates p values of <0.001 versus
toxin-free insulin-stimulated controls.

in mammalian cells (reviewed in Refs. 21 and 30),%2 most of the
SNAP-23 would be cleaved by type E during the following 24 h
period, while the GFP-GLUT4 was expressed from the co-
injected GFP-GLUT4 plasmid. In validation of this approach, a
previous study found that insulin-stimulated glucose-uptake in
BoNT/B-treated 3T3-L1 adipocytes remains maximally inhib-
ited for at least 48 h (21). Subsequently, the effect of the toxin
on GFP-GLUT4 translocation induced by PKB-DD or insulin
was examined. In parallel experiments, the involvement of
Sbr-2/Cbr was investigated after administration of BoNT/B at
a concentration known in these cells to cause near complete
proteolysis of Sbr-2 and Cbr. At the end of the experiments, the
cells were fixed and stained with anti-HA antibody to confirm,
where necessary, the expression and subcellular location of
PKB variants.

The translocation of GFP-tagged GLUT4 was quantified in

2P. G. P. Foran, L. M. Fletcher, P. B. Oatey, N. Mohammed, J. O.
Dolly, and J. M. Tavaré, unpublished observations.
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Fic. 7. BoNT/B and BoNT/E block GFP-GLUT4 translocation in
response to constitutively active PKB. 3T3-L1 adipocytes were
microinjected with plasmids encoding GFP-GLUT4 and constitutively
active PKB-DD (a—f), in the absence (¢ and d) or presence of prereduced
BoNT/B (b and e) or BoNT/E (¢ and f). After 24 h, the cells were fixed
and immunostained with anti-HA antibodies to visualize the expressed
PKB-DD. The figure shows fluorescence micrographs obtained by con-
focal microscopy. GFP-GLUT4 distribution is visualized in a-c. d-f
illustrate the distribution of PKB detected using HA-staining.

two ways. First, we visually examined each cell and determined
whether they exhibited a continuous ring of fluorescence
around the plasma membrane, indicative of translocation. On
this basis, in the basal state, none of the cells showed a “trans-
located phenotype” (Fig. 6a). It was found that insulin and
PKB-DD induced GFP-GLUT4 translocation in a similar frac-
tion of the cells (Fig. 6a). (The reason underlying the heteroge-
neity in the insulin response is not known but has been noted
in our previous studies on both insulin-stimulated GLUT4
translocation (44) and gene transcription (62), as well as by all
others using the plasma membrane lawn technique to assess
GLUT4 translocation.) As a second measure of the extent of
GFP-GLUT4 translocation, the amount of GFP-GLUT4 found
at the plasma membrane was calculated as a fraction of the
total cellular GFP-GLUT4 measured. Thus, insulin and
PKB-DD also caused a similar increase (approximately 4-fold)
in the level of plasma membrane GFP-GLUT4.

The ability of PKB-DD to promote GLUT4 translocation to
the plasma membrane in toxin-free cells (Figs. 6b and 7a) was
completely blocked in the presence of microinjected BoNT/B
(Figs. 6b and 7b) or BoNT/E (Figs. 6b and 7¢), whereas the
expressed PKB-DD was again mostly confined to the plasma
membrane (Fig. 7, d-f). In the case of insulin, although neither
toxin appeared to reduce the proportion of cells that responded
to insulin (Fig. 6a), the fraction of GFP-GLUT4 that translo-
cated in each individual cell was reduced by approximately 65%
by either toxin (Fig. 6b). This partial inhibition of the insulin-
stimulated GLUT4 translocation event by BoNT/B is consist-
ent, therefore, with our previous studies (21). Similarly, Rea et
al. (42) reported that a C-terminal peptide from SNAP-23 or
specific antibodies reactive to the latter only blocked insulin-
stimulated GLUT4 translocation by approximately 40% in per-
meabilized cells (see “Discussion”).

Insulin, but Not PKB-DD, Stimulates the Translocation of
the Transferrin Receptor and GLUTI—The data presented
above suggest that insulin stimulates GLUT4 translocation via
two distinct pathways, only one of which is blocked by BoNT/B
or BoNT/E. The latter may represent the trafficking pathway
that responds to the introduction of the constitutively active
PKB-DD mutant. We thus investigated the nature of the toxin-
insensitive GLUT4 trafficking pathway.

In the basal state, GLUT4 is found in a vesicle compartment
termed a GLUTY storage vesicle (43), which contains Sbr-2 but
is apparently devoid of GLUT1 and the TfR, as well as in the
recycling endosomal pool that also contains the TfR and
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Fic. 8. GLUT1 and transferrin receptor translocation are
stimulated by insulin but not by PKB-DD, 3T3-L1 adipocytes were
microinjected in the absence or presence -of plasmids encoding the
human transferrin receptor (e-h) and PKB-DD (¢, d, g, and k). 24 h
later the cells were incubated in the absence (g, ¢, d, e, g, and h) or
presence (b and f) of 200 nM insulin for 1 h prior to fixation and staining
with polyclonal anti-GLUT1 antibodies (a—¢) or murine monoclonal
anti-hTfR antibodies (e-g). The cells in ¢ and g were co-stained with
rabbit polyclonal antibodies reactive with the HA epitope present on the
expressed PKB to give d and h, respectively. Visualization of GLUT1
and transferrin receptors (with TRITC) or PKB-DD (using fluorescein
isothiocyanate) was performed by laser scanning confocal microscopy.
Selected representative cells are shown.

GLUT1 (Refs. 23, 56, and 57; see also “Discussion”). Therefore,
we investigated the effect of insulin or PKB-DD on GLUT1 and
T{R translocation. Immunofluorescence staining showed that
the majority of cells exhibited relatively low levels of endoge-
nous GLUT1 on the plasma membrane in the basal state, i.e.
few cells exhibited a continuous ring of GLUT1 immunofluo-
rescence in the plasma membrane (Figs. 8¢ and 9a). Insulin
treatment caused an increase in GLUT1 translocation such
that approximately 70% of the cells exhibited a continuous ring
of GLUT1 immunoreactivity at the plasma membrane (Figs. 86
and 9a). Conversely, expression of the constitutively active
PKB-DD had no apparent effect on the subcellular distribution
of GLUT1 or the ability of insulin to cause a translocation to
the plasma membrane (Figs. 8, ¢ and d, and 9a). The extent of
GLUT1 translocation was quantified and expressed as the frac-
tion of cellular GLUT1 present in the plasma membrane (% of
total). In cells expressing wild-type PKB, 8.9 + 0.9% (n = 46) of
the GLUT1 was expressed in the plasma membrane (mean *+
S.E. for the number of cells shown in parentheses and pooled
from three independent experiments). In the presence of
PKB-DD but the absence of insulin, 6.2 + 0.6% (n = 41) of the
GLUT1 was found in the plasma membrane; however, this
increased to 22.1 * 1.7% (n = 37) in the simultaneous presence
of insulin and PKB-DD (p < 0.001 versus control without
insulin).

To investigate the distribution of the TfR and because our
antisera do not detect endogenous murine TfR, 3T3-L1 adipo-
cytes were microinjected with a plasmid encoding the hTfR.
This was subsequently detected by immunofluorescence stain-
ing with a highly avid monoclonal antibody specific for the
human form of the receptor. In the basal state, the expressed
hTfR was predominantly located intracellularly (Fig. 8¢) and
exhibited a considerable co-localization with endogenous
GLUT4 (data not shown), although this was incomplete, as
would be expected (57). Unlike GLUT1, however, in some cells
(approximately 20-30%; Fig. 9b) a continuous ring of hTfR
immunofluorescence was found in the plasma membrane prob-
ably as a result of overexpression. Exposure to insulin caused a
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F1c. 9. Insulin, but not PKB-DD, stimulates GLUT1 and trans-
ferrin receptor translocation to the plasma membrane of 3T3-L1
adipocytes, responses that are resistant to the action of BoNTs.
In a, 3T3-L1 adipocytes were microinjected with or without
pCMV5-hTfR where appropriate and in the absence or presence of
PKB-DD as indicated. After 24 h the cells were serum starved for 2 h
and treated in the absence or presence of 200 nM insulin for 1 h, as
specified. The cells were fixed, permeabilized and, where specified,
stained with anti-GLUT1 or anti-hTfR antibodies. The cells were then
examined both visually and by laser scanning confocal microscopy.
Those that exhibited a continuous line of GLUTI- or transferrin recep-
tor-derived fluorescence around the plasma membrane were deemed to
have undergone translocation. These data are expressed as the percent-
ages of cells examined that underwent translocation. Each bar com-
prises at least 65 cells pooled from at least two separate experiments. In
b, 3T3-L1 adipocytes were microinjected with pCMV5-hTR and, where
indicated, with prereduced BoNT/B or BoNT/E or toxin-free buffer (—).
The cells were treated in the absence or presence of insulin and were
then fixed, permeabilized, and stained with anti-hTfR antibodies. All
the cells expressing hTfR were then examined by laser scanning confo-
cal microscopy, and the amount of hTfR located in the plasma mem-
brane was calculated as a fraction of the total cellular content. The data
are expressed as means * S.E. Each bar represents data from at least
150 cells, pooled from at least two separate experiments. * indicates p
values <0.001 versus toxin-free basal controls. * indicates that no
significant statistical difference exists relative to insulin-treated toxin-
free controls.

pronounced translocation of hTfR to the plasma membrane
such that approximately 70% of the cells now exhibited a con-
tinuous ring of hTfR around the plasma membrane (Figs. 8f
and 9a). But, as with GLUT1, the constitutively active PKB-DD
mutant did not promote any detectable translocation of hTfR to
the plasma membrane or alter the ability of insulin to cause
translocation of the latter (Figs. 8¢ and 9a).

The effects of BoNT/B and BoNT/E on insulin-stimulated
transferrin receptor translocation were quantified; the ectopic
expression of the hTfR allowed us to easily detect the toxin
injected cells. However, neither BoNT had any significant ef-
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fect on insulin-stimulated translocation of hTfR (Fig. 9b). In
support of the validity of our results, a recent study by Martin

- and co-workers (23) found that transferrin-horseradish perox-
idase-mediated ablation of recycling TfR-containing endosomes
inhibited the subsequent insulin-stimulated translocations of
TR, as well as GLUT1. Despite this, insulin was still able to
elicit large increases in the cell surface levels of GLUT4, pre-
sumably through activation of an alternate vesicle trafficking
pathway (i.e. distinct from the fusion of recycling endosomes
with the plasma membrane).

DISCUSSION

The molecular basis underlying the ability of insulin to pro-
mote the translocation of GLUT4 and thus stimulate glucose
uptake remains incompletely defined. OQur results comparing
the effects of insulin and a coastitutively active PKB mutant,
together with the use of two botulinum toxins, support the
proposal (16, 23, 42, 43, 57) that at least two pathways are
involved in insulin-stimulated GLUT4 trafficking to the
plasma membrane. Notably, our results suggest that only one
of these pathways is sensitive to the action of a constitutively
active PKB.

Insulin stimulated the translocation of GLUT1, GLUT4, and
the TfR to the plasma membrane of 83T3-L1 adipocytes. This
contrasted with the effect of overexpressing a constitutively
active PKB-DD mutant (rendered active via substitution of the
PDK1 and PDK2 phosphorylation sites with aspartate resi-
dues), which promoted only a translocation of GLUT4 but not
GLUT1 or TfR. The effect of PKB-DD on GLUT4 translocation
is consistent with the known effects on glucose transport of the
constitutively active gag-Akt oncogene and a PKB mutant pos-
sessing a myristoylation signal sequence at its N terminus (8,
9). Although this suggests that PKB activation can mimic in-
sulin-stimulated GLUT4 translocation, its precise role in the
effect of insulin remains controversial. For example, Cong and
co-workers (63) found that a dominant-negative PKB blocked
insulin-stimulated glucose transport by approximately 20%,
whereas Kitamura et al. (64) found no apparent effect. Regard-
less of this controversy, constitutively active PKB-DD is clearly
a useful tool to investigate the mechanism by which insulin
may promote GLUT4 translocation.

We investigated the role of SNARE proteins in the insulin-
and PKB-mediated translocations of GLUT4, GLUTI, or T{R.
Numerous studies have highlighted the essential requirement
of syntaxin 4 and Sbr-2/Cbr for insulin-stimulated GLUT4
vesicle translocation in adipocytes (see the Introduction). To
form a high affinity interaction between vesicle-derived Sbr
and plasma membrane syntaxin-1, SNAP-25 is required (39,
40). However, numerous laboratories (20, 25, 34, 35, 38), in-
cluding our own (see the Introduction) have been unable to
detect the expression of SNAP-25 in 3T3-L1 adipocytes, despite
the use of extremely sensitive Western blotting and high affin-
ity selective antibodies. This prompted us to investigate the
role of SNAP-23, which exhibits the appropriate molecular
characteristics (see the Introduction), is abundant in 3T3-L1
adipocytes and was reported by James and colleagues (42) to be
involved in insulin-stimulated glucose uptake.

BoNT/E cleaves murine, but not human, SNAP-23 in perme-
abilized cells, albeit at 100-fold higher concentrations than
required for equivalent cleavage of SNAP-25. However, when
employed at a sufficient concentration, BONT/E can proteolyze
>90% of SNAP-23, thus enabling an assessment of the role of
this SNARE in GLUTY vesicle trafficking. To do this, we mi-
croinjected BoN'T/B or BoN'I/E and performed single cell imag-
ing of GLUT4 translocation using a GFP-tagged GLUT4 con-
struct. Although insulin-stimulated GLUT4 translocation to
the plasma membrane was partially blocked (approximately
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65%) by BoNT/E, intriguingly this toxin completely blocked the
effect of PKB-DD on GLUT4 translocation (Figs. 6 and 7). The
same result was obtained following introduction of BoN'T/B into
cells to cleave the Sbr-2/Cbr present. Collectively, these obser-
vations suggest that PKB-dependent GFP-GLUT4 transloca-
tion is completely dependent on Sbr-2/Cbr and SNAP-23.

Although a variety of methods have been used to interfere
with SNARE interactions in adipocytes, only partial inhibitions
(maximally between 65—80%) of insulin-stimulated glucose up-
take and GLUT4 translocation have been reported. These in-
clude the use of botulinum or tetanus toxins (21, 24, 26), inter-
fering SNARE fragments, and peptides (14, 16, 22, 42) or
inhibitory anti-SNARE antibodies (14, 42). Failure to achieve a
complete blockade of the insulin response thus led to the pro-
posal that insulin uses both BoNT-sensitive and -insensitive
pathways to promote GLUT4 translocation. Our data suggest
that PKB-DD exclusively stimulates GLUT4 translocation via
the BoNT-sensitive pathway and from a vesicle pool that lacks
GLUT1 and T{R. Such a vesicle population probably represents
the post-endocytic GLUT4 storage compartment termed
GLUT4 storage vesicles by Rea and James (43) and that re-
sembles small synaptic vesicles with respect to its SNARE
content and recycling characteristics.

Although GLUT4 and GLUT1 have been shown to segregate
into distinct vesicle pools in adipocytes (56, 56, 66), there is also
considerable evidence to suggest that a substantial fraction of
GLUT4 (approximately 40-50% (56, 57)) also resides in recy-
cling endosomes that contain GLUT1 and the TR. Insulin-
stimulated translocation of GLUT1 from this latter pool to the
plasma membrane occurs independently of Sbr-2/Cbr and
SNAP-23 (16, 23, 42), observations that are consistent with our
own data in which neither BoNT/B nor BoN'T/E blocked insu-
lin-stimulated TfR translocation (Fig. 95). It is curious to note
that despite the known presence of Cbr in approximately 60%
of transferrin receptor-containing vesicles in 8T8-L1 adipocytes
(57), we observe no significant inhibition of insulin-stimulated
translocation when Cbr function is prevented. Although an
earlier study (21) suggested that Cbr may mediate insulin-
stimulated GLUT4 translocation, more recently Martin and
co-workers (23) found that only Sbr-2 was likely to be involved.
Therefore, the precise function of Cbr in 3T3-L1 adipocytes is
yet to be defined.

Although the exocytosis of GLUT1- and TfR-containing ves-
icles recycling via the endocytic pathway is not sensitive to the
actions of PKB-DD (F'ig. 8), inhibitors of PI3-kinase have been
reported to block insulin-stimulated translocation of the trans-
ferrin receptor (67) and GLUT1 (4). Taken together with our
own data, this suggests that PI3-kinase is central to the trans-
location of GLUT4 from both pools. However, the signal may
then diverge such that PKB then mobilizes GLUT4 to the
plasma membrane from the GLUT4 storage vesicles and an as
yet unknown pathway stimulates mobilization of GLUTY,
GLUT1, and the T{R from recycling endosomes. If the two pools
of GLUT4 are in dynamic equilibrium, in the presence of dom-
inant-negative PKB, GLUT4 may be able to traffic to the
plasma membrane by returning into recycling endosomes. The
extent to which insulin utilizes these two trafficking mecha-
nisms in any one cell type and the degree to which these pools
might equilibrate may help to explain why dominant-negative
PKBs only partially suppress insulin-stimulated GLUT4 trans-
location (63), if they have any effect at all (64). This possibility
requires further investigation.

Concluding Comments—Our data lend support to the pro-
posal that GLUT4 translocation occurs via at least two distinct
trafficking pathways. One is Sbr-2/Cbr and SNAP-23-depend-
ent and may represent GLUT4 storage vesicles that can be
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mobilized to the plasma membrane in response to constitu-
tively active PKB-DD. This pathway may correspond to the
pool of GLUT4 in adipocytes reported to resemble small syn-
aptic vesicles in neurons (based on morphology and recycling
characteristics). The other trafficking pathway is Sbr-2/Cbr-
and SNAP-23-independent (or can at least use alternative
BoNT-insensitive SNARE proteins) and is not stimulated by
PKB-DD. The latter pathway may represent the translocation
of GLUT4 present in GLUT1- or TfR-containing endosomes.

Other trafficking pathways and/or signaling mechanisms
may also exist. For example, GLUT4 translocation induced by
osmotic shock or GTPyS in adipocytes or contraction in muscle
have been reported to occur independently of PI3-kinase and
protein kinase B (22, 65, 68, 69). Clearly, identifying the events
between PI3-kinase activation and SNARE-dependent docking/
fusion of GLUT4 vesicles, as well as the other “putative” path-
ways utilized by insulin that may operate irideperidently of
Sbr-2/Cbr and SNAP-23, are important avenues for fiiture
exploration.
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