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acetylcholine release when 3dministe~ ed intrat-neuronafly. However, a monoclonal antib-ody
found to be reactive with a peptide sequence from near the N-terminus of LC neutralised and,
actually, reversed the toxin's inhibition of neurotransmission; clearly, this domain is essential
for neurtoxicity, a finding reaffirmed by site-directed mi~agenesis. Thus, results to date
dictate that the desired non-toxic transporter can be readily constructed by routine
reconstitution (involving S-S bridging) of the BoNT HC with LC truncated at its N-terminus,
a fetasible task now being undertaken that should yield a vehicle capable of wagetting to the
nerve ending acceptors and translocating into the cholinergic neurons inactive LC, eventually
with a covallently-attached BoNT-neutralising drug. Moreover, one form of the latter has
already been produced i.e. anti-LC monoclonal antibodies with the demonstrated ability to
counteract the effects of internalised BoNT.

Exciting progress has been afforded with the other essential facet of the project - the
toxins' molecular action and the fu~ndamental process of exocytosis - by the reported Zn24 -
dependent proteolytic cleavage by BoNT/B or tetanus toxin (TeTX) of synptobrevin (Sbr)
in brain synaptic vesicles. However, classical inhibitors of metalloproteases and ASQFETS, a
heopeptide that spans the cleavage site, were found to be poor inhibitors of Sbr breakdown
by TeTX and virtually ineffective against BoNT/B. On the other hand, larger polypeptides
corresponding to s-gments of Sbr sequenice appear to interact much more strongly with these
toxins and ,thus, there is a growing prospect of devising a potent toxin inhibitor that could
also be targetted via th~e cholinergic tranrsporter. Although BoNT/A does not cleave Sbr,
metal chelators and inhibitors of neutn- endoproteases antagonise: its action, and that of type
B and TeTY, at the neuromuscular junction provided they are llposomally-delivered inside
the nerve terminals& Apparently, all these CGosrri~ala toxins act through their specific protease
activities whIdch are clearly distinct for BoNT/A and the others, though subtle differences

weealso revealed between BoNTIB and TeTX The imiportance of Sbr in exocytosis,
inerred ftrom it being a target for some of these toxins, may relate to its possibl interaction
with microtubules because disassembly of the latter was demonstrated to reduce the efficacy
of BoNT/B, E., F and TeTX (but contrastingly not BoNT/A). Unlike exocrine cells whose
secretion process is BoNT/A resistant, use of pemeabilised chromnaffin cells is proving
fruitflu in allowing the functional site of action of BoNT/A and TeTX on exocytosis to be
pinpointed; although both block the AT?-depenident but not the energy-. independent
component of secretion, they appear to act at distinct loci. Undoubtedly, continued
application of these toxins as specific probes, particularly when used in conjunction with
available antibodiies to Sbr and other presynaptic proteins deemed to be involved in
exocytosis, will yield mechanistic insights into the fuandamiental process; in turn, this should
f~cfiultte advances in development of a furthier genertion of agents effective against botulism.
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SECTION 1. GENERAL INTRODUCTION
The long-term aim of'his research program is to design a novel and effective ;reatment for human

botulism, P usually fatal neuroparalytic condition caused by several structurally-related forms of
botulinum neurotoxin (BoNT), from different species of Clostridium botulinum. All BoNT types (A-G),
large proteins consisting of a disulphide-linked heawy (HC; Mt -- 1OOkD) and light (LC; Mr - 50kD)
chain, specifically and irreversibly block the release of acet3'lcholine (ACh) by targetting to motor nerve
endings, via interaction with membrane ecto-acceptors uniquely located ther"'on, fbllowed by efficient
uptake and eventual inactivation of an intracellular and ubiquitous component that is essential for the
release of all neurotransmitters (reviewed by Dolly, 1992). Our experimental strategy is to prepare an
innocuous derivative of BoNT/A that would retain its unique abilities to bind to cholinergic presynaptic
ecto-acceptors and become internalised, thereby serving as a membrane transporter to which BoNT-
neutralising agents could be attached for delivery into the cholinergic nerve terniinals. Thus,. this project
entails three main facets, as detailed in the original proposal, all of which have been investigated in the
first half of the contract, focussing in separate sections on:
1. Deciphering the structural features of BoNT that are essential for ecto-acceptor binding, internalisation
and intracellular action which will be paramount in the production of a cholinergic transporting vehicle.
2. Determining whether the various BoNT types have overlapping or distinct neurora.l acceptors at
mammalian endplates, intbrmation relevant to their exploitation for clinical purposes.
3. Elucidating the molecular mechanism of action of BoNT with a view to the future development of
intracellularly-acting antagonists, suitable for conjugation to the BoNT transporter and with potential for
the therapy of botulism.

Although 12 5 1.labelled BoNT/A and B have been shown to bind saturably (Dolly e! al., 1984)
and exclusively (Black and Dolly, 1987) to cholinergic nerves and to be consequently internalsed by an
energy- and temperature-dependent process (Black and Dolly, 1986a, b), the limited resolution of the
electron-microscopy (EM) autoradiography used precluded morphological evidence being obtained for
acceptor-nediated endocytosis of BoNT. Hence, the development of a suitable colloidal-gold BoNT- 0

conjugate is described here that allows neuronal trafficking to be followed, for the first time, by high
resolution EM. In addition to elucidating the toxins' internalisation mechanism, this methodology will be
essential for future monito-ing of the binding, uptake and membrane translocation of a BoNT- based
transporter. In order to investigate the 'productive' binding of toxin underlying uptake at the
neuromuscular junction, a -educed / alkylated derivative (Red-A-BoNT/A) was used because it 0

recognises the ecto-acceptors whilst a lack of toxicity permits its use as a functional antagonist (Dolly et
aL, 1992), Advantageously, the 'active' binding conformation of the HC is maintained ia the derivatised
form, in contrast to renatured free HC (exposed to 2M urea during isolation) that exhibits low affinity for
these mammalian acceptors (Bandyopadhyay el al., 1987 ; Black and Dolly, 1986a). Furthermore, Red-
A-BoNT/A was exploited in competition experiments to distinguish binding sites in this tissue
preparation for the various Clostridial neurotoxins and, by use in conjunction with alkylated HC and LC,
revealed that internalisation requires the toxin's inter-chain disulphide or its half-cystines. Finally, studies
on the intra-neuronal activities of Red-A-BoNT/A or its alkylated LC (A-LC) showed that none of the
thiols are essential for the intracellular blockade by LC of transmitter release. Thus, future efforts to
inactivate LC for creation of a non-toxic transporter will focus on deletion or modification of its N- 0
terminus because a monoclonial antibody (mAb) raised against LC of BoNT/A and reactive with a peptide
sequence therefrom, was found to neutralise its intr3-neuronal action, consistent with residues in this
region being deemed essential for the latter, from results of molecular genetic studies (Niemann, 1991).
In terms of obtaining a BoNT-neutralising agent for targetti'g purposes, it is important that this mAb and
one other rrised against LC of BoNT/A were found to be able to arrest and reverse (&Jbeit temporarily) *
the BoNT/A-induced bit ýkadc of ACh release from Aplysia neurons, when administered intra-
neurorally.

Investigations towards elucidating the molecular basis of the toxins' unique specificity in blocking
intracellularly Ca 2 +-dependent exocytosis continue to be of prime importance, both in terms of
understanding this fundamental process and for developing drugs capable of arresting and I or reversing 0
the intoxication. Based on the remarkable potency of BoNT, we and others had postulated an enzymic

4,4
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mechanism (Daioly etia, 1987, 1990, 1992). However, no convincing evidence could be obtained hereigl
for involvement of ADP-ribosyl-transferasy activity (Ashton e. a., 1988a, 1990) or effects on
phosphorylation systems in isolated central nerve terminals or synaptic clear vesicles (SCVs) (Dolly etal.,
1987; Ashton et aL 1988b). Increased phosphonlation ofa synaptic vesicle protead n can be induced by
BoNT/a1 under certain conditions but the inconsistency of the change casts doubts on its relevance.
Likewise, it has proved impractical to confirm the ability of BoNT and tetanus toxin (TeTX) to enhance
transglutamiiase activity as reported rNecntly for TeTx (Facchiano epoal , 1993); perhaps, our highly
purified toxins lack such activity.

As we have saspected for some time that BoNT may exert a proteolytic action (USAasRes D
t mplication in 1988) on a synapti vesicle protein, it wre u read the recent evidence (Schiavo
et aen, 1992 a, b) for TeTX and BoNT/B (but not A) being Zd2s endoproteases that cleave synaptobrevin(Sbr) or VAMP 11, a vesicle-associated membrane protein characteristic of SCVs (Trimble etr at., 1988).
Although the sequence of all flostridial neurotoxins possess the Zn2+-binding motif (Kurazono ea al.,
19921 and substitution wih peroline of rle hisidines concerned wien oo-ordinating the Zn2f aeolishes the
activity oflTeTX insAplysia neurons (Niemann, 199 1), for the proposal of this contract it was imperative
to demonstratervt the same mechanism applied to mammalian cholinerg.c nerves. Towards this end, the
effects of metal chelators, addition of excess Zn2+ or classical inhibitors of neutral metalloproteases on
the neuromuscular blocking action of BoNT/A, B and TeTX were evaluated. It was pi ticularly pertinent
to exaamge BoNT/A because of its inability to cleave Sbr despite having a Znb motif and in view of the
well documented differences in its action from the other Clostridial toxins at central (Ashton and Dolly,
1991; Ashton ee al, 1993) and peripheral (Gansel ed aL, 1987) nerve endings. For this fabct, use of our
established liposomal fusion system (de Paiva and Dolly, 1990) for delivery of the protease inhibitors
into motor nerve terminals proved crucial.

Other reasons for actively pursuing this topic included the difficulties experienced here and
elsewhere in reproducing the repoWied antagonism by captopril of TeTX- or BoNT/B-induced Sbr
cleavage (Schiavo e r aL w 1992a), or by using phosphoramidon and a Sbr-derived peptide known to
diminish the action of TeTxv inside Aplysia neurons (Schiavo et al., 1992b). Removal of endogenous
proteases by salt-washing SCV. Yrs essential to diminish autolysis of Sbr in the absence of added toxin
and to allow detection ofte breakdown products produced by the toxins. Interestingly, ASQFETS, the
peptide whose souence spans the cleavage site ofoSbr (Schiavo e al., 1992a), and captopril, were shown
to reduce Sbr proteolysis by TeTX but not BoNT/B. This revealing observation could prove invaluable in
the design of toxin-neutralising drugs rted on potent inhibitors of their protease actioii, for delivery with
a transporter, it also highlights the impciance of other subtle differences that are reported here in the
actions ofbsee various BoNT types. Whilst all the sere found to block release of transmitters from
SCVt and large dense-core vesicles (LDCVs), that occurs at active zone and non-active zone regions ofsynaptosemai membrane (reviewed by McMahon and Nicholls, 1991), significant dissimilarities were
noted in the level of reversal induced by a Ca2+ ionophore of active zone release after inhibition with
different toxin types. Yet, our results show that all these toxins with the exception of BoNT/A (Ashton

and Dolly, 1991) need intact microtubules in order to exhibit their maxima r level of inhibition ofsynaptosomal transmitter release.yn Lastly, the importance of Sbr in exocytosis, implied from its fragmentation by BoNT/B and
TeTX, needs to be related to a precise role in the multi-step process. Thus, permeabilised cell systems
have been employed in attempts to pinpoint the functional implications of the toxins' proteolytic actions,
The observed BoNT/A- insensitivity of amylase secretion from pancreatic acinar cells suggests that its
target is not a universal component of exocytosis, albeit essential in neurons and endocrine cells.
Furthermore, an interesting difference was noted between BoNT/A and TeTX in their reduction of ATP-
dependent catecholarmine secretion from permeabilised chromaffin cells.
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4
SECTION 2. DECIPHERING ESSENTIAL DESIGN FEATURES OF A BoNT-BASED

MEMBRANE TRANSPORTER THAT TARGETS TO MAMMALIAN CHOLINERGIC
NERVE ENDINGS

METHODS

(i) Monitoring of neuronal targetting and traMcking of BoNT.
Conjugation of toxin to colloidal gold particles - A commercial preparation (BioCell) of 2 nri gold
particles was boiled for 5 min to disperse the colloid after storage and adjusted to pH 6.9, slightly below
the isolelectric point of BoNT/A. To determine the optimum ratio for protein to gold colloid for 0
conjugation, increasing amounts of toxin (0-65pg) were added to I ml of the colloidal gold and incubated
fbr 10 min befbre stabilising with bovine senrn albumin [BSA. 1% (w/v) final conc.]; complex formation
was assayed using anti-BoNT/A LC antibodies. A diluted series of the rabbit antibody (Cenci Di Bello et
al, 1993) was blotted onto nitrocellulose strips, air-dried for 30 min and then soaked in 5% BSA in
phosphate buffered saline for 30 min at 370C. After incubation with the different gold-labelled toxin '

conjugates for 4 h at room temperature, the strips were washed thoroughly in de-ionised water and
incubated with the BioCeUl silver enhancing kit, to reveal the gold label as brown-black spots before
terminating the reaction by washing the samples in tap water.
Tissue labelling - Small pieces of mouse phrenic nerve hemi-diaphragm were incubated with 1.!15 ml
conjugate in 5 ml of Krebs Ringer buffer (KR; 10 nM with respect to toxin content) at 220C containing *
0.2% (w/v) BSA and continuously gassed with 95%CO2 /5%0 2. Control samples were treated as before
except that 100-fold excess of unlabelled BoNT/A was included in the incubation buffer. Tissue was fixed
and processed for microscopy as described below.
Light microscopy - Cryostat sections (10 ýrm) of hemi-diaphragm labelled with the conjugate were cut on
a microtome (Reichert-lung) and thaw-mounted on gelatin-coated microscope slides. The sections were
silver enhanced for 10 min at room temperature, washed with de-ionised water, then stained lightly for
acetylcholinesterase to allow identification of endplates (Karnovsky and Roots, 1964), washed again and
,llowed to air dry. Slides were mounted with 900 glycerol (aqueous) and viewed in an Olympus light
microscope.
Electron microscopy (EI4)- After extensive washing with ice-cold buffer, the region of the diaphragm
containing the phrenic nerve and rich in endpiates was carefully dissected and cut into small strips (0.5
mm x I umm, shortest dimension parallel with the phreric nerve). The strips were stained with 1% osmium
tetroxide (aqueous) for I h at 40C, dehydrated in ethanol and embedded in LR White resin. Ultrathin
sections of pale gold interference colour were cut from the labelled tissue using an ultramicrotome (LKB
Instruments) and collected on formwvar-coated nickel grids. Sections were silver-enhanced for 10 min,
washed with de-ionised water, stained with 1% uranyl acetate for 15 rmin and viewed in a Hitachi 600
EM. For assessment of the silver-enhancement protocol and comparison of labelling of endplates under
different conditioiMs, photographs were taken at a magnification of x 10,000 - 30,000. Measurements of
grain size and distance from membranes were made directly from the negatives using a Mitotoyotu
Comparator.

(ii) Preparation of Red-A-BoNT/A, alkylated BoNT/A and its renatured alkylated chains.
Highly purified BoNT/A (100 pg) isolated by an established procedure (Tse et al, 1982) and the

reduced alkylated toxin (Red-A-BoNT/A) prepared by incubation with 50 mM dithiothreitol (DTT) for

60 mrin at 370C and subsequently with 250 mM iodoacetamide for 30 miin at 40C in the dark, as detailed
in de Paiva et al (1993). BoNT/A was also alkylated, without prior reduction, with 150 mM
iodoacetamide for 30 miin at 40C in the dark (to produce A-BoNT/A) Each preparation was immediately
dialysed into KR prior to tmeir application to mouse phrenic nerve- hemi-diaphragms, sodium dodecyl
sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) analysis, evaluation of the free thiol content
(see below) and intra-peritoneal injection into mice for the determination of LD 50/mg, as described
previously (Maisey et al, 1988). For the AFlysia experiments, Red-A-BoNT/A and A-BoNT/A were
dialysed into artificial sea water (ASW). The modified toxin samples were subsequently centrifuged
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(5000g. 5 min) to remove any insoluble material and the concentration of protein remaining in solution

quantified, using the Bradford's assay (Bradford, 1976) with BSA as standard.
The chains of BoNT/A were separated by DTT reduction and denaturation with urea, followed by

isolation using a routine chromatographic procedure (Maisey et al., 1988); their purity was ascertained
by SDS-PAGE and silver staining of the gels. Approximately 300 g±g each of HC and T.C were renatured
upon removal of the urea and DTT by dialysis into Tris/NaCl buffer, which was thoroughly oxygenated

prior to use. After dialy'ing for 72 h at 40C with five changes of the aerated buffer, the chains were
alkylated with 150 mM iodoacetamide for 30 min at 40 C in the dark, the resultant renatured, alkylated
(Ren-A-H) and alkylated L (A-L) chains were dialysed into ASW before application to Ap/ysia neurons.
Procedures are detailed mn de Paiva and Dolly (1993).

(iii) Characternsation of the above derivatives of BoNT and its chains.
Determination of the free sulphydryl content of the native and modified BoNT, HC and LC

samples was carried out using a modification of the Ellman's reaction described previously (Ellman, 1959;
Schiavo etal, 1990). Subsequent to the dialysis of BoNT/A and its derivatives into KR, and the modified

isolated chains into ASW, a 100 jtg sample of each was precipitated with trichloroacetic acid [10%e (w/v)
final conc.) for 15 min, sedimented at 10,000g for 8 nin and washed twice with 6% of the acid and once
with dc-aerated de-ionised water, all solutions were kept icc-cold. The protein was resolubilized in 0.8 ml
of 50 mM Tris, 1 mM EDTA and 2N.o SDS, pH 8.0 by boiling for 20 min, thoroughly vortexing and
leaving overnight at room temperature. Any bubblw were removed by gentle centrifugation at 2,000g for
2 nin before the protein concentration was determined spectrophotometrically at 280 rn using an
absorbance of 1.87 established experimentally to correspond to ,-1 mg/mr SDS-denatured BoNT/A, and
the equation 0.8 (A2 3 5-A2 8 0 )/2.5 1= 1 mg/ml for the chains, as documented elsewhere (Bandyopadhay et
a/, 1987; Whitaker and Granum, 1980). Thiol contents were assayed by measuring the absorbance at 412
nm (e=14150 M'lcm"1) exactly 10 min after the addition of 30 pl of 5mg/ml stock dithionitrobenzene;
30v± of the latter in 0.8 ml solubilisation buffer was used as the reference blank. Modified toxin samples
and the derivatised chains were prepared for SDS-PAGE (Laemlli, 1970) in 101/6 (w/v) acrylamide gels
by boiling in sample buffer in the presence or absence of 5% 01-mercaptoethanol.

(iv) Measurement of effects of toxin samples on transmitter release.
Action of derivatives of BoNTIA and its chains on trcnsmission at cholinergic neurons of Aplysia -
Intra--cellular recordings were performed on characterised cholinergic synapses of the buccal ganglion of
Aplysia californica (Poulain etaL, 1988). The ganglion was pinned to the bottom of a I rrJ chamber and
superfused (I0ml/h) with ASW. The pre- and post-synaptic soma were impaled with two micro-pipettes
filled with 3 M KCI (I-10M.2). ACh release was evoked by a threshold pre-synaptic depolarisation and
the ensuing response was recorded in the voltage-clamped, post-synaptic neuren as a current change and
"pressed as a membrane conductance (nS). The temperature of the superfusing medium was
thermostatically controlled at 22-24oC except during bath-application of samples for competition
experiments when it was lowered to 10cC, a condition sufficient to prevent BoNT internalization in this
model (Poulain d aL, 1989). After the measurement of the control postsynaptic response, derivatised
BoNT/A or its modified HC were added io the bath for 30 min followed by the application of 10 nM
BoNT/A for 10 min. Subsequent to the removal of all unbound material by extensive washing for I h, the
temperature was raised to 220C and transmission monitored. Air-pressure intra-cellular administration of
BoNT, its chains or their derivatives was accomplished as described elsewhere (Poulain et al., 1988);
identical micro-injection of control buffer solutions were shown to have no effect on transmitter release.
Assessment of the effect ofmodified toxin samples on mammalian neuromuscular transmission - Mouse
phrenic nerve-hemi-diaphragms were excised from Balb C mice and bathed in a closed circulatory
superfusion system containing 20 ml aerated KR (Maisey et al., 1988). Fcr the competition experiments,
superfusion was halted and the tissues bathed in 10 ml of a modified KR solution (MKR, with the same
composition as KR except with a Mg2 + and Ca 2 + concentration of 5.0 mM and 0.5 mM, respectively) at
40c to minimize toxin inter ialization (Black and Dolly, 1986b; Simpson, 1980). Following exposure of
the phrenic nerve to modified toxin for 45 rmin, 0.2 nM BoNT/A was added to the bath. After a further
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15 min, the nerve-iaphrgms were washed thoroughly with WKR, then KR before the temperature of
the bath was raised to 240 C. Superfusion was resumed and muscle twitch evoked by supra-marximal
sin-ulion of the phreic nerve and measured using a force-displacenent transducer, as described before
(Maisey et at, 1988). The neuroparalytic activities of A-BoNT/A and Red-A-BoNT/A relative to that of
native BoNT/A were determined by their addition for 15 nin to mouse diaphragms previously bathed in
MKR only at 40C for 45 min. The tissues were then washed and prepared for stimulation, as described
for the competition experip ents.

(v) Primary culture of bovine chromaffin cells and measurement of release of endogenous
catecholamines from permeabilised tissue: assessment of the inhibitory effects of toxins and their
derivatives.

Bovine adrenal glands were dissected and chromaffin cells prepared by protease perfusion, before
being plated at I x 106 cells/well in 24 well plates in Dulbecco's modified Eagles medium supplemented
with 10% foetal calf sermn, 8 gM fluorodeoxyuridine, 50 lsg/rmi streptomycin (Dunn and Holz, 1983).

Experiments were performed 3-8 days later and the cells were permeabilized with 20 4M digitonin in
KGEP (representing in mM: potassium glutamate, 139: PIPES, 20; EGTA, 5; ATP, 2; MgCI2 , 2, pH 6.5)
for 15 rin in the presence or absence of 100 rM BoNT/A or Red-A-BoNT/A. The permeabilization
buffer was subsequently replaced with KGEP or the latter containing Ca 2 + buffered to a free

concentration of 10 pM to stimulate secretion. After 15 min, the buffer was removed and assayed
fluorimetrically to reveal the amount of Ca 2 +-evoked catecholamine release (von Euler and Floding,
1955); basal release measured in the absence of Ca2 + was subtracted from the latter. The total cell
catecholanine was evaluated by the same method subsequent to solubilizing the cells in the wells with
Triton X-l00 (1%, v/v).

RESULTS

(i) Targetting and trafficking of BoNT/A at motor nerve endings revealed by high-resolution
colloidal-gold EM.
BoNT/A gold conjugate targets to murine muscle endplates via a saturable interaction with neuronal
ecto-acceptors -In initial experiments, light microscopy was used to demonstrate the selective ability of
BoNT/A gold-conjugate to reach cholinergic synapses via ecto-acceptors [see (ii) below], an essential
feature of a cholinergic transporter. Binding of low concentrations of BoNT/A gold-conjugate (I nM
with respect to toxin content) was detected exclusively in endplate regions of mouse diaphragm (Fig. IA)
and this interaction was saturable, since binding could be completely inhibited by 100-fold excess of free
toxin (Fig. IB); such saturability was shown also at the EM level (see below). The specificity and
saturability of conjugate binding was consistent with the appreciable level of retention of biological
activity as measured in the mouse phrenic nerve-hemidiaphragm twitch preparation (>20%, data not
shown). The attenuation of biological activity is most likely explained by a reduction in the ecto-acceptor
affinity of the conjugate; it is not due to the presence of free BoNT/A since an optimal concentration of
BoNT/A was used for conjugation with colloidal-gold that ensured it was all complexed to the gold
particles. Reaction of the complex with anti-BoNT/A LC-antibody adsorbed on nitrocellulose strips was
measured by detecting gold, by virtue of its association to toxin, bound to the antibody dots on the strips
as brown / black spots after silver enhancing; the number of spots was maximal at 8 tg BoNT/A per ml
colloidal gold (i.e. highest intensity of ýpots seen with the greatest dilution of antibody, representing the
maximum amount of BoNT conjugate; Table 1). Higher ratios of toxin to colloid began to shev some
inhibiton of conjugate binding to antibody by free toxin indicated by a decline in the number of spots
detected on the nitrocellulose strips (see Table 1). Further, in competition experiments, 10 nM free t3xin
gave a disproportionally higher level of competition of 10 nM conjugate binding to endplates than
expected, i.e. labelling of the endrlates was reduced by more than 501/6 (Fig. IC, D), These results taken
together show that BoNT/A can be ccnjugated to 2 nm colloidal gold preserving the specific and
satirable binding to its acceptors at mammalian endplates, albeit with somewhat reduced affinity. Thus, 0

this preparation can be used to follow the internalisation pathway determined by the ecdo-acceptors.
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U iucMzurai emoansation of BoNT/A-gold conjugate uptake d intraneuronal traffcking - This
work highlights the feasibility of estaulishing, for the first time,, an involvement of coated-pits, coated-

vesicles and eidocytotic compartments in BoNT trafficking by combining EM with colloidal gold-
cytochemistry. To trap conjugate at various stages of endocytcsis, a pathway implicated by the
antago,'sism of BoNT poisoning by lysosomotropic agents (Simpson, 1989), a mouse diaphragm was
incubated with conjugate for 30 min at room temperature; after this time, conjugate should be present in
endocytotic compartments (Patton et al., 1992). BoNT/A gold-conjugate was Mddid to a final
concentration of 10 nM (with respekA to the toxin content) and the diaphragm was washed extensively
with ice-cold KR buffer after incubation before processing for EM. Sections were silver enhanced in
order to visualise the gold grains; this increased grain size linearly and a 2 nm particle could ae grown
rapidly and evenly to dimensions easily detected in electron micrographs. The location of grains was
analysed; structures with which grairs were associated were identified and grain size and distance to the
nearest membrane were measured. At the nerve terminal a few grains were visualised at the cell surface
and, excitingly, grains were found within coated vesicles implicating the acceptor-mediated pathway in
BoNT/A neuronal uptake (Fig. 2A, B); also, this reaffirms that the site of interaction of 'onjugate with
motor endplates is presynaptic. The interaction was specific and .eaturable since 100-told excess of
unconjugated BoNT/A inhibited conjugate binding (Fig. 2C), in agreement wiih the findings at the light
microscope level. Coated-pits and coated-vesicles typically ate associated with the earliest stages of
acceptor-mediated endocytosis, although other endocytic routes do exist, for example caveolae-mnediated
potocytosis (Anderson et al., 1-092). Grains were 9'equently found in small smooth vesicles (Fig. 2D, E,
see below), but it is currently not possible to distinguish between coated vesicles which have become
uncoated prior to delivery of endocytosed material to endosomes, and synaptic vesicles which recycle
from endocytotic compartments to the neuronal plasma membrane or even vesicles derived from smooth
invaginations (caveolae) of the plasma membrane.

The majority of grains (75 out of 80) were found within membrane-bound structures which fell
into 3 groups: uncoated vesicles, large vesicles and multi-vesicular bodies with mean sizes of 50, 165 and •
400 rim, respectively (Fig. 2D-F, HI,. Some grains (23 out of 80) were centred on the membrane of the
associated structure and for the remaining grains (52 out of 80) the mean distance to the nearest
membrane was 12.2 nm ± 8.0 (S.D.) . Clearly, grains were associated with the membranes of labelled
structures; the large vesicles and multi-vesicular bodies in which grains were located are typical
endocytotic structures corresponding to early and late endosomes, respectively; the use of tracers such as 0
a2-macroglobulin-gold has revealed their distinct morphologies (Griffiths et al., 1989). The presence of
grains within vesicles contained in multi-vesicular bodies (Fig. 2E, F) revealed that some conjugate was
destined for axonal transport and delivery to lysosomes (Parton e at., 1992) and, indeed, .,"e vesicles in

multi-vesicular bodies are typically involved in routing acceptor-bound ligands to lysosorm,.
Interestingly, some grains were positioned directly over the membrane of sn "I smooth vesicles (see 0
above) and a few grains (5 out of 80) were not associated with membrane-bound organelles, but rather
with filament-like structures in the cytoplasm (Fig. 2D, G, H). While it is tempting to speculate that these
grains might represent toxin which has been translocated into the cytosol for subsequent interaction with
its .arget, further work is needed on this point. These results can reflect that the conjugate reveals the
intra-neuronal routing of toxin determined by interaction with its ecto-acceptor because it binds 0
specifically and saturably to ecto-acceptors and remains closely associated with membrane-bound
structures until translocated, i.e. the toxin is not released into endosomal lumen, which would occur if
ligand-acceptor binding was disrupted by gold conjugation (Neutra eta., 1985).

Studies are currently underway to determine the point of divergence of translocation of toxin into
the cytosol and ro;ites to other destinations by following the time course of uptake and appearance of
grains at various locations in the nerve terminals. The proportions of grains destined for the vaious
locations will also be determined. While it is likely that the conjugate follows the same pathway as
unconjugated toxin, the decreased binding affinity compared to free toxin and unknown effects on ability
to be translocated represent limitations which could be overcome with immunocytochemical methods
using native toxin and anti-BoNT/A LC-antibody raised in this laboratory. Furthermore, this work is
highly pertinent to the demonstration of targetting and trafficking of potential membrane transporters;
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such an assay is required to determine whether the molecule can, indeed be, deliveed to the cytzio' "
the sane way as the native toxin.

(ii) BoNT binding to productive ecto-acceptors at murine motor nerve nudialrs requires a
conformation of the HC maintained by its noi.-covalent association with L.

The generation of Red-A-BorNI/A by the reduction of bott disulphides pr•o, 9•xiyot --' i
toxin, was ascertained by measuring the thiol content (Table 2). Mouse bioassay revealthi t• the, t- :
of Red-A-BoNT/A was diminished to between 0.03 and 0 1% that of BoNT/A (Ta"A.- 2); tne ioo
toxicity may result from a remaining trace of non-reduced toxin. Consistendy, it h a d;' -. ,y
diminished activity compared to the native toxin; when bath-applied, 2.5 nM Red-A-BoW) -,a
ineffective on neuromuscular transmission at the mouse nerve-diaphragm (Fig. 3A), while 10 nf.. no •
effect on ACh release in the -rjccai ganglion of Apys6ia (Fig. 3B). Br4ing competition exzer"- ae
undertaken with native BoNT/A and this freshly prepared derivative to ascertain whether thi 'm- -es in
toxicity resulted from the loss of ability to bind to its productive ecto-acceptors. In the a.-hmmalian
system, 2.5 nM Red-A-BoNT/A delayed the inhibition of ACh release due to 02 nM P,cNT/A by -3 h
(Fig. 3C), while the action of 10 nM BoNT/A on Aplysia neurons (Fig.3D) was compteteiy blocked for •

at least 2 h by a 10-fold molar excess of the modified toxin. Importantly, these experments demonstrate
that Rod-A-BoNT/A, although very much less toxic than the native toxin, appears to have retained the
ability to bind to its acceptors in both the models t.;sted.

Notably, when the HC was employed similarly in a binding competition study at the
neuromuscult- junction, 30 nM HC was unable to delay the action of 0.3 nM BoNT/A (Fig. 3E). Int
contrast, 100 nM HC block.-d the binding of 10 nM BoNT/A at cholinergic neurons ofAplysta (Fig. 3F1).
This confirms our published data (Poulain ef ai,, 1989, 1993) and reiterates the discrepancy in the
requirements for binding at nammalian and invertebrate reurons; apparently, there is a more stringent
structural requirement for toxin binding at neuromuscular junction than at AplysIa nerve terminals. It
should be noted, however, that Bandyopadhay et al.. (1987) and Lomneth et al.. (1990) did observe an
antagonism of the action of a high BoNT/A concentration (10 nM) by I lpM HC at mroine and avian
muscle endplates. Although the basis for this apparent contradiction remains unknown, the relatively tight
binding of Red-A-BoNT/A to mammalian neuronal ecto-acceptors is much more avid than that of the
isolated HC. Thus, this non-toxic derivative ofBoNT/A provides, for the first time, a tool suitable for the
investigation of the productive binding of the toxin and, thereby, a possible means to discern the nature of 0
these acceptors.

(iii) The inter-chain disulphide or half-,cystines of BoNT are essentiil for the HC-mediated
internalisation of LC at cholinergic neuronsL

Despite Red-A-BoNT/A having a iargely diminished neurotoxicity, it retained its ability to bind to 0
the toxin's productive acceptors (see above); thus, its near complete loss of activity when applied
extracellularly must be due either to an inability to undergo membrane translocation or to exert the
intracellular inhibitory effects characteristic of BoNT/A. As revealed in the following sub-section (iv),
Red-A-BoNT/A was indeed capable of blocking transmitter release when intra-neuronally micro-injected
into neurons of the buccal ganglion from Aplysia or applied tc. digitonin-permeabilised bovine adrenal 0

chromaffin cells. Moreover, the free sulphydryls were shown not to be required for any phase of the
toxins action, as the alkylation of the non-reduced toxin did not alter its ,oxicity in mice, or inhibitory
action when bath-applied to the mouse phrenic nerve hemi-diaphragm preparation or Aplysia neurons.
Collectively, this indicates that the disulphides or the half cystines involved play an important role in the
process by which the LC is translocated across the membrane into the cytosol. Due to the inability to •
selectivity reduces the inter-chain bond, as was found elsewhere with TeTX using thioredcxin and
thioredoxin reductase from Ecol: (Schiavo el al., 1990), an alternative approach was adopted. For this
purpose, homogeneous samples of Ren-A-H and A-LC (Fig. 4) were prepared and evidence for their
reduction and alkylation was provided by SDS-P,.GE and evaluation of their thiol contents. The
electrophoretic mobility of Ren-A-HC, when run under non-reducing conditions, was detectably lower
than that of the same derivative or HC following exposure to 03-mercaptoethanol (Fig 4). Additionally,
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the sulhydryl content of Ren-A-HC increased from 0.2 ± 0.1 to 2.7 ± 0.2 (Table 3) upon incubation of
this derivative with DTT (100 mM), confirming that the disulfide within this derivative had reformed
upon renaturation of the alkylated HC. This data also reaffirmed that all the other thiols were alkylated
including, most pertinently, the residue involved in the formation of the disulfide bridge with the LC,
cysteine 454. All thiols in A-LC were modified as demonstrated by the measured thiol content (Table 3).
As shown above, the HC of BoNT/A is incapable of binding to the toxin's functional acceptors at the
neuromuscular junction under the strict conditions used (Maisey et a/., 1988) but does bind to such sites
in Aplysia neurons (Poulain et aL, 1989). For evaluating the ability of the Ren-A-HC to bind, the
capability of HC to antagonize BoNT/A action in Aplysia (Poulain er aL, 1989) has been exploited.
Under conditions designed to minimize toxin internalization (10oC), pre-incubation of the preparation
with Ren-A-H (100 nM) prevented the inhibitory action of 10 nM BoNT/A after returning the
temperature to 220C (Fig. 5A). This confirmed that the modified HC has retained the ability to bind to
acceptors onAplysta neurons. As previously published (Poulain et aL, 1988, 1989a, 1990), a mixture of
the LC and HC (or, at least, the LC plus the HC domain) of BoNT/A is required intra-cellularly to inhibit
neurotransmitter release in this invertebrate system. In contrast with the results of previous experiments
where extra-cellularly applied mixtures of the native HC and LC from BoNT/A inhibited ACh release
from these neurons (Maisey et al., 1988), Ren-A-HC (100 nM) bath-applied together with the
unmodified LC (100 nM) failed to affect transmitter release (data not shown). This indicates that either
the Ren-A-H or the LC, or both, failed to enter this neuron because both are required intra-cellularly for
toxicity (see above). To investigate this, HC (10 nM, final concentration) was injected into the pre-
synaptic neuron (to provide the HC domain required for the blockade of ACh release should the extra-
cellularly-applied LC become internalized) prior to the bath-application of Ren-A-H (100 nM) and LC
(100 aM) (Fig. 5C). As no decrease in neurotransmitter release was detected, it appears that the LC was
not internalized by Ren-A-HC. Additionally, Ren-A-HC alone was shown to be unable to undergo
internalization because pre-injection of LC followed by extra-cellular application of Ren-A-HC failed to
inhibit ACh release (Fig. 5B), contrary to the inhibition which ensues following addition to the bath of J

unmodified HC and pre-injection of the LC (Poulain et al., 1988). Since the bath-application of A-L (100
M) together with an equimolar amount of HC also failed to elicit any change in the evoked release of
transmitter (Fig. 5D), it was concluded that the HC is unable to internalize A-LC; thus, modification of
the cysteines within the LC is sufficient to disrupt the internalization process - as alkylation of those thiols
not involved in the inter-molecular bond has no effect on toxin uptake (see below), it is apparent that
modification of the thiol involved in this bond is involved in the toxin's action. Collectively, these results
suggest that toxin uptake is prevented by the reduction of the inter-chain disulfide or the alkylation of

either one of the participating cysteine residues. Importantly, these results highlight that in designing a
cholinergic transmembrane transporter, the inter-chain disulphide and, thus, at least the C-terminal
portion of the LC containing the cysteine involved :n this bond must be retained.

(iv) Distinguishing structural features of BoNT or its LC that are essential or unnecessary for their
intracellular action.

Having established that the inter-chain disulphide or the haif-cystines are integral to the
internalisation phase of this toxin, their requirement in its ultimate intracellular stage of paralysis were 0
investigated. BoNT/A alkylated with iodoacetamide without prior reduction of its disulphides (A-
BoNT/A) was as potent as the native toxin ." the mouse bioassay (Table 3), in paralysing neuromuscular
transmission (Fig. 6A) and in blocking ACh release in Aplysia (Fig. 61). Despite the almost complete
absence of activity from Red-A-BoNT/A when injected into mice or bath applied to mammalian or
vertebrate neuronal preparations (see above), when intracellularly applied it was as efficacious as the 0
unmodified toxin in permeabilised chromaffin cells and Aplysia (Fig. 6C, D). Correspondingly, micro-
injection of Ren-A-HC (10 nM, final intra-neuronal conc.) together with an eqial concentration of the
modified LC or the same amount of native HC mixed with A-LC (10 nM, final conc.) both elicited a
decrease in evoked transmitter release in the Aplysia neurons (Fig. 6E). This re-iterates that neither the
toxin's inter-chain disulphide bond, half-cystines nor free thiols are required for its intracellular inhibition
of transmitter release.

0:•:
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A successful EoNT-based transporter must encompass an ability to bind and cross the membrane

in order to gain access to the cytosol where it must obviously have lost the abiaity to exert its
neuroparalytic effects. The generation of Red-A-BoNT/A has snown that neither the disulphides nor
thiols are required for high affinity toxin binding, but importantly, an intact disulphide is essential for
membrane translocation and, thus, must be incorporated into a transport vehicle. As demonstrated here,
the detoxification of the LC which contains the toxins' active site (de Paiva and Dolly, 1990) must
involve a different approach from chemical modification of the half-cystines or thiols. The ability of the
LC of BoNT/A to block ACh release in Aplysia is abolished following the deletion of 63 C-terminal or 10
N-terminal residues (Kurazono et al., 1992). Importantly, the deletion of 62 C-terminal residues,
including the cysteine (430) involved in the inter-chain disulphide, did not perturb it toxic activity in
Aplysia. However, the loss of toxicity following the removal of the first 10 N-terminal residues, and the
prevention plus reversal of the toxin's action using a mAb directed towards the N-terminal region [see
section (v) below] may indicate a convenient means by which to prepare a non-toxic transporter targetted
preferentially to peripheral cholinergic neurons. This could consist of the entire HC disulphide-linked to
the LC, with at least 10 N-terminal residues missing. Alternatively, the LC may be inactivated by site
directed mutagenesis of the glutamate-223, which probably plays a catalytic role in the toxins' active site
(see Section 3) or by substitution, of at least two of three histidines which are essential for the co-
ordination of the Zn2 + in the toxins active site (Schiavo et al., 1992b).

(v) mAbs against the LC of BoNT/A that reverse the toxins intra-neuronal action: a prerequisite
for their use in the development of a targetted antagonist,

In the final report of our previous contract, the generation of mAbs specific for the LC of
BoNT/A was reported. More recently, a number of additional mAbs have been produced (Cenci di Bello
el aL, 1993) using the same procedure and these have been extensively characterised. The seven
established hybridoma cell lines secreted mAbs of lgGI and IgG2b subclasses and reacted specifically
with BoNT/A and LC, in the native and denatured states, without showing any cross-reactivity with types

B, E, F or TeTX (Fig. 7). The pronounced reactivities of three mAbs towards refolded LC or intact
toxin, observed in imniuno-binding and precipitation assays, relative to that seen in Western blots imply a
preference for conformational epitopes (Table 4). Though mAbs 4, 5 and 7 failed to neutralise the
lethality of BoNT in vivo, pre-administration of mAb7 inside Aplysia neurons prevented the inhibition of
transmitter release normally induced by subsequent extra-cellular administration of BoNT/A, as
doc,naiented in the final report of the previous contract (Note mAb 7 was then termed G5). Notably, this
mAb reacted with a synthetic peptide corresponding to amino acids 28-53 in the N-terminus of the LC, a
highly conserved region in Clostridial neurotoxins reported to be essential for maintaining the chains
tertiary structure (Kurazono el al., 1992). mAb7 did not recognise a peptide corresponding to the first 16
residues of the N-terminal of BoNT LC (Cenci di Bello el aL, 1993); this was kindly provided by Dr.
Jim Schmidt (USAMRJID). Most importantly, when mAbs 4 or 7 were micro-injected inside ganglionic
neurons of Aplysia, each totally reversed, though transiently, the toxin's blockade of ACh release (Fig. 8).
As described in section 4, an enzymic basis for the mode of BoNT/A action has been shown, although the
target remains to be identified. The observed reversal of toxin action by mAb 4 and 7 has provided some,
insights into the properties of this intra-neuronal target. The fact that it is possible to reverse the 0
intoxication process, even transiently, clearly indicates that the substrate for BoNT/A has either a high
turnover or that it exists in a form which is not directly accessible for proteolysis; for example, in only
certain pools of vesicles from the several that have been documented (Prado et al., 1992). A BoNT-
susceptible protein with a high turnover being implicated in the mechanism of neurotransmitter release is
unlikely as treatment of Aplysia synapses with the protein synthesis inhibitor, cycloheximide, was without 0

effect on neurotransmission (Mochida et at.,1990). In the context of the results presented herein, if
recovery was due to a high turnover of the target, it should have been possible to restore
neurotransmission independently of the time at which anti-LC mAbs were applied. But this was not the
case, indicating that the total amount of target is exhaustable and that the so-called reservoir should be in
a dynamic equilibrium with the pool susceptible to the toxin. The fact that the recovery was only transient
cannot be interpreted to mean that the mAbs were unable to 'buffer' all the toxin and a sufficient fraction
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of un-neutralised surplus BoNT was left to block release becauase, under some conditions, near complete
recovery of neurotransmission was seen even when release had been reduced by BoNT to less than 70%,
of the control level. Hence, these findings suggest that BoNT, through its postulated proteolytic action

(or whatever mechanism) inactivates a selected pool of vesicular membranes or species of cytosolic
proteins involved in the exocytotic pathway that have a rapid intracellular red~stribution. The inability of
these mAbs to neutralise BoNT action in vivo illustrates a limitation of this system and shows that only
by circumventing membrane barriers, thereby facilitating direct introduction into neurons, can an
adequate assessment of selected mAbs' neutralising activities be made. Potentially, this may be achieved
using a non-toxic transporter based on the neurotoxin as described in the above sub-section (iv).

SECTION 3. DEMONSTRATION OF DISTINCT 'PRODUCTIVE' NEURONAL ECTO-
ACCEPTORS FOR SOME BoNT SEROTYPES AND TeTX THAT COULD BE EXPLOITED

FOR TARGETTING AND CLINICAL APPLICATIONS

METHODS

(i) Binding competition studies with TeTX and various serotypes of BoNT at mammalian motor
nerve endings.

Under the optimal conditions utilised in Section 2 to measure the interaction of BoNT and Red-
A-BoNT/A with 'productive' toxin acceptors, 2.5 nM Red-A-BoNT/A was applied to the mouse phrenic
nerve hemi-diaphragm. After 45 min at 40 C BoNT/B (0.4 nM), BoNT/E, F (0.2 nM) or TeTX (5.0 nM)
were added and the tissue incubated for a further 15 min. The diaphragms were subsequently washed and
the temperature raised to 24 or 370C for the BoNT and TeTX incubations, respectively. Upon
stimulation of the phrenic nerve, the ability of Red-A-BoNT/A to delay the onset of neuroparalysis
induced by the BoNT serotypes or TeTX was assessed by comparison with their actions when applied for
15 min at 40C to diaphragms, that had been maintained in MIKR only at 40C for 45 min [see Methods
2(iv)].

(ii) Measurement of neurotransmitter secretion from brain nerve terminals.
Rat cerebral cortical synaptosomes (P2 fraction) were prepared as outlined (Ashton and Dolly, 1991);

release of different neurotransmitters were measured after prior incubation of nerve terminals with
radiolabelled transmitter/precursor. Various compounds were present throughout the experiment to prevnt
degradation of the radiolabelled compounds; pargyline and ascorbic acid with [3H] noradrenaline (NA);
aminooxyacetic acid with [3H]GABA, and eserine or neostigmine sulphate with [3H]choline. Prelabelling
was carried out concurrently with intoxication of the synaptosomes because the toxins did not interfere
with the former. At the appropriate times, the toxins and excess radioactivity were removed by several
washing steps involving the centrifugation/resuspension of the synaptosomes. At this time Ca2 + was
removed by the inclusion of EGTA in the first 2 washes; aliquots of these terminals were then stimulated
with an 2elevated K' concentration, 4-aminopyridine or Ca2 + ionophore. Ca2 +-dependent evoked release
was determined by measuring secretion in its presence or absence over a period of 5 min, prior to
termination by centrifugation and supernatant removal (see Ashton and Dolly, 1988). For NA and GABA,
the amount of radioactivity in the supernatant was quantified by scintillation counting and presumed to be
intact transmitter, also, secretion was induced in Na+-free medium (Na+ replaced by choline chloride) in an
attempt to reduce release occurring via the reversal of Na+-dependent GABA uptake (Santos etal., 1991).
The transmitter remaining within the synaptosomes was determined after the solubilisation of pellets. Both
choline and ACh present in the supernatant from cholinergic terminals were seperated by incubation with
choline kinase and MgATP. The phosphocholine produced therein was seperated from ACh by organic
extraction with sodium tetraphenylboron in heptanone; the former remains in the aqueous phase whilst the
latter enters the organic solvent. The aqueous phase is removed and radioactivity determined whilst the
ACh can be assessed after re-extraction from the organic layer with HCI The total content of choline and
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"RSULTS

(i) Red-A-BoNTIA -a functional antagonist shows that BoNT/B, E, F and TeTX do not
significantly share acceptors with BsNT/A.

Establishing the existence of distinct eeo-acceptors targetting each toxin to motor nerve endings
and their role in determining the efficacies of these neurotoxins has been relatively unsuccessl, until
now, due to a lack of high-affinity pharmacological antagonists of the toxns,' binding The presence of
distinct sites has been indicated by studies with peripheral nerve preparations using the HC from BoNT/A
Bandhyopadyay e al., 1987), the isolated 50 kDa C-terminus fragment from TeTX (Simpson, 1984) and

5I-labelled BoNT/A and B in peripheral (Black and Dolly, 1986a) ard central (Williams et al., 1983;
Evans el aL. 1986; Wadsworth et at, 1990) neurons preparations. However, due to the high molar
excess of antagonist, over the native toxins, required for a reasonable hindrance of toxin binding, the
relevance of these sites to the intoxication process has not been ascertained. In contrast, Red-A-BoNT/A,
described in Section 2, inhibits the native toxin's functional binding at low concentrations, thereby
allowing for the discrimination of the 'productive' binding sites of BoNT/A from those for types B, E, F
and TeTX (Ashton ef aL, 1993). The modified toxin did not delay the actions of 0.2 nM BoNT/F or,
TeTX (5.0 nM) while that of 0.4 nM BoNT/B and 0.2 nM type E was mrginally diminished (Fig. 9),
This establishes th-t BoNT/A does rot share its pertinent physiological acceptors with BoNT/F or TeTX
while a small degree of overlap may exist between those for BoNT/A and types B and E; the latter might
have resulted from steric hindrance of toxin binding to separate but adjacent sites. The apparent presence
of distinct acceptors has important clinical implications as they provide multiple targets for potential use
in treatment of botulism and in the design of cholinergic transportts based on the these toxins.

(ii) VArious BoNT types and TeTX display characteristic potencies in reducing release of different
transmitters from rat cerebrocortical synaptosomes.

It is well established that much higher concentrations of BoNT/A are required to block ACh 0
release from brain synaptosomes than those effective at peripheral motor nerves; in fact, central
cholinergic nerve terminals show only marginally greater susceptibility than other transmitter types
(Ashton and Dolly, 1988; Ashton el aL, 1993). Although inefficient uptake has been postulated for this
low potency of BoNT/A (Black and Dolly 1987), type B is near-equipotent with A and F towards NA
efflux (Fig. IOA) whilst being considerably more effective in blocking synaptosomal ACh release (Fig.
!OB). More noteworthy is the remarkable ability of BoNT/E to abolish K+-evoked, Ca 2 +-dependent
release of NA relative to types A, B, F or TeTX (Fig. 10A,C). Likewise, TeTX is much more potent at
blocking the release of the inhibitory neurotransmitter, GABA, than catecholamine release (Fig. bOC).
Although such a striking range of potencies could be attributable to one or more steps in the triphasic
intoxication process, at least some of these effects must be due to the differences in ecto-acceptors. In 0
this context, the central cholinergic acceptors for BoNT/B may be of similar affinity as those at peripheral
motor nerve endings; if so, synaptosomal membranes would provide a good tissue source for much
needed biochemical investigations on this acceptor which are proving difficult with peripheral neuronal
preparations.
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SECTION 4. BoNT/A, B AND TeTX ARE Zn 2+ ENDOPROTEASES: FUNCTIONAL

IMPUCATIONS OF THE CLEAVAGE OF Sbr BY BoNT/B AND TeTX

METHODS

(i) Quantitation of Zn2+ content of BoNT/A.
All buffers and solutions were made with water that had been de-ionized and purified by reverse

osmosis. Additonally, this water was treated with resin containing immobilized EDTA (Chelex) to
remove adventitious metal ions. All plasticware employed was treated with 30 % nitric acid, followed by
careful rinsing in metal-free water. Dialysis tubing was rendered devoid of metals by extensive washing in
metal-free water at 850C. Homogenous BoNT A (as assessed by silver stained SDS-PAGE gels) was
dialyzed at a conc. of 2 mg/ml for 3 days against 4 changes of 25 mM Hepes pH 7.5. to remove
adventitious metals. Samples were treated with 5 % nitric acid prior to metal analysis on a flame atomic
absorption spectrometer, the matrix buffer and nitric acid contained no detectable Zn 2+ when compared
to Zn2+ standards.

(ii) Measurement of the effects of removal and addition of Zn2+ on the toxins' action at mouse
motor endplates.

Although preparations of BoNT/A and B were homogeneous as judged by silver staining of the
proteins after SDS-PAGE (not shown), a supplementary purification step was employed for those
experiments investigating the protease nature of the toxins. Following the dialysis of the isolated BoNT/A
or B samples into 50 mM sodium succinate, pH 5.5 (overnight at 40C), 4.5 ml of the toxins were loaded
via a 10 ml loading loop onto a FPLC 10/10 Mono-S column (column volume -10 ml). Subsequent to
washing with the same buffer (20 ml at 5 ml/min), a salt gradient (0 - 0.3 M NaCi over 20 min) was
initiated. The eluted protein, collected in I ml fractions, was detected by measuring the absorbance at 280
nm; the peak protein fractions were pooled and dialysed immediately into a Hepes buffer (25 mM, pH
7.4) containing NaCI (150 mM). The purified BoNT/B, of which -50% was of single chain species, was
trypsinised to generate a homogeneous sample of di-chain toxin, as described before (Maisey et al.,
1988), Either neurotoxin (0.2-0.5 jiM, final concentration) in the above Hepes / NaCI buffer were
incubated with 10 mM phenanthroline (PTL) for 2 h at 370C and subsequently dialysed into 150 mM
Tris-HCI, pH 8.0; this latter buffer was prepared with high purity water (conductivity <0.07 4.S.cm" 1)
and all plastic plus glassware were soaked in EDTA (-Sg.l1) and rinsed thoroughly in the de-ionised
water. These samples were applied to the KR superfusing the mouse phrenic nerve hemi-diaphragms
(50pM BoNT/A or 80 pM BoNTIB) and their neuropara!ytic activities compared to those of the control
untreated toxin samples. To minimise the free Z,12+ content in the physiological medium bathing the
tissues, 50 pM diethyltriaminepentaacetic anhydride (DTPA) and 30 pM tetrikis-(2-pyridylme'hyl)
ethylenediamine anhydride (TPEN) were added to certain of the nerve muscle preparations prior (for 2 h,
with stimulation of the phrenic nerve) and following the application of the toxins. Suitable control
experiments revealed that these chelators did not perturb the normal nerve-evoked muscle tension.
Moreover, PTL-treated and control BoNT/A and B, following their dialysis into the metal-fre, Tris-HCI,
were stored for 2 h at 40C with added Zn 2' acetate (50 jiM or 30 mM, final conc.) before their
application to the tissues bathed in KR without DTPA or TPEN.

(iii) Preparation ofliposomes and lipofusion at mouse neuromuscular junction.
Liposomes containingphosphoramidon or captopr, - Liposomes known to deliver their contents intra-
neuronally to the pre-synapse of the mouse phrenic nerve-hemidiaphragm (de Paiva ~nnd Dolly, 1990) 0
were employed to transport phosphoramidon and captopril to this site. Phosphatidyl choline, cholesterol
and phosphatidyl serine were dried [(total 40 mg in a 7:2:1 (w/w ratio)] before mixing with a solution of
phosphoramidon or captopril (10 ml of 200 WM) in a Hepes (10 mM, pH 7.4) rind NaCI (118 mrM)
buffer. Liposomes were formed, as detailed before (de Paiva and Dolly, 1990), uinng a probe sonicator,
but in contrast to this original protocol, the un-entrapped material was separated from the encapsulated 0
inhibitors by centrifugation of the vesicles for 40 min at 229,000 g. The pellet was resuspended in 10m!
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of the KR, warmed to 370C, aerated with 95% 02/5% CO 2 and 5 ml of this added to diaphragm
preparations (total bath volume 10 mnl).
Liposomes entrapping phosphoramidon - treated and untreated LC of BoNT/.A - A sample of the LC of
BoNT/A (-0.88mg) was dialysed into a Hepes (10 rM, pH 7.4) and NaCI (118 mSM) buffer over 24 h at
40C and divided into two equal halves. Prior to this division of the LC, a small quantity of [12 51]-Iabelled
LC, prepared by radiolodination of BoNT/A using the chloramine T method (Williams et al, 1983) and
the subsequent isolation of the labelled LC, was added to act as a tracer during the manufacture of the
liposomes and to estimate the quantity of LC ultimately added to the nerve-muscle preparations.
Phosphoramidcn (200 l±M, final conc.) was added to the first LC sample prior to its encapsulation within
liposomes; the remainder of the LC was entrapped without prior exposure to phosphoramidon. The 9
unrncapsulated material was separated from the liposomes using a Sephactyl S200 HR gel filtration
column and the latter were added to the murine phrenic nerve-hemi-diaphragm preparations following
their dialysis overnight (at 40C) into the KR. The abilities of the phosphoramidon-treated and control
liposome-entrapped LC to block neurotransmission were compared after ensuring that equal amounts of
LC (10-15 nM final conc in the bath) were applied to each of the two tissue baths, by measuring the
radioactivity present. 0

(iv) Preparation of Sbr-derived peptides.
For inhibitory studies on the toxins' protease activity, a peptide (ASQFETS) corresponding to the

cleavage site of rat Sbr II (Schiavo et al., 1992a) was synthesized on an automated apparatus (Applied
Biosystems) by the F moc solid phase method. The peptide was >95% pure by reverse-phase HPLC and
its primary sequenced was confirmed by Edman degradation and the detection of expected molecular ions
by fast atom bombardment mass spectrometry. Another peptide, residues 55 to 70 of Sbr 11, was also
synthesized; this was 75 % pure by analytical HPLC and its main molecular ion corresponded to the,
correct sequence. It was used as an antigen to elicit an antibody response in rabbits.

(v) Generation of Sbr-specific antibodies using synthetic peptides as antigens.
Residues 55-70 of rat Sbr 11 were chosen as the antigen primarily because this sequence is very

hydrophilic and likely to be surf, ce orientated and antibody reactive. Additionally, this region is
completely conserved between the two isoforms, and in all spe.-ies studied. The peptide was coupled to
keyhole limpet haemocyanin using the crosslinker, MBS, via an N-terminal cysteine residue added to the
peptide for this purpose. Immunization and antibody screening were carried out using established
methods. P,-ptide reactive antibodies were affinity purified using the peptide immobilised on amino-butyl
Sepharose 4B (EDC method); immunoreactivity of the anti-peptide antibodies towards the parent Sbr
was assessed using Western blotting.

(vi) Purification and salt treatment of synaptic vesicles.
SCVs were isolated by an adaption of the method of Huttner et al. (1983)

P2 preparation of rat cerebral cortical synaptosomes

Osmotically shock in 5 mM hepes buffer (pH 7.4) and homogenize using 12 strokes of Potter type homogenizer. Leave
on ice for 30 min with stirring

Centrifuge the homogenate at 25,000 x gay for 23 minV4.

Centrifuge the supernatant at 165,000 x gay for 120 min

Resnspend pellet in 6 ml 40 mM sucrose (buffered with 5 mM HeMs pH 7.4) and homogenise•using 10 strokes of
homogenizer. Mix homogenate further by forcing solution back and fourth through a 21-guage needle. This is then layered on
top of a linear sucrose gradient comprising of 25 ml 800 mM buffered sucrose and 29 ml 50 mM buffered sucrose. Centrifuge

at 6,000 x for 300 min

Layer re~evant fractons (see Fig. 15) onto a Sephacryl S-1000 column pre-equilibrated in 03 M glycine 5 mM Hetpes
pH7 4. Collect the vesicle fracion by elution with the same buffer and pellet by centrifugation at 200,000 gav for 30 min.



AHl buffers contained a cocktail of protease inhibitors (0.2 mM PMSF, Ilmg/nil peptstatin A, with or .
without I mM EDTA). Purified SCVs vesicles were resuspended at -1 mg/mlA protein in 0.3 M glycirnel

0.005 M Hepes pH 7.4, and stored at -20oC. Less pure vesicles from the sucrose gradient could be
employed in experiments provided that these were salt-washed; this entailed diluting the organelles in 0.3
M glycine 0.005 M Hepes pH 7.4, and adding solid NaCI to a final conc. of 0.2 - 0.4 M. The vesicles
were then left at 40C for 2 h prior to centrifugation for 2 h at 230, 000 g. Such treated vesicles were
stored at 40C at a protein conc. of 1mg/ml in the above buffer containing 0.02% sodium azide, 0.2 mM
PMSF and 1 mg/mi peptstatin A and used within 4 days.

(vii) Detection of toxin-induced changes in synaptic vesicle proteins.
Toxins were reduced for 30 min at 370C with 10-20 mM DTT just prior to their incubation with

SCVs. At the same time or for a subsequent 60 min period, some toxin samples were incubated with
protease inhibitors or a substrate-derived peptide [see (iv) above] before incubation with SCVs for
various times and temperatures; 0.2-0.4 mM NaCI was included in this final incubation. Several toxin
concentrations were employed and samples were, therefore, adjusted such that they all contained the
same amount of DTT or inhibitors. The incubation was terminated by addition of SDS-sample buffer
followed by boiling for 2-5 min. The vesicular proteins were then seperated by SDS-PAGE using various
% acrylamide gels and detected by staining (silver or Coomassie blue) and by Western blotting (see
below). Quantitation of results was achieved by densitometric scanning using a Hirschmann Elscript 400
densitometer linked to a 386 PC; such scans were normalized using densitometric values for vesicular
proteins which are unaffected by the toxins (see below). Western blotting was carried out by
electrotransfer onto PVDF (Immobilon P) membranes. After blotting, membranes were washed twice in
20 mM Tris-HCI pH 7.5, 150 mM NaCl (TBS) containing 0.2% Tween-20, followed by a 60 min
blocking step with TBS containing 3% BSA. Finally, blotted membranes were incubated overnight at
room temp. with relevant antibodies (either rabbit polyclonals or mouse mAbs). Several washing steps
were carried out at various stages and these used TBS containing 0.2% Tween 20 and 0.2 % BSA. The
first antibody was then detected by conventional procedures employing second antibody linked to alkaline
phosphatase (detailed in Cenci di Bello el aaL 1993) or by the ECL system of Amersham; ECL films were
exposed for several times so that various amounts of antigen could be detected in the linear range of the
film and quantitated by densitometric scanning.

(viii) Estimation of synaptosomal transmitter release from LDCVs and SCVs.
NA can be released from both SCVs at the active zone and LDCVs from outside this region. The

use of both K+ stimulation and a Ca2 + ionophore induces secretion from both regions (total release).
Release from non-active zone areas only is induced by the ionophore in the presence of 20 mM Mg 2 +.
The subtraction of this latter amount from the total release measurement gives an estimate for the active
zone exocytosis of NA (see text and figure legends for further details). The exocytosis of endogenous
glutamate was monitored continuously by a flurometric assay. This method couples glutamate oxidation
by added glutamate dehydrogenase to the conversion of NADP to NADPH. The production of the latter
was monitored in a Perkin-Elmer LS-5B luminescence spectrometer. Data points were collected at 2 s
intervals and exported to LOTUS 123 where the traces were averaged and corrected for Ca 2 +_
independent release (McMahon et aL, 1992). For the measurement of met-enkephalin, samples were
treated with 2M acetic acid and boiled to eliminate protease action, prior to radioimmunoassay of the
peptide concentration (Verhage ofal., 1992).

(ix) Preparation of pancreatic acinar cells, their permeabilisadon and detection of enzyme release. 0
Acini were prepared from rat pancreas by collagnease digestion, as described previously

(Edwardson et al., 1990); aliquots were suspended in permeabilisation buffer (mrM: KCI 140; MgCI2 . 1;
Hepes 20 pH 6.5; EGTA I) containing BSA (I mg/ml) and strentolysin-O (1.5 mg/ml); appropriate

additions were made (. 10 .4M Ca 2 +, +3 mM ATP, + 100 jiM GTPyS) to give a final volume of I ml.
After incubation at 370C for the appropriate period, samples were cooled on ice and pelleted in a 0
microfuge for I min. Supernatants were assayed for a-amylase (Rinderknecht ef al., 1967) and lactate

~. 0
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dehydrogenase activities (Bergmeyer et aL, 1963). The total cell content of thee enzymes was
determined afier solubilisation of cells with 0.2% Triton X-l00, and release was expressed as a % of this
total. (Values shown with + S.E., n=3, error bars are not shown where they lie within the dimensions of
the symbol). Ca2 + was buffered with 1 mM EGTA; free Ca2+ concentrations were devenined using an
iterative computer program based on that of Fabiato and Fabiato (I 9"/9).

RESULTS

(i) Evidence for the Coasiidia toxins being Zn2+-dependent endoproteases.
Zn 2+ content analysis of BoNT/A, by flame atomic absorption spectroscopy, revealed the

presence of 0.9 metal atoms/toxin molecule; likewise, this metal has been found associated with the LC of
BoNT types A, E and F and TeTX in a similar stoichiometry (Schiavo el a/., 1992 b, c). To determine
whether this Zn2 + is required for the neuroparalytic activity of BoNT/A and B, at the mammalian motor
nerve endplate, the divalent metal ion chelators PTL, DTPA and TPEN were employed. Incubation of
BoNT/A or B with PTL prior to their dialysis into Zn 2+-free buffer resulted in an extended paralysis time
in comparison with that of the control samples which were incubated with buffer only prior to dialysis
(Fig. I IA, C). Notably, the addition of Zn 2 + acetate (50 pM) to the chelator-treated and dialysed toxins
resulted in a complete restoration of the activity of both serotypes tested (Fig. I IB, D) indicating that
the perturbation of normal toxin function by this chelator was entir.-ly attributable to ZnZ'ý removal. The
inevitable presence of Zn 2+ in the tissue and the surrounding medium increases the likelihood of a certain
degree of re-association of the metal with the Zn2+-depleted toxin. To facilitate a more accurate
evaluation of the requirement of these Clostridial neurotoxins' for Zn 2+, the tissues were bathed in
physiological medium containing two additional Zn 2+ chelators, DTPA and TPEN, prior and subsequent
to the addition of BoNT/A or B pre-exposed to PTL. Notably, the activities of these toxins were
dramatically hindered by such treatment (Fig. II A, B) and the delay in the onset of paralysis was
markedly more prolonged than observed with the PTL-treated toxins in the absence of DTPA and TPEN.
Interestingly, these latter agents were incapable of altering the BoNT/A- or B-induced blockade of
neurotransmission unless the toxins had previously been incubated with PTL (Fig. I I A, B). Therefore, it
is likely, as also speculated by Schiavo er al. (1992b), that the supplementary chelators when used at
these concentrations remove unbound Zn 2+ from the surrounding buffer but are incapable of removing
that Zn2 + already associated with the toxic proteins.

Additional evidence for the Zn2 +-dependent action of BoNT/A and B was provided upon
application of a high concentration of Zn2+ acetate (30 mM) to the Tris-HCI buffer following exposure
of the toxins to PT*L and the subsequent removal of the agent by dialysis. The ensuing inhibition of their
paralytic behaviour at the neuromuscular junction was extreme (Fig. I IB, D). Incidences of such a
depletion of enzymic activity among Zn 2+-dependent proteases have been well documented. Proposed
mechanisms by which such inhibition occurs include the association of a second Zn 2+ with a histidine or
glutamate involved in catalysis (Holmquist and Vallee, 1974), the binding of a second Zn 2+ to an
inhibitory metal binding site (Mallya and Van Wart, 1989) or the formation of a Zn2+ monohydroxide
bridge between the carboxyl group of a catalytic glutamate and the Zn 2 + (Larsen and Auld, 1988).
Although it is unknown which of these apply to the toxins, this valuable data lends additional justification
to the supposition that the toxin-associated Zn 2+ plays a catalytic rather than a structural role.

Although providing two vital pieces of information, the Zn 2 +-dependence and the known HELIH
sequence homology between the BoNT types plus TeTX and characterised metallo-endoproteases, these
alone do not allow assumption of the mechanism of action for these toxins; in the characterisation of a
protease, its susceptibility to selective inhibitors must also be demonstrated. Phosphoramidon and
captopril, first exploited for this purpose by Schiavo et al (1992a, b) were employed to confirm their
metallo endoprotease catalysis at the neuromuscular junction. When added to the nerve hemi-diaphragm
preparation with 50 1AM bath-applied phosphoramidon, TeTX (10 nM) which had been pre-incubated
with this agent (50 VM), was significantly less effective than the control toxin at blocking neuromuscular
transmission (Fig. 12A). A similar antagonism of the toxin's action was observed when thephosphoramidon was applied intra-neuronally via liposomes (-100 pM, final bath conc., Fig. 12A).

0

,. ..

-. ... ý6



17

Importantly, the delay in TeTX-induced neuroparalysi- by these inhibitor-containing liposomes was
shown not to be due to the non-specific interaction between the toxin and vesicle membrane-bilayers as
liposomes entrapping only the aforementioned buffer did not delay intoxication by TeTX (Fig. 12A). No
increase in the delay of TeTX-paralysis induced by either bath- or liposomally-applied phosphoramidon
was detected when both were added together (Fig. 12A). A uratch higher concentration of
phosphoramidon bath- (350 KM) plus liposomally-applied (-350 piM) to the tissue with TeTX did not
result in a significantly longer paralysis time than that obtained with 50 pM phosphoramidon (Fig. 12A).
The effect of phosphoramidon on the inhibitory activity of BoNT/B in this model was also assessed.
When 80 pM BoNT/B pre-incubated with phosphormnidon was applied to the diaphragm together with
50 pM of the bath-applied and 100 pM of the liposomally-applied agent, the interval preceding paralysis
was significantly longer compared to that following the addition of the same concentration of untreated
BoNT/B (Fig. 12B). As with TeTX, this antagonism was not significantly increased by raising the amount
of bath and liposomally-entrapped phosphoramidon to a final concentration of 350 pM each (Fig. 12B).

Unlike TeTX and BoNT/B, when 50 pM BoNT/A, which had been pre-incubated with
phosphoramidon (50 pM), was applied to the murine tissue in the presence of 50 1M bath or 100 pM
encapsulated phosphoramidon, no decrease in the efficacy of the toxin was detected (Fig. 13A). Indeed,
only when both un-entrapped (50 pM) and the liposomally-delivered inhibitor (100 pM) were applied
simultaneously wiih the toxin, was any significant delay in the time to botulinisation observed (Fig. 13A).
As with TeTX, the latter antagonistic effect was found not to be due to the non-specific binding of
BoNT/A to the liposomal membrane as the presence of vesicles containing only buffer were ineffective
(data not shown). Therefore, although phosphoramidon was capable of attenuating the latter toxin's
action, when compared with the equivalent experiments executed with TeTX and BoNT/B, the effect of
phosphoramidon on BoNT/A action was less dramatic. The effect of the agent on the action of this toxin
was also not significantly increased by addition of much higher concentrations of the bath and entrapped
inhibitor (350 pM of each, Fig. 13A). However, and most importantly, the antagonism of BoNT/A action
by this agent was shown to be attributable to the interference of phosphoramidon with the intracellular 0
action of the LC as liposomes containing the latter were significantly less effective at blocking ACh
release if prepared with 200 pM phosphoramidon present (Fig. 13B). This confirms that the protease
inhibitor interacts with that toxin domain in which the putative active site is found.

The ability of captopril, znother metalloprotease inhibitor reported to decrease the activity of
TeTX in Aplysia and the proteolytic cleavage of Sbr 1I in SCVs by TeTX or BoNT/B (Schiavo et aL,
1992a), to disrupt the blockade of ACh release by TeTX at the mammalian neuromuscular junction was
also investigated. When Ppplied to the mouse diaphragm bathed in KR containing 50 pM captopril or 100
IpM liposome-encapsulated inhibitor, the efficacy of captopril-pretreated TeTX was significantly
diminished in comparison with that of toxin applied in the absence of this agent (Fig. 12C). Addition of
50 pM bath-applied together with 100 paM of the liposomally-entrapped agent, resulted in a diminution of 0
toxin activity equal to that observed when either bath or encapsulated captopril were present (Fig. 12C).
Increasing the amount of captopril to 350 pM bath and 350 pM of the entrapped material did not further
delay the paralysis by TeTX (Fig. 12C). The effect of captopril on either BoNT/A or B was not assessed
and, therefore, cannot be compared.

Despite the measurable diminution of the toxins' activities by the protease inhibitors in the •
mammalian model, these results have raised certain important points concerning their efficacies. Firstly,
BoNT/A was only significantly antagonised upon the addition of bath and liposomal phosphoramidon
while BoNT/B and TeTX action was effectively delayed by the application of either. This requirement for
both extra- and intracellularly-applied inhibitor suggests that the phosphoramidon-BoNT/A interaction is
of a lower affinity than the equivalent association with type B toxin or TeTX. Secondly, as the delay in •
BoNT/B and TeTX activity by bath or vesicle-entrapped phosphoramidon could not be extended by
adding both simultaneously or by raising the concentration of inhibitor present, phosphoramidon must
bind weakly to these serotypes of BoNT and TeTX (the same situation may apply in the case of captopril
inhibition of TeTX). This is corroborated by the fact that the quantity of phosphoramidon and captopril
required in these experiments is far in excess of that effective on other enzymes; the former inhibits
thermolysin with a Ki calculated as 3.4 nM (Komiyama et al., 1975) while the latter blocks angiotensin-
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converting enzyme with an IC50 of 20 nM (Cushmann and Ondetti, 1980). Although neither Ki nor IC50
values have been evaluated for the inhibition of the neurotoxins by either of these agents, it appears that
they are more than four orders ,if magnitude less effective than observed previously with other metallo-
endoproteaaes. It is possible that these most potent neurotoxins have a unique and selective mechanism
of substrate recogrition. This may result from a multi-dentate method of binding to the target and or .•
conformational changes in the toxirms which reveal otherwise concealed groups in the active sites. At the
present time, there is ,rnsufficient data available to explain these complex events but as only an incomplete
blockade of BoNT/A, B and TeTX activity was obtained with phosphoramidon and captopril, it would be
beneficial to evaluate the effectiveness of other established inhibitors of Zn 2 + endoproteases such as
enalapril or thiorphan with the aim of not only discovering clinically-effective antagonists but, also,
providing an indicator of the intricacies of their active sites.

The data reported here provides the first evidence that although BoNT/A may act at a distinct and
as yet unidentified locus from BoNT/B and TeTX, it also appears to be u Zn 2 +-Jependent endoprotease.
Moreover, the liposomal technique was successfully utilised here to transport the two endoprotease
inhibitors into mammalian motor nerve endings; hence, upon the discovery or development of more
effective inhibitors of these neurotoxins, the promising results achieved here might point towards the
application of such technology in the treatment of botulism and tetanus.

(ii) Specific proteolytic cleavage of Sbr in rat SCVs by TeTX and BoNT/B: a substrate-derived
peptide and protesse inhibitors unveil differences in their enzymic properties.
Characterisation of anti-Sbr antibodies for use in functional studies - By means of affinity purification
on a gel containing the peptide used as antigen, antibodies reactive predominantly with Sbr were obtained
(Fig. 14). Large:- peptides are currently being used as antigens; these are giving even higher titras,
affinities and specificities for Sbr.
Sbr is a target for TeTX and BoNT/B but not A - The SDS-PAGE protein patterns of fractions obtained
during the purification of SCVs indicates their purity (Fig. 15); it is clear that the SCV marker
synaptophysin was greatly enriched with a concomitant large reduction in the number of proteins present
relative to the synaptosomal lysaze. Gel filtration on Sephacryl S-1000 (Matsuoka and Dolly, 1990)
removed some contaminating proteins, as revealed by the gel patterns (Fig. 15 A) and the
chromotographic trace (Fig. 15 B). In SDS-PAGE the synaptic vesicle p-otein, Sbr, can be clearly
distinguished as a major protein which corresponds to an apparent Mr of 20-21 kDa. When SCVs were
incubated with non-reduced toxirs. the pattern of vesicular proteins on silver stained gels remained
unaltered. Western blots of an equivalent gel probed with rabbit anti-Sbr antibodies and a mouse anti-
synMptophysin mAb also indicated that these proteins were unchanged. However, Sbr was proteolyzed
selectively if the toxins were reduced with DTT prior to incubation with SCVs. Both TeTX (Fig. 16) and
BoNT/B (Fig. 17) cleaved Sbr, unlike BoNT/A (Fig. 16 A); it is only the LC which is a protease, HC
being devoid of any Sbr cleaving activity (Fig. 16 A, B), The proteolytic cleavage of Sbr is very specific
(see later) as no other proteins on the stained gels appear to be affected; probing with an anti-
synaptophysin antibodies indicated that this major vesicular protein is unaffected by the toxins (Fig. 16
and 17). The toxins proteolysed Sbr in a dose-and tinie-dependent manner (Fig. 16 and 17), with the

cleavage occurring at a relatively slow rate. Careful quantitation (see Methods) indicates (Fig. 17) that 0
under the experimental conditions employed about 60% of the Sbr immuno-reactive band can be
removed (the antibodies are unreaitive with the degradation products. This result accords with thefindings of Schiavo et a. (1992a), who identified the cleaved protein as an isoform of Sbr, Sbr 11;

apparently, Sbr I is not proteolyzed readily by the toxin because it contains a different residue at the
cleavage site. Thus, the protein remaining represents Sbr I which under most electrophoretic conditions is 0
not separated well from Sbr 11.
Salt washing of SCVs allowed detection of cleavage products and demonstration of a subtle difference
between BoNTB and TeTX - Under the conditions employed above, deavage products (12 and 7 kDa
bands on SDS-PAGE gels) of Sbr II produced by TeTX or BoNT B were not detectable. Also, the
peptide ASQFETS (spans the cleavage site) when incubated for 60 min at 370 C with reduced toxin or 0
constitucnt LC proved unable to prevent the consequent proteolysis of Sbr in SCVs (Fig. 16B and 17A).
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A similar protocol in which toxin was preincubated with 5 mM captopril also failed to affect the
subsequent toxin-induced Sbr cleavage (Fig. 16 B and 17 A). These discrepancies with published findings 4

(Shiavo et aL, 1992a, b) may be due to endogeneous proteases contaminating SCVs which might
proteolyse the breakdown products and the pepide. Consistently, SCVs from the sucrose gradient
showed little, if any, Sbr remaining after incubation alone for 2 h at 370C (Fig. 18 A), indicating the
presence of endogenous proteases capable of cleaving this protein and synaptotagmin. However, when
such gradient purified vesicles were salt-washed, much more Sbr and synaptotagmin remained after the
standard incubation of the isolated organelles (Fig. 18 A), though some degradation persists (FiX. 19
blots; tracks I & 2, SCVs incubated for 2 h at 4oC and 370C, respectively). Clearly, the endogenous
wontaminating enzyme is not a very specific protease. Thus, this salt-washed preparation could be
conviently used to study the action of the Clostrldial toxins; indeed, reduced TeTX, its LC and reduced
BoNT B did proteolyze Sbr in this sample (Fig. 19). Under such conditions immunoblotting studies
indicated that the vesicular proteins SV2, synaptotagmin (Fig. 18B) and synaptophysin were not affected
significantly.

Also, the specific toxin-induced cleavage products of Sbr could be detected in SDS-PAGE gels
by protein staining (two fastest bands) in these salt-washed vesicles under certain conditions (Fig. 19).
The Zn2 + chelators, EDTA and PTL were able to prevent the action of these toxins on this substrate;
preincubation of the toxins with Zn2 + after PTL treatment partly restored their proteolytic activity (Fig.
19; Table 5). The Zn2 + protease inhibitor, phosphoramidon, failed to block the toxins' induced cleavage
of Sbr from these salt-washed SCVs (Fig. 19; Table 5). However, incubating the toxins with very high
initial concentrations of the ASQFETS peptide or captopril during the DTT reduction step showed that
the action of TeTX could be antagonised (Fig. 19; Table 5). Intriguingly, these two compounds still failed
to interfere with BoNT/B action (Fig. 19; Table 5). This is the first indication that the specificities of
these two Clostridial neurotoxins towards Sbr are not identical. It is clear that these Zn2 + protease
inhibitors are not particular good drugs to use in the possible treatment of botulism or tetanus because
they are very poor inhibitors and work only at 10,000-fold higher concentrations than required for their
normal target proteases. Similarly, it would appear that BoNT/B and TeTX have different requirements
for recognising their substrate which may involve different amino acid sequences in the Sbr molecule.
Current investgations on the behaviour of different size peptides derived from the Sbr sequence should
docunmen these subtle dissimilarities, with the long term aim of designing much more effective toxin
inhibitors. 0

(iii) Dissimilarities in the actions of BoNT A/, E and TeTX revealed with a microtubule-
dissociating drug and Ca22 ionophore, though all block transmitter release from SSVs mnd
LDCVs,
Intact microtubules are required for optimal activity of all the toxins except BoNT A in blocking 0
synaptosomal release of several transmitters -. There is a requirement for intact microtubules for BoNT/B,
but not /A, to exert its full toxicity at an intracellular site in synaptosomes (Ashton and Dolly., 1991). As
TeTX and BoNT/E or F appeared to be more like type B than A (Dolly, 1990), the effect of a microtubule-
disrupting drug on their action was investigated Colchicine pretreatment did partially interfere with the
action of TeTX, BoNTiF and unnicked E (Fig. 20 A, D, E) on synaptosomal NA release; although, there 0
was a difference in efficacy between unnicked and nicked E toxin (Fig.20 E insert), colchicine still only
partially antagonised the action of the latter (data not shown). Importantly, the fact that most BoNT types
have distinct ecto-acceptors [see section 3(i)] reaffirms that colchicine is not simply acting at the level of
toxin binding. Because TeTX and BoNT/B seem to act on the same intracellular target in peripheral
cholinergic nerve terminals (Gansel et al., 1987) and on isolated synaptic vesicles (see above), it is not
surprising that colchicine antagonises the action of both. Furthermore, as the internalization processes for
BoNT/B and TeTX are quite distinct (Black and Dolly, 1986ab; Parton et al., 1988; Manning et al., 1990;
Poulain d aL, 1991, 1992a, b), they are unlikely to be each affected by a microtubule-dissociating drug;
instead, this drug acts inside the nerve terminal. Also, if colchicine blocks these separate processes for each
toxin then in co-intoxicatiol experiments one would expect a larger antagonism by this agent compared to 0
that of intoxication by the individual toxins. On the other hand, if each toxin acted at a common locus
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which is perturbed by microtubule-dissociating agents then no such additivity would be expected.
Although, such double intoxication experiments arm complicated due to the pharmacoknetics of te
individual toxins, the results obtained to date suggest that there is no additivity of the colchi.cii,
antagonism. Accordingly, colchincine should interfere with the action of these toxins on any
neurotransmitter if this effect bears any relevance to their molecular mechanism. Colchicine counteracted
the action of TeTX upon the release of GABA from synaptosomes. (Fig. 20 B); it also attentuated the effect
of BoNTiB upon ACh release from synaptosomes (Fig. 21 C). These results suggest that TeTX and
BoNT/B inactivate a target in many different terminal types that is sensitive to disassembly of microtubules.
Similar findings were duplicated with the use of other secretagogues; 4-aminopyridine (4-AP) more closely
mimics the physiological mechanism of terminal depolarization than does elevated K+ concentration
because it produces spontaneous action potentials, involving the repetitive firing due to the opening of Na+
channels (Tibbs et al., 1989) leading to an increase in Ca2+-dependent secretion in synaptosomes.
However, the antagonism by the microtubule disrupting agent of TeTX (not shown) or BoNT/E
intoxication was still apparent when release was stimulated in this way (Fig. 20 F); alone, this concentration
of 4-AP, a K+-channel blocker, did not reduce the efficacy of the toxins.

The observed incomplete antagonism of these toxins' activity by disruption of microtubules may
suggests that this cytoskeletal component does not play a direct role in their action. However, the drugs
used do not act on all the microtubules inside nerves. Indeed, some microtubules in synaptosomes are
resistent to colchicine (Gordon-Weeks et al., 1982); many isotypes of tubulin exist in brain with different
affinities for colchicine (Banerjee and Ludvena, 1987). Some subtypes of microtubules may act in vesicle
transport whilst others serve a role in the architecture of the nerve (Miller et al., 1987); colchicine-
sensitive and -resistant microtubules transport different cellular components (Koike et al., 1989). It can
be speculated that these Clostridial toxins act on all types of microtubules and so they can still participate
in secretion even when the colchicine-labile fraction has been removed. The simplest explanation for the
toxins' action would be that they prevent synaptic vesicle disattachment from the microtubules and these
organelles are then unable to exocytose and release their neurotransmitter content (Ashtoa and Dolly,
1991). Knowing now that these toxins modify Sbr II, this protein may be important in the attachment-
/disattachment of vesicles to this cytoskeleton. Interestingly, the Sbr is homologous to an internal repeat
of the collagenase tail region of synapsin I, a region that has been implicated in ineractions with synaptic
vesicles and the cytoskeleton (Trimble et al., 1988). Also, the high abundance of proline residues in the
amino-terminus domains of all Sbr types (Elferink el al., 1989) suggest that an extended rod-like 0
structure may be required in this region for the proteins' appropriate function. Similar proline-rich
sequences have been reported for the cytoplasmic domains of synapsin and synaptophysin. The small size
of the protein suggests that it is unlikely to have a catalytic function and it may be well suited to function
in vesicle transport or membrane fusion. If such a protein played a dual role in attaching vesicle to
various components inside the nerve terminal [similar to certain microtubule-associated proteins which *
link microtubules and organelles to various other cellular components (Severin et al., 1991; Luo et al.,
1990; Donato et al., 1989)] including the fusion apparatus (S611ner et al., 1993), then these Clostridial
toxins could still act at the other loci when microtubules are removed. Studies carried out on the
involvement of microtubules in secretion from non-neuronal cells suggest that there is a very highly
ordered distribution of various membraneous organelles and vesicle translocation towards the plama 0
membrane (Shimada et al., 1988; Parczyk et at., 1989). Disruption of the microtubular cytoskeleton could
alter the directionality of the secretory vesicles (Parczyk et at., 1989) and may even interfere with the final
maturation step of these organelles (Herman a at., 1989). Therefore, all Clostridial toxins except
BoNT/A may act on the synaptic vesicles at an exact site within the nerve terminal which is perturbed by
the microtubule disrupting agents; thus, the uniqueness of action of type A deserve further studying. 0
Elevated intra-synaptosomal Ca- levels reverse the inhibition exerted by these toxins to varying extents
(BoNT/A>>TeTX>BoNT/E)- In view of the aforementioned dissimilarities between BoNT/A and the
other Clostridial toxins, it was pertinent to ascertain if they all behaved differently from BoNT/A with
respect to reversal by A23187. Having established dose response curves for the individual toxins (Fig. 10),
supra-maximal doses of each were used to intoxicate synaptosomes. Fig.21 A indicates that only type A 0
intoxication can be fully reversed with A23187 even though the amount employed (750 riM) was -4-fold
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higher than required to produce maximal inhibition. In contrast, only partial reversal (35-40%,6 of the
control) was seen of TeTX-induced blockade of NA release (Fig. 21 A). a level similar to that found with
BoNT/B or F. Type E gave the most striking result in that even less recovery could be obtained, reaching a
plateau at 20-25% of the control value (Fig. 21 A). Such a result could have arisen because E is by far the
most potent inhibitor of NA release (see Fig. 10 A); 8-80 times less BoNT/E (6-60 riM) than used herein *
produced almost the same blockade of K+-evoked NA secretion, yet a similar minimal reversal was seen
with A23187. Collectively, our results accord with the data for ACh release at the motor endplates;
namely, in both cases the effects, of BoNT/B and F or TeTX can only be overcome partially by increasing
the intracellular Ca2+ concentration, whereas type A blockade is readily reversed (Gansel et al., 1987).
Although our data with E toxin suggests tha: its intoxication is the least reversible and is, therefore, more 0
like BoNT/B, F and TeTX, there remains the possibility that one was observing a very advanced state of
intoxication like the late stage of botulinisation with A at the neuromuscular junction (Molg6 et a., 1987).
Clearly, use of additional criteria will be necessary to determine the complete spectrum of actions of E.

None of the data found with synaptosomes agrees with those from experiments on

neurosecretosomes (Halpern et al., 1990) and hormone secretory ceils (Knight et al., 1985; Marxen and *
Bigalke, 1991) where BoNT/A-induced inhibition of secretion could not be counteracted except when
nicotine or veratridine were used (Marxen and Bigalke, 1991) (but this is Ca2+-independent). Thus, the
differences between these models were examined (see 4(iv) below], particularly because all these
endocrinal preparations release hormone from less specialized regions of the cell than the well defined
active zone of synapse-forming nerve terminals.
All the toxins inhibit transmitter release from SSVs and LDCVs in synaptosomes at active and non-active
zones- Active zones contain a high density of Ca2+ charnels (Robitaille et al., 1990) and upon stimulation
they allow the Ca2+ concentration to reach 100 WM in the vicinity of this region (only 100 nm from plasma
membrane) (McMahon and Nicholls., 1991). The latter can be blocked by use of high Mg 2+ concentration
whilst the release of LDCVs can still be triggered simultaneously by K+ depolarisation and, or ionophores *
that raise the bulk cytosolic Ca 2+ level; subtraction of non-active zone release from the total (measured
under normal K+ stimulation), gives a measure of active zone secretion. High conc. of BoNT/E, A and
TeTX completely blocked the small amount of non-active zone release apparent in the absence of
ionophore (Fig. 21B). This is consistent with the abilities of BoNT/A, /B and TeTX to block the release of
met-enkephalin from synaptosomes (see below), a peptide that is secreted from LDCVs outside the active
zones. These results also correlate with the toxins' inhibition of exocytotic release of vasopressin and
oxytocin from neurohypothesis (Halpern el al., 1990) and their action on the non-synaptic secretion from
endocrine cells [see section 4(iv)]. Increasing A23187 concentration (and therefore the level of intracellular
Ca2+) augments this type of secretion and partially reverses the action of all these toxins. In fact, the
ionophore may be inducing some extra non-active zone secretion that is insensitve to the toxins. The lack
of Ca2+ induced reversibility of chromaffin cell intoxication by these Clostridial toxins may be due to the
fact that these cells are unable to induce this extra release from non-active zones (see above). Notably the
toxins' inhibition of exocytosis from outside the active zones may help explain the puzzling phenomenon
that BoNT/A can block spontaneous, non-quantal release of ACh (Vyskocil et al., 1983; Gundersen and
Jenden, 1983). The latter can be detected post-synaptically as a slight depolarization (Vyskocil, 1985), and
appears to represent neurotransmitter leakage. Carefiul electrophysiological experimentation has been
unable to detect this type of release from the active zones of nerve terminals (Merriney et al., 1989).
However, exocytosis of ACh containing SCVs can occur outside the active zone (Ceccarelli et al., 1988;
Vizi et al., 1983), releasing transmitter into the intracellular space. Although the ACh would be released as
discrete packages, the amount reaching the receptors would vary and, thus, release could appear to be non-
quantal in nature. Such an interpretation also leads to the conclusion that BoNT types are specific probes
for exocytotic secretion only.

Fig. 21 A, B represent increases in NA release triggered by equivalent rises in intracellular Ca2+
concentration; subtraction of these yields values for active zone release (Fig. 21C). Increasing the
intracellular Ca2+ level with as little as I pM A23187 can nearly completely overcome the action of
BoNT/A on the active zone release of NA whilst much higher Ca2+ concentration only partially reversed 0
the action of TeTX on this type of release (Fig. 21 C). BoNT/E blocked active zone NA secretion almost
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completely and A23187 could not antagonise this (Fig. 21C). Again thesw findings on active zone release •
an comparble to those reported at the neuromusculr junction (see above) Thus, it would appear that the

inhibition of" tv zone release produced by the various toxins differ in the levels of reversiblilty,
suggesting that these observations are not due to non-specific effects of the Ca2 1 ionophore; otherwise,
one would expoe-t that the inhibitory actions of all the nertoxins would displsy the same characteristics.
Toaxn lnhibtk of Ba 2 +-evoked synaptosomal release offartand slow r•rw•iutter,- Ba 2+ can substitute
for Ca2 + in supporting depolarisation-stimulated release of transmitters from synaptosomes. B&2+ enters
the terminals on depolarisation through voltage actiated 2 channels, but interacts only weakly with
calmodulin. These toxins inhibit Ba2 +-dependent release of glutamate (Fig. 22) but the extent of
inhibition was lower than the corresponding values for Ca2 .-dependent release (for TeTX, BoNT/A and
B, 60 (±10), 59 (± 13) and 62 (±16), % respectively). Therefore, it appears that their neurotoxicity does
not arise solely via a calmodulin mediated mechanism. In contrast to glutamate release, no difference
could be detected in the ability of TeTX to inhibit Ca2 + or Ba 2 4 evoked release of met-enkephalin; this
demonstrates further diversity in the mechanism of this amino acid and neuropeptide release from SCVs
and LDCVs, respectively. These results raise an interesting general question about the role of Ca2+- k
calmodulin mediated interactions in the release process. In addition to triggering exocytosis Ca 2 +
interacts with calmodulin and, hence, activates a range of enzymes including, Ca2+-calmodulin dependent
protein kinase II (Ca-CaM kinase II). It is well established that KCI-depolarisation of synaptosomes
causes a transient Ca 2+-CaM kinase II phosphorylation of the terminal specific protein, synapsin I. This
phosphorylation has been implicated in the regulation of vesicle exocytosis. In the presence of Ca2 +and
Ba 2 +, the kinetics of KCI-evoked glutamate release are identical, even though in the latter condition
there is little or no depolarisation-evoked phosphorylation of synapsin I. In light of the discovery that Sbr
I1 is the TeTX/BoNT target, these studies indicate that its function is not directly modulated by a Ca 2 +_
CaM, whilst the reduced efficacy of these toxins on the release of a fast trasmitter in the presence of
Ba2 + points to a divalent cation-dependent event being involved to some extent in these toxins' inhibitory
action.

(iv) Benefits of employing permeabilisation methods for investigating the toxins action in non-
neuronal cells.
Fxocytosis from streptolysin-O-permeabilised pancreatic acmi cells is resistant to BoNT/A - an unique
feature of this process in exocrine cells- The time course and Ca 2 +-dependency of ct-anylase release
from streptolysin 0-permeabilised pancreatic acini, a model system well described elsewhere (Edwardson
et a., 1990), is shown in Fig. 23A. Release from permeabilised acini was nearly complete within 15-20
rmn after Ca2 + addition, but when Ca 2 + was added at intervals after permeabilisation the secretory
response diminished i.e. 'run down' (Fig. 23B), with response being almost completely lost after 10 min.
This is most likely due to the leakage of cytosolic proteinr which are esscntial components of the
secretory machinery, supported by the observation that the amount of released lactate dehydrogenase, a
cytosolic marker, increased with time (Edwardson et at, 1990). In our experiments, the enzyme level
detected in the supernatant was not affected by the presence of Ca 2 + or ATP (data not shown). Under
optimal conditions established for measuring Ca2 +-dependent amylase release (permeabilisation and
stimulation for 20 min at 370C), BoNT/A was found not to significantly affect release (Fig. 23C), up to
100 nM toxin was ineffective (data not shown). No effect on basal release of amylase was observed at
any concentration (Fig. 23C). To test the possibility that BoNT/A might be causing a delay in release,
obscured by measuring release at only one time point, the time course of release in the presence of 50 nM
toxin was examined. The data shown in Fig. 23D shows that the toxin does not cause a significant delay
of amylase release at any time. The precise amount of time required for the toxin to diffuse into the
permeabilized acini and exert its pharmacological action is unknown. It could be argued that no block in
secretion is seen because the lag period is too similar to the time course of exocytosis. However, Bittner
et al., (1989) have shown, in digitonin-permeabilized adrenochromaffin cells, that pre-incubation of cells
with toxin prior to challenging with Ca 2 + does not enhance the inhibition of Ca2 +-dependent
catecholamine release observed. It occurred to us that since BoNT/A exerts its toxic action in cholinergic 0
nerve endings after entering neuronal cells via receptor-mediated endocytosis (Dolly et a., 1984; Black
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and Dolly, 1986b and see above), passage through a low pH (endosomal) compartment may be important
for the action of BoNT/A. A protocol was employed which exposed toxin pre-bound to the cell surface
to low pH (Sandvig and Olsnes, 1981); however, such pretreatment did not significantly enhance the
activity of the toxin (data not shown).

This protocol for Ca2 +/ATP-dependent secretion may have obscured the effect of the toxin on a
particular component of release. The data shown in Fig. 24A reveals, however, that 50 nM BoNT A had
no effect on exocytosis evoked by 10 WiM Ca 2+ alone, or on the components of release stimulated by 3
mM ATP or 100 gM GTPyS. Finally, following reports that in chromaffin cells, BoNT LC must be
dissociated from the HC for it to exert its intracellular action (Stecher el al., 1989), the effect of LC was
tested but again no change was noted (Fig. 24B). This lack of toxin action on secretion from an exocrine
cell contrasts with effects of Clostridial toxins seen in permeabilized adrenochromaffln (see below) and
PC12 cells (Mclnnes and Dolly, 1990), models for regulated secretion from neuroendocrine cells. It is
interesting to note that our results are in concurrence with those published recently by Stecher et at

(1992). Clearly, there is a marked difference in the action of BoNT on regulated exocytosis in cells of
neuronal and non-neuronal origin. While the evoked catecholamine release from chromaffin cells and
PCI2 cells occurs over a much slower time course than that seen in neuronal cells, in both cell types
release is evoked by influx of extracellular Ca2 + through membrane channels in response to a hormone or
electrical stimulus. Interestingly, release from acini is normally evoked by an extracellular hormonal
stimulus which induces an increase in cytosolic Ca2 + from intracellular stores; plasma membrane voltage-
dependent Ca2 + channels are not involved (Petersen, 1992). This may be a crucial difference in the
secretory machinery of exocrine cells compared to cells of neuronal origin, especially in view of the
apparent association of voltage-dependent Ca 2 + channels with synaptic vesicle (synaptotagmin) and
plasma membrane (syntaxin, neurexins) proteins believed to be involved in exocytotic fusion (Leveque et
al., 1992; Bennett et al, 1992). It does, however, remain to be established whether the lack of effect of
BoNT/A in the exocrine cells is a consequence of the exocytotic components having diverged during
evolution.
BoNTIA and TeTX block ATP-dependent but not ATP-independent exocytosis from digitonin-
permeabilised bovine adrenochromaffin cells- Digitonin-permeabilised chromaffin cells provide an
excellent model for determining the molecular requirements for exocytosis. The detergent-induced pores
allow rapid entry and exit of molecules up to at least 150 kDa in size but the cells retain a good secretory
response to a Ca 2 + stimulus (reviewed in Burgoyne, 1991). This has allowed study of the effects of

cytosolic constituents leaving the cell, re-addition of leaked cytosolic proteins in a purified and
concentrated form (Morgan and Burgoyne, 1992) and introduction of foreign agents from the
permeabilisation medium (Ali et al., 1989; Schweitzer et al., 1989). Such research has been facilitated by
inhibition of the secretory process by BoNT or TeTX which have little effect on intact chromaffin cells
(over incubation periods if several hours) but enter permeabilised cells and perturb secretion after short-
term incubation with relatively low toxin concentrations (Bittner and Holz, 1988, Bittner et al., 1989a).
Secretion in the latter was dissected into MgATP-independent ind MgATP-requiring stages, with similar
findings have been reported for secretion from PCI2 cells (Hay and Martin, 1990). In chromaffin cells,
the energy-independent component of release was attributed to granules which had already undergone an
MgATP-requiring priming step and, thus, only required an elevation in local Ca 2 + to trigger fusion and
subsequent exocytosis. This represents the earliest component of stimulated release detectable from
permeabilised cells, observable within 5 s of Ca2 + application and completed within 5 min. The later
component of release begins after a short lag, is absolutely dependent on the presence of MgATP and
proceeds for over 15 min. Herein, the susceptibility of each component to inhibition by BoNT/A and
TeTX LC was investigated.

Cells permeabilised with 20 4tM digitonin secreted catecholamine when challenged with 10 pM
Ca 2 + in the absence of exogenous MgATP (Fig. 25, open circles), however, the level of release was

greatly enhanced by inclusion of the nucleotide complex in both the permeabilisation and the stimulation
buffers (Fig. 25, closed circles). The amount of catecholamine released was dependent on the time
elapsed between the addition of the permeabilisation buffer and its replacement with the 10 4M Ca2 +
stimulation medium. The decreasing level of secretion has been termed "run-down" and was attributed to
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the leakage of components involved in the exocytotic process. As expected, the inclusion of the

nucleotide complex in medium bathing permeabilised cells counteracts the loss of endogenous nucleotide

through the membrane pores and allows the priming process to continue after permeabilisation. Exposing

cells to BoNT/A or LC of TeTX, at the same time as the permeabilising agent, resulted in a blockade of

the MgATP-requiring components whilst being ineffective against release fromyrimed granules (Fig. 25).

The results indicate that both toxins act at some site(s) upstream from the Ca2+ trigger in the regulated

secretory pathway but the incomplete blockade seen with BoNT/A contrasts with the TeTX-induced

abolition of ATP-dependent exocytosis; again, this highlights the distinct actions of the two toxins, as

revealed by other measures [see 4 (iii)].

CONCLUSIONS

The extensive and multi-disciplinary research in this report has yielded significant amounts of

novel results. These have numerous and important implications for both the development of a future

clinical treatment of human botulism, and for basic research aimed at deciphering the molecular
mechanism of the fundamental process of Ca2+ -dependent exocytosis. Throughout the text several of

those implications have been outlined in the context of the interpretation of our results. Most importantly,

the research programme is on schedule to achieve the major goals of the contract. Already, adequate

information has been gained for designing a cholinergic neuronal membrane transporter based on

'inactivated' BoNT/A. Additionally, intracellularly-neutralising mAbs have been obtained; eventually these

(in single chain form) could be conjugated to the transporter, followed by evaluation of their targetting

ability and neutralising effectiveness. Such achievements in the future would provide 'proof of principle'

for the drug targeting hypothesis detailed in our contract. The recent and exciting progress reported on

the protease activity of BoNT serotypes has opened up new avenues for the development of additional

intracellularly-acting antagonists of these toxins, namely, potent and specific inhibitors of their enzymic

activities. Moreover, the importance of their substrate, Sbr II, in exocytosis can now be examined
successfuilly; the resultant information will invariably help us achieve the aforementioned goals of this

contract. Thus, in the remaining time. extra effort will be devoted to the latter at the expense of the

proposed studies on the molecular definition and functional roles of BoNT ecto-acceptors. 0

0

Ve

0

VQ

'1'

S•""r"• "I 'F"•I I I • ' ' "I" I:I"I I ~n '"•'I • l l,"m 'l'a .... V,



7 T. PW lu¼r

25

REFERENCES (Note: papers with acknowleged USAMRIID support are printed in bold here and in
the text).
Ali, S.M., Geisow, M.l. and Burgoyne, R.D. (1989) Nature 340, 313-315.
Anderson, R.G.W., Kamen, B.A., Rothberg, K.G. and Lacey, S.W. (1992) Science 255, 410-411.
Ashton, A.C., de Paiva, A.M., Poulain, B., Tauc, I- and Dolly, J.0. (1993) In: Botulinum, Tetanus
Neurotoxins: Neurotransmission and Biomedical Aspects. (Ed. DasGupta, B.R.) New York, ,Plenum
Press. pp 191-213.
Ashton, A.C. and Dolly, J.0. (1988) J.Neurochem. 50, 1808-1816.
Ashton, A.C. and Dolly, J.0. (1991) J.Neurochem. 56, 827-835.
Ashton, A.C., Edwards, K. and Dolly, J.0. (1988a) Biochern.Soc.Trans. 16, 883-884.
Ashton, A.C.. Edwards, K. and Dolly, J.0. (1988b) Biochem.Soc.Trans. 16, 885-886.

Ashton, A.C., Edwards, K. and Dolly, J.0. (1990) Toxicon 28, 963-973.
Bandyopadhyay, S., Clark, A.W., DasGupta, B.R. and Sathyamoorthy, V. (1987) J.Biol.Chem. 262, 2660-
2663.
Banerjee, A. and Luduena, R.F. (1987) FEBS Lett. 219, 103-107,
Bennett, M.K.. Calakos, N. and Scheller, R.H. (1992) Science 257, 255-259.
Bergmeyer H.U., Bemit E. and Hess B. (1963) In: Methods Enzymatic Analysis. (Ed.Bergmeyer H.U.). New
York. Academic Press. pp 763-74 1.
Biniz, T., Kurazono, H., Wille, M., Frevert, J., Werners, K. and Niemann, H. (1990)
J.Biol.Chem. 265, 9153.9158.
Bittner M.A. and Holz R.W. (1988)1J. Neurochem. 51,451-456.
Bittoer, M.A., DasGupta. B.R. and Holz, R.W. (1989) J.Biol.Chem. 264, 10354-10360.
Bittner, M.A., Habig, W.H. and Holz, R.W. (1989a) J.Neurochem. 53, 966-968.
Black, J.D. and Dolly, J.0. (1986a) I.Cell Biol. 103, 521-534.
Black, 3.D. and Dolly. J.0. (I1996b) J.Cell Biol. 103, 535-544.
Black, J.D. and Dolly. J.OD. (1987) Neuroscience 23, 767-779.
Bradford. M.M. (1976) Anal. Biochem. 72, 248-254.
Burgoyne, R.D. (1991) Biochem.Biophys.Acta 1074, 174-202.
Ceccarelli, B., Fesce. R., Grohavaz, F. and Haimann, C. (1988) i.Physiol.(Lond.) 401, 163-183.
Cenci di Bello, I., Poulain, B., Shone, C.C., Tauc, L., and Dolly, J.0. (1993) . Submitted for publication.
Cushman, D.W. and Ondetti, M.A. (1980) Biochem. Pharmacol. 29, 1871-1877.
DasGupta, B.R. (1981) In: Biomedical Aspects of Botulism. (Ed. Lewis, G.E.). New York, Academic Press.
pp 1- 19.

'~ de Paiva, A., Poulain, B., Lawrence, G.W., Shone, C.C., Tauc, L. and Dolly, J.0. (1993) ,T.Blol.Chem.
In press.
de Paiva, A.M. and Dolly, J.0. (1990) FEBS Lett. 277,171.174.
de Paiva, A.M. and Dolly, J.0. (1993). In preparation.

41 Dolly, J.0. (1990) In: Neuromuscular transmission: basic and applied aspects. (Ed. Vincent, A. and
Wray, D.). Manchester, Manchester University Press. pp 107.131.
Dolly, J.0. (1992) In; Handbook of Experimental Pharmacology, Vol. 102. Selective Neurotoxicity.
Berlin, Springer-Verlag. pp 681-717.
Dolly, 1.0., Black, I.. Williams, R.S. and Melling, 1. (1984) Nature 307,457-460.
Doily, 1.0., Ashton, A.C., Evans, D.M., Richardson, P1.. Black, J.D. and Mellinig, 1. (1987). In: Cellular and
Molecular Basis of Cholinergic Function. Chichester, Ellis Horwood. pp 517-533.
Dolly, J.O., Ashton, A.C., Mclnnes, C., Wadswoth, J.D.F., Poulain. B., Tauc, L., Shone, C.C. and
Melling, J. (1990) J.Physiol. (Paris) 84, 237-246.
Dolly, J.O., de Palva, A., Poulain, B., Foran, P., Ashton, A. and Tauc, L. (1992). In: Bacterial Protein
Toxins, Zbl Bakt. Suppl.23. Stuttgart, Gustav Fischer. pp 3145.
Donato, R., Giambanco. 1. and Aisa. M.C. (1989) J.Neurochem. 53, 566-57 1.
Dunn, L.A. and Holz, R.W. (1983) J.Biol.Chem. 258,4989-49,93.
Edwardson, J.M.. Vickery, C. and Christy, L.J. (1990) Biochem.Biophvs.Acta 1053, 32-36.
Elferink. L.A., Trimble, W.S. and Scheller, R.H. (1989) J.Biol.Chem. 264, 11061-11064.
Ellman, G.L. (1959) Arch. Biochem. Biophys. 82, 70-77.
Evans. D.M., Williams, R.S., Shone, C.C.. Hambleton. P., Melling, J. and Dolly, 1.0. (1986) EuriJBiochem.
154.,409-416.
Fabiato. A. & Fabiato, F. (1979). J. Physiol. (Paris) 75. 463-505.
Facchiano, F.. Benfenati, F., Valtorta, F. and Luini, A. (1993) J.Biol.Chem. 268, 4588-4591.

N,0



-7--7 ~

Gansel, M., Penner, R. and Dreyer, F. (1987) Pflugers Arch. 409, 533-539.
* Gordon-Weeks, P.R., Burgoyne, R.D. and Gray, E.G. (1982) Neurosciece 7, 739-749.

Griffiths, G., Back, R. and Marsh, M. (1989) J.Cell Biol. 109, 2703-2720.
Gundersen, C.B. and Jenden, D.J. (1983) J.Pharmacol.Exp.Thcr. 224, 265-268.
Halpern, J.L., Habig, W.H., Trenchard, H. and Russel, J.T. (1990) J.Neurochem. 55, 2072-2078.
Hay, I.C. and Martin, T.F.J. (1992) J.Cell Biol. 119, 139- 15 1.
Herman, G., Busson. G., Gorbunoff, M.J., Mauduit, P., Timasheff, S.N. and Rossignol, B. (1989)

* ~Proc.Natl.Acad.Sci.USA 86,4515-4519.
Holmquist, B. and Vallee, B.C. (1974)1J. Biol. Chem. 249,4601-4W07.
Holz, R.W., Bittner, M.A., Peppers, S.C., Senter, R.A. and Eberhard D.A. (1989) .. BioI.Chem. 264, 5412-

Huttner, W.B., Schreibler, W., Greengard, P. and De Carnilli, P. (1983) J.Cell Biol. 0,6,1374-1388.
Karnovsky, MJ. and Roots, L. (1964). J.Histochem.Cytochem. 212, 2 19-223
Knight, D.E., Tonge, D.A. and Baker, P.F. (1985) Nature 317,719-721.
Koike, H., Matsumoto, M. and Umnitso, Y. (1989) Neuroscience 32, 539-555.
Komniyama, T., Suda, H., Aoyagi. T.. Takeuchi, T., Umezawa, H., Fujimoto, K. and Umezawa, S. (1975)
Arch. Biochem. Biophys. 171, 727-73 1.
Kurazuno. H., Mochida, S., Binz. T., Eisel. U., Quanz, M., Grebenstein, 0., Wernars, K., Poulan, B., Tauc,
L. and Niemann, H. (1992) J. Biol. Chem. 267, 14721-14729.
Laermmli, U.K. (1970) Nature 227, 680-685.
Larsen, K.S. and Auld, D.S. (1988) FASEB J. 2,4754.
Leveque, C., Hoshino, T., David, P., Shoki-Kasai, Y., Leys, K., Omori. A.. Lang, B., El Far, 0.. Sato, K..
Martin-Moutot, N., Newsom-Davis, L., Takahashi, M. and Seagar, M.J. (1992) Proc.Nati.Acad.Sci. USA 89,
3625-3629.
Lomneth. R., Suszkiw. J.B. and DasGupta, B.R. (1990) Neuroscience Lett. 113, 211-216.
Luo, Z.. Shafit-Zagardo, B. and Erlichman, J. (1990) J.Biol.Chem. 265, 21804-21810.
Maisey, E.A., Wadsworth, J.D.F., Poulain, B.. Shone, C.C., Melling, J., Gibbs, P., Tauc. L. and Dolly, 1.0.
(1988) Eur. J. Biochem. 177, 683-69 1.
Mailya. 5.K. and Van Wart. H. (1989) J.BioI.Chem. 264, 1594-1601.
Manning, K.A.. Erichsen. 1.1. and Evinger, C. (1990) Neuroscience 34, 25 1-263.
Marxen, P. and Bigaike. H. (1991) Neuroreport 2, 33-36.
Matsuoka, 1. and Dolly, 3.0. (1990) Biochem.Biophys. Acta. 1026,99-104.
Mclnnes, C. and Dolly, J.0. (1990) FEES Lett. 261, 323.326.
McMahon, H.T., Foran, P., Dolly, J.0., Verhage, M., Wiegant, V.M. and Nicholls, D.G. (1992)
J.BioLChem. 267, 21338-21343. A
McMahon, H.T. and Nicholls. D.G. (1991) Biochim.Biophys.Acta 1059, 243-364.
Merriney, S.D., Young, S.H. and Grinell. A.D. (1989) Proc.Natl.Acad. Sci. USA 86, 2098-2102.
Miller, R.H., Lasek. R.J. and Katz. M.J. (1987) Science 235, 220-222.
Mochida. S., Poulain, B.. Eisel. U., Binz, T.. Kurazono, H., Niemann, H. and Tauc. L. (1990)
Proc.Natl. Acad.Sci. USA 87, 7844-7848.
Molg6, J., Lemeignan, M. and Thesleff, S. (1987) Muscle and Nerve 10, 464-470.
Neutra, M.R., Ciechanover. A.. Owen, L.S. and Lodish, H.R. (1985). J.Histochem.Cytochem.33, 1134-1144.
Morgan, A. and Burgoyne, R.D. (1992) Nature 355, 833-836.
Niemann. H. (199 1) Sourcebook of Bacterial Protein Toxins. (Ed. Alouff, I.E. and Freer, J.H.). London,
Academic Press. pp 303-348.
Parezyk, K., Haase, W. and Kondor-Koch, C. (1989) J.Biol.Chem. 264, 16837-16846.
Parton, R.G., Ockleford, C.D. and Critchlev, D.R. (1988) Brain Res. 475, 118-127.
Parton, R.G., Simons, K. and Dotti, C.G. (1992) J.Cell Biol. 119. 123-137.
Petersen, O.H. (1992) J.Physiol. 448, 1-5 1.
Poulain. B., Tauc, L., Maisey, E.A., Wadsworth, J.D.F., Mohan. P.M. and Dolly. 1.0. (1988) Prxc. Natil.
Acad. Sci. USA 85,4090-4094.
Poulain, B., Wadsworth, J.D.F., Shone, C.C., Mochida, S., Lande, S., Melling, J. Dolly, J.0. and Tauc,
L. (1989). J. Biol. Chem. 264, 21928-21933.
Poulain, B., Wadsworth, J.D.F., Maisey, E.A., Shone, C.C., Melling, J., Tauic, L. and Dolly, J.0.

* ,,.{ ~ (1989a) Eur. J. Blochem. 185, 197-203.
Poulain, B., Mochida, S., Wadsworth, J.D.F., Weller, U., Habermann, E., Dolly, J.0. and Tauc, L.
(1990). J.Physlol. (Paris) 84, 247-26 1.



27
Poulain, B., Mochida, S., Weller, U., Hogy, B., Haberniann, E., Wadsworth, .J.D.F., Shone, C.C., Dolly,
J.0. and Tauc, L. (1991) J.Biol.Chem. 26,6,9580-9585.
Poulain, B, Wadsworth, J.D.F., Weller, U., Mochida, S., Le-Prince, C., Dolly, J.0. and Tauc, L (1992)
Bacterial Protein Toxins. (Ed. Witholt et aL.) ZbI. Bakt. Suppl. 23. pp 46-54.

* ~Poulain, B., de Palva, A., Dolly, J.0., Weller, U. and Tauc, L. (1992a). Neuroscience Lett. 139, 289-292.
Poulain, B., Weller, U., Blnz, T., Niemann, H., de Paiva, A., Dolly, J.O., LePrince, C. and Tauc., L.
(1993) In: Botulinum,. Tetanus neurotoxins: neurotransmission and biomedical aspects. (Ed.
DasGupta, B.R. ). New York, Plenum Press.
Prado, M.A.M., Gomes. M.V. and Collier, B. (1992) J.Neurochem. 59, 544-552.
Rinderknecht, H., Wilding, P. and Haverback, B.J. (1967) Experentia 23, 805.
Robitaille, R., Adler, E.M. and Charlton, M.P. (1990) Neuron 5, 773-779.
Sandvig, K. and Qlsnes, S. (1981) J.Biol.Chem. 256,, 9068-90)76.
Santos, M.S., Goncalves, P.P. and Carvaiho, A.P. (199 1) Brain Res. 547, 135-14 1.
Schiavo, G., Papini, E., Genna, G. and Monte-cucco, C. (1990) Infect. Imnuun. 58,4136-4141.
Schiavo, G., Benfenati, F., Poulain, B., Rossetto, 0., Polverino de Laureto, P., DasGupta, B.R. and
Montecucco. C. (1992a) Nature 359, 832-835.
Schiavo, G., Poulain, B., Rossetto, 0., Benfenati, F., Tauc, L. and Montecucco, C. (1992b) EMBO J. 11,
3577-3583.
Schiavo, G., Rossetto, 0., Santucci, A., DasGupta B.R. and Montecucco, C. (1992c) J. Biol. Chem. 267,
23479-23483.
Schweizer, F.E., Schaffer, T., Tapparelli, C., Grob, M., Karil, V.0., Heumann, R.. Theonen, H.. Bookman,
R.J. and Burger. M.M. (1989) Nature 339,709-712.
Severin, F.F., Shanina, N.A., Kuznetsov, S.A. and Gelfard, V.I. (1991) FEBS Lett. 282, 65-68.
Shimada, 0., Ishikawa, H. and Wakabayashi, K. (1988) Protoplasma Suppi. 2, 145-157.
Simpson, L.L. (1980) J.Pharmacol.Exp. Ther. 212, 16-2 1.
Simpson, L.L. (1984) J.Pharrmacol Exp.Ther. 229, 182-187.
Simpson, L.L. (1989) Botulinum neurotoxin and tetanus toxin. (Ed. Simpson, L. L.). New York, Academic
Press.
Ste-cher, B., Gratz], M and Ahnert-Hilger, G. (1989) FEBS Lett. 248, 23-27.
Stecher, B., Ahnert-Hilger, G., Weller, U., Kemrnmer, T. and Gratzl, M. (1992)
Biochem. J. 283, 899-904.
Soliner, T., Whiteheart, S.W., Brunner, M., Erdument-Bromage, H., Gerononas. S., Tempst. P. and Rothman,
J.E. (1993) Nature 362. 3 18-323.
Tibbs, G.R., Barrie, A.P., Van Mieghem, F.J.E., McMahon, H.T. and Nicholls. D.G. (1989) J.Neurochem.
53, 1693-1699.
Thompson, D.E., Brehm, 1K.. Oultram, J.D.. Swinfield, T.-J., Shone. C.C., Atkinson. T., Melling, J. and
Minton, N.P. (1990) Eur.J.Biochem. 189. 73-8 1.
Trimble, W.S., Cowan. D.M. and Scheller, R.H. (1988) Proc. Natl. Acad.Sci. USA 85,4538-4542.
Tse, C.K.. Dollv. J.0., Hambleton, P.. Wray, D. and Melling, J. (1982) EuriJBiochem. 122,493-500.
Verhage, M.,McMahon, H., Ghijsen. W.E.J.M., Boomsma, F.. Scholter. G., Wiegant, V.M. and Nicholls,
D.G. (1991) Neuron 6,517-524.
Vizi, E.S., Gyires, K.. Sonogyi, G.T. and Ungvary, G. (1983) Neuroscience 10, 967-972.
von Euler, U.S. and Floding. 1. (1955) Acta Physiol. Scand. 33 (Suppl. 118), 45-56.
Vyskocil. F., Nilolsky, E. and Edwards. C. (1983). Neuroscience 9, 429-435.
Vyskocil, F. (1985) Neuroscience Lett. 59, 277-280.
Wadsworth, J.D.F.. Desai, M., Tranter, H.S., King, HiJ., Hambleton, P., Melling, J., Dolly, J.0. and Shone, *
C.C. (1990). BiochemiJ. 268, 123-128.
Whitaker, J.R. and Granum, P.E. (1980) Anal.Biochem. 109, 156-159.
Williams, R.S., Tse, C.-K., Dolly, 3.0., Hambleton, P. and Melling, J. (1983) Eur. J. Biochem. 131, 437-445.
Yoshida, A., Oho, C., Omori. A., Kuwahara, R., Ito, T. and Takahashi, M. (1992) JBiol.Chem. 267, 24925-
24928.

7,:



A B"~ 74 4AA-aA4

D :

tjtt"

JPO~f-r

.' 4-Lfl f~ ~ 7

Z.~e t~
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junctions. Mouse diaphragms were incubated for 15 mis at 41C with toxin-gold conjugate either at I nM (A) and with 100 nM
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I light microscopy; photomnicrographs show longitudinal sections. Magnification x 800.
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P~g. 3. Albeit inactiw Red-A-8oNT/A. unlike HC, antagonises BoN7'/A-Indsuced neuroparalysis at mutine aprd Aplyaa chollnergic
synwapsre~ whereas HC ly effective only in Aplysia. Bath application of 2.5 riM Red-A-BoNT/A was incapable of altering transmitter
release at the mouse phreesicnerve-emi-displsrPsgn (A) and Ap4.fa ne-?rons (B). Competition studies undertaken by applying 2.5 am
Rjed-A-BoNT/A f~r 45 min to nemv diaphragms under conditions designed to minimiste toxin internalisation (see text) , followed by a
15 I mins iraubation with 0.2 nM BoNT/A. The toxin and its denrvatve were removed by thoroughly washing Wsore stimulating the
oerve. Under these conditions, Red-A-BoHT/A deLayed the onset o( the BoNT/A induced paralysis (C); similarly, 100 riM Red-A-
BoN'T/A applied to Api'sa neurons at low temperature for 30 mun blocked the acton of 10 riM Bor'fl/A (D)). In contrast to the

~, antagottmn of BoNT/A action observed with Red-A-HolffIA at mammalian msuscle endplates, the isolated HC of BoNT (30 nM) was
S incapable of delaying the onset of botulinisation by 0.3 niM BoNT/A (E) under the binding compeL~tion conditions described in the text.

However, the isolated HC (t00 nM4) did block the inhibition of ACh release induced by 10 riM BoNT/A in Aplyra neurons (F), a
discrepancy which, although remaining unexplained, probably results from a less stringent structural req~uiremnsit for binding at
inrvetebrate toxin acceptors. Adapted from Maisey deaL (IM;ll) Fislain deal (1999); de Palvl e AL (1993)

A .. .v



WOOK

50K mo

1 2 3 4 5

F~.4- Differet whi1Ities of Res-A -tC in SDSPAGE under reehdling and no*-reducing condtflons "f~l" toe ewrcer
of ln6r-dszdP"ri bond Elecrhorsi *-s peirformd On 9% McYlamIde gels under non-reducing (lanes 1-4) and
meduic"n (Oane .5) Conaditionss. Lanes 1, LC Purlificd from BONT/A; 2, HC from BoNT/A in the presence of 10 mM 1)TI and2 M tire; 3, the isoltated HC fOllowing dialysis into 30 mM Tril-Ha / 150 mM NaCI. pH 8.0 over 24 hband then alkylation
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eFig. 5. Alkyated chains of BoNTA'T do no. undergo inter~al/isatiof !fn Aplysia cholinergic nevronsL Conditions were as

described in Fig. 3. (A) At 100C, pue'-incubation or the ganglion of Aplvrra with 100 nM Ren-A-HC ror 30min (first hatched

fam) before the addition of10 nM BoNT/A (second hatched area) - the internalisation being arrested at this low temperature -

prevented inhibition of transmission by the toxin that nortmally occurs at 220 C. (B) Bath application (hatched area) of Ban-A-

H and LC (100 niM each) to a neuron ore-injected with unmodified HC (10 nM. final concentration) did not depress releas.

(C) When Ren-A-HC (100 nM) was bah applied to a neuron pre-injected with LC release also remained unmodified and (D)

the same observation was made when an equimolar mixture of HC plus A-LC (100 nM. each) was app~lied to the bathing

medium. Collectively, theme resualts indicate that the aikylation of either the LC or HC is sufficient to disrupt membrane

tnnslocatioss. Taken from tde Palva di aL (1993).
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Ftg. 6. Free thiols of BoA'T are nw essential for any phase of its nevroparolytc action in mammals or 'nwertebratetr A-BoNTIA
(0.2 tiM) was effective as BoNT/A (0?2 nM) in inhibiting ACli release at the neuromsntcular junction (A) and 10 tiM of this modified
HoNT/A (B) was equipoftcn with the same concentration of native toxin at the buccal ganglion ofA plvsi. In contrast to its Ions of
abilty to inhibil releas when applied exeternally addition of 100riM Red-A-BoNT/A to permeabidised bovine admiWa chromaffin
cells resulted in a diminution of the normW Can-eviked catecholamnine rel.,.s (1), ouipo~ent (2) to thari induced by the same
concemreo of the nativ toxin (3) (C) (Note the partial inhibition by BoNT/A, as already reported for this "ysem (Stecher ef al.,
198t, Bittmet al, 1939)). Similairly, inftox-neuronal injection into the Ap.'yrla neuron of 10 nM PRed-A-BoNTIA was asl effective as
10 tiM BoNTIA at inhibiring ACh release (D). Confirmatory evidence that neither the disuloiudes nor the thiols of BoNT/A ame
involved in the intracellular activity was provided (F') when injection (arrow) of heterologous mixtures containing one renwured and
alkylaed chain together with an unmodified chain into a prersynaptic neuron (10 tiM, final concentration for each chain) induced a
depresson similar to BoNTIA (see A). Adapted from de Paiva d aL (1"931
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Plg. 7. Exclustm e ,wnOc1M of arnI-LC m~Aby fop the LC of BoNT/A. Samyples of BoNT subt)pe A, 8, E, F and TeTX in
replicate 8% gels were subjected to SDS-PAGE under reducing conditions. Consutuents HC and LC of eMb-! type of
neunotcoxin were vmsaised by arime stain of gel (A) and in the correrpnding Wertun blotted gel, imrnrano-stmined by pre-
incubation with m~h mAb (C;. As shiown for the rpeentative rmb 4 (B), reactivities are limited to LC and intac BoNTIA
(C). Relative renctxvtias (dilutons) of the mAba ame indicated in Table 4. Taken from Creli di Belo er eL (1"931
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FIg. &. Blockade of frsm~wtiar release Induced by SoNT/A is rswvrmd by minection of emd-LC mAbs ineG Aplysia neurona
(A) After BoNT/A was bath applied [hatched are 10 nM (0) or 30 riM (M)l and 50 % of blockade of neurotriunismsaon
ensued. mAb 7 ascitic fluid (0) or purified rnAb 7 lgG (0) (final conc. 200 riM) was injected into presynaptic neurons.
This was followed by the rewfy of ACh release. (B) BoNT/A was bath applied at 25 nM (hatched are), then purified
rnAb '7136 was injected (arrows) into the ptusynaptic neurons at different times (80 min. or 160 Min.) after application of
BoNT/A. The intracelliular 136 concentration (final) at either time was 170 nM The extent of recovery of ACh release 0
depended on the time of injection; niAb injected at 80 min. after toxtin application produced virtualy full recover,- but a
much Iower restoration of activty reaulted from injection at the later time of 160 nun; recovery was no sustained and
transiency wasa~oticeable in experime~nts performed for longer than 4h. (C, D) After BoNT/A (10 nM) induced a significant
blockade of ACII release, inAb 4 ascitic fluid (C) or control ascites (0) (D) or a mAb raised to an unrelated protein (U)
were injected into presynaptic neurons; reccovery of neuro~ntrimsmison is gme only in the neuron injeced with mnAb 4.None
of the anftihe lies exeerted any effect on neurotrananussion in non-(oxin treated neurons. Taken from Cenel dl Belloef SL 0
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Fig. 10 Inhibitory potency of 3oNT and TeTV on the syrnrpeosmal release of various transmitters. Synaptosomes were
incubated with the diftTerent transmitters and the various toxins for 2h at 37

0
c. The toxin and excess radrolabeiled

transmitter were removed by washing in Ca
2

+-free buffer. Evoked release was measured over a 5 min period in buffer
containing 1.2 mM Ca

2
+ and 25 mM K+. An equivalent sample was stimulated in the absence of Ca 2

+ and this amount of
release subtracted from that in Ca

2
tctaaining medium to yield the Ca~eedn relase plte values are expressed as

%of that obtained in the absence of toxin. (A) Block oftNA release by BoNT/A (U), B (&), E (*) and F (0). (B) BoNT/B
inhibition of ACh (,0 and NA (v) release. (C) The potency of TeTX in inhibiting release of NA (E)and GABA (0). Results
for all panels represent the mean of many experiments; error was less than 15 % of the mean for all points. Adapted from
Ashton er L (I 993)ý
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Fig. I1. A low Zn2+ concentration is essentialfor BoNT/A- and /B- induced neuromuscular paraoysi but elevated levels are
antagonistic in a manner typical of neutral meralloproteases . The times to paralysis ensuing the addition to mouse hemn-diaphragm of 50 pM BoNT/A (A and B) or 80 pM BoNT/1 (C and D) pre-incubated for 2 h at 370C with buffer only (see text
for details) prior to its dialysis into 2n

2
+-free' buffer, are plotted in column 1. A rneastrable delay in time to boeulinisation was 1

observed upon addition of toxin pre-incubated with FTL before its dialysis into the 'Zn 2
+-free' buffer (2). The depletion ofBoNT/A or B activity by this chelator was significantly extended upon exposure of the excised nerve-muscle preparation to 50

Am D'TPA and 30 ptM TPEN for 2 h prior, and subsequent to the addition of the toxin (3); this amount of DTPA and TPENalone were intrinsically unable to affect the toxin's neuroparalytic activity (4). (B) The effect of PTL on the action of BoNTIA or
B was reversed upon the addition of 50 tiM Zn 2

+ acetate to the toxin sample following its exposure to PM and its subsequent
dialysis into 'Zn

2
•-fr2' buffer (1). In contrast the presence of a high concentration (30 naM) of Zn2+ acetate under these

conditions resulted in a major loss of the toxin's activity. The paralysis times were measured as the period following the toxin's
addition to a 90% depletion of the original nerve-evoked muscle tension and represent the average of three experiments ± S.D.
Experimental conditions are summiansed in the figure. Taken from de Palva and Dolly (1993)
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FY&~ 12. Diminuinb metlloproteasei Inhibirors of the nermm tar pao~rlyslr ocitvi ty of Te7X mnd BoNTIB. (A) When
compared to 10 nM control untreated TeTX (1), the netiroparalytic activity of the same coincentration of toxin was
signiticmntiy diminished when pre-treaed with 50 $iM phosphoramidon and appled to the mnouse phrenic nerve-hemi-
diaphragm together with 50 tiM bath-(2), or 100 pLM liposomalfrdelivered phosphoramidon (3), or both simultaneously, (4).
Raising the concentration of the bath (to 350 pM) and lipcsoenally-appLied inhibitor (to -350 pM) did not fuirther delay the
onset of paralysis (5). The possibility of a non-specific interact~ion between the liposomnes and the toxin was eliminated by
the ob~servation that the vesicles containing only buffer (see text for details) bad no effect on the time to paralysis ensuing
the addition Of the untretedl toxin (6). (B) As observed with TeTX, 80 pM BoNT/B pre-.treated with 50 jiM
phosplioransidon and applied to the munne nerve-muscle preparation with either 50 pM bath-(2), or 100 pM lposomally.
administered phosphoramtidon (3), or both together (4), was less effective at blocking neuromuscular transmission than the
control toxin (I),- an increased presence of the inhibitor (350 pM in the bath plus 350 ;LM entrapped in liposomes) did not
fuxther extend this antagonism. (C) The resuroparalytic activity of 10 mM captopnl pre-treated TeTX applied to the hemi-
diaphragm, bathed in medium containing 50 pM captopril (2) or 100 pM liposomally-entrapped inhibitor (3), was
markedly dimtinished in comparison to the samre concentration of control toxin added in the absence of inhibitor (1). A
strmilar effect was olservtd upon the application of both 50 pM bath- and 100 pLM lipowotally-applied captopnil (4) and this
was not significantly exteri1ed upon raising the aimount of inhibitor to 350 pLM bath and -350 tpM entrapped captopril in
the bath (5). The columns represent the average of at least two experimnents -+ S.D. Taken from de Palva sad Dolly (1993)1
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Ftg. 13. Inhibition of ACtS release by BoNTIA ce LC is only attenuated by phosphoeonrtdon whena berth-applied and
lipasonsally-lefivered Into motor nerve endings (A) BoNT/A (50 pM) pre-incubated with phoslphorarnidon and applied to
excised murine phrenic iierve-hemu-,diaphragmns in the presence of 50 WM bath- (2) or 100 jiM lipotonal-phosphoramtidon (3)
was as efficacious as the control untreated toxin applied in the absence of the inhibitor (1). Upon the addition of both 50 pM
non-eneapsu'ltted and 100 ILM liposomal phosphorantidon togetherf with the pre-treated BoNT/A (4), a mstbantiail &Jay in the
time to paralysis was measured. This effect was not significantly emended when the pre-treated toxin was applied with 350
tiM bath plus 350 ;tM meicte-entrapped inhibitor (5) (B). Liposomes containing the LC of BoNT/A prepared in the presence.
of 200 tIM ptiosplorainidon (2) were substantially tew effective thtan tiposomes containing the tame amount of LC but
prepared without the inhibitor (1). For panel A, the columns represent the average of at least 3 experiments * S.D. while the
paralsis tines shown in panel B are representative of 3 separate tipao mnai preparations, Taken from de PAlva and Dolly
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F7g, 14. Proictflon and puriflcaflon of rabbiti antibodies against a Shr peptide To isolate immunoglobtilins (Ig~s) specific
Ibir Sbr, immnune Seium was applied to the immobiised peptide rusin followed by salt washing mnd fipaJly elution of bound
IgO using 0. 1 M glycine PH 2,5. The different stages in the isolation of the Stir reactive IgG were monitored by Westernbloting using bovine SCVs;. IgG reactive with Stir anbe seen in the pH 2.5 eluant and this has been used to study toxin

4A "L proteollysis of Sbr.
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Proftin stainedLCoTTX( )

Immunoblotted

4 is M 0 Ui9 14 B

F~g. 16. .br in XSC~ purified on a SephaaYl col-mm is protujyzed by LC of TT1X (bait not by BoNT A) though this wýzsPoorly antagontsed bya sutbstr'ate derrved peptide or a Zfr2 +-proteaae inhibator. Purified SCVs were incubated with toxins,Ot their consItuent chains, foe 2h at 37CC; SDS-PAGE (13 % gels) of the samples and corresponiding imnsunobdota wemeprobed with a mouse anti-synaptephysin antibody (used as an internal control) plus a rabbit anti-Sbr polyclonal antibody
k ~' and detected using the EQ. system. Prroein markers for silver stained gels were as described in Fig. 15 whilst blots employed* biedilylated standards [Bio-radyi.(Wra): myosin, 200; 0-galactosidase, 116; phosphorylase 6. 97.4: BSA, 66; ovalbumnin,45; carbonic anhydrase, 31; soybean trypsin inhibitor, 21.5; lysozyme, 14.4; aprotinin, 6.51. (A) LC (but not the HQ) ofTeTX exhibits the proteolytic: enzynmic acitivity towards Sbr whilst neither intact nor reduced BoNT A cleaved any vesicularprotein; 100 ntM of each was employed. (B) TeTX LC cleaved Sbr in a dose dependent manner whilst I0 DO M ASQFETS(incsilbeted toxin with 360 gM peptide) or 1.4 mM captooul (5 mM initial) had negligibletaffect oi the toxin-induced

proteolysts, as also determined by densitomretric scanning (see Fig. 17 for further details).
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Salt washed

SynaptetsgnM * M AD

39k 39 k

LC Red. Red, Red.
TcTX TeTX BoNT BoNT

B A

F'7g. 18. Solt washing of SC Vs from the sucrase gradient jwewnts breakdown of Sbr and svnoptotagmrn by endogenouss
pvotcases.: inability of Clastrdial toxins to proteolyze syioptotognrrn. SCVs fronm the sucrose gradient step were diluted in
0.3 M gltcine 5 miM Hepes pH 7.4 and 0.2-0.4 M NaCI was added to some aliquots, following a 2h incubation at 41C,
SCVs wee petleted supernatant removed and vesicles resuspended in buffer. (A) To assess autolysis of vesicle proteiný
untreated and salt-washed SCVs were incubated for 2h at 371C , prior to the seperation of vesicular proteins bry SDS-PAGE
ont 8 or 13 % gels followed by Wesse~n blotting. A rabbit anti-svnap(otagmnin polyclonal antibody was employed whilst other0
details are as int Fig. 16, It is apparent that in non-salt treated vesicles most of the Sbr was proteolyzed by endogenous
enzymes (isn the presence of the proteas inhibitors employed throughouit), and that some of the synaptotagmin was cleaved
at a reported cleavage site to yield a 39 kDa breakdown product. (B) Salt-washed SCVs were incubated with high doses of
BoNr /A/ B and TeTX (or its LC) for 2h at 370C and SDS-PAC3E performed. Synaptotagmin was unaffected by any of
these toxins (as shown); similar negative results were also found when another synaptic vesicle protein, SV2, was
investigated by inmmunoblotting (not shown).
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F~.2. naon l ya micosbl~ixan agn1f00ihi1inb aT/&F n eT fteeo
rwerernsmp~sm~ f ifrettrimurr Swosma eeinuatdwih[H1Aan retdfo 0 ma

370C~~~~~ wihT0O rwtot( -UL m ociiepltt nadtoal nuaini h rsneo
various ~T\ tois'0 oi n xesrdoable rnmte eermvdb wsigi a~fe ufr.Eoe

release was measredoeA mpro nbfe otiig32MC 2 n 5MK.A qiaetsml a
stiulaedin ~leabenc ofCa~ ad t.i amuntofretasesutratedfrm tat n a2~ cotanin meiu toyied

f ig u r e s0 i n d i c a t e t h e p a r t i a l a n t a g o n i s m b y c o i c h i c en e o f t h e t o i n h i bict i o n b o n I Brn s It t e r F aer e i n . ( A ) B o f T h e a c t o k e o fl p

re eaw from syathsoesr of todifferen ositneurt ransipmsrsrs;esuls re icbthed mean, (3JN a ond teptendent4 mpinmats
37C) worlBinhibition, oAsr eae (it.out vaue are tlhie prea r to 3 n e ape itiont al 2he effcubtiof ion th orsnc NA

release (n-s mauedover a S..) Unnpeickd Boin bufrckontinn 123mM KCsiuatedCE and 0.6mM KA. An eqiaevokamped-Nas

reeaseresp a2 et deel releaserti (F)ty ilsrotes e acrtion am uxprecsed as) or nicke obainTd Eon NAe a sencreoftoion. Type

E wafullynicked byincuibationwith tysin (final conc. oflO10*.g/ni) for 30 min at 37Cbefore inactivation by the
addition of 3-fold excess of soybean urypsin inhibitor. All values were for 3 independent experiments (+ S.D.). Adapted
from Ashmton ral. (1993).
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F~g 2). A Ca2+ iowiporv reveaLy dissimilarities In the inhibitioni by Clostrtdial toxins of Ca 2
+ -dependent syiapi'osomdl

NA refease fiom ariv annnact ones. Coniditions V.nro as outlined in Fig 20 except that no miceotubule drigs wter
emPloyed and the evoked release buffer contained die appropriate conc. of ionophore. Results ame means (+ SID) for 3
independent experiments. (A) 750 nM BoNT/A. (m) 400 nM BoNT/E. (y) 360 eM TcTX, (a) control. (A) Total release. (B)
Noni-active zon e determined in the presenc of 20 mM M~g2+ which prevents Ca~-+ entering through the C&2 +
chatnelis at th±Ve zones& I'M actual amount of ionaphore emloe was 1.4 -fold higher than plotted so that the manc
iniracllua (52+ cone. induced by the ionophore would be equivalent idj the presence or absence of 20 mM Mgl+ which

rednss he onohor elicay by this fsetor (Verhage et a/, 1991). .C) Values for wcnv(. zone release were calculated by
subtracting terloss of Ca2

+ dep.K+ + high Mg2 + evoked release ( *noii-active zone releaSe, B) from the VIlUes Of Ca 22
dsp. K+ evoked releas (total reltsae, see A). Compled from Ashtea and Dolly (1991); Ashton derL (1993).
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F7&~22. Te7X inhibition of the Ca2p. and Ba2 -de pendent release fr-om synaptosomes ofgtzetam~te, GABA, aspartofe and
met-enkepha/in evoked by K-* depolawisailon. Guinea-pig cereheocortical svnaptosomes (I mg of protsun/nnl) were
incudmi in the presence or absence of 10 nM TeTX for 45 mini (conditions dreldi ng sub-maximal inhibition). Release was
iitiatdby30 mMKC in theprmenceof 1.3mM Ca

2
+ orBa2+. The Cal+/ Ba -dependent glutamate (Gin), GAHA

*and aspantate (Asp) release I rein after KCI depolansation is shown whereas met-eakephalin release was for 3 mimi Amino
acids were monitored by derivatisation with o-phthaldialdehyde followed by reverse-phase chromatography and met-

,e easkephaiun release was measured by radio-immunoassay. Resulta are the means of three experiments 03, control;, U, 10 tiM
TcTX. Taken firom McMahcu d aL (I992
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Fig. 23. Ewocytoris of ct-amylasefron, pancareaic acinar cellt permeabilised withi streptolysin-O could not be
blocked by BoNT1A kA) T7ime course of amylase release from streptolysin O-perrneabilised acini incubated at 37'C in
the presene of 3 m.M ATP with (0) or without (0) 10 l.M Ca2* (B) Riun down of amnylase release; either 10 PM Ca2*
(0) or Ca2 -free buffer (0) was added to pancreatic acinii at various times after permeabilisation. followed by incubation
for a further 20min at 370 C. (C) Mcini were incubated in the presence of 3 mM ATP with (0) or without (0) 10 p
C&a' and various concentrations of BoNT/A for 20 mein at 37*C. (D) Cells were incubated in the presence of 3 mM ATP
with (V.0) or withnut (VO) 10 gM Ca2*, and with (VTV) or without (0,0) 50 nM BoNT/A for various times at 37 0C.
Values are meansw S.E.
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Fig. 24. Lack ofeffect of BoWT/A and its LC on AT! and GThi enhancements of Ca
2 

+-dependent release of
ca-amylasefrom permeabilised acini (A) The srep.olysin O-.esed cells were incubated for 20 min at 37

0C with 50 nM
BoNT/A in the presence or absence of 10 ;.M Ca

2
÷, with or without 3 mM ATP and 100 pM GTP'I. (B) Acini were

incubated for 20 min at 37C with either 50 nM BoNT/A or 50 nIM LC in the presence or absence of 10 lM Ca2
4 with or

without 3 mM ATP. Values are means + S.E.
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FIg 23. BoNFT/A and LC of TeTX inhibit the MgAT7P-dependent but not the independent component of Ca2 
k-evoked

catechviamine release from digo. 'in-permeabilised adrenochromafflin cells. (A) Chromallin cells were incubated with 20
PM digitonin in KGEP (permeahtlisation medium) for the indicated times in the presence ( &0OE )or absence ( 04,C3
)oa 2 mM MgATP. In concurrent incubations, 100 nM BoNT/A (~)or 100 nM TETX LC (30, ) w=e included

during the pernmebilisaaion step. The cells were then transferred to KGEP, with or without MgATP and 10 ýL Ca2+ (for
stiulation); some wells were exposed to KGEP without C32

+ to trecord basal releas and this value was subtracted from
"~.....that in the pressence of Ca2 

to calculate the Ca 2
t-cvoked release. After 15 rmin the supernatants were, assayed for

cumeholamiune content, as outlined in Methods [2 (v)j.
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Dilution of Rtaction of BoNT/A gold-conjugate with anti-BoNT/A LC antibody

anti- with various ratios of BoNT/A to gold colloid used for conjugation

BoNTA LC(jIg BoNT/A per ml gold colloid)

____ 0 0.25 10.5 I 2 4 8 16132 65

,negatve +, n i+, inenit of spo deece afe sive enanem+

BnegAantibody+ had endte rmaIjlaiut nd gold wnenit ofulie aso bdentbacctedt after silver enhancement

of the strips.
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THIOL CONTENT MOUSE TOXICITY
(mol/mol protein) (LD~omg protein)

BoNTIA 5.6±0. 2 x 108

Red-A-BoNT/A 0.6 ± 0.2 6 x 104 - 2.5 x 105
(0)

Red-A-BoNT/A (reduced)a 0.4 ± 0.3
(0)

Table 2 771101 contents and foxicitlfes of native and Red-A -B~oKT/A. These were evaluated as described in the text and are
presented as means + S.D. (n > 6). The thiol contents in parenthesis represent the expected values as collated from
pubi~shed sequence data (Binz et al., 1990; Thompson et at. 1990; Das~upta, 1981). aSamples further reduced with 100
mM DTT (60mn ii 370Q2 before thiol evaluation. Adapted from Ashtoa d an (1993ý

THIOL CONTENT MOUSE TOXICITY
(mol/mol protein) (LD5s1mg protein)

Alk-BoNT/A 0.7 ±0.4 2 x1 0 8

(0)

Alk-BoNT/A (reduced)5  4.5 ± 0.5
(4)

HC 4.3 ±0.4
(4)

Ren-A-HC 0.2 t 0.!1
(0)

Ren-A-HC (reduced)5  2.7 1 0.2
(2)

LC 2.9 ± 0.3
(3)

Alk-LC0.3t 0.1
(0)

Table 3. Sudphydsyl content and moutse toxicitles of/A-BoNT/A, H-C and LC plu~s their alkytated derivatives. See legend to
Table 2. Adapted fromn Aahfaue aL (1993ý
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PT ý 106 105 <102 >io0 5X106 >108 <102 107 (104) 103 (104)

Zable 4. Characteristics of mAbs asciticfluids raised to tC epitopes of typ A BoAFT. IApparent titres expressed as the0
dilution of mAb giving a unit of absorbance ;ý10 2 Maximum dilution demectble. 3 Dilution (fold) precipitating maxidmal
% of spcfcally4Ound 121-BONT. 4 Dilution (fold) precipitating maximal % of specilicaflty.un 12 5 1-LC. 5 See
collected frtom bvpesimmuiniaed mice whose spleen were used in fusions. Taken from Cenel di Befll e aL (1993).

Inhibitor Final cone. % InhibitionJ

BoNT/B TeTX
EDYTA IlmM (pre 5mM) >95% >95%
PTL I mM (pre 5 mM) >95% >95%

pT ratd+Zn+rplwd14% 201/
Captopril 2 mM (pre 20 mM) 0% 90%/
ASQFETS 2 mM (pre10 mM) 0% 45%
Phosphorainidon 0.5 mnM (pre 2.5 mM) 0% 0%/

Ta2ble 5. Differential effects of in/ubitoei on proieolvns of Sbr in salt-washed SCVs by BoN7'/B aid TeIXT Each toxin was
pro-incubated for 45 mmn at 37 0

C with 40) mM DTT, in the absence or presence of inhibitors (designated pre) and added to
a suspension of rat SCVs (0.25mg/mi) at a final concentration of 100 nM. The incubations; were continued for 90 min at

,j 370 C, followed by ntalubiliiaanon in SDS-PAGE isample buffrer electrophoretic transfer to PVDF and Western blotting for
Sbr and synptiphysin. The amouints of Sbe remaining after incubation were quantified by deinsitoanetric scanning using
synaptophysin as an internal standard.


