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INTRODUCTION

Upon embarking on the project, it was known that BoNT type A

when applied externally inhibits acetylcholine (ACh) release almost

exclusively in the peripheral nervous system (reviewed by Dolly et

al.. 1986). Accordingly, saturable binding of 1 2 5 I-labelled BoNT A

or B to ecto-acceptors followed by internalization could be observed

autoradiographically on cholinergic but not other nerve types (Black

and Dolly, 1986, 1986a, 1987; Evans et al.- 1988). However, the

relevance of such an effective uptake system remained unsubstantia-

ted because there was no direct evidence then for an Lntra-neuronal

action of the toxin, though deductions drawn from pharmacological

studies at the neuromuscular junction favoured this (reviewed by

Simpson, 1986). Moreover, the latter seemed to underlie the suscep-

tibility of peripheral cholinergic neurons to BoNT since it reduces

Ca2+-dependent efflux of ACh and several other transmitters from

brain synaptosomes (reviewed by Dolly it el.. 1987, 1988), provided

high concentrations are employed to overcome the lack of an effi-

cient uptake; also, this could explain the low, toxicity of BoRT when

applied directly into brain (Williams et l.. .1983). Regarding

identity of functional domains in the toxin concerned with target-

ting/internalization, electron-microscopy studies at motor nerve

terminals revealed that isolated HC could prevent the binding and

subsequent uptake of 1 2 5 I-BoNT A (Black and Dolly, 1986a), albeit at

relatively high concentrations. In contrast, there were reports of

HC blocking BoNT binding to cerebrocortical synaptosomes vlth equal

efficacy to the intact molecule (Kozaki, 1979j Williams ekt .

1983). Notably, the C-terminal half of HC (H1 fragment) contributes

to this interaction with acceptor sites because the proteolytically-

prepared H2 L fragment (intact toxin minus H1 ) is unable to antago-

nise binding, of 1 2 5 I-BoNT A to brain synaptosomes (Shone l L...

17
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1985). Furthermore, the abilities of HC or its N-terminal moiety

(H2 fragment) 1o form pores in artificial membranes implicated part

of this chain in the uptake step (Donovan and Middlebrook, 1986).

In view of such encouraging findings with these various experi-

mental systems, it was imperative to ascertain if all the toxin

fragments exhibit the same pattern of activities on cholinergic

nerve terminals and, particularly, whether the binding and uptake

phenomena observed in vitro underlie the intoxication4 Thus, a

neuromuscular junction preparation, the prime target of BoNT, was

used to quantify the abilities of the toxin's chains and available

fragments (alone and in combination) to block nerve-evoked twitch

tension or to antagonise the neuroparalytic effect of the intact

toxin. Additionally, the samples were tested on large neurons in

Aplysia ganglia because these offered major advantages for investi-

gating the binding, uptake and intracellular action in that toxin

could be applied externally and/or internally to cholinergic (or

non-cholinerr'_:) cells with electrophysiological recording of evoked

quantal release of transmitters. To allow comparative investiga-

tions of the toxir's intracellular action in mammalian-derived

cells, e fects of the toxin preparations on Ca 2 +-induced release of

norad'en line from cultured pheochromccytoma (PC12) cells were

monitore after,controlled permeabilisation of the cells with di-

gitonin, under conditions that preserve the exocytosis process. As

a more ideal system was desirable, liposomai targetting was de-

veloped to allow toxin/fragments to be delivered inside mouse motor

nerve endings. A major attraction of these experimental systems was

that the, could bu expli-ted in assessing anti-toxin monoclonal

antibodie being prepared for ability to neutralise the intracellu-

lar intokication step.

2
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With respect to elucidating the toxin's molecular action, there

was intense speculation that BoNT enzymatically inactivates its

pharmacological target, like some other microbial toxins. As ADP-

ribosylatiorf of neuronal proteins were cbseryed by others with

impure preparations of type D, a further search was carried out for

such activity in homogeneous preparations of BoNT A and B towards

nerve terminal components. In particular, a detailed comparison of

the latter with type D was conducted; this demonstrated that the

supposed enzymatic activity of BoNT D is not related to its inhibi-

tion of transmitter release (detailed in midterm report, Ashtoiz et

al.. 1990).. In this context, whilst types A and B lack such ADP-

ribosyl transferase activity, it also seemed relevant to establish

if the ADP-ribosylated protein occurred in synaptic vesicles where

it could function in transmitter release. Finally, due to the

definite involvement of phosphorylation/dephosphorylation of neuron-

al proteins in regulation of transmitter release (Llinas et

1985), possible effects of BoNT on the direct phosphorylation in

vitro or on the phosphorylated state in s if proteins in vesicles

isolated from rat brain were evaluated.

EXPERIMENTAL PROTOCOLS

Reduction And alkylation 2t BoNL, Type A BoNT was incubated with 50

mM dithiothreitol (DTT) in 50 mM Tris/150 mM NaCl, pH 8.0 buffer for

60 min at 37"C; the' suitability of these conditions for yielding

'complete cleavage of the inter-chain disulphide was assessed by

sodium dodecyl sulphate'polyacrylamide gel electrophoresis (PAGE),

Native and reduced toxin (as above) were alkylated by treatment with

250 mM iodoacetamide for 15 min at room temperature in the-dark.

Ellman's reaction was used to determine free sulphydryl content of

various BoNT sapples treated by (a) alkylation without prior reduc-
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t!on; (b) reduction without alkylation and (c) alkylation after

reduction. For this procedure, BoNT samples (180 Ag/sample) were

precipitated using trichloracetic acid (TCA) (6.5% final concentra-

tion) and resolubilized in 0.8 ml of buffer containing 50 mM Tris-

glycine, 1 mM EDTA, 2.6% SDS, pH 8.0. The protein concentration of

each sample was determined spectrophotometrically at 280 nm using

the established extinction coefficient of 1.47 for a 1 mg/ml solu-

tion. Thiols were then assayed by measuring aksrbance at 412 nm (e

= 14150/M/cm) exactly 10 min after the addition 3f 30 glof dithio-

nitrobenzene (stock 5 mg/ml); a blank was treated similarly except

0.8 ml of solubilization buffer was used instead of toxin solution.

For competition experiments, the reduced and alkylated toxins were

centrifuged to remove any insoluble material and dialysed into a

modified Krebs-Ringer medium containing 0.5 mM Ca 2 + and 5 mM Mg2 +

(Maisey et a .988). Left phrenic-nerve hemi-diaphragms were

dissected from Balb C mice and transferred immediately to a closed

circulating superfusion system containing 15 ml of aerated,

Krebs/Ringer solution maintained at 371C. Nerve-evoked muscle

tension was measured against time as described previously (midterm

report; Maisey et al,, 1988).

Preparation 91 liposOrme entrapping DqU. 2r. ff J. The two chains

of BoNT A, isolated and characterized as detailed previously (see

midterm report and Results section), were renatured by dialysis into

118 mM NaCl/10 mM Hepes, pH 7.4 ovar 5h (with 3 changes) at 4C.

BoNT was radioiodinated to a high specific activity (M500 Ci/mmol)

as described by Williams 21 nI_.. 1983; after separation, the iodi-

nated LC and HC gave specific aotivitiestof lOO Ci/mmol and %400

Ci/mmol.respectively. Liposome& were prepared using a modification

of a previously described method (Dimitriadis atd Butlers, 1979).
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Chloroform solutions of phosphatidyl choline/cholesterol/phosp~iatid-

dyl serine in a 7i2:1 ratio (w/w) were mixed ai.d diied under vacuum.

The lipids were suspended in 4ml of the NaCl/Hepes buffer containing

LC or HC (0.25 mmol lipid/gmol protein). Trace amounts of the

respective iodinated chains were included to allow e•uantitation of

their subsequent entrapment by liposomes. The lipid/protein mix-

tures were vortexed repeatedly over 30 =in at 4C before sonicating

for 1 min with an MSE probe sonicator. After standing for 30 min at

4"C, the mixtures were loaded onto a Sephacryl S200 HR column (2.5 x

20 cm) previously equilibrated in the VaCl/Hepes buffer at 4C. The

iiposome peak (6-8 ml) was detected by measuring turbidity (A60 0 nm)

of the fractions collected and the protein quantified by counting

radioactivity. The pooled liposome peak was dialysed over 14-16h. at

4C into Krebs-Ringer solution. Samples were aerated (95% 02/5k

C0 2 ) before being bath applied to nerve-diaphragm preparations for

measurement of their affect on nerve-evoked twitch tension.

Preparation !2 volyclonal !d• monoclonal antibodies, LC of BoNT A

was prepared as described previousiy except that in preparations

used for mice immunisations, an added chromatographic step was

employed. Minor contaminating amounts of HC and in-dct toxin, not

readily detectable by silver staining, were adsorbed on a mono-Q

Sepharose column equilibrated with 40 *M phosphate buffer, pH 8.4/2

V urea/10 mM DTT. LC was recovered in the void volume and, after

aialysis against phosphate buffered saline, showed greatly reduced

toxicity (see later).

Two rabbits were immunisel iapeatedly with 20-25 j;g of LC,

initially intra-nodally followed at 2'-3 weekly irntervals with subcu-

taneous boosts, at aultiple sites with a aimilar amount of immunogen

nixed ':1 with Freund's incomplete adjuvant. Maximum antibody

S~5



*titres were maintained by 3-4 monthly s utcitaneous boosts of 20 Ag

of immunogen. The antibody titre from one of the rabbits (312) was

consistently higher and, thus, used preferably in subsequent experi-

ments.

For monoclonal antibody production, Balb/C mice were immunised

with 1-5 Mg LC either buund to nitrocellulose membranes implanted

subcutaneously or injected intra-splenically without tne use of

adjuvah1 c. This was followed at 2-3 weeks' intervals with 3-4

intra-peritoneal injections with a similar amount of immunogen mixed

1:1 with Freu:.d's incomplete adjuvant. Whien antibody titres reached

1:1000 to 1:5000, final booster injections of 3-5 1g, without adju-

vant, were given twice daily, intravenously and intra-peritoneally

respectively, on the 5th, 4th and 3rd day prior to thA fusion. The

spleen cells were fused with myeloma NSO-1 cells using a wodifica-

tion of the standard polyethylene glycol (PEG) procedure in which

the cell suspension was pre-treated with 0.25% PEG and incubated at

37"C for 90 min prior todropwise addition of 40% PEG. The result-

ing hybrid cells werre selected using Dulbecco's modified Eagle

medium containing 1 x 10- 4M h~poxanthine, 4 x 10-7M aminopterin and

1.6 x 10-5M thymidine supplemented with 20% foetal calf serum.

Antibody production by the hybridomas was screened by EL.- using

alkaline phosphatase-labelled goat anti-mouse IgG (and by dot blot

analysis). The antibody-producing cells were expanded into 24-wells

plates and subsequently into 25 cm2 tissue cultures flasks and-,

after preliminary investigationi, were selected and sloned by limit-

ed dilution. Thereafter, ascites fluids were obtained by injecting

intra-peritoneally more than 107 hybridomas cells into nude and

Balb/C mice which had been priaaed with inccmplete Freund's adjuvant.

IgG was purified from the ascitic fluid by affinity chromatography

on Protein A Sepharose. The pH of the ascitic fluid was adjusted to

6,
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8.0 by the addition of Tris-HCl to a final concentration of 100 mM

before being applied onto the resin. After extensive washing of the

column with the latter buffer, IgG was eluted with 3 nM KSCN (in 100

mM Tris-HCl; pH 8.0) and dialysed into Tris buffer saline pH 7.4.

The subclass of the antibody was determined with the Ouchteriony

double immunodiffusion tests using t'pe specific antisera.

Detection of BoNT B-induced changes in synaptosomal phosphorylated

proteins. All solutions employed in these experiments contained 0.3

mM phenylmethylsulfonyl fluoride, a protease inhibitor, because

certain phosphorylated neuronal proteins are extremely sensitive to

proteolysis (see Delorenzo et al.. 1979). For the same reason, the

cerebral cortex from each individual brain was dissected and hoiaoge-

nised within 45 sec of cervical dislocation of the rat. A P2 prepa-

ration of synaptosomes was then made (see Ashton and Dolly, 1988a),

resuspended in a physiological buffer and incubated for 90 min with

[ 3 2P]-Pi (at a concentration of 0.2 mCi/ml) in the presence and

absence of BoNT B. These nerve terminals were then washed in Ca 2 +-

free buffer to remove excess toxin and free radioactivity before '

being exposed to a Ca 2 +-containing buffer that affords neurotrans-

mitter release, a condition that also produces changes in the phosp-

horylated state of certain neuronal proteins. After 30s, the reac-

tion was terminated by one of two means. For experiments on ini'ct

synaptosomes, a cocktail of kinase/inhosphatase inhibitors in 10 mM

Mes pH 6.5 was added (,the final concentrations (mM) of ingredients

were 10, p-nitrophenylphos.hate; 20, EDTA; 10, Na, k-tartrate; 25,

Na-pyrophosphate; , NaF; 10,.Na-orthovanadate] followed by sedi-

mentation of the synaptosomes at 9,000g for 2 min in an Eppendorf

centrifugeprior to electrophoretic analysis. For the detection of

changes in phosphorylation of synaptic vesicle and cytosolic pro-

7
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teins, a large amount of radiolabelled synaptosomes (=8 mg of pro-

tein) was mixed 1:1 with a 5-fold dilution of the kinase/phosphatase

inhibitor cocktail. These samples were immediately homogenised and

the lysed terminals stirred in the normal inhibitor cocktail on ice

for 30 min prior to isolation of synaptic vesicles by differential

centrifugation (as outlined previously in Ashton etial.. 1988b).

The final supernatant, representing synaptosomal cytosol, was stored

at -80"C; cytosolic proteins were concentrated from this fraction by

the addition of TCA (final concentration 10% v/v). The protein

precipitate was pelleted, resuspended in TCA, repelleted before two

washes in acetone; the latter was removed by evaporation. The final

pellets of synaptosomes, synaptic vesicles or TCA-precipitated

cytosolic proteins were then solubilised in isoelectric focussing

buffer and stored at -80"C. Prior to electrofocussing, solid urea

was added to a final concentration of 9.5M together with 2% (w/v)

NP-40; 2% (v/v) ampholytes pH 3-10 (2D - Pharmalyte); 5% (v/v) •-

mercaptoethanol and 0.15% SDS. These radiolabelled solubilised

nerve terminal components were then subjected to 2D-PAGE, by the

method of 0'Farrell (1975). The focussed rod gels were equilibrated

for i5 min in SDS-sample buffer (0.062M Tris-HCl, pH 6.8; 2% SDS; 5%

P-mercaptoethanol; 10% glycerol) prior to SDS-PAGE (3-10% gradient

gel) in the second dimension. A parallel focussed rod gel was

chopped into 0.5 cm sections, each was 'soaked in 0.5 ml H2 0, and

their pH measured to determine the pH gradient. Finally,, the gels

were fixed, stained with Coomassie Blue, dried and autoradiograms

prepared by exposing them to X-ray film with intensifying screens'at

-80"C. Appropriate protein standards (see figure legend: were run

on a separate track in the second dimension gel.

. . 1 8
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Other procedures. All methods not given here have already been

detailed in the midterm report and in our publications cited in

figure legends.

RESULTS AND THEIR INTERPRETATION

For ease of understanding, our findings are presented in four

sections under headings relating directly to the main goals of the

original proposal. As the outcome of experiments determined the

precise -,c;orse of investigations, numerous facets that proved fruit-

ful were pursued Intenoively - often beyond those specified initial-

ly. A few areas of study proposed (eq. isolation and functional

characterization of HI fragment of BENT) proved impractical until

recently; however, with the advent of new methodologies (eg. Hi

expression) many of these can be undertaken in the new contract.

Following the recommended f.1rmat, outcome of the entire contract

effort will be given: such a complete progress report is possible by

extensive reference to our submitted midterm report and to published

papers (reprints all appended) allowing emphasis to be placed herein

on the second eighteen months' work.

.Interaction 2o BeNT =nd its- chaiLfxaint rith neuronai ecto-
acceptors,_some comparlsons -with TeT•

For such structure/actil ity studies, copious amounts of BoNT

types A, S, E and F were purified, proteolyt4cally nicked where

necessary (eg.'B and E) and the two chains from type A and B ob-

tained in homogeneous form, together with H2 L and H2 from BoNT A, by

means of routine procedures established here (Maisey et Al,.,. 1988;

Poulain et Al.. 1989a,b* Wadsworth t al.., 1990). The latter are

detailed in the tid-term report along with the evidence of purity

9
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for each preparation; also, it was shown therein that all of the

chains or fragments are relatively non-toxic (n10 5 -fold less than

BoNT) in mice (Lally et . 1990), though renaturation of HC and LC

togethar reforms di-chain species and restores much of the toxicity

(see later; reviewed in Dolly et al.. 1990). For evaluating the

functional importance of the toxin's int-r-chain disulphide, con-

trolled reduction of BoNT A, and alkylation of its sulphydryls was

carried out as detailed in Experimental Protocols.

Differences in the properties of mammalian pripheral and central

neuronal ecto-accentors-for BoNT. For investigating the toxins'

neurona! ecto-acceptors, rat cerebrocortical synaptosomes are gener-

ally used because of the ease-with which their saturable binding of
1 2 5 I-BoNT can be quantified. Our vario- ",dies showed that types

A, B~and F exhibit high and low affinity ng to type-specific

sites on synaptosomal membranes; the refol, 4 of each was capable

of antagonising binding of the respective pa, it ntact toxin

(Williams et al.. 1983; Evans et al.. 1986; Ma. t al., 1988;

Wadsworth e at., 1990). As such interaction of NT with brain

nerve terminal preparations was not found to lead co toxin uptake

nearly as efficient (Black and Dolly, 1987), as noted for peripheral

cholinergic nerves (see Introduction), and because of the high-

content of these acceptors (particularly,,the low affinity variety),

we suspected that this synaptosomal binding was largely 'non-produc-

tive' (Maisey It aj.. 1988). In order to evaluate this prediction,

it was desirable to establish if HC could antagohise the inhibitory

aztion of native BoNT on synaptosomal transmitter release... Unfortu-

nately, these measurements were not very practical because they

would have required large amounts of pure HC, due to the relatively

* high concentrations of the BoNT A needed to give significant block-

10



ade of synaptosomal transmitter release (Ashton and Dolly, 1988).

Thus, attention was turned to the phrenic nerve hemi-diaphragm

preparation because of its exquisite toxin sensitivity, with record-

ings of nerve-evoked muscle twitch.tension being adopted (detailed

in midterm report) as a convenient assay for BoNT-induced blockade

of ACh release. Having established a dose-response curve at 24"C

for inhibition of neuromuscular transmission by intact BoNT A and B'

(Maisey It al., 1988), a comparison of the activity of fragments and

chains was carried out. H2 L proved ineffective at 30 nM over 4h,

demonstrating that proteolytic removal of H1 abolishes the neuropa-

.ralytic activity (Fig. 1A) and toxicity in mice (Poulain et al..

1989a). It was possible to test fragments for their ability to

antagonise the toxin's action using established protocols from the

literature for arresting intoxication at the level of toxin binding

to the nerve terminals (ie. lowering temperature'to 4"C and using

elevated Mg2 + and decreased Ca2+ concentrations). Pre-exposure of

the hemi-diaphragm to an excess of H2 L at 4C prior to adding the

-intact toxin, failed to alter the BoNT-induced blockade observed

after washing the preparation and raising the temperature to 24"C

(Fig. 1A). To confirm that this absence of biological activity

results from an inability of H2 L to bind to the neuronal acceptors,

it was radioiodinated. Whereas' 1 2 5 1-BoNT associated in a saturable
manner with motor'endplates (identified by Ach esterase staining) in

the mouse diaphragm (Poulain et Al.,, 1989b), no such binding of
1 2 5 I-H 2 L was detectable, autoradiographically. (Fig. 2). As the LC

isolated from the same sample of H2 L was toxic inside neurons (see

later), it was concluded from these collective measurements that H1

is essential for targetting/productive binding to motor nerve tarmi-'

nals. Note that removal of H1 also destroys ability to interaot

with central synapses b"cause H2 L proved ineffective towards synap- *

11, '
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tosomal transmitter release (Dolly et Al.. 1990) and was unable to

inhibit 1 2 5 I-BoNT binding to synaptosomes (Shone it AL.- 1985).

In view of the importance of H1 for ecto-acceptor recognition

in rodents, renatured HC together with LC of BoNT A were tested for

ability to block neuromuscular transmission (Maisey et a1. 1988 and

detailed in midterm report). Whereas each chain alone was without

effect (at 30 nM over 4h), a mixture of both did diminish twitch

tension but with a 300-fold lower potency than intact BoNT (Fig.

IB). Consistent with the feeble activity of the two chains, excess

HC caused no significant reduction in the neuromuscular paralysis

produced by native BoNT (Fig. IC). The most reasonable interpreta-

tion of these findings is that for efficient binding/targetting the

HC must adopt a conformation equivalent to its structure in the di-

chain BoNT molecule. The perturbation of HC structure, by exposure

to urea and DTT, during its isolation may not be fully overcome by

the renaturation protocol; such subtle differences in conformation

would not necessarily be detectable by methods for measuring gross

secondary structure parameters (DasGupta, 1989). Experiments out-

lined below will examine if the inter-chain disulphide plays any

part in the toxin-acceptor binding step.

A major implication of the above observations is that the toxý-

in's functional accept6rs at the neuromuscular junction differ from

their counterparts in brain; however, this deduction is based only.

on the biochemical properties of the latter. Thus, t.r a valid

comparison to be made an experimental strategy had to be devised

that allowed both acceptor t ypes to be studied biochemically; this

entailed detergent solubilisation since nerve membranes cruld not

readily be prepared from diaphragm. Triton X-100 extracts of end-

plate-containing areas of rat phrenic nerve diaphragm, and cerebro-

cortical synaptosomal membranes, were prepared and assayed for

12



saturable binding of 1 nM 1 2 5 I-BoNT A (blocked by 250 nM unlabelled

toxin) by means of a nitrocellulose disc method (Table 1). As a

control, specific binding of 1 2 5 1-a-bungarotoxin was also measured

in innervated and hon-innervated portions of diaphragm; as expected,

a 28-fold enrichment of nicotinic receptors was seen in endplate-

containing samples (Wadsworth, 1990). Consistently, the value

observed for saturable 1 2 5 1-BoNT A sites (=100 fmoles/mg protein

under the conditions used) in the nerve terminal-rich sections was

33 times higher than for extra-synaptic regiorns and similar to that

for the synaptosomal extract (Table 1). In both cases, the protei-

naceous nature of the acceptors was revealed by their inactivation

following treatment of the tissues with trypsin. Importantly,

binding to the nerve diaphragm extract was virtually insensitive to

neuraminidase treatment but, in contrast, this abolished binding to

the central acceptcrs as we noted previously for synaptosomes

(Williams et Al, 1983; Evans et A 1988; Wadsworth A al..._ 1990).

Moreover, the brain acceptors differed in that their BoNT binding

was blocked by HC whereas the peripheral neurorial acceptors behaved,

as in the functional assay, with BoNT binding remaining unaffected

by HC. As reported for synaptosomes, neither H2 L or H2 gave any

change in.toxin binding to either extra t. Thus, the consistency of

results found with both functional and iochemical assays reaffirm

that strivtsr structural'requirements do exist for toxin binding to

motor rý. -<4 ngs relative to the situation at central synapses.

Indeed, the6 -. iective though preliminary findings show that, the

novel acceptor protein identified herein fulfils all the criteria

for involvement in toxin targetting/upt ke at myo-neural junctions,

unlike its counterpart in brain; thus, Lt is now warranted to estab-

lish!U molecular and functional prope ties au pr6posod in our new

contract.

13



Reduced/alkylated BoNT A antagonises botklinisation at murine nerve

terminals. With the di-chain species appearing necessary for pro-

ductive interaction with acceptor at neuromuscular junction, when

relevant'concentrations (sub-tianomolar) are used, the possibility

arises that HC-sensitive binding of higher BoNT concentrations

reported for nerve-muscle preparations (Black and Dolly, 1986;

Bandyopadhyay et al.. 1987) may represent lower affinity interac-

tion; the latter could mask the more sparse and distinct, productive

sites. These unexpected findings made the original goal, of obtain-

ing fragments capable of antagonising 'true' toxin-acceptor interac-

tion seem inappropriate until methods (mentioned earlier) became:

available for isolating HI in a biologically-active state. In the

meantime, effort was applied to modifying the whole toxin in such a

way that it retained ability to bind ecto-acceptors in the peripher-

al nervous system whilst being non-toxic. Initially, free sulphy-

dryls in native BoNT A were alkylated with iodoacetamide, as demon-

strated with the use of Ellman's reagent' (see Experimental Proto-

cols). However, such modification gave no detectable change in

toxicity in mice and ability to block neuromuscular transmission was

retained (Fig. 1D). This surprising finding reveals that the free

SH groups are not essential for any steps of the intoxication proc-

ess. In view of the 'reports that the inter-chain disulphide was

essential for toxicity (Sugiyama p& al.. 1973), attempts were made

to reduce this bond using thioredoxin/thioredoxin reductase, fol-

lowed by alkylation with iodoicetamide, according to a protocol

(Schlavo t Al.,. 1990) found to be readily applicable to TeTX (Fig.

3). Yet, this reduction procedure yielded negligible cleavage of

the inter-chain linkage in BoNT A or B as monitored by SDS-PAGE

autoradiography and densitometric scanning (Fig. 3), despite using a

variety of conditions. As an alternative, a procedure for DTT

14
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reduction of BoNT A was optimised . This gave virtual complete

breakage of the inter-chain disulphide according to electrophoretic

analysis (Fig. 3) and the subsequent iodoacetamide treatment alky-

lated all the SH groups (Dolly et al.. 1991), as quantified colori-

metrically. In the mouse assay, the resultant material showed a

100-fold reduction in toxicity; such a residual level is likely to

result from a trace of unmodified toxin. When applied at 2.5 nIm to

a hemi-diaphragm preparation, the alkylated protein did not alter

twitch tension in the time scale of the experiment (Fig. 1D). To

gain insight into the basis of this depletion of toxicity, competi-

tion experiments were perforred, as detailed in Fig. 1A and C, in

order to ascertain if the derivative could bind t6 motor nerve

.endings.. After bath application of 2.5 nM alkylated BohT A to mouse

hemi-diaphragm, at 4"C in modified buffer (to minimize internaliza-

tion), the incubation was continued in the additional presence of

0.2 n.M BoNT A before washing the tissue and raising the temperature

to 24'C. Upon neural stimulation, the modified toxin extended the'

onset and slowed the rate of blockade of inuscle tension induced by

native BoNT relative to that seen in the control (Fig. 1D). As the

experimental conditions employed wera designed to reveal interaction

at the ecto-acceptor binding step, and taking into account data to

be cited later on the intra--.uronal activity of the. alkylated

material, the observed pattern of antagonism can be attributed to

its inhibition of the toxin's productive interaction with the pre-

synaptic membrane, an ability not shared with HC cr H2 L (cf. Fig.

lA,C). Clearly, removal of the toxin's inter- and intra-chain

disulphides (and/or modification of the resultant SH groups) are

without effect on the binding that leads to its uptake and ultimate

action. In the case of TeTX, the inter-chain bond was also found to

* be non-essential for binding but an involvement of the intra-chain

L 1i
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disulphide in HC has not been addressed. Moreover, direct bindizng

to brain membranes of reduced TeTX (by the thioredoxin method) was

assessed rather than using a functional assay (Schiavo et Al.,

1990). Another important outcome of our observed antagonism is that

the intoxication has been demonstrated conclusively, for the first

time, to involve saturable binding of BoNT to the nerve terminal

membrane. Further 4nvestigations to be described in a later section

will address whether one or other of the two disulphides of BoNT are

required for the internalization or intracellular steps. In any

case, this available antagonist will be invaluable in future efforts

to define the structural properties and physiological roles of the

neural acceptors, particularly in distinguishing the 'productive'

sites from the bulk population that apparently binds HC.

Sti-uctural recuirements of BoNT for ecto-dcceptor bindin• in Aplysia

neurons oxhibits some dissimilarities yit= mammalian motor nerve

endings, Because of these notable dissimilarities in the functional

BoNT acceptor at mammalian motor nerve endings and the binding sites

characterized bioc-hemically in brain, it was deemed necessary to'

investigate the productive interaction of BoNT and its chains/frag-

ments with other presynaptic membranes. For this purpose, Ablysia

neuro-neuronal synapses were chosen for several reasons (see Intro-

duction; some are also noted later) including the ease with which

quantal transmitter release can be recorded electrophysiologicaliy

from identified cholinergic and non-cholinergic ganglionic neurons.

Bath application of BoNT A (Poulain t l 1988) or B (Poulain It

L... 1990) to the buccal ganglion diminishel neurally-evoked ACh

release (see midterm report for -.xperimental details). Another

attraction of this model is that the toxin's cholinergic specificity

resembles the pattern seen in the mammalian peripheral neurons (see
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Introduction); externally applied BoNT was very much more effective

in inhibiting ACh release than in blocking neurotransmission at a

non-cholinergic synapse in the cerebral ganglion of ADysia (Fig.

.4), a feature arising from diffcrences in the neuronal acceptors

rather than to disparate intracellular potencies (detailed later).

As ACh release could be measured in the neurons at a reduced temper-

ature of 10"C, albeit at a aecreased level (Fig. 5A), it was possi-

,ble to show that BoNT A or E bind under these conditions but were

unable to block transmitter release until the temperature was re-

stored to 22"C (Fig. 5B). Note that in the neuron not treated with

toxin the initial level of ACh release was resu-ed when the tempera-

ture was switched from 10"C to 22"C. As a similar blockade resulted

.from a brief (Fig. 5B) or continuous exposure (Fig. 5A) to 10 nM

toxin, it can be deduced that-rapid binding of each toxin occurred.

Furthermore, it is apparent from these results (and other data noted

in a later section) that lowering the temperature arrests intoxica-

tion after the toxin binding step; hence, this provided an ideal

system for investigating the chains or fragments of BoNT involved in

the binding (Poulain t Al,.., 1989a,b) that leads to uptake and

intracellular action.(see sections below). Interestingly, HC was

inactive when bath applied at lO'C but prevented the binding of BoNT

added later because the 'blockade of ACh release produced in the

control by this short exposure to intact toxin (Fig. 5B) was not

recorded (Fig. 5C). Likewise, H2 L or H2 exhibited similar antago-

nism of-toxin-acceptor interaction (Fig. 5D,E) and demonstrated that

H2 region of HC is predominantly responsible for ecto-acceptor

recognition. In fact,'H 2 isolated from BoNT A prevented the action

of type E (Fig. 5F), highlighting that these two toxins share common

binding sites, at least, in A21xa. Notably, these competition

experiments established that intoxication of this preparation also
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involves saturable binding of BoNT, 'but differs in that only H2 is

involved, whereas the dichain molecule is required at the rodent

neuromuscular junction. Notwithstanding this greater structural

stringency for BoNT binding to rat motor nerve endings, it is likely.

that the role of H2 documented for Aplysia applies also to mammalS;

there, it cuuld act in conjunction with Hl (domain in intact BoNT)

which was shown earlier to be essential in both peripheral and

central neurons.

Distinct ecto-acceptors underlie the characteristic neuronal speci-

ficiti's of BoNT and TeTX. Witit the aim of further characterizing

BoNT acceptors, the Apivsia model-w s exploited to compare their

neuron specificities with that of TeTX.(Poulain Vt al.. 1991a).

Upon bath application to cholinergic neurons in the buccal ganglion,

the dose-response curves obtained for inhibition of neurotransmis-

sion showed BoNT A to be =100-fold more potent than TeTX (Fig. 4A).

In contrast, the reverse situation was observed with nou-cholinerg'ic

neurons, though in this case only the time courses for fixed toxin

concentration were tested (Poulain • . 1991b) because of the

greater difficulty of quantifying quantal release at these termi-

nals. Such distinct preferential actions arise from these neurons

possessing the requisite cell srrface acceptors for, these toxins

rather than dissimilar intracellular efficacies (seebelow). Al-

though it is notable that the preference of BoNT for cholinergic

neurons accords with that in murine peripheral nerves (see Introduc-

tion), the different specificity of TeTX cannot be defined because

of the unknown identity-of the transmitter operative at the non-

cholinergic terminal of APlxia Ptudied. 1Iowever, the latter is an

excitatory synapse whereas TeTX blocks predomunantly transmitter

release at inhibitory junctions in vertebrates.
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LC 9-f BqT and TeTX are active when placed instide motcr nerve end-

incts and other Mamai ian cells: A vestigial rol_. for 1 Ct BoNT in

Aplysia neurons

Initial efforts were made to demonstrate an intra-neuronal site

of BoNT action b' applying the protein to the cut end of motor axons

leading to motor endplates in mouse diaphragm; lack of alteration in

subsequently recorded nerve-evoked muscle tension indicated that

this technique was unsuccessful as a means for internalizing the

active toxin. Likewise, incorporation of BoNT inside resealing

synaptosomes (after the nerve terminals are pinched off during

homogenisation of cerebral cortex) was not efficient enough to give

inhibition of K +-stimulated transmitter release. Yet, both these

methods have been refuted to allow proteins access to the nerve

terminal interior. At that juncture, Aplvsia neurons were used to

allow micro-injection of toxin into identified neurons, together

with recording of quantal transmitter release as before.

The a oins 21 BoNT And TeTX reguured inside Aplysia neurons for

okad transmitter release, In this system, BoNT A was equally

active (Fig. 4B,D) inside cholinergic (Poulain et al. 1988, 1989a;

Maisey et fj• 1988) and non-cholinergic neurons (Poulain.et Al-.

1991a); notably, this was also true for TeTX and, in fact, both

displayed-similar potencies (Poulain t Al_. 1991b). Thus, an

intracellular site of action was demonstrated conclusively for these'

two related toxins, a finding confirmed using permeabilised PC12

cells (McInnes and'Dolly, 1990) and chromaffin cells (covered in

mid-term report). Digitonin-permeabilised PC12 cells produced

Ca 2 +-dependent exocytosis of [ 3 I]noradrenaline (NA) and this was

innibited effectively, though incompletely, by BoUT A (Fig. 6A). As

these toxins, when placed intracellularly, block Ca 2 +-dependent
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release of all transmitters tested both in Anlysia and rat brain

synaptosomes (Ashton and Dolly, 1988; reviewed in the mid-term

report), as well as inhibiting exocytosis from endocrine cellL,

their targets are ubiquitous component(s) of this fundamental proc-

ess. Also, it is clear that the toxins' distinct neuronal specific-

ities result from selective targetting/uptake mediated by acceptors

present on the susceptible cells.

Attention was next focussed on the chains/fragments of these

toxins that act intracellularly; for this purpose i the convenient

Aplysia model was first used. Micro-injection of BoNT LC (I'ig. 7A)

into a cholinergic neuron of the buccal ganglion did not alter

quantal transmitter relase unless HC was also applied intrak-

neuronally (Poulain et dl.. 1988; mid-term report) or added to the

bath (Fig. 7A). HC alone was inactive within-the cell (shown in a

later Fig.). obviously, the intracellular presence of both chains

of BoNT A or B (Poulain et a 1990) is required for blockade of

ACh release; the same was found for a non-cholinergic neuron with LC

alone being inactive unless co-administered with HC (Fig. SA,B).

Internal application of H21. (or H2 plus LC) also proved ineffective

until HC was added (Fig. 7B) so it emerged that Hi was the region

required for LC to be active (detailed in mid-te'm report). In this

regard, it is interesting that HC of TeTX could not substitute in

this role fbr its couhterpart from BoNT in cholinergic cells (Fig.

7C). A further difference exists between the toxins in that LC

alone of TeTX, applied internally, blocked release from cholinergic

(Fig. 9) o- non-cholinergic neurons (Fig. SA,B): its HC was ineffec-

tive (Fig. 9).

H, i' o reauired within mammaJlan _ells (unlike Aplysia neurons)

for LU ' & nhii. 'exocytosis. This curious situation of both chains

20'
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oZ BoNT being essential inside Aplvsia neurons whilst LC of TeTX was

adequate created the need for further investigations on another cell

type. The system already established for .easuring release from

permeabilised PCl2 cells was used initially. Here, LC alone of BoNT

was equally effective as intact toxin in decreasing Ca 2 +-elicited

[ 3 H]NA re .ase (Fig. 6). In contrast, HC on its own proved ineffec-

tive and it had no significant effect on the action of LC (Fig. 6B).

Similar findings have been reported for LC of TeTX and BoNT in both

PC12 and chromaffin cells (reviewed Dolly, 1991). In this context,

it is relevant that pre-treatment of BoNT A with 10 mM DTT did not

potentiate its blockade, consistent with the minimal reduction of

the inter-chain disulphide that occurs under the conditions used

(McInnes and Dolly, 1990).

At this stage, it was unclear if the latter results for BoNT

chains seen with permeabilised cultured endocrine cells (noc truly

representative of neurons) or the different findings 'bserved with

quantal transmitter release from Aplysia neurons wei typical of the

rapid, neurally-evoked ACh release that occurs at mammalian neuro-

muscular junction, the prime target of BoNT. For this reason, new

methodology was developed to allow each of the toxin's chains to be

delivered via liposomes inside nerve endings of mouse hemi-diaphragm

(de Paiva and Dolly, 1990); this is detailed in Experimental Proto-

cols. After sonicating a lipid mixture in the presence of LC from

BoNT A, an acceptable level of this moiety was found to be incorpo-

rated into the resultant liposomes, isolated in the void volume of a

gel filtration column (Fig. 10B). Negatively-charged lipids were

employed to minimize toxin chains associating with the vesicles

rather than being entrapped; thus, when LC was added to preformed

liposomes a negligible amount of protein co-eluted with the vesicles

(Fig. 10A). On the other hand, a quantity of HC did associate with
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preformed liposomes (Fig. 10C) due to its hydrophobic nature; never-

theless, a large amount of HC seemed to become entrapped because of

the increased levels seen when added to the lipids prior to sonica-

tion (Fig. 10D). Application of such liposomes to the phrenic nerve

hemi-rdiaphragm at 37"C in Krebs solution resulted in their fusion

with nerve and muscle membranes and delivery of the. contents, as

established by quantitation of uptake of un inert radioactive tracer

into endplate-enriched and non-endplate areas of diaphragm. When

LC-containing liposomes were used, a time" and concentration-depend-

ent diminution of neuromuscular transmission occurred (Fig. IlA).

Such an effect was not seen with liposomal encapsulated HC (Fig.

l1B) or control liposomes devoid of toxin and made with the buffer

used in the twitch experiments (Fig. 11A); likewise, a contribution

from any contaminating intact toxin was excluded (de Paiva and

Dolly, 1990). Evidence for a presynaptic inhibition of ACh release

was provided by the temporary, though incomplete reversal caused by

4-aminopyridine, a blocker of certain voltage-activated K+ channels

in the nerve memhrane that facilitates transmitter release as a

result of, increasing Ca2 + influx. To evaluate if HC could influence

the activity of LC, a mixture oZ two separate preparations of lipo-

somes containing LC and HC, respectively, was also'added. An iden-

tical lag. period and paralysis-time was observed for this mixture

and the LC-containing liposomes; the slight difference in the shapes

of the curves falls within experimental error. Notwithstanding the

limitation of this 'mixing' protocol, HC appears to be unnecessary

for toxicity. Because bath application of LC (atthe same concen-

tration as above) in the absence of liposomes failed to affect

synaptic transmission, it is concluded that liposomes deliver LC

inside mammalian motor nerve terminals where it mimics the'toxin's

actioft. This represents a major advance because it consolidates the

22
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proposed scheme of intoxication and, also, establishes that LC can

be used as a safer and more selective probe for future studies on

its intracellular target.

in the light of these findings, the involvement of HC in the

toxin's action inside Anlysia neurons, a feature lost through evolu-

tion in mammals and, for the action of TeTX in all cells examined,

would seem to be secondary. For example, it could be speculated

that interaction of. HC (probably via its hydrophobic Hi domain) with

the toxins' intracellular target is a prerequ'isite for recognition

of LC. This scenario is more likely thaA HC associating with LC

because H(E processed type A)can enable single-chain SoNT E (or H2 L)

to block ACh release in ADIysia neurons (Poulain et ._ 1989b).

Production and characterization of antijodies against the intra-

neuronalvy active chain of BoNT. In view of the documented activity

of BoNT LC within these several cell systems, and in order to reach

the initial goal of obtaining agents capable of neutralising the

intoxication at an intracellular stage, polyclonal and monoclonal

antibodies raised were raised against this chain. As it was highly

desirable for this purpose to immunize animals with 'native' LC (ie.

not a toxoid derivative), it was necessary to isolate this protein

to an extremely high level of purity (<4 x 103 mouse LD5 0 /mg) by

removing on a mono-Q Sepharose column (see Experimental Protocols)

any intact toxin or HC contaminatingthe LC

purified by published procedures. After extensive experimen-

tation, immunisation regimes were devised for rabbits and mice that

avoided death of the animals and yielded antibodies with the appro-

priate properties. In ELISA (detailed in Experimental Protocols),

the resultant rabbit antisera showed high titres towards BoNTA LC

or intact toxin (1:30,000 dilution) but no cross-reactivity was
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detectable with HC of types A or B, or BoNT B, E, or F (Fig. 12).

Consistently, on immunoblots the antiserum reacted with free LC and

only the latter in the whole toxin (Fig. 13C). Assays in mice

showed a neutralisation capacity of >2.5 x 105 LD50 units/ml for

antiserum 312 (higher dilutions are being used to determine the

absolute value). In preliminary experiments-intracellular injection

of either serum into cholinergic neurons in buccal ganglion of

Aplysia prevented the inhibitory action of bath-applied BoNT A (2

nM) on ACh release. Although these encouraging results make further

characterization of the antibodies worthwhile in the future, effort

has been concentrated on isolating monoclonal antibodies against LC

because of their greater usefulness in the longer-term.

Of the several anti-LC monoclonals selected initially, one

(G5)-IgG 2b isotype-looks particularly valuable. AnTgG concentrate

of this monoclonal was obtained from the resultant ascitic fluids

and its properties are shown. On ELISA, it reacted at 1:32,000

dilution with LC or intact BoNT A whilst being unreactive with HC or

types B, E, F or TeTX (Fig. i2). Likewise, immunoblotting of SDS-

PAGE gels demonstrated its exclusive reaction with LC of type A

(Fig. 13A,B); moreover, radio-immunoprecipitation using 1 2 5 I-BoNT A

* confirmed that it recognises LC in the intact di-chain protein.

Although G5 was ineffective in the mouse neutralisation tests, when

the hybridoma supernatant was air-pressure injected into a choliner-

gic neuron of Aplysia (=1000-fold final dilution).it prevented the

action of bath-applied 15 nM BoNT A (Fig. 14). As two presynaptic

neurons synapse onto the same postsynaptic cell in this preparation,

it was possible to inject a control hybridoma supernatant into the

other cell; this was totally ineffective and demonstrated that the

neutralisation seen was indeed due to anti-LC IgG. The latter is a

very exciting advance because it illustrates how intracellularly
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neutralising monoclonals, suitable for future neuronal targetting

(outlined in our new contract), can be prepared, and exemplifies how

available experimental models are applicable in their evaluation.

Additionally, the liposomal delivery system will be applied to test

the etfectiveness of such antibodies inside vertebrate motor nerve

endings.

N-Terminal portion of Hýf f= BoNT 2r TeTX can inter-chanqeablv

internalize either L into Aplysia neurons but utake at the mamma-

lin neuromuscular junction requires the dichain form 2f BoNT

Because only intact BoNT is active at murine endplates, inves-

tigations were conducted on Anlysia neurons to gain insight into the

chains/domains concerned with the uptake step because the N-terminal

moiety of HC, H2 , is capable of ecto-acceptor binding (see earlier

.section). it was readily established that LC alone cannot be inter-

nalized; its bath application (at high concentration) to a neuron in

t1e buccal ganglion pre-injected with HC was without effect on ACh

release (Fig. 15A). This also shows that HC when placed 'inside the

neuron cannot mediate the uptake of LC, added extra-cellilarly. In

contrast to LC, application of HC to a cell previously injected with

LC diminished ACh release (Fig. 7A), showing that HC can internalize

on its own. Furthermore, HC is able to mediate uptake of LC when

present together in the bath (Fig. 15C) or subsequent to washing

(Fig. 15B); confirming results of earlier described competition

experiments (Fig. 5C) that it binds saturably (Maisey et AL.6. 1988).

Notice that HC of type B brings about uptake of LC of A or B.

Unlike HC, prior addition of LC followed by washing before inclusion

of HC is ineffective (Fig. 15D), indicating the inability of LC to

bind or remain attached to the neuronal membrane for sufficient time

to interact-with the other chain. Just as removal of H1 did not
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affect the binding of H2 L (Fig. 5D, F), likewise, this did not alter

internalization because bath app]'.cation of H2 L to a neuron pre-

injected with HC (to provide H1 , which is essential inside) reduces

ACh release (Fig. 15E). Further experiments revealed that the

separated H2 could enable LC to enter; intra-neuronal administration

of HC, followed by LC inclusion in the bath gave no change in trans-

mitter release until H2 was added (Fig. 15F).

When the internalization of TeTX chains were examined in Apl

2ja. the same results were obtained. LC alone could not enter

neurons (Poulain et Al 1990) but HC (Fig. 16AB) or 02 (Poulain et

al., 1991a) mediated its uptake. Thus, the N-terminal halves of HC

in both BoNT and TeTX can bring about acceptor-mediated internaliza-

tion in Aplsia neurons (cf. the contrasting situation at neuromus-

cular junction). Considering the distinct neuronal specificities

exhibited by BoNT and TeTX for cholinergic and non-cholinergic

synapses in Aplysia (see above), and in view of the ability of HC or

N-terminal portion from each toxin to mediate internalization of

their respective LC, we addressed the intruiging question of whether

this chain/fragment from BoNT could internalize LC of TeTX and vice

vesa thereby switching the toxins' characteristic neuron selectiv-

itles. In the first set of experiments on cholinergid cells, bath

application of the constituent chains of TeTX proved much less

effective in blocking' ACh release than their counterparts from BoNT

(Fig. 16A), consistent with the disparate potencies of the intact

toxins noted earlier. Interestingly,, upon substituting the TeTX HC

with that from BoNT, TeTX LC was made appreciably more potent in

reducing ACh release (Fig. 16C). In fact, the equivalent result was

achieved using H2 of BoNT and LC of TeTX in the bath (Fig. 16E).

Corresponding experiments on non-cholimaergic neurons demonstrated

that the extracellular application of the chains of TeTX were far,
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A
more powerful in blocking transmitter release than the equivalent

addition of HC and LC of BoNT (Fig. 16B), again in accord with

results for the intact proteins. Use of HC of TeTX enabled LC of

BoNT to be internalized effectively into the non-cholinergic neuron

because this mixture gave a dramatic reduction of transmitter re-

lease (Fig. 16D) relative to that seen with both chains of BoNT

(Fig. 16B), provided HC of BoNT was pre-injected to provide HI.

Such an enhancement oi the activity of BoNT LC was also achieved

with 02 fragment of TeTX (Fig. .16F). Hence, this very convincing

series of novel results, showing that the chimeric mixture- dis-

played potencies equivalent to those of the respective parent toxins

whence the HC originated (Poulain et al. 1991b), illustrate the-

ability of N-terminal halves of each HC'to efficiently internalize

LC from either toxin. Furthermore, it is clear that their binding

to distinct ecto-acceptors on the two neuron types determines the

toxins' specificity because BoNT and TeTX exhibit similar potencies

intracellularly. If it can be assumed, that BoNT and TeTX can act,

also, with similar potencies inside mammalian neurons, their prefer-

ential action in the peripheral and central nervous systems,.respec-

tively, would be ascribable to their selective uptake at these

sites. Based on these collective findings in AXsia,, it may be

postulated that H2 or 02 possess two functional domains, one being

*distinct and responsible for the divergent neuronal specificity,.

whereas the other serves a common role in translocating LC of either

toxin.

In the light of these observations, it is now relevant in the

current contract to establish the nature of the interaction between

HC (or indeed N-terminal portion) and LC that allows internalization

to take place in Aysia neurones. Already, initial investigations

have revealed that separately refolded HC and LC of BoNT can associ-
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ate under conditions, used in ADIVSia experiments, to form a disul-

phide-linked dichain species (Dolly & t 1991). Moreover, pre-

liminary studies on reduced/alkylation BoNT A (detailed earlier)

using the AplyIia system show that in addition to being able to bind

ecto-acceptors efficiently, this derivative is active intracellular-

ly. Thus, it is tempting to postulate that an inter-chain disul-

phide bridge may be essential for internalization both in Aplvsia

and mammalian motor nerve endings, as was proposed for TeTX where

this bond was exclusively reduced with thioredoxin/thioredoxin

reductase (Schiavo et al.. 1990). In this case, certain features

may be shared by the uptake system in vertebrates and invertebrates;

this may include H2 being concerned with binding/uptake at neuromus-

cular junction but requiring the essential contribution of H1 .

Clues to =g molecular actions 21 BN a and .

Effects 21 alterin intra-synantosomal levels 21 second messengers

2n the action 2f BoNT and B. To validate the use of synaptosomes

as a convenient preparation for studies on BoNT action, we examined-

ithe effectiveness of elevating Ca2+ concentration on the reversibil-

ity of blockade of transmitter release caused by type A and B.

Increased extracellular levels of Ca2 + were ineffective ir. antago-

nising the inhibition of K+-stimulated NA release from cerebrocorti-

cal synaptosomes induced by BoNT A, or B unless the Ca2 + ionophore

A23187, was included (Fig. 17A,B). Interestingly, this treatment

Scaused a greater extent of reversal of the intoxication seen with

type A than B, reminiL -nt of findings at motor nerve terminals when

using 4-aminopyridine ,nsel ! a.. 1987), reaffirming some subtle

difference in their mode of action (reviewed in Dolly,. 1990).

Caý+-induced changes in protein kinase C activity do not appear to

underlie this reversal because incubation of poisoned synaptosomes
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with an active phorbol ester, phorbol 12-myristate, 13-acetate (an

activator of the enzyme) was unable to mimic the effect of Ca 2 + plus,

ionophore (Fig. 17C,D). The inhibitory effects of the toxins also

remained unaltered when the synaptosomes were pre-treated with 8-

bromo c-GMP o. dibutyrl c-AMP, in the presence of a phosphodiester-

ase inhibitor (Fig. 18 AB). Likewise, exposure of intoxicated

nerve terminals to 8-bromo c-GMP or nitroprusside (a stimulator of

guanyl cyclase) failed to perturb the BoNT-induced reduction in

evoked transmitter release (Fig. 18C,D).

Possible involvement of the cytoskeleton in BoNT intgxication.

Because of the implication of cytoskeletal elements in transmitter

release (Lindstedt and Kelly, 1987), the influence of disassembling

the actin- and tubulin-based cytoskeleton on the toxin's action was

examined. Breakdown of microfilaments in synaptosomes with cyto-

chalasin D did not affect the subsequent blockade of NA release by

BoNT A or B (Ashton and Dolly, 1991). In contrast, depolymerization

of microtubules with colchicine attenuated the inhibition of trans-

mitter release normally produced by BoNT B whilst that of type A

remained unchanged (Fig. 19A,B). The significance and specificity

of this treatment were confirmed by the same pattern of results

being observed with two other microtubule-dissociating drugs, nocod-

azole and griseofulvin (Fig. 19C-F). As these agents have dissimi-

lar structures it seems unlikely that such an interesting finding

could have resulted from secondary effects of all these drugs;

moreover, the noted restriction of this antagonism to type B toxin

accords with known differences in the precise sites'of action of

BoNT A and B. Notably, complete protection againstthe detrimental

effect of BoNT B was not achievable even when using a combination of

the drugs. Also, it must be emphasised that- under the conditions
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employed above (where drugs were removed during washingstages),

K +-evoked Ca2+-dependent transmitter release was not altered by

these agents alone. However, if colchicine was present throughout

the experiment the amount of release was reduced (see legend to Fig.

20) but these conditions produced no greater antagonism of BaNT B

intoxication (Fig. 20A). Further evidence for the involvement of

microtubules was gained from the observation that stabilisation of

this cytoskeletal component by treatment of synaptosomes with taxol

attenuated the effect of colchicine on the intoxication caused by

BoNT B (Fig. 20B); treatment of synaptosomes.with taxol alone pro-

duced no change in [3H]NA release. Evidence available to date

indicates that colchicine does not affect the measurable binding of
1 2 5 I-BoNT B to synaptosomes (Ashton and Dolly, 1991), or internali-

zation of BoNT B into synaptosomes, leading to the suggestion that

the drug perturbs the toxin's intra-neuronal action. Although there

is no direct biochemical assay for measuring the influence of col-

chicine on BoNT internalization, it can be assessed indirectly by

exploiting the steep temperature-dependence of the final stage of

the intoxication. After exposure to synaptosomes for 90 vin at

30*C, BoNT B should have bound and become internalized; yetit

exerted a minimal effect (20% inhibition) on NA.release. However,

removal of extracellular toxin by washing and re-incubatio6 of the

nerve terminals for a further 90 min at 37"C resulted in release

being.inhibited to the normal extent.. With such a double incubation

protocol, microtubule-disrupting drugs can be added either during

the first time period (when binding and internalization occurs) or

during the second phase (when the toxin exhibits its intre.cellular

action). An antagonism of BoNT B action is seen only when colchi-

cine is added during the latter step (Ashton and Dolly, 1991)' there-

fore, this drug must act at a stage after the binding and internali-

30

ai

- - - - - - - - - -



zatin of the toxin. Findings with BoNT A support this suggestion;

colchicine did not inhibit 1 2 5 1-BoNT A binding or its internaliza-

tion.

It has still to be demonstrated whether BoNT B acts directly on

the microtubule system or whether its breakdown simply activates

certain other processes which counteract the ability of the BoNT B

to block transmitter release. For example, depolymerization of

microtubules leads to an increase in the fluidity of the plasma

membrane (Aszalos et al., 1965), thereby leading to the activation

of various enzymes, including adenylate cyclase. However, to date

no enzyme system that can be activated by this cytoskeletal rear-

rangement, has been found to antagonise the action of BoNT B.

Enzymes tested include adenyl cyclase, guanyl cyclase and protein

kinase C. An explanation for the incomplete inhibition of toxinr

action by colchicine (and similar acting dr..s) is that there are

certain microtubules that are insensitive to these agents (Gordon-

Weeks Vt Al, 1982), and that BoNT B exerts its effect upon both

populations. In view of these results, it is pertinent to consider

the proposed involvement of cytoskeleton in the release of transmit-

ters and hormones (Lindstedt and Kelly, 1987). The actin-containing

elements are believed to form a barrier which prevents

vesicle/granule fusion (Cheek and Burgoyne, 1986; Lelkes t aI.t

1986) whereas the tubulin-based cytoskeleton may play a role in the

tran&port of vesicles to release sites (reviewed by Walker and

Agoston, 1987)', though no direct involvement of microtubules in

neurotransmitter release has been documented. One speculative

interpretation of the data presented here is that BoNT B prevents

the normal detachment of synaptic vesicles from microtubulee and,

hence, transmitter release is reduced. Recently, these resulta with

type B SoNT have been confirmed on other neurotransmitter terminals
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and preliminary data indicate that the action of TeTX can also be

antagonised by these microtubule-disrupting agents, lending more

credence to this hypothenis. Possibly, type A may also act on

wicrotubules but only on the colchicine-insensitive variety. As

various proteins have been suggested to be concerned with attaching

vesicles to microtubules, these would seem likely candidates for the

toxin's target. One such protein, synapsin I, can be excluded

because it is absent from adrena'l medullary chromaffin cells (De

Camilli and Greengard, 1986) even though BoNT blocks exocytosis from

these cells (Stecher e p 1989).

BONT increases phosphorvlation of A hia Mr protein in nerve termi-_

nals. In initial experiments, BoNT B intoxication appeared to

produce an increase in the phosphorylation of a high Mr protein in

synaptic vesicles. This radiolacelled band was very near the top of

5-20% polyacrylamide gels and, thus, assigned a tentative'Mr of =280

kDa. In order to determine its size more accurately dnd to estab-

lish if it is related to any microtubule-associated proteins

(MAPs), 3-10% gradient gels and immunoblotting techniques were

employed. No phosphorylated protein corresponded to those detected

by antibodies to MAP-1 or MAP-2 and, furthermore, the toxin-sensi-

tive radiolabelled moiety appeared to have an Mr of-ýlCOkDa in this

refined gel system. On two-dimensional SDS-PAGE, the labelled

protein gave a pI %5.0 (cf. Fig. 21). Repetition of these experi-

ments several times indicated that the exact amount of radiolabelled'

protein vqried between experiments, suggesting that this phosphory-

1ated component is very labile. Also, it became apparent that BoNT
A treatment of nerve terminals induced a change in phosphorylation

of this 180 kDa protein, although to a lesser extent than that

produced by BoNT B.
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In order to compare, under identical conditions, the phosphory-

lation of proteins of synaptic vesicles with those of intact synap-

tosomes, the latter were prepared for gel analysis by having their

phosphorylated state 'frozen' using a kinase/phosphatase inhibitor

cocktail (see Experimental Protocols). The latter was found to

yield a higher amount of phosphate incorporation into proteins

relative to that seen upon stopping phosphorylation with SDS-gel

sample buffer (as normally used). Under these conditions synapto-

somes also showed a 180 kDa Mr protein with a p1 =5.0 whose phosp-

horylated 3tate was increased by BoNT B (Fig. 21A) or A (not shown),

relative to non-toxin treated control (Fig. 2!B). No phosphorylated

spot corresponding to this protein was seen in toxin-treated or

control cytosol, reaffirming that it is a membraneous component.

However, its content is low both in synaptosomes (predominantly

plasma membranes) and vesicles since it was not detectable in Coo-

massie blue stained gels of samples of these membranes. Relative, to

the total complement of phosphorylated proteins, there appeared to

be a similar amount of this radiolabelled polypeptide in each frac-

tion, although these values are very difficult to'quantitate. Thus,,

it would appear that this labelled protein is not particularly

enriched in the vesicles.

At this moment, the two best-candidates for the Identity of

this protein are both found associated with clathrin-coated vesicles

(CCVs) from neurons. AP180/AP3 (Ahle and Ungewickell, 1986; Prasad

and Lippoldt, 1998; Keen and Black, 1986) is believed to be an

assembly peptide for clathrin insertion into clathrin-coatedpits

(CCPs); it har virtually the exact same pf and Mr es the phosphory-

lated protein detected herein. The phosphorylation state of

AP180/AP3 (a major substrate of CCV kinases) has been speculated to

be involved in the formation/regulation of CCPs/CCV3 (Morris 2t
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1990). As these are fcund at the plasma membrane, APISO/AP3 should

also reside therein if synonymous with our protein; to date, it has

been detected in [32p]-labelled intact neurons (Keen and Black,

1986). Intriguingly, another neuronal specific protein associated

with CCPs, NP185 (Kohtz and Puszkin, 1988) is also similar to our

speculative toxin substrate, although its pI (z 6.0) is slightly

higher (a criteria Kohtz and Puszkin use to state that NP185 is not

the same as API80/AP3). This protein probably associates with other

subcellular organelles since there is an excess of this over cla-

thrin. An association of NP185 with tubulin has been shown (Kohtz

and Puszkin, 1989), and this cytoskeletal component (or one of its

isoforms) may control the binding of this protein t) CCVs.

It will be very worthwhile establishing if one or more of these

proteins partake in botulinisation, particularly since CCVs are

involved in endocytosis. Perhaps, the synaptic vesicles which

secrete much of the neurotransmitter (the readily releasable pool)

.undergo many exocytotic/endocytotic cycles (cf. Trimble et AS..

1991) and that BoNT prevents endocytosis and therefore eventually

exocytosis, by changing the phosphorylated state of such a protein.

Electron micrographs indicate that there is no depletion of synaptic

vesicle number in botulinised preparations, but this could mean that

the readily releasable pool of vesicles (particularly those docked

at the active zone) represents only a small fraction of the total

number present. An alternative explanation is that, as a conse-

quence of BoWr inhibiting exocytosis, there is a concurrent'reduc-

tion of vesicle membrane retrieval by endocytosis, and' it is this

that leads to the increase of the phosphorylated protein is. it is

simply a secondary effect of the toxin.
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CONCLUSIONS

in the d-uration of this contract, all 4 main objectives were

achievcd in large part. Further to the progress detailed in the

midterm report, accomplishments include:

(i) Validating experimental protocols for measuring membrane-bound

ecto-acceptors responsible for productive recognition of BoNT A (or

TeTX) in Anlysia neurons and rodent motor nerve terminals.

(ii) Establishing that cholinergic and non-cholinergic cells in the

sea-snail possess distinct binding sites with which H2 (of types A

and E) or P 2 interact, respectively, creating their characteristic

susceptibilities to BoNT and TeTX.

(iii) Provision of evidence that functional BoNT A ecto.acceptors on

rat phrenic nerve membranes differ biochemically from the binding

components on synaptosomes, previously described in the literature,

particularly that the former only recognises di-chain toxin, whereas

the latter binds HC.

(iv) Preparation of an effective antagonist of BoNT, by controlled

reduction and alkylation, that binds effectively at murine motor

nerve endings but is not internalized (at least in Aplysia: unpubli-

shed observations).

(v) Demonstration that H2 and 02 are responsible for acceptor-

mediated uptake of LC (alone cannot gain entry) from BoNT or TeTX

into Aplysia neurons, with neuron specificity of chimeric mixtures

being determined by the respective fragment used.

(vi) Showing that LC alone of BoNT acts intracellularly in mammalian

motor nerves and PC-12 cells whilst HC (or H1 by inference) is also

required inside invertebrate neurons even though LC of TeTX is

active in all these systems.

(vii) Production of anti-LC monoclonal antibody shown to neutralise

intra-neuronally the inhibitory action of BoNT A on ACh release from
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Apylsia neurons.

(viii) Exclusion of cyclic nucleotides, protein kinase C and ADP-

ribosyl transferase (Ashton g& al.. 1988a; Ashton t aL.,. 1990) in

the toxin's action though small G-proteins of unknown function were

found on purified synaptic vesicles (see midterm report; Matsuoka

and Dolly, 1990).

(ix) Discovering that disassembly of synaptosomal microtubules with

several drugs antagonises the inhibition by BoNT B of transmitter

release (but not A), whereas this effect is counteracted by stabili-

sation of this cytoskeletal component with taxol.

(x) Observing a high Mr synaptosomal protein whose phosphorylation

is increased during intoxication with BoNT.

Implications of these numerous findings for future research

are:

(a) Having conclusively documented the triphasic intoxication proc-

ess, and largely identified the toxin chain or domains responsible

for each step, development of antagonists for the latter has now

become a reality. Progress towards this end will be greatly facili-

tated by the various experimental strategies already devised to

study independently each phase of the poisoning.

'(b) Having found an antagonist (reduced/alkylated BoNT) that binds

to functional acceptors at mammalian neuromuscular junctions, but

seems unable-to efficiently enter the nerve terminal, provides an

invaluable tool for future studies. 'For example, it can be used in

functional competition experiments to ascertain if the vari.ous types

of BoNT truly interact with distinct 'productive' ecto-acceptors; .4

question very pertinent to many facets of the toxin research pro-

gramme. Addditionally, this novel probe will enable the physiologi-

cal role of BoNT acceptors to be assessed by allowingthe effect of

their occupancy (without the associated pronounced toxicity of
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native BoNT) to be measured in various neuronal preparations, as

proposed for the new contract. Such an 'approach may, also, yield

some insight into the endogenous ligands for these acceptors.

Finally, a possible longer-term application of the r iuced/alkylated

derivative could be its development as an antagonist for clincial

evaluation; this would entail modifying selected residues in the LC

portion that are essential for intracellular action, thereby exclud-

ing any toxicity even if some of the material became internalized

via a non-specific route.

(c) A valuable outcome of these studies in Anlysia is that the,

Sstructural restrictions of the neuronal,uptake system for BoNT seems

less rigid than suspected since HC or H2 L can enter alone or they

can take in LC; also, H2 is able to internalize the LC., Similar

results were seen with the corresponding chain/fragments of TeTX

and, more import'-ntly, chimeric 'mixtures of LC and HC or H2 /0 2

yielded toxicity with the neuronal specificity being determined by

the requisite N-terminal portion of HC used. Although the uptake

system at mouse motor nerves exhibits more stringent structural

requirements, the above-mentioned findings highlight the possible

scope for altering LC or attaching adducts (eg. antibody FAB frag-

ments) without loss of internalization; indeed, as a consequence of

the Anlysia experiments, HC of BoNT. has been used in~conjunction

with DC of TeTX to achieve a more effective block of neuromuscular

transmission by the latter, albeit with a potency lower than that of

native BoNT '(Weller S tL. 1991). Collectively, this pattern of

results strengthens the highly sought-after prospect for neuronal

targetting of BoNT-neutralising antibodies, or indeed other thera-

peutic agents.

(d) Availability of a monoclonal anti-LC antibody capable of neutra-

lising the neuroparalytic action of relatively high amounts of BoNT
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A, internalized in the normal way (ie. recognised after any changes '

that occurred upon uptake), together with the progress noted in (c)

raises the likelihood of accomplishing in the future an effective

treatment for botulism.

(e) Steady progress with pinpointing the target for BoNT B is en-

couraging, particularly the in-,olvement of microtubule-based cyto-

skeleton, together with the initial characterization of a large.

synaptosomal protein that becomes phosphorylated during the intoxi-

cation. 'Further pursuit of such investigations, as well as studies

on the substrate for type A (as proposed in the new contract), are

of the greatest importance because of the vital part played by these

ubiquitous components in Ca 2 -dependent release of transmitters in A

all systems tested.
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APPENDIX

Figure Legends

Fig. 1. Te effect o2 intact, chemically modified. and fragments of
BoNT tt A upon•I neuromuscular transmission 2f =h mouse ihrenic
nere hemi-diaDhraa'm 2reDaration. Muscle twitch, evoked by stimu-
lating the phrenic nerve (0.2 Hz square waves of 0.1 ms duration and
1.5V amplitude), was recorded by means of a transducer. In A, B and
D, H2 L (4), HC (.), LC (0) or reduced/alkylated (R/A) BoNT (,> )
were found to be without effect. An equi-molar mixture of both
chains (B,A) gave a blockade equivalent to that 'seen with a 300-
fold louer concentration of'BoNT (B,M ). Alkylated, but not re-
duced BoNT (D,A.) proved to be as active as the native toxin (D, 0).
In A, C and D, the tissues were preincubated at 4"C in the absence
(open symbols) or presence of H2 L (A, 0), HC (C, N, 0) or
reduced/alkylated BNT (D, *) for 30 min in a buffEr (containing 0.5
mM CaZ+ and 5 mM Mg +) designed to minimize their internalization.
After simultaneous incubation with 0.3 nM BoNT for 15 min (A, C) or
30 min (C) or with 0.2 nM BoNT for 15 min (D), the hemi-diaphragms
were washed extensively in the latter buffer and then in normal
physiological medium before raising the temperature to 24"C, initi-
ating stimulation and monitoring the muscle tension. Adapted from
Poulain Al ai., (1989b); Maisey it al.. (1988) and Dolly it aL...
(1991).

Fig. 2. Interaction 9/ 1 And 1251- 2L Y= mouse motor
nerve terMf_.nalC. Purified BoNT and H2 L were radioiodinated to high
specific radioactivity (1000-1700 Ci/mmol) and assessed for their
ability to bind saturably to mouse phrenic nerve hemi-diaphragm
preparations. Following incubation of the tissues with the labelled
derivative (see below), longitudinal sections (10 um) were cut and
stained for ACh esterase to reveal motor endplates. Subsequently,
standard autoradiographic techniques were used to visualise M
radioactive labelling. A and a, sections treated with 1 nM I-
BONT A in the absence (A) or presence (B) of 1 pM unlabelled BoNT A
for 90 min at' 22"C followed by extensive washing. Note the heavy.
clustering of silver grains (in A) localised on the motor endplates
(arrow) which was prevented by an e gss of the unlabelled toxin
(B). C, sample labelled with I nM I-H2 Las in A. The absence of
silver grains on the motor endplates, shows'tht inability of this
fragment to recognise the toxin's acceptors. D, a control specimen
not treated with radioactivity but showing Ach esterase stained
endplates. Taken from Poulain 2t aL. (1989b).

Fig. 3. RedUction 2o native AeT A and TA=TX DTT 2r thioredox-
in/thioredoxi reductase. The reduction of inter-chain disulphide
was determined by running the samples on SOS-PAGE (under non-reduc-
ing conditions), staining the gel with Coomassie blue, and quanti-
tating the amount of intact toxin relative to separated chains by
densitometric scanning of the gel tracks. (A) BoNT A was reduced
with DTT and the reaction stopped by adding excess iodoacetamide.
(B) 0.2 mX NADPH and 2 MM thioredoxin in 100 mM sodium phosphate/lmM
EDTA buffer, p$ 7.5 was added to 0.5 mg/ml TeTX or BeNT maintained
at 4VC. After adddition of 0.1 AM thioredoxin reductase, the tem-
perature was raised to 30"C. After 60 min the reaction was stopped
with 0.5 mM iodoacetamide. Note that the inter-chain disulphide of
BoNT is virtually unaffected whilst that of TeTX is reduced.
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Fig. 4. Relative potencies o2 12NT and T= iX n locka transitter
release At cholineraic And non-cholinergic synapses 21 Aplysia when
applied extra- And intra-neuronally. In A and B, BoNT or TeTX was
either 'bath applied (A) to the buccal ganglion for 30 min or air-
pressure injected into the presynaptic cell body (B). In each case,
the time taken for a 50% reduction in neurally-evoked ACh release
was determined (by recording the amplitude of the postaynaptic
response) and plotted against the extracellular concentration of
toxin (A) or the calculated intra-somatic concentration (B). An
equivalent set of measurements of non-cholinergic transmission was
made (C,D) using the cerebral ganglion after bath application (C) of
either toxin for the time shown (hatched area) or following intra-
neuronal administration (D) of each (arrow). In these experiments,
the time courses of blockade of transmitter release were monitored
and the average points plotted, after making allowance for the
extent of run-down of the postsynaptic response seen in control
samples. A,B adapted from Poulain er &l. (1991a) and C,D from Dolly
(1991).

Fig. 5. Efet 2f cooing and = H2 L 2r H2 2n =te inh iiofn'a
neuronal &=iy BM h 2r in Aplysia neurons.
In all experiments, the amplitude of postsynaptic responses elicited
by a presynaptic action potential was measured. Control values were
recorded at 22"C, and the preparation was then cooled to 10"C for
the time identified by arrows (A). After stabilisation of postsyn-
aptic responses at a reduced level, BoNT A (10 nM) was bath-applied
(horizontal lines), producing no effect during the subsequent 2h
period. On restoring the temperature to 22"C, a rapid decrease of
response amplitude ensued, indicating a blockade of synaptic trans-
mission. (B) shows the same experiment as in (A) .xcept that, after
10 min of application (short horizontal lines), BoNT A (0) or E (o)
(10 nM at 10'C) was removed by washing for 45 min. Upon re-equili-
bration at 22"C, there was a decrease in response amplitude. Using
the ability shown in (A) and (B) of reduced temperature to arrest
BoNT poisoning at the membrane binding step, the ability of HC, H2 L
or H2 to compete for interaction with membrane ecto-acceptors was
assessed. 200 nM HC, H2L or Hi (C, D or E) was added to the bath
(hatched area) for 30 min; BoNT A (10 nM) was then bath-applied for
10 min (horizontal lines), followed by extensive washing. In a
similar experiment (F), H L was also found to counteract the reduc-
tion of ACh release normally caused by nicked BoNT E (10 nl).
Adapted from Poulain &t el. (1989b).

Fig. 6. Mjeuct.ion 21 NIA reloa J= 2rmeabtlis& RM cells by
12 r its.ca~ins. Cells were loaded with (4H]NA., washed, treated

with digitonin and then incubated with toxin or its various frag-
meits. Release of ( H]NA was then evoked with 10 AM free Ca, and
Ca4+-dependent secretion determined after' subtraction of release in
the absence of this cation. The results are expressed as a % of the
non-toxin treated control. (A) Dose-dependence of the inhibition by
BoNT A (0) or its LC (0). (B) The effect of DTT on the inhibitory
action of BoNT and the influence of HC on the potency of LC. Adapt-
ed from McInnes and Dolly (1990).

Fig. 7. oflit 9 internally-applied La2r H L o1 blcA
release frjM Aplysia neu.rons uaniless HG ~21 .Lln2y Z ZM
present. ACh release was evoked in the buccal ganglion by a presyn-
aptic action potential and the postsynaptic response that ensued
recorded as a percentage of the control against time. (A) The LC
from HL (at a calculated intracellular concentration of x20 nNi) was
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injected (arrow) into the presynaptic neuron without modification of

ACh release. A decrease in ACh release was observed only upon
addition to the bath (hatched area) of the HC (40 nM). (B) Intra-
cellular injection (arrow) of H2 L into the presynaptic cell (calcu-
lated intracellular concentration >10 nM) did not change evoked AChI
release. Subsequent addition to the bath (hatched area) of the HC
(40 nM), which enters the cell, inhibited transmission. Inserts
represent recordings of action potentials and postsynaptic responses
(upper of each insert) lh 40 min after injection of H2 L and 2h after
bath addition of the HC (right hand side); note that in the latter
the postsynaptic response is decreased whilst the presynaptic action
potentials remains unchanged. Calibration: vertical, 475 nS (re-
sponse) and 50 mV (action potential); horizontal, 100 as. (C) A
combination of HC of TeTX and LC of BoNT injected intra-neuronally
(each at a final intracellular concentration nO nM) failed to
inducea blockade of ACh release. A,B adapted from Poulain et.L
1989a; C from Poulain t al. (1991a).

Fig. 8. Qiiiar domains 2f BNT & =d ThI& are responsible r
their intracellular inb on 2f transmitter release At� a 1.
cholineraic synapse. After control recordings were made, evoked
postsynaptic responses were monitored following the intracellular
injection of LCe or Lc , each at a final calculated intra-somatic
concentration of 100 nJ-(A), or of an equimolar mixture of HC and
LCSO (intra-somatic concentration of =20 nM) (B). Taken from Pou-
lain & aL.._ (1991a).

Fig. 9. Intracellular effects 2 isolate n TeTX. After
control recordings, HC or LC of TeTX were injected into a presynap-
tic cholinergic neurone (arrow., final intracellular concentration
2200 nM). A rapid decrease in postsynaptic response ensued injec-
tion of LC but not HC. Recordings of the action potential and of
postsynaptic response (upper of each recording) are shown at the
times indicated. Note that whilst postsynaptic response was sup-
pressed, no change in action potential was detectable. Calibra-
tions: vertical, 300 nS (response) and 40 mV (action potential);
horizontal, 65 ma. Taken from Poulain Itl. (1990).

Fig. 10. ft1 itration 2f L, I& and = 2f Bl= nnan lted in 2r
associated V=Lh lPs1QiL Liposomes prepared as described in
Experimental Protocols, together with proteins and radioiodinated
tracers, were loaded onto a Sephacryl 5200 HR column and eluted at a
flow rate of I ml/min: 1.5 ml fractions were collected. The lipo-
some and protein peaks were detected by determining the absorbance
at 600 nm and radioactivity of each fraction. (A,C), elution of
preformed liposomes -that were incubated for 30 m=n at 4C with LC
(A) or HC (C) prior to application to the column. (B,D), elution of
liposomes containing LC (B) or HC (D) prepared by sonication of the
lipids in the presence of the, chains. Adapted from de Paiva and
Dolly (1990).

Fig. 11. Z1Zj2 contr•lf 1pin212 and those ontanin B= I•MT
2 I2 nouromuscular transmission. Liposomes in aerated Krebs
solution were bath applied to mouse phrenicrnerve-hemidiaphraqm
preparations which were superfused at 37'C and stimulated supra-
maximally. Nerve-evoked muscle tension, expressed as a % of the
initial valve was measured against time., Control liposomes, lacking
protein (A,O) failed to produce any change as did liposones entrap-
ping HC (Be). Liposomes encapsulating LC at final concentrations
of 20 nrl (X ), m15 nf (1) and *9 nX (C) decreased muscle tension.
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In B, preparations of liposomes containing iLC were halved and simul-
taneously bath applied to nerve-diaphragm preparations with either a
three-fold excess of liposome entrapped HC (*) or liposomes con-
taining no protein (A). The data presented for the LC and HC
liposomes were obtained with different chain preparationi. A is
adapted from de Paiva and Dolly (1990).

Fig. 12. TiIntrain curves monoclonal AndI 21Yelonal iboieL.
•t2 A=,A I&,al determined by ELISA. Purifiv.- toxins (500 ng), and
LC or HC (100 ng), were coated onto wells of microtitre plates
(Immulon IV) and ELISA performed with varying dilutions of rabbit
polyclonal and mouse monoclonal antibodies. Reaction of BoNTA (0)
and LCA (6) with the monoclonal; BoNTA (zA) and LCA (A ) titres with
rabbit polyclonal antibodies. (C2), tack of crosi-reactivity of
HCA, HCB, subtypes B, E or F with both the monoclonal and.polyclonal
antibodies. Note that with all of the latter no cross-reactivity
was seen, even though 2.5 Mg of toxin was used.

Fig. 13. Specificity 21 monolonal AnD lyclonal antibodies fr
oNT 'lI&. (A) Silver-stained SDS-PAGE of samples of BoNT types A,

B, E, F and TeTX (0.5 Mg protein/track). (B) An equivalent gel was
blotted onto nitrocellulose and probed with the purified anti-LC A
monoclonal antibody, followed by detection with a second antibody-
alkaline phosphatase conjuigate. (C) SDS-PAGE and immunoblot of BoNT
A and iLC (tracks 1, 2 and 3, 4 respectiyely) visualised by silver
stain (tracks 1 and 3) or anti-.C rabbit polyclonal antibcdy (1:500
dilution) as described above (tracks 2 and 4).

Fig. 14. A •mnQg21gni; antibody t2 L 21 &2= A neutralises intrA-
neuronally =a toxin's inhibitio 21 A& release. Supernatant of
the hybridoma (G5) was air-pressure injected into the cell body of a
presynaptic neuron in the buccal ganglion of ApIysia whilst into a
second cell, that synapses onto the same postsynaptic neuron as-the
latter, an equivalent sample from an unrelated hybridoma was admin-
istered similarly. Evoked release of transmitter was quantified by
recording the postsynaptic response, as detailed elsewhere. Neither
injection caused any change in ACh release but when 15 nM BoNT A was
bath-applied the previously-administered monoclonal antibody pre-
vented the subsequent inhibition of neurotransuission (open squares)
induced by toxin in the control neuron (closed squares).

Fig. 15. r&Lt t 2.1 seaenutial npmlication 21f HQI 2X fragments 21
fL2H Qn &A1 release in Aplysia neurons. In all experiments, ACh
release was evoked in the buccal ganglion of Aplysia by a presynap-
tic action potential and amplitude of the responses was recorded in
the posttynaptic voltage-clamped neuron. These were expressed as a
percentage of the control values and plotted as a function of time.
(A) HC of BoNT A was injected (arrow) into the neuron followed by
bath application of 100 nM LC of BoNT A (hatched area). (B) HC of
BoNT B (40 nM, first hatched area) was bath applied for lh and this
was without effect on release. After free HC was removed by exten-
sive washing (75 min), the addition of LC of type B (40 nN, second
hatched area) to the bath resulted in a blockade of release. (C)
Successive application of IC type A (10 nM, first hatched area) and
of HC type B (10 nri, second hatched area) into the extracellular
medium induced an irreversible decrease in ACh release. (D) Bath
application of LC of BoNT A (first hatched area) followed, after
extensive washing, by addition to the bath of HC did not affect' the
response. (Z) Addition of 40 nM H2L to the bath (hatched area)
which, alone, did not affect ACh release (see neuron o) induced a
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decrease in ACh release when the presynaptic neuron (e) had been

pre-injected with HC (arrow, calculated intracellular concentration
>10 rnM. (F) Changes in the postsynaptic response resulting from the
presynaptic stimulation of a neuron (e) injected with HC (arrow,
intracellular concentration f10o nM) were compared with those of a
second, non-injected (o) presynaptic cell, afferent to the same
postsynaptic neuron. After bath application of LC (40 r.M hatched
area), addition to the bath (dashed area) of H2 (40 nM) induced a
depression of neurotransaitter release only in the cell injected
with HC. A,D-taken from Poulain t Ael. (1990); B,C adapted from
Maisey &t Al,. (1988) and E,F, are from Poulain 2t Al, (1989a).

Fig. 16. Effects gl hybrid mixtures 21* ='chains and fragments 2f
San d T e T X o n n e u r o t r a n s m i t t e r r e l e a s e a t c h o l i n e r g iQ c a n d n o n -

cholineric synapses in Aplysia. These experiments were performed
as outlined in Fig. 4 except mixtures of the individually renatured
HC and LC of the two separate toxins (A,B), and combinations of the
two toxin's chains (C,D) or fragments therefrom (E,F) were bath
applied (hatched area). In (D) and (F), HC of BoNT was injected
intra-neuronally. Note that HC or H of BoNT made LC of TeTX more
effective in blocking ACh release (Cb; similarly, HC or B2 of TeTX
made LC of BoNT (when HC of BoNT was present inside) more effective
in ncn-cholinergic cells (D). Adapted from Poulain et Al, (1991a)
and Dolly (1991).

Fig. 17. The influence of A24. and 2h2.rk~1 myristate acetate 2n
BNT-indcedinhibition 21 Ca-dependent K -evoked releas
21 .LM 1r=m synaptosomes. Samples were incubated at 37"C for 90
min in the absence (0, *) or presence of BoNT A (11, * ,<> , 4) or
B (V , , V ), washed and transmitter release measured over a
5 min period following the addition of buffer containing 25 mM K
(5inal concentration). In A and B, 200 nN BoNT was employed. A,
[ H]NA release observed with different Ca concentrations ( 0 , 3 ,)

or the latter plus 30 AM A23187 (& , q , A ) dissolved in dimeth-
ylformamide: ethanol (3:1 (v/v]; an equivalent amount of the solvent
wa+ included in all samples. B, Transmitter efflux seen with 1.2 mM
Ca plus various concentrations of A23187 in the absence (0) or
presence of BONT A (U[) or B (A ). Note that batches of A23187
varied in their potency; for example, when another lot was dissolved
in dimethylsulfoxide, 1-10 AM gave a similar effect to those shown.
As the ionophore did not increase the amount of lactate dehydroge-
nase present in the supernitant of treated-synaptosomes, its effects
are not attributableto Ca *-dependent lysis. In C, D, various BoNT
concentrations were employed with (0,V) or without (*,q) 4 6 min
treatment with 1 AM phorbol myristate acetate, before release was
stimulated. The resultant values in C and D are expressed relative
to that for the non-toxin treated control. Taken from Dolly St el.
(1990).

Fig; is. Incrumina =2 intra-swnaltosomal Igy" 2of cyclic nucleo-
.in de Mnot alto =g dth e s is m nU 2n =g blockade at trns-

3ir releas bBy A & 2 .I Synaptosomes were incubated for 30
min at 37"C in buffer alone (t ) and with I mM isobutylmethylxan-
thine (IBMX) plus 0.1 mA 8-bromo c-GMP (A,0) or 1 mM IBMX plus 1 mM
db-cAMP (B,C3) b~fore irncubation with BoNT B for 90 min at 371C.
After washing, K -evoked [ H]NA release was then measured over a 5
min period. In another series of experiments, synaptosomes were
incubated for 90 min at 37"C in the absence (control) or presence of
BoNT 3 (C) or A (D) prior to incubation for 15 min at 251C with 0.1
UK 8-bromo c-GMP (C,0) or 1 mM nitroprusside (D,,) or buffer alone
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(I), followeg by stimulation of release. The amounts of Ca2+_
independent [ H]NA efflux observed have been subtracted from the
total; the resultant values are expressed relative to that for the
non-toxin treated control. Data shown represent the nean of 2
independent experiments; error bars show the range. From-Ashton and
Dolly (1991).

Fig. 19. Microtubtle d2ssac alnaaqe antagonise thn b oiy
action of Bo B lbut not Al on Ca, -dependent -evked LJIN
release from .ynafltosomes Rat cerebrocortical synaptosomes wereincubated at 37"C for 30 mmn with 1 mM colchicine (A,B), 10 ug/ul
nocodazole (C,D) or 200 Ag/ml griseofulvin (E). Various concentra-
tions of BoNT were then added and incubation continued for 90 min.
Corntrol samples were treated similarly except for the omission of
the mi rotubule drugs (W). Sypaptosomes were subsequently washed
and Ca +-dependent, K+-evoked [4H]NA release was measurid over a 5
min period. The observed amounts of Ca +-independent ( H]NA efflux
have been subtracted from the total: resultant values are expressed'
relative to that for the non-toxin treated control. The values '
presented for release are the mean for 3 (± SD) (B), or 2 (± ranga)
for (C,D,E,F). For A the number of independent experiments for each
value is indicated by the number shown; the significance of differ-.
ence between colchicine-treated and non-treated samples is indicated
by asterisks above' the paired points (*, 10%; **, 5%; ***, 2%; *
1%). From Dolly (1991) adapted from Ashton and Dolly (1991).

Fig. 20. Antagonism by colchicine of BoNT B-induced blockade -f NA
release And its reversil by taxol. In (A) synaptosomes were. incu-
bated at 37"C for 30 min with (4) or without ( ) 1 mM colchicine
prior to incubation with BoNT B for 90 min. In the presence of
colchicine, the samples were washed and NA releIse quantified The
continued presence of colchicine reduced the Ca +-dependent K+-
evoked release of NA from 8.3±1.2 to 4.5±0.1% of the total content.
Results are the mean (± S.D.) for 3 experiments. In (B), synapto-
somes were pretreated at 371C with 10 gM taxol for 60 min, then
simultaneously with 1 mM colchicine for an additional 30 min before
simultaneous exposure to BoNT B for 90 min. The synaptosomes were
then wmshed and release measured'in the presence of 10 AM taxol (A)

controls were treated with colchicine alone (0) or BoNT B alone
('S ). The number of independent experiments for each value is
indicated by the value shown, and the significance of differren~e
between taxol/c0lchicine-treated synaptosomes and those treated with
colchicine alone is indicated by asterisks above the paired points
( 1, 10%. Note that the presence of taxol had no measurable effect
upon Ca -dependent K -evoked NA release. From Dolly r& ai. (1991).

Fig. 21. Selective 0hosphorylation.ý Af jarge protein fromZ nerve

terminals after intoxication = BoNT. Rat cerebrocortical synap-
tosomes were incubated with 1 P]-Pi and either with 360 nim BoNT B
(A) or withoUt toxin (B) for 90 min at 371C. After washing, the
samples were exposed to 1.2 mM Ca for 30s prior to cessation of
phosphorylation by the addition of a cocktail of inhibitors of
kinases/phosphatases. Samples were then prepared for and analysed
by 2D-PAGE employing 3-10% gradient gels in the second dimension.
This fi~mrs represents the resultant autoradiograms prepared from
the 2D gels. The relevant pH range is indicated on horizontal axis,
and the position of M protein standards are indicated by lines on
the vertical akis. T~ese markers in ascending order [Mr (kDa)]
were: 20, soybean trypsin inhibitor; 24, trypsinogen; 21, carbonic
anhydrase; 36, glyceraldehyde-3-phosphate dehydrogenase; 45, ovalbu-
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min; 66, bovine serum albumin; 97, phosphorylase b; 116, P-qalac-
* tosidase; 160, macroglobulin. The position of the BqNT sensitive

=:.0protein is indicated by an arrowhead (Mr =180 
kDa) and arrows (pIV

tI.
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Table. 1. Biochemica Rroperties og 1 2 5 1-Bo* b ]indng slites in detertent

S. solubilised =& J• lrAUAa cerebrocortical .•.•J• f axm

The innervated region of rat diaphragm or preparations of rat cerebrocortical

synaptosomal membranes were extracted with detergent, immobilized onto nitrocel-

lulose discs, and incubated (for lh at 22 C in Krebs bicarbonate buffer, pH 7.4

containing 1 mg/ml BSA) with 1 nM 12 5 1-BoNT A in the presence or absence of 250

nil of.the unlabelled neurotoxin or fragments shown below. The values of satura-

ble binding presented are the mean of triplicate determinations SD; a qualita-

tively similar pattern of binding was seen with two preparations oi tissue

extracts and toxin samples.

Saturable

Tissue 12SI-BoNiT A binding
(fmol/mg/protein)

Innervted~g di&Rhragm SXnaptosomal umemranes

Untreated tissue 98±11 88±3

Trypsinised* 0.2±0.2. 0

Incubated with neuraminidase* 94±6 0

1 nX 12 5 1-BowT A alone 155±8 91W3

+ 250 nM: BoNT A 53±4 29±5

HC 154±4 31±4

H2L 148±18 98±12

H2 184±4 84±6,

*A portion of innervated rat diaphragm and an aliquot of synaptosomes were

incubated at 37 C for lh with I mg/ml of trypsin or I unit/al of neuraminidase

prior to detergent extraction.
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