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INTRODUCTION

Upon gmbarking.on'the p;oject, it was known that BoNT type A
Qhen applied externally inhibits acetylcholine (ACh) release almost
exclusively in the peripheral nervous system (reviewed by Dollylgg
al.. 1986). Accordiﬁgly, saturable-binding‘of 1251 1abelled BoNT A
or B to ecto-écceptors foliowed by internalization couid be observed
autoradiographically on cholinérgic but not other nerve types (Slack
and Dolly, 1986, 1986a, 1987; Evans et al., 1988). However, the
felevance of such an effeétive uptake system remained unsubstantia-—
ted because tﬁere'was no direct evidence then for an intra-neuronal
action of the.toxin, though deductions drawn from pharmacolegical
studies at fhe,néuromuscula: junction favoured this (reviewed by
Simpson, 1986). Moreo§er,‘the latter seemed to .underlie the suscep- '
tibility of peripherél cholinergic neurons to BoNT since it reduces
Ca2+—dependent efflux of ACh and several -other transmitters from
brain synaptosomes (reviewed by Dolly et gl;+ 1987, 1988), provided
high cqncentrations are eméioyed to overcome the lack of an effi-
cient uptake; also, this could explain the low. toxicity of BoWT when
applied directly into brain (williams et al., 1983). Regarding
identity of fqndtional domains in the toxin concerned with targét—
;ing/internalizaﬁion, electron-microscopy studies at motor nerve
terminals revealed that isolated HC could pfévent the binding and f

subsequent uptake of 1257_ponT A (Black and Dolly, 1986a), albeit at

relatively high concentrationsg. In contrast, there were reports of

HC blocking BoNT‘b;hding to cerebrocortical synaptosdmes vith equal
efficacy to the intact molecdlel(xozaki, 1979; ﬁilliams et al.,
1983). Notably, the C-terminal half of HC (H, fragment) cont:ibﬁtes
to this interaction with acceptor sites because the proteoclytically-

prepared H,L fragment (intact toxin minus Hy) is unable to antago-

nise binding, of 1251480NT.A,to brain synaptosomes (Shone et al..,
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1985). Furthermore, the abilities of HC or its NAferminal mdiety
(H, fragment) to form pores in artificial membranes.implicated part
of this chain in the uptéke step (Donovan and Middlebrook, 1986).

In view of such encouraging findings with these yarious‘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 obserQed in gi;;g underlie the intoxicationi . Thus, a
neuromusculaf junétion preparation, the prime target of BoﬁT, was
used to quantify the abilities of the toxin's chains and available
fragments (alone and in combination) ﬁo block nerve-evokéd twitch
tension or to antagonise the neuroparalytic eifect 6f the intact
téxin. Additicnally, the saméles were tested oh large neurons in
Aplysia ganglia because these offered major advantages for investi-
gating the binding, uptake and intracellular actioglin that toxin
could be applied -externally énd/or internally to cholinergic (or
non-cholinerc: :) cellélwith electrophysiological recording of erked
quantal release of transmitters.' To &llow comparative investiga-
tions of the toxir's intracellular action in mammalian-derived
cells, e.fects'of the toxin preparqtiops on ca?*-induced release of

jline from cultured pheochromoucytoma (PCl12) cells were
monitored after’ controlled permeabilisation of the cells with di-
gitonin, junder conditions that preserve the exocytosis process. As
a more ideal system was desirable, liposémai targetting was ée-
veloped to allow toxin/?fégments to Se delivéred.inside mouse motor
nerve endings. A major attraction of theseAexperimental'éystems was
that they could bu expl--ited in assessing anti-toxin monoclonal
antibodiés being prepared for ability to neutralise the intracellu-

lar intoxication step.
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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-

fribosylatiorﬁ of neuronal proteins were cbserv,éd by others with

impure preparations of type D, a further éearch was carried out for
such activity in homogeneous preparations of BoNT A and B towardé
nerve terminal componeﬁts. In particular; a detailed comparison of
the latter with type D was conducted; this demonstrated that the
supposed enzymatic activity of BoNT D is,nof related to its inhibi-
tion of transmitter release (detailed in ﬁidterm repdrt, Ashtén et
al., 1990). In this context, whilst types A and B lack such ADP-
fibosyl 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 al..,
1985), possible effecté of BONT on the direct phosphorylation in'
vitro or on the phosphorylated state ;n §i;g Jf proteins in vesicles

isolated from rat brain were evaluated.

EXPERIMENTAL PROTOCOLS

Reduction and alkylation of BoNT, Type A BONT was incubated with 50
mM dithiothreitol (DTT) in 50 md Tris/150 mM NaCl, pH 8.0 buffer for -

60 min at 37°C; the suitability of these conditions for yielding
complete cleavage of tha inter-chain disulphide was assesséd by

sodium dodecyl sulphate polyacrylamide gel electrobhbresii (PAGE) ,

Native and reduced toxin (as above) were alkylat@d by treatment with .

250 mM iodoacetamide for 15 min at room temperatdre in the dark.
Ellman's reaction was used to determine free sulphydryl content of

various BoNT samples treated by (a) alkylation without prior reddc-
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tion:; (b) reduction without alkylation and (c¢) alkylation affer
reduction. For this procedure, BONT samples (180 ug/sémple)'weré
precipitated using trichloracetic acid (TéA) (6.5% final concentra-
tion) and resolubilized in 0.8 ml of buffer containing 50 mM Tris-
glyciné, 1 mM EDTA, 2.6% SDS, pH 6§.0. The protein concentrati&n of
each sample was determinod spectrophotometrically at 280 nm using'
the established extinction coefficient of 1.47 for a 1 mg/ml Solu-
tion. Thiols were then aésayed by measuring aisarbance at 412 nm (e
= 14150/M/cm) exactly 10 min after the addition >f 30 ul.of dithio-
nitrobenzene (stock 5 mg/ml); a plank 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 dialeed:ihto a
modified Krebs-Ringer medium containing 0.5 mM ca?* and 5 mM nq2+
(Maisey gﬁ al., 1988). Left phrenic-nerve hemi-diaphragms were
dissected from Balb C mice and t&ansferred immediately to a closed
ciréulaéing superfusion system containing 15 ml of aerated
Krebs/Ringer.solution maintained at 37°C. Nerve-evoked muscle
tension was measured against time as described breviously (midterm

report; Maisey et al., 1988). - S

Preparation of liposomes entrapping BoNT A L oF HC. The two chains
‘of BONT A, isolated and characterized as detailed previously (see
midterm report and Rasults section), were renatured by dialysis into
. 118 mM NaCl/10 mM Hepes, pH 7.4 ovar Sh (with“s chanqes) at 4°C.-
BoNT was radiociodinated to a high specitfic activity (~500 ci/mmol)
as described by williams g; al., 19837 attor soparation, the iodi-
nated LC and HC gave specific activities et ~100 Ci/mmol and ~4oo
Ci/mmol.respectively. Liposomes were prepared u-inq a modification
of a prévioully described method (Diiitriadis ard Butlers, 1979).
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Chloroform solutions of phosphatidyi choline/cholesterol /phosgpuatid-
dyl serine in a 7:2:1 ra;io (w/w) were mixed a.d dried under Qacuum.
The lipids were suspgnded in 4ml of the NaCl/Hepes buffer containing
LC or HC (0.25 mmol lipid/umol protein). Trace amounts ofithe
respective iodinated chains vere included to allow ~uantitation of
their subsequent entrapment by lipbsomes. The lipid/proteir mix-
tures were vortexed repeatedly over 30 nin at 4°C before sonicating
for 1 min with an MSE probe sonicator. After standing for 30 min at
4°C, the nixtures were loaded cnto a Sephacryl S20U HR column (2.5 x°
20 cm) previously equilibrated in the MaCl/Hepes buffer at 4°C. The
iiposome peak (6-8 ml) was detected by measuring tdrbidity (Rs00 nﬁ)
of the fractions collected and the nrotein quantified by counting
radioactivity. The pooled liposome peak was dialysed over 14-16h at
4°C into Krebs-Ringar solution. Samples were agfated (55% 0,/5%
C0,) before being bath applied ‘to nerve-diaphragm‘preparations for

measurement of their z2ffect on nerve-evoked twitch tension.

Preparation of polyclonal and monoclonal antibodjes. LC of BoNT A
was prepared as described previously except that‘in preparations
used for mice immunisations, an added chromatographic s;ep was
emplbyed. Minor contaminating amounﬁs of HC and inuact toxin, not
readily detectabie by silver staining, wére adsorbed on a modo;Q
Scpharose column equilibrated with 40 mM phosphate bufrer, pH 8.4/2
M urea/10 mM DTT. LC was recovered in the void volﬁme and,_;fter '
alalysis against phosphatelbuftered saline, showed greatly reduced ‘
toxicity (see later). ‘ ‘ B ‘ -

" Two rapbits were immunisel xepeatedly with 20-25 g of IC,
initially intra-nodally followed at %-) weekly intervals with subcu-

‘taneous boosts at wultiple sites with a similar amount of immunogen

hixed 1:1 with Freund's ;ncomﬁletd adjuvant. Maximum antibody

5




-titres were maintained by 3-4 monthly sukcataneous bocsts of 20 ug

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

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

ments.

For monoclonzl antibody productioh, Balb/é mice were immunised
with :~5 pg LC either bound to rnitrocellulose membranes implanted
subcutaneously or injected intra-splenically without tae use of
adjuvanc. This was followed at 2-3 weeks' intervals with 2-3

) intra-peritoneai injections with & similér amopnt of immunogen mixed
. i:1 wiﬁh Freund's incomplete adjuvant. Waen ;néibody'titres reached
1:1000 to i:sooo, final booster injections eof 3-5 ug, without adju~-
vant, were given twice daily, intfavenously and intra-peritoneally
respectively, on the 5th, 4th and 3rd day prior toc theé fusion. The
spleen cells were fused wifh myeloma NSO-1 cells using a wodifica-
tion of the standard'polycthylene glycol (PEG) procedure in which
the cell suspension was pre-ireated with 0.25% PEG and‘incubated at
37°C tor 90 min prior to dropwise adgition of 40% PEG. The result-
ing hybTid cells Qérre selected using Dulbeéco's modified Eagle
medium containing 1 x 10”%M hypoxanthine, 4 x 10°7M aminopterin and
1.6 x 1075 thymidine supplemented with 20% foetal calf serum.
gntibbdy prodﬁction by the hybridomas was screened by ELT . using
alkaline phosphatase-labelled gcat anti-mouse IgG (and by dot blbt

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

" plates and subsequently into 2% cm? tissuevcultures flasks and,

after prelininary‘iﬁvestigations, were selected and <loned by limit~
ed dilution. Thereattef, ascites fluids were obtained by lnﬁecting
intra-peritoneally more ;han.107 hybridomas #ells into Au&e and'

'  Balb/C mice which had been primed with inccmplete Freund's adjuvant.
IgG was purified from the asciﬁic fluid‘by affinity chromatoqraphy
'Sn Protein A Sepharoée. 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 Suffer, IgG was eluted with 3 nM KSCN (in 100
mM Tris-HCl; pH 8.0) and gialysed into Tris buffer saline pH 7.4.
The subclass of the antibody was determined with the Ouchterlony
double iﬁmunodiffusion tests using tpe specific antisera.
Detection of BoNT B-induced changes in §ygggggggmgl phospherylated
proteins. All solutions employed in these experiments contained 6.3
mM phenylmethylsulfonyl fluoride;'a protease inhibitor, because
" certain phosphorylated neuronal proteins aré extremely sensitive to
proteplysis (see Delorenzo et QAAL.1979). For the s#me ieason, the
cerebral cortex from each individual brain was dissected and houoge-
nised within 45 sec of cervical dislocation éf the rat. A P2 prepa-
fation of synaptosomes was then made (see Ashton and Dolly, 19§8a),
resuspended in a physiologiczl buffer and incubated for 90 min with
, [32Pj—Pi (at a qonceﬁtration of 6.2 mCi/ml) in the presence and
' absence of BoNT B. These nerve terminals were then washed in Ca2+—
free buffer to'remove excess toxin and free radioactivity before
being exposed to a Ca2+-containin§ buffer that affords neurotrans-
mitter release, a condition that also produces changes in tﬁe phosp~
horylated state of certain neuronal proteins. After 30s, the reac-
tion was terminated by one of two méans; For experiments on inLact‘
synaptosomes, a cocktail cﬁ kinasé/nhosphatase ighibitdrs in 10 mM
Mes pH 6.5 wés added {the finai'concentrations {mM) of ingfédients
‘were 10,~p-nitro§heny1phqsghate: 26, EDTA; 10, Na, k-tartrate; 25,
Na-pyrophosphate; , ﬁa?: 10, Na-orthovanadate} fdllowed’ﬁy sedi~-
' mentation of the syﬁéptosomes at 9,000q9 for 2 min in An Eppendorf
centriiuge,prior to eleétrophbretic analysis. For the detection of

: changés in phosphorylation:of synaptiq vesicle and cytosolic pro-
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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 éamples were immediately homogenised and

the lysed terminals §tirred in the normal inhibitor cocktail on ice
for 30 min prior to isolation of synaptic vesicles by diffe;entiai
centrifugation (as outlined previously in Ashton et al., 1985b).

The tinal supernatant, representing synaptosomal cytosol, was stored
at -80°C; cytosolic proteins were concentrated from this fractioﬁ by
the addition of TCA (final concentration 10% v/v). The protein

precipitate was pelleted, resuspended in TéA, repelleted before two

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

pellgﬁs of synaptosomes, synaptic vesicles or TCA-precipitated
cytosolic proteins were then solubilised in iscelectric focussing
buffer.and stored ét -80°C. Prior to electrofocussing, solid urea
was added to a final concentration of 9.S5M together with 2% (w/v)
NP-40; 2% (v/v) ‘ampholytes pH 3-15 (2D -~ Pharmalyte):'s% (v/v) B~
mercaptoethanol'and 0.15% SDS. These radiolabelled solubilised
nerve terminal components were then subjected to 2D-PAGE, by the
method of O'Farrell (1975). The focussed rod gels were equilibrated

for 15 min in SDS-sample buffer (0.062M Tris-HCl, pH 6.8; 2% SDS; 5%

'ﬁ-mercaptoethanol;~10%'glycerol) prior to éDS—PAGE (1-10% 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 H,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 1ntensity1ng screens at

-80°C. Appropriate proteinlstandards (see figure legend; were run -

on a separate track in the second dimension gel.
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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 <ourse of in;estigations, numerous facets that proved fruit-
ful were pursued Iintencively - often beyond those specified initial-
ly. a feﬁ areas of study proposed (eq} isolation and functional
characterization of Hlvfragmenf of BoNT) proved impractical until
recently; however, with the advent of new methodologies (eg; Hy
expression) many of these can be undertaken in the new contract.
Following the recommended f£.rmat, outcome of the entire contract
effoft will be given; such a cohplete progress report is possible by
extensive reference to our subhitted midterm report and to published
papers (reprints all appended) allowing emphasis to be ﬁlaced hefein

on the second eighteen months' work.

- Intexraction gﬁ BONT and its chains/fragments with peuronal ecto-

acceptors; some comparisons with Telf

fot such structuré/acti‘lty studies, copious amounts of BoNT
types A, B, E and F were purified, proteolytically nicked ;here'
necessary (eg. B and E) and the two chains ffom type A and B ob-

tained in homogeneous form, together with H,yL and Hy from BoNT A, by

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

Poulain et al., 1989a,b; Wadsworth et al., 1990). The latter are
detailed in the mid-term report along with the evidence of Puri£Y‘

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

_chains or fragments are relatively non-toxic (zlos-fold less than
" BONT) in mice (Lolly et ai., 1990), though renaturation of HC and LC

together reforms di~chain species and restores much of the toxicity

(see later; reviewed in Dolly et al., 1990). For evaiuating 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 peripheral and central

neuronal ecto-acceptors: for BoNT. 'For investigating the toxins'

neuronal ecto-acceptors, rat cerebrocortical synaptosomes are gener-

ally used because of the ease with which their saturable bihdinq of

1251_BoNT can be quantified. Our vario idies showed that types
A, B.and F exhibit high and low affinity 1g to type-snecific
sites on synaptosomal membranes; the refol. 3 of each was capablé

of antagonising binding of the respective pa. it ﬁFact toxin
(Williams et al., 1983; Evans et al., 1986; Ma. , ¢t al., 1988;
Wadsworth et al,, 1990). As such inte:aétion of NT with brain
nerve terminal prepafations was pot found to 1ead_uo toxin uptake
nearly as efticieﬁé (Black and Dolly, 1987), as noted for peripheral
cholinefgic nerves (see Introductioﬁ), and because of the high: -
content of these acceptors (particularly,-the low aftinity variety),
we suspected that this synaptosomal bxnding was largely 'non-produc~ i
tive! (Haisey_g; gl+‘ 1988). In order to evaluate this prediction,
it'waé desirable to.establish if HC could antagonise the iﬁhibiﬁory
action of na;ive BONT on synaptoéomal transmittéf releage; Unfortu-
nately, these measurements yere not very practical becgdsa they |

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

high concentrations ot‘the BOoNT A needed to give significant block-

-




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

Thus, attention was turned to the phrenic hervefhemi-diaphraqm'

preparation because of its exquisite'tOXin sensitivity, with record-

ings of nerve-evoked muscle twitch;tenéidn being adopted (detailed

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

of ACh release. Having established a,dose-respbnse curve at 24°C
for inhibition of neuromuscdlafAtransﬁissibn by intact BoNT A and B’
(Maisey et al., 1988), a éomparisqn'of the activity of frﬁgments and
chaiﬁs was carried out. .HZL.préved.ineffective at 30 nM over 4h,

demonstrating that proteolytic remdvalrof H; abolishes the neuropa-

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

198v%a). It was possible to test fragments.for their ability to
antagonise the toxin's action using established prbtocols from the
literatﬁre for arresting intoxication at the lgvel of toxin binding’
to the nerve terminals (ie. lowering temperature 'to 4’c'and'using
elevated H92+ and decreased ca’‘ concentrations). Pre-exposure of
the hemirdiaphragﬁ to an excess of H,L at 4;C prior to adding the
intact toxin, failed to alter the BoNT-induced blockade observed
after washing the preparation and'faising tﬁe temperature to 24°C

(FPig. 1A). To confirm that this aﬁéence of biological acfivity

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

it was radioiodinated. Whereas' 1251-BoNT associated in a saturable

manner with motor: endplates (identified by Ach”esterase.staining) in

the‘mousg‘diaphraqm (Poulain et al,. 1989b); no such hindinq_of_

1251-H2L was detectable, autoradiographically (Fig. 2). As the LC
isola:éd from the same sample of HyL was toxic 'inside neurons (sée

later;, it was concluded fram'thesevcollective measurements that H;

is gssential for targetting/productive binding to motor nerve termi-

nals. Note that removal of H, also destroys ability to. interaczt

with central synapses because H,L ptqve& ineffective towards synap- -
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'readiiy be prepared from diaphragm. 'Triton X-100 extracts of end-

tosomal transmitter release (Dolly et al., 1990) and was unable to
inhibit 1251-BoNT binding to synaptosomes (Shone et al., 1985).

In view of the impurtance of H; for ecto-acceptor recognition
in rodents, renatured HC together with LC of BONT A were tested for
ability to block neuromuscular transmission (Maisey et al., 1988 and
detailed in midterm report). Whereas each chain alone was without
effect (at 30 nM over 4h), a mikture of both did diminish twitch
tension but with a 300-fold iower potency than intact BoNT (Fig.
1B). Coﬁsistent with the feeble activity of the two chains, excess
HC caused no significant reduction ‘in the neuromuscdlar pafalysis
produced by native BoNT (Fig. 19). The most reasonable interpreta-
tion of these findings is that for,efficient bindinq/targetting’thé
HC must adépt'a conformation equivalent to its structure in the di~
chain BoONT molecule. The perturbation of HC structure, by exposure
to urea and DTT, during its isolaticn may not be fully overcome by
the renaturation protocol; such subtle differences in conformation
would not necessarily be detectable by methods for measuring gross
seécondary structure parameters (DasGupta, 1989). Experiments out-
lined below will examine if the inter-chain disulphide piays any '
part in the éoxin-accéptor binding step. l

A.mqjor implication of the above observations is that the tox-
in's functional acceptors at the neuromuscular junction differ .from
their counterparts in brain; however, this deduction is based oﬁly‘
on the biochem%cal ﬁroperties of the iatter.- Thus, for a va}id
comparison to be made un experimental strategy had to be déviged
that alloﬁéd ﬁoth acceptor *ypes to be studied biochemically; this

entailed detergent solubilisation since nerve membranes cculd not

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

cortical synaptosomal membranes, were prepated and assayed for
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saturable binding 2f 1 nM 1251_poNT A (blocked by 250 nM unlabelled
toxin) by means of a nitrocellulose disc method {Table 1). As a
control, specific binding of 1251-a-bungarotoxin was also measured
in innervated and non-innervated portions of diaphragm; as expected,
a 28-fold enrichment of nicotinic receptors was seen in endplate-
containing sambles (Wadsworﬁh, 1990). Consistently, the valug
observed for saturable 1251-BONT A sites (®100 fmoles/mg érotein
under the conditions used) in the nerve terminal-ricl sections was
33 times higher than for extra-synaptic regions and similar to that
for the synaptosomal extract (Table 1). 1In 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 ta
neuraminidase treatment bﬁt, in contrast, this abolished binding to

the central accepters as we noted previously for synaptosomes

. (Williams et al., 1983; Evans et al., 1988; Wadsworth et al., 1990}.

Moreover, the brain acceptors differed in that their BoNT binding

was blocked by HC whereas the peripheral neuronal acceptors behaved,
as in the functional assay, with BoNT binding remaining unaffected
by HC. As reéorted for synaptosomes, neithef ﬁzn or Hy, gave any
change injtoxin‘binding to either extract. Thus, the cohsigtepcy of
results found with both functionalland biochemical assays reaffirm

that stric%2r structural requirements do exist for toxin binding to

motor n. - ings relative to the situation at centrhl-gyngpses.
Ipdeéa, the. ...lective though p;elimiIary findings show éhat‘the
novel acéeptor protein identified herein fulfils all the criteria
for involvement in toxin targetting/uptake at,myo-neﬁrhl junctions,
unlike its coun;érpart in brain; thus, it is now warranted to estab-

lishits molecular and functional propertiés as proposed in our new

contract.

..




Reduced/alkylated BoNT A antegonises botvlinisation of murine nerve
teggiha;s. With the di-chain species appearing necessary for éfo-
ductive interaction with acceptor -at neuromusculér junction, when
relevant concentrations (sub-nanomolar) are used, the possibility
arises that HC-sensitive binding of higher BoNT concentrations
reported for nerve-muscle preparations (Black and Dolly, 1986;
Bandyopa&hyay et gl;f 1987) may represent lower affinity interac-
tion; the latter could mask the more sparse and distinct,productiye.
sites. These unexpected findings made the original goal, of qbtaiﬂ-

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

tion seem inappropriate until methods (mentioned earlier) became .

available for isolating f; in 2 biologically-active state. 1In the
meantime, effort was applied to modifying the ;hole.toxin in suchta
way that it retained ability to biné ecto-acceptors in the peripﬁé;-
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 gavé no detectable change in
toxicity in mice and ability t; block neuromuscular transmission was
retained (Fiq. 1D). This surprising finding reveals that the free
SH group§ are not essential for any steps of the intoxication prog—“
ess. In view of the'feports that the infer-cpain disulphide was -
essential for toxicity (Sugiyama et al., 1973), attempts were made
to reduce this bond using thio:edoxih/;hioré¢oxin rednctaée,.fol;
lowed by alkylation Qith fodpécetamide} according to a protocol
(séhiavo et al., 1990) touna to be :eadilyVapplicable'to-Tafx (rig. -

3}. Yet, this reduction procedhre yielded n#qligible cleavage of

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

autoradiography and denéitometria'scanninq (Fig. 3), despite using a

.varihty of conditipns. As an alternativa; a procedure for DTT
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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 gquantified colori-
metrically. In the mouse assay, tﬁe'resultént material showed a

1100-fold reduction in toxicity: such a re;idual level is likely to
result from a trace of unmodiried toxin. When applied at 2.5 nM to
a hémi-diaphtagm prepafation, the alkylated protein did not alter
twitch tension in the time scale of the experiment (Fig. 1D). To
gain insight irto thevbasis of this depletion of toxicity, competi-
tion experiments were performed, as detailed in Fig. 1A and C, in
order tp_ascertain if the derivative could bind td motor nerve

“endings., After bath application of 2.5 nM élkylated BonT A to mouse
hemi-diaphragm, at 4°C in modified buffer (to minimize internaliza=-
tion), the incubation was continugd in thg additional presence of
0.2 nM BoNT A before washing the tissue and raising the temperature
to 24°C. Upbn neural stimulation, the modified toxin exgénded the
onset and slowed the rate of blockade of wuscle tension induced by
native BoNT relative to that seen in the control (Fig. 1D}. ‘As the
iéxperimen;al cenditions employed wera.desigﬁed to reveal interaction
at the ecto-acceptor binding step, and taking into account data‘to
be’qiged later on the ;ntra—peuronalnactiQity of the,a}kylated
matetial, the observed pattern of antagonism can be attributed to
its iphibition of the toxin's productive interaction with the pre-

- synaptic membrane, an ability not shgred with HC cr HyL (cf. Fig.
1A,C). cleayly, removal of the toxin's inter- and inéra-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-bhain bond waé also found to

be non-essential for binding but an involvement of the intra-chain
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disulphide in HC has not been addressed. Moreover, direct binding
"to brain membranes of reduced TeTX (by the thioredoxin method) was
assessed rather than using a functional assay (Schiavo g; al..
1990). Another importané outcome of our observed antagonism is that
the intoxication has been demonstrated conclusivély, for the first
time, to involvé saturable binding of BoNT to the nerve terminal
membrane. Further investigations'to be described in a 1aéer section
will address whether one or other of the two disulphides of BONT are
required for the ihtefnalization or intracellulaf steps. 1In ;ny
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.

Stouctural :gggi;gménts of BONT for ecto-acceptor binding in Aplysia
endings. Because of these notable dissimilarities in the functional
BONT accepto; at mammalian~motpt nerve endings and the binding sites
characterized»biochenically in brain, it was deemed necéssary to
investigaté the productive interaction of BoNT and its chains/frag-
ments‘vith other presynaptic membranes. For thié purpose, Aplysia
neuro<neuronal synapses were chosen for several reasons (seé Intro-
duétion; some are also noted later) 1hc1uding the ease with which
quanfal transmitter reiéase can be recorded qlectrophysioloq;cilly
from identitiéd cholinergic and non-cholihetqic ganglionic neurons.
‘Bath appliqation of BONT A (Poulain'g; Ql;; 1588) or B (Podlain et
alea 1990)‘tolthe buccal éanglion~diminishej neufally-erked ACh
release (see midterm réport for .xperimental details). Another
atﬁraction of this hédel is that the toxin's cholinergic ipaciticity

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 Aplysia (Fig.
‘4), a feature arising from differences in the neuronal acceptbrs
rather than to disparate intracellular potencies (detailed later).
As ACL 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 thése conditions but were
unable to block traﬁsmitter release uptil the temperature was re~
stored to 22°C (Fig. 5B). Note that in the neuron not treated with
to;in the initial level of ACh release was resumed 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 (Ejg. 5A) to 10 nM
toxin, it can be deduced that rapid binding of each toxin occurred.
Furthermorg, 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, thi§ provided an ideal
system for investigating the chains or fragments of BoNT involved in
the binding (Poulain et gl;‘ 1989a,b) that leads to uptake and
intracellular action (see seqtioﬁs below). Interestingly, HC was
inactive when batﬁ applied atIIO'C but prevented the binding of BoNT
added lgter beéause the 'blockade of ACh release prbduqed in the
control by thisushort.expOSure to intacfltoxin‘(riq. 5B) w&s not
‘recorded (Fig. 5C). Likewise, H,L or H, exhibited similar antéqo—
nism ot'tokin?acceﬁtor 1nter§ction (Fig. 5D,E) ana demonéttated that
Hz.rqgion of HC is p}edominantiy responéiblp for ecto-acceptor
recognition. 1In fact, 'H, isolated from BONT A prevented the action
of type E (Fig. SF), hithightinq that these two toxinl share common
blndinq sites, at least in Anlxgig* Notably, these competition

experinent; established that intoxication of this prepa;ation also
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involves saturable binding of BoONT, but differs in that only Hy is
involved, whereas the dichain molecule is required at the rodent
neuromuscﬁlar junction. Notwithstandiing this greater structural
stringenéy for BoNT‘bindinQ to rat motor nefve endings, it is likelv
that the role of H, documented for Aplysia applies also to mammals;
there it could act in conjunctxenAwiEh Hl (domain in intact BoNT) .
which was shown earlier to be essential in both peripheral and

central neurons.

Distinét ecto-acceptors gnde;;ie the cné;agteziégig neuronal speci-
ficities of BoNT and TeTX. Wiz thé aim of further chéracterizing
BONT acceptors, the Aglysia model. v s exploited to compare their
neuron specificities with that of feTX.(Poulain et al., 1991a).
Upon bath applicaticn to cholinergic neurons in the buccal ganglion,

the dose-response curves obtained for inhibition of neurotransmis-

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

In contrast, the reverse situation was observed with non-cholinergic

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

concentration were tested (Poulain 2%t al.., 1991b) because of the

gfeatet difficulty ot'quaﬁtityinq quantal release at these termi-
nals. Such distinct p:eferenﬁial actions arise from these neurons
possessing the reguisito cell svrface acceptors for. these toxins 4 . ;
rather than dissimilar intricellﬁlar efficacies (see belov). Al- |
thoughvit is notable that the preteréncd of BoNT for cholinergic v i
neurons accdrgl.vlthvthat in murine peripheral nerves (see Introdug- a
tion), the different specificity of TeTX cannct be defined because
of the unknown identity of the transmitter operative at the non-
'choiinerqic terminal of Aplysia studied. ‘'lowever, the lattqr is an
excitatory synapse whereas TeTX biockl.prpdoi.nantly transmitter

releascvgt inhibitory junctions in vertebrates.
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these toxins, when placed 1ntiacellu1ar1y, Llock Caz*-dependent

LC of BoNT and TeTX are active when placed inside moter nerve end-
ings and other mamralian cells: a vestigial role for HC of BoNT in
Aplysia peurons

Initial efforts were made to demonstrate an intra-neuronal site
of BoNT action b.° applying the protéin to the cut end of motor axons
leading to motor endblateé'in mouse diaphraom; lack of alteration in
subsequently recorded nerve-evoked ﬁu;cle tension indicated that
this technique was uﬂsucgessful as a means for internalizing the
active toxin. Likewise, incorpora;ion of RONT inside resealing
synaptosomes (after the nerve terminals are pinched off during
homoqenisa;ion of cerebral cortex) was not efficient enoucgh to give ‘ o
inhibition of K*-stimulated transmitter release. Yet,‘both these .
methods have beea refuted to alloQ proteins access_to the nerve
terminal interior. At that junctdre, Aglysia‘neurons were uséd to
allow micro-injection of toxin into identified nheurons, together
witﬁ recording of gquantal transmitter release as before.
The chains of BoNT and TeTX required inside Aplysia peurgns for
blockade o ;zgn§mi;&gx release, 1In this system, BoNT A was equally
active (Fig. 4B, D) inside cholinergic (Poulain et al., 1988, 1388a:
Maisey et QLLL 1988) and non-cholinergic neurons (Poulain et QL;L

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

' displayed ‘similar potencies (Poulain g; al“ 199‘b) Thus, an

intracellular site of action was demonstrated conclusively for these

two related toxins, a finding contirmed using permeqbilised PCl2

"celis (McInnes and Dolly, 1990) and chromattinfcellg (covered in

nid-torﬂ report). Digitonin-permeabilised PC12 cells produced
ca?*-dependent exocytosis of [3H]noradreﬁé11ne (NA) and this was

innibited effectively, though incompletely, by BoWT A (Fig. 6A). As
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release of .all transmitters tesﬁed both in Aplysia and rat brain
synaptosomes (Ashton ana Dolly, 1988; reviewed in the mid-term
report), as well as inhibiting exocytosis from endoérine cells,
théir targets are ubiquitous component(s) of this fundamental‘prnc—
ess. Also, it is clear that the toxins' distinct neuronal specific-
ities result from selective targetting/uptake mediated by acceﬁtors
present on the susce;tible cells.

Attention was next focuyssed on the chains/fragments of these
toxins that act intracellularly; for this purpoge; the convenient
Aplysia model was first used. Micro-injection of BoNT LC (Iig. 7A)
into a cholinergic neuron of the buccal ganglion did not alter

quantal transmitter relase unless HC was alsé applied intra-

‘neurcnally (Poulain et al., 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 al., 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 H,L (or Hy, plus LC) -also proved ineffective
until HC was added (Fig. 7B) so it emerged that H; was the region

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

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

this rolie for its counterpzvt from BoNT in cﬁolinérgic cells (Fig.
7C). A further difference exists between the toxins in that LC
glono of TeTX, applied ‘internally, blucked'release from cholinergic
(Fig. 9) o non-cholinergic neufoqs.(?ig. 8A,B); its HC was ineffec-

tive (Fig. 9).
HS is pot required within mammalian cells (unlike Aplysia neurons) |
for IC to iphibit exocytosis, ‘This curiéns situation of both chains
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o< BONT Seing essential inside Aplysia neurons whilst LC of TeTX was
adequéte created.the need for further investigations on another cell
type. The system already established for weasuring release from
bermeabilised PCl1l2 cells was used initially. Here, LC alone of BoONT
was equally effective.ds intact foxin ir. decreasing calt-elicited
[3H]N$ re ;aée (Fig. 6). 1In contrast, HC on its own prbved ineffec-
tive and it had no significant effect on the acticn of wC (Fig. &B).
Similar findings have been reported for LC of TeTX and BONT in both
PCl2 and chromaffin cells (reviewed Dolly, 1991). In this context,
it is'relevant that pre;treatment of BoONT A with 10 mM DTT did not
potentiate its blockade, consistgnt with the minimal reduction of
the inter-chain disulphide that 6ccurs under the conditions used
(Mérnnes and Dolly, 1990).

At this stage, it was unclear if the lattér results for BoNT
chains seen with'permeabilised cultured endocrine cells (not truly
representative of neurqﬁs) or the different findings ﬂpsérved with
quahtél transmitter release from Aplysia neurons we: : tyﬁical of the

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

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

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

'

delivered yia 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 IC from

BONT A, an acceptable levéel of this moiety was found to be incorpo-

rated into the resultant liposomes,_isolafed in the vpid volume of a
Qellfiltration column (Fig. 10B). Negatively-éha:ged 11bids were
epployéd to minimize foiin chains associating with'the'vesicleg
rather than being entrapped; thus, when LC was added to preformed
liposomes a negligiblé 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 liposomés to .the phrenic nerve
hemi~diaphragm 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—céntainingvliposomes were used, a time- and concentration-depend-

ent diminution of neuromuscular transmission occurred (Fig. 11a).

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

11B) 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 téemporary, 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 of two separate preparations of.lipo-

somes containing LC and Hd respectively, was also 'added. . An iden- o
tical lag period and paraly51s-time was observed for this mixture -., o
and the Lc—containing liposomes; the slioht difference in the shapes

of the curves falls within experimental error. Notwithstanding the

limitation of this 'mixing' protocol, HC appears to be urinecessary . . !
for toxicity. Because bath application of LC (at the same'concen- - |

tration as abovej in the absence of liposomes failed to affect . | E
synaptic transmission, it is concluded that liposomes déiiver LC | N

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

action. This represents a major advance because it consolidates the

227 : , L I -




a1 1 Al e A AT

proposed scheme of intoxication and, also, establishes that IC can
be used as a safer and more selective probe for future studies on .
its intracellular target.

In the light of theselfindings, the involvement of HC in the
toxinfs action inside Aplysia rieurons, a feature lost through evolu~
tion in mammalsband, for the action of TeTX in all cells ekamined,
would seem to be secondary. For example, it could be spéculated
that'interaction of HC (probably yvia its hydrophobic H; domain) with
the toxins' intracellular target is a prereqﬁisite for‘recoqnition

of LC. ‘This scenario is more likely tham HC associating with LC

because Hctfprocessed type A)can enable single-chain 2oNT E (or H,L)

to block ACh release in Aglys1a neurons (Poulain et ., 1989b).

Productjon and characterization of antjoodjes against the jintra-
neuronally 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 néuttalising the
intoxication at an intracellular stage, polyclonal and monoclonal.
antlbodles raised were raised against this chain. As it was highly
desirable for this purpose to immunige animals with ‘native! LC (ie.

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

vto'an extremely high level of purity (<4 x 103 mouse LDgo/mg) by

removinq.on a mono-Q Sepharose column (see Experlmental Protoco}sf
any intact toxin or HC contaminatinq the LC )

, purified by published procedures. After extensive experimen~
tatioh, immun?sation regimes were dgvised for rahbits and mice that
avoided death of the.animalé and ;ielded,antibodies with the appro-
priate properties. In ELISA (detailed in Experimental Protocols),.
the resultant rabbit'aﬁtisera showed high titres tawatds BoNT A ;c

or intact toxin (1:30,000 dilution)fbut 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 ;he antiserum reacted with free LC and
only-therlatter in the whole toxin (Fig. 13C). Assays iﬁ mice
showed a neutralisation capacity of >2.5 x 105 LDgq units/ml fo:
antiserum 312 (hiéher dilutions are being used to determine thé
absolute value). In preliminary experiments .intracellular injection
of either serum into cholinergic neurons in bucchl'qanglion of
Aplysia prevented the inhibitory action of bath-applied BONT A (2
nM) on ACh release. Although these encéuraging results make further
characterization of the antibodies worthwhile in the future, effort
has been concentrated on isolatihg monoclonal antibodies agaiﬁst 1c
because of their greater usefulnéss in the longer-term.

Of the several anti-IC monoc;onals selected initially, one
(G5) -IgG 2b isotype-looks particﬁlarly valuable. An TgG concentrate
of this monoclonal Qas obtained from the resultant ascitic fluids
and its propertiés 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. 12). Likewise, immunoblotting of SDS-

. PAGE gels demonstrated its exclusive reaction with LC of type A

(Fig. 13A,B); moreover, radio-immﬁnoprecipitation using 1257-poNT A
confirmed that it recognises IC in the intact di-chain protein.
Although GS Qas ineffective in the mouse neutrﬁlisation tesﬁs, when
the hybridoma superaatant was air-pressure injected inééva choliner-
gic neuron of Aplvsia (=1000-fold,tina1 dilut%on).it péeventgd the
action of bath-applied 15 nM BoNT A (Fig. 14). As two preéyna‘ptic
neurons synapse onto the same postsynaptic cell in this preparation,
it‘was possible to injnct a control hybridoma supernatant . into the

other cell; this was totally ineffective and demonstrated that the

neutraliéation_seen was indeed due to anti-IC I9G. The latter is a

very exciting advance bécause it illustrates hou intracellularly
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neutralising monocloﬁals, suitable for future neuronal targetting
(outlined in our new contract), can be prepared, and exempl%fies how
available experimental models are ;pplicable in their evaluation.'
Additionally, the liposomal delivery system will be applied to test
the effectiveness of such antibodies inside vertebrate motor nerve

endings.

N-Terminal mummmxw@mwcan@;i
internalize either LC into Aplysia peurons but uptake at the mamma-
lian neuromuscular junction requires the dichain form of BONT
Becausé only intact BONT is active at murine endplates, inves~-
tigatiohs were conducted on Aplysia neurcns to gain insight into the
chains/domains concerned with the uptake step because the N-terminal

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

.section). 1t was readily established that LC alone cannot be inter-

nalized; its bath appliéation (at high concentration) to a neuron in
tiie buccal ganglion pre-~injected with HC was without effect on ACh .
release (Fig. 15A). This also shows that Hc'wyen placed 'inside the
neuron cannot mediate the uptaké.ot 1C added extra-cellularly. In
contrast to ILC, application of HC to a cell previously injected with
Lc diminished ACh release (Fig. 7A), showing that HC can internalize
on its own. Fu;thermore; HC 16 able to mediate upﬁake of LC when
p?eéent together in the bath (Fig. 15C) or. subsequent to waspinq
(Fig. 158);,éonrirminglresults of earligf described compqt;tion
experiments (Fig. 5C) that it.ﬁinds saturably (Maisey g; ;1;‘ 1988).
Notice that HC of type B brings about uptake of LC of A or B.

Unlike HC, prior additioh,ot LC followed by washing before inclusion

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

bind or remain attached to the‘neuronal meﬁbrane for sufficient time 3

to interact .with the other chgin.' Just as removal of Hy aid not
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o affect the binding of ﬁzL (Fig. 5D,F), likewise, this did not alter
intgrnalization bécauée bath application of H,L to a neuron pre-
ihjected'with HC (to provide H,, which is essential inside) reduces

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

separated H, could gnable LC to enter; intra-neuronal administration
'of'Hc; followed by LC inclusion in the bath gave no change in trans-
mitter release until H, was added (Fig. 15F).

When the'internalization of TeTX chains were examined in Aply-
sia, the same results were obtained. LC alone céuld not enter '
neurons (Poulain et al,, 1990) But HC (Fig. 16A,B) or B4 (Poulain et
al., 1991a) mediated its uptake. Thus, the N-terminal halves of HC

. in both 50NT and TeTX can bring about acceptor:ﬁediatedvinternaliza—

tion in Aplysia neurons (cf. the contrasting'situation at neuronus-
cular junction). Considering the distinct néuronalﬂspecificities
exhibited by.BoNT and TeTX for cholinergic and non-cholinergic
synapses in Aplysia (see above), and in view of the api;ity of HC or
N-terminal portion from each toxin to mediate internalization of
their respective 1C, we addressed the intruiging question of whether
this chain/fragmeqt fronm BqNT could in&ernalize IC of TeTX and vice

' yersa, the;eby switching the toxins' characteristic neuron selectiv-

'ities. In the first set of experiments on cholinergi¢ cells, bafh'

application of the constibuené chains of TeTX proved mﬁch less

effective in blockihg'ACh release than their countefparts from BoNT

(FPig. 16A);‘coﬁ;isten; with the dispatQée potencies of the intact

toxins noted earlier. Interestingly, upon substigut;ng the TeTX HC

with that from BoNT, TeTX LC was made appreciably more potent in
reducing.ACh release (Figf 16C). In fact, the equivalentvresult‘was
achiaved using H, of BONT and LC of TeTX in tﬁe bath (Fig. 16E).

Corresponding experinents on non-qholinefgic neurons-deﬁonstrhted

that the extracellular application of the chains of TeTX were far
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more powerful in blooking tfansmitter release than the equivalent
addition of HC and LC of BoONT (Fig. 16B), again in accord with
results for the intact proteins. Use of HC of TeTX enabled IC of
BoNT to be internalized effectively into the non-cholinergic neurcn
because this mixtufe 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 Hy.

Such an enhancement or the act1v1ty of BONT LC was also achieved
with ﬁz fragment of TeTX (Flg 16F). Hence, this very convincing
series of novel results, showing that the chimeric mixturee dis-
played ootencies'equivalent to those of the respective parent toxins
whence the HCloridinated (Poulain et al, 1991b), illustrate the
ability of N-terminal halves of each HC to efficiently internalize
LCc 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 ano TeTX exhibit similar potencies
intraceilularly. If it can be assumed that BoNT and TeTX. can act,
also, with similar potencies inside mammalian neurons, their prefer-
entiallaction in the peripherai and central nervous systems, respec-
tively, would be ascribabie to their selective uptake at these
sites. 'Based on these collective findings in Aglggig,‘it4may be
oostulated that H, or g, possese two functional domains, one being
distinct and responsible for the divergent neuronal specificity,_

whereas the other. serves a common role in translocatinq 1c ot either

toxin.

In tne light of'theee obsefvations,‘it is now reletant in the
current contract to establish the .hature of the interaction between
HC (or indeed N-terminal portion) and LC that allowe internalization
to take place in Aplysia neurcnes. Already, initial investigations

‘have revealed that separately refolded HC and LC of BONT can associ-
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ate under conditions, used in Aplysia experiments, to form a disul-
phide-linked dichain species (Dolly et gl;L 1991). Moreover, bre-
liminary studies on reduced/alkylation BoNT A (detailed earlier)
usiung the Aplysia system show that in addition to being able to bind
ecto-acceptors efficiently, fhisAde:ivative is active intracellular-
1ly. Thus, it is tempting to postulate that an inter-chain disul—'
phide bridge may be essential for internalization both in Aplysia
and mammalian motor nerve endings, as was prgﬁosed for TeTX wherg
this bond was exclusively reduced with thioredoxin/thijoredoxin
reductase (Schiavo et al.. 1990). 1In this case, certain features
may be shared by the uptake system in vertebrates and invertebrates;
this may include H, being concerned with binding/uptake at neuromus-

cular junction but requiring the essential contribution of H;.

Clues to the molecular actions 'onsgiﬁgua'.a_'n_olﬁ
m(ﬂmmmmgthessenes
on the action of BoNT A and B. To validate the use of synaptééomes
as a convenient preparation for studies on BoNT action, we examined
the effectiveness of elevating ca?*t
itj of blockade of transmitteér release caused by type A and B.
Increqéed extracellplar levels of C$2+ were ineffectivé ir. antago~
nisiné the inhibition §£ K*-stimulated NA release from cerebrocorti-
cal'synaptosomes induced by BoNT'A,or B unless the ca?t ionophore
A23187, was included (Fig. 17A,B). thteqestingly, this treatment
caused a greater éxtenp of reversal of the intoxication seen with
type A than B, reminii -ent of tindings at motor nerve tetminﬁls when
using_4-amin6pyridine * ansel et al.. 1987), reaffirming some subtle
difference in their mode of action (reviewed in Dolly,.1990).
ca?*-induced changes in protein kinase C activity.do not appear to

underlie this reversal becausé incubation of poisoned gyniptosomes
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with an active phorbol ester, phorbol 12-myristate' 13-acetate (an

activator of the enzyme) Qas unable to mimic the effect of‘Caz+ plus

ionophore (Fig. 17C,D). The inhibitbry effects of the toxins also
remained unaltered when the synabtosomes were pre-treated with 8-
bromo c~GMP o. dibutyrl c-AMP, in the presence of a phosphodiéster—
ase inhibitor (Fig. 18 A,B). Likéwise, exposure of intoxicated
nerve terminals to 8-bromo c-GMP or nitroprusside (a stimulator of
guanyl cyclase) failed to perturb the BoNT-induced reductxon in

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

Possible inyolvgmen; of the cytoskeleton in ggﬂm.inggxicationﬁ
Because of the implication of cytoékeletal elements in transmitter
release (Lindstedt and Kelly, 1987), the infiuence 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 felease by
BoNT 2 or B (Ashton and Dolly( 19§1). In contrast, depolymerization
of microtubules with colchicine atténuated the inhibition of trans-
mitter release normally produced by BoNT B whilst ﬁhat of type A
remained unchanged (Fig. 19A,Bf. Tne significance and épééificity'

of this treatment were confirmed by the same pattern'ot results

being observed with two other microtupule-dissdciatinq'druqs, hpcpd- '

azole and gfiseotulvin (Fig. 19C~F). ‘As these aéents-havg dissimi-
lar structures it seems unlikely that such an interesting finding
could have resulted from secondary effects of all these drugs:;

moréovgr, 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 against the 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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- being. inhibited to the normal extent. With such a double incubation

employed above (where drugs were remaved during waéhin@_stages),
X*-evoked Ca2+-dependent trénsmitter release was not altered by

these agents alone. However, if colchicine was preéent throughout

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

20) but these conditions produced no greater’antaqohism of BoNT 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 syhaptosomes with taxol
attenuated the effect of colchicine on the intoxication caused by
BoNT B (Fig. 20B); freatment of synaptosomes. with taxol alone pro-
duced no change in [3H]NA releaée.' Evidence:availab’e to date
1nd1cates that colchicine does not affect the measu;able blndlng of
1251 -BoNT B to synaptosomes (Ashton and Dolly, 1991), or internali-
zation of BoNT B into synaptosomes, leading to the suggest;on 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
‘exploitiqg the steep temperatu:e-dépendence of the final stage of
the intoxication. After exposure to synaptosoﬁes for 90 rin at

30°C, BONT B should have bound énd'become internilizéd: yet, it

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

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

nerve terminals for a further 90 min at 37’c‘:esu1ted.in release

protocol, -1crotubule-¢isruptinq druéé can be added oithq: during
the first time period (wheh»bindinq'and internalization occurs) or -
during the sicond phase (vhep the toxin exhibits its intrzcellular

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

‘cine is added during thc'lattar léep'(Aahton and Dolly, 1991)‘thofe-

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

30 -

- e a e o e ee e -




zatiun of the toxin. Findings with BoNT A 'support this_squestion:
colchicine did not inhibit 125I-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 trénsmitter release. For example, depolymerization of
microtubules leads to an increase in the fluidity of the plasma
membrane (Aszalos et al., 1985), thereby leading to the activation
of variqus enzymes, including adenylate cfclase. Howevef, 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 inciude adenyl cyclase, guanyl cyclase and protein
kinase C. An explanation for the inconlete inhibition of toxin
action by colchicine (and similar acting dr-.s) is that there are
certain microtubules that are insensitive to these agents (Gordon-
Weeks et al., 1982), and that BoNT B exerts its effect upon both

populations. 1In view of these results, it is pertinent to consider

the proposed involvement of cytoskeleton in the release of transmit-~-

ters and hormon2s (Lindstedt and Kelly, 1987). The actin-containing

‘ elenents are balieved to form a barrier which prevents
vesicle/gtanule fusion (Cheek and Burgcyne, 1986; Lelkes et al..
1986) whereas the tubulin-based cytoskeleton may play a role in the
'transport of vesicles to release sites (reviewasd by walkcr and
Agoston, 1987), though no direct involvement of nictotuhules in
neurotransmitter release has been documen”:ed. One speculativc
interpretation of the datalpresented here is that BoONT B prevents

the normal detachment of -ynépcic vesicles tron microtubules and,

hence, transnitter release is rcduced. Recontly, these r.-ultn with‘-

type B BONT have been confirmed on other neutotranslittcr terninals
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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 hypothernis. Possibly, type A may also act on

nicrotubules but only on the colchicine-insensitive variety. As
various proteins have been suggested to be concerned with attaching
vesicles to microtubules, these would seemllikely candidates fbr the
toxin's target. One such protein, svnapsin I, can be excluded
because it is absent from adrenal medullary chromaffin cells (Dé
Camilli and Greengard, 1986) even though BoNT blocks exocytosis from

these cells (Stecher et al,, 1989).

BoNT increases phosphorylation of a high M, protein in perve termi- . o
nals. °'In initial experiments, BoNT B intoxication apneared to

produce an increase in the phosphorylation of a nigh M, protein in

' synaptic vesicles. This radiolacelied band was very near thé top of

5-20% polyaérylamide gels and, thus, assigne& a tentative‘nt of =280
kDa. In order to determine its size more accurately and 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 radi&labelled’moiety~appeared to have an H}”ot,slzokba in this
:ctincdvqel system. On two-dimensional éDS-PAGE, the labelled
protoin gave a pI 5.0 (cf. Fig. 21). Repetition of these experi-
ments several times'indicatod‘that the exact amount of radioiabelled‘

' protein varied between cxberincﬁts,.suggesting»that this phosphory-. -

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

of this 180 kDa.pfotcin, althoﬁgﬂ ;o a lesser oxton; than that : , ;
produced by BoNT B. ‘
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In order to compare, under identical conditions, the phosphory-
lation of ﬁroteins 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 ngrmally used). Under these conditions synapto-
somes also showed a 160 kDa M, protein with a pI =5.0 whése phosp-
horylated state was increased by BoNT B (Fig. 21A) or A (not shown),
relative to non-toxin treated control (Fig. 21B). No phosphorylated
spot corresponding to this protein was seen in toxin-treated or
control cytosol, reaffirming thaf it is a membraneous componeni.
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
he a similar amount of this radiolabelled polypeptide'in each frac-
tioﬁ, although these‘values are very difficult to gquantitate. Thus,
it would appear that this labelled protein is hot paiticularly
enriched in the vesicles.

At this moment, the two best candidates for the Identity ot
this protein are both found associated with’ clathrin-coated vesicles

'(CCVs) from neurons. AP180/API (Ahle and Unqowickoll, 1986; Prasad
and Lippoldt, 1988; Keen and Black, 1986) is beliaved to be an
assoably peptide for clathrin inscrtionvinto ciathrln-coatod'pits'
(ccps), it har virtually the exact same pI and H s the phosphory-
lated protoin detectod herein. The phoaphorylation statc of
AP180/AP3 (a najor lubsgra;o of CCV kinases) has been speculated to ‘
b; involved in the rornation/roqu;ation of CCPs/CCVa éHorriy et al..
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1990). As these are fcund at the plasma membrane, AP180/AP3 should
aiso reside therein if synonymous with our protein; to date, it has
been detected in [32P]-1abe11ed intact neurons (Keeﬁvand Black,
1986) . Intriguinély, another neurcnal specific protein associatéd
with CCPs, NP185 (Kohtz and Puszkin, 1988) is also similar to our
speculative toxin Substrate, although its pI (= 6.0) is.slightly
higher (a criteria Kohtz and Puszkin use to state that NP185 is not
the same as AP180/AP3). This protein probably associates with other
subcellular organelles since there is an excess of tﬁis over cla-
thrin. An association of NP185 with tubulin has been shown /{Kohtz
and Pusckin, 1989), and this cyﬁoskelétal comﬁonent (or one of its

isoforms) may control the binding of this protein tn 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 reurotransmitter (the feadily releasable pool)

-undergo many exocytotic/endocytotic cycles (cf. Trimble et al.,

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 pfepa:ationé, but this could mean that

A.Qhe readily releasable pool of vesicles (particularly those docked

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

nunberfpresdnt. -An alternative explanation is that, as a conse-

quence of BoNT inhibiting exocytosis, there is a concurrent’ reduc-

tion of vesicle membrane retrieval by eﬁdocytosis, and it is this
that leads to the increase of the phosphorylated protein ie. it is.

simply a secondary effect of the toxin.




CONCLUSIONS

in the duration of this contract, all 4 main okjectives weré
achievod in large part. Further to the progress detaxled in the
midterm report, a~ccomplishments 1nc1ude- v
(i) Validating experimental protocols for meaSuring“membrane;bound
ecto-acceptors responsible for productive recognition of BONT A (or
TeTX) in Aplysia neurons and rodent motor nerve terminals.
(ii) Establishing that cholinergic and non-cholinergic cells in the
sea-snail possess distinct binding sites with which H, (of types A
and E) or bz intéract, 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,'wﬁéreas

the latter binds HC.

(iy) Preparation of an effective antagonist of BoNT, ‘hy controiled
reduction and alkylation, that binds effectively at murine motor
nerve endings but is not internalized (at least iq Aplysia; unpubli-
shed o¢bservations). . |

(v{ Demonstration that H, and £, are responsible for acceptof— )
mediated'pptake of LC (alone cannot gain entry) from BoNT or'TeTx'
into Aplysia neurons, Qith neuron specificity of chimeric iixtures
being determined by the respective fragment used. ;

(vi) Showing that IC alone of BONT acts intracel;ularly in Iammalian
notor nerves and PC-12 cells whilst HC (or Hy by inference) is also
required inside invertebrate neurons even though IC of TeTX is
active in all these systems.

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

intra-neuronally the inhibitory action of BoNT A on ACh release from
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Aplysia neurons. _ T

(viii) Exclusion of cyclic nucleotides, prote;ﬁ kinase C and ADP-
ribosyl transferase (Ashton et al.. 1988a: Ashton et al., 1990) in
the toxin's actiqn though smail G-proteins of unknown function were
found on purified synaptic vesicles (see midterm report; Katsuokg
and Dolly, 1996).‘
(ix) Discoveriné that disassembly of synaptosomal miérotubuleé 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 M, synaptosomal protein whose phosphorylation
is increased during intoxication with BONT. '
Implic&tions of'these numerous findings for future research
are:
(a) Having conclusively documented the triiphasic intéxication proc-
ess, and largely identified the toxin chain or domains responsible , ’
for each step, deveiopment 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) ﬁaving found an antagonist (reduced/alkylated BoNT).that binds ) -

to functional acceptors at mammalian neuromuscular juﬁétions, but Co
seems unable to efficiently entef the nerve terminal, provides an
inQaluaple tool for.future studies., 'For examplé, it can be used in E
functional compeéition experiments to asceitiin it the varjous types
of BoNT truly interact with distinct 'pféductive' ecto-acceptors; a
question very pertinent to many facets of thé'bpkin research pro-
graﬁme. Addditionally, this novel probe will enable the physiologi-
cal réle of BONT acceptors to be assessed by allowing,fhe efgéc; of

their oqcupancy {without the associated pronounced toxicity of




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 lohgér«term application of the r ﬁuced/alkylated
derivative could be its development as an antagbﬁist 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 {ffsomé.of the material became internalized
via a non-specific route.

(c) A valuable outcome of thése studies in Aplysia is that the .
structural restrictionswof the neuronal' uptake s}stem for BONT seems
less.rigié than suspectéd sinée HC or H,L can enter alone or they
can take in LC; also, ﬁé is able to internalize the LC. B Similar
results were seen with the correspond;ng chain/fragments of TeTX
and, more import- ntly, chimeric mixtures of LC and HC or Hy/B85

- 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 aftaching gdducté (eg. antibody FAB frag-

" ments) Qithout loss of_internalization; indeed, as a consequence of
the Aglx§ig experiments, HC of‘BoNT.hés been used in'conjﬁnctidn
with ﬁc of TeTX to achiéve a more effective Slack of neuromuscular
trapsmission by the lattér, albeit witﬁ aApotency lower than that of
‘native BoNT (Weller et al., 1991). _Collectively, this pattern of
fesults-strengthens the highly sought-after prospéct for neuronal
targetting of BoNT-neutralising antibodies, or indeed other thera-
peutic agents. '

(é) Availability of a monécibnai anti-LC antibody capable of neuira-

lising—thé neuroparalytic action ct re1atiye1y higq 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 inrolvement 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 investig;tions, as well as studies
on the substrate for type A (as proposed in the new contract), are
of the greatest importance becaﬁse of the vital part p}ayed'by these
ubiquitous components in Ca2+-dependent release of transmitters in

all systems tested.
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- (B). C, sample labelled with 1 nM

APPENDIX

~ rigurs Legends

FPig. 1. The effect of intact,
BoNT tvpe A upon neuromuscular :
nerve hemi-diaphragm preparation. 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, HyL (A ), HC (), LC (0) or . reduced/alkylated (R/A) BONT «})
were found to be without effect. An equi-molar mixture of both
chains (B,4&) gave a blockade equivalent to that seen with a 300-
fold lower concentration of BoNT (B,00). 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 H,L (A, 0), HC (C, B, @) or
reducsd/alkylated BgNT (D, @) for 30 min in a buffer (conhtaining 0.5
mM Ca*’ 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~diaphraqms
vere washed extensively in the latter buffer and then in normal
physiological medium before raising the temperature to 24°C, initi-
ating stiuulation and monitoring the muscle tension. Adapted from
Poulain et at,. (1989b); Maisey et al., (1988) and Dolly et al..
(1991). :

' Fig. 2. Interaction of _wﬂmlzjuL_mm_em

nerve terminalc, Purlfxed BONT and H,L were radxolodxnated to high
specific radiocactivity (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 &gg
radiocactive labelling. A and 8, sections treated with 1 nM I-
BoNT A in the absence {A) or presence (B) of 1 uM 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 efggss of the unlabelled toxin

I-H,L as in A. The absence of
silver grains -on the motor endplates, shows the inability of this
fragment to recognise the toxin's acceptors. D, a control specimen
not treated with radicactivity but showing ACh esterase stained
endplates. Taken from Poulain g; al. (1989Db).

Fig. 3. Reduction of pative BoNT A and TeTX with DIT or thioredox- -
insthioredoxin

reductase, The teduction of inter-chain disulphide
was determined by running the samples on SDS-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 DIT and the reaction stopped by adding excess jodoacetamide.

(B) 0.2 mM NADPH and 2 uM thioredoxin in 100 mM sodium phosphate/imM

EDTA buffer, pH 7.5 was added to 0.5 mg/ml TeTX or BoNT maintained
at 4°C. After adddition of 0.1 uM thioredoxin reductase, the tem-
perature was raised to 30°C. After 60 min the reaction was stopped
with 0.3 mM iodoacetamide. Note that the inter-chain disulphide of

 BoNT is virtually uraffected whilst that of TaTX is reduced.
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by a presynaptic action potential was measured. Control values were

. bration at 22°C, there was a decrease in response amplitude. Using

. . Y —— e . . . . . R
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Fig. 4. Relative ngs_nszs§ of BoNT and TeTX in blocking transmitter
release at EthlﬂEIQAQ and nen-cholinergic svnapses of Aplysia when
applied extra- In A and B, BONT or TeTX was
either bath applied (A) to the buccal ganglion tot 30 min or air-
pressure injected into the presynaptic cell body (B). 1In each case,
the time taken for a 50% reduction in neurally-evoked ACh releasée
was determired (by recording the amplitude of the postsynaptic
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 monitorea
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 et al, (199la) and C,D from Dolly
(1991).

Fig.' 5. [Effect of cooling and HC. H,L er B, on the inhibition of
ACh release induced by BONT A or 2 Ln Aplysia peurons.
In all experiments, the amplitude of postsynaptic responses elicited

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 eftect 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 (@) or E (o)
(10 nM at 10°C) was removed by washing for 45 min. Upon re-equili-

the ability shown in (A) and (B) of reduced temperature to arrest
BoNT poisoning at the membrane binding step, the ability of HC, H,L
or H, to compete for interaction with membrane ecto-acceptors was
assessed. ' 200 nM HC, H L or H, (C, D or E) was added to the bath
(hatched area) for 30 mln. BoN% A (10 nM) was then bath-~applied for
10 min (horizontal lines), followed by extensive washing. 1In a
similar experiment (F), H,L was also found to counteract the reduc-
tion of ACh release nornaily caused by nicked BoNT E (10 nM).
Adaptcd from Poulain et al. (1989b).

Piq- 6. Reduction of NA release fronm permeabilised PC12 cells by
BoNT or jits chains, Cells were loaded with [’H]NA, washed, treated
with digitonin and tgen incubated with toxin or its various rag-

Et ' Ralease of {“H]NA was then evoked with 10 uM free Ca*", and

—dcpendent secretion determined after subtraction of release in

thc 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 IC (0). (B) The effect of DIT on the inhibitory
action of BoNT and the jinfluence of HC on the potancy of LC. Adapt-
ed from McInnes and Dolly. (1990).

Pig. 7. Inability of internally-applied IC or H-L to block ACh
release from Aplysia neuyrons unless HC 9f BONT not TeTX) was

present, ACh release was evoked in the buccal ganglion by a presyn-—

aptic action potential and the postsynaptic response that ensved
recorded as a percentage of the control against time. (A) The IC

‘trom H,L (at a calculated intracellular conccntration of ®=20 nM) vas -
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injected (arrow) into the presynaptic neuron without modification of
ACh release. A decrease in ACh release was observed only upon L
addition to the bath (hatched area) of the HC (40 nM). (B) Intra-
cellular injection (arrow) of H,L into the presynaptic cell (calcu-
lated intracellular concentration >10 nM) did not change evcked ACh
release. Subsequent addition to the bath (hatched area) of the HC
(40 nM), which enters the cell, inhibited transmission. Irserts
represent recordings of action potentials and postsynaptic responses
{(upper of each insert) 1h 40 min after injection of H,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 ms. (C) A
combination of HC of TeTX and LC of BONT injected intra-neuronally
(each at a final intracellular concentration =20 nM) failed to
induce a blockade of ACh release. A,B adapted from Poulain et al.
198%a; C from Poulain et al. (1991a). .

Fig. 8. Dissimilar domains of BONT A and TeIX are responsible for
their intracellular iphibition of transmitter release at a non-
cholinergic synapse, After control recordings were made, evoked
postsynaptic responses were monitored following the intracellular
injection of e OF LCp,, each at a final calculated intra-somatic
concentration of =100 nRo(A), or of an equimolar mixture of HCp, and
LCBO (intra-somatic concentration of =20 nM) (B). Taken from Pou-

lain et al.., (1991a). )
Fig. 9. Intracellylar effects of chains of TeTX. After

control recordings, HC or LC of TeTX were injected into a presynap-
tic cholinergic neurone (arrow., final intracellular concentration
%200 nM). A rapid decrease in postsynaptic response ensued injec-
tion of IC 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. CcCalibra-
tions: vertical, 300 nS (response) and 40 mV (action potential);
horizontai, 65 ms. Taken from Poulain et al.. (1990). :

Fig. 10. Gel giltration of LC and HC of BONT encapsulated in or -
assocjiated (

. Liposomes prepared as described in
Experimental Protocols, together with proteins and radioiodinated
tracers, veres loaded onto a Sephacryl $200 HR column and eluted at a
flow rate of 1 ml/min; 1.5 ml fractions were collected. The lipo-
some and protein peaks were detected by determining the absorbance
at 600 nm and radiocactivity of each fraction. (A,C), elution of
preformed liposomes. that were incubated for 30 min at 4°C with IC
(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). _ : _

Pig. 11. [Effect of control liposomes and those containing BONT HC
Qr XL on neuropuscular transmission, Liposomes in aerated Krebs

solution wvere bath applied to mouse phrenic nerve-hemidiaphragm
preparations which were superfused at 37°C and stimulated supra-
maximally. Nerve-evoked muscle tension, expressed as a § of the
initial valve vas measured agajinst time. Control liposomes, lacking
protein (A,0) failed to produce any change as did liposomes entrap-
ping HC (B,s). Liposomes encapsulating LC at final concentrations
of 20 nM (A), »15 nM (1) and %9 nM () decreased muscle tension.
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In B, preparations of liposomes contzining 1C were halved and simul-
taneously bath applied to nerve-diaphrzgm preparations with either a
three-fold excess of liposome entrapped HC (@) or liposomes con-
taining ne protein (A). The data presented for the ILC and HC
liposomes were obtained with different chain preparationi. A is
adapted from de Paiva and Dolly (1990).

Pig. 12. Titration curves for meonoclonal and polyclonal antibodiee
1o BoNT A IC ag determined by ELISA, Purifie? 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 BoNT, (0)
and LC, (@) with the monoclonal; BONT, (A) and IC, (&) titres with
rabbit polyclonal antibodies. (), tack of cross-reactivity of
HC,, 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 ug of toxin was used.

Fig. 13. Specificity of monoclonal and pelyclonal antibodies for
BONT A'IC. (A) Silver-stained SDS-PAGE of samples of BONT types A,
B, B, F and TeTX (0.5 ug protein/track). (B) An eguivalent gel was
blotted onto nitrocellulose and probed with the purified anti-IC A
monoclonal antibody, followed by detection with a second antibody~
alkaline phosphatase conjugate. (C) SDS-PAGE and immunoblot of BoNT
A and IC (tracks 1, 2 and 3, 4 respectively) visualised by silver
stain (tracks 1 and 3) or anti-.C rabbit pélyclonal antibedy (1:500
dilution) as described above (tracks 2 and 4).

Fig. 14. A ponoclonal antibody to LC of BONT A peutralises intra-
peuronally the toxin's inhibition of ACh release., - Supernatant of
the hybridoma (G5) was air-pressure injacted into the cell body of a
presynaptic neuron in the buccal ganglion of Aplysia 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 neurotransmission (open squares)
induced by toxin in the control neuron (closed squares).

Fig. 15. PREffect of sequential application of HC. LC or fragments
BoNT on ACh release in Aplysia peurons, 1In 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 postsynaptic 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 vwas 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 1h and this
" was without effect on release. After free HC was removed by exten-
sive vashing (75 min), the addition of LC of type B (40 nM, second
hatched area) to the bath resulted in a blockade of release. (C)
Successiva application of LC type A (10 nM, first hatched area) and
~of HC type B (10 nM, 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
extennive washing, by additicon to the bath of HC did not affect the
‘response. (E) Addition of 40 nM H,L 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 (i) had been ko

pre-injected with HC (arrow, calculatad intracellular concentration -~
>10 nM. (FP) Changes in the postsynaptic response resulting from the

. presynaptic stimulation of a neuron (e) injected with HC (arrow,

intracellular concentration %10 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 rM, hatched
area), addition to the bath (dashed area) of Hy, (40 nM) induced a
depression of neurotransmitter release only in the cell injected
with HC. A,D taken from Poulain et al. (1990):; B,C adapted from ,
Maisey et al, (19&8) and E,F, are from Poulain et al. (1989a).

Fig. 16. Effects of hybrid mixtures of the 'chains and fragments of
BoNT and TeTX on neurotransmjtter release at cholinergjc and non-
chelinergic synapses in Aplysia. These experiments were performed
as outlined in Fig. 4 éxcept 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 (Cf; similarly, HC or B, 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 A23187 and phorbol myristate acetate on
BoNT-induced inhibition of Ca® -dependent K -evoked release
Qf [HINA from synaptosomes, Samples were incubated at 37°C for 90
min in the absence (0, ¢) or presence of BoNT A (O, B ,{ , @) or
B(A ,&s ,V ,W"), wvashed and transmitter release measured over a
5 min period following the addition of buffer containing 25 mM K*
(sinal concentration). In A and B, 200 BONT was employed. A,
{°H]NA release observed with different Ca** concentrations (o , O ,58)
or the latter plus 30 uM A23187 (@ , M , ™) dissolved in dimeth-
ylformamide: ethanol ([3:1 (v/v); an equivalent amount of the solvent
va3+included in all samples. B, Transmitter efflux seen with 1.2 mM
Ca plus various concentrations of A23187 in the absence (®) or
presence of BoNT A () »r B (A ). Note that batches of A23187
varied in their potency: for example, when another lot was dissolved
in dimethylsulfoxide, 1-10 uM gave a similar effect to those shown.
As the ionophore did not increase the amount of lactate dehydroge-
nase present in the supetngtant of treated 'synaptosomes, its effects
are not attributable to Ca‘*-dependent lysis. In C, D, various BoNT
concentrations were employed with ({,V) or without (¢ ,V¥) a 6 min
treatment with 1 uM phorbo. myristate acetate, before release was
stimulated. The resultant values in C and D are expressed relative
?ggthat for the non-toxin treated control. Taken from Dolly et al.
90). ' . -

Pig. i8. Increasing the intra-synaptosomal levels of cvclic nucleo=

. mitter release by BoNT A or B, Synaptosomes were incubatgg for 30
min at 37°C in buffer alone (Ml ) and with 1 mM isobutylmethylxan~
thine (IBMX) plus 0.1 m4 8-bromo c-GMP (A,0) or 1 mM IBMX plus 1 mM
db-caMp (B,0]) bgforc incubation with BoNT B fer 50 min at 37°C.
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 B (C) or A (D) prior to incubation for 15 min at 25°C with 0.1
=M 8-bromo c-GMP (C,®) or 1 mM nitroprusside (D, ) or buffer alone
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(8), followeg by stimulation of release. The amounts of ca?t-
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 zean of 2
independent experiments; error bars show the range. Prom Ashton and
Dolly (1991).

Fig. 19. aigmmglgﬂi_ssgc_ining nmsggm ighibizsmz
mumamumumwggmx;mm

release from synaptosomes Rat cerebrocortical synap*osotes were
incubated at 37°C for 30 min with 1 mM colchicine (A,B), 10 ug/=mi

-nocodazole (C,D) or 200 pg/ml griseofulvin (E). Various concentra-

tions of BONT were then added and incubation continued for 90 min.
Control samples were treated similarly except for the omission of
the migrotubule drugs+(. ). Sypaptosomes were subsequently washed
and Ca“"-dependent, K -evoked [“H]NA re&ease was measurgd over a 5
min period. The observed amounts of Ca -independent {°HINA efflux
have been subtracted from the to*tal: 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 (t rang2)

for (¢,D,E,F). For A the number of independent experiments for each
value is indxcated 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%; ##,6 5%; #a%,  2%; *uaex,

1%). From Dolly (1991) adapted from Ashton and Dolly (1991).

Fig. 20. Antagonism by g¢olchicine of BoNT B-induced blockade of NA
release and its reversal by taxol. 1In (A) synaptosomes were. incu-
bated at 37°C for 30 min with (@) or without (M8 ) 1 mM colchicine
prior to incubation with BoNT B for 90 min. In the presence of
colchicine, the samples were washed and NA relegse quantified The
continued presence of cclchicine reduced the Ca -dependent K~
evoked release of NA from 8.3%#1.2 to 4.510.1% of the total content.
Results are the mean (t+ S.D.) for 3 experiments. In (B), synapto-
somes were pretreated at 37°C with 10 uM 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 vashed and release measured 'in the presence of 10 uM taxol )
; controls were treated with colchicine alone (@) or BoNT B alone
(M ). The number of independent experiments for each value is
indiczted by the value shown, and the significance of differrente

between taxol/colchicine-treated synaptosomes and those treated with

colchicine alone is indicated by asterisks above the paired points
(*, 1o%l‘ Note that Ehe presence of taxol had no. measurable effect
-dependent K -evoked NA release. From Dolly et al* {1991).

Fig. 21. mmmmmmmmxalmmnmmm
terminals after intoxication §§§h ' Rat cerebrocortical synap-
tosomes were incubated with [““P)-Pi and either with 360 nM BoNT B
(A) or without toxin (B) for 90 mjin at 37°C. 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 fi4ure represents the resultant autoradiograms prepared from
the 2D gels. The relevant pH range .is indicated on horizontal axi::,
and the position of M, protein standards are indicated by lines on
the vertical. axis. ﬁesc markers. in ascend’ng order (M, (kDa)]
were: 20, soybean trypsin inhibitor; 24, trypsinogen:'zs, carbonic
anhydrase; 36, glyceraldehyde-3-phosphate dehydrogenase; 45, ovalbu-
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min: 66, bovine serum albumin; 97, ph‘osphorylase b; 116, B~-galac-
tosidase; 160, macroglobulin. The position of the BoNT sensitive
protein is indicated by an arrowhead (M, =180 kDa) and arrows (pl

%5.0) . :
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Table. 1. Biochemical properties of 123I-BoNT A binding sites in detergent

The innervated region of rat diaphragm or preparations of rat cerebrocortical
synaptosomal membrenes were extracted with detergent, immobilized onto nitrocel-
lulose discs, and incubated (for 1h at 22 C in Krebs bicarbonate buffer, pH 7.4
containing 1 mg/ml BSA) with 1 nM 125I-BoNT A in the presence or absence of 250
nM of the unlabelled neurotoxin or fragments Ehown 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 of tissue

extracts and toxin samples.

3
i Saturable ' ;
Tissue 1257 ot A binding !
(fmol/mg/protein) M
;
$
Ioperyated diaphragm Synaptosomal membranes
Untreated tissue 98 411 88+3
Trypsinised* . 0.2:0.2. 0
Incubated with neuraminidasew 19416 .0
125, _ ‘ ‘ ‘ : &
1 nM I-BoNT A alone 1558 ' 91%3
4+ 250 nM: BoNT A ' 5324 - 2915
: HC 154%4 1%
: HoL . 148118 : 98+12
1 Hy , 1844 - S 846

*A portion of innervated rat diaphragm and an aliquot of lynaptélo-cu vere
incubated at 37 C for lh with 1 mg/ml of trypsin or 1 unit/ml of neuraminidase
prior to detergent extraction. ‘ o '
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