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TALKING POINT 

• Tetanus and botulism 

neurotoxins: a new group of zinc 

proteases 

TETANUS AND BOTULINUM neurotox- 
ins are the most potent toxins known 
(mouse lethal dose <0.I ng kg-X). They 
are released by bacteria of the genus 
Clostridium as a single polypeptide 
chain of 150 kDa, later cleaved to gener- 
ate two disulfide-linked fragments. The 
heavy chain (H, I00 kDa) is involved in 
cell binding and penetration, while the 
light chain (L, 50 kDa) is responsible for 
the intracellular activity ~,~. 

The tremendous potency of these 
toxins is primarily due to their absolute 
neurospeclficity. They bind to the 
neuromuscular junction and are intern- 
alized inside vesicles 3. Botullnum 
neurotoxln (BoNT, seven different 
serotypes: A-G) penetrates into the 
cytosol and blocks the release of acetyl- 
choline, thus causing a flaccid paral- 
ysis. By contrast, tetanus neurotoxin 
(TeTx) migrates retroaxonally (in the 
reverse direction to nerve impu]ses) 
and, by transcytosis, reaches the spinal 
inhibitory interneurons, where it blocks 
neurotransmitter release with a conse- 
quent spastic paralysis R. Despite the 
opposing clinical symptoms of botulism 
and tetanus, these toxins act in a simi- 
lar way at the cellular level. Since TeTx 
and BoNT are entirely responsible for 
the diseases tetanus and botulism, 
respectively, understanding their intra- 
cellular activity would also lead to the 
description of the molecular patho- 
genesis of these diseases. At the same 
time, we would expect to understand 
better the process of neuroexocytosis. 

c. Monteeu©©o and G. S©hla¥o are at the 
Department of Biomedical Sciences of the 
University of Padova, Via Trieste 75 1-35121, 
Padova, Italy. 
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The active forms of tetanus :,nd botulinum neurotoxins, released from the 
precursor molecule by specific proteolysis and reduction, block the 
release of neurotransmitters via a Zn2*-dependent protease activity. 
VAMP/synaptobrevin, an integral membrane protein of the synaptic ves- 
icles, is cleaved at a single site by tetanus and botuliaum B, D and F 
neurotoxins. The unique sequence, mechanism of activation and site of 
activity of clostridial neurotoxins mark them out as an independent group 
of Zn2*-endopeptidases. 

Tetanus and botulinum neurotoxins are 
Zn a÷ proteins 

The enormous potency of these 
neurotoxins, and analogy with other 
bacterial toxins with intracellular ac- 
tivity, suggests that TeTx and BoNT 
possess or induce a catalytic activity 
inside cells. 

Their amino acid sequences show a 
limited degree of similarity, concen- 
trated mainly in the L chain. The seg- 
ment with the closest homology is 
located in the central part and contains 
the Zn2*-binding motif, HEXXH, that is a 
characteristic feature of Zn 2~ endopepti- 
dases 4"~2, Atomic absorption measure- 
ments showed that indeed TeTx and 
BoNT/A, B, C, E and F contain approxi- 
mately one Zn 2~ ion bound to the L 
chainS-7. As with other Zn ~ proteases, 
the Zn 2÷ ion can be removed with EDTA 
or ortho-phenanthroline, thus forming 

an apotoxin, and it can be replaced by 
incubation in ZnZ'-containing buffers s'7. 

The three-dimensional structures of 
four Zn 2÷ endopeptidases have been 
solved by X-ray diffraction. In thermo- 
lysin 13, neutral protease t4 and Pseudo- 
monas aeruginosa elastase L~, the Zn 2~ 
ion is at the center of a tetrahedron, co- 
ordinated by the two histidine residues 
of the motif, by one water molecule that 
is bound to the glutamate residue of the 
motif, and by the carboxylate group of 
another glutamic acid residue. By con- 
trast, the recently reported structure of 
astacin ~6, a Zn 2~ protease of the crayfish 
digestive tract, shows the Zn z~ ion 
penta-coordinated by the two histidine 
residues, the water molecule that is 
bound to the glutamate residue of the 
motif, an additional histidine residue, 
and a tyrosine residue. On the basis of 
these findings, Zn 2÷ endopeptidases 
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Rgum 1 
Scheme of the intracellular Zn 2÷ endopeptidase activity of tetanus and botulinum B, D and F neurotoxins. Docking of synaptic vesicles to the 
active zones of the presynaptic membrane results from the specific recognition between VAMP/synaptobrevin and syntaxin mediated via 
multiple SNAP factors and NSF. Zn2÷-dependent proteolytic cleavage of VAMP by the neurotoxins releases the amino-terminal part of VAMP 
to the cytosol and impairs docking and fusion of the vesicles with the presynaptlc membrane. Neuroexocytosis is thus blocked. The toxin 
light chain is represented as scissors; SV, synaptlc vesicles. 

have been divided into two main cat- 
egories: thermolysin.like and astacin- 
like. This latter group was further 
divided into four different subgroups 
on the basis of sequence similarities ~7. 

Chemical modification with diethyl- 
pyrocarbonate (a specific modifier of 
histidine residues) indicates that two, 
rather than three, additional histidine 
residues are made available upon Zn 2~ 
removal in TeTx and BoNT/A, B and 
E s,6. Moreover, CoZ÷-substituted TeTx 
shows spectroscopic properties more 
similar to those of CoZ÷-thermolysin 
than to CoZ+-astacin (G. Schiavc~ et aL, 
unpublished). A comparisop of the 
amino acid sequences of the: neurotox- 
ins with those of thermolysin and 
astacin reveals three segments of low 
but significant similarity between ther- 
molysin and the clostridial neurotoxins, 
and the absence of the glycine residue 

of astacin (Gly99) that is essential to 
bring the third histidine residue close 
to the Zn z+ ion. Although these data 
suggest that clostridial neurotoxins 
resemble thermolysin more than 
astacin, clearly more conclusive data 
are needed to establish their mode of 
Zn 2÷ coordination. 

Blockage of neurotransmitter release 
The best characterized and exper- 

imentally flexible neuronal system 
presently available to test the activity 
of clostrEdial neurotoxins is the buccal 
ganglion of the marine snail Aplysia cali- 
forn'ca ~8,19. Toxin injection into selected 
neurons of this ganglion showed that 
TeTx-induced blockade of neurotrans- 
mitter release depends on the presence 
of a Zn 2" ion bound to the toxin. More- 
over, phosphoramidon, a well-charac- 
terized inhibitor of Zn 2÷ endopepti- 

dases 2°, also inhibits the intraneuronal 
activity of TeTx and BoNT/A, B and E s. 
These results provide indirect but com- 
pelling evidence that clostridial neuro- 
toxins block the neurotransmitter 
release via a ZnZ~-dependent endopepti- 
dase activity. Moreover, they suggest 
that specific inhibitors might be found 
that are able to cross membranes; 
these would be potential therapeutic 
agents for tetanus and botulism. 

Cleavage of VAMP/synaptobmvin 
An intense search for a proteolytic 

substrate for clostridial neurotoxins 
among different subcellular fractions of 
nervous tissue and of chromaffin and 
PC12 cells has only identified one candi- 
date. It was found that TeTx, BoNT/B 
and BoNT/F specifically cleave vesicle- 
associated membrane protein (VAMP)/ 
synaptobrevin at a single site 5'7'2L 
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Rgure 2 
Scheme of the activation mechanism of the neurotoxins responsible for tetanus and botulism. The toxin is produced as a single polypeptide 
chain of 150 kDa which is later cleaved at a single site by tissue or bacterial proteases. The toxin is depicted as a tripartite structure with 
the different domains connected by exposed protease-sensitive loops on the basis of biochemical and structural data 1'3s. The two chains are 
held together by a single interchain disulfide bond, which has to be reduced to free the Zn 2+ endopeptidase activity of the light chain (L). The 
H c domain of the H chain is mainly responsible for the neurospecific binding, while the H N domain appears to be involved in the 
neuronal penetration of the L chain. 

(Fig. I). VAMP was first identified in the 
Torpedo electric organ 22 and later 
cloned from a variety of species 23-26. It 
is a highly conserved, 13 kDa integral 
membrane protein of small synaptic 
vesicles with 90% of its mass exposed 
to the cytosol. There are two isoforms 
of VAMP in the rat CNS 23. TeTx and 
BoNT/F, cleave only rat brain VAMP-2 
at the Gln76--Phe77 peptide bond 2x, 
while VAMP-I Is resistant, presumably 
because it contains a vafine residue in 
place of the glutamate residue of VAMP- 
2. BoNT/F cleaves both brain VAMP Iso- 
forms at their unique Gln-Lys peptlde 
bond, while BoNT/D hydrolyses the 
adjoining Lys-Leu peptlde bond (Ref. 7; 
G. Schlavo et of., unpublished). This 
high specificity of action of TeTx, 
BoNT/B, BoNT/D and BoNT/F is unique 
among Zn 2. endopeptidases. 

BoNT/A, BoNT/C and BoNT/E are 
ineffective on VAMP. This result is in 
keeping with previous electrophysiologi. 
cal data indicating a common site of 
action for TeTx, BoNT/B, D and F and a 
different one for BoNT/A and E 27,28. 

VAMP is cleaved by TeTx, BoNT/B, 
BoNTD and BoNT/F only after specific 
proteolysis and reduction of the single- 
chain toxins 21, as shown in Fig. 2. 
Hence, clostridial neurotoxins follow 
the general mechanism of activation of 
all bacterial protein toxins with intra- 
cellular targets: they need to be nicked 
at an exposed peptide segment con- 
necting the catalytic protomer to the 
cell-binding protomer, and reduced to 
free the catalytic moiety. 

Very recently Sollner et  oi. 29 have 
provided evidence that VAMP is impli- 
cated in the docking of synaptic yes- 
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icles via the specific recognition of syn- 
taxin 3°, an integral protein of the presy- 
naptic membrane, mediated by a set of 
soluble factors (NSF, N-ethylmaleimide- 
sensitive factor and SNAPs, soluble NSF 
accessory proteins). Moreover, they 
have suggested that NSF, SNAPs, VAMP- 
like and syntaxin-like proteins may be 
involved in all intracellular vesicle 
recognition and fusion events29,3L 
Hence it is not surprising that VAMPs 
are not only present in nerve and 
neuroendocrine tissues 32, but also in 
exocytic vesicles of adipocytes 33, as well 
as in many other tissues (O. Rossetto et 
al., unpublished). The findings of 
Sollner et ol. 29 also suggest that the 
SNAPs or NSF are the target of the pro- 
teolytic action of BoNT/A, C and E. 

Four pieces of evidence indicate that 
VAMP proteolysis is implicated in the 
blockade of neurotransmitter release 
by TeTx and BoNT/B: (1) the intraneur- 
onal activity of the toxins is inhibited 
by highly specific inhibitors of Zn 2* 
endopeptidases; (2) only VAMP is 
cleaved in synaptosomes incubated 
with TeTx34; (3) peptides spanning the 
cleavage site of VAMP inhibit TeTx and 
BoNT/B injected into Aplysio neurons21; 
and (4) an antibody highly specific for 
VAMP/synaptobrevin prevents the 
blockage of neurotransmitter release in 
injected Aplysia neurons of TeTx and 
BoNT/B, but not that of BoNT/A 
(13. Poulain et ai., unpublished). As sum- 
marized in the accompanying paper 
(see p. 327), Facchiano et al. 3s,3e have 
recently reported that TeTx binds and 
activates synaptic transglutaminase 
and that synapsin 37 is an excellent 
transglutaminase substrate. 

These results clearly indicate that 
VAMP is a major target of the intra- 
neuronal activity of TeTx, BoNT/B, 
BoNT/D and BoNT/F, although they do 
not rule out the presence of other 
protein substrates inside neurons. 

Concluding mmalks 
Clostridial neurotoxins constitute a 

new group of Zn 2' endopeptidases with 
peculiar properties: 

(l) they are produced as inactive pre- 
cursors which need proteolDls and 
reduction to display their proteo- 
lyric activity (see Fig. 2); 

(2) their amino acid sequence around 
the Zn2*-binding motif does not 
resemble any of the various groups 
of Zn 2÷ endopeptldasest6; 

(3) they are completely inactive outside 
cells, while the large majority of Zn 2. 
proteases are not; 

(4) they are very specific in terms of 
both protein target and peptide 
bond cleaved; 

(5) they act on an organelle on which 
no toxin had been shown to act 
before. 
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The transglutaminase hypothesis 
for the action of tetanus toxin 

o:i 

THE S11JDY OF the mechanism of 
action of toxins such as bungarotoxin, 
tetrodotoxin, cholera toxin and pertus- 
sis toxin has contributed significantly, 
and sometimes decisively, to the under- 
standing of the cellular functions that 
these toxins disrupt. It is thus not sur- 
prising that the clostridial tetanus and 
botulinum neurotoxins, which very 
potently and selectively block exocytic 
neurotransmltter release, have attracted 
the attention of neurobiologists inter- 
ested in exocytosis. 

These toxins are synthesized as 
single 150 kDa polypeptides and are 
then proteolytically nicked to the active 
forms, In which the two resulting pep- 
tides (heavy and light chain) are held 
together by disulfide and noncovalent 
bonds ~. The action of tetanus toxin 
(TeTx) Is initiated by injecting the light 
chain into the cytoplasm of nerve ter- 
minals, which then inhibits the exocytic 
fusion of synaptic vesicles with the 
plasma membrane (intoxication step) ~. 
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Tetanus toxin potently and almost irreversibly inhibits the release of 
neurotransmitters from nerve terminals. The toxin binds to and activates 
transglutaminase, a Ca2*-dependent enzyme that can form stable 
crosslinks between substrate proteins. Trsnsglutaminase is present in 
nerve terminals and recognizes synapsin I, an abundant synaptic vesicla 
phosphoprotein involved in neurotransmission, as an excellent substrate. 
The neuroparalytic action of tetanus toxin might be due, at least in part, 
to the stimulation of synaptic transglutaminase and the consequent 
crosslinking of synapsin I. 

The extreme selectivity of TeTx for 
nerve terminals is believed to be due to 
the presence of specific membrane 
receptors, and is lost when the toxin 
is administered intracellularly, for 
instance in chromaffin cells 2-4 or PC12 
cells s. Thus, the intracellular effect of 
TeTx appears to be similar in neuronal 
and non-neuronal secretory cells. 

Specific features of the intoxication 
process, namely, its occurrence at 
extremely low concentrations of toxin 
(only a few light-chain molecules per 
synapse are sufficient for neuroparal- 
ysis), its irreversibility, and the depen- 
dence of its onset on time, temperature 
and nerve stimulation (therefore poss- 
ibly on [Ca2*]i), have suggested that the 

toxin possesses or stimulates a Ca 2÷- 
dependent enzymatic activity which 
would lead to inhibition of secretionL 
Clues as to the nature of this enzymatic 
activity have recently come from the 
inspection of the primary structure of 
TeTx. More than one hypothesis has, in 
fact, originated from this approach. The 
toxin's amino acid sequence contains, 
in addition to the signature motif of 
metalloendopeptidases s-9 (see the com- 
panion paper by Schiavo and 
Montecucco), a stretch of amino acids 
showing a relatively high degree of 
homology with known substrate sites of 
the enzyme transglutaminase (TGas@ °. 
TGase complies with various require- 
ments for an enzyme mediating the 
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