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The available amino acid sequences of 150-kDa bot-
ulinum and tetanus neurotoxins show the presence of
a closely homologous segment in the middle of the light
chain (NH.-terminal 50 kDa), which is the intracellu-
larly active portion of the toxin. This segment contains
the zinc binding motif of metalloendopeptidases,
HEXXH. Atomic adsorption analysis of botulinum neu-
rotoxins (serotypes A, B, and E) made on the basis of
this observation demonstrated the presence of one zinc
atom/molecule of 150-kDa neurotoxin. Conditions
were found for the removal of the zinc ion with chelat-
ing agents and for the restoration of the normal metal
content. The conserved segment, which includes the
zinc binding motif, was synthesized and shown to bind
[Bszn]2+_

Chemical modification experiments indicated that
two histidines and no cysteines are involved in Zn?*
coordination in agreement with a probable catalytic
role for the zinc ion. The present findings suggest the
possibility that botulinum neurotoxins are zine pro-
teases.

Botulinum neurotoxins (BoNT)’ are produced in seven
different serotypes (A, B, C1, D, E, F, and G) by Clostridium
botulinum and by other species of the same genus (Simpson,
1989; Hatheway, 1990). They are the most potent bacterial
protein toxins. All the clinical symptoms of botulism, includ-
ing the flaccid paralysis, are due to BoNT, which blocks
acetylcholine release at the neuromuscular junction. Their
enormous potency has been attributed to their neurospeci-
ficity and to a yet unknown intracellular enzymic activity as
it is the case for all bacterial protein toxins with cytosolic
targets (Simpson, 1989; Alouf and Freer, 1991).

BoNTs are produced as 150-kDa single polypeptide chains.
Proteolytic cleavage within a narrow region generates a two-
chain form of BoNT composed of an H chain (100 kDa) and
an L chain (50 kDa) held together by a disulfide bridge and
noncovalent bonds (Fig. 1). The two-chain form is generally
more active than the single chain (DasGupta, 1989). The H
chain is responsible for the neurospecific binding of BoNT to
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peripheral nerve cells and presumably also for the cytosolic
translocation of the L chain (Montecucco, 1986; Niemann,
1991). The L chain is the intracellularly active portion of the
neurotoxin that blocks neuroexocytosis (Poulain et al., 1988,
1990, 1991). However, despite all efforts, neither its intracel-
lular mode of action nor its target is yet known.

We suggest here the possibility that BoNT's are metalloen-
dopeptidases. This suggestion is based on the following find-
ings. All clostridial neurotoxins, whose sequences are avail-
able, contain the zinc binding motif of zinc endopeptidases.
Consequently, we investigated the possibility that BoNT's are
metalloproteins by measuring the metal content of serotypes
A, B, and E. These three serotypes were chosen because they
are most frequently involved in human botulism (Hatheway,
1990) and are available as highly pure preparations. We found
that indeed one atom of zinc is bound per molecule of BoNT,
this binding is reversible, and histidines are involved in zinc
coordination, as in all zinc endopeptidases.

MATERIALS AND METHODS

Purification of Neurotoxins and Related Fragments

BoNT serotypes A, B, and E were produced and purified as previ-
ously described (DasGupta and Rasmussen, 1983; DasGupta and
Sathyamoorthy, 1984; DasGupta and Woody, 1984). Serotypes A and
E were in two-chain and single chain forms, whereas serotype B was
essentially single chain. BONT/B and BoNT/E were nicked with L-
1-tosylamido-2-phenylethyl chloromethyl ketone-treated trypsin
(Serva) as described by Sathyamoorthy and DasGupta (1985), and
the cleavage was blocked by adding a 4-fold excess of soybean trypsin
inhibitor.

The H and L chains of serotype A were separated and purified as
reported previously (Sathyamoorthy and DasGupta, 1985). The 50-
kDa carboxyl-terminal half of the H chain (H¢) and BoNT serotype
A and the remaining 100-kDa fragment (L-Hy, the L chain, and the
50-kDa NH.-terminal half of the H chain) were isolated following a
procedure developed by Gimenez and DasGupta.? 5.0 mg of BoNT
serotype A diluted to 0.5 mg/ml in 50 mM ammonium acetate, pH
4.1, was digested with pepsin (1:30, w/w) for 30 min at 35 °C. The
reaction was blocked by adding 2 M Tris chloride, pH 8.8 (final
concentration, 100 mM), and 1 ug/ml pepstatin. The reaction mixture
was dialyzed extensively against 20 mM sodium phosphate, pH 8.0,
and applied to a DEAE-Sephadex A-50 column 1.5 X 6.0 cm) equili-
brated in the same buffer. Hc was recovered in the void volume, and
the L-Hy fragment was eluted with a linear gradient of increasing
sodium chloride; both were precipitated by ammonium sulfate (39 g/
100 ml). Concentrations of He and L-Hy were determined from the
absorbance at 278 nm using extinction coefficients of 1.7 and 1.27
M~! em™!, respectively.

Diphtheria toxin (DT) was prepared as described (Rappuoli et al.,
1983).

* A. Gimenez and B. R. DasGupta, manuscript in preparation.
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Determination of Metal Content

Each material (glassware, dialysis bags, etc.) used in metal deter-
mination experiments was previously rinsed with Milli-Q grade water
(conductivity > 10 megaohms). Buffers were prepared with chemicals
of the highest purity available with respect to the presence of heavy
metals and pretreated with Amberlite MB-3 (Sigma). Before metal
determination, the neurotoxins and the fragments thereof were ex-
tensively dialyzed at 4 °C against 150 mM Tris chloride, pH 7.4, or 10
mM HEPES-Na, 100 mM sodium chloride, pH 7.0. Protein samples
and dialysis buffer were analyzed for zinc, cobalt, copper, iron, man-
ganese, and nickel with a Perkin-Elmer 4000 atomic absorption flame
spectrophotometer with impact bed loading after standardization for
each ion in the linear range of concentration (0-0.5 ppm for zinc,
nickel, and cobalt; 0-1 ppm for copper; 0-5 ppm for iron and man-
ganese).

Zinc Removal and Reuptake

BoNT serotypes A, B, and E were diluted to 0.5-1.0 mg/ml with
150 mM Tris chloride, pH 7.4, and incubated in the presence of 10
mM Na-EDTA for 60 min at 37 °C. Samples were dialyzed extensively
against the same buffer without EDTA at 4 °C before zinc content
was determined. Zinc reuptake was accomplished by adding 100 uM
zinc chloride dissolved in 150 mM Tris chloride, pH 7.4, to Zn**-
depleted BoNT. After 60 min at 37 °C, the samples were extensively
dialyzed against the same buffer without Zn®* at 4 °C, and metal
content was determined.

Diethyl Pyrocarbonate Modification

Native and zinc-depleted BoNT serotypes A, B, and E, between
1.5 and 2.5 ¢M in 50 mM sodium phosphate, pH 7.8, after filtration
through a 0.22-um filter (Anotec, Oxford, United Kingdom), were
treated with DEPC in three consecutive additions of a 35-fold molar
excess of reagent with respect to the toxin. DEPC was taken from a
freshly prepared solution in absolute ethanol. The reaction was car-
ried out at 25 °C and was monitored by simultaneous recording of the
differential absorbances at 243 and 278 nm as previously described
(Miles, 1977; Papini et al., 1989) in a Perkin-Elmer Lamda 5 spectro-
photometer. Modifications of histidine and tyrosine residues were
estimated based on a differential extinction coefficient of 3,200 M~*
cm™! at 243 nm for N-carbethoxyhistidine and of —1,310 M~ ecm™! at
278 nm for O-carbethoxytyrosine.

Titration of Free Thiol Groups

Native or zinc-depleted BoNT serotypes A, B, and E, 1 uM in de-
aerated 50 mM sodium phosphate buffer, pH 7.8, were incubated with
0.4 mM 5,5’ -dithiobis-(2-nitrobenzoic acid) at 25 °C. The absorbance
at 410 nm was determined against a blank without neurotoxin. Based
on a molar absorptivity of 13,600 M~ cm™ at 412 nm for the 2-nitro-
5-thiobenzoate anion, sulfhydryl content was calculated as moles of
free thiol groups/mol of BoNT (Ellman, 1959; Schiavo et al., 1990).

Peptide Synthesis

The segment of BoNT serotype B, which spans 15 residues (226-
240, H,N-Ile-Leu-Met-His-Glu-Leu-Ile-His-Val-Leu-His-Gly-Leu-
Tyr-Gly-COOH) was prepared by solid phase synthesis with a SMPS
350 automatic synthesizer (Zynsser Analytic, Frankfurt, Germany)
employing Fmoc (N-(9-fluorenyl)methoxycarbonyl) chemistry. The
product was detached from the resin with 93% trifluoroacetic acid
purified by high pressure liquid chromatography on a Vydac C18
column (Vydac, CA), and its amino acid sequence was verified by
automatic Edman degradation on an Applied Biosystems microse-
quenator (model 475A).

Determination of [®Zn]** Binding

Zinc Overlay—0.6-20 pmol of BoNT serotypes A and E in their
native and zinc-depleted forms, before and after DEPC treatment (as
mentioned above), as well as 20-600 pmol of the synthetic peptide,
were dot blotted onto nitrocellulose paper stripes (porosity, 0.22 um)
(Hoefer, CA). The same amount of diphtheria toxin was dot blotted
as the control. The stripes were rinsed for 5 min in 25 mM Tris
chloride, pH 7.5, containing 100 mM sodium chloride and then incu-
bated for 60 min at room temperature in the presence of 50 nM
4ZnCl, (Amersham, U.K.) (specific activity, 575 mCi/mg zinc) in the
same buffer. Unbound %ZnCl; was removed by washing the stripes
six times with 25 mM Tris chloride, 100 mM sodium chloride, pH 7.5.
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The amount of bound [#*Zn]** was determined by exposing the dried
stripes to Kodak X-Omat films at =80 °C.

Gel Filtration Chromatography—0.5 nmol of BoNT serotype E or
1.2 nmol of DT were incubated with 1.15 uCi of **ZnCl, in 150 gl of
100 mM Tris chloride, 50 mM sodium chloride, pH 7.0, for 60 min at
25 °C and then were applied onto a Sephadex G-25 medium column
(Pharmacia LKB Biotechnology Inc.) (100 X 8 mm), equilibrated,
and eluted with the same buffer. Void volume (4.0 ml) was determined
with blue dextran (Pharmacia). 0.9-ml fractions were collected, pro-
tein elution was monitored by UV absorption at 280 nm, and radio-
activity was measured by counting in a Packard Multi-Prias Gamma
counter. 0.5 xCi of [%Zn]** coeluted with the protein peak of BoNT,
whereas background amounts were found in the DT peak.

Flow Dialysis

Binding of {*Zn]}** to the BoNTs was measured by the flow dialysis
technique of Colowick and Womack (1969). The apparatus consisted
of two cylindric chambers (10 mm diameter; volumes: upper chamber,
1 ml; lower chamber, 0.18 ml) separated by a dialysis membrane. The
toxins were preincubated for 45 h at 4 °C with 0.3 uM [®Zn]**. The
upper chamber routinely contained 1.7-2.7 uM BoNT and 0.3 uM
(®Zn]** in a 400-x] volume of 20 mM Tris-Cl, 120 mM NaCl, 0.1 mm
CaCl;, 5 mM MgCl;, pH 7.45, at room temperature, The lower chamber
was perfused (0.5 ml/min) with the same buffer without zinc, and
0.5-m] fractions were collected and counted in a Packard Cobra
Autogamma 5003 counter. 1-2-u] aliquots of ZnCl, were added to the
upper chamber every 6 fractions.

Toxicity Tests

The neuroparalytic activity of BoNTs was tested by intravenous
injection into BALB/c mice as described by Boroff and Fleck (1966).

RESULTS AND DISCUSSION

Sequence Comparison—The cDNA-derived amino acid se-
quences of BoNT serotypes A, B, C1, D, and E and from
Clostridium butyricum as well as that of tetanus neurotoxin
are known (Eisel et al., 1986; Fairweather and Lyness, 1986;
Hauser et al., 1990; Binz et al., 1990a, 1990b; Niemann, 1991;
Thompson et al., 1990; Poulet et al., 1992). They show an
overall low degree of homology with a few segments of close
similarity. The most conserved segment among these clos-
tridial neurotoxins, located in the central part of the light
chain, is reported in the lower part of Fig. 1. The figure also
shows that this segment includes the zinc binding motif of
zinc endopeptidases (Vallee and Auld, 1990a).

Metal Content of Botulinum Neurotoxins—The above ob-
servation suggested to us the possibility that also the BoNTs
are zinc proteins. To determine the nature and amount of
metals bound to BoNT, highly purified preparations of BoNT
serotypes A, B, and E, each in the two-chain form (their SDS-
polyacrylamide gel electrophoresis profiles are in Fig. 24),
were subjected to atomic adsorption analysis. Fig. 2B shows
that all three BoNT serotypes contain approximately 1 atom
of zinc/molecule of 150-kDa toxin. Nicking of the BoNT
serotypes B and E did not modify significantly the metal
content (not shown). Analysis of the two peptic fragments of
BoNT serotype A showed that the zinc atom is bound to the
100-kDa L-Hy fragment. The zinc content of the 50-kDa
carboxyl-terminal fragment Hc was below detection limit. It
was not possible to determine the metal content of the isolated
50-kDa L chains because separation of L and H chains re-
quired urea and dithiothreitol (Sathyamoorthy and DasGupta,
1985), which released the metal from the protein (not shown).
Cobalt, copper, iron, manganese, and nickel were measured
and found to be below detection limits.

Results presented in Fig. 2B also show that the Zn** atom
was removed by treatment with EDTA. The loss of Zn**
caused by EDTA was reversible because the zinc ion was
reacquired by BoNT upon incubation in a Zn**-containing
medium. On the contrary, Zn®* reuptake by purified L chain
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Comparison of amino acid sequences and [*Zn]** binding
experiments suggests that the histidine-rich segment, con-
served among clostridial neurotoxins, is involved in zinc co-
ordination. This segment contains the zinc binding motif of
metalloendopeptidases, including the glutamic residue di-
rectly involved in catalysis (Matthews, 1988). All of the three
BoNTs assayed here show a single high affinity binding site
for zinc with dissociation constants in the 40-100 nM range
and multiple lower affinity binding sites.

Clostridia produce a variety of zinc endopeptidases (Bond
and Van Wart, 1984), and, on the basis of our observations,
it is tempting to speculate that clostridial neurotoxins have
arisen by fusion of a gene coding for a metalloprotease with
that of a protein highly specific for binding to the presynaptic
membrane. The metalloprotease activity, confined in the L
chain, could thus be delivered inside the neuronal cell and act
on a specific peptide bond(s) of a component involved in the
control of neurotransmitter release.

The possibility that botulinum neurotoxins are zinc endo-
peptidases readdresses the research aimed at the discovery of
the molecular pathogenesis of botulinum. For example, several
site-directed mutagenesis experiments can be designed and
the product can be tested for activity in Aplysia neurons
(Poulain, 1988, 1990, 1991) or in permeabilized PC12 cells
(Lomneth et al,, 1991). Mutation of the glutamic residue of
the motif is expected to delete the BoNT-induced inhibition
of neuroexocytosis. Indeed, chemical modification of about
two carboxyl groups of BoNT serotype A and E causes detox-
ification (Woody et al., 1989). A lower or nonexistent activity
is also expected for the mutants at the two histidines of the
motif as well as at the third zinc ligand residue, which we
propose to be either Glu*? of BoNT/A (Glu®*” of BoNT/B
and Glu* of BoNT/E) or Glu®' of BONT/A (Glu*’ of BONT/
B and Glu**® of BONT/E) on the basis of their conservation
among all clostridial neurotoxins.
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