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After treatment of Clostridium botulinum type A neurotoxin with papain, three fragments (M, 101,000,
45,000, and 43,000) were purified by hydrophobic and ion-exchange chromatography with a high-performance
liquid chromatographic system. Immunoblotting analyses with monoclonal antibodies showed that the
101,000-dalton fragment consisted of the light chain and a part of the heavy chain (H-1 fragment) linked
together by a disulfide bond, and the other two fragments were correlated to the remaining portion of the heavy
chain (H-2 fragment). The 45,000- and 43,000-dalton fragments effectively competed for binding of the
1251_Jabeled neurotoxin to synaptosomes, while no inhibition was observed with the 101,000-dalton fragment.
The results indicate that the H-2 fragment interacts with the binding site on the neural membrane. The binding
of the neurotoxin was impaired by treatment of synaptosomes with neuraminidase. Incorporation of
gangliosides into neuraminidase-treated synaptosomes resulted in the restoration of binding. The results
suggest that gangliosides are one of the components of the toxin-binding site.

Clostridium botulinum toxin has been classified into seven
immunological types, A through G (22, 26). The toxin
consists of a highly potent neurotoxin and a nontoxic com-
ponent (22). The neurotoxin exerts its toxic action by
inhibition of acetylcholine release from the nerve endings,
causing neuromuscular paralysis (8, 24). The neurotoxin is
made up of two chains, the heavy (M,, about 100,000) and
the light (M,, about 50,000) chains, which are covalently
linked together with at least one disulfide bond (6). The
heavy chain is responsible for binding the neurotoxin to
neural membranes (2, 4, 15, 21, 23). We obtained a fragment
that was distinct from either the heavy or the light chain by
treatment of type B and E neurotoxins with chymotrypsin or
trypsin (16, 17). Immunological analyses with monoclonal
antibodies (MAbs) revealed that the fragment that was
obtained, the L H-1 fragment, consisted of the light chain
and the amino-terminal portion of the heavy chain. The L
H-1 fragment seemed to resemble in structure fragment B of
the tetanus toxin (9), and it inhibited the binding of *°I-
labeled neurotoxin to synaptosomes to a lower extent than
did unlabeled neurotoxin or the heavy chain (16). Moreover,
an MAD that recognized an epitope on the carboxyl-terminal
portion of the heavy chain of type E neurotoxin effectively
competed with the neurotoxin for the binding to synapto-
somes (16). Shone et al. (23) have also reported that such a
type A neurotoxin lacking the carboxyl-terminal region of
the heavy chain did not bind to synaptosomes. From those
observations, the carboxyl-terminal portion of the heavy
chain has been proposed to recognize the binding site, but
there is still no direct evidence to show that the isolated
carboxyl-terminal portion of the heavy chain interacts with
the binding site on the neural membrane.

To clarify the role that the carboxyl-terminal portion of the
heavy chain plays in the binding of the neurotoxin to
synaptosomes, attempts were made to obtain a carboxyl-
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terminal portion of the heavy chain by treating type A
neurotoxin with papain. In addition, we scrutinized the
antigenic structure of the neurotoxin and its fragments from
epitopes recognized by MAbs. This report also describes the
properties of the type A neurotoxin-binding site on the
synaptosome membrane.

MATERIALS AND METHODS

Neurotoxin and fragments. Type A progenitor toxin was
prepared by a previously described method (25). The neuro-
toxin was purified by DEAE-Sephadex A-50 chromatogra-
phy (25). The purified neurotoxin was dialyzed against 0.05
M phosphate buffer (pH 7.5) and stored at 4°C. The heavy
and light chains of type A neurotoxin were prepared by a
method that has been described elsewhere (18).

Isolation of papain-induced fragments. Enzyme treatment
was carried out in 0.05 M phosphate buffer (pH 7.5) at 37°C.
The neurotoxin (1 mg/ml) was treated for 1 h with papain
(twice crystallized; Sigma Chemical Co., St. Louis, Mo.) at
a toxin-to-enzyme ratio of 40:1. Antipain (Peptide Institute
Inc., Osaka, Japan) was used as an inhibitor. After digestion,
high-performance liquid chromatography (HPLC) was run
with an HPLC system (Japan Spectroscopic Co., Tokyo,
Japan) to separate the papain-induced fragments. The mix-
ture was loaded onto a column of PROTEIN PAK G-ether
(Nihon Waters Ltd., Tokyo, Japan) that was equilibrated
with 0.1 M phosphate buffer (pH 7.0) containing 1.7 M
(NH,),SO, and eluted with a linear (NH,),SO, gradient from
1.7 to 0.34 M at a flow rate of 0.5 ml/min. The eluate was
rechromatographed with a column of PROTEIN PAK G-
ether or TSK gel DEAE-5PW (Toyo Soda Manufacturing
Co., Tokyo, Japan). Finally, the fragment was dialyzed
against 0.05 M phosphate buffer (pH 7.5) containing 0.5 M
NacCl.

Production of MAbs. BALB/c mice were immunized as
described previously (11). Spleen cells were fused with
myeloma cells (Sp2/0-Ag 14) in polyethylene glycol (M.,
4,000; E. Merck AG, Darmstadt, Federal Republic of Ger-
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many), and the resulting hybridomas were obtained by
limiting dilution. The MAb was purified from ascitic fluid by
Affi-Gel-protein A (Bio-Rad Laboratories, Richmond,
Calif.) or DEAE-Affi-Gel blue (Bio-Rad) chromatography.
The subclass and light chain of each MAb were determined
by a method reported previously (16).

Production of MAbs from hybridomas was examined by
enzyme-linked immunosorbent assay (ELISA) techniques,
as follows. Neurotoxin or fragment (1 ng/0.1 ml), in 0.01 M
phosphate buffer (pH 7.2) containing 0.15 M NaCl (phos-
phate-buffered saline [PBS]), was added to each well of a
96-well assay plate (Falcon; Becton Dickinson Labware,
Oxnard, Calif.). After 3 h at 37°C, the wells were washed
twice with PBS—0.05% Tween 20. Each well then received
0.2% bovine serum albumin (Sigma). After incubation over-
night at 4°C, the wells were again washed with the same
buffer. A sample, 0.1 ml of hybridoma supernatant or
purified MAb, was added to each well. After 2 h at 37°C, the
wells were washed, and 0.1 ml of rabbit anti-mouse immu-
noglobulin G (IgG) conjugated with peroxidase (Cooper
Biomedical, Inc., West Chester, Pa.) diluted 1,000-fold was
added to each well. After 2 h at 37°C, the wells were washed
and 0.15 ml of a substrate solution (0.8 mg of S-aminosali-
cylic acid per ml and 0.05% H,0,; 9:1) was added to each
well. After 45 min at 37°C, the reaction was terminated by
adding 20 pl of 0.1 N NaOH. The developed color intensities
were read with an enzyme immunoassay reader (model 2550;
Bio-Rad). To determine the epitope specificity of the MAD,
a competitive ELISA was performed with peroxidase-con-
jugated MAD (11); conjugated MAb was mixed with graded
amounts of homologous or heterologous nonconjugated
MADb, and ELISA was carried out as described above.

SDS-PAGE and immunoblotting. Sodium dodecyl sulfate
(SDS)-polyacrylamide gel electrophoresis (PAGE) was per-
formed in a 10% gel as described previously (19). The sample
was boiled for 3 min with 1% SDS in the presence or absence
of 50 mM dithiothreitol. A 20-pl sample containing approx-
imately 3 ng was applied to the gels. After electrophoresis,
the gel was stained with 0.25% Coomassie brilliant blue for
30 min. Molecular weights were estimated with standard
molecular weight markers (Sigma).

For immunoblotting (5), the neurotoxin and the fragments
were transferred electrophoretically to nitrocellulose paper
(TM-2; Toyo Roshi, Tokyo, Japan). The nitrocellulose paper
was treated with 3% bovine serum albumin in PBS. The
paper was then incubated for 30 min with the respective
MAbs diluted to 20 pg/ml in PBS-bovine serum albumin. It
was washed with PBS and then treated for 30 min with
peroxidase-conjugated anti-mouse IgG diluted with PBS-
bovine serum albumin. After washing, the nitrocellulose
paper was exposed to the substrate solution (0.05% 3,3'-
diaminobenzidine and 0.003% H,O, in PBS). The reaction
was stopped by a rinse with distilled water.

The binding of '*I-labeled neurotoxin to synaptosomes.
The neurotoxin (50 wg) was radioiodinated with Na'?’I (0.5
mCi; Dupont, NEN Research Products, Boston, Mass.) by
the method reported previously (15). About 90% of the
toxicity of unlabeled neurotoxin was retained after labeling.
Before each experiment, synaptosomes were prepared from
mouse brain (28) and suspended in a physiological salt
solution (120 mM NaCl, 2.5 mM KCl, 2 mM CaCl,, 4 mM
MgCl,, S mM Tris [pH 7.0]) with or without added 0.1%
bovine serum albumin. In binding experiments, synapto-
somes (25 pg of protein) were incubated with '*>°I-labeled
neurotoxin in 0.2 ml of the salt solution-bovine serum
albumin in a well of a plate (HA; Millipore Corp., Bedford,
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TABLE 1. Properties of MAbs against type A neurotoxin

ELISA value (OD,s) in well

ith?: Neutralizin,
MAb coated with®: activity (b )%
Toxin H chain L chain

A101 >2.000 >2.000 0.281 81.7
Al102 0.173 1.275 0.094 100
A107 1.320 1.780 0.204 1.3
Al108 1.244 1.864 0.158 129
Al09 1.259 0.063 0.088 20.5
All3 0.610 0.090 1.902 95.2
AllS5 1.522 0.180 >2.000 95.2

“ Values were obtained with each antibody at 1 pg/ml. ODgso, Optical
density at 450 nm. H chain, Heavy chain; L chain, light chain.
® Values indicate the remaining toxicities.

Mass.) for 15 min at 37°C. For testing the inhibition of
binding of the *’I-labeled neurotoxin, synaptosomes were
preincubated with unlabeled neurotoxin or the fragment at
various concentrations. After 15 min at 37°C, '?>’I-labeled
neurotoxin was added to a final concentration of 0.5 nM and
the mixture was incubated for an additional 15 min at 37°C.
After incubation the synaptosomes were separated by suc-
tion through the filter membrane. The filter membrane was
then washed five times with the salt solution-bovine serum
albumin. The membrane was punched out, each disk was
placed in a polystyrene tube, and the radioactivity was
determined with an Nal well-type scintillation counter.

Treatment of synaptosomes with enzymes and gangliosides.
Treatment of synaptosomes with enzymes and gangliosides
was carried out in the salt solution at 37°C. Synaptosomes (2
mg of protein per ml) were treated for 30 min with neuramin-
idase (from Streptococcus sp.; Seikagaku Kogyo Co., Ltd.,
Tokyo, Japan) at various concentrations up to 0.1 U/ml or
lysyl endopeptidase (Wako Pure Chemical Industries, Osa-
ka, Japan) at various concentrations up to 100 pg/ml. Before
and after neuraminidase treatment at 0.05 U/ml, synapto-
somes were incubated for 30 min with a ganglioside mixture
isolated by the method of Iwamori and Nagai (10). After
treatment, the synaptosomes were washed twice with the
salt solution and finally suspended to the original volume of
the salt solution-bovine serum albumin.

Other methods. For determining the neutralizing activity
of MAbs, the neurotoxin was diluted to 10 pg/ml with PBS,
and the dilution was mixed with an equal volume of each
MAD (200 png/ml). After incubation for 30 min at 37°C, the
remaining toxicity was determined by the time-to-death
method by intravenous injection of neurotoxin into mice
(14). Protein contents were determined by the method of
Lowry et al. (20). N-Acetylneuraminic acid was determined
by the method of Aminoff (1). Ganglioside contents were
expressed in N-acetylneuraminic acid equivalents.

RESULTS

Properties of MAbs. A total of seven cell lines were
established, and each MAb was purified from ascitic fluid.
All MAbs were of the IgG1 class and contained a kappa light
chain. In the ELISA, four MAbs reacted to the heavy chain
and two other MADbs reacted to the light chain (Table 1). The
results corresponded to those of immunoblotting analyses
(data not shown). The remaining MAb (A109) did not react
with either fragment but bound to the light chain in the
immunoblots. This may suggest that the epitope recognizing
MADb A109 is masked on the surface of the ELISA plate
when the light chain isolated was coated on the plate. By
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FIG. 1. HPLC elution profiles of type A neurotoxin treated with
papain and the induced fragments. (A) Isolation of papain-induced
fragments with a column of PROTEIN PAK G-ether. Type A
neurotoxin (950 pg) treated with papain was applied to a column
equilibrated with 0.1 M phosphate buffer (pH 7.0) containing 1.7 M
(NH,),SO,. The broken line shows the (NH,),SO, concentration
gradient. (B) Rechromatography of the first eluted fraction (70 ng)
on a column of PROTEIN PAK G-ether. (C) Rechromatography of
the second eluted fraction (70 pg) on a column of PROTEIN PAK
G-ether. (D) Rechromatography of the third eluted fraction (385 wg)
with a column of TSK gel DEAE-5PW equilibrated with 0.05 M Tris
hydrochloride buffer (pH 7.5). The fragment was eluted with a
gradient from 0 to 0.5 M NaCl. The broken line shows the NaCl
concentration gradient.

competitive ELISA, the binding sites of MAbs A107 and
A108 were similar. The other MAbs were found to recognize
distinct sites on the toxin molecule. Three MAbs (A107,
A108, and A109) were capable of neutralizing the neurotoxin
(Table 1).

Properties of papain-induced fragments. After treatment of
the neurotoxin with papain, hydrophobic chromatography
was performed with a column of PROTEIN PAK G-ether.
Three peaks were eluted at (NH,),SO, concentrations from
0.85 to 0.4 M (Fig. 1A). The first and second peaks were
rechromatographed separately under the same conditions.
The protein in the first fraction eluted as a single peak, while
that in the second fraction eluted as two peaks located close
to each other, probably because of the overlap of the first
peak (Fig. 1B and C). When the third fraction was applied to
a column of TSK gel DEAE-SPW, a major peak that eluted
at an NaCl concentration of 0.27 M was separated from a
minor peak at an elution position identical to that of the
neurotoxin (Fig. 1D). After rechromatography, the first
fraction contained no toxicity, whereas the second and third
ones did, recovering, respectively, 2 and 0.01% of the
original toxicity. Each major peak was pooled and subjected
to SDS-PAGE (Fig. 2). The first and second fractions each
migrated as a single band (M,s, 45,000 and 43,000, respec-
tively) with or without reduction. The third fraction also
migrated as a single band (M,, 101,000) without reduction;
however, reduction resulted in separation into two bands
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FIG. 2. SDS-PAGE of type A neurotoxin and the fragments.
Lanes: 1, neurotoxin; 2 and 3, the first peak; 4 and S, the second
peak; 6 and 7, the third peak. Samples in lanes 1, 3, 5, and 7 were
electrophoresed in the presence of dithiothreitol. Abbreviations: T,
neurotoxin; H, heavy chain; L, light chain.

(M,s, 53,000 and 48,000). The mobility of one of the two
bands corresponded to that of the light chain (M,, 53,000).
Immunoblotting with MAbs. Of the four MAbs that recog-
nized the heavy chain (M,, 93,000), MAb A101 reacted to the
43,000- and 45,000-dalton fragments. MAb A108 bound to a
101,000-dalton fragment and to the 48,000-dalton fragment
derived from this fragment by reduction, as did MAbs A102
and A107. Three other MAbs (A109, Al113, and All5)
reacted with the 101,000-dalton fragment and another deriv-
ative with the same mobility as that of the light chain (Fig. 3).
Binding of '**I-labeled neurotoxin to synaptosomes. Of the
papain-induced fragments, 43,000- and 45,000-dalton frag-
ments effectively inhibited the binding of 1**I-labeled neuro-
toxin, as did unlabeled neurotoxin, while no inhibition was
observed with the 101,000-dalton fragment (Fig. 4). To
characterize the binding components, synaptosomes were
preincubated with lysyl endopeptidase or neuraminidase.

FIG. 3. Immunoblotting analyses of papain-induced fragments
bound to MAbs. Lanes: 1, 45,000-dalton fragment; 2, 43,000-dalton
fragment; 3 to 11, 101,000-dalton fragment. Samples in lanes §, 7,
and 9 were electrophoresed in the absence of dithiothreitol. The
MAD used is shown on the top of the lane.
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FIG. 4. Inhibition of binding of '*°I-labeled type A neurotoxin to
synaptosomes with unlabeled neurotoxin and papain-induced frag-
ments. The '?°I-labeled neurotoxin (71,000 cpm, 0.5 nM) was added
to synaptosomes that were preincubated with unlabeled neurotoxin
(@), the 45,000-dalton fragment (O), the 43,000-dalton fragment (A),
or the 101,000-dalton fragment (A). Nonspecific binding was mea-
sured in the presence of 1 uM unlabeled neurotoxin. Each point
represents the mean of four determinations.

The synaptosomes treated with lysyl endopeptidase were
found to retain the ability to bind to '**I-labeled neurotoxin.
The treatment with neuraminidase decreased the amount of
125].]abeled neurotoxin bound to the synaptosomes, and the
N-acetylneuraminic acid contents of synaptosomes de-
creased by about 50% (Fig. 5). Gangliosides were incorpo-
rated into synaptosomes before neuraminidase treatment,
which slightly facilitated the binding of *°I-labeled neuro-
toxin. The amount of neurotoxin bound was restored on
treatment of the neuraminidase-treated synaptosomes with
gangliosides; however, the amount was lower than that
bound to the native synaptosomes treated with gangliosides,

100

(<}

NeuAc(ug/mg synaptosomes)

a

Toxin bound (%)
(6]
o

0.

o

(o] 0.05 01
Neuraminidase (U/ml)

FIG. 5. Effect of neuraminidase on the binding of !*’I-labeled
type A neurotoxin to synaptosomes. The '*’I-labeled neurotoxin
(57,000 cpm, 0.5 nM) was added to synaptosomes that were treated
with neuraminidase at various concentrations. The '*’I-labeled
neurotoxin bound to untreated synaptosomes was 13,100 cpm,
which was regarded as 100%. Each point represents the mean of
three determinations. The broken line shows the N-acetyl-
neuraminic acid (NeuAc) contents of the synaptosomes.
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FIG. 6. Effect of incorporated gangliosides on the binding of
125]_labeled type A neurotoxin to synaptosomes. Gangliosides were
incorporated in synaptosomes that were untreated or treated with
neuraminidase at a concentration of 0.05 U/ml. The ?*I-labeled
neurotoxin (44,000 cpm, 0.5 nM) was then added to untreated (@) or
neuraminidase-treated (O) synaptosomes. Each point represents the
mean of three determinations. The broken lines show the N-
acetylneuraminic acid (NeuAc) contents of the synaptosomes.

irrespective of the N-acetylneuraminic acid contents of the
synaptosomes (Fig. 6).

DISCUSSION

After treatment of type A neurotoxin with papain, three
fragments were purified by hydrophobic and ion-exchange
chromatography on the HPLC system. The first and third
fractions contained no or little toxicity, whereas the second
fraction was slightly toxic. On hydrophobic chromatogra-
phy, the neurotoxin eluted at the position between the
second and third peaks, so the toxicity may have originated
from contamination with the neurotoxin. The third fraction
was found to contain the 101,000-dalton fragment, which
was separated on reduction into two fragments (M,s, 53,000
and 48,000). The former fragment migrated to the same
position as that of the light chain (M,, 53,000) on SDS-PAGE
and bound to the MAb that recognized the light chain in
immunoblotting. The 48,000-dalton fragment reacted with
the MAbs that recognized the heavy chain. From these
results, the 101,000-dalton fragment resembles the L H-1
fragments of type B and E neurotoxins obtained by treat-
ment with chymotrypsin and trypsin, respectively (16, 17).
Two fragments (M,s, 43,000 and 45,000) that eluted in the
first and second fractions reacted to the MAb that recog-
nized the heavy chain but not to the L H-1 fragment,
suggesting that both fragments may contain the remaining
portion of the heavy chain. Shone et al. (23) have reported
that trypsinization of type A neurotoxin induces the frag-
ment that lacks the carboxyl-terminal half of the heavy
chain. The trypsin-induced fragment seems to correspond to
the L H-1 fragment obtained in our experiment, since neither
one had an inhibitory effect on the binding of type A
neurotoxin to synaptosomes (23). In the binding experiment,
however, the 43,000- and 45,000-dalton fragments antago-
nized the specific binding of >’I-labeled neurotoxin to the
same extent as did unlabeled neurotoxin. The results indi-
cate that the two fragments are related to the carboxyl half of
the heavy chain, the H-2 fragment (16, 17). Moreover, the
sum of the molecular weight of the H-1 fragment and that of
the fragment that eluted in the first peak agreed with the
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FIG. 7. Probable structure of type A neurotoxin. The molecular
weights of the neurotoxin and the fragments are shown at the

bottom. The neurotoxin was probably split by papain at another site
43,000 daltons from the carboxyl terminus. SS, Disulfide bond.

molecular weight of the heavy chain, which indicates that
the latter fragment is the H-2 fragment. From these findings,
we propose the probable structure of type A neurotoxin
illustrated in Fig. 7. Shone et al. (23) mentioned that the
binding region of type A neurotoxin is located close to the
carboxyl terminus. If this is true, the 43,000-dalton fragment
that eluted in the second fraction is the equivalent of the H-2
fragment, but it lacks about a 2,000-dalton portion from the
amino terminus.

Some reports suggest that the site of botulinum neurotoxin
binding to the neural membrane involves protein compo-
nent(s) and sialic acid residues which may be gangliosides (3,
7, 12, 17). In the present investigation, the treatment of
synaptosomes with neuraminidase resulted in reduced bind-
ing to **I-labeled neurotoxin, which is consistent with the
results of previous reports (7 , 29). Incorporation of gangli-
oside into neuraminidease-treated synaptosomes resulted in
the effective restoration of the extent of binding, while
gangliosides incorporated into untreated synaptosomes did
not increase by much the amount of neurotoxin binding.
These results provide evidence that gangliosides are, in fact,
one of the components of the neurotoxin-binding site and
may indicate that only a part of the ganglioside that is
incorporated into synaptosomes participates in reconstitu-
tion of the binding site, as restoration of the neurotoxin
binding may be dependent on the quantity of the specific
gangliosides (such as G, Gr1p, and Gp,,) to which type A
neurotoxin binds that were used in the preparation (27).
Lysyl endopeptidase treatment of synaptosomes had no
effect on the binding of 1*°I-labeled neurotoxin. This result is
inconsistent with those of previous reports (7, 29), suggest-
ing that both the binding sites for type A and B neurotoxins
are trypsin sensitive. We have found, however, that **°I-
labeled type B neurotoxin does not bind to the synaptosomes
that were treated with lysyl endopeptidase under the same
conditions (unpublished data). Another report also showed
that trypsinization of synaptosomes does not decrease their
ability to bind type A neurotoxin (13). The different sensi-
tivities to proteases may reflect distinct type-specific sites
for type A and B neurotoxins, as it has been shown that each
neurotoxin interacts with particular gangliosides and free
fatty acids (17, 23).

ACKNOWLEDGMENT

This investigation was supported by a grant-in-aid for scientific
research from the Ministry of Education, Science, and Culture of
Japan.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

INFECT. IMMUN.

LITERATURE CITED

. Aminoff, D. 1959. The determination of free sialic acid in the

presence of the bound compound. Virology 7:355-357.

. Bandyopadhyay, S., A. W. Clark, B. R. DasGupta, and V.

Sathyamoorthy. 1987. Role of the heavy and light chains of
botulinum neurotoxin in neuromuscular paralysis. J. Biol.
Chem. 262:2660-2663.

. Bigalke, H., H. Miiller, and F. Dreyer. 1986. Botulinum A

neurotoxin unlike tetanus toxin acts via a neuraminidase sensi-
tive structure. Toxicon 24:1065-1074.

. Black, J. D., and J. O. Dolly. 1986. Interaction of '*I-labeled

botulinum neurotoxin with nerve terminals. I. Ultrastructural
autoradiographic localization and quantitation of distinct mem-
brane acceptors for type A and B on motor nerves. J. Cell Biol.
103:521-534.

. Burnette, W. M. 1981. ‘“Western Blotting’’: electrophoretic

transfer of proteins from sodium dodecyl sulfate-polyacryla-
mide gels to unmodified nitrocellulose and radiographic detec-
tion with antibody and radioiodinated protein A. Anal. Bio-
chem. 112:195-203.

. DasGupta, B. R., and H. Sugiyama. 1972. A common subunit

structure in Clostridium botulinum type A, B, and E toxins.
Biochem. Biophys. Res. Commun. 48:108-112.

. Evans, D. M., R. S. Williams, C. C. Shone, P. Hambleton, J.

Melling, and J. O. Dolly. 1986. Botulinum neurotoxin type B: its
purification, radioiodination and interaction with rat-brain syn-
aptosomal membranes. Eur. J. Biochem. 154:409—416.

. Habermann, E., and F. Dreyer. 1986. Clostridial neurotoxins:

handling and action at the cellular and molecular level. Curr.
Top. Microbiol. Immunol. 129:93-179.

. Helting, T. B., and O. Zwisler. 1977. Structure of tetanus toxin.

1. Breakdown of the toxin molecule and discrimination between
polypeptide fragments. J. Biol. Chem. 252:187-193.

Iwamori, M., and Y. Nagai. 1978. A new chromatographic
approach to the resolution of individual gangliosides. Biochim.
Biophys. Acta 528:257-267.

Kamata, Y., S. Kozaki, T. Nagai, and G. Sakaguchi. 1985.
Production of monoclonal antibodies against Clostridium botu-
linum type E derivative toxin. FEMS Microbiol. Lett. 26:
305-309.

Kitamura, M., M. Iwamori, and Y. Nagai. 1980. Interaction
between Clostridium botulinum neurotoxin and gangliosides.
Biochim. Biophys. Acta 628:328-335.

Kitamura, M., and S. Sone. 1987. Binding activity of Clostrid-
ium botulinum neurotoxin to the synaptosomes upon treatment
of various kinds of the enzymes. Biochem. Biophys. Res.
Commun. 143:928-933.

Kondo, H., T. Shimizu, M. Kubonoya, N. Izumi, M. Takahashi,
and G. Sakaguchi. 1984. Titration of botulinum toxins for lethal
toxicity by intravenous injection into mice. Jpn. J. Med. Sci.
Biol. 37:131-135.

Kozaki, S. 1979. Interaction of botulinum type A, B, and E
derivative toxins with synaptosomes of rat brain. Naunyn-
Schmiedeberg’s Arch. Pharmacol. 308:67-70.

Kozaki, S., Y. Kamata, T. Nagai, J. Ogasawara, and G. Sakagu-
chi. 1986. The use of monoclonal antibodies to analyze the
structure of Clostridium botulinum type E derivative toxin.
Infect. Immun. 52:786-791.

Kozaki, S., J. Ogasawara, Y. Shimote, Y. Kamata, and G.
Sakaguchi. 1987. Antigenic structure of Clostridium botulinum
type B neurotoxin and its interaction with gangliosides, cere-
broside, and free fatty acid. Infect. Immun. 55:3051-3056.
Kozaki, S., S. Togashi, and G. Sakaguchi. 1981. Separation of
Clostridium botulinum type A derivative toxin into two frag-
ments. Jpn. J. Med. Sci. Biol. 34:61-68.

Laemmli, U. K. 1970. Cleavage of structural proteins during the
assembly of the head of bacteriophage T4. Nature (London)
227:680-685.

Lowry, O. H., N. J. Rosebrough, A. L. Farr, and R. J. Randall.
1951. Protein measurement with the Folin phenol reagent. J.
Biol. Chem. 193:265-275.

Maisey, E. A., J. D. F. Wadsworth, B. Poulain, C. C. Shone, J.
Melling, P. Gibbs, L. Tauc, and J. O. Dolly. 1988. Involvement



VoL. 57, 1989

22.
23.

24.

25.

of the constituent chains of botulinum neurotoxins A and B in
the blockade of neurotransmitter release. Eur. J. Biochem.
177:683-691.

Sakaguchi, G. 1983. Clostridium botulinum toxins. Pharmacol.
Ther. 19:165-194.

Shone, C. C., P. Hambleton, and J. Melling. 1985. Inactivation
of Clostridium botulinum type A neurotoxin by trypsin and
purification of two tryptic fragments: proteolytic action near the
COOH-terminus of the heavy subunit destroys toxin-binding
activity. Eur. J. Biochem. 151:75-82.

Simpson, L. L. 1986. Molecular pharmacology of botulinum
toxin and tetanus toxin. Annu. Rev. Pharmacol. Toxicol. 26:
427-453.

Sugii, S., and G. Sakaguchi. 1975. Molecular construction of
Clostridium botulinum type A toxins. Infect. Immun. 12:1262-

26.

27.

28.

29.

FRAGMENTS OF C. BOTULINUM TYPE A NEUROTOXIN 2639
1270.
Sugiyama, H. 1980. Clostridium botulinum neurotoxin. Micro-

biol. Rev. 44:419-448.

Takamizawa, K., M. Iwamari, S. Kozaki, G. Sakaguchi, R.
Tanaka, H. Takayama, and Y. Nagai. 1986. TLC immunostain-
ing characterization of Clostridium botulinum type A neuro-
toxin binding to gangliosides and free fatty acids. FEBS Lett.
201:229-232.

Whittaker, V. P. 1959. The isolation and characterization of
acetylcholine containing particles from brain. Biochem. J. 72:
694-706.

Williams, R. S., C. Tse, J. O. Dolly, P. Hambleton, and J.
Melling. 1983. Radioiodination of botulinum neurotoxin type A
with retention of biological activity and its binding to brain
synaptosomes. Eur. J. Biochem. 131:437—445.



