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DNA fragments derived from the Clostridium botulinum type A neurotoxin (BoNT/A) gene (botA4) were used
in DNA-DNA hybridization reactions to derive a restriction map of the region of the C. botulinum type B strain
Danish chromosome encoding botB. As the one probe encoded part of the BoNT/A heavy (H) chain and the
other encoded part of the light (L) chain, the position and orientation of botB relative to this map were

established. The temperature at which hybridization occurred indicated that a higher degree of DNA homology
occurred between the two genes in the H-chain-encoding region. By using the derived restriction map data, a

2.1-kb BglII-XbaI fragment encoding the entire BoNT/B L chain and 108 amino acids of the H chain was cloned
and characterized by nucleotide sequencing. A contiguous 1.8-kb XbaI fragment encoding a further 623 amino
acids of the H chain was also cloned. The 3' end of the gene was obtained by cloning a 1.6-kb fragment amplified
from genomic DNA by inverse polymerase chain reaction. Translation of the nucleotide sequence derived from
all three clones demonstrated that BoNT/B was composed of 1,291 amino acids. Comparative alignment of its
sequence with all currently characterized BoNTs (A, C, D, and E) and tetanus toxin (TeTx) showed that a wide
variation in percent homology occurred dependent on which component of the dichain was compared. Thus,
the L chain of BoNT/B exhibits the greatest degree of homology (50% identity) with the TeTx L chain, whereas
its H chain is most homologous (48% identity) with the BoNT/A H chain. Overall, the six neurotoxins were

shown to be composed of highly conserved amino acid domains interceded with amino acid tracts exhibiting
little overall similarity. In total, 68 amino acids of an average of 442 are absolutely conserved between L chains
and 110 of 845 amino acids are conserved between H chains. Conservation of Trp residues (one in the L chain
and nine in the H chain) was particularly striking. The most divergent region corresponds to the extreme
carboxy terminus of each toxin, which may reflect differences in specificity of binding to neurone acceptor sites.

Botulinum neurotoxin (BoNT) and tetanus toxin (TeTx) are
high-molecular-weight proteins (approximately 150,000 Da)
which exert potent neuroparalytic effects on vertebrates (14,
42). They are elaborated by anaerobic gram-positive bacteria
belonging to the genus Clostridium. TeTx is synthesized by
Clostridium tetani, whereas the majority of clostridia which
produce BoNT are classified as C. botulinum. In recent years,
however, isolates which resemble C. barati and C. butyricum
have been shown to produce BoNT (15, 24). On the basis of
antigenicity, BoNT has been subdivided into seven distinct
types, designated A to G. All eight neurotoxins (BoNT/A to
BoNT/G and TeTx) are synthesized as a single-chain,
150,000-Da molecule which subsequently becomes nicked to
the more potent dichain form, composed of a heavy (H)
(approximately 100,000 Da)- and a light (L) (50,000 Da)-chain
polypeptide linked by at least one disulfide bridge (40).

It has been proposed (38, 39) that action of both BoNT and
TeTx involves three distinct phases. In the first phase the
toxins become bound to acceptors on the external surface of
the targeted neural cells. This is followed by an energy-
dependent internalization step in which the toxin, or part of
it, enters the cell. Thereafter, an unidentified active moiety
of the toxin causes nerve cell dysfunction by blocking the
intracellular release of neurotransmitters. The two classes of
toxins differ, however, in that BoNT preferentially inhibits
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acetylcholine release at the nerve periphery, whereas TeTx
blockades the release of inhibitory amino acids principally in
the central nervous system. On the basis of a number of
pieces of experimental evidence, and by analogy to the
characterized binary toxins (e.g., diphtheria and ricin), it is
generally assumed that the L chain possesses the catalytic
activity responsible for cell poisoning (1, 5, 41) and that the H
chain delivers this moiety to the cell cytoplasm by mediating
binding of the toxin to the cell and subsequent internalization.
The dual role of the H chain in toxicity has been rationalized
by the suggestion that the amino-terminal portion mediates
internalization (29, 32, 33) and the carboxy terminus plays a
crucial role in binding to nerve acceptors (20, 21, 30, 37).
To clarify structural and functional relationships, clostrid-

ial neurotoxin gene cloning programs have been initiated in a
number of laboratories. As a result of nucleotide sequence
analysis of cloned genes, the complete primary sequences of
TeTx (11), BoNT/A (4, 44), BoNT/C (17), BoNT/D (3), and
BoNT/E (45) are known. In the present report, we describe
the cloning of the gene encoding BoNT/B (botB) and the
derivation of the entire amino acid sequence of the neuro-
toxin by nucleotide sequencing.

MATERIALS AND METHODS

Bacterial strains, plasmids, and culture conditions. The
source of chromosomal DNA was C. botulinum Danish, and
the recombinant host used for cloning experiments was
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Escherichia coli TG1 [A(lac-pro) supE thi hsdD5/F'-traD36
proA+ B+ lacIq lacZAM15]. Cloning vectors employed were
plasmids pMTL32 (this study), pMTL23 (7), and pCR1000
(26) and the M13 bacteriophages mpl8 and mpl9 (46). C.
botulinum was cultivated in USA II broth (2% peptone, 1%
yeast extract, 1% N-Z amine, 0.05% sodium mercaptoace-
tate, 1% glucose [pH 7.4]), and E. coli was cultivated in L
broth (1% tryptone, 0.5% yeast extract, 0.5% NaCl). Solid-
ified medium (L agar) consisted of L broth with the addition
of 2% (wt/vol) Bacto Agar (Difco Laboratories). Antibiotic
concentrations used for the maintenance and the selection of
transformants were 50 jig of ampicillin (pMTL32) and 50 ,ug
of kanamycin (pCR1000) per ml. Restriction endonucleases
and DNA modifying enzymes were purchased from
Northumbria Biochemicals Ltd., Taq polymerase was from
United States Biochemical Corporation, and radiolabel was
from Amersham International.

Purification and manipulation of DNA. Transformation of
E. coli and large-scale plasmid isolation procedures were as
described previously (27). Small-scale plasmid isolation was
by the method of Holmes and Quigley (19), while chromo-
somal DNA from C. botulinum was prepared essentially as
described by Marmur (23). Restriction endonucleases and
DNA modifying enzymes were used under the conditions
recommended by the suppliers. Digests were electro-
phoresed in 1% agarose slab gels on a standard horizontal
system (Bethesda Research Laboratories model H4), em-
ploying Tris borate-EDTA (0.09 M Tris borate, 0.002 M
EDTA) buffer. Fragments were isolated from gels by elec-
troelution (25). All primary cloning procedures were under-
taken under United Kingdom ACGM C2 containment con-
ditions, and total cell lysates of all recombinants carrying
cloned material were tested in mice for the absence of toxic
polypeptides.
DNA-DNA hybridization experiments. DNA restriction

fragments were transferred from agarose gels to Zeta Probe
nylon membrane by the procedure of Reed and Mann
(34). After partial depurination with 0.25 M HCI (15 min),
DNA was transferred in 0.4 M NaOH by capillary elution for
4 to 16 h. Bacterial colonies were screened for desired
recombinant plasmids by in situ colony hybridization (13),
using nitrocellulose filter disks (0.22 ,um; Schleicher and
Schuell). The gel-purified botA DNA fragments were la-
belled with [a-3 P]dATP, using a multiprime kit supplied by
Amersham International. Hybridizations were carried out as
described previously (44) at temperatures ranging from 45 to
600C.

Nucleotide sequence of pCBB plasmid inserts. The insert of
plasmid pCBB1 was excised by cleavage with BamHI and
BglII and circularized by treatment with T4 ligase, and
size-fractionated 500- to 1,000-bp fragments generated by
sonication were cloned into the SmaI site of M13mp18
(for experimental conditions, see reference 28). Approxi-
mately 50 templates were then sequenced by the dideoxy-
nucleotide method of Sanger et al. (35), using a modified
version of bacteriophage T7 DNA polymerase, Sequenase
(43). Experimental conditions used were those stated by the
supplier (United States Biochemical Corp.). The inserts of
plasmids pCBB2 and pCBB3 were sequenced by using
templates derived by subcloning the entire region between
the appropriate sites of M13mpl8 and M13mpl9. Sequence
data obtained by employing universal primer were then
sequentially extended by the use of custom-synthesized
oligonucleotide primers. In certain instances, templates
were generated by the insertion of DraI restriction subfrag-
ments into the SmaI site of M13mpl8. In all cases the

sequence was determined on both DNA strands. The chro-
mosomal DNA region amplified with primers Xl and X2
(Fig. 1) was cloned directly into ddT-tailed, SmaI-cut
M13mp8 (prepared by incubating SmaI-cut DNA with ter-
minal transferase in the presence of dideoxy TTP), and the
resultant template was sequenced with universal primer.
DNA sequence data were analyzed by using the computer
software of DNASTAR Inc.

Amplification of DNA by PCR. Amplification of C. botuli-
num DNA was undertaken by polymerase chain reaction
(PCR), using an M J Research Inc. thermal cycler. Reaction
mixtures contained 10 mM Tris-HCl, 50 mM KCl, 3 mM
MgCl2, 0.1 mM deoxynucleoside triphosphate, 30 nmol of
each primer, 2.5 U of Taq polymerase, and 10 ng of strain
Danish genomic DNA, in a final volume of 0.1 ml. Amplifi-
cation was for 30 cycles, as follows: 1.5 min at 93°C, 3 min
at 37°C, and 3 min at 72°C. For inverse PCR, 140 ng of
chromosomal DNA, cleaved with an appropriate restriction
endonuclease, was ligated overnight at 14°C in a 50-,ul
volume and a 10-,u portion of the resultant concatenated
DNA was used in PCR.

Nucleotide sequence accession number. The nucleotide
sequence has been submitted to the GenBank/EMBL data
banks, with the accession number M81186.

RESULTS AND DISCUSSION

Southern blot analysis of the botB gene. Previous studies
have shown that BoNT appears to conform to the classical
A-B binary toxin model (12). Thus, both L and H chains are
required for toxicity (14, 39). The risk of generating an E.
coli clone with the capacity to produce a neuroparalytic
polypeptide may therefore be alleviated by cloning genomic
restriction fragments which encode principally only one
component of the dichain molecule. To identify such frag-
ments, we exploited DNA homology between botB and the
previously cloned botA (44).
A 389-bp HpaI-XhoII botA fragment, encoding amino

acids 216 through 346 of the BoNT/A L chain, and a 628-bp
HaeII-HindIII fragment, coding for amino acids 526 through
736 of the H chain (44), were radiolabelled and used in
DNA-DNA hybridizations with type B chromosomal DNA
cleaved with various restriction enzymes. Reactions were
performed in aqueous solution over a range of tempera-
tures. "Weak" hybridization between the two genes was
found to occur at 53 and 56°C with the L- and H-chain
probes, respectively (data not shown). The strength of
the signal observed and the relatively low stringency re-
quired were indicative of a fairly low level of DNA ho-
mology between botA and botB. Furthermore, these results
suggest that the L-chain-encoding regions of the two genes
are less homologous than the H-chain-encoding region, at
least in the areas probed. The conditions under which
hybridization occurred having been established, the type B
genomic DNA was cleaved with various combinations of
restriction endonucleases and the nylon membranes carry-
ing the resultant fragments were sequentially hybridized
with the two probes. The data obtained allowed the deriva-
tion of a restriction map of the region of the type B genome
encoding botB. Furthermore, the use of the two probes
enabled the assignment of both the position of botB and
its relative orientation with respect to the derived map (Fig.
1).
Cloning and sequencing of the botB L chain. The restriction

map derived by the Southern blot experiments (Fig. 1)

2346 WHELAN ET AL.



CLONING THE C. BOTULINUM TYPE B NEUROTOXIN GENE 2347

XpHP Ha H

light heavy

E

0 1 2kb
I I I

KEY:

B Bgl 11
D Ddel
E Eco RI
H Hind Ill

Ha Hae Ill

Hp Hpal
X Xbal
Xh Xho 11

B H D HH D X
ND Ha y y

IlI
I ~~~~~~~I
I ~~~~~~~~I
I ~~~~~~~~I
I ~~~~~~~~I

I.
Pl B *plBB2

Xl X2

3

X D H
I I I

1 ~~~~~~~~~~~~1*

X4I
r.p.-.-.--.,B,3 . ..BB- **

PCBB3

-M _Structural gene

Light Heavy

FIG. 1. Strategy employed in cloning the botB gene. The illustrated restriction map of the C. botulinum genome was generated by using
the indicated botA DNA fragments as probes in Southern blots. Regions of the strain B/Danish chromosome that were cloned in recombinant
plasmids pCBB1 and pCBB2 are represented by open boxes below the restriction map. The cloned inserts of these plasmids were shown to
be contiguous on the genome by PCR amplification of the region of the chromosome spanning their common XbaI site, using primers Xl
(5'-CCAAGTGAAAATACAGAATCAC-3') and X2 (3'-CCCAC1ITTGTCTATCAITf7lA-5') and sequencing across this junction. The insert of
pCBB3 was derived by PCR amplification of HindIII-cut, concatenated chromosomal DNA, using primers X4 (5'-ATAGAGATTTATATAT
TGGAG-3') and X3 (5'-TTATATACAGCCAAATGCTCCTTGC-3').

indicated that a 2.1-kb BglII-XbaI fragment principally en-

coded the L chain of BoNT/B. To clone this DNA, and to
minimize the risk of cloning contiguous BoNT/B-encoding
regions, the targeted fragment was purified by a two-stage
gel isolation procedure. C. botulinum type B chromosomal
DNA was cleaved with XbaI, and fragments of approxi-
mately 7.5 kb were purified from agarose gels by electroelu-
tion. The isolated DNA was then subjected to digestion with
BglII, DNA fragments of around 2.1 kb were gel purified and
ligated to pMTL32 vector DNA (Fig. 2) cut with XbaI and
BamHI, and the resultant TG1 transformants were screened
for the presence of recombinant clones, using the botA
L-chain probe. Vector pMTL32 was specifically constructed
for the purposes of cloning the botB DNA (Fig. 2). Based on

the pMTL1003 backbone (6), it carries multiple cloning sites
flanked on either side by tandem copies of transcriptional
terminators. Heterologous genes inserted into the multiple
cloning sites will therefore only be expressed if they carry
indigenous transcriptional elements recognized by the RNA
polymerases of E. coli.
The recombinant plasmid obtained, designated pCBB1,

was shown by digestion with appropriate endonucleases to
contain restriction enzyme recognition sites consistent with
the map illustrated in Fig. 1. Its entire insert was excised by
digestion with BamHI and BglII, and M13 recombinant
templates containing random inserts were derived by using a

sonication procedure (28). By using these templates and
custom synthesized oligonucleotides, the entire nucleotide
sequence of the insert was determined on both strands.
Translation of the resultant sequence indicated the presence
of an open reading frame encoding a polypeptide of 549

amino acids in size. The amino terminus of this polypeptide
exhibited perfect conformity to that experimentally deter-
mined for purified BoNT/B L chain (36). Amino acids 442
through 459 were identical to those determined for purified
BoNT/B H chain (36). Thus, the insert carried by pCBB1
was deemed to encode the entire L chain of BoNT/B and 108
amino acids from the H chain.

Cloning and sequencing of the botB H chain. After it was
determined that the 2.1-kb BglII-XbaI fragment encoded
the entire BoNT/B L chain and the amino terminus of the
H chain, it was apparent that the adjacent 1.8-kb XbaI
fragment (Fig. 1) should encode the majority of the re-
maining H chain. Type B chromosomal DNA was cleaved
with HindIlI, fragments of approximately 3.5 kb were
isolated and digested with XbaI, and fragments of around
1.8 kb were gel purified. The isolated DNA was ligated
with XbaI-cleaved pMTL32 and transformed into E. coli
TG1, and recombinant plasmids were identified by probing
with the radiolabelled botA H-chain probe. One such plas-
mid was designated pCBB2, and the nucleotide sequence
of its insert was determined, following its insertion into
M13mpl8, by employing custom-synthesized oligonucleo-
tide primers.

Translation of the nucleotide sequence obtained revealed
the presence of a continuous open reading frame of 623
codons, in the same reading frame relative to the XbaI site of
that of the insert of plasmid pCBB1. To confirm that the two
sequences were indeed contiguous, a 289-bp region of DNA
encompassing the XbaI site was amplified from type B
genomic DNA by using primers Xl and X2 (Fig. 1) in a PCR
and cloned directly into ddT-tailed SmaI-cut M13mp8. Nu-
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FIG. 2. Cloning vector pMTL32. This plasmid was derived as

follows. A synthetic DNA fragment (5'-AGCCCGCCTAATGAGCG

GGCTiYT-',corresponding to theE. coli trpA transcriptional

terminator, was ligated to Stul-cleaved pMTL23 (7), and a recom-
binant plasmid (pTRP23) was selected in which two tandem copies
of trpA had been inserted. The resultant double terminator, together
with part of the pMTL23 polylinker region, was excised as a 107-bp
NruI-EcoRI fragment and inserted between the EcoRI and EcoRV
sites of plasmid pMTL1003 (6). As the ca. 350-bp EcoRI-EcoRV
fragment of pMTL1003 is deleted during this manipulation, the
resultant plasmid, pMTL32, does not carry a copy of the tip
promoter.

cleotide sequencing of a derivative template, using universal
primer, demonstrated that the inserts of plasmids pCBB1
and pCBB2 were contiguous in the C. botulinum type B
chromosome.

Completion of the botB sequence. By combining the two
sequences of pCBB1 and pCBB2, the derived contiguous
open reading frame encoded 1,170 amino acids, indicating
that some 120 or so codons of the botB gene were missing. A
DNA region encompassing the remaining 3' end of the gene
was cloned by inverse PCR. Type B chromosomal DNA was
cleaved with HindIII and incubated with T4 ligase, and the
resultant concatenated DNA was used as a template in PCR
with oligonucleotides X3 and X4 (Fig. 1). The 1.6-kb frag-
ment generated was cloned directly into the specialized
vector pCR1000, and the recombinant plasmid obtained was
designated pCBB3. A plasmid sequence reaction, under-
taken with a primer previously employed in the determina-
tion of the nucleotide sequence of the insert of plasmid
pCBB2, confirmed the presence of the botB gene. Thereaf-
ter, the nucleotide sequence of the region of pCBB3 encom-

passing the 3' end of botB was determined by subcloning
selected overlapping fragments into M13. To rule out the
possibility that the insert of pCBB3 may have contained
PCR-induced errors, a second version of this plasmid recom-

binant was derived by cloning the amplified DNA product
from a further independent inverse PCR. Nucleotide se-

quencing of the appropriate regions of this second plasmid
gave a sequence identical to that already derived from the
primary isolate of pCBB3.
The entire nucleotide sequence of the botB gene (Fig. 3)

was obtained by splicing the individual sequence information
derived from the inserts of pCBB1, pCBB2, and pCBB3 into
a contiguous sequence. The gene is composed of 1,291
codons, initiating with an AUG codon at position 55 and
terminating with a UAA stop codon at position 3928 (Fig. 3).

The choice of these particular translational codons is typical
of clostridial genes (47). As with all other bot genes charac-
terized to date, the high A+T content of the DNA (74.6%)
results in an extreme bias towards the use of codons ending
in A or T and the frequent use of codons recognized as
modulators in E. coli. The translational start codon is
preceded by a sequence typical of clostridial ribosome
binding sites (47).
Alignment of the nucleotide sequences of the two botA-

derived DNA probes used in Southern blot mapping with the
equivalent regions of botB confirmed that the greater degree
of homology existed in the respective H-chain-encoding
regions over those encoding L chain. Specifically, the 628-bp
HaeIII-HindIII botA fragment demonstrated 65% homology
with botB, whereas the 389-bp HpaI-XhoII botA fragment
had 54.8% homology with botB. Comparative alignment
demonstrated that, in general, the overall DNA homology
(Table 1) between the H- and L-chain-encoding regions of
all sequenced neurotoxin genes reflected the level of amino
acid sequence homology (Table 2) and averaged between
50 and 60% identity. One consequence of this relative
dissimilarity between genes is that DNA probes specific to
each toxin gene may be easily designed. However, although
there is sufficient homology in certain regions to derive a
generalized probe for the generic detection of neurotoxin
genes, it has not proven possible to design a probe which
hybridizes to all bot genes and not to the TeTx gene
(unpublished data).

Predicted amino acid sequence of BoNT/B. The deduced
primary sequence of BoNT/B demonstrates that the toxin is
composed of 1,291 amino acid residues. By comparison to
partial amino acid sequences derived from purified polypep-
tides from other C. botulinum type B strains, it is apparent
that variations in toxin structure occur. Thus, although
amino acid residues 2 through 17 exhibit perfect conformity
to the sequence derived by Edman degradation of purified
BoNT/B L chain of strain B/Okra (36), the amino acid at
position 23 of the H chain was determined (10) to be Arg
rather than the Ser residue seen here (position 464, Fig. 4).
Similarly, the BoNT/B of strain B/657 possesses a Met
amino acid at position 30 of the L chain (9) compared with
Thr in the case of BoNT/B from both strain Danish and
strain B/Okra. Variations in the primary amino acid se-
quence of other types of BoNT have been noted, e.g.,
between BoNT/A of strains 62A (4) and NCTC 2916 (44) and
between BoNT/E of strains Beluga, Mashike, Iwanai, Otaru,
and NCTC 11219 (see reference 45). In the case of BoNT/B,
such variations help to explain observed dissimilarity in the
immunological properties of BoNT/B isolated from different
strains (16, 31).

Pairwise comparisons of the respective L- and H-chain
components of all six toxins were undertaken, and the
results are summarized in Table 2. From this it can be seen
that, with notable exceptions, the overall level of identity
between L chains varies from around 30 to 35%. The three
exceptions are the degrees of homology seen between
BoNT/E and TeTx (40%), BoNT/C and BoNT/D (47%), and
BoNT/B and TeTx (50%). The last homology is particularly
striking and serves to illustrate the close relationships be-
tween the pharmacological action of BoNT and TeTx. In
contrast to the situation with the L-chain subunit, the H
chains of BoNT/B and TeTx represent one of the most
divergent pairings. The greatest level of homology (48%
identity) to BoNT/B in this region is with BoNT/A. A similar
relationship exists between the dichain components of
BoNT/E and TeTx and BoNT/A. These observations sug-
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RBS N P V T I N N F N Y N D P I D N
1 CGCATTTATGGGCATTAAAGGGATATAAACTTAAATAAGGAGGAGAATATTTATGCCAGTTACAATAAATATTTTAATTATAATGATCCTATTGATA

N N I I M N E P P F A R G T G R Y Y K A F K I T D R I W I I P E R
101 ATAATAATATTATTATGATGGAGCCTCCATTTGCGAGAGGTACGGGGAGATATTATAAAGCTTTTAAAATCACAGATCGTATTTGGATMTACCGGAAAG

Hindlll
Y T F G Y K P E D F N K S S G I F N R D V C E Y Y D P D Y L N T N

201 ATATACTTTTGGATATAAACCTGAGGATTTTAATAAAAGTTCCGGTATTTTTAATAGAGATGTTTGTGAATATTATGATCCAGATTACTTAAATACTAAT

D K K N I F L Q T N I K L F N R I K S K P L G E K L L E N I I N G I
301 GATAAAAGAATATATTTTTACAAACAATGATCAAGTTATTTAATAGAATCAAATCAAACCATTGGGTGAAAGTTATTAGAGATGATTATAAATGGTA

P Y L G D R R V P L E E F N T N I A S V T V N K L I S N P G E V E
401 TACCTTATCTTGGAGATAGACGTGTTCCACTCGAAGAGTTTAACACAAACATTGCTAGTGTAACTGTTAATAAATTAATCAGTAATCCAGGAGAAGTGGA

R K K G I F A N L I I F G P G P V L N E N E T I D I G I Q N N F A
501 GCGMAAAAAGGTATTTTCGCAAATTTAATAATATTTGGACCTGGGCCAGTTTTAAATGAAATGAGACTATAGATATAGGTATACAAATCATTTTGCA

S R E G F G G I N Q N K F C P E Y V S V F N N V Q E N K G A S I F N
601 TCAAGGGAAGGCTTCGGGGGTATAATGCAAATGAAGTTTTGCCCAGAATATGTAAGCGTATTTAATAATGTTCAAGAAACAAAGGCGCAAGTATATTTA

R R G Y F S D P A L I L N H E L I H V L H G L Y G I K V D D L P I
701 ATAGACGTGGATATTTTTCAGATCCAGCCTTGATATTAATGCATGAACTTATACATGTTTTACATGGATTATATGGCATTAAAGTAGATGATTTACCAAT

V P N E K K F F N Q S T D A I Q A E E L Y T F G G a D P S I I T P
801 TGTACCAAATAAAAAATUMTTTTTATGCAATCTACAGATGCTATACAGGCAGAAGACTATATACATTTGGAGGACAAGATCCCAGCATCATAACTCCT

S T D K S I Y D K V L Q N F R G I V D R L N K V L V C I S D P N I N
901 TCTACGGATAAAGTATCTATGATAAAGTTTTGCAAAATTTTAGAGGGATAGTTGATAGACTTAACAAGGTTTTAGTTTGCATATCAGATCCTAACATTA

I N I Y K N K F K D K Y K F V E D S E G K Y S I D V E S F D K L Y
10oo1 ATATTAATTATATAAATAMMAATTTAAAGATAAATATAAATTCGTTGAAGATTCTGAGGGAAAATATAGTATAGATGTAGAAAGTTTTGATAAATTATA

K S L M F G F T E T N I A E N Y K I K T R A S Y F S D S L P P V K
1 101 TAAAAGCTTAATGTTTGGTTTTACAGAAACTAATATAGCAGAAATTATAAATAAAACTAGAGCTTCTTATTTTAGTGATTCCTTACCACCAGTAAA

Hindlll
I K N L L D N E I Y T I E E G F N I S D K D M E K E Y R G Q N K A I

1201 ATAAAAATTTATTAGATAATGAAATCTATACTATAGAGGAAGGGTTTAATATATCTGATAAAGATATGGAAAAGAATATAGAGGTCAGAATAAAGCTA

N K 0 A Y E E I S K E H L A V Y K I 0 N C K S V K A P G I C I D V
1301 TAAATAAACAAGCTTATGAAGAAATTAGCAAGGAGCATTTGGCTGTATATAAGATACAAATGTGTAAAAGTGTTAAAGCTCCAGGAATATGTATTGATGT

Hindlll
D N E D L F F I A D K N S F S D D L S K N E R I E Y N T a S N Y I

1401 TGATAATGAAGATTTrGTTCTTTATAGCTGATAAAATAGTTTTTCAGATGATTTATCTAAAACGAAAGATAGAATATAATACACAGAGTAATTATATA

E N D F P I N E L I L D T D L I S K I E L P S E N T E S L T D F N V
1501 GAAATGACTTCCCTATAAATGAATTAATTTTAGATACTGATTTAATAAGTAAAATAGMATTACCAAGTGAAATACAGAATCACTTACTGATTTTAATG

D V P V Y E K Q P A I K K I F T D E N T I F a Y L Y S o T F P L D
1601 TAGATGTTCCAGTATATGAAAACAACCCGCTATAAAAAATTTTTACAGATGAAATACCATCTTTCAATATTTATACTCTCAGACATTTCCTCTAGA

Xbal
I R D I S L T S S F D D A L L F S N K V Y S F F S N D Y I K T A N

1701 TATAAGAGATATAAGTTTAACATCTTCATTTGATGATGCATTATTATTTTCTAACAAAGTTTATTCATTTTTTTCTATGGATTATATTAAACTGCTAAT

K V V E A G L F A G W V K Q I V N D F V I E A N K S N T M D K I A D
1 801 AAAGTGGTAGAAGCAGGATTATTTGCAGGTTGGGTGAAACAGATAGTAAATGATTTTGTAATCGAAGCTAATAAAGCAATACTATGGATAAAATTGCAG

I S L I V P Y I G L A L N V G N E T A K G N F E N A F E I A G A S
1901 ATATATCTCTAATTGTTCCTTATATAGGATTAGCTTTAAATGTAGGAAMTGAAMCAGCTAAAGGAAATTTTGAAATGCTTTTGAGATTGCAGGAGCCAG

IL L E F I P E L L I P V V G A F L L E S Y I D N K N K I I K T I
2001 TATTCTACTAGAATTTATACCAGAACTTTTAATACCTGTAGTTGGAGCCTTTTTATTAGAATCATATATTGACAATMAAATAAAATTATTAAACAATA

D N A L T K R N E K W S D N Y G L I V A 0 W L S T V N T Q F Y T I K
2101 GATAATGCTTTAACTAAAGAAMTGMAAMATGGAGTGATATpTACGGATTAATAGTAGCGCAATGGCTCTCMACAGTTMATACTCAATTTTATACAATAA

E G N Y K A L N Y Q A 0 A L E E I I K Y R Y N I Y S E K E K S N I
2201 AAGAGGGAATGTATAAGGCTTTAAATTATCAAGCACAAGCATTGGAAGAAATAATAAATACAGATATAATATATATTCTGAAAAGAAAAGTCAAMTAT

N I D F N D I N S K L N E G I N Q A I D N I N N F I N G C S V S Y
2301 TAACATCGATTTTAATGATATAAATTCTAAACTTAATGAGGGTATTAACCAAGCTATAGATArATAMTAATTTTTATAAATGGATGTTCTGTATCATAT

L N K K N I P L A V E K L L D F D N T L K K N L L N Y I D E N K L Y
2401 TTAATGMAAAAATGATTCCATTAGCTGTAGAAAATTACTAGACTTTGATMATACTCTCMAAAAAATTTGTTAAATTATATAGATGAAATAAATTAT

L I G S A E Y E K S K V N K Y L K T I MP F D L S I Y T N D T I L
2501 ATTTGATTGGAAGTGCAGAATATGAAAATCAAAAGTAAATAATACTTGAAAACCATTATGCCGTTTGATCTTTCAATATATACCAATGATACAATACT

I E N F N K Y N S E I L N N I I L N L R Y K D N N L I D L S G Y G
2601 AATAGAAATGTTTAATAAATATAATAGCGAAATTTTAAATAATATTTCTTAAATTTAAGATATAAGGATAATAATTTAATAGATTTATCAGGATATGGG

A K V E V Y D G V E L N D K N Q F K L T S S A N S K I R V T Q N Q N
2701 GCAAAGGTAGAGGTATATGATGGAGTCGAGCTTAATGATAAAATCAATTTAAATTAACTAGTTCAGCAAMTAGTAAGATTAGAGTGACTCAAAATCAGA

I I F N S V F L D F S V S F W I R I P K Y K N D G I o N Y I H N E
2801 ATATCATATTTAATAGTGTGTTCCTTGATTTTAGCGTTAGCTTTTGGATAAGAATACCTAAATATAAGAATGATGGTATACAAATTATATTCATAATGA

Y T I I N C N K N N S G W K I S I R G N R I I W T L I D I N G K T
2901 ATATACAATAATTAATTGTATGAAAAATAATTCGGGCTGGAAAATATCTATTAGGGGTAATAGGATAATATGGACTTTAATTGATATAAATGGAAAACC

K S V F F E Y N I R E D I S E Y I N R W F F V T I T N N L N N A K I
3001 AAATCGGTATTTTTTGAATATAACATAAGAGMAGATATATCAGAGTATATAMMTAGATGGTTTTTTGTAACTATTACTMATAATTTGAATAACGCTAAA

Y I N G K L E S N T D I K D I R E V I A N G E I I F K L D G D I D
3101 TTTATATTAATGGTAAGCTAGAATCAAATACAGATATTAAAGATATAAGAGMAGTTATTGCTAATGGTGAMTAATATTTAAATTAGATGGTGATATAGA

R T Q F I W M K Y F S I F N T E L S Q S N I E E R Y K I 0 S Y S E
3201 TAGAACACAATTTATTTGGATGAAATATTTCAGTAT TTTTAATACGGAATTAAGTCAATCAAATATTGAAGAAAGATATAAATTCAATCATATAGCGAA

Y L K D F W G N P L N Y N K E Y Y N F N A G N K N S Y I K L K K D S
3301 TATTTAAAGATTTTTGGGGAAATCCTTTAATGTACAATAAAGATATTATATGTTTAATGCGGGGAATMAAATTCATATATTAAACTAAAGAAAGATT

P V G E I L T R S K Y N 0 N S K Y I N Y R D L Y I G E K F I I R R
3401 CACCTGTAGGTGAAATTTTAACACGTAGCAAATATAATCAAAATCTAAATATATAAATTATAGAGATTTATATATTGGAGAAAATTTATTATAAGAAG

K S N S Q S I N D D I V R K E D Y I Y L D F F N L N 0 E W R V Y T
3501 AAAGTCAAMTTCTCAATCTATAAATGATGATATAGTTAGAAAGMAGATTATATATATCTAGATTTTTTTMATTTAAMTCAAGAGTGGAGAGTATATACC

Xbal
Y K Y F K K E E E K L F L A P I S D S D E F Y N T I 0 I K E Y D E 0

3601 TATAAATATTTTAAGAAAGAGGAAGAAAATTGTTTTTAGCTCCTATAAGTGATTCTGATGAGTTTTACAATACTATACAAATAAAGAATATGATGAAC

P T Y S C Q L L F K K D E E S T D E I G L I G I H R-F Y E S G I V
3701 AGCCAACATATAGTTGTCAGTTGCTTTTTMAAAAAGATGAAGAAAGTACTGATGAGATAGGATTGATTGGTATTCATCGTTTCTACGAATCTGGAATTGT

F E E Y K D Y F C I S K W Y L K E V K R K P Y N L K L G C N W 0 F
3801 ATTTGAAGAGTATAAAGATTATTTTTGTATAAGTAAATGGTACTTAAAGAGGTAAAAGGAAACCATATAATTTAAATTGGGATGTAATTGGCAGTTT

3901 ATTCCTAAAGATGAAGGGTGGACTGAATAATATAACTATATGCTCAGCAAACCTATTTTATATAAGAAMGTTTAAGTTTATAAAATCTTAAGTTTAAGG

4001 ATGTAGCTAAATTTTGAATATTAGATAAACTACATGTTT 4039

FIG. 3. Complete nucleotide sequence of botB. The illustrated sequence was derived by amalgamation of the derived nucleotide sequences
of the inserts of pCBBl, pCBB2, and pCBB3 (Fig. 1). The BoNT/B amino acid sequence is given in the single-letter code above the first
nucleotide of the corresponding codon. The ribosome binding site is indicated by a line above and below the sequence.
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low 20w 40v
BOTBE9P NN FNYNNDP N MNEPfF A R T GRYYYA7 . D RIIp 50
ROTE IN P K- IN []P NY N D P VN D R KYKPG -- -GC QE F YKZ[Jl[fI K N I WIIPR[ 46
BOTA X [NV-Q piR 49
BOTC INIP IT TN NNYIOID P V D K N YD T LLN TTA NE P EIK AIRIT] G NI W V XPDRI 50
BOTD T W P V MKD F NY S D P VNOINL ID J R IiP1Q N K L IT T P V iAJiM T Q NXIW V IPU3RI 50
TET INPIT LJ7 DPVND EPYCKf] 50

60w 70v SOT 9OY
ROTB FT-FG YK 5F N -KS SG I FN RODV CEY Y DP DY LN Y--Kr"I T. rr RTFT 99
BOTE V IGmTTIPQDIFN-H TPTLNDSYPYQSEEDR EIVTIIRI 94
BOTA r -TNP E JGDL NIPPIPE A K Q V P V SY YD S-TY LSTDNEKDlNIYLKGIVX L 7B3R I 96
BOTC SIR;1NIONPI TK - - P PRVTSP K SG-:YY D PN Y L STDMD KD P LK E YILII RR1R 97
BOTDO WD TINIPSK--PPRPT SK Y QSYY D P ]Y LS T D --QKIDTI1 L KGWIIXL 7 9 97

100w 110w 120v 130v 140v
ROTB K LinE FT N IA SV T VN K L I SI PGEVE 149
ROTENNNL~0IGIlL L~JEIL~ K AI!IP YILI0~JDN PJDINQIFlH I GDAOAVE IK F SN S I- 143

ROTA YOST D GRNMIL LFT SIIvRGnP FIWIa04TRTIDTELLKV I DTN CI N VI - -- - P DG SY 144
BOTC N SR E I GEE L I[Y RILLTDIP F P R N PINII ; TDVD FN SV DV KTRIQG NN WV 147
BOTD N E RDWI0IK KIL I YILV]VG PFFNM0G S S TfJPIDIDI TRNHTT N IA V EK FIEN G SWK 147
TET K NN VAI0EA.L 2KIN A P YLLJS Y S L L DK 1LD N TNSNV SF N LL EQ JP SG AT 148

150w 160w 170w 190W 190,
BOTB R XKKGmFF lrPG N ~TOG--Q NAR UGTNRI 195
ROTE - - - -LILPINIIIa0[A jL F EITNNSSSN I SLR - - -NNY NP SNjj IGSA I VTI 186
IOTA NOVI IGYIRQF16

ROTC K T GS NOV I IIT G PIRE N I IIID PToST FK LT--IN]FIIGGL 8 9 19
ROTD V T N IWIT P IV L IIFIGOPLPN I L[DY YTAASL T L Q G- - -LQ N PSFE SLI LKX 194
TET T K SANMLT L JIF PG V~NW NMV R G I VLRVD N Y 7GSNQNA 198

200w 210w 220w 230w 240v
ROTB C[PEYVVS V IRNRNV QE RK GA SI F NR R G Y F S[0FWErI LR9E L I RV G KK~- 244
ROTE OP E Y SFRIF NDIN SNM-- ---- EIFII QID PA LIT L R EL IKRS L RIGIT[KG 27
ROTA S P D FT FGI E ES L E VODT N PL L GA GKIFIA TID PA VIT Li L IERA G]RIRL OaI] Am N 238
ROTC S PrRJFMNL TY NIi DVGEG LI L RNEL Ti EA 3 NRL YG I A P 244

TET C T D1 PIL LL L RXV L RG L Y QJ0j- 247
250w 260w 270w 2ROw 290v

ROTR D DL P[MV PN E K K - F-FNMCM T D AmQA E3L Y T 0GGQ P T P ST D K SIYCV 293
ROTE T T K YT ITQKON PL IT N IRGTNI -I E[11 OTP0GIGTIDIL[IIT SAQ SN D I TNllk 276
ROTA PNkR- F KV N T N Af ENMSG LE SySF Z ZLIRIT G0GH DAK F I D SL Q ENE FR L Y Y-Y 297
ROTC ND1QTlII00V T SNIlFlMY N VKlLE Y 2 I VT GG PIpT L IIPK SA R K YFE A El294
ROTD S D KRIIR PQ V E GF SJIOIDDG PNIVQ F Z L Y T IGLiVIE IIIP QI E RSiQ LR[EKIAILI 294
TETOSHEWIP0KQE[~~N~j] HTYPWSA~j T100QL2JA~3JSIIKNDLVIIDERTT.L 296

300w 310w 320w 330w 340w
ROTR Q N F RGIVD TR jN KM L V C I D PN IN- TIlI F1~1KD I90KVExY V 342
ROTE A DIY KIKIA S[KLK VQ - -V SN P L- - -IL NIP K~FE R yIGLD KI SIIY S VRNI 321
ROTA N KIF K D IIAIS KNA KSIV GT T - -A L YV KN V K XYIL S EI 9K S V DIK 335
ROTC DYYRSIAKLNSMTTANPSSFNKYIE IK I ,YRmV VIE SSIGE V R 344
ROTD GONlY K D I AIKIR L NNIVIIN KT I P S SRWI S N IIDKIYVKIIJFIS IKYIN D K DMN T G NjFV]N 344
TET N II ID- syxTIYQXQFDKDSl OQY RN 344

350w 360w 370v 390w 390v
ROTR ISPhK L Y KS NMF G FT Z Ti I A EN K KTRA F[K]D SL PrlK I K L T~L 9 TY 392
ROTE D TYIGQYKY-FKLSLLNDS 369
ROTA K DKLYKMLTElI 384
ROTC E EFYAKIYVNR L SNVYT TA-IL N VO 393
ROTD DKNSIL YIO DILlT NV MIS EIVVY S S QIYN VK]NIRIT ~VFISRYI FAlIDIlYl 393
TET ~g I L;JNY GIFG T R I FEL GK K[ JTIRL1F MNNH D K I PNI L L DD T 394

400w 410w 420w 430? 4'V) 440w
ROTS T-ffE EG N I SDKILME KEinRIT_Q 1K AI IKQYESK-EHiA VY K I QN X~KSV 440
ROTE N I E GY NI N--IN LIKV N FR GQRN RP R I IT PI T G R G --VK(I IR CKXNI 415
ROTA T IIY DG NL R NTIN LIA A NIFINIQRNT E[INNMNNFTK LK N FT G L FEYK LL-ICIV RG 433
ROTC D IIQ NG7 N IP KSIN LIN V LWFM0QR L S IPA LRK VN P ENNML Y F TMIF--CIH K A 440
ROTD T IR D G NL T N K GFNENSQIESGQNIEE RINP A L QK LSSESVEVVD DIF TI XIV .CIL RL 440
TET N- F__KSEKgQNMR T II 442

--)MH CHAIN 9'~) 450w 460w
ROSK-I A PG I -in- -inD VD Y ED L~F K N F L467ROTE V SV K GIR - C--IEINNGELFIVARsyI D 447

ROTA I ITSK T K SLD K GYN KIAL-FT---N R--IKV LF7s3 D 475
ROTC I ------------I 476
ROTD TRKOOSR---------- DD S T-D------C--IKVKNNLPYV K I REl 471
TET I P PTN IR EN L YN RTAISL T DL GGEL C ~- -IKWIKRNEDL T lI A EKN EE 488

470w 480w 490v 500W 510w
ROTS S KN ERMEYY_r S NYNIENUFp -- I L T IYL I SK IE - P SinNT E SLTD 513
ROTE I N T P KE IDDVTSNYN D LDQ-- NINENEA PG -L SD E K NRL TFQ 493
ROTA NK GE EmTOOT N L D[JI QQ YYL FN FD N EPSNINIISIIEINLS SD III 525
ROTC F L R KD N E ETEV IY Y P D NVSV DQ V - --~[K N TOSENHG Q- L - - D L L Y P SIID 520

TET F - - YII II 533
520w 530w 540w 850w 560w

ROTS F WD _ KKI ENTI_ F P LD ITUS SI1LJ5 560
ROTE N T- r---ELNVFFYLDAQVPEGE V L TSEB D 542
ROTA GIQIL E LMIPIN IIE R - -FPN GK KYIE L DIK YTMIFIHYVLIR AI FFE HG K I

AL TNI8V N 573
ROTC OIEl EI[ITPIG -lEINQV F YD N RTQN VD Y L No YY YIoL E S LLSD NIVED LFPTTFj TRIEIIE 569

570w 580w 590w 600w 610w
ROTS D A LL F[KN x v TF SNMD Y IK TA AG G K I AiNAKR iN 610
ROTE ~ALE Q P xIIYT F ISiE F IN NVRKP yAA L V] SI I VLTnD O1 TIEA RQ[J 810 592
ROTA IA JN P SR V YT F ISISID YVK IVRNIA QE A 1L G WV EQ LV D1OTD T 8 W8 623ROTC IELNnA X V YT Y PIT-L A NIKVN0 N DV VE-D OTT-SI L Rr 001 616
ROTD lE YSIN XIIY T F(~PIS-LA EIK VRN GL QGILlLlNANI8lE V V E D OIT NIRKKIoIoT 614
TET N SY svIs D I ID D TNJS 8 Q T T 632

620w 630w 640w 650w 660wl
ROTS A DITADIL I P YI-G~LAL NV RET A IK0YNP EIffF E I A 7flA SILfLEIF I T~L fTr 660
ROTE IDKRI A D I 9 642
ROTA ~D KIlAD IT II IpY I A1LRNIGRNNL YK[]I)7 V GA L I F S 0AV IILE F]IIP 3 AlI 673
ROTC D KI SD V aMAI I P V I G P A L NI NS V RIR GRNlTWAlF A VTl0IV T ILLE[KFlP[FTI 668
ROTD IDXII D VSVI I PY I GP ALRNIGGRNALA LR GIN A FATTA AIV A F7L L P a TIIX 664
TET I D IOD V8 I V PVYI GPALR IVK-Q GY TE N JI A ~L E T T G V VIL XI ..!.1T L 682

gest that either L- and H-chain domains of an individual
neurotoxin have evolved at disproportionate rates or at
various stages toxins have arisen by fusion of distinct H and
L chains.
A full alignment of all presently characterized clostridial

neurotoxins is illustrated in Fig. 4. This analysis demon-
strates that they are composed of highly conserved domains
interceded with tracts of amino acids exhibiting little overall
relatedness, although considerable identity between the
components of a specific pair is apparent in certain of these
regions. The close relationship that exists between these
neurotoxins is further exemplified by their arrangement of
polar and nonpolar amino acids. Thus, analysis by the
method of Kyte and Doolittle (22) demonstrates that all six
neurotoxins possess a highly characteristic hydrophilicity

profile (Fig. 5). From these profiles it is apparent that a
substantial region of hydrophobicity is centrally conserved
in all toxins (Fig. 5). This region has previously been
suggested, in the case of TeTx and BoNT/A (11, 44), to play
some role in the channel-forming properties of toxin H
chain.
Within the L-chain region (average size, 442 amino acids),

68 amino acids are totally conserved, including a Cys amino
acid in the carboxy termini. The Cys residues at this position
represent one of only two positions where this particular
amino acid is absolutely conserved, the second occurring in
the amino termini of the H chains. These two Cys residues
are therefore undoubtedly involved in the formation of the
disulfide bridge linking the two dichain components of all six
neurotoxins. Eleven of the conserved amino acids of the
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675, 680V 690v 700v
BOTB VW A _TL ES-9Y T- - - D N NKII T I D FN Ym G A707
BOTE IPITII IViTKSFNK EK IS NWM1kT 692
BOTA IPIVILG1T FIAILIVIS Y II-- AIN KIVLTVNJTIDNAAIL S KR NEK W D E V Y K YyTNWTA 720
BOTC IP A L GIA FVVIYlS KIVI-- -QE RINRE IIKTIDNDlLIEQLRIERWIKRIW0lDSlY EI GGTLR 715
BOTD P AL G V FTY S SI - -- lE RIE KI I K T IE N CILIE R K R W KIDISIYIQ SowL R 711
TET~~~~~~~~~~~~~~~~_JEKIA729

710? 720v 730v 740, 750,
NOTN rvT TIyT[TK EAfGTKA [rY Y A LTE EfTK Y R N I T E K T S 1- -- NI 7MF 7 755
BOTE I N T QF K KKE N AIL QINQ A TiI S~YN S YTIL E EK NIE LlT N KYIDIfJ 742
BOTA V N T QIDLrnR K ~NxSAIL ElNIEA[FXlALI INIY Q YIN QIY TIE E IEK NINII- -N FIN I DD 768
EO0TC N 0QPN L N Y QAM AIEA I DLIE YIK KIY SG SID EIENIIK S- -IQV E N 763
BOTD IIWIT Q NIHWNI N Y JOLr LlQA DA IKlA ~I DILlE YIK KIY SG DKXEIN IlK S- -IQV E N 759
TET V-T. 2K R SY !S SLL:E::Y DAIXK y KIYSGPD II 777

760, 770, 780v 790v 800,r
NOTE RS K T rGJ N Q N NGfSCWL MMRK LLA K TL DP DRNTL fK]R 805
BOTE I E E LNQ V SIIA X IDWLlTE SI SYL M KL WWEV K IN KL R E Y DERNV TY 792
BOTA L SSK LNE S] IN K ANrPN IN KFLNIQ CBVSYLLMNsN S YGIVl RlL E DFD A SLKID A 818
BIOTC ILlKMflSLDlVIIEIAAXNRNIN1K FIlRIE CS8V T YLFX NINPK VIOEILlN E DlR N TlIA K 813
BODLKN S LDKJS E IA NNN IN KPI R IE CN8VT YL F [KJNN LJK V _QJILlFj D~L R T K~T E 809

TET K L_TL IFMR SFLEAKKQL [I I 827
810? 820v 830v 840? 850?

NOTE D N LY - TG1S A YES 7VT1(LKTI Y T N T L OFI 854
BOEL L N Y I I IQIR05-WII~~JLJTJS~I2f L N N S DE!L S Y T D D L[ ~ 4

BOTA L L IYDNRG GQ6 D RLKDI[tv TL ST DIIPPQLJSK YJD NQ L ST F 867
BOTC LI I - DIORHN I [LV GE V DKLKAI NNSIF QN TWIP FN IfFv S YTRNNS[L[K0I I[ 862
BOTD IL INWI- D SHN IILV GE V RLjKAI V N EOF E N T MP P NIF SY TRNN S4D IIIJN 858
TET K WJYJKN SKFIGIEL LE N KF S T PIP FJS Y ISIKNWLDf- -CW N.JE E 875

K
860, 870, 880? 890, 900,

NOTENmS E L N I R YK901
NOE~FFK R IIK NI II 890

BOTA E Y I K N N TS I L N R Y E S NI N 8 FMY AS K Il N I G 5 K[ jQ I Q LI 916
BOTC IEYIF N N IINID SIK ILMSIQ NR K N TIL V DITIG Y AElVIS E E GD V QLN P-I P FDTnK LI 911
NOTOE Y F N S NOOK I L SL ON K K N A L V D TN 0 Y NA EIVIR V G D N V Q LR-IVTDKL 90

TET [DVDVILKKST IL NL D INN[DIIOINGFNS SVMI T Y P KQ LJVMGINGKAIHL 1925
910? 920? 930? 940?

NOTE T S II RNI RNMRMV YK I IF IRR 949
NOTE Y N - - 7KLSEVINIIlQlDfQIYDN[YIYDNKYKINYlK8P W PVRIPN Y D NK IV NV--NWN E 936
BOTA FRN-- E SSI EVIL ~NIpIYISlINNr8 RPKY F N SI SL - - -N 961
BOTC G SS GEDRK VI QEWI VY NSNMYE FSNW IR INK -W V SNLFP-0-- 955
BOTD S S SGIDl-- I IIVNL[NjNN ILYFS AIlYIENNVVN0PW I KIXSKD L TRNSH- F 949
TET V N- - NE S IYO1IH!JRK AR DJE1 TVDN NWTV8RWLNP K V SA SHLE Q YGTINEl 973

950? 960? 970, 980v 990,
NOTE [LIQ-f-N C NFN ----- 8G WKI SI R G F_RI I WTLLI[-IGKTKTKS SV~FrnErNRI RE D 994
NOTE lYT IIN CINRD NIN- -- - 8G WKV SL NHN~EITQD NAGANGIANQKLPAIFNIYIG NARNG 982
BOTA Y T I IN C!AN NN--I -- SG0W KV SL N YG EIIWTLQWJTLQE~ITQREIVK1RVI PKIYIS QRMI N 1006
BOTC IYT 110D0 V~N NI----- 8 QW MSIFnI I Sr7FL V F TLK NRE DS E QOSIIIN PIIYID IlOONN 1000
BOTD -j-N- NG W KLWICIRRNGRINVnLI7QIMD1VNRRK Y K SL IIIPDYS E SL S 994
TET y s I I r Ks S L SI Gs9G EV SLKGFMN L WT L KD SAGE V RQ0I TFR=D LFPDK 1022

1000? 1010? 1020? 1030? 1040?
NOTE I SE FW~- i-WFT1FFV TI TN - Ni KEAKXI YI N K -rE SRNT DrnK W-IR E V IIARNG ErTnI 1042
NOTE I S DIVI- NK N IP V T I T N DR L G DOIXL Y I N GR L I D Q K S IIL NL G RIOH V 000N L F 1031
BOTA I SDIYW-I N R WIIFV TIXT N NRWNNSKYNGRXIYIINDQRKLIIIQS PINIGRIGINIHAANRNINI MFI 1055
BOTC A PGIY- -NKWF V TV T NRNM GRNMI Y IN GKILII D TI KIVIKIE LIT G IINRF SEKTIITIF 1046
BOTD N T G lYIT - N K W F P V T I T N N I N G YMN L Y I N G K ILl K Q 5 Q K I E DILID EIV K L D K T IIVWF 1043
TET F I TI T N DR F1S SARWLVIYlN GV[L M G SA EWITG1L GAWI R E DRRWITL 1072

1050? 1060? 1070? 1060?

NOTE lKI N ---------CS YT- RlYfRYlPlRlI PlD E ET EI T YSRNEPRNTRNI L 1072
BOTA K L1G --------CR DT HR[J IK KYIPINILPFIDI E LRN EKIE I DILYIDRNQSRNS GIIL 1097
BOTC KI NlKI P DT GL ITSDSDRISD NIRWIRD FY I P A KE L D KID IR I IL FIR S LOQY TRNV VI 1098
BOTD G I DIERNI D-------- ERNOQMWI RD P NIRIP SIKEL ~E D IRNIIVVYIE GQI L RR[VI 1080
TOT I..~R--------CNNNNQ K7RIF 1114

1090? 1100? 1110? 1120?r 1130?

NOTE D F WGN yLlLVYD KE YVYLINVL KPRRNFN R R KDOST- - -LO I NN I R T IL --- 1116
BOTA D F WG0DY L QVYD KF!VYYVMLNL YDPN K YVDVRRNVG IR G MYRL KG PRG SVRMT T- 1146
BOTC EDY W GN DILIRRYNK EVYYMIV NI]- -- - DIYLNIR-------IMYIN- - -AR[~ROQI VFRN 1134
BOTD XD Y WGN PILIK FD EYEY I I Nrl- - - -RNYID R ------- IYA-- - PEINIRVL V LV 1121
TOT IR DFW0GN PWLRIYDITIE YYVLW_JA SS SKD-5V 9 LKRN- - IT D MNY L TRNA PJY TRNG KL 1162

1140, 1150? 1160, 1170? 11800?
NOTE K Y IRNYR D[YI[SE KF ElRRKS NOSQSIR[ND I VR KE DYIYr!L D- F FRNLFNJQE 0W R V~ 1180
NOTE - --KVKI VNNS 1111NNLXND I N F V A SKTRLILFPIL 1162
BOTA NRI YLRNOOI L YRlG TlEFI I K KYA -S GRN- Kl NIlV RRRNlDlRlV Y IRN-V V VK M~KEIYIRILI 1193
BOTC T R RRRRND E RG F 1181
BOTD Q Y P DROSKFLYIT G NI IKSRDRP-YRI[kRLDlliLlHR-ML YRNSR K YMIl 1168
TOT R IY Y- R R!RYJNL!JLF fljjJYT PNRNE I- FF VKJSGG2DFWKJY - V SYRNJRNE R IIV] 1209

1190, 1200? 1210? 1220?
NOTE -- - YT Y KYF K K E .----7FE K TFLAPmOSDOSDE FY NT IQ I KEY DEQP--TY S 1220
NOTE -YADT A TT - -RNK----- E K T II- - - K IIIOGRNR FRN0V VVMNRS-----V GRR 1196
BOTA - ATNAOSQ A- -GV -----IEIK IILI A L E IIPD V GRN-LO QVV VNMK SKRNDQ G ITRNK 1234
BOTC - FMKRNE TNMY A DRN--RHOT TEID-IIY A IGILIREQ T KD I NDRNI I FQ IQ PMRNNT Y YY 1227
BOTD - IRD T DTIY A TOQGG E COOQINCIVIYA L KWLQONLGRNY G IG I- FOI KRNIV SKRNK Y 1216
TOT GYP KD GRNA FRRNL ----- .DPR RIWIRV GYRWA PG IP LYK KNME AV KL RDLK--T YS 1252

1230? 1240? 1250? 1260?
NBOTE MQLL K KD EEs T[EKITG LIGIRFEGVFEKY CIMK Ifi-1-LK 1265
NOE IITNN- -KIRNlGINNIRIGL LGF KA ------------ DTV V AI TIWVY-V-YT 1227

NBOTA W K MNN - - Q DIN NGINDDWGIFIGFRHQFNNR-------- IA KL V A[ NRWVYI-R----NR 1269
BOTC KOQ I KmKOF N E[NI IG~I COI GTY -----------R FR LG G DIW YRRRNY L VP 1266
NBOTDO' 1OIW-OOsF NEITMWL A DIY KPRW----------- R F SF KRNA ----1247
TOT V QLEK Y--- KALGLVGT NGQIGNDPNRDILIA SN------FRN 1292

1270? 1280? 1290?
NOTE E KR K PYRNL K- --LF0LFWOITT K T 1291
NOTE HR ~~DRHT NOS----- NGCFWNPIEE GW Q EK 1252
BOTA Q ILE~ NOS SERT-----L GCJOWIEIPIp VLDTDWGER PL 1296
BOTC T TSTHWG PVEF 1291
BOTD PIVL ITRNY E T KLLSTSSSFFWWKKP I RFDL IGWIVIE 1276
TOT H[~ D KI -------LGCjD jTD GWITOD 1315

FIG. 4. Comparative alignment of clostridial neurotoxins. The illustrated alignment was essentially derived by using computer program
CLUSTAL (18) and has been gapped to maximize similarity. Regions highly conserved among all six neurotoxins have been boxed and
include areas in which conservative replacements have occurred, in addition to sequence identity. Amino acids absolutely conserved in five
of six toxins are in boldface type. Numbering above the alignment corresponds to that of BoNT/B. Differences from the partial amino acid
sequence of BoNT/B of strain B/657 (Met-30 and Arg-464) are circled and indicated above the strain B/Danish BoNT/B sequence. The Cys
amino acids presumed to be involved in the formation of the disulfide bridge between the neurotoxin L and H chains are marked by downward
facing open arrows.

neurotoxin L chains reside in a region (positions 223 to 241 has been used to effect amino acid substitutions at all three
of BoNT/B) which encompasses a histidine-rich motif. The His positions did not affect the toxicity of a BoNT/A sub-
three conserved His residues of this region, on the basis of unit in an Aplysia californica buccal ganglian model system
their conservation in BoNT/A, BoNT/E, and TeTx, have (2).
previously been suggested to play some role in the presumed A total of 110 amino acids are absolutely conserved within
catalytic activity of the L chain (4). Their conservation in all the H-chain region (average size, 845 amino acids). Most
six neurotoxins does not detract from this hypothesis. Pre- notable is the high degree of conservation of Trp amino
liminary work, however, in which site-directed mutagenesis acids. Of the 13 Trp residues which occur in the BoNT/B H
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TABLE 1. Nucleotide sequence homology between characterized
bot structural genes'

% Identity among H-chain- and among L-chain-encoding regionsb
Gene

botA botB botC botD botE TET

botA 58.6 52.8 55.2 62.7 54.0
botB 50.1 54.1 55.3 58.4 56.3
botC 49.8 52.5 70.0 53.0 48.5
botD 50.8 52.1 61.5 52.5 53.8
botE 51.6 51.2 51.2 52.3 53.3
TET 49.3 65.2 51.1 53.5 49.8

a A, B, C, D, and E refer to the respective gene; TET represents the TeTx
gene.

" Identities between H-chain-encoding and between L-chain-encoding re-
gions are given above and below the diagonal, respectively.

chain, 9 are absolutely conserved in all toxins. In the
majority of the four other positions, where a difference does
exist in a particular toxin in six of nine cases, the substitution
of a chemically similar amino acid has occurred. The only
Trp that occurs in the BoNT/B L chain is conserved in all
neurotoxins. The functional significance of the apparent
evolutionary pressure for maintaining this relatively rare
amino acid, or chemically similar residues, at these positions
in BoNT and TeTx remains unknown. However, previous
studies in which BoNT Trp residues have been selectively
modified by chemical means has established a potential role
in both toxicity and immunogenicity (8). Indeed, in one
study it was reported that the modification of a single Trp
resulted in nearly complete detoxification (Shibaeva et al.,
1981, cited in reference 8). The selective disruption of
conserved Trp amino acids in BoNT by site-directed muta-

TABLE 2. Degree of homology between the respective L- and
H-chain components of characterized clostridial neurotoxinsa

% Identity among H chains and among L chainsb
Neurotoxin

A B C D E TET

A 48 34 35 46 35
B 31 39 40 44 36
C 32 32 56 36 32
D 35 35 47 37 36
E 33 33 32 33 35
TET 30 50 34 34.5 40

a A, B, C, D, and E refer to the respective BoNT; TET represents TeTx.
b Identities between H chains and between L chains are given above and

below the diagonal, respectively.

genesis should clarify which residue(s), if any, is important
in toxicity and antigenicity.
The most striking area of sequence divergence between

toxins occurs in carboxy-terminal areas of their H chains
from, in the case of BoNT/B, around residue 1100 onwards.
Given that this part of the toxin plays a major role in cell
binding and that different toxins bind to distinct cell acceptor
molecules, the finding that none of the toxins are alike in this
region is perhaps not surprising. In view of the preceding
region of divergence, the conservation of a sequence motif
conforming to the consensus W-X-F-I/V-P/S-X-D/E-X-G-W-
X-E/N (BoNT/B positions 1280 through 1291) at the extreme
carboxy terminus is particularly intriguing.
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