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The seven serologically different botulinum neuro- 
toxins are highly potent protein toxins that inhibit 
neurotransmitter release from peripheral cholinergic 
synapses. The activated toxins consist of the toxifying 
A-subunits (Mr = 50,000) linked by a disulfide bond to 
the receptor-binding BC-subunits (Mr = 100,000). We 
have established the complete sequence of botulinum 
neurotoxin type A (BoNT/A; 1,296 amino acid resi- 
dues, M, = 149,425) and a partial sequence of botuli- 
num neurotoxin type E (273 amino acid residues) as 
deduced from the corresponding nucleotide sequences 
of the chromosomally located structural genes. The 
promoter of the BoNT/A gene is inactive in Escherichia 
coli. Primer extension experiments indicated that ini- 
tiation of transcription of the BoNT/A gene occurred 
118 nucleotides upstream from the ATG codon. A com- 
parison of the protein sequence revealed an overall 
identity of 33.6% to that of tetanus toxin. No signifi- 
cant similarity to other known proteins including 
ADP-ribosylating toxins could be detected. Three of 
the six histidine residues of the A-subunit of BoNT/A 
were found in the peptide sequence H223ELIHXXH230 
within a domain of predicted a-helical secondary struc- 
ture. This motif is also found in similar positions of the 
A-subunits of tetanus toxin and BoNT/E. 

The Gram-positive spore-forming bacterium Clostridium 
botulinurn produces several highly toxic types of botulinum 
neurotoxins (BoNTs)’ designated A, B, Cl, Dl, E, F, and G. 
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Today, the number of fatal cases of botulism is fortunately 
small due to improved hygienic precautions during production 
of food. In the past, however, predominantly BoNT/A and 
BoNT/E, the latter mostly found in decayed seafood, were 
identified as the agents causing life-threatening food poison- 
ing of man (for a review, see Tacket and Rogawski, 1989). 
BoNTs resemble, in regard to biosynthesis and molecular 
architecture, tetanus toxin, whose sequence has already been 
determined (Eisel et al., 1986; Fairweather and Lyness, 1986). 
The toxins are produced as single-chain polypeptides (M, = 
150,000) which are, with the exception of BoNT/E, proteo- 
lytically processed into two subunits upon release from the 
organism. The two subunits, designated A- and BC-fragments 
(corresponding to the light and heavy chains), remain cova- 
lently associated by a disulfide bond. Toxification by tetanus 
toxin and BoNTs is initiated by binding of the toxin molecules 
to specific ganglioside receptors, followed by receptor-me- 
diated endocytosis (Black and Dolly, 1986a, 1986b). In con- 
trast to tetanus toxin, which acts preferentially after retro- 
grade axonal transport by blocking the release of inhibitory 
neurotransmitters from central synapses, BoNTs evoke their 
toxic effects in the periphery by poisoning cholinergic syn- 
apses (Simpson, 1989). Recent studies based on the adminis- 
tration of isolated A-fragments from tetanus toxin or from 
BoNT/A to permeabilized bovine chromaffin cells have shown 
that the A-fragments alone are sufficient to inhibit exocytosis 
(Ahnert-Hilger et al., 1989; Bittner et al., 1989). The molecular 
mechanisms, however, that underlie toxification of central or 
peripheral synapses through clostridial neurotoxins still re- 
main completely unclear. The characterization of BoNT genes 
and the combined in vitro transcription/translations of 
subfragments thereof could provide useful tools for identifying 
cellular components involved in late stages of transmitter 
release. Furthermore, the application of specific DNA probes 
could be of advantage in the quality control of food produc- 
tion. Finally, the genetic development of nontoxic derivatives 
should allow the production of safer vaccines. 

In this study, we present for the first time a complete 
sequence of a botulinurn neurotoxin, BoNT/A, as well as part 
of the sequence of BoNT/E. We compare these sequences 
with those of tetanus toxin and partial amino acid sequences 
of other botulinurn toxins. We show that a predicted a-helical 
domain within the A-subunit containing 3 histidine residues 
is conserved in tetanus toxin and BoNT/A and BoNT/E. In 
addition, we have mapped the transcription start site of the 
BoNT/A gene. Our data suggest that BoNT/A is translated 
from monocistronic mRNA. 

MATERIALS AND METHODS 

Biosafety Regulations-Personnel involved in the isolation and 
cloning of DNA from C. botulinum were immunized with a pentameric 
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9154 Botulinurn Neurotoxin Type A 
vaccine consisting of formaldehyde-treated BoNT/A through BoNT/ 
E. Only DNA fragments smaller than 2.0 kb (1.0 kb for BoNT/E- 
specific DNA) were cloned under L3Bl containment followine the 

Dr. G. Sakaguchi (Osaka Prefecture University, Osaka, Japan). The 
production of polyclonal antibodies has been described previously 
(Kozaki and Sakaguchi, 1975). Toxicity assays were performed in 
mice according to Boroff and Fleck (1966). protocols of Maniatis et al. (1982). Toxicity assays were performid in 

mice using 200 hl of a bacterial lysate obtained from 3 x lo6 bacteria 
(Boroff and Fleck, 1966). None of the recombinant bacterial clones 
exhibited toxicity. Recombinant DNA was isolated from JM83 and 
sequenced directly using the chain termination method (Sanger et al., 
1977). 

Bacterial DNA and Plasm&-For the isolation of chromosomal 
DNA from C. botulinurn (subtype A, strain 62A), overnight precul- 
tures were prepared in 10 ml of brain-heart infusion broth and used 
to inoculate a 190-ml culture. The culture was incubated at 37 “C for 
about 8 h to OD5s0 “,,, = 0.3. C. botulinurn type E (strain Beluga) was 
grown for 24 h in 500 ml of broth containing 2% (w/v) proteose 
peptone, 0.5% (w/v) glucose, and 0.1% (w/v) cysteine. The cells were 
centrifuged at 4 “C and 5,000 X g for 15 min and resuspended in 8 ml 
of TE buffer (10 mM Tris/HCl, 25 mM EDTA, pH 8.0) containing 2 
mg/ml lysozyme. The suspension was incubated for 1 h at 37 “C. At 
this time, the EDTA concentration was raised to 100 mM, and 
Sarkosyl (1% final concentration) and proteinase K (0.1 mg/ml final 
concentration) were added. The mixture was extracted twice with 
phenol and once more with chloroform prior to dialysis against three 
changes of 1,000 ml of TE buffer. The mixture was treated for 2 h at 
37 “C with RNase A (0.1 mg/ml final concentration), extracted with 
phenol:chloroform (l:l), and precipitated with ethanol. Plasmids 
pSP65 and pSP64 (Krieg and Melton, 1984) were used to establish 
BoNT/A-specific DNA libraries and for in vitro transcription. Esch- 
erichia coli strain HBlOl was used for the amplification of plasmid 
DNA. BoNT/E-specific libraries were constructed in pUC19 (Yan- 
isch-Perron et al., 1985) using E. coli strain DH5a. 

Enzymes and Nucleotides-Restriction endonucleases, T4 DNA 
ligase, and T4 polynucleotide kinase were from Boehringer Mann- 
heim. Nucleotides and T7 polymerase were from P-L Biochemicals. 
Exonuclease III, Sl nuclease, and Klenow polymerase were purchased 
from Promega Biotec. A nick translation system and radiolabeled la- 
32P]dCTP (>3000 Ci/mmol), [Y-~*P]ATP (>3000 Ci/mmol), and “S- 
dCTP (>800 Ci/mmol) were obtained from Amersham Corn. 

Hybridization Conditions-Oligonucleotides were synthksized by 
the phosphoramidite method using an Applied Biosystems Moddl 
380A automated synthesizer. To identify BoNT/A-snecific seauences. 
a single oligonucleotide (5’-AAACAAT?‘TAAT’TA?AAAGATCC-3’j 
was used. This sequence corresponds to Lys5 to Pro” of a partial 
amino acid sequence published previously (Schmidt et al., 1984). 
BoNT/E-specific DNA was screened with a mixture of 29-mer oli- 
gonucleotides (5’-TTTAA(C/T)TATAA(C/T)GATCCTGTTAA- 
TGA(C/T)CG-3’) whose seauences corresponded to Phe’ to A# 
from the partial.amino acid sequence reported by Schmidt et al. 
(1985). GeneScreen Plus filters (Du Pont-New England Nuclear) 
were prehybridized in 6 X SSC, 10 X Denhardt’s solution, and 100 pig 
of sheared denatured herring sperm DNA/ml at 43 “C. Hybridizations 
were performed with lo7 cpm of the oligonucleotide probe for 24 h at 
43 “C. The filters containing BoNT/A-specific DNA fragments were 
washed twice for 10 min at 43 “C in’6 X SSC, 0.1% SDS-Washing of 
BoNT/E DNA-containine filters was nerformed at 45 “C in 2 x SSC. 
1% Sl&, 0.1% sodium pyiophosphate:Filters were exposed overnight 
to Fuji RX films. Southern analyses involving nick-translated probes 
were performed as described (Maniatis et al., 1982). 

Combined in Vitro Transcription/Translation of BoNT/A-specific 
DNA Fragments-Plasmid pKN25, harboring the 1.5-kb SspI frag- 
ment of the BoNT/A rrene, was nurified bv two successive centrifu- 
gation steps on C&l g&die&s or-by a singG passage over a QIAGEN 
column (Diagen. Diisseldorf, Federal Renublic of Germanv). The 
DNA was linearized downstream from the-coding region by digestion 
with XbaI. Transcriptions and translations in a reticulocyte lysate 
(Amersham Corp.) were performed as described (Mayer et al., 1988), 
using [?S]methionine (Du Pont-New England Nuclear; 1 mCi/ml 
final concentration) as radiolabeled amino acid. Translation products 
were analyzed by SDS-PAGE on 12% gels. 

Mapping Initiation Site for Transcription-Total RNA was isolated 
from C. botulinurn as described (Ausubel et al., 1987). For primer 
extension experiments, a heptadecamer oligonucleotide whose se- 
quence was complementary to nucleotides -10 to +7 (Fig. 2) was 5’- 
labeled with [Y-~*P]ATP and applied in the primer extension reaction 
as described (Bensi et al., 1986) and in the sequencing reaction using 
pKN13 DNA as a template. 

Antibodies-Polyclonal and monoclonal antibodies against form- 
aldehyde-treated BoNT/A were kindly provided by Dr. S. Kozaki and 

Modification of BoNTIA with DEPC-Carboxsethvlation reactions 
of purified BoNT/A (2.6 nmol) were performed with a lOOO-fold 
molar excess of DEPC (ethoxvformic anhvdride: Siema) in 1 ml of 
100 mM sodium phosphate, bH 6.0, esientialiy a’s described by 
DasGupta and Rasmussen (1984). The absorption at 240 nm was 
monitored using the same amount of toxin in buffer as a blank. DEPC 
was added from a stock solution in ethanol. The blank was treated 
with ethanol only. For calculation of the concentration of N-carbox- 
yhistidine, an extinction coefficient of 3200 M-‘.cm-’ was used. 
Reversal of the DEPC modification was attempted with DEPC toxoid 
obtained after a l-h treatment. The procedure for incubation with 
NHzOH.HCl was as described previously (DasGupta and Rasmussen, 
1984). In our hands, however, this treatment failed to restore toxicity. 

RESULTS AND DISCUSSION 

Previous studies on the structural gene of tetanus toxin 
revealed the strong bias of clostridia toward (A + T)-rich 
codons (Eisel et al., 1986). For this reason, we used oligonu- 
cleotide probes reflecting this specific codon usage. The 
BoNT/A probe specifically recognized chromosomal DNA 
fragments of 3.7, 1.40, 1.50, and 0.45 kb as obtained by 
digestion with endonucleases EcoRI, EcoRI/PuuII, SspI, and 
HndIII, respectively (Fig. IA). DNA migrating in the region 
of the 1.50-kb SspI band was electroeluted from the agarose 
gel and cloned under L3 biosafety conditions into the SmaI 
site of pSP65. pKN2 and pKN25 contained the desired frag- 
ment in opposite orientations. Direct sequencing of pKN2 
and pKN25 and exonuclease III-truncated variants of both 
clones revealed that the inserted 1498-base pair SspI fragment 
encoded the entire A-subunit of BoNT/A. Antisense RNA 
was transcribed from pKN2 and used to screen additional 
DNA libraries. The entire sequence of the BoNT/A gene was 
established from five overlapping clones (see Fig. 1B) and 
deleted variants thereof. To further verity the identity of the 
cloned SspI fragment, we performed combined in uitro tran- 
scription/translations using purified pKN25 DNA. For this 
purpose, no modifications of pKN25 were required since se- 
quencing of the inserted SspI fragment had revealed that the 
authentic ATG codon for initiation of translation of BoNT/ 
A was indeed the first ATG codon 59 nucleotides downstream 
from the SP6 promoter. The products obtained in the reticu- 
locyte lysate were analyzed by SDS-PAGE (Fig. 1C). The 
majority of the radiolabel was incorporated into a molecular 
species of about 56 kDa (lane 1), as would be expected from 
the coding capacity of the SspI fragment. The polypeptide 
was specifically precipitated by an A-subunit-specific mono- 
clonal antibody (lanes 3 and 4) and by a polyclonal rabbit 
serum raised against complete BoNT/A toxoid (&e 5). 

The 5’-radiolabeled BoNT/E-specific oligonucleotide hy- 
bridized to a single 984-base pair EcoRI fragment from chro- 
mosomal type E-specific DNA (data not shown). The local- 
ization of this fragment within the BoNT/E gene is shown in 
Fig. 1B. The fragment was cloned into pUC19 and sequenced 
(Fig. 2B). 

Fig. 2A shows a continuous stretch of 4,836 nucleotides 
derived from chromosomal DNA of C. botulinurn type A 
containing a single open reading frame of 3,888 nucleotides. 
The corresponding protein (1,296 amino acid residues) has a 
molecular mass of 149,425 Da. The A + T content in the 5’- 
noncoding regions of the BoNT/A and BoNT/E genes is 80.4 
and 80.3%, respectively, and thus higher than in the corre- 
sponding coding regions where a total of 73.6 and 72.1% A + 
T is found. The codon usage of the BoNT/A gene was closely 
related to that of the tetanus toxin gene. A total of 63.4% 
(63.1% in tetanus toxin) A + T was found at position 1,70.7% 
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FIG. 1. Identification and organization of structural gene 
encoding BoNT/A and BoNT/E. A, Southern analyses of chro- 
mosomal DNA from C. botulinurn type A after digestion with EcoRI 
(lane R), SspI (lane C), EcoRI/PuuII (lane D), Hind111 (lane E), or 
XbaI (lane F). Lanes A and G show XDNA cleaved with Hind111 and 
EcoRI/HindIII, respectively. Lanes A’-G’ show the results after 
hybridization with the s/-labeled oligonucleotide. B, the coding region 
for BoNT/A containing the A-, B-, and C-subfragments is indicated 
by the open boxes. Horizontal bars and designations indicate individual 
clones used for sequencing. B, BglII; E, EcoRI; Hc, HincII; Hi, 
HindIII; S, SspI; P, PuuII. The localization of the 984-base pair 
EcoRI fragment from BoNT/E is included at the bottom. C, in vitro 
transcription/translation of pKN25. The 1.5-kb SspI insert of pKN25 
encodes a polypeptide of 56,364 Da that contains the entire A-subunit. 
5’-Capped mRNA was obtained with SP6 RNA polymerase and 
translated in the presence of [RsS]methionine in a reticulocyte lysate. 
Products were analyzed by SDS-PAGE on a 12% gel (lane I) or 
subjected to immunoprecipitation using preimmune serum (lane 2), 
monoclonal antibody E-2 at 10 pg of purified IgG/ml (lane 3) or at a 
700 &ml final concentration (lane 4), or a polyclonal rabbit serum 
(lane 5). 

FIG. 2. Nucleotide and amino acid sequences of BoNT/A 
gene (A) and of BoNT/E-specific EcoRI fragment (B). The 
arrouhead marks the initiation site for transcription. The -10 region 
of the toxin promoter is underlined. Shine-Dalgarno sequences are 
boxed. Diuergent arrow in the 3’.noncoding region of the BoNT/A 
gene indicate motifs with dyad symmetry. Numbers define the melting 
energy in kilocalories as calculated according to Tinoco et al. (1973). 
Encoded amino acids are in single-letter code. 
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FIG. 2-continued 

(69.4%) at position 2, and 86.7% (83.7%) at position 3. 
We have reported previously that the promoter controlling 

the tetanus toxin gene is located on plasmid pE88 immediately 
upstream from the coding region (Eisel et al., 1986). Tran- 
scription was shown to start 127 nucleotides upstream from 
the ATG codon for translation (Niemann et al., 1988). To 
determine whether the chromosomally located BoNT/A gene 
was part of an operon or whether it was transcribed into a 
monocistronic mRNA, we mapped the transcription start site 
by primer extension experiments using clostridial mRNA as 
a template. The results presented in Fig. 3A demonstrate that 
transcription begins 118 nucleotides upstream from the ATG 
start codon. Fig. 3B shows an alignment of the putative 
promoter regions of the BoNT/A and tetanus toxin promoters 
in comparison to a consensus sequence compiled from 29 
different promoters from Gram-positive bacteria (Graves and 
Rabinowitz, 1986) and the lac promoter. In general, a precise 
allocation of the -35 and -10 regions is difficult within DNA 
sequences containing about 80% A + T. Therefore, the as- 
signment of these regions in Fig. 3B is tentative only. The 

A ACGT 

B 
bot a -35 -10 -5 +1 

. . I 
ATTTCCAATTCTTTAA CCCTAT CTTATAACGCTAAATATA TATGTT TATCTATGAAA 

t*** ** 

tet -35 -10 -5 +1 
. . Ill 

TAAAAATTTAAATTT TCAGTT TACAAAAAATAACCTGAT TATGTT ATATCTAATTG 
**. .ff -- ---- 

Gram' -35 -10 -5 +1 
. 

Ta-AlAA--- TTCACA ---a--A---a-T-TC- TATAAT AMAt--!- 

1aC -35 -10 -5 Cl 
. I 

GGCACCCCAGGC TTTACA CTTTATGCTTCCGGCTCG TATGTT GTCTGGAA 

FIG. 3. Characterization of promoter of BoNT/A gene. A, 
mapping of transcription start site. mRNA was isolated from C. 
botulinurn type A. The oligonucleotide 5’-ATGGCATATTTAA- 
CACC-3’ complementary to nucleotides -10 to +7 of the BoNT/A 
gene was 5’-radiolabeled and used in a primer extension experiment 
using reverse transcriptase and for direct sequencing with T7 DNA 
polymerase. The products of both reactions were analyzed on the 
same gel. For the detection of the reverse transcribed product (lane 
P), however, the gel was exposed 3-fold longer (3 days). B, comparison 
of promoter regions. The putative -35 and -10 regions are listed for 
the BoNT/A (bot a) and tetanus toxin (tet) genes and compared with 
a consensus promoter sequence established from 29 different pro- 
moter sequences from Gram-positive bacteria (Graves and Rabino- 
witz, 1986) and the lac promoter. Vertical arrows indicate initiation 
sites for transcription. The promoter of the tetanus toxin gene has 
been characterized previously (Niemann et al., 1988). For further 
details. see the text. 

numeric -35 regions of the toxin promoters show almost no 
similarity to the Gram-positive consensus promoter. More 
closely related -35 motifs are indicated by the asterisks. These 
regions, however, would be separated from the corresponding 
Pribnow boxes by 22 and 21 nucleotides, a distance only 
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BONT/P) 2 P*“NK*FNYKDP”NC”DIAYIKIPNAGQB 
TETb 1 2 PITINNFRYSDPVNNDTIINNE~~YCKGL 
BoNT/B= 1 PYTINNFNYNDPID”NNIINNKF’F’F~RGT 
BoWTIC ’ ITINNFNYSDPVDNKNILY 
BoNTIE~’ 2 P KINSFNYNDPVNDRTILYIKPGGCQEF 
B”TYR* )  P TINSFNYNDPVNNRTILYIKPGGXQPF 

BONT,li 31 Q P”K.4FKINNKI”“IPERDTFTNPEEGDL 
TIT 11 DIYYKIFKITDRIYIVPERYEFGTKPE DF 
BoNTlB GRYYKIFKITDRIYI 
BaNT,E JO YKSFNI”KNI”IIPERN”ICTTPQ DF 
BUTYR YKSFNIIKNINIIPERNYIG 

BoNT/A 60 NPPPERKQVPYSYYDSTY‘STDlERDNYbK 
TET 60 NPPSSLIEGASEYYDPHYLRTDSDKDRFLQ 
BoNTlE 56 HPPTSLRNCDSSYYDPNYLQ~DKKKDKF~K 

BoNTlI 90 G”TKLFERIYSTDLGR”LLTSiVRCIPFYG 
TET 90 T”“KLFNRIKNN”AGEALLDRIIWAIPYLG 
BoNT,E 86 I”TKIFNRINNNLSGGILLEKL.9KANFyLG 

BoNTll 120 G S TIDTELKVIDTNCINVIQPDGSY 
TET 120 NSYSLLDKFDTNSNSVSFNLLEQDF’SGATT 
BoNT,E 116 N D N TPDNQFNICDASAVEIKFSNGSQ 

BoNT,A 145 R S E E L NL”IIGPSADIIQPECKSFG”K”L 
TET 150 KSA,,LTNLIIFGPGP”LNKNEYRGIYtRVD 
BoNT,B 142 0 *~LPN~**NCA~~~~~~TNSSNIS~~NN 

BoNTlR 114 N L T RNGYGSTQYIRFSPDFTFGFEES 
TET 180 NKNYFPCRDCFCSI”Q”RFCPEYVPTFDnY 
BoNT,E 111 Y N P S N H R FCSIAIYTFSPEYSFRFNDN 

BoNT/A 200 LE”DTNPLLGAGKFATDPA”TLA”ELI”AG 
TET 210 IENITSLTIGKSKYFQDPALLLN”ELI”“L 
00NTlE 198 SHNEFIQDPALTLMHELInSL 

BoNT/A 230 HRLYGIAINPNRVFKVNTNAYYKKSG~KVS 
TET 240 NCLYGNQV SSXEIIPSKQEIY”QNTYPIS 
BoNT,E 219 A C L Y G A K G I T T K Y T I T Q K Q N P L I T N I A G T N 

BoNT/I 260 FEELRTFGGHDAKFIDSLQEHEFRLYYYNR 
TET 269 AEELFTFGGQDANLISIDIKNDLYEKTLND 
BoNT,E 249 I E E F 

BoNT,A 290 FKDIASTLNKAKSIVGTTASLQYKKNVFKE 
TET 299 YKAIANKLSQVTSCNDPNIDIDSYKQIYQQ 

8oNTIA 320 KyLLSEDTSGKFSVDKLKFDKLYKi,LTKIY 
TET 329 KYQFDKDSNGQYIVNEDKFQILYNSInYGF 

BoNTlA 350 TEDNFVKFFKVLNRKTYLNFDKAVFKI AI 
TET 359 TEIELGKKFNIKTRLSYFS,,NHDPYKIPlL 

0aNTl.A 379 V P K Y N Y T I Y D C F N L A N T N L A A N F N G Q N T E I 
TET 389 LDDTIYNDTEGFNIESKDLKSEYKCQNnRY 

BoNT,A 409 NN”NFTKLKNFTGLFEFYKLLC”AGIITSK 
TET 419 NTNIFRNYDG 8 SGLVSKLIGLCKKIIPFTN 

BoNT,Am1439 T K S LDKGYNK -ALNDLCIKVNNYDLFF 
TET” 1 448 IRENLYNRTASLTDLGGELCIKIKNEDLTF 
BoNTIFF 1 * 

8 
APCIXIDVDNEDLFF 

EoNTIE’ 1 KSICIEIWNGELFF 
B”TYR* )  8 KSICIEINNGELFF 

BoNT/A 465 S P S E D N F T N II L  N K G E E I T S D T N I E A A E E N I 
TET 478 IAEKNSFSEEPFQDEIVSYNTKNKPLNFNY 
BONTIB IADKNSFRDDL 
BONTIE VXENXY 
BUTYR VASENXYND 

BaNTlA 495 SLDLIQQYYLTFNFDNEPENISIKNLSSDI 
TET 508 S L D K I I V D Y NLQSKITLPNDRTTPVTKGI 

BoNT,A 525 IGQLELMPNIERFPNGKKYELDKYTnFHYL 
TET 537 P Y II P E Y K S N A A STIEIHNIDDNTIYQYL 

BoNT,A 555 RAQEFEHGKSRIALTNS”NEALLNPSRVYT 
TET 565 YAQKSPTTLQRITKTNSVDDALINSTKIYS 

BoNTlA 585 FFSSDYVKKVNKATEAAKFLGVVEQLYYDF 
TET 595 Y F P S YISKVNQGAQGILFLQYVRDIIDDF 

BoNTlA 615 T D E T S E Y S T T D K I A D I T I I I P Y I G P A I N I G 
TET 624 TNES SQKTTIDKISDVSTIVPYIGPALNIV 

&NT/A 645 N~LYKDDFVGALIFSGAVILLKFIPEIAI~ 
TET 654 KQGYEGNFIGALETTGVVLLLEYIPEITLP 

BaNT,A 675 VLGTFALVSYIANKVLTYQTIDNALSKKNK 
TET 684 “IAALSIAESSTQKEKIIKTIDNFLEKRYE 

BoNT,A 705 KYDEVYKYIVTNULAK”NTQIDLIRKKnRE 
TET 714 KYILYYKLVKAKVLGTVNTQFQKRSYQIYR 

BoNTIA 735 ALENQRERTKAIINYQYNQYTEEEKNWINF 
TET 744 SLEYQVDAIKKI IDYEYKIYSGPDKEQIAD 

BoNTlA 765 N I D D L S S K L N E 5 I N K A H I N I N K F L N Q C S V S 
TET 774 EINNLKNKLEEKANKAKININIFnRESSRS 

BcNT,A 195 Y L H N 5 &, I P Y G V K R b E D F D A S L K D A L L K Y I 
TET 804 FLVNQ”INEAKKQLLEFDTQSKNIL”QYIK 

BoNT,A 824 YDNRGTLIGQVDRLKDKVNNTLS~DIP~QL 
TET 834 ANSKFIGITELKK~ESKINKVFSTPIPFSY 

FIG. 4. Alignment of sequences of clostridial neurotoxins. 
Conserved cysteine residues are circled. Sequences were established 
in this paper (a) or were from Eke1 et al. (1986) (b), DasGupta and 
Datta (1988) (c), Fujii et al. (1988) (d), and Gimenez et al. (1988) (e). 
TET, tetanus toxin; BUTYR, BoNT/E (from Clostridium butyricum, 
Gimenez et al. 1988). 

BoNT,A 854 SKYVDNQRLLSTFTEYIKHIINTSILNLRY 
TET 864 SKNLDCYYDNKEDIDVILKK STILNLDI 

BoNT,A 884 E S N H L I D L S R Y A S K I N I G S K V N P D P IDKN 
TET 892 NNDII SDISGFNS SVITYPDAQLVPGINGK 

BoNTlA 913 Q I Q L F N L E S S K I E ”  I L  K II A I Y Y N S H Y E N F S 
TET 922 AIXLVNNES SEVIVHKAKDIEYNDMFNNFT 

BoNT/A 94, T S F ”  I R I P K Y F N S ISLNNEYTIINCWE 
TET 952 VSFYLRVPKVSASHLEQYGTNKYSIISSHK 

BoNT,A 970 N N SGYKVSLNYGEIIYTLQDTQ EI 
TET 982 KHSLSIGSGYSVSLKGNNLIYTLKDSAGEY 

BoNTlA 994 KQRVVFKYSQMINISDYINRYIPVTITHNR 
TET 1012 R Q ITFRDLPDKFNAYLANKYVFITITHDR 

BoNTlAlO24 LNNSKIYINGRLIDQKPISNLGNI”ASNNI 
TET 1041 LSSANLYINGVLMGSAEITGLGAIREDWWI 

BoNTlA 1054 N P K L D G C R D T H R Y I Y I K Y F N L F D K E ,, N E K E 
TET 8 1011 TLKLDRCNNNNQYVSIDKFRIFCKALNPKE 

BoNTlA1084 IKDLYDNQSNSGILKDFYGOYLQYDKFYY,! 
TET 1101 IEKLYTSYLSITFLRDPYGNPLRYDTEYYL 

BoNTlA 1114 L N L Y D P N K Y V D V N N ”  G I R G Y ”  Y L K G P R G S V 
TET 1131 I P V A S S S K DVQLKNITDYKYLTNAPSYT 

BoNT,A 1144 NT 7 NIYLNSSLYRCTKFIIKKYASGNK D 
TET 1159 NGKLNIYYAA LYNGLKFIIKRYTPPNEID 

BoNT,A1172 NIVRNNDRYYINVVVKNKEYRLATNASQAG 
TET 1188 SFVKSGDFIKLYYSYNNNEHIlCYPKDGNA 

0oNT,P. 1202 V E K I L S A L E I P DYGNLSQVYYHKSKNDQG 
TET 1218 FNNLDRILRVGYNAPGIPLYKKHEAVKLRD 

BoNTIR 1231 I T N K C K N N LQDNNGNDIGFIGFHQFN 
TLT 1248 LKTYSYQLKLYDDKNASLGLVGTHNGQiCN 

BONT,R 1257 NIAKLYASNYYNRQIERSSRTLGCSYEF 
TET 1278 DPNRDILIASNUYFNHLK 8 DKILGCDYYF 

0oNTlA 1285 I P ”  D D G Y G E R P L 
TET 1306 YPTDEGYTND 

FIG. &-continued 

seldomly observed in Gram-positive promoters (Graves and 
Rabinowitz, 1986). The -10 regions of the BoNT/A and 
tetanus toxin promoters were identical to that of the lac 
promoter. However, in contrast to the tetanus toxin promoter 
that had been shown to be active in E. coli (Eisel et al., 1986) 
and exhibit about one-third of the strength of the tat promoter 
(Niemann et al., 1988), the promoter of the BoNT/A gene 
was apparently inactive in E. coli since neither toxin-specific 
peptides nor transcripts could be demonstrated in pKN13- 
transfected HBlOl cells (data not shown). Interestingly, the 
-35 motif (5’-TTTACA-3’), characteristic of the lac pro- 
moter, was also found in the DNA sequence of the tetanus 
toxin gene (underlined in Fig. 3B). Site-directed mutagenesis 
of this latter motif will provide information on whether the 
observed similarities are indeed important for the activity of 
the tetanus toxin promoter in E. coli. Taking into account 
that the 3’-noncoding region of the BoNT/A gene contains 
two regions with dyad symmetry (underlined by divergent 
arrows in Fig. 2A) which are characterized by free energy 
values (Tinoco et al., 1973), dG(25 “C), of up to -17 kcal and 
which therefore probably constitute transcriptional barriers, 
we postulate that BoNT/A, like tetanus toxin, is translated 
from monocistronic mRNA. 

A comparison of the complete amino acid sequence of 
BoNT/A with that of tetanus toxin and the partial sequence 
deduced from the BoNT/E-specific EcoRI fragment is shown 
in Fig. 4. The amino acid composition of BoNT/A closely 
resembles constituent analyses performed on purified A- and 
BC-subunits (Sathyamoorthy and DasGupta, 1985). Further- 
more, the sequence is in total agreement with: (i) a partial 
nucleotide sequence obtained for the NH2-terminal region of 
the A-subunit (Betley et al., 1989); (ii) the sequence of the 
NH2 terminus of the BC-subunit (Sathyamoorthy et al., 1986) 
as determined by Edman degradation; and (iii) an internal 
peptide sequence from the BC-subunit containing Ile1’48 to 

,217 2 Leu . 

2 B. R. DasCupta, personal communication. 
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The comparison of the two sequences newly established in 
this study with the sequence of tetanus toxin reveals several 
interesting features. (i) There is an overall 33.8% identity 
between BoNT/A and tetanus toxin at the amino acid level 
(30.8% within the A-subunit and 35.4% within the BC-sub- 
unit). Although these values increase to 40.5% for the A- 
subunit and 48.1% for the BC-subunit when conservative 
exchanges such as Arg to Lys, Glu to Asp, etc. are neglected, 
the identity is much smaller than originally anticipated (Eisel 
et al., 1986). The identity between the BoNT/E-specific 
subfragment (containing 273 amino acid residues) and the 
corresponding domain of tetanus toxin amounts to 30.4% 
(41.4% excluding conserved exchanges) as compared to 38.8% 
(45.8%) identity between the same domains of BoNT/E and 
BoNT/A. The identity between tetanus toxin and BoNT/A 
in this region is 33.3% (42.1%). 

(ii) From Thr’jz3 to Phe787 of the B-fragment, the identity 
reaches 47.9% (61.8% including conservative exchanges). This 
domain of the tetanus toxin molecule has been shown to form 
channels in asolectin vesicles at a pH below 5.0 (Roa and 
Boquet, 1985) and one may speculate that this domain pro- 
vides the machinery for translocation of the individual A- 
subunits into the cytosol. 

(iii) The alignment of the sequences shown in Fig. 4 yields 
4 conserved cysteine residues (involving CY@~‘, CYSTIC, Cys’OGo, 
and Cys”@’ of BoNT/A), suggesting that these residues may 
be involved in disulfide bridges. Indeed, the former 2 cysteine 
residues participate in the disulfide bond between the A- and 
BC-subunits. Recent data by Krieglstein et al. (1990) indicate 
that the internal disulfide bridge present in the C-fragment 
of tetanus toxin involves CYS”~~ and C~S’~~‘. No such small 
loop structure could be formed in BoNT/A. At present, how- 
ever, no data are available that would indicate whether the 
internal disulfide bridge present within the C-fragment of 
tetanus toxin is important for binding to specific ganglioside 
receptors. In addition, the corresponding domain of BoNT/A 
has not been analyzed for the presence of internal disulfide 
bonds. 

(iv) The A-subunit of BoNT/A contains 6 histidine resi- 
dues, 3 of which (Hiszz3, Hiszz7, and HisZ3’) are conserved in 
tetanus toxin and BoNT/E. These histidine residues appear 
in a short peptide sequence which has a predicted a-helical 
structure according to the rules of Chou and Fasman (1978). 
Due to the specific localization of the 3 histidine residues 
within the helix, the imidazole side groups of the histidine 
residues should appear at the same face of the helix winding, 
allowing these side groups to interact with each other or with 
an as yet undefined cellular ligand. DEPC, a reagent specific 
for histidine, lysine, and serine residues, was shown to detox- 
ify BoNT/E and, to a lesser extent, also BoNT/A (DasGupta 
and Rasmussen, 1984). In our experiments, treatment of 
BoNT/A with a 1000-fold molar excess of DEPC led to 
complete detoxification after the incorporation of 30 mol of 
reagent/m01 of protein. Although the immunological proper- 
ties of BoNT/A were not altered by such treatment, as as- 
sessed by Ouchterlony gel diffusion assays, toxicity could not 
be restored by subsequent treatment with hydroxylamine 
(data not shown). This indicates that other residues in addi- 
tion to the histidines are irreversibly modified by DEPC. Site- 
directed mutagenesis of the conserved histidines within the 
a-helical sequences in the three neurotoxins should reveal 

whether this motif contributes to the biological function of 
the neurotoxins. 
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