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ABSTRACT a-Bungarotoxin @-Butx), a long neurotoxin comprised of 74

) ) residues and five disulfide bonds, was isolated from the venom of
The mRNA encoding a-bungarotoxin ( a-Butx) was  the Taiwan banded kraB(ngarus multicinctys Because of its

prepared from the venom glands of ~ Bungarus multi- extremely high affinity for nAChR from vertebrate muscles,
cinctus by Cap-finder cDNA synthesis. The sequences electric ray Torped9 and electric eelHlectrophoru$ organs,

of the 3'- and 5'-flanking regions including a signal a-Butx has provided a critically important tool for studies directed
peptide of a-Butx were almost identical with those of at understanding neuromuscular transmission and structure—
Elapidae and Hydrophiidae toxins, suggesting that function of NAChR 7,8). The X-ray crystal structure of-Butx

they may have the same origin. Sixteen polymorphic has previously been reporté).(Refinements to the structure and
MRNA sequences of a-Butx were detected from the complex structure of a library-derived peptide have been
B.multicinctus ~ gland cells. Analysis of the genomic solved bg/two-dimensional NMR (10-12). It has been shown that
DNA of a-Butx indicated that the polymorphic mRNA the AspY and Arg® residues im-Butx form an ion pair near the
originated from one DNA sequence. Most of the tip of loop Il that mimics the structure of acetylcholine, thereby
mutationsin a-Butx mRNA were silent and the hot-spot contributing to toxin specificity 1(3). Despite the fact that
variations occurred at 78, 107, 129, 198 and 201 nt in recombinanti-Butx can be prepared by functional expression of
a-Butx mRNA. Ten distinct protein sequences of a constructed gend4) or a cDNA from the cellular RNA of
a-Butx could be deduced from the polymorphic mRNA venom glandsi(5), the complete mMRNA sequenceseButx and

and one of the isoforms has already been isolated. the post-transcriptional process in gland cells are still unclear.
Since a-Butx DNA is a single copy in the genome, the RNA editing, defined as an alteration in the coding capacity of
RNA polymorphism might result from post-transcrip- mRNA other than splicing or-&nd processing, was observed in
tional editing. These results indicate that the authentic a-Butx mRNA. The variations in the mRNA sequenca-@utx
a-Butx is in fact derived from edited mRNAs. RNA were determined and the polymorphisnaeButx mRNA might
editing may contribute a common mechanism toward result from post-transcriptional editing. These results will reveal
the diversity of a-neurotoxins in snake glands. the genetic information af-Butx and may provide insight into

the regulation of the diversity of-neurotoxins in snake glands.

INTRODUCTION
MATERIALS AND METHODS

The postsynapti@-neurotoxins derived from the venoms of ; : )

Elapidae and Hydrophiidae snakes bind selectively with hig OBlﬁg? I;;lsllgmng and sequence analysis of full-length

affinity to the nicotinic acetylcholine receptor (hnAChR) to block

neuromuscular transmissioh®). So far, >80 primary structures The venom glands oB.multicinctuswere provided by the

of a-neurotoxins have been sequenc@ad can be categorized Department of Health, National Institute of Preventive Medicine
into short neurotoxins (60—62 residues and four disulfide bridgesj Taiwan. The cellular RNA was isolated from the glands, which
and long neurotoxins (66—74 residues and five disulfide bridged)ad been stored in liquid nitrogen immediately after death. Two
Both classes of neurotoxins share a significant similarity of amingeep frozen glands from one snake were homogenized to extract
acid sequence and overall topology, which is characterized ashe total RNA by a guanidinium isothiocyanate/phenol chloroform
triple-stranded anti-parallgd-sheet and three finger-like loops isolation kit (Stratagene, La Jolla, CA)-Butx cDNA was
protruding from a globular cord), The sequence comparisons generated by the Cap-finder cDNA synthesis method (Clontech,
among the known-neurotoxins have identified 12 residues thatPalo Alto, CA), in which a modified oligo(dT) primer
are highly conserved throughout the long and short neurotoxinCDS/3PCR primer) was used to generate the first-strand cDNA.
These residues were postulated to be involved either directly or this method, the CapSwitch oligonucleotide serves as a short
indirectly in binding to NAChRY,6). and extended template at tHeehd for the reverse transcription.
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The MMLV enzyme switches template and continues replicating M A B
to the end of the CapSwitch oligonucleotide when reverse bp

transcription reaches thé-&nd of the mRNA. This switching

occurs at the 7-methylguanosine cap structure, which is present 1000

on the 5end of all eukaryotic mRNAs16). The full-length 900

o-Butx cDNA was then obtained by long distance PCR with 800

5'PCR, CDS/3CR and gene-specific primers (BXA and BXB) 700

of a-Butx. The 5 and 3-cDNA fragments were amplified with 600

a high fidelityPfu DNA polymerase (Stratagene) with the primer
combinations #CR and BXB, and CDSRBCR and BXA,
respectively. The primer sequences of BXA and BXB were
5'-CGGGATCCATCGTGTGCCATACAAC-3 (addition of a
BanHl site at the 5end) and 5SGGAATTCCTATCCAGGTCT-
TTGTTTAG-3 (addition of arEcdRl site and one stop codon at
the 3-end). The PCR products were cloned into pCR-Stript
Amp SK(+) vectors according to the manufacturer’s protocol
(Stratagene). The inserts were sequenced using fluorescenggure 1.Cap-finder PCR cDNA synthesis of the &nd 3-regions ofx-Butx
labeled dideoxyribonucleotides (ABI Prism Dye-Terminator; cONA. Procedures for the generatiomeButx 5- and 3-cDNAs are described

Perkin-Elmer, CA) on an ABI 373A DNA autosequencer in Matgrials a_n(_i Methods: The PCR products were separated on a 2% agarose
(Applied Biosystems). gel with ethidium bromide staining. M, 100 bp DNA ladder marker;

A, 5'-cDNA, and B, 3cDNA of a-Butx.
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Analysis of the genomic DNA sequence of tleeButx

coding region performed as a vertical 2-dimensional PAGE in a uniform gel

(1 x 140 x 130 mm) composed of 3.4% polyacrylamide in the

The genomic DNA was extracted from the liveBofulticinctus ~ stacking gel and 12.5% in the separation gel to which 1% SDS was
The organ was gently homogenized in a Potter B homogenizeragided. The running buffer contained 0.025 M Tris base, 0.192 M
800 r.p.m. in PBS supplemented with 2 mM EDTA, pH 7.4. Thélycine and 0.1% SDS. Electrophoresis was performed at a constant
centrifugation pellet (0.2 ml) was dissolved in 1.8 ml of lysigcurrent of 10 mA/gel for the separation phase. All the chemicals for
buffer (10 mM Tris—HCI, 400 mM NaCl, 2 mM EDTA, pH 8.0, electrofc_)cusing and PAGE were of the highest grade available.
0.5% SDS) and incubated in the presence of 0.2 mg/ml proteinaséroteins were separated by SDS—PAGE on a 12.5% (w/v) gel
K (Sigma, St Louis, MO) at 3T for 1 h. The lysate was and transferred onto a nitrocellulose membrane (Hybond C;
continuously incubated in the presence of 0.02 mg/ml heat-treatégnersham, Arlington Heights, IL) according to established
RNase (Gibco BRL, Grand Island, NY) for an additional 1 h. Th@rocedures. The molecular weight of recombinant protein was
DNA was gently extracted (1:1 viv) with phenol:chloroform: €stimated by comparing the standard markers (Bio-Rad, Hercules,
isoamyl alcohol (25:24:1) and then precipitated by adding 0.5 v&tA). Detection obi-Butx was performed with anti-Butx serum

7.5 M ammonium acetate and 2 vol ethanol. The DNA wa€L:300 dilution). Goat anti-rabbit IgG conjugated with alkaline
monitored on a 0.3% agarose gel. The fragment size should Beosphatase (Bio-Rad) was added to deteButx antibody

>50 kb. The PCR was conducted using the genomic DNAccording to the standard procedure.

o-Butx flanking primers (BXA and BXB) and’fu DNA

polymerase to amplify the protein coding regioa@utx DNA. RESULTS

The products were cloned into pCR-Sdriptectors and the

inserts were sequenced by autosequencer as described abov&l0lecular cloning and sequencing of the full-lengtfu-Butx

cDNA
Two-dimensional polyacrylamide gel electrophoresis and 1o determine the complete MRNA sequence-8iitx from the
western blotting venom gland cells &.multicinctusCap-finder cDNA synthesis,

which is advantageous for the analysis of tHeerls of
HPLC-purified a-Butx from the venom oB.multicinctuswas  eukaryotic genes, was employed. The mRNA was reverse
purchased from Sigma-Butx (50ug) was diluted 3-fold with  transcribed into cDNA by MMLYV reverse transcriptase according
an IPG sample buffer (9 M urea, 65 mM DTE, 1% v/v carrieto the manufacturer’s protocol. As shown in Figlrthe 5 and
ampholytes 3-10, 65 mM CHAPS, 35 mM Tris, 5% 2-mercaptd3'-cDNA segments ofi-Butx were amplified by a high fidelity
ethanol and 0.1% bromophenol blue). IPG strips were rehydrat@fu DNA polymerase using commercial CD®@R and 3°CR
in the sample buffer for 10 min. The first dimension separatio@apSwitch primers andi-Butx-specific primers (BXA and
was performed in a 4.5% acrylamide gel in a glass tube of 2.2BXB). After cloning of the cDNA segments into pCR-Script
150 mm. The cathode electrode buffer was 0.1 M ethyleneectors, the full-length cDNA sequenceoeButx was analyzed.
diamine and the anode electrode buffer was 0.01 M iminodiacetis shown in Figur@, it is (530 bp consisting of d-bintranslated
acid. The gels were pre-run at 300 V for 30 min and then at 400région (UTR) (33 bp), signal peptide (63 bp}Butx coding
for 30 min. After loading the sample solution, the gel was run atgion (222 bp) and'2JTR (195 bp) with a TGA termination
500 V for 20 h and then at 800 V for 1 h. The gel was removetbdon and an AATAAA signal polyadenylation sequence located
from the tube and equilibrated in a solution containing 10943 nt upstream of the site of cleavage. The complete nucleotide
glycerol, 5% 2-mercaptoethanol, 2.3% SDS and 0.0625 Mequence ai-Butx was submitted to a computer-aided sequence
Tris—HCI (pH 6.8) for <5 min. The second dimension wassimilarity search in databases. Astonishingly, the sequences of the
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GAC ACT TTG CAG GCT CCC AGAGAA GAT CGC AAG ATG AAA ACT CTG
M _K T L
TTG CTG ACC TTG GTG GTG GTG ACA ATC GTG TGC CTG GAC TTA GGA
L L T L V V V T I V € L D L G
TAT ACC ATC GTA TGC CAC ACAACA GCT ACT TCG CCT ATT AGC GCT
Y T I v ¢ H T T A T S P I S A
GTG ACT TGT CCA CCT GGGGAGAAC CTA TGC TAT AGAAAG ATG TGG
v T € P P G E N L C Y R K M W
TGT GAT GCA TTC TGT TCC AGCAGA GGA AAG GTA GTC GAA TTG GGG
¢ D A F ¢ 8§ §$ R G K V V E L G
TGT GCT GCT ACT TGC CCT TCA AAGAAG CCC TAT GAGGAA GTT ACC
¢C A AT €C P 8§ K K P Y E E V T
TGT TGC TCA ACAGACAAG TGC AAC CCA CAT CCGAAACAGAGA CCT
¢ € S T p K €C N P H P K Q R P
GGTTGA GTT TTG CTC TCA TCC ATC ATG GAC CAT CCT TGAAAA TTT
G *
ATG CTT GTG GCC TTT ACC ACCAGATGG TCC ATC ATT CCC CTC TCC
CCT GCT GTC TTT GAC ATC TCA ACA TCT TTC CCT TTT TCT CTC ATT
CTG TAA GTT TCC TTC TGC TAG TTC TGT AGT TTT GAG AAT CAA ATA

AACCTC AGC ATT CACAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA S

RNA polymorphism of the protein coding region ofa-Butx

To characterize the presence of isoformic cDNA sequences of
o-Butx in the cellular RNA, >100 positive clones of the cDNA
containing 5 or 3-segments afi-Butx were analyzed in a DNA
autosequencer. The sequences of thertd 3-UTRs and the
signal peptide segments m-Butx were highly consistent,
suggesting that the regions might have been important during the
evolution of these snakes. Nevertheless, a total of 16 polymorphic
MRNA sequences of the protein coding region-&gutx were
identified (Fig.4). Most mutations in the-Butx sequences were
silent. The ‘hot-spot’ variations occurred at 78, 107, 129, 198 and
201 nt and a nonsense mutation occurred at 163 nt af Bux
mRNA (Ry) in which GAG (GI#°) was changed to TAG (stop
codon). In addition, 10 distinct amino acid sequencesmBiitx

could be deduced from the polymorphic mMRNA sequences. Two
major protein sequencesweButx in which the I8, Rg, Rigand R1

Figure 2. Nucleotide sequence afButx cDNA. The amino acid sequence of
the signal peptide is underlined. A polyadenylation signal (AATAAA) at'teed®
is marked with bold letters. The complete cDNA sequenceRiitx has been
deposited in the EMBL/GenBank database under accession no. AF056400.

5'- and 3-UTRs and the signal sequences éButx were almost

MRNA sequences translated into authemtidutx and R, R, and

Rz into a major isoform with the variation-GA at nt 107, resulting

in substitution of Ar§® by Lys, were detected. Nevertheless, the
polymorphica-Butx mRNAs could be categorized into two major

groups according to the amino acid at position 36 in the sequence,
i.e. Lys36a-Butx (a-Butxk3%) and Arg36u-Butx (a-ButxR39).
R1 a-Butx mRNA seemed to be the original transcript from the

genomic DNA. After transcription, all thee ButxK36 transcripts

identical with those of toxins from Elapidae and Hydrophiidaavere accompanied by silent mutations at nt 198_(AAXAT)
snakes (Fig3). The results imply that these snakes may shareand nt 201 (CCA.CCT) encoding Asff and Pré7 in the

common evolutionary origin.

60 80

o-Butx sequence, respectively. In contrast, those positions in
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Figure 3. Sequence similarity of the-5and 3-flanking regions ofi-Butx and other toxins. Frofungarus multicinctusl, a-Butx; 2, neurotoxin-like peptide 1
(accession no. X64593); 3, neurotoxin homolog (X51414§:-deurotoxin (CB1) (X51412). Fromendroaspis angusticeps, synergistic-like toxin (X51467);
6, angusticeps-type protein (DaF8) (X53409); 7, muscarinique 1 (X52292).Aipysurus laevis8, toxin B (X13373); 9, toxin D (X13372). Frohaticauda
semifasciatalO, erabutoxin a (X02533); 11, erabutoxin b (X16950); 12, erabutoxin ¢ (X51410)N&jamnaja atra 13, cardiotoxin 4 (Y12493); 14, cobrotoxin
(Y12492). ND at the '3end indicates no sequence determination after this point.
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20 40 60 80 100 120
#  ATOGTATGCCACACAACAGCTACTTCGCCTATTAGOGCTGTGACTTGTCCACCTGGGGAGAACCTATGCTATAGAAAAA TG TGG TG TGATGCATTCTGTTCCAGCAAAGGAAAGGTAGTCGAATTGGGATG

G G..
G G..
Govvrne G..
G G..
Goovvrni G..
Govrvii G..
R4 [ T G G..
RIS e e Govvvv G..
2 Coovinn Govrn G..

140 160 180 200 220
# TOCTGCTACTTGCCCTTCAAAGAAGCCCTATGAGGAAGTTACCTGTTGCTCAACAGACAAGTGCAACCCACATCCGAAACAGAGACCTGGT  Position of the mutation pl %

3 U 793 333
R o T 66, 67 7.93 65.00
R3 ...... [ PP [ 46, 66, 67 793 167
RA Tl 27MeVl 66, 67 793 1.67
RS o Tl 26, 3554 66, 67 793 1.67
R6 ....oooivnns. P A 4975 66, 67 793 1.67
| G | U 52ty 55GSTOP 66, 67 793 1.67
R8 G e 26, 36747 43, 5T 793 1.67
RO ottt 36542 26, 43 7.93  5.00
RIO L R 3648 26,43, 66, 67 793  5.00
8 3614 43 7.93 333
R C..... Gt 26, 36N 645U g6ATHS 43 793 1.67
RIB e 3 AVl gpfheSer gglysAm 43 793  1.67
RIA 26, 3141Vl 36lyA 43 793  1.67
RIS ... i, G T e 36LyAe 43, 51 Lol sgTheser 738 1.67
RI6 ....... Covivienns [ P, 3 S 3PheSer 3glysArg 43 g7Thebro 738 1.67

51 Lys-Glv’ 5gThr-Ser

Figure 4. The polymorphic mRNA sequences of the mature protein coding regioBuatk in gland cells. # indicates the DNA sequence-Butx in the genome.
R1-R16 are the polymorphic sequences-8utx cDNAs in the cells. The genomic DNA and polymorphic mRNA sequence8ofx have been deposited in the
EMBL/GenBank database under accession nos AF056401-AF056417.

a-ButxR36 mRNAs were frequently invariant, suggesting that the " = s

nt 198 and 201 variations might be related to the editing of G t R :

A at nt 107 ofa-Butxk36 mRNA. However, all thex-ButxR36 . il - o
transcripts were accompanied by a silent mutation at nt 12 i i = &
(GGA-GGQ encoding GI§3 The isoelectric points (pl) of g 2 ]
o-Butx and isoforms translated from the polymorphic mRNA < ™ 13
sequences were predicted by a DNA and protein sequence analy o i £ ™
software system (DNASIS Ptg Hitachi, San Bruno, CA). The pl o ; |.
values were 7.93 forRR4 and 7.38 for i and Rg of a-Butx o
mRNA. To verify the existence of isoforms, 2-dimensional PAGE o ; R S

Retention (min) pl

followed by immunoblotting was applied for the identification of
isoforms ofa-Butx. As shown in Figur®, although the native
a-Butx demonstrated a §|ngle band on SDS_PAGE and,rever_sgl’gure 5. Determination of the presence of isoforms in HPLC-purifie®litx
phase HPLC, the blot displayed two spots after incubation witly 2-dimensional PAGE followed with westemn blotting\) (SDS—PAGE
o-Butx antibody. The pl values of the spots were estimated to banalysis of the purified-Butx (10ug). Molecular weight of the single protein

essentially identical to those predicteddeButx and isoforms. ~ Pand was 8 kDaR) 100pg of a-Butx was loaded onto a C-18 reverse-phase
column and eluted with acetonitrile in reverse-phase HPOE;50 pg of

. . . . a-Butx was electrophoresed on an IEF gel (pl 3—-10). The gel strip was utilized
Genomic DNA sequence of the protein coding region of for SDS—PAGE according to procedures described in Materials and Methods.
o-Butx After transfer onto a nitrocellulose membrane, dhButx was detected by

. . . polyclonala-Butx antibody according to the standard protocol of western blotting.
Because the gene structureieButx is still unclear, the genomic

DNA was extracted from the liver oB.multicinctus To

determine the protein coding sequencexdButx in genomic intron in the gene structure. The PCR products were then cloned
DNA, the DNA was amplified by PCR usinffu DNA  into PCR-Script vectors and more than 50 positive clones
polymerase and the BXA and BXB primers. As shown in Fi§ure containing the protein coding region @fButx genomic DNA

the size of the PCR product generated with the genomic DNwere sequenced. All analyses resulted in only one sequence
template was the same as that from the cellular RNA in gland celidich was completely identical with that of RDNA. To
using the same specific primers. The bands were further verifignlestigate the copy number@fButx DNA in the genome, the

by Southern hybridization using?P]a-Butx cDNA as probe. It genomic DNA was digested witlEcoRl, SaBA and the

was found that the protein coding regioreButx contains no combination of both restriction enzymeé&aBA is frequently
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Figure 6.PCR and RT—PCR of the mature protein coding regiarRiitx. The . . . . . .

mature protein coding regionscoButx in the genomic DNA and cellular RNA ~ Figure 7. Analysis of the genomic DNA froi.multicinctuscells by digestion

in gland cells were amplified with flanking primers by PCR and RT-PCR. The With restriction enzymes. The genomic DNA (&) was digested withcoRI,
products were separated on a 2% agarose gel with ethidium bromide stainingS@BA and the combination of both enzymeg) (The digests were
The RNA was carefully prepared and treated with DNase to avoid DNA electrophoresed on a 1% agarose gel with ethidium bromide staining.

contamination. Lane M, DNA markers; lane 1, PCR of genomic DNA; lane 2, (B) Southern hybridization of the digested DNA with the mature protein coding
RT_PCR of cellular RNA. region ofa-Butx cDNA probe labeled wittBEP]dCTP. Lane ZEcoRl; lane 2,

SawBA; lane 3EcARI andSatBA, lane 4, control. The arrows indicate the sizes
of the products.

used in the preparation of genomic libraries of cells. The complete

cDNA sequence af-Butx contains no cleavage sites 8aBA

or EcaRl. As shown in Figuré, all the digests showed a single sequences of phospholipase Kolated from Crotalidae and
band on Southern hybridization. The DNA fragments generatédperidae snakes, in which the nucleotide sequences flanking the
by EccRl digestion were larger than those due3awBA.  signal peptide and stop codon were shown to be highly conserved
However, the sizes of positive DNA bands fr8aBA and the (17,18). In addition, the cDNAs encoding short neurotoxins in the
combination ofSalBA andEcadRI were [l kb, suggesting that venom glands of the sea snakgsysurus laeviandLatticauda
o-Butx DNA is a single copy in the geme. Thus, the RnNRNA  semifasciatahave a common organization and present high
is directly transcribed from the genomic template-&utx, while  similarity in nucleotide sequences, not only in the coding region
the other polymorphic mRNA sequences may havdtessfrom  but also the 3 and 5-UTRs (L9). In this experiment, 10 distinct
post-transcriptional RNA editing. These results indicate thamino acid sequences @fButx could be deduced from the 16
post-transcriptional editing af-Butx may occur in the venom polymorphic RNA sequences. The sequence with the substitution
gland cells. Therefore, the authertiButx is in fact translated of Arg38 by Lys®® (R,) was the major isoform @f-Butx mRNA.

from the edited mRNA. This substitution by Ly¥ was the only variation among the
conserved residues m-Butx, but the positive charge of 13f5
DISCUSSION might be able to maintain the ionic bond, like Zrgith Asp®.

All the other hot-spot variations did not alter codons which

This is the first paper describing the complete mMRNA sequenemcode the conserved residuestiButx. Since long and short
and the genetic information about a snake long neurotoxineurotoxins may be from the same origin, enormous variations in
Originally, thea-Butx mRNA sequence was determined by thethe protein coding region during evolution may be responsible for
Cap-finder cDNA synthesis and Marathon cDNA amplificationthe diverse sequenceseheurotoxins. This finding may explain
(Clontech, Palo Alto, CA) methods. Both the cDNA sequenceshy the same conserved residues and a common secondary
analyzed by the two methods above were essentially identicatructure are found in all long and short neurotoxins derived from
However, the Cap-finder PCR cDNA synthesis generated \arious species of snakes. In addition, all the conserved residues
complete sequence at tHeghd ofa-Butx cDNA. Comparing the  were gathered around the cluster of three loops and the tip of loop
nucleotide sequence dai-Butx with known toxins in the Il. This illustration was consistent with the fact that the loop II
GenBank database, thé and 53-UTRs and signal sequences structure ofa-neurotoxin appeared to be an important binding
were almost identical to those from various genuses of Elapiddemain for nAchRZ0,21).
and Hydrophiidae snakes, suggesting that these toxins mighiThe process of post-transcriptional modification of RNA to
share a common evolutionary origin. The sequences of sigrater the coding specificity of the sequence is termed RNA
peptides among the snake toxins appeared to be conservediting. The process may be caused by a variety of mechanisms
implying that they might be secreted by a common pathway froin different organisms@) and appears to occur independently of
gland cells. transcription, splicing and translatio?3-25). Since the genome

On the other hand, an RNA polymorphism has been verified iof B.multicinctusmight contain a single copy @fButx DNA, the
the mRNAof a-Butx. The 5 and 3-flanking sequences of the polymorphic mRNA sequences ofButx might result from
mRNAs ofa-Butx and its isoforms were highly conserved, butpost-transcriptional editing. Meanwhile, almost all theeuro-
the nucleotide sequence of the mature protein coding region toiins from Elapidae and Hydrophiidae snakes possess more than
o-Butx varied. A similar result was observed with the cDNAone homologous isoform and their sequences have been verified
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