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Based on the reported cDNA sequences of BmKoTxs , the
genes encoding toxin BmKaTx11 and BmKaTx15 were
amplified by PCR from the Chinese scorpion Buthus
martensii Karsch genomic DNA employing synthetic
oligonucleotides. Sequences analysis of nucleotide showed
that an intron about 500 bp length interrupts signal
peptide coding regions of BmKoTx11 and BmKaTx15.
Using ¢cDNA sequence of BmKoTx11 as probe, southern
hybridization of BmK genome total DNA was performed.
The result indicates that BmKoTx11 is multicopy genes or
belongs to multiple gene family with high homology genes.
The similarity of BmKo-toxin gene sequences and
southern hybridization revealed the evolution trace of
BmKo-toxins: BmKo-toxin genes evolve from a common
progenitor, and the genes diversity is associated with a
process of locus duplication and gene divergence.
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Introduction

Scorpion venom is a mixture of various toxic proteins with
different functions. Many of them can interfere with the
activity of ion channels and modulate their functional
properties. Four different families of toxins have been

Abbreviations: BmK, Buthus martensii Karsch; PCR, polymerase
chain reaction; UTR, untranslated region; bp, base pair

Data deposition: The sequences of two BmKa-toxin genes reported
in this paper have been deposited in the GenBank database under
accession number AY647170 (BmKaTx11) and AY647171 (BmKaTx15)
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described, which are associated with the ion channels: Na*,
K, CI, Ca*. The best-studied peptides are long chain toxins
containing 60-70 amino acid residues cross-linked by four
disulfide bridges. These peptides are mainly active on sodium
channels (Possani, 1999; Goudet, 2002). Based on the different
binding site to the sodium channel receptor, they are classified
into two major classes (a-toxins and B-toxins). Scorpion o.-
toxins bind to receptor site 3 of voltage-gated sodium
channels, slow or inhibit the Na* current inactivation and thus
induce prolongation of action potentials. Moreover, o-toxins
can be divided in four groups: (i) the classic a-toxins , which
are highly specific to mammals; (ii) the insect o-toxins, highly
active on insects; (iii) the o-like toxins active on both
mammals and insects (Goudet, 2002), (iv)the intermediate o.-
toxins, active to both the mammals and insects, but more toxic
to the mammals (Couraud, 1982; Kopeyan, 1985).

At present, the research work is mainly focused on the
isolation and identification of BmKa-toxin proteins and genes
(Xiong, 1997; Zhu, 2000), the 3D structure resolution
(Housset, 1994; He, 1999), pharmacology (Yan-Feng, 2002;
Yan-Feng, 2003), the application as the molecular probe,
insecticides. But the study on BmKa-toxin gene evolution is
still rare. Up to now, 23 o-toxins genes from different
scorpion species have been identified, including 15 BmKa-
toxins genes. Only 8o-toxin gene introns are cloned,
including 4 introns from the BmK (from the website http:/
sdmc.i2r.a-star.edu.sg/scorpion/). To illuminate the genetic
basis of diversification in BmKa-toxins, the genomic sequences
of BmKaTxs were cloned and molecular evolution of
BmKa-toxin genes was investigated. In this report, the
sequence and gene organizations of two a-toxin genes
(BmKaTx11 and BmKaTx15) from BmK are reported, and
the evolution of BmKa-toxin genes is elucidated.

Material and Methods

Preparation and purification of genomic DNA The total
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genomic DNA was isolated from whole scorpion BmK as
described (Corona, 1996).

Synthesis of oligonucleotide Based on the determined cDNA
seqences of BmKaTx11 and BmKaTx15 (Zhu, 2000), the forward
primerl (S'CAAGAAATTTCCWTAAAACGR, corresponding to
5'UTR of BmKaTx11 and BmKaTx15) and the reverse primer2
(S TTAACCGCCATTGCATCTTCC, corresponding to GRCNGG
coding sequence and the TAG terminal codon of BmKaTx11 and
BmKaTx15) were designed and synthesized.

Polymerase chain reaction (PCR) The PCR reaction was
carried out with 25 pl reaction buffer containing 1 pg genomic
DNA, 10 mM Tris-HCL (pH 8.3), 50 mM MgCl,, 0.1 mMdNTP,
50 pM primers and 1 U Taq polymerase. A thermal cycle was used
for 31 cycles of reaction under condition of denaturing at 94°C for
50 s, annealing at 55°C for 50's, and extension at 72°C for 90s,
followed by 10 min at 72°C.

Cloning and DNA sequencing PCR product was electrophoresed
in 1% agarose gel and purified by Gel extraction Kit (Omega,
USA). Purified PCR product was ligased into the EcoR I site of
pMD18-T vector (Takara, Kyoto, Japan). The ligased product was
used to transform E. coli TG1 competent cells. Positive clones were
selected and their plamids was sequenced on both strands by chain
termination method (Sanger, 1977). Primers for sequencing were
M13+ and M13- universal primers.

Southern hybridization of chromosomal DNA  After overnight
digest of chromosomal DNA from the BmK with the restriction
enzyme EcoRI, HindIll, Clal, Pstl, the digested DNA were
separated by electrophoresis in 0.8% agrose gels and transferred
onto nylon membranes (Boehringer, Mannheim, Germany).
BmKaTx11 cDNA was labeled with *P according to the protocol
of the Exo-free Klenow Type Random Primer DNA Labeling Kit
(Takara, Japan). Hybridization was carried out according to the
methods Sambrook et al. (Sambrook, 2001) with *P-labeled
BmKaTx11 cDNA.

Results and Discussions

o-toxin gene cloning and analysis Using the specific primers
designed on the reported two oa-toxin cDNA sequences, we
obtained two genomic fragments of approximately 800 bp and
700 bp from directed PCR amplification of total DNA
extracted from the BmK. The cloning and sequencing of these
PCR products revealed that the two fragment of PCR products
correspond to two different a-toxin gene: BmKoaTx11 and
BmKaTx15. Sequence comparison with the corresponding o.-
toxin cDNA showed that two genes share the same genomic
organization: the gene is interrupted by a phase-1 intron at the
16th amino acid residue (G) of signal peptide coding region
(Fig. 1). The genomic organization is consistent with the
structure of other a-toxin genes (Delabre, 1995; Xiong, 1997).
The two introns vary in the length: the intron of BmKaTx11
is 432 bp while the intron of BmKaTx15 is 509 bp.
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Fig. 1. Nucleotide sequence of genomic DNA encoding the o-
Toxin precursor from the BmK. Exon I and exon II are written
in capital letters. The introns are written in lowercase letters.The
deduced amino acid sequences are given below the nucleotide
sequence. Nucleotide and amino acids are numbered at the right
side of corresponding sequences. The signal peptide is underlined.

BmKaoa-toxin intron analysis Comparison of the two a-
toxins’ (BmKaTx11, BmKoTx15) introns reveales that they
have the same 5' splicing donor (5' Glgttagatt3") and 3' splicing
receptor (5' gactacag|G3'). The introns have a mean A+T
content of 76.6% (18.1% higher that the neighbouring exons).
A-runs and T-runs are rich in the two introns, which could
help splicing factors locate 3'splice sites, or may play a
nonspecific role in limiting secondary structure or reducing
the likelihood of AG dinucleotides occurring in this region
(Csank,1990). Sequence alignment of four BmKo-Toxin
(BmKoTx11, BmKaTx15, BmKMI1, BmKMI10) introns
showed that common sequences (ACE) and copy-specific
sequences (B in the BmKaTx15 and D in BmKaTxll,
BmKM]1, BmKMI10 ) are present, as shown in Fig. 2. The
common sequences share high homology, which indicate that
they arose from common ancestor sequence. It is worth noting
that palindrome sequence “AATATT” is present at the S'end
and 3'end of B region, implying two possible mechanism
about the evolution of the sequence. 1) Sliding occur during
the BmKaTx11 replicated, resulting in the loss of B region. 2)
B region is integrated into the gene of BmKoaTx15 as an
original transposable element. It is still not clarified which
explanation is more reasonable.

Southern hybridization When total DNA from the BmK
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GTTAGATTTA CATATTCATA GAATAAGTCT TACA AATATT GCAGTTGGCC
GTAAGATTTA CATATTCATA GAATAAGTCT TACA —— ———
GTAAGATTTA CATATTTTTA GTATAAGTCT TATG ——— ——— —
GTAAGATTTA CATATTTTTA GTATAAGTCT TATG_— ———

GGATATCCGC GTGGTAAAGC TTTGAATCTT CGGCTTACCA TCTGGTGGAT CCGGATTCAA

ATCCGGGTCC ATCACCCTCA GATTTTCAGC AGGGGACCAG GTCCAACACG TTGAACCATA

TCCTTCAACC GTCCGGTTGA COCCATCAAG GGTGGTGGCC AGCCTGGTAT GGGCTCTCTA

AATGGCCGCC GCCAGATATA GAATATCCCA TCAGGATATG GCGGCTTAAT CTAATTAACC

TAACTTAATC TAATGAATAT TGTATATGGT ATTAAGATIT TTTGGACTGC AA-AATATTC

———=AATAT TGTATATGGT GTTAAGATAT TCTAGATTTC ANAAATATTC
—————— ———GATAC TGCATATGAT ATCGTGAACT GCTGGATTAC AGAAATAATC
—————— ——GATAC TGCATATGAT ATCGTGAACT GCTGGATTAC AGAAATAATC

CATTCTTGTA AACTATGAAA AAATGGAAAA TTCGTGTTTG C-AGGATATA GTCTTCAAAA
TATTATTGCA AAC—-TGAAA GAATGGCACA GCATTCTTTC AGAGGTTACA GTCT-TCAAA
CATTATTGTA AAT——TGTTA AGGAATTTCG ATGCTTGCAA ACTAAATACA TCAAATCAAA
CATTATTGTA AAT--TGTTA AGGAATTTCG ATGCTTGCAA ACTAAAGACC TCAAAATACA

GATTCATGAC TGTGACCTGC AA
TAAATCTAAA TGTAAATCTT ATGATTCTAG TTTATAAAAA TATAATGTAA TATTAATATT
TTTTAATAAT TCTAATTTT- ATAAA
TTTTGATAAT TCAAATTTT- ATAAA

ACTGTAATTA ATATTGATGA AGTAA—ACT TTCCTTTAAT TCAGTCGA— ——————
GAAACAATGC ATACTAATGA AATAAAAACT TTCTTTTAAT TTAGTCGAGA ATCATGTTTG
GAAACAATGC ATATTGATGA AGTAAAAACT TTCATTTAAT TTAGTCGAGA ATCATGTTTA

~=AAATTATA TGTTTGATAT TAATATTGCA
AAMAAATTTT CAATCATAAT TCAGATCGAA AGAAATGATA ATTTTATATT GATCTCAGCA
AAAAAATTTT CAAAC—AAT TCAGATCGAA AGAAATGATA ATTTTATATT GATCTCAGCA

————— ACATCAAATT TG
GACCAAAGAA AAATCATTTT ACATGAAAAT TTATTTTAGC GGATAAAAGT ATATACTGTA
GACAAAATCA AACGTTCG—
GACAAAATCA AACGTTCG—

===ATGATTC TAATTTAATG
TATATTTTAA GAGGAATAAA AATCCTCCAG TACCATAATC GGAATGTTGA CTTTTAAATG
———=TTTTAA CTGGTATAAA ATTCCTACCG GTACCGTAAT GGAAAAATAG TTTTTTGTTG
—==TTTTAA CTGGTATAAA ATTCCTACCG GTACCGTAAT GGAAAAATAG TTTTTTGTTG

TTTTCTACCA TTTTATAATT TTATTAATAG AGTTATTTTT ——CTGACTA CAG
TTTTCTAGCA TTTTAGAATT TTATACTT— —— T TCTTTGACTA CAG
TTTTCTAGTA TTTGGGATTT TTTTATTTAG AGAGTTATTT TTTCTGATTA CAG
TTTTCTAGTA TTTGGGATTT TTTTATTTAG AGAGTTA—T TTTCTAGTTA CAG

Fig. 2. Sequence Alignment of BmKo-Toxin Gene Introns. The nucleotide sequences of four BmK a-toxin intron are divided into five
regions (A-E) marked with different color. Region A: yellow; Region B: blue; Region C: red; Region D: green; Region E: orange.

was digested overnight with either EcoRI, HindIIl, Clal, or
Pstl, and then probed with the BmKoaTx1l cDNA, we
observed multibands in each cases, suggesting the existence
of multimembers in the o-toxin family (Fig. 3). This result
coincides with the blast search of BmKaTx11 cDNA in
GenBank (http://www.ncbi.nlm.nih.gov/BLAST/Blast.cgi). A
series of o-toxin genes with high sequence homology from
BmK have been identified, for example: BmKaTx15, AGSP,
BmKT, BmK unknown toxin, alpha toxin 1, BmKMI,
BmKMI10 (Fig. 4).

BmK a-toxin Family is from the common ancestor gene
A conclusion on the evolution of a-toxin family can be draw
from the comparison of genomic DNA and the southern
blotting analysis: the o-toxins are from the common
progenitor. During the early stage of a-gene family evolution,
the ancestral gene duplicated and integrated into different sites
of genome, which could be proved from the results of

Fig. 3. Southern Blotting Result. Southern blot analysis of BmK
genomic DNA digested by EcoRI, HindIll, Clal or Pstl with
BmKaTxIl cDNA as a probe. Lane 1, EcoRI digests of
genomic DNA. Lane2, HindIIl digests of genomic DNA. Lane
3, Clal digests of genomic DNA. Lane 4, Pstl digests of
genomic DNA.
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BmKaTx11 ATGAATTATATGGTAATAATTAGTTTGGCACTTCTAGTAATGACAGGTGT 50
BmKaTxl§ —=cceeee- Lm———— t-tt- - T - - 50
Unknown Toxm =~ —-------- T t-tt T 50
Alpha Toxinl t t-tt c 50
BmKT @  =====—=== Lm=——— C=flmmmmmm————————— Lemmmm————————— 50
AGSP = =mmmmmeee Lmm——— Lefimmmmm—e————————— LC=mmmmm——————— 50
BmEMl  ---mmeeee t ) t 50
BmEMI10 t g--c € o a- 50
BmKaTx11 GGAGAGTGTAAAGGATGGTTATATTGCTGACGATAGARACTGCCCATACT 100
BmKaTxl§5 ~  ----- g a t g T 100
Unknown Toxin @ a---t L] T 100
Alpha Toxinl ——gm—————— ege ag--t-- t- 100
BmKT = —====——me- CQC === ———————— Cmm————— Am==fmm=e———f - 100
AGSP  Tm= ] L---g t- 100
BmEM1 teg a-gooccat----- tgr----g 100
BmEMI0 @ e cogt=————c a-goocoga: tgt————~g 100
BmKaTx11 TTTGTGGTAGARATGCATATTGCGATGGAGAATGTARGAAGRACCGTGCT 150
BmKaTx15 g & g 150
Unknown Toxin =~ ----~- o ac gy 150
Alpha Toxinl ~ ================ gr==m—————- AC-======—m————— Eg--=--= 150
BmKT = W ===== = g-== ~tg---== 150
AGSP ") a tg 150
BmKM1 Af--==C======== B====——= a-c-attt----- CE=———— tg-———m 150
BmKM10 Af==—————— C==C=CA=(g=====A=CAA=LL==——— CLg-A==CQ=——m—= 150
BmKaTxl1 GAGAGTGGCTATTGCCAATGGGCAAGTAAATACGGAAACGCCTGCTGGTG 200
BmKaTx135 g--g 200
Unknown Toxin - —==—~ g--g 200
Alpha Toxin]l =~ —=======---sssssssss——os L = L 200
BmKT = ----=- g--gt 200
AGSP g--g 200
BmKM1 f-=--= E-g--- -=-t-g- Z00
BmEKMI0 e g-g======= L Cmmmmm——m e 200
BmKaTx11 CTATAAGTTGCCCGATGATGC ACGTATTATGAMACCAGGAAGATGCAATG 250
BmKaTxl5 ~  ----- a a-a-t--c gagr-- a 250
Unknown Toxin = —————~— B A=A=T==C=———— JAGL === B 250
Alpha Toxinl ~ ~==~~ t ==gagt-- - 250
BmKT a a-t gagt a 250
AGSP - a a-a-t—-c gagt—- a 250
BmEM1 —AtAg--—====——== A-==L=-CF---CHaAgt-—-—-===== A====C==C 250
BmEM10 -ata- —===ag=-=t g----gagt-- 250
BmKaTx11 GCGGTTAA 258
BmKaTxl§ = — —======- 258
Unknown Toxin =~ ======== 258
Alpha Toxinl ~ -------- 258
BmET = = =-===—=—- 258
AGSP e 258
BmKM1 -tt-a--- 258
BuKM10 -—t-m--- 258

Fig. 4. cDNA sequence alignment of BmKaTx11 gene and its
homologous genes from BmK. The genbank accession numbers
of these a-toxin genes are as follows: BmKaTxI1: AF155364,
BmKaTx15: AF163016, AGSP: AF464898, BmKT: AF370023,
BmK unknown toxin: AAG09657, alpha toxin 1: AF288607,
BmKM1: AAC13693.1, BmKM10: AAC16697.1

southern blotting and blast search in GenBank. The ancestral
o-toxin gene duplication provides molecular substance for
function diversity, permitting the natural mutagensis and
selection. In the late stage, the gene fragment deletion and
mutation occurred. Accelerated mutation occurred in the
mature peptide coding region (Zhu, 2002), resulting in the
different neurotoxins for scorpion defense and prey.
Moreover, introns of o-toxins changed much more than
exons, which is associated with the different evolution
pressure. The divergence pattern of a-toxins introns involves
both changes in size (due to deletion and insertions) and base
substitutions. The sequences alignment of four BmKoa-toxin
introns revealed that the sequences of theo-toxin intron was
able to be divided into five regions (ABCDE). Among the
five regions, the BmKoTx11, BmKM1, BmKM10 had four
regions (ACDE), while the BmKaTx15 have A, B, C, E
regions. Comparison of the four introns suggests that the
ancestral o-toxin gene had five regions (A-E) before the
divergence of functions. During the functional divergence by
accelerated evolution, intron sequences varied through the
loss of some regions. Discussion of the a-toxin evolution in
this report are summarized and indicated as the hypothetical
model in Fig. 5.
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