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Abstract:  Based on the recently identified sequence of Heteroscorpine-1 (HS-1), the genes 
encoding the scorpine family of toxins from three Heterometrus spp. in Thailand were 
amplified by polymerase chain reactions (PCR). All three genomic DNAs encoded a 
precursor protein consisting of 95 amino acid residues, and these proteins share a highly 
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conserved structure with other known scorpion long-chain K+-channel toxins. Based on the 
data obtained from our specimens, all scorpine family genes possess a 5 UTR and a region 
encoding the putative signal peptide. The six cysteine positions are highly conserved in 
invertebrate defensins and scorpion K+ channel toxins, suggesting the presence of a common 
three-dimensional structure with a cysteine-stabilised αβ (CSαβ) motif. Our scorpine gene 
family contains an intron that is completely identical to the known scorpion K+-channel 
blockers in size, consensus junctions, putative branch point, and A + T abundance. We used  
-toxin (PDB i.d. 4hhf.1.A), toxin II (PDB i.d.1aho.1.A) and defensin (PDB i.d. 2b68.1) as 
templates in our analysis of 3-dimensional structures. Residues Asn48 – Lys55 of the mature 
Heteroscorpine sequence form the α-helix, residues Lys60 – His64 form β-sheet 1, and 
residues Lys67 – Gly71 form β-sheet 2. Heteroscorpine is predicted to have this structure 
due to the presence of 3 disulphide bridges. The structure completely follows the typical Cys 
pattern of invertebrate defensins (CX4-16CX2HCX6-9GX1CX4-9CX1C). Thus, the scorpine 
family of toxins is likely to use the same mechanism to penetrate the bacterial cell wall as 
defensin peptides from other insect families. 

 
    Keywords: defensin, Heterometrus spp., Heteroscorpine-1 (HS-1), scorpine, scorpion 
    Venom 
 
 
 
INTRODUCTION  
 
 Scorpion venom comprises many bioactive peptides including antimicrobial peptides, ion 
channel-targeted neurotoxins, lipolysis activating peptides, proteases and protease inhibitors [1-5]. 
Neurotoxins are the main components of scorpion venom [6]. Heterometrus scorpions are 
commonly found in South and Southeast Asia. In Thailand they are called giant, black or Asian 
forest scorpions. These scorpions are approximately 10 cm long and have a deep-black body. 
Different species of Heterometrus are found in different parts of Thailand. In the present 
investigation H. laoticus from northeastern and northern Thailand and H. cimrmani from southern 
Thailand were studied. Our group has identified and characterised a scorpine toxin from the venom 
of H. laoticus and named it Heteroscorpine-1 (HS-1). The toxin exhibits potential bactericidal 
activity [7]. 
 HS-1 is a long-chain neurotoxin and a member of the scorpine family with potassium 
channel blocking and defensin activity. It comprises 95 amino acid residues. Six cysteine residues 
were predicted to form 3 disulphide bridges. Alignment of the HS-1 amino acid sequence with 
Panscorpine and Opiscorpine showed 82% and 78% similarity respectively, while alignment with 
many potassium channel blockers showed approximately 40% similarity [8]. The present study 
successfully identifies 2 genes in the scorpine family that are similar to HS-1, from two other 
sources of scorpions: HS-2 from the venom of H. laoticus from northern Thailand and HS-3 from 
the venom of H. cimrmani from southern Thailand. Three-dimensional (3D) structures of these 
Heteroscorpines were computationally modelled to clarify plausible structures that are necessary for 
toxin function.  
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MATERIALS AND METHODS  
Preparation of Genomic DNA  

Northeastern H. laoticus and northern H. laoticus and southern H. cimrmani were cold-
shocked at 4C for at least 3 hr. Tail sections were then dissected and the tail muscles were removed 
with scissors and forceps. Genomic DNA was extracted from 50 mg of the tail muscles of each 
species by phenol–chloroform extraction and ethanol precipitation [9]. The sample was digested 
with 2 mL of 400 g/mL proteinase K (Sigma, USA) at 55C overnight. An equal volume of phenol 
saturated buffer was added and gently mixed. After centrifuging at 3000 rpm for 20 min., an equal 
volume of lysis buffer (10 mM Tris, pH 8.0; 150 mM NaCl; 10 mM EDTA, pH 8.0; and 0.5% 
sodium dodecyl sulphate) saturated with phenol/chloroform (1:1) was added to the sample. DNA in 
the upper phase was precipitated with 2 volumes of cold ethanol and washed with 95% ethanol, 
followed by air drying. Approximately 1 mg of the genomic DNA was resuspended in TE buffer 
(10 mM Tris, pH 8.0 and 10 mM EDTA, pH 8.0) and stored at -30°C until use. 
 
Primer Design and Polymerase Chain Reactions (PCR) 
 

 Degenerate and non-degenerate primers were designed based on the amino acid sequence of 
HS-1 [7]. The PCR reaction mixture contained 2 ng of genomic DNA template, 0.4 mM dNTPs, 0.2 
mM forward primer, 0.2 mM reverse primer, 4 mM MgCl2 and 1.25 units of Taq polymerase 
(Fermentas, USA). PCR reactions were performed as follows: an initial denaturation step at 94°C 
for 5 min., 40 cycles of denaturation at 94°C for 30 sec., annealing at 45-55°C for 30 sec., 
elongation at 72°C for 2 min., and a final elongation step at 72°C for 7 min.    
 
DNA Sequencing 
 
 After the DNA was resolved on an agarose gel, PCR products were purified using a 
QIAquick gel extraction kit (Qiagen, USA) according to the manufacturer’s instructions. The DNA 
was eluted with a specific volume of TE buffer before being subsequently cloned into the pGEM 
easy vector (Promega, USA). The nucleotide sequence of the construct was verified using the 
automated dideoxy method and the MegaBACE DNA Analysis System (Amersham Biosciences, 
UK), at the Biomolecular Analysis Service Unit, Department of Biochemistry, Faculty of Medicine, 
Khon Kaen University. 
 
Bioinformatics 
 
 All bioinformatics tools used in this study are freely accessible online. The DNA sequence 
was translated into the corresponding amino acids using Translate Program [10]. The nucleotide 
(HS-1, HS-2, HS-3, Opiscorpine, KTX2 and BmTXKS2) and amino acid sequence (HS-1, HS-2 and 
HS-3) were aligned using the online software BLAST [11] and ClustalW [12]. The introns were 
determined by sequence alignment with the complete sequence of Opiscorpine [8]. The sequence 
similarity was determined using the Protein BLAST program [11]. The construction and analysis of 
the phylogenetic tree and sequence comparisons were performed using the CLUSTAL-X software 
from the PHYLIP Package and the TREE-VIEW program from Glasgow University [13, 14]. Cysteine 
patterns were determined using the DiANNA 1.1 program [15]. 
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Homology Modelling 
 
 The 3D homology models of HS-1, HS-2 and HS-3 were established using known 3D 
structural coordinates as templates [16]. An automated mode of comparative homology modelling 
in the Swiss-Model server [17, 18] was used. 
 
RESULTS AND DISCUSSION  
Genomic DNA Analysis 
 
 The total genomic DNA was extracted from the tail sections of northeastern H. laoticus, 
northern H. laoticus and southern H. cimrmani. PCR products were sequenced; the HS-1, HS-2 and 
HS-3 genes were 1443, 1433 and 1445 bp respectively. All three genes contained two exons and 
one intron, similar to other genes in the scorpine family [7, 8]. After an analysis using BLAST and 
ClustalW, HS-1 showed 98% similarity to HS-2 and 96% similarity to HS-3, while HS-2 showed 
96% similarity to HS-3. The base pair variations were mainly located in the intron region; a few 
variants were located in the exon region (Figure 1). 

The three toxin genes encoded 95-amino-acid peptides. The toxin gene structures contained 
four parts: 5 UTR, ORF, intron and 3 UTR (Figure 2). The nucleotide sequence at the 5 splice site 
contained AAAA and TTTT elements (Figure 1), indicating a splicing recognition site [19]. The 
flanking regions of the initiation codon ATG of HS-1, HS-2 and HS-3 were AAGATGA, 
AAGATGA and AATATGA respectively. HS-1 and HS-2 showed similarity in flanking regions, 
but had different flanking regions from HS-3. The AA(A/C)ATGA sequence is conserved among 
scorpion toxins acting on ion channels (Na+, K+ and Cl-), including genes from Drosophila spp. 
[20]. However, this study clearly defines these sequences as AA(G/T)ATGA, with a G/T 
substituting for A/C. These sequences are relatively uncommon in the mechanism of translation 
initiation.  
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Figure 2.  Organisation of the genomic sequences of HS-1, HS-2 and HS-3: (A) model of the three 
genes. Exons I and II are highlighted with black boxes; (B) their introns are compared to a member 
of the scorpine family (Opiscorpine) and K+ channel blockers (KTX2 and BmTXKS2). For 
“Consensus”, y is T or C and n is A, T, G or C. 
 

Intron Analysis 
 

Adenine (A) and thymine (T) are enriched in throughout intron sequences and could help the 
splicing factors locate 3' splice sites. These bases may play a non-specific role in limiting the 
secondary structures or reducing the likelihood that AG dinucleotides will occur in this region [21]. 
The intron has a consensus GT-AG splice junction and a branch site region that shares sequence 
similarity (Figure 2A). HS-1, HS-2 and HS-3 introns were compared  to other scorpion K+ channel 
toxin genes (Opiscorpine, KTX2 and BmTXKS2). Introns of the HS toxins have the same 5' splicing 
donor (5'A|gtaagt3'), similar to BmTXKS2 but different from Opiscorpine (5'A|ggaagt3') and KTX2 
(5'A|gtaatt3') (Figure 2B, right panel). Surprisingly, the toxin genes differ in the 3' splice sites (HS-
1, 5ctctttccag|A3; HS-2, 5ctccttccag|A3; HS-3, 5ctctttccag|A3) (Figure 2B, upper panel), 
indicating that position 7 upstream of the 3 splice site is less conserved. However, a putative branch 
site (5ttttaat3) (Figure 2B, middle panel) that is typically responsible for the identification of the 3 
splice site is similar to the consensus sequences of the animal branch sites (PyNPyPyPuAPy) [22] 
(Figure 2B).  
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Amino Acid Sequence Alignments 
 
 Nucleotide sequences in the exon region of the three toxins were translated. The sequences 
encode a 95-amino-acid peptide with seven conserved cysteine residues that potentially form three 
disulphide bridges and completely match the typical Cys pattern of invertebrate defensins (CX4-

16CX2HCX6-9GX1CX4-9CX1C) [7]. Although nucleotides vary at some positions between HS-1, HS-
2 and HS-3, the deduced amino acids of the three toxins show 100% similarity to each other after an 
analysis with ClustalW (Figure 3). Since the nucleotide substitution occurs at the third position of 
the codon, the protein sequence is not altered [3, 7] (Figure 1). The deduced amino acids of HS 
were protein-blasted for similarity. The result showed 4382% similarity to the scorpion long-chain 
K+-channel toxins such as the scorpine precursor Panscorpine, the Opiscorpine-3 precursor, Tityus 
scorpine, TsTXK, BmTXK2 and AaTXK  [7].     
 
 
 
 
 
 
 
 
Figure 3.  Alignment of deduced amino acid sequences of HS-1, HS-2 and HS-3 using the program 
ClustalW.   * indicates identical residues in all sequences of the alignment. 
 

Comparative Analysis 
 
 The HS-1 amino acid sequence was used to construct a phylogenetic tree containing K+ 

channel blockers and defensins, the sequences of which are available online. The peptide toxins 
specific for the scorpine precursor branched into distantly related clusters, whereas peptides specific 
for the K+ channel toxins are more dispersed. Heteroscorpine (HS) is clustered with K+ channel 
toxins including the Opiscorpine-2 precursor, Opiscorpine-3 precursor, Opiscorpine-4 precursor and 
scorpine-like peptide 1 [8, 23]. However, HS is evolutionarily closely related to the scorpine 
precursor. All of the peptides share seven conserved cysteines with scorpion K+-channel toxins. 
Additionally, the residues involved in the formation of β-strands are mostly conserved. 

The unrooted phylogenetic tree of HS, K+-channel blockers and defensins was analysed 
based on primary structures. A neighbour-joining tree was constructed based on the sequence 
alignment of K+-channel blockers. As shown in the phylogenetic tree, HS clearly shares higher 
homology with the scorpine precursor, clusters in the same branch with PANIM scorpine, and shows 
a very close relationship with Opiscorpine-2, SCRP2OPICA, SCRP4OPICA, SCRP3OPICA and 
SCRP1OPICA (Figure 4A). The full-length sequence contains seven cysteines: Cys19, 58, 68, 72, 
82, 87 and 89. The toxin forms three disulphide bridges, viz. Cys58Cys68, Cys72Cys87 and 
Cys82Cys89 (Figure 4B). 
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Figure 4. Phylogenetic relationship and disulphide bridge analysis: (A) For the rooted phylogenetic 
tree of HS-1, HS-2 and HS-3, a neighbour-joining tree is constructed by aligning the sequences of 
the following K+-channel blockers: PANIM_Scorpine (P56972.1) [31], Opiscorpine2 (AAQ94353.1) 
[32], SCRP1OPICA (Q5WR03.1) [8], SCRP2OPICA (Q5WR01.1) [8], SCRP3OPICA (Q5WQZ7.1) [8], 
SCRP4OPICA (Q5WQZ9.1) [8], SCRPHADGE (Q0GY40) [33], KBX2ANDAU (P69939) [34], 
KBX4MESMA (Q9N661) [35], toxin-like peptide (ABP35519.1) [36] and scorpine-like peptide 
(AAW72464.1) [37].  HS is indicated by an arrow. (B) Cysteine patterns are shown. The signal 
peptide is underlined. The 3 disulphide bridges are Cys58Cys68, Cys72Cys87 and 
Cys82Cys89.  
 

The 3D structure of HS was generated with molecular modelling using the structures of the 
proteins with the highest amino acid sequence identities as a template. The model used established 
3D structures in the Protein Data Bank. The sequence of HS is 44.00% identical to -toxin from the 
scorpion Odonthobuthus doriae [16], 40.00% identical to toxin II from the scorpion Androctonus 
australis Hector [24] and 35.48% identical to Cg-Def, a defensin from the oyster Crassostrea gigas 
[25]. Residues Asn48Lys55 of the mature sequence of HS show an α-helical structure, residues 
Lys60–His64 show a β-sheet-1 structure, and residues Lys67–Gly71 show a β-sheet-2 structure 
(Figure 5). The helical structure of residues Asn48–Lys55 (Figure 6) is presumed to disrupt the cell 
membrane and inhibit the activity of microorganisms. HS-1 is a small cationic antimicrobial peptide 
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[8]. As shown in the molecular model, the HS-1 fold is similar to that of the K+-channel toxins and 
defensins. HS has been predicted to inhibit microorganisms by the ‘carpet model’ [26].  

In this model many antimicrobial peptides such as ovispirin [27] accumulate on a bilayer 
surface and are oriented parallel (‘in-plane’) to the membrane surface [28]. The peptides are 
electrostatically attracted to the anionic phospholipid head groups at numerous sites, covering the 
surface of the membrane in a carpet-like manner. At high concentrations, surface-oriented peptides 
are thought to disrupt the bilayer, similar to a detergent, eventually leading to micelle formation [29, 
30]. At a critical point, the peptides form transient toroidal holes in the membrane, which 
disintegrates and forms micelles after disruption of the bilayer curvature [31].   

 
 
 
 
 
 
 
 
 
 
      
 
 
Figure 5.  3D structures of HS-1 based on three templates: -toxin from the Odonthobuthus doriae 
(PDB i.d. 4hhf.1.A, left panel), toxin II from Androctonus australis Hector (PDB i.d. 1aho.1.A, 
middle panel) and a defensin from oyster Crassostrea gigas (PDB i.d.2b68.1, right panel) 
(resolution 0.96–1.80 Å). Templates are selected using template alignment mode and constructed in 
automated mode using the Swiss-Model server. 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
Figure 6.  Analysis of HS structure using -toxin from Odonthobuthus doriae (PDB i.d. 4hhf.1.A) 
as template. HS-1 (mature sequence) comprises one α-helix, a region involved in anti-
microorganism activity (residues Asn48–Lys55), and two β-sheets: β-sheet 1 (Lys60–His64) and 2 
(Lys67–Gly71). Blue ribbon = α-helix; green ribbon = β-sheet. The 3D structure is constructed with 
the Swiss-PdbViewer program. 
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CONCLUSIONS  
 
 We have reported the genomic DNA and amino acid sequences of a group of toxins, HS, 
from the scorpion Heterometrus. An analysis of the sequence alignment of HS-1, HS-2 and HS-3 
toxins shows 100% similarity between the proteins. The 3D structures share a common dense 
scaffold formed by one α-helix and two β-strands stabilised by 3 disulphide bridges. These 
structures exhibit a common minimal motif, named “cysteine-stabilised-αβ (CSαβ).” According to 
the structural analysis, the C-terminus of the peptide is important; it possesses two structural and 
functional domains. The first domain is the α-helix that exhibits cytolytic or antimicrobial activity, 
similar to insect defensins. The second domain is the CSαβ motif, which blocks voltage-gated 
potassium channels. A comparative analysis of amino acid sequences reveals that the conserved 
residues of HS align with many members of the K+ long-chain neurotoxin and defensin families. 
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