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Abstract. Small cationic antimicrobial peptides
(SCAMPs) as effectors of animal innate immunity pro-
vide the first defense against infectious pathogens. This
class of molecules exists widely in invertebrate he-
molymph and vertebrate skin secretion, but animal ven-
oms are emerging as a new rich resource. Scorpine is a
unique scorpion venom defensin peptide that has an ex-
tended amino-terminal sequence similar to cecropins.
From the African scorpion Opistophthalmus carinatus
venom gland, we isolated and identified several cDNAs
encoding four new homologs of scorpine (named opiscor-
pines 1—4). Importantly, we show for the first time the ex-
istence of multiple opiscorpine mRNAs with variable 3’
untranslated regions (UTRs) in the venom gland, which
may be generated by alternative usage of polyadenylation
signals. The complete opiscorpine gene structure includ-
ing its promoter region is determined by genomic DNA

amplification. Two large introns were found to be located
within the 5" UTR and at the boundary of the mature pep-
tide-coding region. Such a gene structure is distinct, when
compared with other scorpion venom peptide genes.
However, a comparative promoter analysis revealed that
both opiscorpine and scorpion venom neurotoxins share a
similar promoter organization. Sequence analysis and
structural modeling allow us to group the scorpines and
scorpion long-chain K-channel toxins together into one
family that shares a similar fold with two distinct domains.
The N-terminal cecropin-like domain displaying a clear
antimicrobial activity implies that the scorpine family rep-
resents a group of real naturally occurring hybrids. Based
on the phylogenetic analysis, a possible cooperative inter-
action between the N and C domains is elucidated, which
provides an evolutionary basis for the design of a new
class of anti-infectious drugs.

Key words. Scorpine gene; in silico comparative promoter analysis; domain hybrid; venom antimicrobial peptide;

cecropin; defensin; innate immunity.

Innate immunity, as an important component of animal
defense, is mediated by some small cationic antimicro-
bial peptides (SCAMPs) that are constitutively expressed
or induced by microorganisms or their products [for re-
views, see refs 1—9]. In the past 20 years, several hundred
such peptides have been found in a wide range of organ-
isms, which offer rich sources for screening and develop-
ing new anti-infectious drugs. On the basis of the struc-
tural features, these natural molecules can be divided into
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three distinct groups: (i) linear, a-helical peptides; (ii)
cysteine-containing peptides with single or several disul-
fide bridges, and (iii) molecules composed of specific
amino acids such as Pro, Gly or Trp [1-9]. Despite enor-
mous diversity in sequence and structure, most
SCAMPSs are molecules of < 100 residues with spatially
separated hydrophobic and charged regions. This unique
structural arrangement is thought to be crucial to their
function.

Cecropins are the first SCAMPs fully characterized from
insects (Hyalophora cecropia) and can be considered as
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representative of the linear, a-helical peptides [6]. This
class of molecules is widely distributed in nature and
found not only in arthropods, but also in nematodes and
even in bacteria [6, 10, 11]. These SCAMPSs are 3—
4 kDa in size, and consist of two a-helical segments
linked by a short hinge. These molecules exhibit strong
activity against a large spectrum of microbes, including
Gram-negative bacteria, filamentous fungi, protozoan
and metazoan parasites as well as viruses, and thus play a
key role in host innate defense.

Cysteine-containing defensins represent another impor-
tant family of antimicrobial peptides [5, 7, 9]. They are
only one class of SCAMPSs conserved between the plant
and metazoan innate immune response [12]. These mole-
cules can be classified into three major groups based on
their three-dimensional (3D) structure: (i) plant and in-
vertebrate defensins characterized by three disulfide
bridges and a common structural motif (cystine stabilized
a-helical and f sheet; CSap); (ii) vertebrate a- and fS-de-
fensins containing a core of three antiparallel S strands
stabilized by three intra-molecular disulfide bridges, and
(iii) invertebrate and vertebrate minidefensins, a new
group of SCAMPSs genetically related to a- and p-de-
fensins but half their size. Defensins exhibit a broad-
spectrum activity against Gram-positive bacteria, fungi
and some enveloped viruses.

Interestingly, a unique invertebrate defensin of 75 amino
acids (called scorpine) was recently found in the venom
of the African scorpion Pandinus imperator, which has an
extended amino-terminal sequence similar to cecropins,
and thus was proposed as a hybrid of these two class of
SCAMPs, cecropins and defensins [13]. The highly an-
tiparasitic activity (100 times higher than shiva-3) makes
it an attractive candidate for generating transgenic mos-
quitoes resistant to malaria [14]. In this work, we charac-
terized four new scorpine-like peptides (designated as
opiscorpines 1—4) by a cDNA cloning strategy and de-
termined the first ever gene structure and promoter re-
gion of this family from the scorpion Opistophthalmus
carinatus, a close relative of Pandinus imperator (both
belonging to the family of Scorpionidae). Furthermore,
alternative polyadenylation is also demonstrated in this
gene family. The research using a synthetic peptide con-
firmed that the extended N-terminal segment is a real nat-
ural structural domain with obvious antimicrobial activ-
ity. Sequence analysis combined with structural predic-
tion highlighted a common fold comprising two distinct
domains shared by scorpine peptides and scorpion venom
long-chain K-channel toxins.

The scorpine gene

Materials and methods

Preparation of total RNA and genomic DNA
Scorpions (O. carinatus) were collected in southern
Africa. Preparation of total RNA and genomic DNA was
described previously [15].

Isolation of cDNA and genomic clones

The rapid amplification of cDNA ends (RACE) tech-
nique was used to isolate cDNAs encoding scorpine-like
peptides. For 3” RACE, a degenerate primer (DP1, TGT
CACGG(TA)AC(TC)AAATGCAA(AG)TG(TC)GG) was
designed based on the amino acid sequence of scorpine
(CHGTKCKCG). Total RNA was reverse transcribed
into first-strand cDNAs using Superscript II reverse tran-
scriptase and a universal oligo(dT)-containing adaptor
primer (AP, Life Technologies). The cDNAs were ampli-
fied with Tag DNA polymerase (Promega) using the
primer DP1 together with the AUAP primer (Life Tech-
nologies). For 5° RACE, two reverse gene-specific
primers (SP1, CTTTGGCTGCAATTAATAGGACAATG;
SP2, CTGCAATTAATAGGACAATGGTAC) were de-
signed based on the 3 RACE sequencing results. We
modified the conventional 5 RACE method for directly
isolating the 5" sequence from the synthesized first-strand
cDNAs (fig. 1A). Briefly, the first cDNA mixture was
tailed with terminal transferase and dCTP, and then an
amplification of the cDNAs was performed using
oligo(dG) and the gene-specific primer SP1. The ratio be-
tween oligo(dG) and SP1 was set at 1:50 (asymmetric
amplification). After 30 cycles, 1 pl of diluted PCR prod-
uct was taken as template for a standard 30 cycles of am-
plification with oligo(dG) and the nested gene-specific
primer (SP2). Finally, a forward primer (FLP, GAAG
GTTTCGTTGATTCTTCTGCCTC) was synthesized and
used together with AUAP to isolate complete cDNAs. To
determine the exon-intron organization of opiscorpines,
genomic DNA was amplified using the primers FLP and
SP1 under standard PCR conditions [16].

Isolation of the promoter region

Thermal asymmetric interlaced PCR (TAIL-PCR) was
used to amplify the upstream regulation region of the
opiscorpine gene. This method consists of three consecu-
tive PCR reactions with three reverse nested gene-spe-
cific primers (4Ul, 5-CGAAAAGGCTCTCGATAA
CAATAC-3’; 4U2, 5'-GTCCAAGGAAGATAAGGGCA
GTA-3"; 4U3, 5-GGAGGCAGAAGAATCAACGA-3")
and a shorter arbitrary degenerate primer (AD1, 5’-(A/T/
G/C)GTCGA(C/G)(A/T)GA(A/T/G/C)A(A/T)GAA-3")
(fig. 2A). The primer 4U1 anneals to the 5" end of intron
2, and 4U2 and 4U3 anneal to exon 2. The PCR reaction
was performed as described by Zhu et al. [15].
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A Transcription initiation site Poly (A) site

" |
Genomic DNA 222 } | R

SePl = SeP2 =
FLP —= Standard amplification —=— SPI

ADI] - —4U1
ADI] — TAIL-PCR - 4U2
ADI] - - 4U3

- SeP4 = SeP3

ggtcgagtgagaagaacaaagatgataactgatGAAAAAGAAAcaccgaccgactgggattcgaaaccacaaaaCTTT
ICSBP
TGCAAGccgggcaacGTACAGCCCAGTCacccATAGTTTCCAccagtaaaagectataageCGTCCAGGCCEECGACAG
C/EBPa Spl C/EBPa Spl Spl
AGGCGccaTCTGCTGATGatagt cggaATTAACTAAAGacagat tecct tAATTAATTTTaat tcctacgtAAAATTC
Oct-1 HNF-1 C/EBPpS Oct-1
GAAgagtAATTACGCAAAacccagatcccgatAGACGAAAAACgaagaattTTTAGARACTcgct tAATTTCTCCATG
C/EBPa or Oct-1 Odd Oct-1 C/EBPa
CCCCTGTaacggttcaACRATTTTTTcctgaggettcct TGATGTTTTGagagaTTACAGAACARAARAATTTTGTcctg
SRF Hb C/EBPa C/EBPS  C/EBPa or Oct-1
cttgccecttactgecagacactgcATCTCATTTCagtgtetecgatggtat CCATTARAGGAAGTGETTTACTGATTac
Oct-1 SRF Spl Oct-1
cATTTTCTGCCatacttttgagctatttt TGAAACGARAtgececctegttcaagatetecgatgatgtacaggtAGGTCA
NF-1 ICSBP coupP
AAGAaacaagacgaaaggctttctacccgatgccagaatTGATAATGGAtacgattcgtceccagecATTTGGATATECg
GATA-1 Oct-1
atggATGACATAATttcaagggtattattctgaaaaggctaggtttaattgtttggcattgtegattctatttttecg
CREB
tagtgaATTACATCATataatcattatttgtcactgTCTTATCCGTggatact cTATACATATTGGTTAcacggcATT
C/EBPa GATA-1 Oct-1 or C/EBPa.
CATAAARactgctatgctgtcatcceccttttggaCCACAGCTGTTGTAATTCCTccaTTCATATTACTCACcgcacca
Oct-1 AP-4 C/EBPa Oct-1  AP-1
caaactgccatgegegtaCGTTGTGGAAcacgTATATAAgegttaccaaggcaaaaactaTCACTTCCTCCTTCTACC
C/EBPa. TBP(TATA-box) Initiator I: TSS
TCCTTTCCAGAAGgtaagtagtcacgattaccctagaacaccttgaactcatacgagactgtagtctectecacttttt
catcctcttetgtgataatcagaaateggtttgectttttgtgtttttggaaatgcaagttaactactgececgaaage
ctaaaagtgaagatacagttctcgaagccttgecaccatgtgttcggegecaaatcegettttegagttttttgggtegaa
aattcgcaaacctcttttgtagaaaacaaggagagctcgcagtttcaaaattgtgatgaaagaaaaataatttgactt
gaacataatgctcatattcaatattagctttgacaagctttgacaatttatataactaacattgtaattgecattacce
atttattatacctgttgttgacaaaaattatccttggctttaattaggaattcagccaacagatgttcgecagtacgaa
cgatctgcctggaagtagtagtgtatataacgaaacactcagattgggggtgttcctatggtgaactatacatttact
cgaagggagcaatcggcgaatccattcgagtgegtcaaaggtcaaattcttaggaacaaaccctgatactgaatcgga
tctctataatatctgecagcagtttcactataaaagatccctcatttagtatctggegecegtagaacgecacttttetac
cctegececctgcagectcagggagcaaattaggettttttcaacccccatgacgttcactgaaacgtttectegttaatge
atagatagcattttcagcaagactgtgaatctctacacttttctgggettttttecttattatacctegegecaattaa
gtttgaaaagttttcaagagacgtcaacagcacccattcecgttaagaatagttttgecattggttggaacgtgtgagate
atctgggtgaaattaattattaattaattagtgcttaactgtcgagttgecggaacgctagatacagaactaaatgcaa
cgectttattttcagGTTTCGTTGATTCTTCTGCCTCCAAAACAAGATGAACAACAAGCTTACTGCCCTTATCTTCCT
o M N N K L T AL I F L
TGGACTCCTGGCCATTGCCTCTTGCARATGGCTCAgtaagtacagtttttattgtattgttatcgagageccttttega
G L L A I A § C K W L e
gaattttagctttggaaactgttcgagtttatgaacgtccaaactcgeccgacatattgaactaagccagectagectate
tagacactattcgtaagtttaacaggcgagagcaaatgcgtgaagccaagaaagtaactttatacgagtcgatataat
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Figure 2. The opiscorpine gene and its promoter. (4) Strategies used for PCR amplification of genomic DNA and walking sequencing. (B)
Nucleotide sequence. The upstream promoter is indicated in blue. The potential transcription factor-binding sites are underlined once and
represented in upper case. The exon is represented by red upper case. The intron is represented by black lower case. The putative branch
sites and the U2AF factor-binding region are italicized and in bold. The Alu-like sequence is shadowed. The repetitive element is in bold.
Primers positions are indicated by arrows. (C) Schematic structure of the opiscorpine promoter and comparison with those of two addi-

tional scorpion venom peptide promoters. Two distinct modules are boxed and represented by different colors.
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ttacgtagcaaatctgatggtatattctaagagagtacacttccgttgacgtttaagtcacgtgataccgcataatag

ggcatﬁ;atggaccaaat.atttcaaaggctgcgattacttccgtccaaagctgtgtaaatttgt.caagtttactgaa
ctccgaagagaaaagttgggtccaagaacctccctcttgtgcagacagtagctcctgctttagtggggacagtceggg
tctgttttatatctatcccagttcaactctatttaataaaaaaaaaaaaaaaa aatgcatcgcaaacagcttttaatt
gcatacaaatttataacttcgtgctaaaaaaagccgtgcatcagaaaaaataatgatgttatagaaatcgaagcaatg
gccaaaagaacgattgtcattgttacgtaataactgacgtcacgataattgttacgtagtgataacattaatgcagaa
ttgctagatatgatattttttcttaaacttgtttgcatacagtcagtgaaaagaagttctgaattttaatataatttg
caacttccttatcttaaacaaaactgtagttgttgattattacttataggtgataaactaactaacttccaattttaa
ataatacgattaaattgacgcgaacatccacgttgteccacttgeccctggattetgtactgtacggecagtaagegeag
tattgtattgtattgtatttccttctatgecctetgttttgettgetattatgggtcattttatagtecgaacatacteca

The scorpine gene

2340
2418
2496
2574
2652
2730
2808
2886
2964
3042
3120
3198

agttaattactatttctectttccagATGAAAAAAGTATTCAAAACAAAATTGACGAGAAAATAGGAAAAAATTTCCTT 3276
N E K 8 I 9 N K I D E K I 6 K N F L 40
GGAGGAATGGCTAAGGCCGTCGTCCACAAACTTGCGAAGAACGAATTCATGTGTGTGGCAAACGTAGATATGACGAAA 3354
GGMAKAVVHKLAKNEFMCVANVDMTE’ 66
AGTTGCGACACGCACTGCCAGAAAGCAAGCGGTGAAAAAGGATACTGCCACGGTACCAAATGCAAGTGTGGAGTACCA 3432
s ¢ DT HICIO QXK AS GE K GY CHGTI KT CI K CGV P 92
TTGTCCTATTAATTGCAGCCAAAG 3456
L S Y end 95
ATG TAA
C r)- TSS V. _ v
] L - L/ —
- — SINE
r - ~———— N
- Module B """*---.._,,____ Hodule A
- - = T—— —
8 - Opiscorpine ____ - -
AaHI’ ot} O m-n—l—_)’
KTx2 f—{$+:’—
Distal promoter Proximal promoter Core Promoter
| | | | | | | | | |
900 -800 -700 -600 -500 -400 2300 200 -100 -1 bp
CExon — Intron —Promoter region
DSRF OGATA-1 {OC/EBPa A0ct-1 DTATA

Figure 2 (continued)

DNA sequencing

PCR products derived from cDNA and genomic DNA
were purified by high-speed centrifugation of agarose
gel slices and ligated into the pGEM-T Easy Vector
(Promega) for sequencing. Escherichia coli IM109 was
used for plasmid propagation. Recombinant clones were
analyzed by EcoRI digestion and gel electrophoresis.

Positive clones were sequenced by the chain termination
method from two directions using SP6 and T7 primers. A
primer-walking strategy was used to sequence the ge-
nomic clones (SeP1, 5-TTGCGACTATTATCTGTGTC
-3%; SeP2, 5-TTGATTATTACTTATAGGTG-3"; SeP3,
5’-ATAGTTCACCATAGGAACAC-3"; SeP4, 5-TCGT
GACTACTTACCTTCTG-3') (fig. 2A).
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The nucleotide sequences reported in this paper have
been submitted to the GenBank database (http://www.
ncbi.nlm.nih.gov) for release upon publication.

Semi-quantitative RT-PCR

Amplification was performed using the primer FLP and
AUAP according to the method described in McPherson
and Moller [16]. The template is derived from the first-
strand cDNA mixture transcribed from mRNA primed by
the universal oligo(dT)-containing adaptor primer (AP).

Chemical synthesis and CD spectra
Chemical synthesis, characterization and CD spectra of
the amino-terminal segments (residues 1-9, named Jan-
fl; residues 1-35, named Jan-f3) of opiscorpine 1 were
performed according to Dai et al. [17].

Antibacterial assay

The inhibition zone assay described by Oh et al. [ 18] was
used to determine the effect of Jan-f3 on E. coli IM109
(Promega).

Antifungal activity assay

Yeast strains used in this study were Fusarium culmorum
IMI180420 and Fusarium oxysporum MUCL39789. An-
tifungal activity of the peptide sample against yeast
strains was assayed by microscopic analysis of liquid cul-
tures grown in microtiter plates as described previously
[19]. The incubation temperature was 25°C. Growth
medium used was PDB (24 g/l potato dextrose broth;
Sigma).

Bioinformatics

Protein secondary structure predictions were performed
at the server (http://pbil.ibcp.fr) using the consensus pre-
diction with a combination of the methods of DMP, DSC,
GOR4, HNNC, PHD, Predator, SIMPA96 and SOPM.
RNA secondary structure prediction was performed us-
ing RANdraw 1.12b software (http://rnadraw.base8.se)
with default parameters. Fold assignment and template
selection were carried out at the 3D-PSSM (three-di-
mensional position-specific scoring matrix) server
(http://www.bmm.icnet.uk/servers/3dpssm). The nuclear
magnetic resonance (NMR) structures of a2 peptide (a
molecule structurally similar to the cecropin, PDB entry
1QP6) and sapacine (an insect defensin, PDB entry
1ICA) were selected for comparative modeling of amino-
and carboxyl-terminal domains of scorpines and long-
chain K-channel toxins, respectively. Initial backbone fit-
ting and energy minimization steps were performed with
the DeepView program (http://www.expasy.ch/spdbv)
and further refined via submission to the Swiss-Model
server (http://www.expasy.ch/swissmod/SWISS-MODEL.
html). Evolutionary trees based on amino acid alignments
of cecropins and invertebrate defensins as well as ce-
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cropin-like and invertebrate defensin-like domains in
scorpines and long-chain K-channel toxins were con-
structed by using the neighbor-joining method imple-
mented in MGEA 2.1 (http://www.megasoftware.net).
Potential transcription factor (TF)-binding sites in up-
stream regulation regions of opiscorpine, AaHI" and
KTx2 gene promoters were searched using the AliBaba2
program, against the TRANSFAC database (http://www.
cs.uni-magdeburg.de/grabe/alibaba2). The AliBaba?2 pro-
gram is believed to be the most specific tool for predict-
ing TF sites in that it constructs specific matrices for each
sequence analyzed instead of using predefined matrices
for an unknown sequence.

Results and discussion

Isolation and identification of cDNAs encoding
scorpine homologs from O. carinatus

The RACE technique was used to isolate full-length
cDNAs encoding precursors of scorpine peptides from
the scorpion O. carinatus. Sequencing of 3" and 5" RACE
clones (P4-6 and 4N-7) allowed us to assemble a full-
length cDNA encoding one new scorpine peptide, named
opiscorpine 1. The cDNA is composed of three parts in-
cluding a 5" untranslated region (UTR), (ORF) and 3’
UTR. The 5" UTR contains one pyrimidine tract of 23 nu-
cleotides. At the 3" UTR, one copy of a poly(A) signal
(AATAAA) is located in the region 18 nucleotides up-
stream of the poly(A) addition. The ORF codes for a pre-
cursor of 95 residues composed of an amino-terminal sig-
nal peptide of 19 residues followed by a carboxyl-termi-
nal part comprising the mature peptide of 76 residues. A
complete amplification with primers FLP and AUAP
identified three additional homologs with several amino
acid changes mostly occurring in their C-terminal regions
(fig. 1B). These four homologs share about 70 % identity
at the amino acid level with scorpine from P imperator
with one deletion/insertion mutation at position 55.

Alternative polyadenylation of opiscorpine
transcripts

Sequence analysis showed that three clones (4F-16, 4F-6
and 4F-15) obtained from the complete amplification
code for an identical 5* UTR and highly similar coding
sequences, but variable 3 UTRs. Clones 4F-1 and 4F-16
have the same 3" UTR length. Thus, together with clone
P4-6 that contains the shortest 3 UTR, we have isolated
four cDNA species with variable 3 UTRs (fig. 1C).
Given the fact that the longest 3 UTR (300 nt) contains
four tandem poly(A) signals and that these signals are lo-
cated in an ideal distance from cleavage sites (15—23 nt)
[16], these four transcripts with variable 3 UTRs are
likely derived from alternative usage of the poly(A) sig-
nals. The result of semi-quantitative RT-PCR shows that
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the smallest transcript is less abundant so that it cannot be
detected by gel electrophoresis (fig. 1C).

Four ATTTA elements, which have been identified as
destabilization sequences of some mRNAs [20], can be
found within the longest 3” UTR, but the abundance of
this mRNA is obviously higher than the shortest one that
contains only one ATTTA element. We can thus exclude
its role in the mRNA destabilization. A similar case has
also been observed in the mRNAs of the human hap gene
[21]. Because the secondary structure of the 3" UTR is
crucial to the polyadenylation of pre-mRNA [22], we pre-
dicted the longest 3 UTR structure (fig. 1D). The result
revealed that all three polyadenylation signals (PS-2, PS-
3 and PS-4) that are presumably responsible for the three
larger transcripts are located within loops. By contrast,
the signal (PS-1) for the smallest transcript is located in a
stem. Given that a poly(A) signal (AATAAA) functions
only when it is recognized by the cleavage and
polyadenylation specificity factor (CPSF) [20], the loca-
tion of AATAAA in a loop appears to facilitate its bind-
ing with the CPSF. A search of the GenBank database
(http://www.ncbi.nlm.nih.gov) showed that the majority
of scorpion venom peptide cDNAs possess a single
polyadenylation signal and that most if not all AATAAAs
were found in the loop (data not shown). This observation
further emphasizes the importance of the location of
AATAAA in the mRNA polyadenylation process.

The isolation of these transcripts in the absence of any
immune challenge suggests that opiscorpines belong to
constitutively expressed immune peptides. Obviously,
this type of expression is energy consuming. To save en-
ergy, an alternative strategy is to control translational ef-
ficiency at the mRNA level by regulating mRNA stabil-
ity. This strategy may have been adopted by the opiscor-
pine gene. By alternative usage of polyadenylation
signals, several mRNAs with variable 3 UTRs are pro-
duced to regulate the expression level of opiscopine by
different stability, as observed in the case of the human
PR264/SC35 splicing factor [23].

Intron-exon organization of opiscorpine gene

PCR amplifications were used to determine the intron-
exon organization of the opiscorpine gene. The strategy
used is schematically outlined in figure 2A. The amplifi-
cation of genomic DNA, using primers FLP and SP1,
produced one ~1.5-kb DNA fragment that was then
cloned and sequenced. A comparison between genomic
and cDNA sequences identified one phase one intron
(1160 bp) located within a polar residue (Asn) codon of
the mature peptide-coding region (fig. 2B). The exon se-
quence accurately matches opiscorpine 3 cDNA. When
we tried to isolate the promoter region of the opiscorpine
gene by TAIL-PCR, we found another large intron (1016
bp) which is located within the 5" UTR. These two introns
display a similar A+T content (~50%), and have a con-

The scorpine gene

sensus GT-AG splice junction and a putative U2AF splic-
ing factor-binding region that shares a similar sequence
feature (pyrimidine tract) to that of other species. Their
putative branch sites are located 54 and 18 nucleotides
upstream of the 3’ splice sites, respectively. The presence
of one intron in the untranslated region and mature pep-
tide-coding region split by an intron are uncommon in
scorpion venom peptide genes [24, 25].

Analysis of the two intron sequences revealed two dis-
tinct features in the second intron: (i) One copy of a re-
petitive element (GTATTGTATTGTATTGTATT) was
found upstream of the branch site. This element is re-
peated four times by one pentamer (GTATT). Interest-
ingly, a database search (http://www.ncbi.nlm.nih.gov)
showed that this element is also present in genomes of
several eukaryotic species, including Lycopersicon escu-
lentum, Nicotiana tabacum, Plasmodium falciparum,
Caenorhabditis elegans, Drosophila melanogaster, Mus
musculus and Homo sapiens (data not shown). In some of
these genomes, this element repeats more than 20 times
in one or two orientations. The widespread distribution in
diverse species indicates its evolutionary conservation
and putative important biological significance; (ii) A new
member of the short interspersed element (SINE) family
was also identified within the intron. Despite no obvious
sequence similarity, this stretch of 210 nucleotides dis-
plays characteristics of the SINE: its sequence is flanked
by direct repeats of 8 nucleotides and has an A-rich region
in its 3" end [26]. In the eight-nucleotide repeat, four are
palindromic (TGCA). Two Alul sites (AGCT) were also
found within this sequence (fig. 2B), suggesting that this
sequence might belong to an A/u-like mobile element.
The biological roles of the two sequences await further
investigation.

Identification of potential transcriptional factor
TF-binding sites in the promoter region and in

silico comparative promoter analysis

The promoter region of the opiscorpine gene was isolated
by a TAIL PCR strategy (fig. 2A). After tertiary amplifi-
cation had been performed, one ~2-kb fragment was re-
covered and sequenced. We defined the transcription start
site (TSS) sequence (TCA"'CTTCC) by a direct mapping
of cDNA into the genomic sequence, which exactly
matches the eukaryotic initiator element consensus
[(TC)CA"IN(TA)(TC)(TC)(TC)] (where A™! is the base
at which transcription starts, N is any of the four bases)
[26]. The initiator is thought to be an alternative promoter
element which is capable of replacing the function of the
TATA box (one of the most prominent core elements in
eukaryotic as well as prokaryotic promoters). However,
one copy of the TATA box can also be found —30 to
—24 bp upstream of the TSS. The combination of both ini-
tiator and TATA box in one promoter has been identified
in several viral genes [27]. In addition to these two core
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promoter elements, a computer-assisted analysis indi-
cated that the opiscorpine promoter region contains nu-
merous putative TF-binding sites (fig. 2B), among which
C/EBPa (CCAAT/enhancer binding protein), Oct-1 (oc-
tamer-binding transcription factor), and Sp1 (specificity
protein 1) were found in multiple copies. Although in sil-
ico prediction of a single binding site is of limited value
on its own, the promoter context (promoter module) is
crucial for TF-binding sites to fulfil their functions (e.g.
activating or repressing) [28]. A closer analysis of the po-
tential sites allows us to identify several interesting com-
binations which might be related to regulatory function
[29] and should be subjected to further experimental re-
search: (i) an AP1 site (activating protein 1) located close
to the TSS; (ii) three copies of closely spaced Sp1 sites in
the distal region which might be important in regulating
the functions of both the TATA box and initiator, and (iii)
several overlapping binding sites in the proximal and dis-
tal region, which includes three copies of [Oct-
1][C/EBPa], one copy of [AP-4][C/EBP«a] one copy of
[SRF][Spl], and one copy of [Oct-1][AP-1].

To provide a clue for the regulation mechanism of venom
gland tissue-specific gene expression at the level of the
promoter module, we performed a comparative promoter
analysis [27]. In this analysis, we found that, surprisingly,
despite the lack of any detectable sequence similarity,
both opiscorpine and AaHI” genes [29] share a similar
promoter organization which comprises two distinct
modules (A and B) separated by one spacer of about 200
bp (fig. 2C). Module A is located within the proximal
promoter region composed of four TF sites ([Oct-1]
[GATA-1][C/EBPa][Oct-1]) whereas module B within
the distal region is composed of five TF sites
([C/EBPa][Oct-1][SRF][C/EBPa][Oct-1]). Given that
this conserved module structure nicely matches the as-
sembly model of a promoter complex, we assume that it
might represent one functional context which may be spe-
cific to scorpion venom peptide gene expression and reg-
ulation. Significantly, the lack of the nuclear factor ¥B re-
sponse element (NFxB-RE) sequence (a critical site for
immune induction, which is found in nearly all promoters
of inducible SCAMP genes in animals [30]) in both opis-
corpine and AaHI” promoter regions confirms their con-
stitutive-expression feature.

Scorpines and long chain K-channel toxins belong

to one family of domain hybrids with sequence and
structural similarities to cecropins and invertebrate
defensins

A BLAST search on the amino acid sequence of opiscor-
pine precursors revealed a significant similarity to those
of scorpion long-chain K-channel toxins (TsTXKpf,
AaTXKp and BmTXKf2) [31, 32]. About 38% identity
and 56% similarity (including the conservation replace-
ment sites) were found between them when aligning these
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sequences using the CLUSTAL program (fig. 3A). Of
these two groups of molecules, TSTXKf and scorpine
may be considered as their respective representative in
that their natural products have been isolated and func-
tions are also known [13, 33]. TsTXKp is a selective
blocker of voltage-gated noninactivating K-channels [33].
Based on comparison with the sequence of TSTXKf, the
precursors of AaTXKf and BmTXK 2 were identified to
contain an amino-terminal signal peptide followed by a
propeptide of 8 residues and a carboxyl-terminal part
comprising the mature peptide. In contrast, the precursors
of the scorpine family are processed only by removing an
amino-terminal signal peptide [13]. However, we found
that two cleavage sites, characterized in the scorpine and
the long-chain K-channel toxin precursors, are completely
conserved between them (fig. 3A).

If we assume that long-chain K-channel toxin precursors
only cut off their own signal peptides, the similarity be-
tween these two classes of molecules is further strength-
ened by their secondary structure and 3D fold. Although
the sequence similarity of scorpine, as a hybrid peptide,
to cecropins and invertebrate defensins has been recog-
nized by Conde et al. [13], the same case for the long-
chain K-channel toxins (fig. 3B) was not mentioned by
these authors. Secondary-structure prediction clearly in-
dicates that the amino-terminal region of all the mole-
cules (residues 1—-35, numbered according to scorpines)
is actually able to form two « helices disrupted by a Gly
or Pro residue. This typical structural feature of cecropins
is further supported by comparative protein modeling
[34], which revealed an amphipathic structure with hy-
drophobic and hydrophilic clusters on two sides of the
two helices (fig. 3B) and thus predicted a possible an-
timicrobial activity.

To experimentally confirm this prediction, we synthe-
sized the amino-terminal segment of opiscorpine 1
(residues 1-35), named Jan-f3 (molecular weight
=3985.71). CD analysis revealed a typical a-helical
structure in 60 % trifluoroethanol (TFE) with negative el-
lipticities at 208 and 222 nm (fig. 4). In particular, this
peptide displays an antifungal activity (for F culmorum
and F oxysporum, 8.8 and 10.04 uM of 50% inhibitory
concentration (ICs,) were respectively obtained when in-
cubated in !/, PDB medium), which was also observed for
cecropins. The classical antibacterial method described
by Hultmark was used to determine the antibacterial ef-
fect of Jan-f3 on E. coli IM109 (Promega). A clear inhi-
bition zone was formed with a minimum inhibitory con-
centration (MIC) of ~12 pm. A shorter fragment (resi-
dues 1-9, named Jan-fl), corresponding to half of the
first helix (fig. 3B), showed no antibacterial activity, sug-
gesting that a complete helical structure is a prerequisite
for the antimicrobial activity.

Taken together, we provide evidence in favor of the ex-
tended N-terminal segment in scorpines representing a
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Figure 4. CD Spectra of Jan-f3. Spectra were taken at a peptide
concentration of 0.1 g/l in water and 60 % aqueous TFE.

natural structural and functional domain genetically re-
lated to cecropins. Given the fact that the carboxyl-ter-
minal segments of these two classes of molecules pos-
sess a typical Cys pattern of invertebrate defensins (CX,.
1sSCX,HCX, ,GX,CX, oCX,C), it will induce a CSaf
fold that is adopted by all the invertebrate defensins
characterized so far [35, 36]. This is also supported by
comparative protein modeling [34] that predicted a typi-
cal CSap structure with clusters of hydrophobic and hy-
drophilic residues separated on two faces of the mole-
cule, thereby forming an ‘amphipathic’ antimicrobial ar-
chitecture (fig. 3B). Our analyses therefore suggest that
the two domains within a single chain can be considered
as spatially distinct structures that could conceivably
fold and function in isolation. The immune peptides
(scorpine and opiscorpines) and the scorpion venom
neurotoxins (TsTXKp, AaTXKpf and BmTXK/2) may
thus be grouped together into one family in which all
members share a common fold with two distinct do-
mains. Considering the remarkable sequence, fold and
domain organization similarity to scorpines, further re-
search is needed to evaluate a possible antimicrobial ac-
tivity of the K-channel toxin members in this family. A
detailed structural investigation may also prove helpful
to provide a clue to explain their functional diversifica-
tion.
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Figure 5. Similarity of phylogenetic trees. The cecropin family (left),
and the invertebrate defensin family (right). In this analysis, the two
domains in scorpines and long chain K-channel toxins were consid-
ered as independent proteins (CD, cecropin domain; DD, defensin do-
main). The dotted arrow represents lack of corresponding cecropin
sequences in three species (tick, mollusc and scorpion). The amino
acid sequences used are the same as in figure 3B. Trees were con-
structed using the neighbor-joining method based on the proportion
of amino acid differences (p). The root was determined by using the
nematode sequence as an outgroup. Numbers on the branches are
bootstrap percentages. A possible gene duplication event in the scor-
pion defensin lineage, based on the existence of defensin (AaDe-
fensin) and a defensin domain in the hybrid (4a XK f) in the scorpion
Androctonus australis genome, is indicated by an arrow.
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Co-evolution of two domains

Generally, it is accepted that if two proteins or two do-
mains of one protein evolve in a consistent manner (co-
evolution), one can logically conclude that the two pro-
teins or the two domains will be functionally related (as a
pair of interaction partners or involved in the same path-
way) [37, 38]. The finding and identification of a family
of single chain peptides (composed of scorpines and
long-chain K-channel toxins) with two distinct domains
provide a glimpse for a possible interaction between the
two domains. This is supported by a phylogenetic analy-
sis that reveals a clear co-evolutionary relationship be-
tween the trees of the two domains (fig. 5) with a corre-
lation coefficient of 0.94 [38]. This proposal is further
strengthened by the observation of Andersson et al. [11]
who showed that Ascaris nematodes make these two
types of SCAMPs (cecropin P1, and two Ascaris suum
antibacterial factors (ASABFs) belonging to the inverte-
brate defensin family) conferring protection against in-
fection. Other evidence also is available from the experi-
mental data which indicates that the combination of lin-
ear peptides and defensins can produce a synergistic
effect against microbes in vivo [39]. On the basis of these
observations, it is now becoming clear that integrating
two distinct SCAMPs with a co-evolutionary relationship
into a single peptide (hybrid) may significantly improve
the activity and antimicrobial spectrum by a cooperative
manner and can offer obvious advantages in both drug de-
sign and clinical application.

Conclusions

In recent years, the body of evidence supporting the role
of SCAMPs in local immune defense of animal venom
glands has been growing. Such peptides have widely been
reported in the venoms of several animal organisms, such
as spider, solitary wasp, bee, ant and scorpion (for a re-
view, see ref. 40). However, little genomic data regarding
their gene structure and expression regulation elements
are currently available. We isolated and determined the
first complete gene structure as well as its promoter re-
gion in the animal venom defensin family, which provides
us with a genetic basis for further elucidating the expres-
sion pattern differences between invertebrate venom- and
hemolymph-derived immune peptides. The highly an-
tiparasitic activity observed in the scorpine peptide [13]
also allows construction of a rational vector by integrat-
ing the whole scorpine gene for generating transgenic
mosquitoes to control malaria [14]. The recognition of
one structural and functional domain in the N-terminal
region of the scorpine family lays a foundation for further
probing the action mode and evolutionary mechanism of
these unique molecules. Given that the hybrid of two
SCAMPs represents an apparent design advantage at both

The scorpine gene

the structural and functional level, identification of such
molecules in other species will be particularly interesting
both for an understanding of functional innovation in
SCAMPs from an evolutionary perspective and for a na-
ture-guided development of a new class of anti-infectious
drugs.
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