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ABSTRACT

Innate immunity is the first line defense of multicellular organisms that rapidly operates to
limit aggression upon exposure to pathogen microorganisms. Although the existence of
some antibacterial peptides in scorpion venoms suggests that venom gland could be
protected by these effector molecules, antibacterial activity of venom itself has not been
assessed. In this study, we reported the antibacterial activity of the venom of Chinese
scorpion Buthus martensii. Protease K digestion test indicated that it is venom peptide/
protein components, as key players, which are involved in such antibacterial response. As
the first step toward studying molecular mechanism of scorpion venom gland immunity, we
established an infection model which supports inducible antibacterial response of scorpion
venom gland. A known B. martensii antibacterial peptide gene BmKb1 was up-regulated at the
transcriptional level after venom gland was challenged, suggesting its key defense role. This
is further strengthened by the presence of several immune response elements in the BmKb1
promoter region. Our work thus provides the first evidence supporting the role of venom
antibacterial peptides (ABPs) in controlling scorpion venom gland infection and lays a basis
for characterizing related components involved in regulation of scorpion venom gland ABP
gene expression.

© 2007 Elsevier Inc. All rights reserved.

1. Introduction

imperator, several additional venom peptides had been
characterized as antibacterial peptides with a broad-spectrum

Scorpion is one of the most ancient arthropods with about 430
millions of evolutionary history [18]. They developed the
venom gland associated with specialized envenomation
apparatus for prey and defense which compensates their
physical limitation. Scorpion venoms contain rich biologically
active constituents and majority of them are some polypep-
tides with neurotoxicity [19,21,24,27]. These neurotoxins fulfill
their functions by targeting a variety of ion-channels present
in excitable cells of their preys. Only recently some scorpion
venom peptides with other functions have been reported, of
which those with antibacterial activities have attracted more
attention due to their therapeutic potential. Since the first two
antibacterial peptides Hadrurin and Scorpine were respec-
tively isolated from the scorpion Hadrurus aztecus and Pandinus
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of bacterial targets [5-7,17,20,23,28]. Very recently, Zeng et al.
identified and functionally characterized two antibacterial
peptides (BmKbl and BmKn2) from the scorpion Buthus
martensii by the combined application of molecular cloning
and polypeptide chemical synthesis techniques [26].

Despite the body of evidence supporting the role of
antibacterial peptides (ABPs) in local immune defense of
animal venom glands has been growing, it still remains
unclear whether these venom-derived ABPs are essential to
the immune protection of scorpion venom glands. In this
work, we studied antibacterial properties of the venom of
Chinese scorpion B. martensii and provided evidences for a
major role of polypeptides in antibacterial response of B.
martensii venom. We also established an infection model and
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detected increased antibacterial activity after bacterial chal-
lenge, which indicated that an inducible expression mechan-
ism may have been developed for the defense of scorpion
venom gland.

2. Materials and methods
2.1. Venom collection

Scorpions were kindly provided by Dr Qilian Qin (Beijing,
China). Venoms were obtained by electric stimulation of
telson [18] with 128 Hz of frequency and 20 V of voltage and
were collected into a 1.5ml sterile Eppendorf tube. After
centrifuged at 14,000 rpm for 15 min at 4 °C, the supernatant
was transferred to a fresh tube and frozen at —20 °C for use.

2.2. Protein concentration determination

Bradford method was used to determine protein concentra-
tion [2]. Protein quantification kit was purchased from
Beyotime Institute of Biotechnology (Shanghai, China). Absor-
bance was measured at 595 nm with DNM-9602 Microplate
Reader and BSA was used as standard.

2.3.  Antibacterial assays

Four bacterial strains used in the tests were respectively
purchased from the Center for Microbial Resources, Institute
of Microbiology, Chinese Academy of Sciences (Beijing,
China) (Escherichia coli ATCC 25922 and Microccocus luteus)
and China Center for Type Culture Collection (Wuhan, China)
(Bacillus megaterium and Agrobacterium tumefaciens). Classical
inhibition zone assay and liquid-growth inhibitory test were
used to detect the antibacterial activity of B. martensii venoms
[12,22]. For inhibition zone assay, 50 ul of bacteria were
inoculated into 5ml Luria-Bertaini’s medium and grew
overnight at 37 °C with shaking at 200 rpm. A 10 pl aliquot
of each of the cultures was diluted in 6 ml pre-heated
(approximately 45 °C) Luria-Bertaini’s medium (1% bacto-
tryptone, 0.5% bactoyeast extract and 0.5% NaCl) containing
0.8% agar. The mixture was spread on a 9-cm Petridish, giving
a depth of 1 mm. After settling, 3-mm wells were punched in
the plate and then 3 pl of venom diluted with sterile ddH,0 to
different concentrations was added to each well. The agar
plates were incubated overnight at 37 °C. For liquid-growth
inhibition assay, 50 ul of overnight M. luteus culture was
inoculated into 5 ml Luria-Bertaini’s medium and incubated
at 37 °C for 1-3 h with shaking at 200 rpm until they grew to
about 0.2 ODg3p. Twenty microliters of crude venom and
ddH,O0 (as a control) were separately added to 80 pl culture of
M. luteus and B. megaterium. Absorbance at 630 nm was
measured per half hour.

2.4.  Protease K digestion

To determine the role of polypeptides/proteins in the anti-
bacterial activity of scorpion venom, we carried out the
protease K digestion assay by treating the venom with protease
K at 37 °C overnight. Sodium dodecylsulfate-polyacrylamide gel

electrophoresis (SDS-PAGE) and inhibition zone assay on plate
of M. luteus were used to examine the change of the venom
peptides/proteins after digestion.

2.5.  Establishment of infection model

A standard method was applied to establish an infection
model [25]. Briefly, 3 pl of combined bacterial mixture of E. coli
ATCC 25922 and M. luteus which had been separately
incubated overnight to 1.8 ODgoe Was injected into venom
glands with a micro-injector. Average 10 scorpions were
challenged once. Ten hours later, venoms were collected
according to the method described above. Venoms from 10
non-injected scorpions were used as a control. The inhibition
zone assay and semi-quantitative RT-PCR were chosen to
evaluate the challenge effectiveness.

2.6.  Preparation of total RNA and genomic DNA

For isolating venom gland total RNA, eight scorpion tails
challenged 10 h by bacteria were cut off and ground into fine
powder in liquid nitrogen. The Trizol reagent (SBS Genetech,
Beijing) was used to prepare total RNA according to the
supplier’s instructions. This method was also applied to
prepare non-challenged venom gland total RNA. Genomic
DNA was isolated from legs of two scorpions according to a
previously described method [29].

2.7. Semi-quantitative RT-PCR

Reverse transcription of total RNA was performed using RT-
PreMix kit (SBS Genetech, Beijing) and a universal oligo (dT)-
containing adaptor primer dT3AP. The first-strand cDNA
amplification was performed using the BmKb1 gene-specific
primer GBF and the universal primer 3AP according to the
method described by McPherson and Moller [16]. RPL19e was
chosen as an internal control which was amplified by using
primers L19F/3AP and the same cDNA template.

2.8. 5'RACE

According to the nucleotide sequence of BmKbl [15], we
designed one reverse gene-specific primer (GBR) for 5’RACE to
define its transcriptional start site. Briefly, total RNA was
reverse-transcribed into the first-strand cDNAs using RT-
PreMix kit (SBS Genetech, Beijing) and a universal oligo(dT)-
containing adaptor primer (dT3AP). The purified first-strand
cDNA mixture was tailed with terminal transferase and dCTP
(Takara, Dalian). A PCR amplification of the tailed first-strand
cDNAs was carried out using primers dG and GBR.

2.9.  Isolation of the promoter region

Thermal asymmetric interlaced PCR (TAIL-PCR) [14] was
used to amplify the upstream regulation region of the BmKb1
gene. This method consists of three consecutive PCR
reactions with three reverse nested gene-specific primers
(BmoO, Bm1 and Bm?2) designed according to the nucleotide
sequence of BmKb1 [15] and the shorter arbitrary degenerate
primer AD3.
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2.10. DNA sequencing

PCR products were ligated into the pGEM-T Easy Vector
following purification using PCR purification kit (Tiangen
Biotech, Beijing). E. coli DH5a was used for plasmid propaga-
tion. Recombinant clones were analyzed by PCR using two
vector primers (SP6 and T7) and gel electrophoresis. Positive
clones were sequenced through the chain termination method
using the primers SP6 and T7. The nucleotide sequence of the
BmKb1 promoter has been deposited in the GenBank database
(http://www.ncbi.nlm.nih.gov) under the accession number of
EU158251.

2.11. Promoter analysis and DNA secondary structure
prediction

Potential transcription factor (TF)-binding sites in the
upstream regulation region of BmKb1 promoter was searched
using the P-Match program against the TRANSFAC database
under default parameters [3]. Promoter secondary structure
prediction was performed at the DNA mfold server (http://
www.bioinfo.rpi.edw/).

2.12. Primer sequences

All primers used in this study are synthesized by SBS Genetech
(Beijing, China) and listed in Table 1.

3. Results

By using classical inhibition zone assay, we for the first time
show that B. martensii venom is active against gram-positive
bacteria M. luteus and B. megaterium (Fig. 1A. only M. luteus
treated using 2 mg/ml shown) in which a clear inhibition zone
can be formed. However, the venom appears to lack activity
against the gram-negative bacteria E. coli ATCC 25922 and A.

Protein

Table 1 - PCR primers

Name Sequence Usage

dT3AP 5-CTGATCTAGAGGTACCG- Reverse
GATCCTTTTTTTTTTTTTTTTT-3 transcription

3AP 5-CTGATCTAGAGGTACCG- Semi-quantitative
GATCC-3' RT-PCR

GBF 5-CAGAATATTCGAAACTCGGC- Semi-quantitative
3 RT-PCR

L19F 5'-AAGAAGGCCGAAAATT- Semi-quantitative
CACGTC-3' RT-PCR

BmoO 5-TTAGAAATC TGGGA- TAIL-PCR
GAGTTGGGTCCT-3

Bm1 5-TCCTATGTAAACTTAGGAA- TAIL-PCR
TACTCACC-3'

Bm2 5'-GCAGGACTAAGAAGACGG- TAIL-PCR
TAAGAAG-3'

AD3 5-NTCGASTWTSGWGTT-3' TAIL-PCR
(N = A/T/G/C; S = G/C; W = A/T)

dG 5/-AT- 5'RACE
GAATTCGGGGGGGGGGGGGG-3'

GBR 5'-GAGAGACTAACGACTGTAG- 5'RACE

TA-3'

(A) Venom

(B) 0.9
0.8
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Fig. 1 - Antibacterial activity of Buthus martensii venom
against Microccocus luteus identified by inhibition zone
assay (2 mg/ml used) (A) and liquid-growth inhibition
(crude venom used) (B). Arrow labels the edge of inhibition
zone.

tumefaciens even in 10 mg/ml of venom concentration (data not
shown). Liquid-growth inhibition assay showed that the
growing bacterial culture of M. luteus and B. megaterium
displayed a fast response when treated with B. martensii
venoms. A decrease in ODg3q revealed the bactericidal effect of
the B. martensii venom (Fig. 1B, only M. luteus shown).
Because previous studies have identified several antibac-
terial peptides from venoms derived from different scorpion

(A) (B)
PK V V+PK M
[&=

PK
/
;

Peptide =

Fig. 2 - Effect of protease K digestion on antibacterial
activity of B. martensii venom. 5 mg/ml venom was used.
(A) Detection of digestion efficiency of protease K by SDS-
PAGE and (B) Evaluation of antibacterial activity of
digested and native venoms by inhibition zone assay on
the plate of M. luteus. PK: protease K; V: venom; PK + V:
venom digested by protease K; M: protein marker. Arrow
labels the edge of inhibition zone.
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species, we want to know whether peptides are key players
involved in antibacterial response of the venom. To do this, we
digested the venom using protease K at 37 °C overnight. SDS-
PAGE revealed that proteins up 20 kD completely disappeared
and only few peptides under 10kD remained (Fig. 2A).
Correspondingly, in the inhibition zone assay, the diameter
of the inhibition zone dramatically reduced in comparison
with the control (venom not treated with protease K) (Fig. 2B).
Because only the digestion-resistant peptide component was
present in the digested venom, it is reasonable to infer it is
these peptides which conferred the observed antibacterial
activity of the digested venom (Fig. 2B).

To determine whether there is any change in antibacterial
activity of venoms before and after bacterial challenge, we
established an infection model of B. martensii venom gland
(Fig. 3A). After scorpions were infected 10 h, venoms were
collected using an electric stimulation method (Fig. 3B). The
sizes of the inhibition zones were compared between non-
injected and injected scorpions. As shown in Fig. 3C, the
challenged venoms resulted in larger inhibition zones than the
control in the M. luteus agar plate with a concentration-
dependent manner, suggesting that a possible inducible
mechanism regulates the antibacterial response of scorpion
venom gland. Remarkably, the increase in venom antibacterial
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activity after challenge appears to be related to an increase of
peptide components under 10 kD, as detected by SDS-PAGE
(Fig. 3D). In this case, most of protein components did not
change except those with about 66 kD decreased.

To investigate whether the increase of antibacterial activity
after venom gland infected is related to the up-regulation of ABP
genes, we adopted semi-quantitative RT-PCR to detect change
of BmKb1 at the transcriptional level, a known ABP gene isolated
from the B. martensii venom gland. The result revealed a
significant increase of BmKb1 transcripts in the challenged
venom gland identified by the appearance of PCR product after
25 cycles whereas for the non-challenged template only after 32
cycles the PCR product can be seen (Fig. 3E).

Up-regulation of antibacterial peptide gene expression
after infection is a common defense strategy which is
controlled by some immune response elements in the
upstream regulation region of a promoter [9]. To confirm
whether there are such elements in the BmKb1 promoter, we
isolated its promoter region by a TAIL-PCR strategy. After
tertiary amplification had been performed, one ~1kb frag-
ment was recovered and sequenced. Because BmKbl was
isolated from a venom gland cDNA library, its 5'-end does not
probably represent the real transcription start site (TSS) due to
partial RNA degradation. To define such site we performed

M (E)

66.2kD 55 25 32 35

24kD
14.4kD

RPLTe

Fig. 3 - Evidence for an inducible antibacterial response of B. martensii venom gland: (+) challenged and (—) non-challenged.
(A) Venom gland was challenged by bacteria; (B) extraction of scorpion venom under electric stimulation of telson; (C)
antibacterial activity change before and after bacterial challenge; (D) venom protein/peptide component change before and
after bacterial challenge; (E) semi-quantitative PCR detecting up-regulation of BmKb1 before and after bacterial challenge. M:

protein marker.
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5'RACE which extended seven nucleotides (AGTTTCC) at the
5’-end. When direct mapping of cDNA obtained by 5RACE into
the genomic sequence, we found that the putative transcrip-
tional start sequence TCA*'GTTTC of BmKb1 (where A** is the
base at which transcription starts) exactly matches the
eukaryotic initiator element consensus [(TC)CA*N(-
TA)(TC)(TC)(TC)] (N is any of the four bases). 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 promoter. Its presence explains the lack of a
TATA element at the 30 nucleotides upstream of the
transcriptional initiation site of BmKb1 promoter. In addition
to the initiator element, P-Match program in combination of
the known consensus motif information [9] identified addi-
tional 18 putative transcriptional factor binding sites with
>95% reliability (Fig. 4A), of which many sites are homologous
to response elements for transcription factors described in the
promoters of insect immune responsive genes and mamma-
lian acute-phase protein genes, including putative binding
sites for nuclear factor kB (NF-«kB), GATA factors, interferon
consensus response elements (ICRE), nuclear factor endothe-
lial leucocyte adhesion molecules (NF-ELAM 1) [9]. Given the
role of these elements in regulating the expression of many
immune-related genes, it is likely that these elements also are
responsible for the antibacterial response of BmKbl after
challenge. In addition to these putative regulatory motifs for
the binding of transcriptional factors, a long hairpin was
predicted to exist in the promoter region of BmKbl with
AGo = —69.2 kcal/mol at 37 °C (Fig. 4B). This hairpin is composed
of 192 nucleotides (nt) with a 11 nt loop comprising the NF-«kB
motif. The location of this motif in a loop might facilitate its
binding with the corresponding transcriptional factor.

(A)

GATA

4, Discussion

Studies have reported that venoms from snake, wasp and
spider possess antibacterial activities that may be related to
their protection role to venom gland tissues [1,8,10,13].
However, whether it is a similar case for scorpion venoms
remains unknown at present. We initiated this work based on
the following observations in terms of immunological roles of
scorpion venoms: (1) Scorpion venom glands, as a venom-
secreted organ, are exposed to the exterior through the
envenomation apparatus at the end of telson and frequently
directly contact some microorganisms present in their preys
and survival entertainment, however, the glands themselves
are not infected; (2) The B. martensii scorpion sprays its venom
to the injured body (Gao and Zhu, unpublished observation)
and some scorpion species often spray the venom on their
own bodies to clean microorganisms [23]. Supported by the
above facts, itis reasonable to infer that scorpion venoms may
play multiple roles in protecting the venom gland and other
parts of the scorpion from microbial infection.

Interestingly, antibacterial activity of B. martensii venom
was detected only against gram-positive bacteria but not
against gram-negative bacteria under the condition we tested.
This is sharply different from endoparasitic wasp (Pimpla
hypochondriaca) venom that was active against gram-negative
bacteria but not against gram-positive bacteria [8]. The precise
mechanism behind this phenomenon is still unclear.

Increase in both peptide components and antibacterial
activity of venoms after challenge provided clues for some
antibacterial peptide genes participating in inducible anti-
bacterial response of B. martensii venom gland against bacterial
infection. This has been confirmed by the PCR detecting the
BmKb1 transcript level of the venom gland after challenge.
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Fig. 4 - Promoter sequence (A) and the long hairpin of the BmKb1 gene (B). Primer regions for TAIL-PCR are boldfaced and
italicized. Dotted arrows label the region of the hairpin. Upstream immune response elements of the BmKb1 gene are boxed
and indicated by red letters, in which those with reliability values were predicted by P-Match and others from the
consensus motif information [9]. 5'-End sequence determined by 5'RACE is underlined once. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of the article.)
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However, synthesized BmKb1 showed only weak inhibition
effect on gram-positive bacterium M. luteus, which appears to
be inconsistent with the increase of antibacterial activity of
the crude venom after challenge. Such inconsistency could be
explained by the possible allosteric effect of BmKb1 which
might enhance antibacterial activity of other components in
scorpion venom. For example, some weakly toxic polypeptides
in scorpion venoms have been found to have ability to
enhance the effect of other active neurotoxins [4]. As an
important component of animal innate immunity, ABPs are
often constitutively expressed or induced by microorganisms
or their products. To the best of our knowledge, the discovery
of inducible mechanism involved in antibacterial response of
BmKb1 is the first work in venom ABPs.

In comparison with the promoters of two previously cloned
scorpion venom peptide genes (opiscorpine and AaHI') [8,28],
BmKb1 promoter is unique in the following aspects: (1) the lack
of two distinct modules (A and B) separated by one spacer of
about 200 bp which are conserved between opiscorpine and
AaHTI'; (2) the existence of some typical response elements (e.g.
NF-kB motif) and a long hairpin which are lacked in opiscorpine
and AaHI'. Whether these remarkable differences in promoter
organization and regulatory elements reflect their expression
regulation pattern differentials between BmKb1 (inducible) and
opiscorpine/AaHI’ (constitutive) remains an open question. Given
Toll signal pathway is the most crucial components controlled
the Gram-positive bacterial attack in Drosophila [11], recognition
of two NF-«kB motifs hints that a similar signal pathway could
also have been evolved in scorpion venom gland cells for the
regulation of the expression of these antibacterial peptide genes
in a similar manner. In fact, successful isolation of Toll-like
receptor and serpin cDNA clones from B. martensii venom gland
further strengthens our assumption (Zhu et al., unpublished
data). If this is true, scorpion venom gland might represent an
ideal model to study arachnida Toll pathway related to innate
immunity from an evolutionary perspective.

Our work thus paves the way for further characterizing
immune-related components involved in B. martensii venom
gland antibacterial response at the molecular level, which will
undoubtedly expand our understandings in innate immunity
of exposed tissue of metazoans. Because of considerable
amounts of polypeptide component’s involvement in anti-
bacterial response of venom gland, this offers clues for the
search of new antibacterial template from scorpion resources
for drug design.
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