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Scorpion venom represents a tremendous, hitherto partially explored peptide library that has been proven to be
useful not only for understanding ion channels but also for drug design. MeuTXKα3 is a functionally unknown
scorpion toxin-like peptide. Here we describe new transcripts of this gene arising from alternative
polyadenylation and its biological function as well as a mutant with a single-point substitution at site 30.
Native-like MeuTXKα3 and its mutant were produced in Escherichia coli and their toxic function against
Drosophila Shaker K+ channel and its mammalian counterparts (rKv1.1–rKv1.3) were assayed by two-electrode
voltage clamp technique. The results show that MeuTXKα3 is a weak toxin with a wide-spectrum of activity
on bothDrosophila andmammalian K+ channels. The substitution of a proline at site 30 by an asparagine, an evo-
lutionarily conserved functional residue in the scorpion α-KTx family, led to an increased activity on rKv1.2 and
rKv1.3 but a decreased activity on the Shaker channel without changing the potency on rKv1.1, suggesting a key
role of this site in species selectivity of scorpion toxins. MeuTXKα3 was also active on a variety of bacteria with
lethal concentrations ranging from 4.66 to 52.01 μM and the mutant even had stronger activity on some of these
bacterial species. To the best of our knowledge, this is thefirst report on a bi-functional short-chain peptide in the
lesser Asian scorpion venom. Further extensive mutations of MeuTXKα3 at site 30 could help improve its K+

channel-blocking and antibacterial functions.
© 2015 Elsevier Inc. All rights reserved.
1. Introduction

Scorpion venom is a combinational library of ion channel-targeted
neurotoxins, cytolytic peptides, proteinases and inhibitors, antimicrobi-
al peptides, and other toxic components (Diaz et al., 2009; Ma et al.,
2012; Abdel-Rahman et al., 2013; Cao et al., 2013; He et al., 2013;
Mille et al., 2014), and its essential biological function is involved in cap-
turing prey (e.g. insects) and defending against predators (e.g. birds,
lizards, andmammals) (Polis, 1990; Inceoglu et al., 2003). Peptide neu-
rotoxins are a major component of scorpion venom, most of which im-
pair functions of Na+ and K+ channels. Scorpion toxins affecting K+

channels (abbreviated as KTxs) typically contain 23–64 amino acids
with three or four disulfide bridges. They fold into a typical cysteine-
stabilized α/β scaffold (CSαβ) shared with insect and fungal defensins
(Quintero-Hernández et al., 2013; Zhu et al., 2014). According to se-
quence similarity and disulfide pattern, thesemolecules can be grouped
into four large families: α-, β-, Υ-, and κ-KTxs (Quintero-Hernández
et al., 2013). The α-KTx family, usually containing 23–42 amino acids
with 3 or 4 disulfide bridges (Tytgat et al., 1999; Quintero-Hernández
et al., 2013), is the most diverse scorpion toxin group among those
affecting voltage-gated K+ channels (Kv), which in turn reflects their
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targets′ diversity. These molecules have been proven to be useful
tools for studying pharmacological, physiological, and structural charac-
teristics of different subtypes of K+ channels (Wickenden, 2002;
López-González et al., 2003; Rodriguez de la Vega et al., 2003).

MeuTXKα3 is a functionally unknown scorpion toxin-like peptide of
38 residues, belonging to the α-KTx family. It was identified by screen-
ing a venom gland cDNA library from Mesobuthus eupeus (Zhu et al.,
2011). Despite low sequence similarity to other known KTxs, this pep-
tide contains typical structural residues (six cysteines and one glycine
in the GKC motif) involved in the formation of a CSαβ folding and a
functional dyad (Lys27 and Phe36) for K+ channel blockade. In this
work, we describe for the first time the bi-functional feature of
MeuTXKα3 as a K+ channel toxinwith antibacterial activity, and guided
by prior knowledge, we designed a mutant to improve its dual
functions.
2. Materials and methods

2.1. cDNA cloning

Reverse-transcriptional PCR was used to isolate new transcripts
encoding MeuTXKα3 via two rounds of amplifications with nested PCR
primers (MeuTxKα3-F0 and MeuTxKα3-F1) (Table 1). Nucleotide se-
quences reported here have been deposited in GenBank (http://www.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.cbpc.2015.09.002&domain=pdf
http://www.ncbi.nlm.nih.gov/
http://dx.doi.org/10.1016/j.cbpc.2015.09.002
mailto:Zhusy@ioz.ac.cn
http://english.ipm.ioz.cas.cn/re/group/zhushunyi/
http://dx.doi.org/10.1016/j.cbpc.2015.09.002
http://www.sciencedirect.com/science/journal/15320456
www.elsevier.com/locate/cbpc


Table 1
Primers used in this study.

Name Sequence Usage

MeuTxKα3-F0 5′-ATAATTATAACGAGATATAGACA-3′ Gene isolation
MeuTxKα3-F1 5′-CGCTTTTCCATTGTTCTACAATTA-3′ Gene isolation
MeuTXKα3-FP 5′-GGATCCGATGACGATGACAAGGTA

GATTTTCCTAATAAA-3′
Construction of
expression vector

MeuTXKα3-RP 5′-GTCGACTTATCCTGGAAAACATCT
GCA-3′

Construction of
expression vector

MeuTXKα3-30FP 5′-AATAATTATTGCAGATGTTTTCCA
GGA-3′

Mutation

MeuTXKα3-30RP 5′-AAAGCATTTTCCTCTGTAATTAAG-3′ Mutation

Note: Mutated nucleotides are boldfaced. All primers listed here were synthesized by SBS
Genetech (Bejing, China).
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ncbi.nlm.nih.gov/) under accession numbers of EF442052, EF442053,
KR493338–KR493340.
2.2. Sequence and structure snalysis

Sequences used in this studywere retrieved fromGenBank andwere
aligned by CLUSTAL (http://www.ebi.ac.uk/Tools/msa/clustalw2/). The
model structure of P30Nwas built according to the previously described
method for MeuTXKα3 (Zhu et al., 2011). The NMR structure of ChTX
(PDB entry 2CRD), a well-characterized scorpion α-KTx, was used as
template for comparative modeling on SWISS-MODEL, a fully automat-
ed protein structure homology-modeling server (http://swissmodel.
expasy.org) and models were evaluated by the Verify 3D (Eisenberg
et al., 1997).
2.3. Construction of recombinant expression vectors

To construct pGEX-4 T-1-MeuTXKα3 expression vector, we am-
plified the MeuTXKα3 cDNA using primers MeuTXKα3-FP and
MeuTXKα3-RP (Table 1) by standard PCR, as described previously
(Yuan et al., 2007). We introduced a Bam HI site and codons of the
enterokinase (EK) cleavage site (DDDDK) at the 5′ end of the FP
and a Sal I site and a stop codon at the 5′ end of the RP. PCR product
was firstly cloned into pGM-T and sequenced by T7 primer. Recombi-
nant plasmid confirmed was digested by Bam HI and Sal I and then
ligated into pGEX-4 T-1.
2.4. Site-directed mutagenesis

Inverse PCR, as previously described (Zhu et al., 2008; Wang et al.,
2015), was used to generate the mutant P30N. Phosphorylation of the
5′-end of primers (Table 1) was performed with polynucleotide kinase
and ATP. PCR products were circularized by T4 DNA ligase and trans-
formed into E. coil DH5α competent cells. Positive clones were con-
firmed by DNA sequencing.
Table 2
Comparison of lethal concentration (CL) of MeuTXKα3 and P30N on different bacterial
species.

Bacteria MeuTxKα3 P30N Fold

Bacillus megaterium CGMCC 1.0459 14.26 4.95 2.9
Bacillus subtilis CGMCC 1.2428 10.28 6.11 1.7
Micrococcus luteus CGMCC 1.0290 4.66 5.50 0.9
Streptococcus mutans 33.80 24.06 1.4
Xanthomonas oryzae 52.01 17.68 2.9

Note: Concentrations are given in μM and fold is calculated as CL of the wild peptide/CL of
the mutant.
2.5. Expression, purification, and characterization of recombinant peptides

Expression of glutathione-S-transferase-MeuTXKα3 and P30N in
E. coli Rosetta (DE3) was induced by 0.5 mM IPTG. Fusion proteins
were obtained from the supernatant after sonication, followed by affin-
ity chromatography with glutathione-Sepharose 4B beads from GE
Healthcare (Shanghai, China). The fusion proteins in 1× PBS buffer
(140 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, and 1.8 mM KH2PO4,
pH7.3) were then digested with EK (Sinobio Biotech Co. Ltd., Shanghai,
China) at 25 °C overnight. RP-HPLCwas applied to separate MeuTXKα3
and P30N from the enzymatic product. Molecular masses of recombi-
nant peptides were determined by MALDI-TOF mass spectra.
2.6. Circular dichroism spectroscopy

CD spectra of MeuTXKα3 and P30N were recorded on
Chirascan™-plus circular dichroism spectrometer (Applied Photophysics
Ltd, United Kingdom), which were measured at room temperature from
190 to 260 nmwith a quartz cell of 1.0mm thickness. Datawere collected
at 1 nm intervals with a scan rate of 60 nm/min. Percentages of peptide
secondary structure elements were calculated with the DICHROWEB
software, an online server for protein secondary structure analysis from
CD data (http://dichroweb.cryst.bbk.ac.uk).

2.7. Expression of K+ channels in Xenopus oocytes

For the expression of Kv channels (rKv1.1–rKv1.3 and Shaker IR) in
Xenopus oocytes, linearized plasmids were transcribed with the T7
mMESSAGE-mMACHINE transcription kit (Ambion, USA) (Gao et al.,
2010). Oocytes were obtained from anesthetized female Xenopus laevis,
as described previously (Liman et al., 1992). The oocytes were digested
for 1–2 h by treatmentwith 0.5mg/ml collagenase I at room temperature
in Ca2+ free ND96 solution, and then washed 3 times with Ca2+-free
ND96 and another 3 times with ND96 (96 mM NaCl, 2 mM KCl, 1.8 mM
CaCl2, 2 mM MgCl2, and 5 mM HEPES, pH7.4 with NaOH). Oocytes of
stage V–VI were selected and cultured in ND96 containing 50 mg/l
gentamycin sulfate at 18 °C. After 2–3 h incubation, oocyteswere injected
with cRNAbymicro-injector (NANOLITER2000,WPI) and then incubated
in ND96 solution with 50 mg/l gentamycin sulfate at 18 °C for 1–5 days.

2.8. Electrophysiological recording

Two-electrode voltage-clamp recordings were performed at room
temperature with an Oocyte Clamp Amplifier (OC-725C, Harvard Appa-
ratus Company) controlled by a data acquisition system (Digidata
1440A, Axon CNS) dominated by pCLAMP10.2 software (Axon Inc.,
USA). Whole-cell currents from oocytes were recorded 2–5 days after
injection. Bath solution was ND96 solution. Voltage and current elec-
trodes were pulled by P-97 Flaming/Brown Micropipette Puller (Sutter
Instrument Co., USA) with resistance of 0.1–1.0 MΩ when filled with
3 M KCl. The elicited currents were filtered at 1 kHz and sampled at
2 kHz by a four-pole low pass Bessel filter. Leak subtraction was
performed with a P/4 protocol. Currents were evoked by 250 ms
depolarizations to 0 mV followed by a 250 ms pulse to −50 mV, from
a holding potential of−90mV. Data were analyzed by pClamp Clampfit
10.0 (MolecularDevices) and SigmaPlot 11.0 (Systat Software, CA, USA).

2.9. Antibacterial assays

Antibacterial assays were carried out according to the literature
(Hultmark, 1998). Bacteria were incubated at 37 °C in Broth medium
until the OD600 reached 0.6. 10 μl of bacterial culture was mixed in
6ml of Brothmedium containing 0.8% agar and poured into Petri dishes
of 9.0 cm diameter. Wells with a diameter of 2 mmwere punched into
themedium, filledwith 2 μl of sample eachwell. Bacteria were incubat-
ed at 37 °C for 12 h and then zone of inhibition was measured. Lethal
concentration (CL) was calculated according to the Hultmark method
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Fig. 1. 3′-UTR analysis. Schematic diagrams of 3′-UTRs of MeuTXKα3 with multiple functional motifs indicated. T1–T4 represent transcript 1 to transcript 4, with different
sizes in their 3′-UTRs due to alternative usage of poly(A) signals. The GAIT motif was recognized by RegRNA (http://regrna2.mbc.nctu.edu.tw/).

74 X. Wang et al. / Comparative Biochemistry and Physiology, Part C 179 (2016) 72–78
(Hultmark, 1998). Bacterial species used in this study were listed in
Table 2.

2.10. Membrane permeability assays

To assess the permeation ability of MeuTXKα3 and P30N on bacteri-
al membrane, 5 × 105 B. megaterium cells in 500 μL of PBS were mixed
with 1 μ M propidium iodide for 5 min in dark (Zhu et al., 2012). After
peptide was added, the increase in fluorescence, owing to the binding
of the dye to intracellular DNA, wasmeasuredwith a F-4500 FL spectro-
photometer (Hitachi High-Technology Company). Once basal fluores-
cence reaches a constant value, peptide (MeuTXKα3, P30N or meucin-
18) or vancomycin was added. Changes in fluorescence arbitrary were
monitored (λexc = 525 nm; λems = 595 nm) and plotted as arbitrary
units.
Fig. 2. Sequence and structure of features ofMeuTXKα3. (A)Multiple sequence alignment ofMe
arily conserved Lys and Asn residues are shown in color and the structurally equivalent residue
mat. Sequence sources (Gimenez-Gallego et al., 1988; Rogowski et al., 1994; Escoubas et al., 199
MeuTXKα3 and P30N with structure and functional elements highlighted.
3. Results and discussion

3.1. New transcripts of MeuTXKα3 arising from alternative polyadenylation

In this work, we isolated several new transcripts of MeuTXKα3 by
nested RT-PCR, which contain different 3′-UTRs in size, ranging from
166 to 663 bp (Fig. 1). Sequence analysis combined withmotif recogni-
tion revealed multiple functional motifs in MeuTXKα3 involved in
mRNA processing and translational regulation: 1) A total of eight
poly(A) signals (P1–P8) with a consensus hexamer (AAUAAA, UAUA
AA, and AUUAAA) were characterized in the longest transcript (T1), in
which P3, P4, and P8 act as signals to generate all the transcripts
described here, T1–T4 (Fig. 1); 2) Three cytoplasmic polyadenylation
elements (CPEs) (UUUUAU) were recognized, each of which is located
upstream of a poly(A) signal, with a distance to a poly(A) signal 4–
uTXKα3with other scorpion toxins. Identical residues are shadowed in yellow. Evolution-
of the Asn in the three toxins (Pro) is boxed. The γ-core region is boxed in dotted line for-
7; Selisko et al., 1998; Batista et al., 2000; Holaday et al., 2000); (B) The ribbon diagrams of
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76 nt (Fig. 1). It is found that this element can direct either inhibition or
activation of target mRNA translation via its binding protein, CPEB,
depending on the cellular context (Richter, 2007); 3) Three Musashi
binding elements (MBEs) are scattered in the 3′-UTR (Fig. 1). It has
been shown that efficient translation of DNMT1, a DNA (cytosine-5-)-
methyltransferase, requires both CPE and MBE elements (Rutledge
et al., 2014); 4) An IFN-gamma-activated inhibitor of translation
(GAIT) element specifically exists in the longest 3′-UTR, which displays
a typical GAIT signature, composed of a 5-nt terminal loop, a weak 3-bp
helix, an asymmetric internal bulge, and a proximal 5-bp helix. It is
known that GAIT is sufficient for translational silencing both in vitro
and in vivo in human (Sampath et al., 2003). The specific presence of a
GAIT in the longest transcript and other functional motifs with different
numbers suggest that each mRNAs described here may possess
differential translational efficiency to regulate the expression of this
Fig. 3. Expression, purification, and characterization of peptides. (A, B) SDS-PAGE showing the
carrying pGEX-4 T-1-MeuTXKα3 and pGEX-4 T-1-P30N without IPTG; +: IPTG-induced tota
by sonication; FP: the eluted fusion protein from glutathione-Sepharose 4B resin. Fusion pro
C18 column was equilibrated with 0.1% TFA in water (v/v) and the purified proteins were elut
40 min. Inset, repurification of recombinant peptides; (E, F) MALDI-TOF determining molecula
gene and thus could provide an explanation for the alternative
polyadenylation of MeuTXKα3.

It is also worth mentioning that alternative polyadenylation also
occurs in two other scorpion toxin genes (BmTXKβ2 and Opiscorpine)
(Zhu et al., 1999; Zhu and Tytgat, 2004). These observations might be
helpful in further investigation of alternative tailing-mediated regula-
tion mechanism of scorpion venom gland-expressed genes.

3.2. Sequence and structure characteristics of MeuTXKα3

As shown in Fig. 2A, MeuTXKα3 displays the highest similarity to
two functionally unknown toxin-like peptides from the same scorpion
species (pMeKTx9-1 and pMeKTx9-2) (Kuzmenkov et al., 2015), but
only 28%–35% similarity to other α-KTxs previously identified (Zhu
et al., 2011) (Fig. 2A). It has been found that this peptide contains a
expression and purification of MeuTXKα3 (A) and P30N (B). -: total cell extract of E. coli
l cell extract; S and P: supernatant and pellet, respectively, from the cell lysate prepared
teins are labeled by arrows; (C, D) RP-HPLC showing the purified MeuTXKα3 and P30N.
ed from the column with a linear gradient from 0% to 60% acetonitrile in 0.1% TFA within
r masses of MeuTXKα3, and P30N.



Fig. 4. CD spectra of MeuTXKα3 and P30N. (A) The spectra were recorded from 190 to
260 nmwith a peptide concentration of 0.1mg/ml inwater. MMTX, a newly characterized
scorpion toxin specific for K+ channels (Wang et al., 2015), was used as control. (B) Com-
parison of percentages of peptide secondary structure elements from the CD data among
MeuTXKα3, P30N, and MMTX (Wang et al., 2015).
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putative functional dyad (Lys27 and Phe36) involved in interactingwith
the pore of K+ channels (Zhu et al., 2011); however, a crucial Asn at
site 30 located in a four-residue long motif around the fourth cysteine
(Lys-Cys-Xaa-Asn, Xaa, any amino acid) of theα-KTx family is substitut-
ed by a Pro in MeuTXKα3 and its two closely related peptides (Fig. 2A).
This Asn belongs to the scorpion toxin signature (STS) due to its evolu-
tionary conservation and direct interaction with the pore helix of Kv

channels (Lange et al., 2006; Zhu et al., 2014). In view of its functional
importance, we designed a mutant of MeuTXKα3 at site 30 from Pro
to Asn (denoted as P30N) expectantly to improve the activity of this
naturally occurring peptide. Fig. 2B shows structural models of
MeuTXKα3 and its mutant with positions of the dyad and the mutated
amino acid emphasized (Fig. 2B).

3.3. Recombinant MeuTXKα3 and P30N adopt similar structures

Both MeuTXKα3 and P30N were expressed in E. coli as soluble GST
fusion proteins (Fig. 3A and B) that were subjected to EK digestion
and subsequent RP-HPLC isolation, fromwhichwe collected their prod-
ucts corresponding to retention times of 17.5 and 18.6min, respectively
(Fig. 3C and D). Their molecular masses were confirmed by MALDI-TOF
that gave rise to 4455.71 Da for MeuTXKα3 and 4472.26 Da for P30N
(Fig. 3E and F), both well matching their theoretical values 4455.26
and 4472.24 Da, respectively.

Circular dichroism (CD) was used to compare the structures of
MeuTXKα3 and P30N. Overall, the mutation led to no significant struc-
tural impact on the peptide, as identified by their similar CD spectra: a
minimum at 208 nm and a maximum at 195–198 nm (Fig. 4A), in con-
sistent with MMTX, a scorpion venom-derived Kv channel toxin whose
CSαβ fold has been confirmed byNMR experiments (Wang et al., 2015).
Estimation of percentages of secondary structural elements in these
peptides from their CD data revealed that MeuTXKα3 and P30N had
similar turn and unordered contents (Fig. 4B). In comparison with
MMTX, MeuTXKα3 and P30N had a higher β-sheet content (30% vs
18%) but a lower α-helix content (42% vs 53%). This could reflect their
sequence difference, sharing only 28% similarity.

3.4. Dual functionality of MeuTXKα3 enhanced by a single-point mutation

We evaluated the effect of MeuTXKα3 on four Kv channels (rKv1.1,
rKv1.2, rKv1.3, and Shaker IR) expressed in Xenopus oocytes. The results
showed that it exhibited aweak butwide-spectrum blocking activity on
all the channels tested here (Fig. 5A). In comparison with the unmodi-
fied peptide, the mutation from Pro to Asn at site 30 significantly im-
proves its activity on rKv1.2 and rKv1.3 but leads to no influence on
the activity of rKv1.1 and a reduced activity on the Drosophila Shaker
channel (Fig. 5B and C).

In view of the presence of a γ-core structural motif, an extensively
distributed functional domain in a diversity of antimicrobial folds
(Yount and Yeaman, 2004), in their C-terminus halves (Fig. 2B), we
thus tested antibacterial activity of MeuTXKα3 and P30N against five
species of bacteria (Table 2). The results showed that MeuTXKα3
inhibited the growth of these bacteria in a concentration-dependent
manner (Fig. 5D), with lethal concentrations ranging from 4.66 to
52.01 μM. Themutation (P30N) significantly improved the antibacterial
activity of this peptide on some species. For example, the potency of the
mutant on Bacillus megaterium and Xanthomonas oryzae increased ap-
proximately twofolds relative to the unmodified peptide. (Table 2). Ac-
tion mode studies showed that these two peptides were capable of
causing membrane damage slowly and slightly (Fig. 5E), as assessed
by the fluorescent nucleic acid-binding dye propidium iodide. This is
in contrast tomeucin-18, amelittin-like cytolytic peptide from scorpion
venom (Gao et al., 2009), which causes an immediate fluorescent in-
crease upon exposure of the peptide (Fig. 5E). A slow curve indicates
that the membrane disruption evoked by MeuTXKα3 and P30N is a
gradual process. Similar case was also observed in several plant
defensins (Van der Weerden et al., 2010). Relative to MeuTXKα3,
P30N had a slightly stronger membrane-damaged capability, which
might partly account for its more potent activity (Fig. 5E).

Taken together, our results demonstrate that MeuTXKα3 is a dually
functional molecule as a K+ channel blocker and antibacterial peptide,
whose activity is enhanced by site 30 in the γ-core (Fig. 2B). The func-
tional importance of this site could be associatedwith its structural loca-
tion on a loop linking two β-strands. Firstly, in terms of the K+ channel
toxicity, differential selectivity for the mammalian channel subtypes
was observed between this peptide and its mutant. This might be a re-
flection of different residues on the interacting face of these channels
with the toxins. According to our and others' established toxin-
channel interaction, site 30 is a functional site of α-KTxs for binding to
the channel turret region and pore helix (Banerjee et al., 2013; Zhu
et al., 2014). Given nearly identical sequences in the pore helix between
Shaker and the three mammalian K+ channels, we suspected that the
turret region with remarkable amino acid difference is key determi-
nants for distinguishing differential sensitivity of the channels to the
two toxins. Although the activity of P30N on the twomammalian chan-
nels increased, its decrease on Shaker suggests that evolutionaryfixation
of a Pro in this toxin is favorable for its insect toxicity. Secondly, regard-
ing the antibacterial activity of MeuTXKα3, site 30 is situated in a func-
tional γ-core domain of many antimicrobial defensins (Gao and Zhu,
2010). It is possible that substitution in this functional domain en-
hanced the activity of this peptide through introducing a more hydro-
philic Asn facilitating the formation of a local amphipathic structure.

3.5. Possible biological function of MeuTXKα3

Some other dually functional peptides were also characterized
previously in scorpion venoms. For example, MeuTXKβ1, a scorpion
venom-derived two-domain Kv channel toxin-like peptide with neuro-
toxic and cytolytic activities (Zhu et al., 2010); Hg1, a member of the
scorpion Kunitz-type Kv channel toxin family specific for Kv1.3 channels
(Chen et al., 2012); ChTx, a typical Kv channel blocker with antimicrobi-
al activity (Gimenez-Gallego et al., 1988; Yount and Yeaman, 2004).
Apart from scorpion venom, the sea anemone Anthopleura elegantissima
venom also contains a toxin (APEKTx1) with Kunitz type protease and
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Kv-inhibiting properties (Peigneur et al., 2011). Thus, it is possible that
toxins with dual functionality extensively exist in animal venoms, pre-
sumably due to their unique functional features involved in both prey
on animals and defense against microorganisms.

In spite of weak in vitro activity, there are two lines of evidence in
favor of functional importance of MeuTXKα3: 1) MeuTXKα3 has multi-
ple transcripts to putatively regulate its translation; 2) LikeMeuTXKα3,
scorpion venom contains some other weakly toxic components. For ex-
ample, members from the κ-KTx and λ-KTx families block K+ channels
at high micromolar concentrations (Srinivasan et al., 2002; Nirthanan
et al., 2005; Camargos et al., 2011; Vandendriessche et al., 2012; Gao
et al., 2013). The existence of multiple weak components with different
molecular folds in scorpion venom supports their non-redundancy.
Given the fact that a nontoxicmutant Bj-xtrIT-E15R can enhance LqhαIT
binding (Cohen et al., 2006), it is reasonable to infer that MeuTXKα3
Fig. 5. The P30Nmutation affects the dual functionally ofMeuTXKα3. (A, B)MeuTXKα3 and P30
whole-cell current traces are shown. The dotted line indicates the zero-current level. Asterisksm
resentative traces of at least three independent experiments (n ≥ 3); (C) Comparison of blocking
analysis was performed using one-way ANOVA followed by Student Newman Keuls post hoc te
centration-dependent inhibition of B. megaterium byMeuTXKα3 and P30N; (E) PI experiments
P30Nat 5xCLwas addedwhen thebasalfluorescence remained constant for 200 s. Vancomycin (
control, respectively.
might exert its biological function by synergy with other active venom
components to be commonly responsible for scorpion's defense and
attack.
4. Conclusions

In this study, we carried out structural and functional characteriza-
tion of a new scorpion venom-derived dually functional peptide
(MeuTXKα3) and highlighted a key site whose mutation enhanced
the dual functionality of this peptide. MeuTXKα3 folds into an α-KTx
structure and functions as inhibitors of both Kv channels and bacteria.
Given key role of site 30 in activity, further mutations of this site as
well as its neighboring region could help improve its K+ channel-
blocking and antibacterial functions, which would thus provide a
Ndifferentially inhibit different Kv channels expressed in Xenopus oocytes. Representative
ark steady-state current traces after application of 10 μMpeptides. Traces shown are rep-
effect betweenMeuTXKα3 and P30N. Data are shown asmean± SE (n ≥ 3) and statistical
st to compare between two peptides with SPSS (SPSS Inc.). ⁎P b 0.05; ⁎⁎P b 0.01; (D) Con-
evaluated impact of peptides on bacterial membrane integrity. In each run, MeuTXKα3 or
Schneider et al., 2010) andmeucin-18 (Gao et al., 2009)were used as negative and positive
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valuable molecular template and strategy to design peptides with spe-
cific and enhanced function.
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