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a b s t r a c t

a-Scorpion toxins are modulators of voltage-gated Naþ channels (Navs), which bind to the receptor site 3
to inhibit the fast inactivation of the channels. MeuNaTxa-12 and MeuNaTxa-13 are two new a-scorpion
toxin-like peptides identified by cDNA cloning from the scorpion Mesobuthus eupeus with unknown
functions. Here, we report their recombinant production, oxidative refolding, structural and functional
features. By in vitro renaturation from bacterial inclusion bodies and further purification through reverse
phase high-performance liquid chromatography, we obtained high purity recombinant products with a
native-like conformation identified by circular dichroism analysis. Two-electrode voltage clamp re-
cordings on five cloned mammalian Nav subtypes (rNav1.1, rNav1.2, rNav1.4, rNav1.5, and mNav1.6) and
the insect counterpart DmNav1, all expressed in Xenopus laevis oocytes, showed that these two peptides
inhibited rapid inactivation of the sensitive Naþ channels with significant preference for DmNav1. The
half maximal effective concentrations (EC50) of MeuNaTxa-12 and MeuNaTxa-13 for this channel are
19.95 � 2.99 nM and 65.50 � 7.28 nM, respectively, showing 45 and 38 folds higher affinities than for
rNav1.1, the most sensitive mammalian channel among the five isoforms. Our functional data confirms
that these two peptides belong to the a-like scorpion toxin group. A combined analysis of the site 3
sequences and the pharmacological data illuminates the importance of the loop LD4:S5eS6 of the channel
in interacting with the toxins whereas affinity variations between MeuNaTxa-12 and MeuNaTxa-13
highlight a key functional role of a cationic side chain at position 28 of MeuNaTxa-12. Successful
expression together with structural and functional characterization of these two new a-like scorpion
toxins lays basis for further studies of their structureefunction relationship.

� 2013 Elsevier Masson SAS. All rights reserved.
1. Introduction

Voltage-gated sodium channels (Navs) are transmembrane pro-
teins responsible for action potentials in neurons and other excitable
cells [1]. They can rapidly activate and inactivate on cell membrane
depolarization, leading to transient increase in Naþ conductance.
There are at least ninemammalian (Nav1.1eNav1.9) and seven insect
Navs that have been cloned so far [2]. These channels consist of a
pore-forming a-subunit associated with one or two b-subunits. The
a-subunit contains four repeat domains (D1eD4), each domain
having six transmembrane segments (S1eS6) and a membrane-
associated re-entrant segment (SS1eSS2), connected by internal
and external loops [3]. Due to key physiological roles of Navs in
excitability of vertebrates and invertebrates, they are frequently
x: þ86 010 64807099.
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targeted by a variety of toxins from diverse venomous animals, such
as scorpions, spiders, cone snails and sea anemones.

Scorpion toxins affecting Navs constitute a large peptide family
composed of 60e70 amino acids cross-linked by four disulfide
bridges, folding into a cysteine-stabilized a-helix and b-sheet (CSab)
structure [4]. According to their mode of action and binding proper-
ties, these polypeptides can be divided into a- and b-toxin groups [5].
a-Scorpion toxins slow channel inactivation and prolong the action
potential through preventing the outward movement of the D4-S4
segment necessary for the rapid inactivation process of the channels
[2]. The a-toxins’ binding site (site 3) has been shown to involve three
extracellular regions: the S5eS6 loops of D1 and D4 and the S3eS4
loop in D4 [2]. a-Scorpion toxins can be divided into three pharma-
cologicalsubgroupsbasedontheirpreferential toxicity tomammalsor
insects, which include classical a-, a-like, and insect a-toxins (Fig. 1).
Theclassicala-toxins (e.g.Aah2andLqh2)bindwithhighaffinity to rat
brain Navs and are practically non-toxic to insects whereas the anti-
insect a-toxins (e.g. LqhaIT, MeuNaTxa-4 and Lqq3) are highly toxic
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Fig. 1. Sequence alignment of different groups of a-scorpion toxins. Secondary structure elements are extracted from the published structure of MeuNaTxa-5 (pdb entry 2LKB).
Cysteines involved in disulfide bridge formation are shadowed in yellow and the aromatic residues of J-loop are shown in green. Sequence sources: BmK M1 is from Mesobuthus
martensii Karsch; Aah2 is from A. australis hector; Lqh2, Lqh3 and LqhaIT are from L. quinquestriatus hebraeus; Lqq3 is from L. quinquestriatus quinquestriatus. MeuNaTxa-4,
MeuNaTxa-5, MeuNaTxa-12 and MeuNaTxa-13 are from M. eupeus. pI of each toxin is shown on the right.
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to insects but low potent to mammalian brains. The a-like toxins (e.g.
BmK M1, Lqh3 and MeuNaTxa-5) act on both mammals and insects
[2,6,7]. Theselectivityvariationsof thesea-toxins implyheterogeneity
in toxin’s functional surfaces as well as in their receptor sites [8e10].
The elucidation of molecular basis of the selectivity will help design
novel modulators of Navs with improved functional features.

Mesobuthus eupeus a-toxins constitute a new multigene
family of 13 members (MeuNaTxa-1 to MeuNaTxa-13) but only
four of them have been functionally characterized [7]. Here we
describe for the first time the prokaryotic expression, protein
refolding and functional evaluation of two new members (Meu-
NaTxa-12 and MeuNaTxa-13). Our results show that these two
recombinant peptides exhibit differential selectivity on insect
and mammalian Nav channels. Their toxicity on house flies is also
reported. Sequence analysis combined with pharmacological
data allows the identification of several key functional positions
in the interface of toxins and their targets.

2. Materials and methods

2.1. Expression vector construction

To subcloneMeuNaTxa-12 andMeuNaTxa-13 into pET-28a, we
designed three primers, in which MeuNaTxa-12/13F (50-
CCATGGCTCGTGATGCYTATATT-30) contains an Nco I restriction
site (underlined) for inserting into the vector and obtaining a re-
combinant product with only one extra N-terminal methionine.
Two reverse primers are MeuNaTxa-12R (50-GTCGACTTATTGG-
CATTTTCCTTGTAT-30) and MeuNaTxa-13R (50-GTCGACTTAATGG-
CATTTTCCTGGTAT-30) (Sal I site underlined and the stop codon
bolded). The plasmid pGM-T-MeuNaTxa-12 and pGM-T-Meu-
NaTxa-13 previously reported [7] were used as templates for PCR
amplification by the primers described above. To construct re-
combinant plasmids, PCR products were firstly ligated into pGM-T
and sequenced by T7 primer, and then the confirmed recombinant
plasmidswere digestedwithNco I and Sal I, to release the insert for
ligation into pET-28a.

2.2. Protein expression and refolding

pET-28a-MeuNaTxa-12 and pET-28a-MeuNaTxa-13 were
transformed into Escherichia coli BL21 (DE3) pLysS cells for protein
expression. The inductionwas initiated by 0.5 mM IPTG at an OD600
of 0.3. Cells were harvested 4 h later by centrifugation and pellets
were resuspended in Resuspension Buffer (0.1 M TriseHCl, pH 8.5;
0.1 M NaCl) for cell disruption by sonication. Two recombinant
proteins were found to accumulate as inclusion bodies and their
in vitro refolding were carried out by the following procedures:
inclusion bodies were firstly washed with Isolation buffer (2 M urea
and 2% Triton X-100 in Resuspension Buffer). Washed inclusion
bodies were then solubilized in Denaturation Solution containing
6 M guanidineeHCl, 0.1 M TriseHCl (pH 8.5), 1 mM EDTA, and
30 mM b-mercaptoethanol for 2 h. Refolding of the solubilized
inclusion bodies was initiated by 20-fold dilution in Refolding
Buffer containing 0.2 M ammonium acetate (pH 9.0) at room
temperature for 36 h and the precipitates were removed by filter.
Refolded proteins were recovered by centrifugation after salting
out by 80% saturation of solid ammonium sulfate. The precipitates
were collected and dissolved in water. Renatured proteins were
further purified by reverse phase high-performance liquid chro-
matography (RP-HPLC) on a C18 column (Agilent Zorbax 300SB-C18,
4.6� 150 mm, 5 mM) which was previously equilibrated with 0.05%
TFA in water, using a linear gradient of 0%e60% acetonitrile within
40 min with a flow rate of 1 ml/min. Effluent was monitored by
measuring the absorbance at 225 nm. Fractions eluted from 20 to
25 min of retention time were collected for SDS-PAGE analysis.
Molecular masses of recombinant products were determined by
MALDI-TOF mass spectra.

2.3. Circular dichroism spectroscopy

Circular dichroism (CD) spectra of peptides were recorded on a
JASCO J-720 spectropolarimeter (Jasco, Tokyo, Japan) at a protein
concentration of 0.32 mg/ml for MeuNaTxa-12 and 0.26 mg/ml for
MeuNaTxa-13 dissolved in water. Spectra were measured at 20 �C
from 250 to 190 nm by using a quartz cell of 1.0 mm thickness. Data
were collected at 0.5 nm intervals with a scan rate of 50 nm/min.

2.4. Electrophysiological recordings

For the expression of Navs (Para/TipE, rNav1.1, rNav1.2, rNav1.4,
rNav1.5, and mNav1.6) in Xenopus oocytes, the linearized plasmids
were transcribed using mMESSAGE-mMACHINE transcription
kits (Ambion, USA). Oocytes were obtained from female Xenopus
laevis as described previously [11]. The oocytes were digested 1e
2 h by treatment with 1.5 mg/ml collagenase I (Sigma) in Ca2þ-
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free ND96 solution, and then washed 3 times with Ca2þ-free
ND96 and another 3 times with ND96 (96 mM NaCl, 2 mM KCl,
1.8 mM CaCl2, 1 mM MgCl2, 5 mM HEPES, pH 7.4 with NaOH).
Oocytes of stage VeVI were selected and cultured in ND96 con-
taining 50 mg/L gentamycin sulfate at 16 �C. After 2e3 h incu-
bation, oocytes were injected with cRNA by micro-injector
(NANOLITER 2000, WPI) and then incubated in ND96 solution
with 50 mg/L gentamycin sulfate at 16 �C for 1e5 days.

Two-electrode voltage-clamp recordings were performed at
room temperature with an Oocyte Clamp Amplifier (OC-725C, Har-
vard Apparatus Company) controlled by a data acquisition system
(Digidata 1440A, Axon CNS) dominated by pCLAMP 10.2. Leak sub-
traction was performed by a eP/4 protocol. Resistance of both elec-
trodeswere kept at 0.5e1.5MU. The elicited currentswere filtered at
1 kHz and sampled at 20 kHz with a four-pole low-pass Bessel filter.
Fig. 2. Expression, purification and identification of MeuNaTxa-12 and MeuNaTxa-13. (A
MeuNaTxa-12. (B) Peak profile of recombinant MeuNaTxa-12 and MeuNaTxa-13 purified b
arrow. (C) Molecular masses of purified peptides determined by MALDI-TOF.
The doseeresponse effect of the toxins (slowing down of inacti-
vation)was calculated by plotting the ratio of the steady-state current
measured 30 ms (I30ms) after depolarization to the control peak cur-
rent (Ipeak) as a function of toxins concentration. The data were fitted
with the Hill equation. All date were presented as means � standard
error (S.E.) of at least three independent experiments. All date was
analyzed by SigmaPlot 11.0.

2.5. Insect toxicity assays

Insecticidal activity of MeuNaTxa-12 and MeuNaTxa-13 was
measured by injecting peptides dissolved in insect saline (200 mM
NaCl, 3.1 mM KCl, 5.4 mM CaCl2, 5 mM MgCl2, 2 mM NaHCO3,
0.1 mM NaH2PO4, pH 7.2) [12] into house flies as described previ-
ously [12,13]. Flies (about 13 mg each adult, sex undetermined)
) Tricine-SDS-PAGE showing HPLC-purified products. Lane 1, MeuNaTxa-13; lane 2,
y RP-HPLC. The fraction containing MeuNaTxa-12 or MeuNaTxa-13 is indicated by an
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were injected with 1 ml of toxin at doses of 1.56, 3.125, 6.25,12.5, 25,
and 250 pmol for MeuNaTxa-12; and 6.25, 12.5, 25, 62.5, 125, and
250 pmol for MeuNaTxa-13. The experiments were performed in
triplication with a cohort of 10 flies for each concentration of the
toxins. Control flies were injected with 1 ml of insect saline. All flies
were kept at 4 �C during injections and subsequently transferred to
room temperature.

The median lethal dose (LD50) was calculated by SigmaPlot 11.0
which fits the doseeresponse data with the Hill equation,
y¼ (a� b)/[1þ (x/LD50)n]þ b, where y represents the percentage of
deaths in the sample population at 12 h post-injection, x represents
the toxin dose in pmol/g, n is the variable slope factor, a is
maximum response, and b is minimum response.

2.6. Homology modeling

Theexperimental structureofMeuNaTxa-5 (pdbentry2LKB)was
used as the template for modeling structures of MeuNaTxa-12 and
MeuNaTxa-13 by SWISS-MODEL (http://swissmodel.expasy.org/).
Models were evaluated by the Verify3D. Electrostatic potentials
were calculated applying the “simplecharge: red�1.8 towhite 0.0 to
blue 1.8” command and mapped on the model structure surface by
SPDBV v4.0.1 [14].

2.7. MALDI-TOF MS analysis

MALDI-TOF MS analysis was performed on ABI4700 Proteomics
Analyzer mass spectrometer (Applied Biosystems). Mass spectra
were obtained in the positive linear mode. CHCA (a-cyano-4-
hydroxycinnamic acid) matrix was prepared by dissolving 5 mg
in 1 mL of 30:70 acetonitrile/water containing 0.1% TFA.
Fig. 3. CDspectraofMeuNaTxa-12 andMeuNaTxa-13. (A)MeuNaTxa-12. (B)MeuNaTxa-
13. The dotted line indicates the zero Delta Epsilons level. (C) The structural model of
MeuNaTxa-13 with aromatic residues in the J-loop shown in green sticks.
3. Results

3.1. Production of recombinant MeuNaTxa-12 and MeuNaTxa-13

Asmentioned previously,M. eupeus has 13 a-toxins isoforms but
only five can be purified by traditional biochemical techniques and
others were only identified by cDNA cloning. To produce an intact
and tag-free toxin, we designed an Nco I restriction site in the for-
ward primer, which makes the mature toxin-coding region imme-
diately juxtaposed to the ATG start codon of pET-28a and there is
thus only an extramethionine in theN-terminus of these two toxins.
The target proteins were expressed as inclusion bodies and the
refolded peptide was finally purified by RP-HPLC, in which Meu-
NaTxa-12 and MeuNaTxa-13 were respectively eluted at 22.5 min
and 24 min (Fig. 2). SDS-PAGE and MALDI-TOF analyses (Fig. 2)
indicate that we have obtained high purity recombinant products.
The measured masses are 7051.07 Da for MeuNaTxa-12 and
7287.25 Da for MeuNaTxa-13 (Fig. 2), about 8 Da less than the
theoretical masses (7058.00 Da and 7295.25 Da) calculated from
their aminoacid sequences, indicating that fourdisulfidebondshave
been formed, accompanying automatic removal of the N-terminal
extraMetdue topossible instabilityof thepeptidebondbetween the
Met and an Ala. In fact, when the Alawas replaced by another amino
acid (e.g. Val, Asp, or Lys), all recombinanta-scorpion toxins retained
the extra Met in their N-termini [15]. The final yields of these two
peptides are among 3e6 mg per 1 liter of E. coli culture.

3.2. MeuNaTxa-12 and MeuNaTxa-13 possess a native-like
structure

We evaluated the secondary structure features of the recom-
binant peptides by CD analysis. As shown in Fig. 3A, the CD
spectrum of MeuNaTxa-12 shows a typical curve of CSab struc-
ture with a positive maximum at 194 nm and a negative mini-
mum at 208 nm. The CD spectrum of MeuNaTxa-13 (Fig. 3B) is
similar to that of MeuNaTxa-12 considering the positive
maximum and the negative minimum. However MeuNaTxa-13

http://swissmodel.expasy.org/


Fig. 4. Differential effects of MeuNaTxa-12 and MeuNaTxa-13 on Nav isoforms expressed in Xenopus oocytes. (A) Representative whole cell Naþ currents of cloned Nav isoforms
(rNav1.1, rNav1.2, rNav1.4, rNav1.5, mNav1.6 and DmNav1) expressed in Xenopus oocytes, are evoked by depolarizing the oocyte from a holding potential of �90 mV to �10 mV. The
asterisk (*) marks steady-state current traces after application of 10 mM toxin. Traces shown are representative traces of at least 3 independent experiments (n � 3).
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has a strong positive band at 227 nm that is absent in MeuNaTxa-
12. It has been proposed that a positive absorbance around
220 nm is due to the presence of highly exposed aromatic acids
(tyrosine, tryptophan and phenylalanine) in a protein structure
[16]. Sequence comparison revealed a major difference in the J-
loop region of MeuNaTxa-12 and MeuNaTxa-13 (Fig. 1). Obvi-
ously, MeuNaTxa-13 has three aromatic amino acids (F17, F20,
and Y23) in this region, which all are absent in MeuNaTxa-12.
Comparative modeling indicates that all the three aromatic res-
idues are fully exposed on the molecular surface of MeuNaTxa-13
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Time dependence: the date was amplitude of the maintained current during the last 30 m
(Fig. 3C), suggesting that their side chains could make a sub-
stantial contribution to the positive absorbance at 227 nm.

3.3. Pharmacological effects of MeuNaTxa-12 and MeuNaTxa-13 on
Navs

Using two-electrode voltage-clamp technique, we evaluated
the effects of MeuNaTxa-12 and MeuNaTxa-13 on a series of
Navs expressed in Xenopus oocytes, including rNav1.1 and
rNav1.2, two central nervous system-expressed Navs, rNav1.4,
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Fig. 6. Doseeresponse curves of MeuNaTxa-12 and MeuNaTxa-13 on rNav1.1 (A) and
DmNav1 (B). Each point represents mean � S.E. (n � 3). The curves were obtained by
plotting the relative I30ms/Ipeak values of the channels in function of the toxin con-
centrations. All the curves were fitted with the Hill equation.
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overwhelmingly expressed in skeletal muscle, rNav1.5, a typical
heart muscle Nav, mNav1.6 that is expressed in both peripheral
and central nervous system and DmNav1 from Drosophila. The
results showed that these two toxins slowed rapid inactivation
of several Nav channels with differential potency, in which
DmNav1 is the most sensitive Nav channel type (Fig. 4). Such
slowing was reversed completely after washing out (Fig. 5).

The slowing of inactivation induced by MeuNaTxa-12 and
MeuNaTxa-13 was presented in a concentration dependent
manner (Fig. 6). Fits of the obtained data from DmNav1 with a
Hill equation gave an EC50 value of 19.95 � 2.99 nM (Hill coef-
ficient (H) ¼ 0.61 � 0.05) for MeuNaTxa-12 and of
65.50 � 7.28 nM (H ¼ 0.65 � 0.04) for MeuNaTxa-13. When
compared with the native MeuNaTxas isolated from the venom
of M. eupeus, we found that the EC50 value of MeuNaTxa-12 on
DmNav1 is 6.5 and 58.6 folds smaller than MeuNaTxa-4 and
MeuNaTxa-1 (the corresponding folds for MeuNaTxa-13 are 2
and 18) [7]. Among five mammalian Navs tested here, rNav1.1 is
the most sensitive isoform for MeuNaTxa-12 and MeuNaTxa-13
whose EC50 are 0.91 � 0.08 mM (H ¼ 1.65 � 0.34) and
2.50 � 0.44 mM (H ¼ 1.35 � 0.23), respectively. EC50 for other
Naþ channels were not determined due to their low sensitivity to
these toxins. Overall, the affinities of these two recombinant
peptides are comparable with or even higher than those native
a-toxins isolated from the venom of M. eupeus [7].

The currentevoltage (I/V) relationships of the peak current of
rNav1.1 without or with 1 mM of toxins are displayed in Fig. 7A.
Currentevoltage relationships were constructed by 50 ms step
depolarization between �90 and 60 mV with 5-mV increments.
No obvious changes in I/V relationship and reversal potential
were observed, except slight increase of the currents in the
presence of the toxins. We also investigated the effects of
MeuNaTxa-12 and MeuNaTxa-13 on the voltage dependence of
activation and steady-state inactivation of rNav1.1 (Fig. 7B).
Steady-state activation currents of rNav1.1 were converted to
conductance and normalized to the maximum and fitted to
single, first-order Boltzmann distributions. For MeuNaTxa-12,
the voltage for half-maximal activation (V1/2) and the slope
factor are �22.65 � 0.09 mV and 2.40 � 0.07 in control condi-
tions, and �23.91 � 0.08 mV and 2.67 � 0.07 in the presence of
1 mM peptide. For MeuNaTxa-13, the corresponding values
are �24.23 � 0.20 mV and 3.81 � 0.17 under control condition,
and �22.84 � 0.14 mV and 4.88 � 0.12 mV after 1 mM Meu-
NaTxa-13 was added (Table 1). It appears that there is no
obvious change in the voltage dependence of activation curve for
these two peptides.

The measurement of steady-state inactivation was made ac-
cording to a standard two-pulse protocol: a 100 ms conditioning 5-
mV step prepulses ranging from �90 mV to 70 mV was followed by
a 50 ms test pulse to �10 mV. For MeuNaTxa-12, the voltage at
which half of the channels are inactivated (V1/2) and the slope factor
determined by a sigmoidal fit of the inactivation curve
are �38.18 � 0.23 mV and �5.09 � 0.20 under control conditions
and became �35.67 � 0.35 mV and �5.69 � 0.30 after addition of
1 mM toxin. In the presence of 1 mM MeuNaTxa-13, the corre-
sponding values are �37.41 � 0.39 mV and �7.67 � 0.35 in contrast
to �39.07 � 0.38 mV and �7.05 � 0.34 in control conditions.

3.4. MeuNaTxa-12 and MeuNaTxa-13 are two potent insecticidal
agents

In line with the electrophysiological data presented here,
in vivo assays showed that these two toxins were lethal to the
adults of house flies (Fig. 8). After injection, intermittent
twitching of the body to paralysis or death was observed.
MeuNaTxa-12 exhibits approximately 5-fold higher toxicity than
MeuNaTxa-13, as reflected by their lethal doses (1.10 � 0.11 vs
5.27 � 0.52 nmol/g).
4. Discussion

4.1. Molecular basis for affinity variation between MeuNaTxa-12
and MeuNaTxa-13

In vitro and in vivo assays both show that MeuNaTxa-12 exhibits
a higher efficacy and potency than MeuNaTxa-13. What is
responsible for the difference in potency? Prior investigations have
uncovered a clear correlation between net charges and potency of
a-toxins. Normally, basic toxins tend to have higher efficacy than
acidic toxins. For example, the relative mammalian toxicity in three
a-toxins fromMesobuthus martensii is 13.3 for BmKM1, 2.5 for BmK
M4 and 1.0 for BmK M8, which well corresponds to their pI values
of 9.01, 7.53 and 5.30 [17]. Similarly, two acidic a-toxins (AahTL1
and AahTL3) from Androctonus australis Hector were found to be
non-toxic [18]. We found that MeuNaTxa-12 is a basic peptide with
a pI of 8.2 while MeuNaTxa-13 is an acidic peptide with a pI of 6.05



Fig. 7. Effects of MeuNaTxa-12 and MeuNaTxa-13 on currentevoltage (Itest/Vtest) relationships and the voltage dependence of activation and steady-state inactivation curves of
rNav1.1. (A) The peak currents plotted as a function of test voltage in the absence (C) and the presence (B) of MeuNaTxa-12 or MeuNaTxa-13; (B) the steady-state currents of the
channels in control and after the addition of 1 mM toxin.
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(Fig. 1). Fig. 9 presents different electrostatic potentials of these two
toxins, fromwhich we can see that the former has a large positively
charged molecular surface whereas the latter’s surface contains a
large negatively charged zone.

Sequence analysis further revealed 15 amino acid mutations
between MeuNaTxa-13 and MeuNaTxa-12, which are mainly
located in the N-turn, the J-loop, the loop connecting the second
and third b-strands, and the C-tail. Of them, the N-turn and the
C-tail may be excluded as functional motifs responsible for the
potency differences given that other higher potency toxins, such
as BmK M1 and MeuNaTxa-5, share the same amino acids in
these regions (Fig. 1). In addition, MeuNaTxa-13 has the same J-
loop sequence to MeuNaTxa-5, making this loop less important
in determining the lower potency of MeuNaTxa-13. For the same
reason, some other different residues are also excluded. The only
position whose mutations might affect toxin’s activity is position
30. In MeuNaTxa-13, this position is occupied by a negatively-
charged glutamic acid whereas in most of other toxins,
including MeuNaTxa-12, a positively-charged lysine frequently
occupies this position (Fig. 1). Importantly, position 30 is struc-
turally close to position 52, a molecular switch controlling target
specificity of a toxin [7].
Table 1
Effects of MeuNaTxa-12 and MeuNaTxa-13 on fast activation and inactivation
parameters for rNav1.1.

Activation Inactivation

V1/2 (mV) Slope V1/2 (mV) Slope

MeuNaTxa-12
Control �22.65 � 0.09 2.40 � 0.07 �38.18 � 0.23 �5.09 � 0.20
Toxins (1 mM) �23.91 � 0.08 2.67 � 0.07 �35.67 � 0.35 �5.69 � 0.30
MeuNaTxa-13
Control �24.23 � 0.20 3.81 � 0.17 �39.07 � 0.38 �7.05 � 0.34
Toxins (1 mM) �22.84 � 0.14 4.88 � 0.12 �37.41 � 0.39 �7.67 � 0.35
It is worthy mentioning that in an acidic a-like toxin, Lqh3, the
position 30 is also occupied by a Glu and thus its higher activity on
the insect Nav channel was only observed at an acidic pH condition
[19]. This provides further support for the importance of positively
charged surface in a-scorpion toxins.

4.2. Molecular basis for channel subtype selectivity of MeuNaTxa-
12 and MeuNaTxa-13

It is long known that a-scorpion toxins exhibit phylogenetic
preference and differential affinity toward different Navs. Such
functional divergence is associated with the difference in bioactive
surfaces of toxins and the variations in site 3 of Navs [6]. Extensive
Fig. 8. Doseeresponse curves of MeuNaTxa-12 and MeuNaTxa-13 on house flies. Data
points are the mean � S.E. of three experiments.



Fig. 9. The electrostatic potential of MeuNaTxa-12 and MeuNaTxa-13 obtained with SPDBV. Negatively and positively-charged amino acids are shown in red and blue, respectively.
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studies have identified three extracellular loops of Navs (LD4:S3eS4,
LD1:S5eS6, and LD4:S5eS6) comprising the site 3, in which LD1:S5eS6 is
located between LD4:S5eS6 and LD4:S3eS4, making these three loops
form a contiguous region for toxin binding [7]. Among these three
loops, residues in the LD4:S3eS4 have been considered as the most
crucial for species selectivity of a-toxins [2].

To elucidate which residues of the loop are possibly implicated
in interacting with MeuNaTxa-12 and MeuNaTxa-13, we compared
the amino acid sequences of LD4:S3eS4 of all the Navs used in this
study and their pharmacological sensitivity to the toxins (Fig. 10).
As mentioned previously, MeuNaTxa-12 and MeuNaTxa-13 can
affect DmNav1, rNav1.1, rNav1.2, rNav1.4 and mNav1.6, but not
rNav1.5. Analysis of the side-chains of these positions highlights a
position (position 1630, all positions of Navs described here
numbered according to rNav1.1) whose change might affect the
binding of the toxins. In the five sensitive channels this position is
occupied by a conserved Val. However, in the resistant channel this
position is occupied by a Phe that has a large side-chain of benzene
ring and thus may evoke steric hindrance to affect toxin’s binding.

We noticed that although the channels’ sensitivity to the toxins
differs between rNav1.1 and rNav1.2, the sequences of LD4:S3eS4 is
identical, suggesting that LD1:S5eS6 and LD4:S5eS6 could be also
involved in toxin’s binding. In fact, it has proposed that sequence
variation in LD4:S3eS4 alone is not adequate to explain the selective
recognition of scorpion a-mammalian toxins and the molecular
basis of the selectivity might be associated with two additional
external loops (LD1:S5eS6 and LD4:S5eS6). This is further supported by
the observation that the insect Nav and its mammalian counterpart
Nav1.6 have almost identical sequences in LD4:S3eS4 but they
possess completely different sensitivity to Lqh2 [2].

Given that the sequence in LD1:S5eS6 varies largely in size among
the channels used here including the sensitive channels (i.e.
DmNav1, rNav1.2, rNav1.4 and mNav1.6) (Fig. S1, provided as elec-
tronic supplementary materials), it appears that this region is not
implicated in toxin’s binding. Different from LD1:S5eS6, LD4:S5eS6 has
a high sequence identity among the channels. Sequence analysis
highlights two putative positions in this loop that could contribute
to the sensitivity of rNav1.1 to these two toxins as there is a channel-
specific hydrophobic residue (Val1746) in this channel whereas in
the equivalent position it is occupied by an Asp in rNav1.2, a Glu in
rNav1.4 and mNav1.6 and Pro in DmNav1. At position 1737 it is a Lys
in rNav1.1 and a Gly in rNav1.2 and rNav1.4, and an Arg in mNav1.6.
Taking together, for the resistant channel rNav1.5, a channel-
specific residue (Phe1630) in LD4:S3eS4 and seven residues in
LD4:S5eS6 (Fig. 10) could be pivotal for its insensitivity to these
toxins.



Fig. 10. Sequence alignments of LD4:S3eS4 and LD4:S5eS6 of Navs tested. Amino acids in the loops identical to those of rNav1.1 are shadowed in yellow and residues possibly associated
with toxin’s binding are indicated in red.
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Likewise, LD4:S5eS6 also has an important role in high affinity of
these toxins to DmNav1. The amino acid residues important for the
high affinity to DmNav1 also have been highlight by red (Fig. 10).

In this work, we systemically characterized two new a-like
scorpion toxins from M. eupeus through recombinant expression,
oxidative refolding, insect toxicity assays and electrophysiological
recordings. Further mutagenesis studies will be required to identify
individual amino acid residues in the toxins as well as the LD1:S5eS6
and LD4:S5eS6 of rNav1.1 for clarification of their structureefunction
relationship. In addition, given that Nav1.1 is highly expressed in the
brain, where they initiate and propagate action potentials in neu-
rons, and mutations of the Nav1.1 gene has been associated with
inherited epileptic syndromes and familial hemiplegic migraine
[20,21], the high selectivity of MeuNaTxa-12 and MeuNaTxa-13 on
Nav1.1 makes them valuable tools for studying key physiological
roles of this channel.
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