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Figure 6. Graphs showing the effect of Sh5b preincubation on ASIC currents. Recordings show ASIC
current under control conditions, after preincubation with Sh5b and after one-minute peptide washout.
In (A), shows the effect of preincubation with 100 nM Sh5b, which produced a marginal increase of the
Ipeak and ISS of 1% and 3% respectively, with no change in Tdes. In (B), preincubation with 1 μM Sh5b
inhibits Ipeak and ISS by 1% and 5% respectivley. In (C), use of 10 μM Sh5b inhibits the Ipeak by 18%
and increased the ISS by 26%, with no change in Tdes. The effect was reversed by 1 min washout of
the peptide.

3. Discussion

3.1. Sa12b

Sa12b peptide, when applied by preincubation, reversibly inhibits the amplitude of the peak
of ASIC currents (IC50 ~ 81 nM) in rat DRG neurons in a concentration-dependent manner without
consistent action on the time course of desensitization or the sustained component of the current.
Currents activated by H+ in DRG neurons are heterogeneous due to the combination of two or
more ASIC subunits with coexistence of multiple populations of channels in the same cell [28–31].
The inhibitory effect of Sa12b was similar in all cells regardless of the kinetics of currents, which indicates
that Sa12b action is not specific to any particular ASIC subunit; however, this question requires further
exploration on channels expressed in a heterologous system.

We found no effect on the Ipeak during co-application of Sa12b and acidic pH. That the inhibitory
effect of Sa12b was observed only after preincubation application suggests that the peptide needs to
interact with the channel during its closed state; an alternative explanation would be that this effect is
due to a slow interaction of the peptide with ASIC or a slow conformational change of the channel
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induced by Sa12b [21]. RFa-related peptides also seem to produce their modulating effect only when
applied before acid gating of the channel [20].

The inhibitory potency of Sa12b (IC50 = 81 nM) on ASIC currents is comparable to the inhibition
caused by peptides of vegetable and animal origin, such as chlorogenic acid (CGA, polyphenol) and
the gastrodin (phenol) that inhibits ASIC currents in rat DRG neurons (IC50 ~ 230 nM and ~ 210 nM
respectively) [32,33]. APETx2 (from the sea anemone Anthopleura elegantissima) inhibits the homomeric
channels of rASIC3 (IC50 37–63 nM) and hASIC3 (IC50 ~ 175 nM) [34]; mambalgines (from the black
mamba and the green mamba) inhibit the homomers of ASIC1a and ASIC1b, and the heteromers
containing ASIC1a with an IC50 ranging from 11 to 250 nM [35,36]; or PhcrTx1 peptide extracted
from Phymanthus crucifer (IC50 ~ 100 nM) which inhibits ASIC currents � 40% [37]. The inhibitory
effect of Sa12b in ASIC currents is only surpassed in potency by two known ASIC1a inhibitors: PcTx1,
from tarantula venom Psalmopoeus cambridgei (IC50 = 1 nM) [38] and Hi1a, from the venom of the
Australian spider Hadronyches infensa (IC50 = 0.4–0.5 nM), however, PcTx1 behaves as an agonist
of ASIC1b (EC50 ~ 100 nM), while Hi1a produces an incomplete current inhibition at saturating
concentration (1 μM) [9]. It is worth note that Sa12b produces a close to 100% inhibition of Ipeak at
1 μM. Which suggests that Sa12b exerts an unspecific action among ASIC subunits, although the lack
of inhibition of ISS suggest some kind of selectivity among ASIC subunits. To define this, it will be
needed to perform experiments in a heterologous expression system studying the action of Sa12b on
specific homomers of ASIC subunits.

It is speculated that modulation of ASIC channels by RFa-related peptides is due to direct
interaction between the peptide and the extracellular domain of the channel having the lower region of
the palmar domain of the channel as a probable binding site, specifically the region occupied by the
central vestibule of the channel; furthermore, it has been suggested that RFa-related peptides bind to
the channel in the closed state and dissociate very slowly from the desensitized state [22]. Since Sa12b
has a very short amino acid sequence, binding in the central vestibule may plug the channel, decreasing
the conductance instead of slowing inactivation and desensitization of ASIC currents, which is what
RFa does.

Sa12b sequence (EDVDHVFLRF) suggests the presence of a hydrophobic patch provided by the
amino acids: Val3, Val6, Phe7, Leu8, and Phe10; the Phe15 residue in APETx2 is of great importance for
this toxin to inhibit the currents of ASIC3 [39]. Similarly, PcTx1 has a hydrophobic patch conferred by
Trp7 and Trp24 which interacts with the thumb domain of the ASIC channel, while the basic group
of PcTx1 (Arg26, Arg27, and Arg28) enters the acidic pocket to form strong hydrogen bonds [40].
Sa12b also possesses two residues with a positive charge (His5 and Arg9) that could be a binding site
with ASIC channels.

3.2. Sh5b

Sh5b did not produce consistent, reproducible, effects on ASIC currents, it shows various effects
on most of the analyzed parameters, including dual effects on the Ipeak and Tdes. The complex action
of Sh5b suggests that this peptide presents selective action on some subunits of ASICs. As already
mentioned, the macroscopic currents activated by H+ in the DRG neurons present a morphological
heterogeneity resulting from the combination of two or more ASIC subunits, so the inconsistent action
of Sh5b could be given by selectivity of the peptide for some ASIC subunits. Future studies using
heterologous expression of ASIC subunits could clarify whether Sh5b possesses any selectivity; if so,
Sh5b can become a pharmacological tool that allows studying specific ASIC subunits.

Application of Sh5b by preincubation showed a tendency to inhibit the current peak. The ISS

component increased slightly after application of Sh5b, and the ISS/Ipeak relationship also increased;
this last parameter was the one that had statistically significant effects in the greatest number of
the tested concentrations, which suggests a modification on the desensitization process of ASICs.
However, the Tdes and the integral of the current show no consistent changes, exhibiting dual effects.
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During co-application, the ISS/Ipeak relationship showed a tendency towards the increase, but the Tdes

did not show noticeable differences.
RFa-related peptides have an NH2 group which is positively charged at pH 5 to 8 [21]. The effects

of Sh5b could be due to the positive charge given by its amine group. Other inhibitors of ASICs, such as
the PhcrTx1 peptide, which at pH 7.4 has a net charge of +5.03, APETx2 (net charge = +2.00), and PcTx1
(net charge = +3) [37] also have that particularity. Aminoglycosides are also positively-charged ASICs
modulators [27].

Analysis of the structure of Sa12b (EDVDHVFLRF) and Sh5b (DVDHVFLRFa) showed that Sa12b
has an extra Glu in its N-terminal, while Sh5b has an amide residue in its C-terminal. Sa12b has three
negatively charged amino acids (Glu1, Asp2, and Asp4) and two positively charged ones (His5 and
Arg9), which gives the peptide a negative net charge, besides it has four polar amino acids (Glu1, Asp2,
Asp4, and Arg9) and six apolar ones (Val3, His5, Val6, Phe7, Leu8, Phe10). In contrast, Sh5b presents in
its sequence two negatively charged amino acids (Asp1 and Asp3) and two positively charged ones
(His4 and Arg8), which makes it a peptide with neutral charge. With respect to solubility, Sh5b consists
of three polar amino acids (Asp1, Asp3, and Arg8) and six apolar ones (Val2, His4, Val5, Phe6, Leu7,
Phe9). These structural differences, mainly the difference of net charges, could favor differences in the
folding of the tertiary structure, which could produce the differences in the interaction of Sa12b and
Sh5b with ASIC.

4. Conclusions

The results from this work show that the application of Sa12b exerts an inhibitory effect on ASIC
currents from DRG neurons, this effect was concentration-dependent and reversed after washout of
the peptide. Since the inhibition was close to 100% at 1 μM and all ASIC subunits are expressed in
DRGs, it suggests that Sa12b inhibits different ASIC subunits without an apparent selectivity. Sa12b is
the first discovered wasp peptide with a significant ASIC inhibitory action.

5. Material and Methods

5.1. Animals and Cell Culture

To study the effect of Sa12b and Sh5b on ASIC, DRG neurons were obtained from Long-Evans
CII / ZV rats of 7 to 10 days of postnatal age, of either sex. Animals were provided by the laboratory
animal facility ‘Claude Bernard’ of the Autonomous University of Puebla. The study was performed
in accordance with the recommendations in the Guiding Principles in the Care and Use of Vertebrate
Animals in Research and Training of the American Physiological Society, and with the regulations of
the NOM-062-ZOO-1999 of the Mexican Ministry of Agriculture, Stockbreeding, Rural Development,
Fishing and Food. The protocol was reviewed and approved by the Institutional Committee for
Animal Care and Use (IACUC) of the Autonomous University of Puebla (VIEP-BUAP) on 17 July
2017. The ethical approval code is SOEE-UALVIEP-17-1. All efforts were made to minimize animal
suffering and to reduce the number of animals used. DRG neurons were isolated and maintained
in primary culture according to the methodology described previously [41]. The dissection and cell
culture were performed within a level I biosafety laminar flow hood (Nuaire, Plymouth, MN, USA).
Rats were anesthetized with sevoflurane and sacrificed by decapitation. Subsequently, the rat was
placed in prone position to make a longitudinal incision through the vertebral bodies removing the
spinal cord. Dorsal root ganglia were isolated (approximately 12 to 18 per rat) using conventional
dissection under a stereoscopic microscope (American Optical, Southbridge, MA, USA). Once extracted,
DRG neurons were placed in a disposable sterile centrifuge tube (Corning, Corning, NY, USA), in which
they were incubated for 30 min at 37 ◦C in Leibovitz L15 medium (L15) (Invitrogen, Waltham, MA,
USA), added with 1.25 mg/mL of trypsin and 1.25 mg/mL of collagenase (both from Sigma-Aldrich, St.
Louis, MO, USA) for an enzymatic dissociation.
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After the enzymatic treatment, the ganglia were washed 3 times with 100% L15 medium; after
each wash, the cells were subjected to mechanical dissociation using glass three-gauge Pasteur pipettes;
between each wash, a cell pellet was formed using a centrifuge at 5000 rpm. After the third wash,
once the cell pellet was formed, the supernatant was discarded, and the cell suspension was placed
in a 35 mm culture dish (Corning) on 12 × 10 mm glass plates (Corning) previously treated with
poly-D-lysine (Sigma-Aldrich, St. Louis, MO, USA).

Dissociated neurons were incubated for a period of time ranging from 2 to 8 h in a humidified
atmosphere (95% O2, 5% CO2, at 37 ◦C) using a water-jacketed CO2 incubator (Nuaire, Plymouth, MN,
USA) allowing for settlement and adhesion of isolated cells to the glass plates. The cells were cultured
in modified L15 medium, supplemented with 10% fetal bovine serum (Gibco, Waltham, MA, USA),
100 IU penicillin (Lakeside, Hayward, CA USA), fungizone 2.5 μL/mL (Gibco), NaHCO3 15.7 mM (J.T.
Baker, Radnor DE, USA) and 15.8 mM HEPES (Sigma-Aldrich, St. Louis, MO, USA).

5.2. Recording of ASIC Currents in DRG Neurons

After an incubation period of 2 to 8 h, the recording of ASIC currents in DRG neurons was
performed. Cells were transferred to a recording chamber mounted in a phase-contrast inverted
microscope (TMS, Nikon Co. Tokyo, Japan). Neurons that were not attached to other cells, and that had
a round or ovoid shape (without dendritic or axonal extensions) with a delimited refringent membrane
were chosen for recording.

The recording chamber was constantly perfused with extracellular solution (Table 3).
Recordings were performed in whole-cell voltage-clamp mode using an Axopatch 1D amplifier
(Molecular Devices, Union City, CA, USA). Data collection and generation of commands for the
perfusion change were carried out by the pClamp 9.2 (Molecular Devices) software in a 16-bit
data acquisition system (Digidata 1320, Molecular Devices). Microelectrodes were made from
borosilicate glass capillaries (TW120-3; WPI, Sarasota, FL, USA) with a micropipette puller (80-PC;
Sutter Instruments Company, San Rafael, CA, USA), which once filled with the intracellular solution
(Table 3) had a resistance of 1.4 to 3.1 MΩ. The signals were digitized at 5 kHz. The series resistance
was electronically compensated at 80%. Throughout the recording, access resistance and seal quality
were monitored to ensure stable recording conditions. The records that showed a > 10% change in
access resistance compared to the initial conditions were excluded from data analysis.

Table 3. Solutions used for electrophysiological recording.

Extracellular [mM] Acid Solution [mM] Intracellular [mM]

NaCl 140 140 10
KCl 5.4 5.4 125

CaCl2 1.8 1.8 0.134
MgCl2 1.2 1.2 -
HEPES 10 - 5

MES - 10 -
D-glucose 10 10 -

EGTA - - 10
ATP- Mg - - 2
GTP-Na - - 1

adjusted to pH 7.4 with
NaOH

adjusted to desired pH
with NaOH

adjusted to pH 7.2 with
KOH

Proton-gated currents were obtained with a holding potential of −60 mV. Cells were subjected
to a test protocol with an acid solution of pH 6.1 for 5 s (Table 3). In all the experiments at least two
control recordings were made before performing some type of experimental manipulation in order
to guarantee that the cells expressed a stable proton-gated current; the margin of variation in the
amplitude of the current between one control recording and another should be less than 10%.
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5.3. Wasp Peptides

The peptides Sa12b (EDVDHVFLRF, molecular weight = 1276.4 g/mol) and Sh5b
(DVDHVFLRF-NH2, molecular weight = 1146.3 g/mol) were purified from the venom extracts
of solitary wasps Sphex argentatus argentatus and Isodontia harmandi, respectively, and the structure was
determined by MALDI-TOF/TOF MS analysis (manuscript in preparation). The synthetic specimens of
these peptides were used in this study.

5.4. Peptide Synthesis

The peptide was synthesized on an automated PSSM-8 peptide synthesizer (Shimadzu Corp.,
Kyoto, Japan) by a stepwise solid-phase method using N-9-fluorenylmethoxycarbonyl (Fmoc)
chemistry. All the resins and Fmoc-L-amino acids were purchased from HiPep Laboratories (Kyoto,
Japan). Cleavage of the peptide from the resin was achieved by treatment with a mixture of
TFA/H2O/triisopropylsilane (TIS) (95:2.5:2.5) at room temperature for 2 h. After removal of the resin by
filtration and washing twice with trifluoroacetic acid (TFA), the combined filtrate was added dropwise
to diethyl ether at 0 ◦C and then centrifuged at 3000 rpm for 10 min. Thus, obtained crude synthetic
peptide was purified by semipreparative reverse-phase HPLC using CAPCELL PAK C18, 10 × 250 mm
with isocratic elution of 20–25% CH3CN/H2O/0.1% TFA at a flow rate of 3 mL/min. The homogeneity
and the sequence were confirmed by MALDI-TOF MS and analytical HPLC.

5.5. Experimental Design and Data Analysis

ASIC currents were activated by micro-perfusion of the cell under recording with an acid solution
(pH 6.1) through a square tube using a rapid perfusion exchange system (SF-77B, Warner Inst., Hamden,
CT, USA). The pH-gated current was activated using a pH of 6.1 which coincides with the pH50

previously demonstrated for ASIC currents in DRG neurons [41]. Capsazepine 10 μM was added to
the extracellular solution at pH 6.1 in order to limit the activation of TRPV1 receptors, which are also
sensitive to acid and are expressed in DRG neurons [42]. To study the effect of Sa12b and Sh5b peptides
on ASIC currents of DRG neurons two application protocols were used [41]. Peptides were applied
by sustained application (preincubation) and by co-application. In the preincubation, the toxin was
applied through the pH 7.4 extracellular solution for 20 s before the acid pulse and during the 5 s that
the acid pulse lasted. In co-application, the compound was applied only during the 5-second acid
pulse. The effects observed during preincubation result from channel exposure to the peptide during
the closed, open, and desensitized states. During co-application the toxins interacts with the channel
in the open and desensitized states.

The passive properties of the neurons were recorded in each experiment, including the membrane
capacitance (Cm), cell-membrane voltage (Vm), membrane resistance (Rm), and access resistance (Ra).
Solutions were prepared at the time of experiment; the peptides were kept frozen at −20 ◦C in aliquots
at different concentrations in deionized water added with 1 mg/mL of albumin (Sigma-Aldrich) to
prevent the peptides from adhering to the walls of the perfusion tubes.

The proton-gated currents were processed offline using the software Clampfit 9.2 (Molecular
Devices), Microsoft Office Excel 2010 and SigmaPlot 12.0. For each experimental condition two
control recordings were obtained, one recording with the application of the peptide, and two washout
recordings. The problem currents were normalized with respect to the average of the control currents
in order to obtain the percentage of change in the parameters measured in the presence of the toxins.

For the analysis of the toxin actions, the concentration-response curves were adjusted with
a Hill equation:

Y = A2 + (A1 − A2)/(1 + (x/E50) H)

where: Y = Pharmacological effect, x = Concentration tested, A1 and A2 =Maximum and minimum
effect, E50 = Concentration in which 50% of the effect is obtained, H = Hill constant.
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To study the desensitization of the current, a simple exponential function was adjusted, obtaining
the decay constant of the current (Tdes).

To determine the statistical significance of the data, a paired Student’s t-test was used and p values
reported; the experimental data are presented as the mean ± E.S.
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Abstract: Human accidents with spiders of the genus Loxosceles are an important health problem
affecting thousands of people worldwide. Patients evolve to severe local injuries and, in many cases,
to systemic disturbances as acute renal failure, in which cases antivenoms are considered to be the
most effective treatment. However, for antivenom production, the extraction of the venom used
in the immunization process is laborious and the yield is very low. Thus, many groups have been
exploring the use of recombinant Loxosceles toxins, particularly phospholipases D (PLDs), to produce
the antivenom. Nonetheless, some important venom activities are not neutralized by anti-PLD
antibodies. Astacin-like metalloproteases (ALMPs) are the second most expressed toxin acting on
the extracellular matrix, indicating the importance of its inclusion in the antigen’s formulation to
provide a better antivenom. Here we show the construction of a hybrid recombinant immunogen,
called LgRec1ALP1, composed of hydrophilic regions of the PLD and the ALMP toxins from Loxosceles
gaucho. Although the LgRec1ALP1 was expressed as inclusion bodies, it resulted in good yields and it
was effective to produce neutralizing antibodies in mice. The antiserum neutralized fibrinogenolytic,
platelet aggregation and dermonecrotic activities elicited by L. gaucho, L. laeta, and L. intermedia
venoms, indicating that the hybrid recombinant antigen may be a valuable source for the production
of protective antibodies against Loxosceles ssp. venoms. In addition, the hybrid recombinant toxin
approach may enrich and expand the alternative antigens for antisera production for other venoms.

Keywords: phospholipases D; metalloproteases; Loxosceles spp.; recombinant toxins; hybrid immunogen;
neutralizing antibodies; antivenoms

Key Contribution: The use of hybrid recombinant spider toxins to raise protective antibodies against
Loxosceles spp. venoms may be helpful to decrease the number of antigens received by the animals
during immunization. In addition, it may solve the problem of the limited amount of venom
time-consuming extractions and animal handling.

1. Introduction

In view of the wide geographical distribution, the large number of individuals affected and
the evolution of the clinical picture, the accidents with spiders of the genus Loxosceles, denominated
loxoscelism, have received great attention from public health [1–3]. In Brazil, most of the human
accidents are related to three main Loxosceles species: Loxosceles gaucho, Loxosceles intermedia,
and Loxosceles laeta [3,4]. The loxoscelism is associated with a number of clinical symptoms including
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edema, an intense inflammatory reaction at the site of the bite, which can progress to a typical
necrotic lesion on the skin with gravitational scattering, known as cutaneous loxoscelism [3,5–7].
In rare cases, cutaneous loxoscelism may progress to systemic manifestations (cutaneous-visceral
loxoscelism) and the symptoms of this clinical condition usually begin 24 h after the spider bites,
which is characterized by anemia, jaundice, intravascular hemolysis, platelet aggregation, and, in more
severe cases, renal failure [8].

The venom of Loxosceles spp. is composed of numerous protein molecules with toxic and/or
enzymatic activity [2,3,8–11], such as phospholipases D, metalloproteases, serine proteases, hyaluronidases,
allergens, serine protease inhibitors, and peptides classified as cystine knot inhibitors [9,12–16]. Studies
have shown that phospholipases D (PLDs) are the most abundant toxins able to elicit a cascade of
adverse pharmacological events such as inflammation [13,17] dermonecrosis [11,13,18–21], platelet
aggregation [21–23], hemolysis [13,23,24], and nephrotoxicity [25,26], among others.

Currently, the treatment used for human envenoming includes the use of anti-arachnid serum
that in Brazil is obtained by immunizing horses with a mixture of venoms from Loxosceles gaucho,
Phoneutria nigriventer spiders and the scorpion Tityus serrulatus (SAAr) or the use of anti-loxoscelic
serum that is obtained with the mixture of L. intermedia, L. laeta, and L. gaucho venoms (SALox), usually
associated with corticosteroids [1,27–32]. However, the extraction of the amount of venom needed
for horse immunizations is expensive, laborious, and the yield obtained is very low. This fact has
led some researchers to use recombinant toxins such as the PLDs [33–36] or even peptides from these
toxins [30,37,38] to obtain the antiserum. Nonetheless, the antiserum obtained in this way is specific
to PLD and did not neutralize all venom activities due to the synergistic action of other toxins that
contribute to the deleterious effects of the venom [6,8].

In this sense, studies have shown that the astacin-like metalloproteases (ALMPs) are the second
most abundant class of toxins in the venom glands of L. laeta [39] and L. intermedia [15] and appear to
contribute to the envenomation picture since they hydrolyze some components of the extracellular
matrix such as collagen [40], fibronectin [9,41,42], and fibrinogen [9,41,43–45]. Therefore, considering
that the PLDs and ALMPs are the main toxins present in the venom of Loxosceles spp., in this work,
we envisaged the construction of a hybrid recombinant toxin composed of the hydrophilic regions of a
PLD and ALMP from L. gaucho to raise neutralizing antibodies in mice against of the venom of the
three predominant Loxosceles spp. spiders that cause envenomation in Brazil. Therefore, this hybrid
molecule might be an interesting tool to enhance and/or expand the possibilities to raise protective
antiserum against Loxosceles spp. venom and this approach may also be applied to other venoms.

2. Results

2.1. Construction of the Hybrid Molecule LgRec1ALP1

In order to know the main toxin transcripts present in the venom gland of Loxosceles gaucho,
a transcriptomic approach was performed and the analysis showed that 22.36% of all sequences gave
match to toxins already described in the database. Among them, it was observed that phospholipase
D (PLD) and astacin-like metalloprotease (ALMPs) were the most abundant, corresponding to 70.43
and 17.58%, respectively (Figure 1). Taking into consideration this result and the important activities
of these toxins in the venom, they were chosen to make part of a hybrid immunogen construction.

Analyzing all the PLDs transcripts with identity greater than 97%, it was observed that the largest
group contained 37% of all PLDs sequences, and a PLD called LgRec1 [20], present in this group was
chosen to be part of the hybrid immunogen. Among the metalloprotease’s transcripts with identity
greater than 95%, the largest group contained 45% of all metalloproteinase transcripts, and a sequence
called LgALP1 was selected from this group to be part of the hybrid immunogen.
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Figure 1. Graph showing the percentage of toxin transcripts in relation to the total toxins’ transcripts
found in L. gaucho venom gland. TX (similar to insecticide toxin); TCTP (similar to tumor-controlled
translation protein).

The sequences of the two toxins were submitted to the ProtScale Tool program using the
Hopp-Woods scale [46] to identify the hydrophilic regions of the molecules. This scale performs the
prediction of potentially antigenic regions of polypeptides, where values greater than 0 are hydrophilic.
After analysis, six and three hydrophilic peaks were found in the PLD LgRec1 (Figure 2A) and the
metalloprotease LgALP1 sequences (Figure 2C), respectively.

The hydrophilic peptides found in the PLD LgRec1 (Figure 2B) and the ALMP LgALP1 (Figure 2D)
are numbered and underlined. These peptides were then joined to form the hybrid immunogen that
was called LgRec1ALP1 (Figure 2E). The exposures of these peptides on the surface of each toxin
were also analyzed on the predicted tridimensional structure of the PLD LgRec1 (Figure S1) and the
ALMP LgALP1 (Figure S2). To predict these structures, the crystal of a phospholipase D (3LRH) from
L. intermedia [47] and the metalloprotease (3LQ0) from Astacus astacus [48] were used as templates by
Phyre2 program. Since most of the hydrophilic peptides ended or stated in random coils, which are
flexible loops from the original proteins, no linkers were used in the construction. In addition,
to analyze the identity of the hydrophilic peptides with other spiders PLDs and metalloproteases,
they were aligned against the PLDs LiRecDT1 (ABA62021) and Smase I (AAM21154) from L. intermedia
and L. laeta, respectively, as well as with the metalloproteases LALP2 (ACV52010) and LLAE0237C
(EY188609), also from L. intermedia and L. laeta, respectively. As can be seen, the peptides show higher
identity with the PLDs (Table 1) and the metalloproteases (Table 2) from L. intermedia.
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Figure 2. Sequence analysis of phospholipase D LgRec1 and metalloprotease LgALP1 to construct the
hybrid immunogen LgRec1ALP1. Hydrophilicity plots of LgRec1 (A) and LgALP1 (C), deduced by
the ProtScale program with Hopp–Woods scale, where the hydrophilic regions of each molecule are
indicated with boxes. Sequence of LgRec1 (B) and LgALP1 (D) showing the predicted hydrophilic
amino acids numbered and underlined. (E) Amino acid sequence of the hybrid immunogen
LgRec1ALP1 containing only the hydrophilic regions of phospholipase D (PLD) LgRec1 (blue) and
astacin-like metalloprotease (ALMP) LgALP1 (orange). Sequence numbers correspond to amino acid
positions in the sequence.

Table 1. Amino acids identity analysis of the hydrophilic peptides of LgRec1 from L. gaucho.

L. gaucho L. intermedia L. laeta

PLD LgRec1 PLD PLD
hydrophilic peptides LiRecDT1 Smase I

SNSIETDVSFDKQ 78.6% * 50.0%

KFNDFLKGLRKVTTPGDSK 78.9% 63.1%

KLITGFKETLKNEGHEELLEKVGTDFSGNDDISDVQKTYNKAG 62.7% 55.8%

LLRGLTRVKAAVANRDSGSG 75.0% 40.0%

DKRQSTRDTLDAN 69.2% 38.4%

PDITVEILNEAAYKKKFRIATYEDNPWET 68.9% 51.7%

* Amino acids identity analysis (%) of the hydrophilic peptides of LgRec1 from L. gaucho with the PLDs LiRecDT1
(ABA62021) and Smase I (AAM21154) from L. intermedia and L. laeta, respectively. The identity alignment was
obtained using the Clustal W Multiple Sequence Alignment tool.
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Table 2. Amino acids identity analysis of the hydrophilic peptides of LgALP1 from L. gaucho.

L. gaucho L. intermedia L. laeta

Metalloprotease LgALP1 Metalloprotease Metalloprotease
hydrophilic peptides LALP2 LLAE0237C

ALFPGDIKKAMRHIEENTCIKFKSRKNEEGYVKIYKGKKES 90.4% * 48.7%

HEHTRPDRDLYITVHEDNIRPSSKRNYKKT 90.3% 46.6%

LTSARYKDSLTDLDIKKINTLYN 86.9% 47.8%

* Amino acids identity analysis (%) of the hydrophilic peptides of LgALP1 from L. gaucho with the metalloproteases
LALP2 (ACV52010) and LLAE0237C (EY188609) from L. intermedia and L. laeta, respectively. The identity alignment
was obtained using the Clustal W Multiple Sequence Alignment tool.

2.2. Expression and Purification of the Hybrid Immunogen LgRec1ALP1

The sequence of the hybrid immunogen LgRec1Alp1 was cloned into pET28a+ vector,
transformed into chemically competent E. coli strain BL21 Star™ (DE3) and expressed at 30 ◦C
for 4 h under induction of 1 mM of isopropyl-β-D-thiogalactoside (IPTG). The sodium dodecyl
sulfate–polyacrylamide gel electrophoresis (SDS-PAGE) analysis (Figure 3A) indicates that the
LgRec1Alp1 was successfully expressed as shown by the presence of an expected band with a molecular
mass around 30 kDa after IPTG induction (lane 2). However, LgRec1Alp1 was expressed in the
insoluble form, since after cell sonication the protein could only be seen in the pellet of cell lysed
(lane 3). Therefore, the pellet was solubilized in 6 M urea and purified by immobilized metal affinity
chromatography (IMAC) taking advantage of the 6xHis tag present at the C-terminus of LgRec1ALP1.
After dialysis to remove urea, white clumps were observed in the dialysis bag, indicating that the
recombinant LgRec1ALP1 was insoluble (lane 4). The purified LgRec1ALP1 was then subjected to
identification by Western blot using an anti-His tag monoclonal antibodies (Figure 3B). The average
yield of LgRec1ALP1 was 3.5 mg per liter of cell culture.

Figure 3. Analysis of the recombinant hybrid immunogen LgRec1ALP1. Numbers on the left
correspond to the position of molecular mass markers in kDa (M). (A) 12.5% sodium dodecyl
sulfate–polyacrylamide gel electrophoresis (SDS-PAGE) gel showing expression and purification
of the hybrid immunogen LgRec1ALP1 overexpressed in E. coli BL21 Star™ (DE3) at 30 ◦C. Protein
was visualized on a 12.5% SDS/polyacrylamide gel under reducing conditions and stained with
Coomassie blue. 1 and 2: Extract from BL21 Star™ (DE3) before and after isopropyl-β-D-thiogalactoside
(IPTG) (1 mM) induction, respectively; 3: Bacterial pellet lysed by sonication; 4: LgRec1ALP1
solubilized in urea 6M and purified by IMAC. (B) Western blot analysis. 1: Purified LgRec1ALP1 was
separated by 12.5% SDS-PAGE, transferred onto nitrocellulose membrane, incubated with monoclonal
anti-polyhistidine antibody and revealed with 4-chloro-1-naphthol.
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2.3. Immunogenicity and Cross-Reactivity of Anti-LgRec1ALP1

After dialysis, the recombinant LgRec1ALP1 in its colloidal state was mixed with Montanide
and used via subcutaneous injection to produce polyclonal antibodies in mice. The immunoglobulins
contained in the antiserum were then purified by Hi-Trap protein G affinity column. The titer of
purified IgGs anti-LgRec1ALP1 was determined by ELISA using the recombinant LgRec1ALP1,
L. gaucho, L. laeta, and L. intermedia venoms as coating antigens. The result shows, as expected,
a higher titer for the recombinant LgRec1ALP1, followed by L. gaucho, L. laeta, and L. intermedia
venoms (Figure 4A).

Figure 4. Evaluation of anti-LgRec1ALP1 by ELISA and Western blot. (A) Titration of LgRec1ALP1
antibodies by ELISA. The plates were coated with 5 μg/mL of the hybrid immunogen LgRec1ALP1,
L. gaucho, L. intermedia, or L. laeta venoms. The absorbances of the samples were determined at
492 nm. (B) Recognition of anti-LgRec1ALP1 by Western blot. Proteins were separated by SDS-PAGE,
transferred onto nitrocellulose membrane and incubated with anti-LgRec1ALP1. Numbers on the
left correspond to the position of molecular mass markers (M). Recombinant hybrid immunogen
LgRec1ALP1 (1); Recombinant PLD LgRec1 (2); Recombinant ALMP LgALP1 (3); Nonrelated
recombinant protein EGFP (4); L. gaucho venom (5); L. intermedia venom (6); L. laeta venom (7). Blue and
red arrows indicate the position for PLDs and ALMPs, respectively.

The specificity of the antibodies was also evaluated by Western blot using the recombinant PLD
LgRec1 and the recombinant metalloprotease LgALP1 and the venoms of L. gaucho, L. intermedia,
and L. laeta. The recombinant enhanced green fluorescent protein (EGFP) was used as non-related
protein control. The result shows that the anti-LgRec1ALP1 recognized all recombinant toxins as
well as the bands with approximate molecular mass expected for phospholipases D (blue arrow) and
metalloproteases (red arrow) in all venoms. However, the bands corresponding to phospholipase D
showed lower intensity in the L. laeta venom (Figure 4B).
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2.4. Neutralization Assays

2.4.1. Neutralization of Fibrinogen Degradation Caused by Loxosceles spp. Venoms

To evaluate the ability of anti-LgRec1ALP1 to neutralize the proteolytic action of metalloproteases,
the venoms of L. gaucho, L. laeta, and L. intermedia were pre-incubated with anti-LgRec1ALP1 and
this mixture was then incubated with bovine fibrinogen. The samples were applied to SDS-PAGE
(Figure 5A,B) and the percentage of neutralization of fibrinogen alpha chain degradation was evaluated
with the ImageJ program (Figure 5C). The data show that 1.5 and 3.0 μg/μL of anti-LgRec1ALP1 was
able to completely neutralize the degradation of the α subunit of fibrinogen (Figure 5A,B red arrows)
caused by the L. gaucho venom (Figure 5B), 85–95% for L. laeta venom and 78–83% for L. intermedia
venom (Figure 5C).

Figure 5. Evaluation of neutralization fibrinogen degradation (α subunit) by anti-LgRec1ALP1.
Fibrinogen (FB) was incubated with 0.15 μg/μL of L. gaucho (FLg), L. laeta (FLl), or L. intermedia (FLi)
venoms previously incubated or not with 0.5, 1.5, or 3.0 μg/μL of anti-LgRec1ALP1 (neutralization).
Nonrelated IgG anti-EGFP (IgG-EGFP) pre-incubated with L. gaucho, L. laeta, or L. intermedia venoms
were used as negative controls. FB: fibrinogen in Tris-HCl buffer; FLgO: fibrinogen incubated with L.
gaucho venom and 1,10-phenanthroline (10 mM); IgG-LgRA: IgG anti-LgRec1ALP1. (A,B) SDS-PAGE
gels showing the neutralization of fibrinogen α subunit (red arrow) degradation by anti-LgRec1ALP1.
Samples were visualized on a 12% SDS/polyacrylamide gel under reducing conditions and stained with
Coomassie blue. Numbers on the left correspond to the position of molecular mass markers (M) in kDa.
(C) Graph showing the quantification of degradation of fibrinogen α subunit from SDS-PAGE analyzed
by ImageJ densitometry software. Values given are the average ± SEM (n = 3). Significance was
evaluated with an ANOVA one-way with the post-hoc Tukey test; (**) indicates p < 0.01, (***) indicates
p < 0.001. # indicates statistical significance with p < 0.001 between samples of the venom’s groups.
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The role of metalloproteinases in the fibrinogen alpha subunit degradation was confirmed by
incubating L. gaucho venom with the Zn2+ chelating metalloprotease inhibitor 1,10-phenanthroline
(FLgO), which completely abolished the degradation (Figure 5A,C). As a negative control, L. gaucho,
L. laeta, and L. intermedia venoms were pre-incubated with a nonrelated IgG (anti-EGFP), which showed
no neutralization activity (Figure 5C), represented by lane IgG EGFP in Figure 5A, where we can also
visualize the bands related to L. gaucho venom (Lg) and IgG anti-LgRec1ALP1 (LgRA).

2.4.2. Neutralization of Platelets Aggregation Caused by Loxosceles spp. Venoms

The activity of platelet aggregation is one of the main characteristics in Loxosceles envenomation.
In order to neutralize this activity in vitro, platelet-rich plasma (PRP) was incubated with L. gaucho,
L. laeta, and L. intermedia venoms previously pre-incubated or not with 0.1, 0.3, or 0.6 μg/μL of purified
anti-LgRec1ALP1. The results show that 0.6 μg/μL of anti-LgRec1ALP1 was effective to neutralize
~100, 94, and 66% of the aggregating activity of L. gaucho, L. intermedia, and L. laeta venoms, respectively
(Figure 6). In addition, 0.1 and 0.3 μg/μL of anti-LgRec1ALP1 were also effective to neutralize 91
and 93% of L. gaucho venom; 85 and 88% of L. intermedia venom and 41 and 56% for L. laeta venom,
respectively. Platelet aggregation responsiveness was evaluated with 10 mM of adenosine diphosphate
(ADP) agonist, and pre-incubation of L. gaucho, L. laeta, or L. intermedia venoms with 0.6 μg/μL of
anti-EGFP antibody were used as negative controls (Figure 6, IgG EGFP).

Figure 6. Analysis of platelet aggregation neutralization by anti-LgRec1ALP1. Platelet-rich plasma
(PRP) was treated with 7.5 μg of the venoms L. gaucho (Lg), L. laeta (Ll), or L. intermedia (Li) previously
incubated or not with 0.1, 0.3, or 0.6 μg/μL of anti-LgRec1ALP1 in a final volume of 100 μL
(neutralization). Incubation of L. gaucho, L. laeta, or L. intermedia venoms with 0.6 μg/μL anti-EGFP
(IgG-EGFP) were used as negative controls. Platelet aggregation was induced by adding 10 μM of
adenosine diphosphate (ADP) in phosphate buffered saline (PBS) as a positive control. Aggregation
was monitored by measuring the light transmittance for five minutes by an aggregometer (n = 3).
Values given are the average ± SEM. Significance was evaluated with an ANOVA one-way with the
post-hoc Tukey test; (**) indicates p < 0.01, (***) indicates p < 0.001. # indicates statistical significance
with p < 0.05 between samples of the venom’s groups.

2.4.3. Neutralization of Dermonecrosis and Edema Caused by Loxosceles spp. Venoms

Since local reactions such as edema and dermonecrosis are afflictions related to Loxosceles spp.
envenomation, the neutralizing of this activity by the anti-LgRec1ALP1 were evaluated in rabbits´
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skin. For this, 6 μg of the venoms L. gaucho, L. laeta, or L. intermedia were incubated with 0.4 μg/μL
of anti-LgRec1ALP1 in a final volume of 150 μL and the area of lesions were measured 24 and 48 h
after injection (Figure 7B). As seen in Figure 7A, the anti-LgRec1ALP1 was very effective to abolish all
dermonecrosis caused by L. gaucho venom, 79% for L. intermedia, and 68% L. laeta venoms. The edema
was also neutralized by the anti-LgRec1ALP1, although in less extent, showing neutralization of 73
and 76% for L. gaucho, 37 and 40% for L. laeta and 49 and 54% for L. intermedia venom in 24 and 48 h,
respectively (Figure 7C).

Figure 7. Neutralization of dermonecrosis (A) and edema (C) induced by Loxosceles spp. venoms after
incubation with anti-LgRec1ALP1. (B) Rabbit’s treated with Loxosceles venom or venoms incubated
with anti-LgRec1ALP1. To the tests, 6 μg of the venoms L. gaucho, L. laeta, or L. intermedia were
pre-incubated with 0.4 μg/μL of anti-LgRec1ALP1 in a final volume of 150 μL for 30 min at 37 ◦C,
centrifuged and the supernatant injected i.d. into the rabbit dorsum. The animals were observed for 24
and 48 h. Size of the lesions was measured by ImageJ software and the results are expressed as the
percentage reduction of the size of the lesions. Values given are the average ± SEM (n = 2).

3. Discussion

The search for new therapies and strategies for the treatment of people that suffer accidents with
venomous animals is increasing every year and therefore it is considered a public health problem.
In this sense, spiders of the genus Loxosceles spp. are of great medical importance, with several cases
reported worldwide [49–53]. In Brazil, these spiders are responsible for thousands of accidents every
year (Sistema de Informação de Agravo de Notificação, Ministério da Saúde) and the recommended
treatment is the serum therapy [1,27–29]. However, due to the limited amount of venom extracted
from the Loxosceles spp. that is used to produce the antiserum, many studies have been searching for
alternatives such as the use of recombinant toxins. In this context, the recombinant phospholipases D
(PLDs) or their peptides have been exploited [34–36,38,54,55] as these toxins are the main responsible
for the symptoms related to the envenoming [11,13,21–23]. Nonetheless, antibodies against PLDs alone
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were not effective to neutralize some venom activities, presumably due to the presence of other toxins
that can act synergistically with the PLDs.

Analyzing the transcriptomic profile of L. gaucho venom gland, we showed that the PLDs (70.43%)
and the astacin-like metalloproteases (ALMPs) (17.58%) accounted for most of the toxin transcripts.
Other toxins with lower expression were also found such as insecticidal peptides (TX) (6.21%) with
action on Na+ channels [56], venom allergens (2.12%) that elicit allergic response similar to other
sources such as plant pollens, molds, and foods [57], translationally-controlled tumor protein (TCTP)
(0.06%) that has been related to cause edema and vascular permeability [58] serine proteases (2.65%)
described to have gelatinolytic activity [59]; serine proteases inhibitors (0.43%), which may be related
to coagulation processes and fibrinolysis [39]; phospholipase A2 (0.42%) related to low myotoxic
activity at high doses [12] and hyaluronic acid (0.12%), which have shown activity on hyaluronic acid
and chondroitin sulfate [11,60]. In agreement with our results, the transcriptome of L. laeta [39] and
L. intermedia venom gland [15] also showed a high level of expression of PLDs and ALMPs.

Because of their proteolytic activities on molecules such as fibronectin [41,42] and fibrinogen [9,44,45],
these toxins may work synergistically with other toxins present in the venom, which may explain
the local hemorrhage at the bite site, imperfect platelet adhesion and difficulties in wound healing.
Therefore, in an effort to develop a new immunogen for raising broadly neutralizing antibodies
against these two main toxins from Loxosceles venom, in this work we show the construction of
a hybrid immunogen, called LgRec1ALP1, that was designed with the hydrophilic regions of the
PLD LgRec1 [20] and the metalloprotease LgALP1 highly expressed in the L. gaucho venom gland.
The rationale was that the hydrophilic regions are more exposed on the toxins surface and some of
them might be essential to interact with receptors, therefore, antibodies raised against these regions
could confer better neutralization activities.

The hybrid immunogen LgRec1ALP1 was successfully expressed as inclusion bodies and
although some refolding protocols such as dialysis, dilution, and adsorption chromatography were
performed [61], none of them seemed to work (data not shown). A plausible explanation might be
the presence of peptides from astacin-like metalloprotease since most of the recombinant PLDs are
soluble, previous work on metalloprotease expression from L. intermedia showed to be insoluble [45,62].
However, several other factors may contribute to the inclusion bodies formation [63] and it is very
common during overexpression of heterologous genes in E. coli, particularly from animal origin.
Although the biological activity of the protein in this state is impaired, some studies show that
insoluble proteins can successfully be used to produce polyclonal antibodies [64–66]. In addition,
the inclusion bodies may represent some advantages since they are less vulnerable to degradation
and may remain longer in tissues, avoiding their fast clearance, which could, in theory, require fewer
boosters or even the necessity of using adjuvants. In fact, some studies have been explored the use of
inclusion bodies as a vaccine [67–69]. Therefore, after purification and dialysis, the LgRec1ALP1 was
used to produce antiserum even in its insoluble state.

Antibodies raised against whole Loxosceles venoms have been described to have cross-reactivity
among venoms [11,70], which indicates the presence of common epitopes in their toxins. In this
regard, the alignment of the hydrophilic peptides of LgRec1ALP1 showed high identity with PLDs
and metalloproteases from L. intermedia and average identity with these toxins’ counterparts found in
L. laeta venom (Table 1). Therefore, a cross-reactivity was expected for the anti-LgRec1ALP1. In fact,
the ELISA showed that the higher titer of antibodies was against L. gaucho venom components, however,
it was verified a significant cross-reactivity of this antiserum with L. laeta and L. intermedia venoms
(Figure 4). In addition, Western blot analysis revealed that anti-LgRec1ALP1 was able to recognize
PLDs and metalloproteases from all tested venoms, but only a very faint band was revealed for PLD
from L. laeta, which might be due to the lower identity between L. gaucho and L. laeta PLDs (Table 1).

As discussed previously, the proteolytic action of ALMPs on some components of the extracellular
matrix and fibrinogen [41,45,62] have brought attention to raise protective antibodies against these
toxins. Lima and colleagues [71], for example, used the sequences of an ALMPs from L. intermedia
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to compose a chimera protein to raise neutralizing antibodies. However, in this study, the produced
antiserum was tested only on L. intermedia venom, which used 100 μg of purified IgGs to achieve
complete fibrinogenolytic neutralization. Taking into consideration the same amount of venom used in
that study, here we showed that the anti-LgRec1ALP1 was more efficient, since 1.5 μg/μL of it was able
to completely neutralize the fibrinogen degradation by L. gaucho venom and 3.0 μg/μL neutralized 95
and 83% of L. laeta and L. intermedia venoms, respectively. This result indicates that the identity shared
among the LgRec1ALP1 hydrophilic peptides and the ALMPs from all tested venoms was able to raise
antibodies with cross-reactivity neutralizing properties.

Platelet aggregation is another effect associated with Loxosceles spp. venoms and many studies
indicate that this property is related to the PLDs [20,21,23,72,73]. Since there is no report showing
the neutralization of this important activity, in this work the effectiveness of anti-LgRec1ALP1 was
tested on three Loxosceles venom. The results were quite encouraging since the anti-LgRec1ALP1 was
able to inhibit 100, 94 and 66% of platelet aggregation caused by L. gaucho, L. intermedia, and L. laeta
venoms, respectively.

A very common clinical picture caused by the venom of Loxosceles spiders is the development of
a notorious necrotic skin ulcer [74–76]. Therefore, the efficacy of anti-LgRec1ALP1 was evaluated to
inhibit these activities on the rabbit´s skin. The results showed that the anti-LgRec1ALP1 was efficient
in totally neutralizing the venom of L. gaucho, while this neutralization was around 79 and 68% for
L. intermedia and L. laeta venoms, respectively. These differences in neutralization may be related to
differences in the PLDs from the venoms. In fact, all works with antisera against recombinant PLDs
demonstrate effectiveness in neutralizing the dermonecrotic action related to the species used to obtain
the antiserum [34].

Another characteristic of Loxosceles envenomation is the evolution of edema that is difficult to
neutralize when only antisera against PLDs are used [35,77], probably due to the contribution of other
toxins present in the venoms as well as the evolution of the inflammatory picture [78]. Regardless
of other factors that may be involved, the anti-LgRec1ALP1 was able to neutralize 76, 40 and 54%
of this activity elicited by L. gaucho, L. laeta, and L. intermedia venoms, respectively. Although the
edema was not fully abolished, the anti-LgRec1ALP1 showed to be promising since other studies
using antiserum against recombinant PLDs or their peptides showed to be less effective. In this regard,
Duarte and colleagues [36] reported that antibodies raised against the PLD LiD1 from L. laeta were
able to neutralize only 17% of edema caused by this venom. In addition, using antiserum against
PLDs peptides from L. intermedia and L. laeta venoms, Souza and colleagues [38] showed 40% edema
neutralization of L. intermedia venom. Thus, the results obtained in the in vitro and in vivo tests with
the three predominant Loxosceles spp. spiders in South America demonstrate the potential application
for the constructed hybrid immunogen.

4. Conclusions

Taken together, the results shown in this work indicate that the hybrid immunogen LgRec1ALP1
might represent an interesting alternative antigen to produce neutralizing antibodies against the two
main toxins present in the Loxosceles venom. The LgRec1ALP1 might also be useful to enrich the
whole venom so less amount of it would be necessary which in turn would decrease the number of
antigens received by the animals during immunization. In addition, this approach may be further
extended to other toxins present in the venom to achieve complete neutralization. This approach
may also be useful to solve the problem of the limited amount of venom, time-consuming extractions,
and animal handling.
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5. Materials and Methods

5.1. Ethics Committees

The procedures involving animals were conducted according to national laws and policies
controlled by Butantan Institute Animal Investigation Ethical Committee. Experimental protocol
in mice record no CEUA 8172250816. Experimental protocol in rabbits records no CEUAIB
886/12. The IBAMA (Brazilian Institute for the Environment and Renewable Natural Resources)
provided animal collection permission no 15383-2, while CGEN (Board of Genetic Heritage
Management) provided the license for genetic patrimony access (02001.005110/2008). All manipulation
of microorganisms has been developed in biosafety level P2 area, as authorized by CIBio and
CTNBio (National Technical Commission on Biosecurity) (Record no CQB-030/98 de 30/05/2011).
All procedures involving human blood were approved by the Ethical Committee in Research from
Municipal Secretary of Health of São Paulo, CAAE: 02990818.3.0000.0086.

5.2. Animals and Venoms

BALB/c male mice aged 7 to 8 weeks (18–22 g) and New Zealand adult rabbits (3 to 4 kg)
were provided by the Butantan Institute Animal Husbandry. All animals received water ad libitum
and food under controlled environmental conditions. The venoms were supplied by the Butantan
Institute Venoms Center, resuspended in PBS (phosphate buffered saline). For the library of transcripts,
300 wild-type Loxosceles gaucho venom glands were collected as previously described [9] and macerated
with 2 mL Trizol reagent (InvitrogenTM, Thermo Fisher Scientific, Waltham, MA, USA) as recommended
by the manufacturer. Subsequently, mRNA purification was performed using Dynabeads® mRNA
Purification Kit (Dynal Biotech-InvitrogenTM, Thermo Fisher Scientific, Waltham, MA, USA) and the
cDNAs synthesized using the cDNA Synthesis System (Roche®, Sigma Life Science, Merck Corporation,
Darmstadt, Germany) kit, both following manufacturer’s guidelines.

5.3. Sequences and Analysis of Sequenced Transcripts

The preparation of cDNA libraries from the mRNA was performed by initial fragmentation of the
sample with a ZnCl2 solution’s followed by purification of the desired fragments size and synthesis
cDNA by cDNA Synthesis System (Roche®, Sigma Life Science, Merck Corporation, Darmstadt,
Germany) kit, using Roche random primer. For the assembly of the sequences, it was used the
454 GS Junior Roche Life Science software (Branford CT, USA) of the Butantan Institute in the Special
Laboratory of Applied Toxinology (LETA). The program used standards parameters except for the
values of minimum identity (95%) and minimum length (50 pb). In this assembly an rRNA filter
using the rRNA sequences for arachnids available in GenBank. Only the reads that met the criteria of
quality and minimum size were used in the assembly to generate the isotigs. The identification of these
transcript isotigs was performed using the Blast2GO platform [79], using the blastx algorithm [80]
against GenBank nr (non-redundant) database (https://www.blast2go.com/). The hydrophilicity
of the toxins was determined by the ProtScale Tool (http://web.expasy.org/protscale/) using the
Hopp–Woods scale [46]. The molecular mass of the hybrid immunogen was calculated by the
ProtParam Tool program (https://web.expasy.org/protparam/) and the alignments were performed
with Clustal W tool (https://npsa-prabi.ibcp.fr/cgi-bin/npsa_automat.pl?page=npsa_clustalw.html).
The tridimensional prediction of PLD LgRec1 and LgALP1 was performed by Phyre2 program in
an intensive mode setting using the crystal of a phospholipase D (3LRH) from L. intermedia and the
metalloprotease (3LQ0) from Astacus astacus as templates (http://www.sbg.bio.ic.ac.uk/phyre2/html/
page.cgi?id=index). The models were visualized by Chimera software (http://www.cgl.ucsf.edu/
chimera/download.html).
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5.4. Construction of the Hybrid Immunogen

To construct the hybrid immunogen, six hydrophilic regions from the recombinant phospholipase
D LgRec1: 1–SNSIETDVSFDKQ; 2–KFNDFLKGLRKVTTPGDSK; 3–KLITGFKETLKNEGHE ELLEKV
GTDFSGNDDISDVQKTYNKAG; 4–LRGLTRVKAAVANRDSGSG; 5–DKRQSTRDTL DAN; 6– PDI
TVEILNEAAYKKKFRIATYEDNPWET and three hydrophilic regions from the metalloprotease
LgALP1: 1–ALFPGDIKKAMRHIEENTCIKFKSRKNEEGYVKIYKGKKES; 2–HEHTRPDRDLYITVH
EDNIRPSSKRNYKKT; 3–LTSARYKDSLTDLDIKKINTLYN), were predicted by ProtScale Tool.
The nucleotide sequence of each selected region was linked together and optimized for expression in
bacteria by Invitrogen™ Gene Synthesis (GeneArt™), Thermo Fisher Scientific, Waltham, MA, USA.
This sequence was then cloned into N-terminus of a 6xHis histidine tag between BamHI and HindIII
sites of pET-28a(+) (Novagen® Merck Corporation, Darmstadt, Germany) and called LgRec1ALP1.

5.5. Recombinant LgRec1ALP1 Expression

For expression of the hybrid immunogen LgRec1ALP1, chemically competent E. coli BL21 Star™
(DE3) cells (InvitrogenTM, Thermo Fisher Scientific, Waltham, MA, USA) were transformed with
the pET28a-LgRec1ALP1 construction and a colony grown on plate LB-agar containing 50 μg/mL
of kanamycin for 16 h was transferred into liquid LB medium supplemented with 50 μg/mL of
kanamycin and grown for 16 h at 30 ◦C under shaking at 250 rpm. An aliquot of this culture at the
1:50 dilution was added into LB medium supplemented with 50 μg/mL of kanamycin and incubated
at 30 ◦C under agitation of 250 rpm until reaching the logarithmic exponential growth phase (DO
600, ~0.6). At this time, 1 mM of final isopropyl-β-D-thiogalactoside (IPTG) was added in culture and
incubated for 4 h at 30 ◦C. After this period the cells were collected by centrifugation (10,000× g) for
15 min at 4 ◦C and either immediately used or stored frozen at −20 ◦C.

5.6. LgRec1ALP1 Purification

Cells were resuspended in binding buffer with urea 6 M (20 mM de sodium phosphate pH 7.0,
500 mM NaCl and 20 mM of imidazole) and lysed by an ultrasonication intermittently (amplitude of
20% with 3 s pulse and 4 s interval between each pulse) on ice for 90 s with 4 min intervals between
each sonication for cooling purposes. This process was repeated five times. The lysate was centrifuged
at 10,000 g for 10 min at 4 ◦C and the supernatant containing the solubilized protein was purified by
immobilized metal affinity chromatography (IMAC) using 1 mL of Ni Sepharose® 6 Fast Flow GE®

resin (Healthcare, Little Chalfont, UK) following the manufacturer’s protocol. LgRec1ALP1 was eluted
in elution buffer (20 mM sodium phosphate, 500 mM NaCl and 1 M Imidazole and 6M urea), dialyzed
against TBS buffer (20 mM Tris, 150 mM NaCl, pH 7.5) with 3 mM DTT (Dithiothreitol) and analyzed
on a 12.5% SDS-PAGE [81] under reducing conditions.

5.7. SDS-Polyacrylamide Gel Electrophoresis

Samples were analyzed with constant current of 25 mA on a 12.5% SDS-PAGE containing the same
number of bacteria (determined by spectrometry) before and after IPTG induction or 20 μL of purified
LgRec1ALP1 in sample buffer (62.5 mM Tris pH 6.8, 10% glycerol, 2% SDS, and 2.5% dithiothreitol)
boiled for 5 min. The gels were stained with Coomassie R-250 blue. The molecular mass was estimated
by PageRuler™ Prestained Protein Ladder (Thermo Fisher Scientific, Waltham, MA, USA) molecular
weight standard.

5.8. Quantification of Recombinant Proteins and Venoms

The concentrations of the L. gaucho, L. laeta and L. intermedia venoms and the recombinant
PLD LgRec1 and EGFP were determined in duplicate by the bicinchoninic acid method [82] using
the Pierce™ BCA Protein Assay Kit (Thermo Fisher Scientific, Waltham, MA, USA) and BSA
(Sigma Chemicals, St. Louis, MO, USA) as the standard curve following the manufacturer’s
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protocol. The hybrid immunogen LgRec1ALP1 and the recombinant ALMP LgALP1, due to their
insolubility, had their bands on the SDS-PAGE quantified by the freeware ImageJ, using different
concentrations of bovine serum albumin (BSA) as a reference. ImageJ is a Java-based program
developed by Wayne Rasband of the National Institute of Health (USA) and is available for download
at http://rsb.info.nih.gov/ij/. The version used in this work was downloaded in 15/12/2018 (ImageJ
bundled with 64-bit Java 1.8.0_112) using the Windows version [83].

5.9. Production of Anti-LgRec1ALP1 in Mice

To obtain polyclonal antibodies anti-LgRec1ALP1, a group of five BALB/c mice were immunized
subcutaneously (s.c.) in the base of the tail (0.2 mL/animal) with 10 μg of LgRec1ALP1 in TBS buffer
and emulsified in 0.2 mL of Montanide ISA50V. The animals were boosted i.d. 15, 30 and 45 days
later with the same dose of antigen with an adjuvant. For the collection of the antiserum, the mice
were euthanized in a CO2 chamber, whole blood was collected by cardiac puncture and the serum
obtained by centrifugation (4 ◦C, 10 min, 800 g). IgGs were purified by affinity chromatography using
Protein G SepharoseTM 4 Fast Flow (GE Healthcare, Little Chalfont, UK), following the manufacturer’s
protocol. The concentration was determined in duplicate by the bicinchoninic acid method [82] using
the Pierce™ BCA Protein Assay Kit (Thermo Fisher Scientific, Waltham, MA, USA) using the BSA
(Sigma Chemicals, St. Louis, MO, USA) as the standard curve following the manufacturer’s protocol.
Purified mice IgGs against the recombinant enhanced green fluorescent protein (EGFP) were used as
a control.

5.10. Immunoenzymatic Assay (ELISA)

Polyclonal anti-LgRec1ALP1 antibodies titer was determined by ELISA as described by Theakston
and colleagues [84]. Thus, polystyrene plates (Polysorp, NUNC, Roskilde, Denmark) were coated
with 5 μg/mL of LgRec1ALP1 diluted in urea 3 M or L. gaucho, L. laeta or L. intermedia venoms
diluted in carbonate/bicarbonate buffer (0.05 M, pH 9.6). As a negative control, normal mouse serum
was used. The intensity of the reaction was determined by reading the absorbance in ELISA plate
reader (Multiskan Spectrophotometer EFLAB, Helsinki, Finland), where titers were determined as the
reciprocal of the highest dilution which promotes a reading greater than 0.05 in the length of 492 nm
since non-specific reactions should be below this value.

5.11. Western Blot Analysis

Samples of the recombinant LgRec1ALP1, LgRec1, LgALP1, EGFP and whole venoms of
L. gaucho, L. intermedia, L. laeta were analyzed on a 12.5% SDS-PAGE under reducing conditions.
Subsequently, the samples were transferred to nitrocellulose membranes using the Trans-Blot® SD
Semi-Dry Transfer Cell (Bio-Rad® Laboratories, Hercules, CA, USA) following the manufacturer’s
recommendations. After transfer, the nitrocellulose membranes were stained with Ponceau S® (Merck
Millipore Corporation, Darmstadt, Germany) 1:20 to verify the transfer of the proteins. To remove
the dye, the membranes were washed with TBS-Tween (20 mM Tris, 150 mM NaCl, 0.05% Tween 20,
pH 7.5) until complete removal. Subsequently, the membranes were blocked with incubation buffer
(Tris/NaCl, pH 7.5 with 5% milk) for 2 h at room temperature and then washed 3 times with TBS-Tween.
Afterward, the membranes were incubated for 2 h with mouse monoclonal anti-polyhistidine antibody
(Sigma Life Science, Merck Corporation, Darmstadt, Germany) or anti-LgRec1ALP1 at a 1:1000 dilution
in incubation buffer. After, the membranes were washed with TBS-Tween and incubated for 2 h with
the peroxidase-labeled anti-mouse IgG (Sigma Life Science, Merck Corporation, Darmstadt, Germany)
at a 1:5000 dilution in incubation buffer. Then a new wash cycle was performed and the antigenic
components were revealed with 0.05% (w/v) 4-chloro-1α-naphthol in 15% (v/v) methanol in presence
of 0.03% H2O2 (v/v).
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5.12. Neutralization of Fibrinogen Degradation

For the neutralization tests of the proteolytic activity of the metalloprotease present in the
Loxosceles sp. venoms, bovine fibrinogen (BF) was dissolved in Tris-HCl buffer (0.05 M HCl, 0.2 M Tris,
0.05 M CaCl2, pH 7.4) at the final concentration of 3 μg/μL. In each test, 0.15 μg/μL of the L. gaucho,
L. laeta or L. intermedia venoms were pre-incubated with 0.5, 1.5 or 3.0 μg/L of anti-LgRec1ALP1 in a
final volume of 20 μL. These reactions were then incubated for 60 min at 37 ◦C and centrifuged for
5 min at 10,000× g. The supernatant of each sample was then mixed with 12 μL of the fibrinogen stock
solution and the volume completed to 32 μL. All samples were then incubated for 16 h at 37 ◦C and
analyzed on a 12.5% SDS-PAGE under reducing conditions. BF without venom was used as a control
of the reaction and 1,10-ortho-phenanthroline (10 mM) was used to inhibit metalloprotease activity.
As a negative control, BF was incubated with 0.15 μg/μL of L. gaucho, L. laeta or L. intermedia venoms
previously incubated with 3.0 μg/μL of anti-EGFP. All samples were incubated for 60 min at 37 ◦C.
After this period, all samples were analyzed on a 12.5% SDS-PAGE under reducing conditions and
stained with Coomassie blue R-250. The densities of fibrinogen α subunit bands were quantified by
the ImageJ freeware and the values were normalized. The experiments were performed in triplicate
(n = 3) and reported as the mean ± SEM.

5.13. Neutralization of Platelet Aggregation

Human blood from healthy volunteers without using medications interfering with platelet activity
for at least 10 days prior to testing was collected in 3.8% sodium citrate (1:9). Platelet aggregation
using plasma rich in platelets (PRP) was performed as previously described [85]. For the aggregation
assay, 7.5 μg of L. gaucho, L. laeta and L. intermedia venoms were pre-incubated or not with 0.1, 0.3 or
0.6 μg/μL of anti-LgRec1ALP1 IgGs in a final volume of 100 μL. The reaction was incubated for
60 min at 37 ◦C and then centrifuged for 5 min at 10,000 g before use. Platelet-poor plasma (PPP)
was used as blank and 0.6 μg/μL of IgG anti-EGFP pre-incubated with 7.5 μg of L. gaucho, L. laeta or
L. intermedia venoms in a final volume of 100 μL were used as a negative control. The agonist ADP
(final concentration of 10 μM) was used as positive control for platelet aggregation. The experiments
were performed in triplicate (n = 3) on a Chrono-Log Model 490 aggregator (Chrono-Log Corporation,
Havertown, PA, USA) and reported as the mean ± SEM.

5.14. Neutralization of Dermonecrotic and Edema Activities by the Anti-LgRec1ALP1

To analyze the neutralization of edema and dermonecrotic activities induced by Loxosceles spp.
venoms, samples of 6 μg of L. gaucho, L. laeta or L. intermedia venoms were incubated with 0.4 μg/μL of
anti-LgRec1ALP1 in a final volume of 150 μL for 60 min at 37 ◦C. Thereafter, the mixtures were
centrifuged, and the supernatant was injected i.d. into the rabbit dorsum. The same doses of
venoms without antibody were used as a positive control and 0.4 μg/μL of anti-LgRec1ALP1 as
a negative control. The animals were observed for 24 and 48 h to analyze the dermonecrosis and
edema neutralization. Size of the lesions was measured by ImageJ software and the reduction of the
size of the lesions was expressed in percentage. Values are the average ± SEM (n = 2).

5.15. Statistical Analyses

Statistical analyses were performed using analysis of variance (ANOVA) with the post-hoc Tukey
test in the GraphPad Prism 5 software v5.01, 2007. (GraphPad Software, Inc. La Jolla, CA, USA).
Significance was considered when p < 0.05.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6651/11/2/108/s1,
Figure S1: Multiple alignment analysis of deduced amino acid sequences of LgRec1 (AFY98967) from L. gaucho
and with the sequence of a phospholipase (PDB: 3RLH) from L. intermedia used as a template to predict the 3D
structure of LgRec1; Figure S2: Multiple alignment analysis of deduced amino acid sequences of LgALP1 from L.
gaucho and the astacin metalloprotease (PDB: 3LQ0) from Astacus astacus used as a template to predict the 3D
structure of LgALP1.
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Abstract: Various bioactive peptides have been identified in scorpion venom, but there are many
scorpion species whose venom has not been investigated. In this study, we characterized venom
components of the North African scorpion, Buthacus leptochelys, by mass spectrometric analysis and
evaluated their insect toxicity. This is the first report of chemical and biological characterization of
the B. leptochelys venom. LC/MS analysis detected at least 148 components in the venom. We isolated
four peptides that show insect toxicity (Bl-1, Bl-2, Bl-3, and Bl-4) through bioassay-guided HPLC
fractionation. These toxins were found to be similar to scorpion α- and β-toxins based on their
N-terminal sequences. Among them, the complete primary structure of Bl-1 was determined by
combination of Edman degradation and MS/MS analysis. Bl-1 is composed of 67 amino acid residues
and crosslinked with four disulfide bonds. Since Bl-1 shares high sequence similarity with α-like
toxins, it is likely that it acts on Na+ channels of both insects and mammals.

Keywords: scorpion venom; insecticidal peptide; mass spectrometric analysis; de novo sequencing

Key Contribution: Components of the Buthacus leptochelys scorpion venom were analyzed by mass
spectrometric techniques. The primary structure of one of four peptides showing insect toxicity
was determined.

1. Introduction

Scorpions are the oldest arachnids and can be traced back to the Silurian period [1,2].
Currently, over 2400 scorpion species are widely distributed on all continents except Antarctica [3,4].
Scorpions have adapted to different environments such as deserts, forests, grasslands, and caves because
they can use toxic components in their venom to effectively capture prey and protect themselves from
predators. Scorpion venom contains inorganic salts, amino acids, nucleic acids, peptides, and proteins,
and some peptides show anti-insect and/or anti-mammal activities [5].

Scorpion peptides are structurally classified into two groups: disulfide bridge-containing peptides
(DBPs) and non-disulfide bridge-containing peptides (NDBPs) [6,7]. Many DBPs specifically interact
with neuronal ion channels, which are further classified into four families based on their targeting
ion channels (Na+, K+, Cl−, and Ca2+ channels) [8,9]. Sodium channel-specific toxins are long-chain
peptides composed of 60–76 amino acid residues cross-linked with four disulfide bridges [10–12].
These toxins are divided into α- and β-toxins. The α-toxins inactivate Na+ current by binding to the
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receptor site 3, whereas the β-toxins modify the voltage-dependent activation of sodium channels by
binding to the receptor site 4 [13,14]. Potassium channel-specific toxins are composed of 20–70 amino
acid residues cross-linked with three or four disulfide bridges. Most of these are short-chain peptides
with fewer than 40 amino acid residues [15,16]. These toxins are classified into seven families, α-, β-,
γ-, κ-, δ-, λ-, and ε-KTx, according to their sequence similarity and disulfide-bonding pattern [17,18].
Chloride ion channel-specific toxins are composed of fewer than 40 amino acid residues and contain
four disulfide bonds [19,20]. Some toxins specifically act on calcium ion channels, which have varied
structures and action sites [8,21]. On the other hand, many NDBPs adopt an amphipathic α-helical
structure that can disrupt the cellular membrane structure to show antimicrobial and/or hemolytic
activity [22].

These scorpion peptides have been identified from various scorpion species, but venoms of minor
species remain largely unstudied. About 930 scorpion species inhabit Africa, most of which belong to
the Buthidae family [23]. In this family, Leiurus quinquestriatus has been intensively studied because
it contains medically important toxins [24]. The venom of the species of the genus Buthacus in the
Buthidae family has been poorly investigated, and only two insecticidal toxins were isolated from this
genus: Bu1 from B. macrocentrus and BaIT2 from B. arenicola [25,26]. In this study, we evaluated the
insect toxicity of the venom of B. leptochelys and isolated four insecticidal peptides from the venom
using a bioassay-guided HPLC fractionation approach. Finally, one of the insecticidal components in
the B. leptochelys venom was identified by the combination of Edman degradation and MS/MS analysis.

2. Results and Discussion

2.1. Characterization of the B. leptochelys Venom

The venom showed significant toxicity against crickets (A. domesticus) with an LD50 value of
30 ng/mg body weight. This is 3-fold more potent than that of Isometrus maculatus, which has moderately
toxic venom [27], but 1.5-fold less potent than that of Tityus serrulatus, which has highly toxic venom,
although a different cricket species was used in the latter case [28].

The B. leptochelys venom was then subjected to mass spectrometric analysis using both MALDI-TOF
MS and LC/MS to examine the molecular mass distribution of all the venom components (Figure 1).
A total of 148 components, which are likely to be peptides, were detected in a molecular mass ranging
from 500 to 12,000 Da (Table S1). About 80% of the components were detected in the range below
5000 Da. Regarding the components with molecular masses over 5000 Da, the number of those
with molecular masses ranging from 7001–8000 Da is relatively high. These peptides are likely to be
long-chain scorpion peptides, which could mainly contribute to the insect toxicity of the B. leptochelys
venom as reported for other Buthidae scorpions [29,30].
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Figure 1. Components analysis of the B. leptochelys venom. (A) MALDI-TOF mass spectrum of the
venom. Numbers shown in bold indicate the peptides isolated in this study. (B) Distribution of
molecular masses of venom components detected by LC/MS analysis.

2.2. Purification of Insecticidal Peptides

The crude venom dissolved in distilled water was separated on a C4 HPLC column (Figure 2A).
Several fractions obtained based on the major chromatographic peaks were tested for insect toxicity
using crickets. In this study, each fraction was injected at a dose equivalent to 160 ng venom/mg body
weight, which is five times higher than the LD50 value, to specify peptides primarily responsible for
the insect toxicity of the venom. Three fractions (I–III) were found to be highly toxic, and fraction I
showed the strongest toxicity, which induced death or paralysis 48 h after injection in all insects tested.
Fractions II and III showed relatively weak toxicity that induced transient paralysis in all insects tested.
Differences in the insect toxicity between fractions could be attributed to the number and/or amount of
active components in each fraction as well as to their intrinsic activity. These fractions were further
separated on a C18 HPLC column to obtain single components. Four components (named Bl-1, 2, 3,
and 4; Figure 2B–D) showed toxicity, and their monoisotopic molecular masses were determined as
7107.2, 7343.9, 7173.8, and 7828.1 Da, respectively (Figure S1). The N-terminal sequences of these
peptides were determined by Edman method as shown in Table 1.

Table 1. Insecticidal peptides isolated from the B. leptochelys venom.

Name N-Terminal Sequence (U = Unknown) Similar Peptides Toxin Classification

Bl-1 ARDGYISQPENCVYHCFPGS Lqh3, Bom3 α-like insect and mammal toxin
Bl-2 URDGYLVDDUNCTFFCG Lqh2, AaH2 α-mammal toxin
Bl-3 UVRDAYIADDKNCVYTCASN OD1, Bu1 α-insect and mammal toxin
Bl-4 UKNGYAVDSSGKAPECILSNYCNNECTKV AaHIT1, LqqIT1 β-insect toxin
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A BLAST search revealed that Bl-1 is similar to α-like insect and mammal toxins such as Lqh3
from Leiurus quinquestriatus hebraeus [31] and Bom3 from Buthus occitanus mardochei [32]. Bl-2 is similar
to α-mammalian toxins such as Lqq5 from L. quinquestriatus quinquestriatus [33] and AaH2 from
Androctonus australis Hector [34]. Bl-3 is similar to α-insect and mammalian toxins such as OD1 from
Odontobuthus doriae [35] and Bu-1 from Buthacus macrocentrus [25]. Bl-4 is similar to β-insect toxins
such as AaHIT1 from A. australis Hector [36] and LqqIT1 from L. quinquestriatus quinquestriatus [37].
This suggests that the four insecticidal peptides isolated from the B. leptochelys venom may act on the
insect Na+ channel, although the selectivity of their action between mammals and insects may vary
among peptides. The α- and β-toxins have been identified exclusively from the venom of the Buthidae
scorpions, but the ratio between the number of α- and β-toxins in the venom is known to differ by
species. For example, 9 α- and 12 β-toxins were identified from the venom gland transcriptome of
Lychas mucronatus [38], whereas 1 α- and 12 β-toxin sequences were identified from the I. maculatus
transcriptome [39]. In addition, only β-toxins were isolated as an insecticidal neurotoxin from the
I. maculatus venom [40,41]. The fact that the insecticidal activity of B. leptochelys venom is relatively
higher than that of I. maculatus may be attributed to the existence of multiple α-toxins.

2.3. Primary Structure of Bl-1

Bl-1 was further subjected to sequencing analysis to obtain its complete primary structure because
it showed the most significant insect toxicity in this study. A 472 Da mass shift after carboxymethylation
of Bl-1 is indicative of the presence of eight Cys residues (59 Da × 8) that form four disulfide bridges
(Figure S2). Bl-1 was digested with endoproteinase Lys-C, and the resulting peptide fragments were
purified by HPLC (Figure S3). The sequence of three fragments (L1, L2, and L3 with molecular masses
of 3282.3, 3918.9, and 2686.3 Da, respectively) were determined by Edman and/or MS/MS sequencing
analysis (Figure S4). Discrimination between Leu and Ile at several positions in the fragments
during MS/MS analysis was achieved based on the side-chain fragmentation observed under HE-CID
conditions in which the occurrence of key fragment ions (d-ions) allowed for its assignment (Figure S5).
The sequences of L1 and L3 were determined as ARDGYISQPENCVYHCFPGSSG(CD/DC)TLCK and
EGRGLACWCLELPDNVGIIVDIGK, respectively, by combination of Edman and MS/MS sequencing
analysis (Figure 3). The N-terminal sequence of L2 was also determined as EKGGTGGHCGYKEGRGLA
by Edman analysis, but other sequence information was not obtained by MS/MS analysis due to its
large molecular mass. To assign the undefined sequence of cysteine and aspartic acid residues (CD or
DC) in L1, Bl-1 was sequentially digested with Lys-C and chymotrypsin (Figure S3). The short fragment
LC1 (molecular mass of 1628.6 Da) consisting of the C-terminal half of L1 was subjected to MS/MS
analysis, and its sequence was determined as HCFPGSSGCDTLCK (Figure 3 and Figure S6). Moreover,
carboxymethylated Bl-1 was digested with chymotrypsin, and the peptide fragment C1 (molecular
mass of 2154.1 Da) was purified by HPLC (Figure S3). MS/MS analysis revealed the sequence of C1 as
CLELPDNVGIIVDIGKCHT-NH2 by considering the sequence of L3 (Figure 3 and Figure S6). Since C1
has the amidated C-terminus, it was assigned as the C-terminal end of Bl-1 (Figure 4). The fragment
C2 (molecular mass of 5444.2) was also detected by LC/MS analysis, which confirms the connection
between L1 and L2 based on its molecular mass and partially determined sequence (Figure S7). Finally,
the complete primary structure of Bl-1 was successfully determined by integrating all the information
obtained above (Figure 4).
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Figure 2. Isolation of the insecticidal peptides from the B. leptochelys venom. Separation of the crude
venom on a C4 HPLC column (A). Separation of fractions I (B), II (C), and III (D) on a C18 HPLC column.

Figure 3. Amino acid seqences of digested fragments. Amino acid residues shown in bold
were determined by Edman degradation. The MS/MS fragment ions that were used for sequence
determination are shown. [CD] in the sequence of L1 indicates CD or DC. For L2, only the sequence
determinated by Edman degradation is shown. Leu and Ile residues that are underlined were
determined by MS/MS analysis inder the HE-CID conditon.
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ARDGYISQPENCVYHCFPGSSGCDTLCKEKGGTGGHCGYKEGRGLACWCLELPDNVGIIVDGIKCHT

Figure 4. Primary structure of Bl-1. Solid lines indicate that the sequence was completely identified.
Dashed lines show that the sequence was not or partically identified.

2.4. Sequence Comparison

A BLAST search for a full sequence of Bl-1 revealed that the peptide is similar to scorpion peptides
classified as an α-like toxin, which can modulate both insect and mammalian Na+ channels as described
above (Figure 5A). This suggests that Bl-1 also shows toxicity against mammals, although mammal
toxicity could not be evaluated due to the limited amount of the purified sample. Among the α-like
toxins, the structure-activity relationship was comprehensively investigated for Lqh3 [42]. This study
revealed that two distinct domains are particularly important for its binding to insect Na+ channels.
One (Core-domain) consists of three residues (His15, Phe17, and Pro18) preceding the α-helix and two
residues (Phe39 and Leu45) in the β-strands. The other (NC-domain) is constituted by the C-terminal
region, where Ile59, Lys64, and His66 contribute the activity (Figure 5B). These residues are also
observed in Bl-1, except for Phe39. Since the aromatic ring of Phe39 is important for the activity,
the substitution of Phe39 with Tyr in the case of Bl-1 may not affect the activity. To further confirm the
structural similarity between Lqh3 and Bl-1, a three-dimensional structure of Bl-1 was constructed
by homology modeling using Lqh3 as a template (Figure 5B). As expected, positions of all amino
acid residues important for expression of full activity were almost identical between Lqh3 and Bl-1.
This suggests that Bl-1 exerts its insect toxicity through the same mechanism as α-like toxins such
as Lqh3.

Figure 5. Comparison of the structure of Bl-1 with other toxins. (A) Multiple sequence alignment of Bl-1
with similar peptides found in the database. Asterisks indicate residues important for binding to insect
sodium channels. (B) Three-dimensional structure of Lqh3 in PDB (ID: 1FH3) and Bl-1 constructed by
homology modelings.
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3. Conclusions

We characterized venom components of the North African scorpion, B. leptochelys, by mass
spectrometric analysis and isolated the insecticidal peptides by the bioassay-guided fractionation
approach. To our knowledge, this is the first report of the chemical and biological characterization
of the B. leptochelys venom. Mass spectrometric analysis revealed that the venom components are
mainly composed of two distinct groups based on the molecular mass ranges: one from 3000–5000 Da
and the other from 7000–8000 Da, which is commonly observed for Buthidae scorpions. N-terminal
sequences of four insecticidal peptides (Bl-1, Bl-2, Bl-3, and Bl-4) isolated from the B. leptochelys venom
indicated that they are long-chain toxins that could specifically or non-specifically act on insect Na+

channels. Among them, the primary structure of Bl-1 was completely determined to be an α-like toxin,
which is likely to act on both insect and mammal Na+ channels, by combination of Edman and MS/MS
sequencing analysis. Insect toxicity is the common biological characteristic of scorpion venom, but the
structure of insecticidal toxins and their combinations are diverse and complex among scorpion species.
The results obtained in this study will provide a clue to understanding the synergistic role of α- and
β-toxins in insecticidal activity in Buthidae scorpion venom.

4. Materials and Methods

4.1. Collection of Venom

Scorpions B. leptochelys were collected at the Western Mediterranean coastal desert of Marsa
Matruh in Egypt. The venom was collected in a microtube by squeezing the venom glands using fine
forceps and dissolving it in distilled water. The crude venom was centrifuged at 14,000 rpm for 10 min
at 4 ◦C. The supernatants were pooled, lyophilized, and stored at −80 ◦C.

4.2. Bioassay

Insect toxicity was tested by injection of 1–2 μL sample solutions in distilled water into the
abdominal cavity of crickets (Acheta domesticus, 50 ± 5 mg body weight). Distilled water was injected
as a negative control. Several doses of the venom were injected, and ten animals were used for each
dose. For evaluation of each HPLC fraction, six animals were used. The number of paralyzed or
dead animals were counted 48 h after injection. The dose required to induce 50% mortality (LD50)
was calculated by statistical software GraphPad Prism 4 (GraphPad Software, San Diego, CA, USA).
The research using experimental animals was approved by the Animal Experimentation Committee at
Kyoto University (Permission number: 30-8; date of approval: 1 April 2018).

4.3. Mass Spectrometric Analysis

LC/MS and LC/MSn measurements were carried out in the positive mode on an LCMS IT-TOF
(Shimadzu, Kyoto, Japan) equipped with an electrospray ion source. HPLC separation was carried out
on a reversed-phase C18 column (TSK-GEL, 1.0 mm ID × 150 mm, TOSOH, Tokyo, Japan). The column
was eluted using a linear gradient from 5 to 60% solvent B (0.1% formic acid in acetonitrile) in solvent
A (0.1% formic acid in water) for 110 min at a flow rate of 0.05 mL/min. The mass scale was externally
calibrated using sodium trifluoroacetate cluster ions. Spectra were obtained over a mass range from m/z
400 to 2000, and the multiply charged molecular ions were manually deconvoluted to obtain molecular
masses. The monoisotopic m/z values in each multiply charged ion were used for deconvolution.

MALDI-TOF/TOF MS measurements were carried out on an Autoflex III smart beam (Bruker
Daltonics, Billerica, MA, USA) with a nitrogen pulsed laser (337 nm). Samples were dissolved
in 0.1% TFA in 50% acetonitrile/water and mixed with a matrix solution containing 10 mg/mL of
α-cyano-4-hydroxycinnamic acid (CHCA) in acetone. An aliquot (0.5 μL) of matrix/acetone solution
was spotted onto the MALDI sample target to generate a thin layer of matrix crystal. Then, 1 μL of the
matrix/0.1% TFA in 50% acetonitrile/water solution was spotted onto the thin layer and then dried at
room temperature. External calibration of the mass scale was carried out using the molecular masses
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of the known peptides. Interpretation of the MS/MS spectra was conducted manually with the help of
the open-source software mMass [43].

4.4. HPLC Purification

The crude venom (2.0 mg) was dissolved in distilled water and separated by HPLC on a
reversed-phase C4 column (Protein C4, 10 mm ID × 250 mm, Grace Vydac, Deerfield, IL, USA).
The column was eluted using a linear gradient from 15 to 60% solvent D (0.08% TFA in acetonitrile) in
solvent C (0.1% TFA in water) for 50 min at a flow rate of 2 mL/min. Elution was monitored by UV
absorbance at 215 and 280 nm. Seven fractions were obtained based on the major chromatographic
peaks, and each fraction was subjected to the insect toxicity tests as described above. Fractions
that showed insect toxicity were further separated by a reversed-phase C18 column (Everest C18,
1.0 mm ID × 250 mm, Grace Vydac). The column was eluted with solvent C and D at a flow rate
of 0.05 mL/min using a linear gradient from 20 to 50% solvent D for 45 min (fraction I), from 15
to 60% solvent D for 45 min(fraction II), and from 20 to 40% solvent D for 45 min (fraction III).
Chromatographic peaks obtained from each fraction were subjected to insect toxicity tests to find the
toxic component. The monoisotopic molecular mass of these components was obtained by LC/MS
analysis as described above.

4.5. Determination of N-terminal Sequence

The peptide (200 pmol) was dissolved in the 0.2 M Tris (pH 8.0) buffer (30 μL) containing 6 M
guanidine-HCl. To the solution was added 10 μL of 45 mM dithiothreitol (DTT) that was incubated for
1 h at 50 ◦C. Then, the reaction mixture was mixed with 10 μL of 100 mM iodoacetic acid to alkylate
Cys side chains and incubated for 1 h at 28 ◦C in the dark. The peptide with carboxymethylated Cys
residues was purified by HPLC and subjected to Edman sequencing analysis (PPSQ-21A, Shimadzu).

4.6. Enzymatic Digestion

For Lys-C digestion, the peptide solution after carboxymethylation reaction was diluted with
a twofold volume of distilled water, which was mixed with Lys-C (Wako Pure Chemical Industries,
Osaka, Japan) in an enzyme to a substrate ratio of 1:100 (w/w). After incubation for 18 h at 37 ◦C,
digested peptide fragments were subjected to HPLC separation on a C18 column (TSK-GEL, 1.0 mm ID
× 150 mm, TOSOH) eluted using a linear gradient from 15 to 60% solvent D in solvent C for 45 min at
a flow rate of 0.05 mL/min. For chymotrypsin digestion, the peptide solution after carboxymethylation
reaction was purified by HPLC on a C18 column (Everest C18, 1.0 mm ID× 250 mm, Grace Vydac) eluted
using a linear gradient from 5 to 90% solvent D in solvent C for 85 min at a flow rate of 0.05 mL/min.
After lyophilization, the purified peptide was dissolved in 100 μL of distilled water and mixed with
chymotrypsin (Roche Diagnostics K.K., Tokyo, Japan) in an enzyme to a substrate ratio of 1:100 (w/w).
After incubation for 18 h at 37 ◦C, digested peptide fragments were subjected to HPLC separation on a
C18 column (Everest C18, 1.0 mm ID × 250 mm, Grace Vydac) eluted with solvent A and B at a flow rate
of 0.05 mL/min using a linear gradient from 5 to 90% solvent B for 85 min. For sequential digestion
with Lys-C and chymotrypsin, the peptide solution after Lys-C digestion for 18 h at 37 ◦C was mixed
with chymotrypsin. After incubation for 18 h at 37 ◦C, digested peptide fragments were subjected to
HPLC separation on a C18 column as described above.

4.7. Homology Modeling

To construct the three-dimensional model, homology modeling software Isolated-FAMS (In-Silico
Sciences Inc., Tokyo, Japan) was used [44]. The primary sequence of Bl-1 was automatically aligned
with that of Lqh3, and the structure of each toxin was optimized by simulated annealing method of
FAMS-ligand using the coordinate of Lqh3 (PDB ID: 1FH3) as a template.
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Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6651/11/4/236/s1,
Table S1. List of monoisotopic molecular masses of the venom components obtained by LC/MS analysis.
Numbers shown in bold indicate the peptides isolated in this study. Figure S1. Mass spectra of Bl-1, 2,
3, and 4. Figure S2. Results of LC/MS analysis of native (A) and carboxymethylated Bl-1 (B). Figure S3.
HPLC chromatograms of peptide fragments obtained by degestion with Lys-C (A), with chimotrypsin after
Lys-C (B), and with chymotrypsin (C). Figure S4. Product ion spectra of L1 obtained by LC/MS/MS (A) and
MALDI-TOF/TOF MS analysis (B). Product ion spectra of L3 obtained by LC/MS/MS (C) and MALDI-TOF/TOF
MS analysis (D). Figure S5. Product ion spectra of L1 (A) and L3 (B–F) obtained by MALDI-TOF/TOF MS analysis
under HE-CID condition. The mass region containing d- and a- ions necessary for Leu/Ile discrimination was
shown. Vertical solid arrows show observed d-ions. Figure S6. Product ion spectra of LC1 (A) and C1 (B) obtained
by MALDI-TOF/TOF MS analysis under HE-CID conditions. Figure S7. LC/MS/MS analysis of peptide fragments
obtained by chymotrypsin digestion. (A) Total ion chromatogram of the fragments. (B) Product ion spectrum of
C2. (C) Fragment ions of C2 observed by LC/MS/MS analysis.
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