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Abstract—Scorpion α-toxins are small proteins inhibiting the inactivation of voltage-gated sodium channels.
They can selectively act on either mammalian (mammal toxins) or insect channels (insect toxins), or affect
both types of channels (α-like toxins). Currently no model has been proposed that fully explains the depen-
dence of selectivity upon amino acid sequence, but some patterns have already been established. Thus, most
mammal toxins have an aspartic acid residue in position 8, which is involved in the formation of the nest
motif, but it is still not clear whether this residue interacts directly with channels. The objective of our study
was to obtain a derivative of the α-like toxin BeM9 with the replacement of lysine in position 8 by glutamate
(K8E), changing the charge, but excluding the formation of the nest motif. In addition, we replaced the tyro-
sine in position 17 with glycine (Y17G), which is characteristic of mammal toxins. Surprisingly, the double-
mutant derivative BeM9EG lost its activity on mammalian channels, becoming an insect toxin. To explain
these changes, we constructed models of BeM9 and BeM9EG complexes with channels, and also performed
molecular dynamics of isolated toxins. Analysis of intermolecular contacts in the complexes did not explain
the reason for the selectivity change. Nevertheless, the structure of intramolecular contacts and data on
molecular mobility indicate an important role of residues K8 and Y17 in stabilizing a certain conformation of
BeM9 loops. We assume that the replacement of these residues allosterically affects the efficiency of toxin
binding to channels.
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INTRODUCTION

At present, novel compounds that can selectively
affect targets in insect nervous system, such as voltage-
gated sodium channels (VGSCs), are being developed.
VGSCs are transmembrane proteins consisting of four
homologous repeats (D I–IV). Each repeat comprises
a voltage-sensing domain (VSD), which responds to
changes in the transmembrane (TM) potential (TM heli-
ces S1–S4 and the loops between them). Two other heli-
ces (S5 and S6) from all repeats form a single pore
domain (PD), which allows selective Na+ permeation
through the membrane. Activation of VSDs I–III is nec-
essary to open the PD, whereas activation of VSD IV
leads to a fast inactivation of the channels [1, 2].

Natural neurotoxins include modulators and
blockers of ion channels, which are often proteins or

peptides acting selectively on a particular type of chan-
nels in certain organisms. For example, the so-called
“α-toxins” (α-NaTx) from scorpion venoms inhibit
VGSC inactivation after binding to VSD IV (loops
S1–S2 and S3–S4) and PD I (loop S5–S6) [3]. Some
α-NaTx selectively affect mammalian channels
(referred to as “mammal toxins”), others affect insect
channels (“insect toxins”), and still others (“α-like
toxins”) have a wide spectrum of activity [4, 5]. Inves-
tigation of α-NaTx selectivity is important not only for
fundamental science: specific insect toxins, appar-
ently, can be used as insecticides, being safe for verte-
brates [6].

In 2013, a comparative analysis of the molecular
surface properties of the α-NaTx groups led to the
hypothesis that primarily the “specificity module”
determines their selectivity. This is a part of toxin
formed by the N-terminal region (also called the “RT-
loop”), β2–β3 loop, and the C-terminus attached to
the N-terminal part by a disulfide bond (Fig. 1a) [7].
The structure of a complex of the mammal toxin Aah2

Abbreviations: PD, pore domain; VSD, voltage-sensing
domain; VGSC, voltage-gated sodium channels; BeM9EG,
derivative of scorpion α-like toxin; α-NaTx, scorpion α-toxins.

1 Corresponding author: e-mail: avas@ibch.ru.
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Fig. 1. α-NaTx structure. (a) Overall structure exemplified by the α-like toxin BeM9 (PDB ID: 5MOU [11]). According to the
hypothesis [7], the specificity module consists of the RT-loop, β2–β3 loop and C-terminus (the rest of the molecule is called the
core module) and is colored green; the three-stranded β-sheet (β1–β3) is in blue; the α-helix is orange; disulfide bridges are yellow;
and mutated amino acid residues are purple. (b, c) The structures of the RT-loop in BeM9 and the typical mammal toxin Aah2
(PDB ID: 1PTX [14]). In Aah2, a “nest” motif is observed: the side chain of D8 is oriented inside the RT-loop and forms hydro-
gen bonds (red dotted lines) with V10 and N11 main-chain –NH groups, whereas in BeM9 K8 is oriented outwards and does not
form such bonds. (d) Comparison of the amino acid sequences of BeM9, its double mutant BeM9EG, and Aah2. Color code as
in panel (a).
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from the venom of the scorpion Androctonus australis
with a chimeric VGSC, recently resolved with cryo-
electron microscopy, shows that the specificity mod-
ule actually forms contacts with the channel, while the
rest of the toxin (its “core module”) is not involved in
the interaction [3].

α-Like toxin M9 (BeM9) from the venom of the
scorpion Mesobuthus eupeus (formerly known as
Buthus eupeus) is one of the most studied α-NaTx; its
spatial structure was determined already in the 1980s
at the Institute of Bioorganic Chemistry in Moscow
and became the first studied structure of α-NaTx [8,
9]. We have previously used this α-NaTx to obtain a
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specific mammal toxin. For this, the specificity mod-
ule of Aah2 was transferred onto the BeM9 frame-
work; in addition, several amino acid residues of the
core module were replaced [10]. A careful examination
of BeM9 spatial structure revealed the key role of the
R60 residue in the C-terminal region of the toxin. This
residue organizes the specificity module with a net-
work of hydrogen bonds which forms a special variant
of the “niche” motif, referred to as “arginine hand”
[11]. The R60K mutant lost the ability to interact with
mammalian channels, thus becoming an insect toxin.

In this study, we focused on the role of another
part of the specificity module (RT-loop; Fig. 1b) and
ol. 47  No. 4  2021



856 CHERNYKH et al.

Table 1. Activity of BeM9 and its derivatives on VGSCs

*n/a, no activity. The indicated values are I30 ms/Imin or I5 ms/Imin (for Nav1.5; see explanations in Experimental). The mean values ± stan-
dard deviation are given, the number of independent experiments (n) is shown in parentheses.

Toxin Nav1.2 Nav1.4 Nav1.5 Nav1.6 BgNav1

BeM9 n/a* (3) 0.23 ± 0.03 (4) 0.46 ± 0.03 (3) 0.60 ± 0.04 (8) 1.93 ± 0.05 (7)

BeM9E n/a (3) n/a (4) 0.05 ± 0.01 (4) 0.05 ± 0.04 (3) 1.16 ± 0.03 (5)

BeM9EG n/a (3) n/a (4) n/a (4) n/a (4) 0.56 ± 0.06 (6)
obtained a new BeM9 derivative selective to insect
VGSCs.

RESULTS AND DISCUSSION
Selection of Amino Acid Replacements for BeM9 

Modification

Comparison of the amino acid sequences of
α-NaTx reveals a highly conserved aspartic acid resi-
due in position 8 of the RT-loop of mammal toxins.
Insect toxins and α-like toxins usually have a neutral
(Q) or positively charged residue (K, like in BeM9) in
this position. Surprisingly, the classic insect toxin
BjαIT from the venom of Hottentotta judaicus also has
such aspartic acid residue, as in mammal toxins [12].
A careful structural analysis of α-NaTx revealed that in
mammal toxins this residue preserves a certain confor-
mation of the RT-loop via formation of several hydro-
gen bonds with –NH groups of the main chain (a so-
called “nest” motif [13], Fig. 1c). We decided to find
out whether the negative charge of the residue in posi-
tion 8 directly affects the interaction with mammalian
channels. In order to prevent the formation of the nest
motif, we replaced K8 in BeM9 with not aspartic but
glutamic acid residue, the side chain of which is too
long to form the motif.

As it was found earlier [7], the RT-loop in mammal
toxins is characterized by relatively high mobility. It is
partially explained by the presence of the glycine resi-
due G17 (Aah2 numbering) typical for mammal toxins
at the site connecting the RT-loop with the α-helix.
Based on the analysis of amino acid sequences and the
spatial structure of α-NaTx, we assumed that changes
in the charge and mobility of the RT-loop due to two
mutations (K8E and Y17G, see Fig. 1d), would switch
the specificity of α-like toxin BeM9 to mammalian
channels. To test this assumption, we produced
recombinant BeM9 derivatives.

Production of Recombinant BeM9 and Its Derivatives

To obtain material for the studies of activity, we
used a bacterial expression system and the plasmid
encoding BeM9 produced in a previous study [7, 11].
DNA encoding BeM9-K8E (BeM9E) and BeM9-
K8E, Y17G (BeM9EG) was obtained with PCR from
overlapping synthetic oligonucleotides. The genes of
RUSSIAN JOURNAL OF
the target polypeptides were cloned in one ORF with
the carrier protein thioredoxin (Trx). Fusion proteins
Trx-BeM9, Trx-BeM9E and Trx-BeM9EG were iso-
lated from the total bacterial cell lysate using metal-
chelate affinity chromatography. The target polypep-
tides were cleaved from Trx using cyanogen bromide.
The chromatographic purity of the obtained polypep-
tides (>95%) was achieved after two rounds of HPLC.

The correct synthesis of the target polypeptides
with the formation of disulfide bonds was confirmed
by measuring of the molecular mass of the purified
products BeM9, BeM9E, and BeM9EG by MALDI
mass spectrometry. The measured masses were 7335.1,
7336.1, and 7230.1 Da, respectively (calculated masses
are 7335.2, 7336.2, and 7230.0 Da); the yield was 2 mg
per 1 liter of LB medium. The correct formation of
disulfide bonds is a significant problem in heterolo-
gous expression of proteins. In the case of BeM9 and
its derivatives, this problem was solved by using Trx: it
is known that it promotes correct folding of disulfide-
containing proteins [15]. The spatial structure of the
recombinant BeM9 recently solved using NMR spec-
troscopy, confirms the correct formation of S–S
bridges [11].

BeM9 Derivatives Activity Measurements on VGSCs
The effects of the BeM9 derivatives on VGSCs

were compared to the parent toxin at the concentra-
tion of 1 μM. We used a standard approach with the
expression of channel genes (α-subunits and corre-
sponding auxiliary β-subunits) in Xenopus laevis
oocytes (Fig. 2). As the original toxin, BeM9E and
BeM9EG showed no activity on Nav1.2 but were active
on the cockroach channel BgNav1, although the activ-
ity became less pronounced (Table 1). In contrast to
BeM9, BeM9E was strikingly less active on Nav1.5 and
Nav1.6, while BeM9EG showed no activity on these
channels at all. Thus, BeM9EG was not active on any
mammalian channels tested and was classified as an
insect toxin.

Models of Complexes with Channels Do Not Explain 
BeM9 and BeM9EG Specificity

The spatial structure of a complex of the mammal
toxin Aah2 with the chimeric channel hNav1.7-
 BIOORGANIC CHEMISTRY  Vol. 47  No. 4  2021
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Fig. 2. Activity of BeM9 and its derivatives on VGSC isoforms. Currents through membranes of oocytes expressing cloned iso-
forms of VGSCs in control and after incubation with toxins at 1 μM concentration. The dotted line indicates the zero current level.
The current amplitude is given in arbitrary units I/(|Imin|) (see explanations in Experimental). Representative records of at least
three independent experiments are provided.
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NavPas was determined in 2019 (PDB ID: 6NT4 [3]).
In this chimeric channel, fragments of the NavPas
channel from the cockroach Periplaneta americana,
including extracellular loops of VSD IV and the con-
tacting region of PD I, were replaced with the corre-
sponding sequences of the human channel Nav1.7. We
hypothesized that the models of BeM9 complexes
with mammalian and insect VGSCs based on this spa-
tial structure would be able to explain the nature of
BeM9EG selectivity. Static models of BeM9 and
BeM9EG were built in complex with human Nav1.4
and cockroach BgNav channels (Fig. 3), and intermo-
lecular contacts in the models were investigated (see
Experimental for details of the modeling). We
expected to see a clear change in the intermolecular
contacts, explaining the loss of BeM9EG affinity to
mammalian channels, but the results of the simplistic
modeling did not show this. According to the model,
the Y17/G17 residues do not contact with the channel
and cannot directly affect the toxin activity. K8 in
BeM9 does not interact with the channels either, while
in BeM9EG E8 forms an intermolecular ionic bond
with the K1439/1705 residue (numbering for
hNav1.4/BgNav) (Figs. 3c, 3d). BeM9 also interacts
with K1439/1705, but using another residue, i.e. E15.
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The analysis of the complexes does not explain the
selectivity change in BeM9EG, since the structure of
the S3–S4 loop is highly conserved. We supposed that
the reason for that phenomenon were allosteric
effects. This led us to the analysis of changes in the
structure and intramolecular contacts of the mutated
toxin.

Analysis of BeM9 Structural Changes Caused
by Mutations

Since we could not explain the changes in the spec-
ificity by using the “static” models of the
BeM9/VGSC complexes, we decided to study the
dynamic properties of BeM9 and its derivative
BeM9EG. For each of the molecules, we performed
molecular dynamics (MD) simulations with a length
of 100 ns in triplicate. We searched structural changes
by analyzing the intramolecular contacts such as
hydrogen bonds, hydrophobic interactions, ionic
bonds, stacking and сation–π interactions, which
were presented with contact maps (66 × 66 point
arrays; Fig. 4).

The analysis of the intramolecular contacts and the
root mean square f luctuations (RMSF) showed that
one of the mutations (Y17G) increases the mobility of
the loop preceding the α-helix due to a loss of the
ol. 47  No. 4  2021
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Fig. 3. Modeled complexes of VGSCs with BeM9 and its mutant BeM9EG. (a) General view of the complex of VGSC with
α-NaTx from the extracellular side. VGSC is depicted as a colored surface with individually colored homologous repeats: D I (pur-
ple), D II (dark blue), D III (light blue), and D IV (green). The centrally located parts of each repeat form the PD; the distal parts
form VSDs I–IV. The toxin (shown in orange) binds to the channel in the area of VSD IV, partially capturing PD I. (b) The toxin
binding site (enlarged). The S3–S4 loop is colored in light green, S1–S2 in dark green, PD I in purple, and the C-terminus of the
toxin is marked with a blue sphere. (c, d) Ionic bonds between the RT-loop of BeM9 and the S3–S4 loop of VGSCs. The toxin
molecule is shown in yellow (BeM9 in panel C and BeM9EG in panel d), Nav1.4 is in blue, and BgNav is in green. Key amino acid
residues of the toxin involved in the interaction with channels or subject to mutagenesis are colored in orange.
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Fig. 4. Intramolecular contact maps for BeM9 and BeM9EG. The coordinates of each point correspond to the numbers of resi-
dues that may contact each other. The color intensity of the points for hydrogen bonds and hydrophobic contacts (see the scale
to the right) shows the contact lifetime (as a fraction of the total duration of three MD trajectories (3 × 100 ns)). Other types of
contacts are shown qualitatively: only contacts with >10% lifetime are shown. Contacts located near the RT-loop are outlined in
red and are represented by larger dots. Contacts of BeM9 are shown in the upper row, and those for BeM9EG are in the lower row.
The regions of the most significant difference between BeM9 and BeM9EG reflecting the effects of K8E and Y17G mutations are
marked with red boxes. For сation–π interactions and ionic bonds, a single map is shown: ionic bonds are plotted above the diag-
onal, and сation–π interactions are below the diagonal.

10

0 10 20 30 40 50 60

20

40
30

60
50

10

0 10 20 30 40 50 60

20

40
30

60
50

10

0 10 20 30 40 50 60

20

40
30

60
50

10

0 10 20 30 40 50 60

20

40
30

60
50

B
eM

9E
G

10

0 10 20 30 40 50 60

20

40
30

60
50

B
eM

9

   Hydrogen bonds

10

0 10 20 30 40 50 60

20

40
30

60
50

Hydrophobic 
contacts

10

0 10 20 30 40 50 60

20

40
30

60
50

Stacking

10

0 10 20 30 40 50 60

20

40
30

60
50

Cation−π

salt bridges
interactions/

1.0

0.8

0.6

0.4

0.2

0



DERIVATIVE OF SCORPION NEUROTOXIN BeM9 859

Fig. 5. Influence of the Y17G mutation on BeM9 structure. (a) Differential map of contacts between BeM9 and BeM9EG near
the RT-loop and the α-helix. The map was obtained by subtracting the maps of hydrophobic (lower left part of the map) and
stacking contacts (upper right part) in BeM9 from BeM9EG (Fig. 4). Blue shows the loss of hydrophobic contacts in BeM9EG

compared to BeM9, and brown depicts the gain of contacts (according to the scale on the right). Blue square shows the loss of the
Y17–Y23 stacking interaction in BeM9, and red square shows the formation of the Y14–Y23 stacking interaction in BeM9EG.
Panels b, c show typical conformations selected from MD calculations. (b) BeM9 structure. The residues involved in stacking
contacts are in green; residues not involved in this structure, but involved in BeМ9EG are in orange; residues with increased mobil-
ity after mutation are in purple; and all other residues are in gray. (c) BeM9EG structure. Green shows residues involved in stacking
contacts in BeM9EG, and orange indicates residues that are not involved in stacking interactions in BeM9EG, but are involved in
such interactions in BeM9. (d) RMSF values for BeM9 (yellow) and BeM9EG (green), averaged over three trajectories. The gray
line under the graph corresponds to the core module, β-strands are colored in blue, the α-helix in red, and the vicinity of the Y17G
substitution, where mobility increases after mutation (the same area as in panels b, c) is in purple.
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hydrophobic interactions and Y17–Y23 stacking as
well as an increase of main chain f lexibility due to the
substitution to a glycine residue. The newly formed
Y14–Y23 contact in BeМ9EG, apparently, does not have
a stabilizing effect on this part of the toxin. The key
effects of the Y17G mutation are illustrated in Fig. 5.

The impact of the key mutation K8E is the reorga-
nization of a system of ionic bonds and сation–π
interactions (Fig. 6). The nest motif, as expected, was
not observed in the mutant (Fig. 6b). Moreover, K8 in
BeM9 formed stable contacts K8–Y14 and K8–E15,
which are destroyed due to reversal of charge and
repulsion between E8 and E15. Also, the mutant lost
the E15–K20 contact, which can be explained by the
effects of both substitutions. K8 can balance between
RUSSIAN JOURNAL OF BIOORGANIC CHEMISTRY  V
Y14 and E15, and E15 can switch between K8 and
K20, representing two stable BeM9 conformations,
whereas BeM9EG is generally more mobile and less
ordered.

EXPERIMENTAL

Preparation of Recombinant BeM9 Derivatives

Nucleotide sequences encoding BeM9E and
BeM9EG were synthesized using ligation of oligonu-
cleotides (Table 2) and PCR as described for BeM9 [7,
16]. The resulting full-length sequences were cloned
into the expression vector pET-32b (Novagen) using
the KpnI and BamHI restriction sites. The obtained
ol. 47  No. 4  2021
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Fig. 6. Effect of the K8E mutation on BeM9 structure. K8, Y14, E15 and K20 residues, participating in ionic and сation–π inter-
actions, are shown in green, the same residues that are not participating in such interactions are in orange, and other residues are
in gray. The red dotted lines show interactions between residues. The presented conformations are taken from MD calculations.
(a) Structure of BeM9. The top panel shows the K8–E15 ionic bond, and the bottom panel shows the E15–K20 ionic bond and
the K8–Y14 сation–π interaction. To the left of the structures, the lifetimes are shown for the corresponding contacts, averaged
over three trajectories. (b) BeM9EG structure. The top panel shows the structure of the RT-loop similar to Figs. 1b, 1c. Below is
a general view of the structure.

BeM9EG(a) BeM9 (b)

K8–E15 30%

K8–Y14 63%

E15–K20 10%

Y14

Y14
Y14

K8

K8

E15

E15

E15

K20

K20K20

C12

N11

E8

E8

H10
P9
chimeric genes of fusion proteins consisted of Trx and
the toxin: Trx-BeM9E and Trx-BeM9EG.

The chimeric genes were expressed in Escherichia
coli BL21 (DE3) strain [17]. Bacteria transformed with
an expression vector were cultured in the LB medium
supplemented with ampicillin (100 μg/mL) at 37°C
and with vigorous stirring. The expression of the target
genes was induced by adding 0.2 mM isopropyl-β-D-
1-thiogalactopyranoside to the medium, and the cul-
ture was incubated for another 4 h. After that, bacteria
were precipitated, resuspended in the starting buffer
for affinity chromatography (300 mM NaCl, 20 mM
Tris-HCl, pH 7.5) and lysed by ultrasonication.

The fusion proteins contained a hexahistidine
sequence to purify them using metal chelate affinity
chromatography [18] on a TALON Superflow Metal
Affinity Resin sorbent (Clontech). The sorbed pro-
teins were eluted with an imidazole buffer (150 mM
imidazole, 300 mM NaCl, 20 mM Tris-HCl, pH 7.5).
BeM9 derivatives do not contain methionine residues;
therefore, the target toxins were cleaved from Trx
using cyanogen bromide as described [19]. To do so, a
RUSSIAN JOURNAL OF
methionine codon was introduced into the sequence
of chimeric genes immediately before the toxin gene.
The BeM9 derivatives cleaved from Trx were purified
by reversed-phase HPLC.

Mass Spectrometry

Polypeptides were analyzed using MALDI time-
of-flight mass spectrometry. We used an Ultraflex
TOF-TOF spectrometer (Bruker Daltonik), the anal-
ysis was performed as described previously [20] using
2,5-dihydroxybenzoic acid (Sigma-Aldrich) as a
matrix. The measurements were carried out in both
linear and reflector modes. Mass spectra were ana-
lyzed using Data Analysis 4.3 and Data Analysis
Viewer 4.3 software (Bruker).

Electrophysiology

The activity of the obtained derivatives was com-
pared to the parent BeM9 toxin based on the effect on
VGSC expressed in X. laevis oocytes. Isolation of frog
 BIOORGANIC CHEMISTRY  Vol. 47  No. 4  2021
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Table 2. Sequence of synthetic oligonucleotides used to construct DNA encoding BeM9 derivatives

Restriction sites (KpnI in M9f1 and BamHI in M9r) are in italics, the methionine codon is in bold type and italics, the stop codon is in
bold. Nucleotides that differ from the sequence of the BeM9 gene are underlined.
* M9f2 and M9r2/3 was used for the synthesis of the BeM9E gene, and M9f2-2 and M9r2/3-2 were used for BeM9EG.

Name Sequence

M9f1 ATATGGTACCATGGCTCGTGACGCTTACATCGCTG
M9f2* AACCGCACAACTGCGTTTACGAATGCTACAACCCGAAAGGTTCTT
M9f2-2* AACCGCACAACTGCGTTTACGAATGCGGCAACCCGAAAGGTTCTT
M9f3 ACTGCAACGACCTGTGCACCGAAAACGGTGCTGAATCTGGTTACT
M9f4 GCCAGATCCTGGGTAAATACGGTAACGCTTGCTGGTGCATCCA
M9f5 GCTGCCGGACAACGTTCCGATCCGTATCCCGGGTAAATGCC
M9r1/2 AAACGCAGTTGTGCGGTTCAGCGATGTAAGCGTCAC
M9r2/3* TGCACAGGTCGTTGCAGTAAGAACCTTTCGGGTTGT
M9r2/3-2* TGCACAGGTCGTTGCAGTAAGAACCTTTCGGGTTGC
M9r3/4 ATTTACCCAGGATCTGGCAGTAACCAGATTCAGCAC
M9r4/5 GAACGTTGTCCGGCAGCTGGATGCACCAGCAAGC
M9r GCATGGATCCCTAGTGGCATTTACCCGGGATAС
oocytes, RNA preparation, data collection and analy-
sis were performed as described previously [7, 10]. We
used genes of mammalian VGSC isoforms: rat
(r)Nav1.2 and 1.4, human (h)Nav1.5, murine
(m)Nav1.6, auxiliary rβ1 and hβ1 subunits, as well as
BgNav1 α-subunit cloned from the cockroach Blat-
tella germanica and TipE auxiliary subunit from Dro-
sophila melanogaster. To assess the efficacy of toxins,
we divided the value of the recorded current through
the oocyte membrane 30 ms after the test pulse by the
peak current (I30 ms/Imin). In the case of the Nav1.5
channel, due to its fast kinetics, the value of the cur-
rent 5 ms after the test pulse was divided by the peak
current (I5 ms/Imin). All data were analyzed using
pClamp Clampfit software version 10.4 (Molecular
Devices) and Origin Pro version 8.0 (OriginLab).

Molecular Modeling

For comparative analysis we modeled complexes of
BeM9 and BeM9EG toxins with human Nav1.4 and
cockroach BgNav. The template for modeling was the
complex of the chimeric channel hNav1.7-NavPas
with Aah2 (PDB ID: 6NT4 [3]), Aah2 was replaced by
the studied toxin via spatial alignment, and hNav1.7-
NavPas was analogously replaced by the studied chan-
nel. hNav1.4 and BgNav models were constructed
using homology modeling in MODELLER v. 9.19
[21] based on the hNav1.7-NavPas template. To mini-
mize the energy of the complexes, vacuum cubic cells
(160 × 160 × 160 Å3) were used. For this, we utilized
GROMACS 5.1.2 [22] and the amber99sb-ildn.ff
force field [23]. Intramolecular effects of mutations in
BeM9 were assessed by comparative modeling of the
wild-type α-like toxin BeM9 (PDB ID: 5MOU) and
RUSSIAN JOURNAL OF BIOORGANIC CHEMISTRY  V
its double mutant BeM9EG specific for insect VGSCs,
which was modeled using MODELLER.

MD was used to compare the intrinsic dynamics of
molecules. The cutoff radii of van der Waals and elec-
trostatic interactions were 10 and 12 Å, respectively.
For MD of the toxins, cubic cells (55 × 55 × 55 Å3)
were constructed using the SPC water model [24],
containing counterions for electroneutrality and
heated to 300 K for 100 ps. MD was carried out under
periodic boundary conditions at T = 300 K, P = 1 bar
employing the V-rescale thermostat [25] and Berend-
sen barostat [26]. The length and step of the trajectory
were 100 ns and 2 fs, respectively. For each studied
molecule, three MD runs were performed to accumu-
late statistics.

Molecular Contacts
Intra- and intermolecular contacts were calculated

using IMPULSE software (developed by N.A. Krylov,
in preparation for publication). All pairwise interac-
tions found in the trajectories were classified as hydro-
gen bonds, hydrophobic contacts, ionic bonds, paral-
lel and T-shaped stacking based on mutual arrange-
ment, interaction energy, and type of contacting
residues. The data were converted into the format of
point maps with 66 × 66 size, where each coordinate
corresponds to the residues number, and the color
intensity reflects the contact lifetime (0–100% of 100 ns),
using our own Python script.

CONCLUSIONS
In this work we tried to clarify the mechanism

behind the observed selectivity change of the α-like
toxin BeM9 after introducing two substitutions (K8E
ol. 47  No. 4  2021
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and Y17G) into its structure. These mutations led to
an unexpected result: BeM9EG lost activity on mam-
malian channels and remained active on insect chan-
nels, whereas we expected the opposite. We compared
the models of complexes of mammalian and insect
VGSCs with BeM9 and BeM9EG and performed a
comparative analysis of intramolecular contacts in
these toxins using MD.

Analysis of the complexes with the VGSCs revealed
what had changed: the K1439/1705 residue of the
channels forms an ionic bond with E15 in BeM9,
while K8 does not participate in this interaction. At
the same time, E8 residue of BeM9EG contacts
K1439/1705. However, the S3–S4 loop and, in partic-
ular, the K1439/1705 residue are conserved; therefore,
our models could explain the total activity change
(towards all VGSC subtypes) but not the change in the
toxin selectivity. We conclude that such simple models
of complexes are not informative. The reason for the
selectivity change may be allosteric effects.

Analysis of the MD of isolated toxins revealed that
the fragment in the vicinity of the Y17G substitution in
BeМ9EG has a higher mobility. This can be explained
by the loss of the Y17–Y23 stacking contact as well as
by the f lexibility of the backbone in the region due to
the glycine residue. The K8E replacement destroys the
switchable system of bonds K8–E15–K20 and Y14–
K8–E15, which can decrease the stability of the RT-
loop and its environment. In BeM9EG, these contacts
are lost, consequently, the RT-loop and its vicinity
become more mobile, and the system of two stable
conformations (with ionic bonds K8–E15 and E15–
K20) disappears. We assume that such rearrangement
of the toxin resulting from the mutagenesis destabilizes
the complex with mammalian VGSCs. Further
detailed study of the structure and conformational
dynamics of the specificity module of α-NaTx can
reveal the nature of the “double” activity of α-like tox-
ins and facilitate the creation of selective ligands for
various types of VGSC.
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