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ABSTRACT: Scorpion envenomation, a grave public health concern, is primarily driven by the potent neurotoxins chlorotoxin and leiurotoxin
present in Leiurus species venom. Developing effective treatments is crucial to mitigate its impact. Utilizing a drug-repositioning bioinformatics-
based approach, potential inhibitors of these neurotoxins were identified from Food and Drug Administration (FDA)-approved drugs. Through
virtual screening and subsequent molecular dynamics simulations, their ability to stabilize the peptides over time was evaluated. Among the
compounds scrutinized, bolazine emerged as a promising candidate, demonstrating significant affinity for both neurotoxins, indicating potential
dual inhibitory activity. Molecular dynamics simulations further corroborated the enhanced stability of bolazine complexes compared to neuro-
toxins alone. These findings suggest the feasibility of repurposing existing drugs to develop new therapeutic strategies to treat scorpion enven-
omation. Such interventions hold promise in alleviating the severe health repercussions of scorpion stings and meeting the urgent demand for

effective remedies in affected communities.
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Introduction
Scorpion envenomation poses a significant threat to public health,!
particularly in regions where venomous species such as the Leiurus
scorpion, commonly known as the Deathstalker, are prevalent. This
species, predominantly found in North Africa and the Middle
East,? has garnered notoriety for its potent venom, which harbors
a complex mixture of toxins capable of inducing severe symptoms
in humans, including muscle spasms, respiratory distress, and car-
diovascular complications,® necessitating immediate medical
intervention to counteract the venom’s effects.®°

Among these toxins, neurotoxins such as chlorotoxin (CTX)
and leiurotoxin (ScyTx), are notably potent, disrupting normal
nerve signaling by binding to ion channels and causing severe
effects such as pain, paralysis, and potentially fatal outcomes if
untreated.’ The CTX specifically binds to chloride (Cl-) ion
channels,® whereas ScyTx binds to calcium (Ca®*)-dependent
potassium (K*) channels.”® On injection into the body, these
neurotoxins rapidly diffuse throughout the bloodstream,

targeting specific ion channels and receptors on nerve cells,
thereby interfering with neurotransmitter function.®1°

In light of the imperative demand for efficacious therapeu-
tic strategies to address scorpion envenomation, drug reposi-
tioning has emerged as a promising strategy. This approach
involves repurposing existing drugs for new therapeutic appli-
cations,!! potentially accelerating the drug discovery process by
bypassing lengthy preclinical testing phases.!> By leveraging
computational approaches such as virtual screening, molecular
docking, and molecular dynamics (MD) simulations, research-
ers can systematically evaluate large databases of approved
drugs to identify potential candidates.’3 This innovative
approach not only expedites the identification of potential
treatments, ' but also offers the possibility of uncovering unex-
pected therapeutic candidates that may have been overlooked
in traditional drug development pipelines.’®

In this study, we will exploit drug-repositioning principles,
through a pathogenic toxin-based neutralizing drug approach.
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Focusing on the two neurotoxins CTX and ScyTx, we will
attempt to identify potential neutralizing drugs using compu-
tational methods.

Methods

Structures’ retrieval and preparation for docking

The three-dimensional (3D) structures of the peptides CTX
and ScyTx were obtained from the Protein Data Bank (PDB
IDs: 7X43 and 1SCY, respectively). Notably, PDB 7X43 had a
mutation at the first amino acid (R), which was corrected to the
wild-type methionine (M) using the Maestro module. After
this correction, the structures were refined using the protein
preparation wizard in the Schrédinger suite.’ This process
involved the removal of water molecules and heteroatoms, as
well as the addition of missing hydrogen atoms to ensure struc-
tural completeness. Finally, the prepared structures were visual-
ized with PyMol to explore their conformational features.

High throughput virtual screening

High throughput virtual screening (HTVS) of Food and Drug
Administration (FDA)-approved drugs library (4574 mole-
cules) against the prepared PDB structures of the peptides using
the online server MTiOpenScreen'” (https://bioserv.rpbs.univ-
paris-diderot.fr/services/MTiOpenScreen/). It is based on
Vina docking algorithms and provides five electronic chemical
libraries, among which is the drug library used in our study. The
screening focused on identifying ligands with favorable binding
affinities to each peptide (CTX and ScyTx). The results of the
HTVS were ranked based on the binding energy of their best
scoring conformation. The top five best-interacting molecules
for each peptide were selected, and the molecule in both selec-
tions was further studied. The docking results for the chosen
molecule were visualized using Pymol,'® and the ligand interac-
tion diagram was generated using LigPlot+.1

Molecular dynamics simulation

The molecule that showed a high binding affinity with both
peptides was selected for MD simulations. The resulting struc-
tures from the docking process and the prepared PDBs of the
peptides were used as the starting conformation for the simula-
tions after an initial step of preparation conducted using the
system builder wizard in Desmond.?’ The preparation con-
sisted of embedding the CTX-bolazine complex, ScyTx—
bolazine complex, CTX and ScyTx in a simple point charge
(SPC) solvent using a Cubic box system with 10 A padding,
neutralizing the systems, then adding 0.15 M of sodium chlo-
ride (NaCl).

The generated systems were then subjected to 100 ns MD
simulations using OPLS4 force field, with a recording step of
100 ps, in an NPT ensemble class, under 300K temperature
and 1.01325 bar pressure using the MD module in Desmond.?

Figure 1. Three-dimensional (3D) structures of toxins. (A) Chlorotoxin
(PDB: 7X43). (B) Leiurotoxin (PDB: 1SCY), where red regions indicate
alpha helix, yellow regions indicate beta sheet, and green regions
indicate unrestrained residues of the peptides.

After completing the MD simulation of each system, the
resulting trajectories were analyzed using the Simulation
Interaction Diagram (SID) implemented in Maestro to quan-
tify the system’s dynamics using the root mean square deviation
(RMSD), root mean square fluctuation (RMSF), the radius of
gyration (Rg), and solvent accessible surface area (SASA). The
average (Avg) and standard deviation (SD) for each parameter
were calculated, and protein secondary structure elements
(SSE), such as alpha-helices and beta-strands, were monitored
throughout the simulation of each residue.

Results and Discussion

Sz‘rucz‘ureprepamtion

The 3D structures of the peptides CTX and ScyTX (see Figure
1). After structural preparation and refinement, the corrected
models displayed a well-preserved architecture, with all miss-
ing hydrogen atoms appropriately added and extraneous com-
ponents removed.

Molecular docking

Molecular docking is a computational technique used in struc-
tural biology and drug discovery. It has become a key tool for
identifying molecules with potential binding affinity for a
given receptor. It provides insights into the binding mecha-
nisms and interactions between ligands and receptors, which
aids in the drug discovery process.?!

Following the structural refinement of CTX and ScyTx, the
top five ligands from the HTVS output were selected based on
their favorable docking scores (see Tables 1 and 2). For ScyTx,
these ligands exhibited docking scores ranging from -7.3 kcal/
mol to -8 kcal/mol, while for CTX, the scores ranged from
-7.2 keal/mol to -7.9 kcal/mol, indicative of strong binding
affinities. The top five molecules for each neurotoxin were ana-
lyzed and the interactions were visualized (see Figures S1 and
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Table 1. Docking scores of the top five FDA-approved drugs selected
for chlorotoxin.

COMPOUND BINDING ENERGY, KCAL/MOL

R428_ZINC000051951669 -7.9
Bolazine_ZINC000008214506 -7.7
Golvatinib_ZINC000043195317 —7.2
Nilotinib_ZINC000006716957 —7.2

R428_ZINC000051951668 —7.2

Table 2. Docking scores of the top five FDA-approved drugs selected
for leiurotoxin.

COMPOUND BINDING ENERGY, KCAL/MOL

Bolazine_ZINC000008214506 -8

R428_ZINC000051951668 -7.5
R428_ZINC000051951669 -7.5
Mk3207_ZINC000103760984 -7.4

Proscillaridin_ZINC000306121903 -7.3

S2). Remarkably, among the top-scoring ligands, two com-
pounds, bolazine and bemcentinib (R428_ZINCO000051
951669), were common between the two sets. Not only were
they common among the highest-scoring binding ligands, but
they also demonstrated consistent performance: bolazine dis-
played the highest docking score of -8 kcal/mol with ScyTx
and the second highest score of -7.7 kcal/mol with CTX, while
bemcentinib exhibited the highest score of -7.9 kcal/mol with
CTX and the third highest score of -7.5 kcal/mol with ScyTx.
While comparing bolazine and bemcentinib (R428_
ZINC000051951669) for CTX, bemcentinib had a better
score, but bolazine had more interactions with additional
amino acids (AA; see Figure SIA and B). For ScyTx, both
ligands interacted with the same number of AA; however,
bolazine formed an additional hydrogen bonds (HBs) with
Argl3 (see Figure S2A and C) and had a higher docking score.
On comprehensive analysis, it was observed that bemcentinib
is currently undergoing clinical trials for anti-tumor treat-
ment.?? In contrast, bolazine has been previously commercial-
ized as an anabolic steroid, suggesting an established safety
profile and potential utility in therapeutic applications.?
Therefore, bolazine was prioritized over bemcentinib for fur-
ther investigation. Bolazine’s proven safety profile, drug-like-
ness, and commercial availability make it a promising candidate

for drug-repositioning targeting CTX and ScyTx.
Molecular interactions between bolazine
and the neurotoxins

Bolazine, also known as 2a,170-dimethyl-50-androstan-17f-
ol-3-one azine,** is a synthetic androgen/anabolic steroid

(AAS).> AAS such as bolazine are synthetic compounds
derived from testosterone, a natural hormone produced in the
body.?6 They are widely used in the medical field to treat condi-
tions such as delayed puberty in adolescents and hormonal
disorders.?’

In our study, we evaluated the docking scores of CTX with
bolazine, yielding a high score of -7.7 kcal/mol (see Table 1).
This significant score suggests an optimal interaction between
multiple AA and our selected ligand. Notably, our docking
results further revealed hydrophobic interactions between the
ligand and several cysteine residues including Cys5, Cys16,
Cys28, and Cys33 (see Figure 2), where it has been established
that disulfide bonds between CTX’s cysteins (Cys) Cys2—
Cys19, Cys5—Cys28, Cys16—Cys33, and Cys20-Cys35 are
essential for its structural integrity and stability.2%2° This obser-
vation hints at the potential of bolazine to disrupt two intra-
peptide interactions, by preventing the formation of two
disulfide bonds, consequently compromising the overall func-
tional structure of CTX.

Similarly, Scy Tx-bolazine docking score is -8 kcal/mol (see
Table 2), with diverse interactions, encompassing hydrophobic
interactions and an HB. Previous research has shown the role
of arginine residues (Arg6 and Argl3) in ScyTx’s binding to
the Ca?+-activated K* channel protein, mediating its toxic
effects.’® Our ligand interaction diagram (see Figure 3) con-
firms the specific binding of bolazine to ScyTx through Arg6
and Arg13.This finding suggests the potential for our ligand to
interfere with peptide interactions with the ion channel,
thereby impeding its toxic activity.

Molecular dynamics analysis

The MD simulation is a powerful computational tool for stud-
ying the movements of complex macromolecular systems,
including biomolecules. It enhances molecular docking models
by considering the flexibility of proteins and ligands, leading to
a more accurate representation of the binding process and the
identification of more effective drug candidates.3!

An important aspect of MD simulations is the analysis of
the structural fluctuations of the macromolecule. It can be used
to identify key conformational changes that occur on ligand
binding and subsequently provide insights into the molecular
basis of ligand—target interactions.3?

Chlorotoxin. The MD simulation results show a clear differ-
ence in structural fluctuation between CTX and CTX-bola-
zine over time. The RIMISD analysis is a reliable metric for
studying protein structural changes over time; the lower the
average RMSD value, the more stable the structure.®® The
lower its average value, the more stable the structure is.

The RMSD values of CTX alone (Avg=0.90, SD =0.20) are
significantly lower than those of CTX-bolazine complex
(Avg=2.34, SD=0.36; see Table 3), suggesting that bolazine’s
interaction with the peptide induces internal motion in the pep-
tide and subsequently conformational changes (see Figure 4A).
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Figure 2. The CTX-bolazine complex interaction and binding interface. (A) Two-dimensional (2D) structure of complex interactions. (B) Three-
dimensional (3D) visualization of complex interactions. The CTX peptide is represented in green, bolazine molecule in red. Hydrophobic interaction
regions within the complex are outlined in yellow.
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Figure 3. The ScyTx—bolazine complex interaction and binding interface. (A) Two-dimensional (2D) structure of complex interactions. (B) Three-
dimensional (3D) visualization of complex interactions. The ScyTx peptide is illustrated in magenta, while the bolazine molecule is depicted in red.
Hydrophobic interaction regions within the complex are outlined in yellow and H-bond interaction regions in green.
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Table 3. The averges and standard deviations of the parameters generated from molecular dynamics of the four 3D structures.

PARAMETERS ANALYZED STRUCTURES

CTX-BOLAZINE

SCYTX-BOLAZINE

AVG
RMSD 0.90 0.20 2.34 0.36
RMSF 0.61 0.25 0.95 0.45
Rg 21.90 0.04 21.97 0.04
SASA 4084.80 91.83 4431.46 99.19

1.35 0.26 1.56 0.31
0.86 0.57 0.87 0.63
0.86 0.05 0.87 0.04
4038.12 104.73 4603.25 165.57

Abbreviations: Avg, average; CTX, chlorotoxin; ScyTx, leiurotoxin; Rg, radius of gyration; RMSD, root mean square deviation; RMSF, root mean square fluctuation; SASA,

solvent accessible surface area.

This fluctuation is apparent through RMSE, an important
parameter that reflects the structural flexibility of Co. atoms of
each residue in its corresponding system.* The majority of the
AA in the CTX-bolazine complex (Avg=0.96,SD =0.45) show
significantly higher values compared to the AA in the CTX
alone (Avg=0.61, SD =0.25; see Table 3).

Concurring with the docking results, Cys5, Cys16, Cys28,
and Cys33 are all in interaction with the ligand, demonstrated
by higher RMSF values per residue (see Figure 4B), which
according to our data, induced higher fluctuation and so poten-
tially interfered with the creation of disulfide bonds within the
neurotoxin, especially between Cys5 and Cys28, as these two
residues spent the highest faction of simulation time in interac-
tion with Balozine (see Figure S3). The peptide’s instability,
attributed to its inability to form internal disulfide bonds, hin-
dered its ability to attain the necessary functional conforma-
tion. During the simulation, HBs between CTX and bolazine
were observed, fluctuating between 0 and 2 HBs over the
course of the simulation period (see Figure S4).

The Rg as an indicator of biomolecule structure compact-
ness.® The higher the Rg value, the less compact the structure
is. The Rg of CTX-bolazine (Avg=21.97, SD =0.04) is higher
than Rg of CTX (Avg=21.90, SD=0.04; see Table 3 and
Figure 4C), meaning that bolazine reduced the compactness of
CTX, which further proves the reduced number of intramo-
lecular interactions.

Another interesting parameter is the SASA of a molecule,
which refers to the portion of its surface that can interact with
the surrounding solvent.3¢ This parameter helps assess the
compactness of the studied molecule. The value for SASA of
the CTX-bolazine complex is (Avg=4431.46, SD=99.19),
whereas the SASA value for CTX alone is (Avg=4048.80,
SD=91.83). The larger surface area indicates that the peptide
has lost its initial compact structure due to its interaction with
bolazine (see Figure 4D).

On visual analysis of the final frame from the MD simula-
tion and SSE monitoring, we found that Arg14 lost its helical

secondary structure. Throughout the simulation, we notice
considerable conformational changes in multiple residues, such
as Cys33 and Leu34, which went from forming a loop to
adopting a beta-sheet conformation repeatedly through the
first 60 ns of the simulation time. Moreover, Argl4, which
maintained its helix structure for the first 40 ns, started alter-
nating between a loop and helix form until the end of the sim-
ulation where it adopted the loop conformation (see Figures
6A and S5).

The combination of the previously discussed parameters
demonstrates bolazine’s potential to cause significant internal
motion in CTX, altering its functional structure. This prevents
it from binding to chlorine ion channels and exerting its toxic
effect.

Leirotoxin. 'The RMSD values observed for the ScyTx alone
(Avg=1.35,SD=0.26) are notably lower compared to those of
the ScyTx-bolazine complex (Avg=1.56, SD=0.31; see Table
3), indicating that bolazine’s interaction induces internal
motion and subsequent conformational changes in the peptide
(see Figure 5A). This fluctuation is further evidenced by the
RMSF analysis, where the majority of AA in the ScyTx-bola-
zine complex (Avg=0.87, SD=0.63) exhibit higher values
compared to those in ScyTx alone (Avg=0.86, SD=0.57; sce
Table 3 and Figure 5B).

Both Arg6 and Argl3, which are needed for ScyTx binding
to the Ca?+ activated K* channels, interact with the ligand,
which probably induces the variation of the respective RMSF
values® (see Figure S6). This interaction would prevent the
formation of bonds with ion channels, rendering the neuro-
toxin incapable of fulfilling its biological function. The docking
results revealed that Arg13 formed one HB with bolazine, then
throughout the simulation, the number of HBs fluctuated
between 0 and 3, with 1 being the most frequently observed
(see Figure S4b).

Moreover, the Rg of the ScyTlx—bolazine complex
(Avg=22.43, SD=0.04) is higher than that of ScyTx alone
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(Avg=21.96, SD=0.05; see Table 3), indicating a reduced
compactness attributed to fewer intramolecular interactions
(see Figure 5C).

Similarly, the SASA value for the ScyTx—bolazine complex
(Avg=4603.25, SD=165.57) is higher than that of ScyTx
alone (Avg=4038.12 SD=104.73; see Table 3), suggesting a
loss of initial compact structure due to interaction with bola-
zine (see Figure 5D).

The SSE monitoring and final frame structure analysis
demonstrate that Cys21 and Lys25 have lost their secondary
structure, which is a beta-sheet. The Cys21 started losing its
structure and morphed into a loop in the first few nanoseconds,
then regained a beta-sheet structure for multiple time lapses
during the simulation, before the final step in the simulation
where it adopted the loop secondary structure. Similarly, for
Lys25, an almost identical structural fluctuation profile to that
of Cys21 was observed, indicating that some residues struggle

to keep their secondary structure in the presence of bolazine
(see Figures 6B and S7).

These findings collectively underscore bolazine’s potential
to prevent ScyTx from binding to the ion channel exerting its
toxic effects.

Bolazine, a potential dual inhibitor

Bolazine’s binding to the two neurotoxins altered their biologi-
cal function through different mechanisms, suggesting a dual
inhibitory potential. It caused significant changes in CTX’s
secondary structures and internal peptide motion by interact-
ing with residues crucial for structural stability, such as Cys. As
for ScyTx, the drug-induced conformational changes were less
damaging than those caused for C'TX, still, they were impactful
and noticeable as previously demonstrated through the multi-
ple MD simulation results. The inhibition mechanism which is



Zainab et al 7

Time (ns)

e SCYTX e ScyTX-Bola2ine

a
35
3

RMSF (A)

5
2
15
1
5

0,
0'Il.lII--ll-IlIlll-l-Illl-l-I.I

ALAL PHE2 CYs_3 ASN_4 LEUS ARG6 MET7 CYs8 GIN_9 LEU 10 SER 11 CYS_12 ARG_13 SER 14 LEU_15 GLY_16 LEU_17 LEU_18 GLY 19 LYS 20 CYS_2l IE_22 GLY 23 ASP 24 LY5.25 CYS_26 GL_27 CYS_28 VAL 29 LYS_30 His 31
Residues

W ScyTx M ScyTx-Bolazine

Time (ns)

—SeyTx

ScyTx-Bolazine

Time (ns)

——SeyTx  ——ScyTx-Bolazine

Figure 5. Plot depicting the structural dynamics of ScyTx alone (magenta) and the ScyTx—bolazine complex (cyber blue) throughout a 100 ns molecular
dynamics simulation. (A) The RMSD values in Angstroms (A) over simulation time. (B) The RMSF values in Angstroms (A) along the residue positions. (C)
The Rg values in Angstroms (A) through the simulation time (ns). (D) The SASA values, respectively, in Angstroms (A) through the simulation time (ns).

supposedly the one that will alter the biological function of
ScyTx is the binding to important residues for the interaction
with the target human ion channels.

Bolazine’s promising inhibitory mechanism becomes more
intriguing when the presence of CTX-like peptides in multiple
scorpion species is added to the equation. A sequence align-
ment of different CTX-like peptides illustrates that the
sequence is generally well conserved across species, with the
segments between the 1st to 9th residue and the 30th to 35th
residue being the most conserved.’” Our MD simulation of the
CTX-bolazine showed that the drug is capable of forming
strong bonds lasting for considerable fractions of the simula-
Figure 6. Superposition of first and last frames of: (A) CTX—bolazine tion time, hinting at the possibility of repositioning bolazine
with the ligand omitted and (B) ScyTx-bolazine with ligand omitted. against multiple CTX-like peptides, and thereby, potentially
neutralizing the venoms of multiple scorpion species.
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Neurotoxins found in scorpion venom, such as CTX and
ScyTx, represent a serious threat due to their ability to disrupt
nerve signal transmission, resulting in a spectrum of debilitat-
ing symptoms, including muscle weakness, paralysis, auto-
nomic dysfunction, and central nervous system disturbances.
Moreover, severe envenomation can lead to respiratory distress,
cardiovascular complications, and seizures.?® Current reliance
on antivenoms, while life-saving, is hindered by limitations
such as limited availability, variable effectiveness across snake
species, and high costs.?? In this context, the proposal of bola-
zine, through a drug-repositioning strategy, as a dual inhibitor
presents a promising alternative. Bolazine’s small molecule
nature and pharmacological properties offer advantages in
terms of tissue distribution and efficacy in mitigating periph-
eral tissue damage commonly seen in scorpion bite envenom-
ing. By providing a therapeutic bridge until antivenoms are
accessible, bolazine-based interventions have the potential to
significantly improve patient outcomes and address the critical
need for more effective treatments against the morbidity caused
by scorpion envenomation.

Despite the promising initial findings, rigorous validation
through further in wvitro studies is essential to ensure that
bolazine can effectively address the diverse range of scorpion
venom compositions and the varying severity of envenoma-
tion cases.

Conclusions

The imperative demand for efficacious remedies to address
scorpion envenomation remains a major public health concern.
We leveraged the drug-repositioning strategy to identify a
potential FDA-approved molecule as an emergency treatment
to alleviate the scorpion envenoming burden on the affected
communities. Further in vitro testing would be beneficial to
further validate the potential of bolazine as a scorpion venom
neutralizer.
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