microbiology
research

S

Article

Evaluation of Compounds from Balanites aegyptiaca against
Squalene Epoxidase of Micropsorum gypseum—In Vitro and
In Silico Studies

Mohamed Husain Syed Abuthakir -2, V. Hemamalini 17, Reham M. Alahmadi 3, Anis Ahamed 3,
Ashraf Atef Hatamleh 300, Razack Abdullah # and Jeyam Muthusamy /*

check for
updates

Citation: Abuthakir, M.H.S.;
Hemamalini, V.; Alahmadi, R.M.;
Ahamed, A.; Hatamleh, A.A.;
Abdullah, R.; Muthusamy, J.
Evaluation of Compounds from
Balanites aegyptiaca against Squalene
Epoxidase of Micropsorum
gypseum—In Vitro and In Silico
Studies. Microbiol. Res. 2023, 14,
1264-1278. https://doi.org/10.3390/
microbiolres14030085

Academic Editor: Jacek
C. Szepietowski

Received: 30 July 2023
Revised: 23 August 2023
Accepted: 28 August 2023
Published: 4 September 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Department of Bioinformatics, Bharathiar University, Coimbatore 641046, Tamil Nadu, India;
biothakir@gmail.com (M.H.S.A.); hemamalini@buc.edu.in (V.H.)

Institute of Systems Biology, Universiti Kebangsaan Malaysia, Bangi 43600, Selangor, Malaysia
Department of Botany and Microbiology, College of Science, King Saud University,

P.O. Box 2455, Riyadh 11451, Saudi Arabia; realahmadi@ksu.edu.sa (R.M.A.); anazeer@ksu.edu.sa (A.A.);
ahatamleh@ksu.edu.sa (A.A.H.)

Law Sau Fai Institute for Advancing Translational Medicine in Bone and Joint Diseases,

School of Chinese Medicine, Hong Kong Baptist University, Kowloon, Hong Kong, China;
sheikmod@gmail.com

*  Correspondence: jeyam@buc.edu.in

Abstract: Microsporum gypseum is a dermatophyte with a geophilic nature that is found all over the
globe. It mainly causes tinea in the scalp, arms, and legs in humans. Squalene epoxidase (SE) is a cru-
cial enzyme in M. gypseum for the biosynthesis of ergosterol. The medicinal plant Balanites aegyptiaca is
an abundant supply of secondary constituents with great therapeutic values. In this research, the fruit
epicarp portion was used to inhibit M. gypseum using experimental and computational techniques.
The anti-dermatophytic activity of epicarp extracts on M. gypseum was evaluated using the poison
plate method at five different concentrations. At 3 mg/mL, the M. gypseum was completely controlled
by the fractioned chloroform extract of epicarp. The compounds from previous research were utilized
for docking studies (Abuthakir et al., 2022). The ideal compounds and the drug terbinafine were
then docked using Schrodinger’s Glide module. It demonstrates that (3E)-7-Hydroxy-3,7-dimethyl-
3-octen-1-yl-6-O-(6-deoxy-alpha-L-mannopyranosyl)-beta-D-glucopyranoside outperforms other
substances and the drug terbinafine in docking analysis. Desmond, Schrédinger Molecular Dynamics
simulations were also performed for (3E)-7-Hydroxy-3,7-dimethyl-3-octen-1-yl-6-O-(6-deoxy-alpha-
L-mannopyranosyl)-beta-D-glucopyranoside-squalene epoxidase complexes. The complex appears
to be more stable, according to the MD simulation research. This study indicates that (3E)-7-Hydroxy-
3,7-dimethyl-3-octen-1-yl-6-O-(6-deoxy-alpha-L-mannopyranosyl)-beta-D-glucopyranoside could
be used as a potential inhibitor of M. gypseum growth, and it could be studied further.

Keywords: dermatophytes; Microsporum gypseum; squalene epoxidase; docking; MD simulation

1. Introduction

Tinea, or dermatophytosis, is a superficial skin illness affected by dermatophytes, a
cluster of filamentous fungus species [1]. These are everywhere worldwide, but they are
more prevalent in warm, humid tropical and subtropical climate zones [2].

The colonies of the geophilic dermatophyte Microsporum gypseum develop in soil on
keratinous substrates. This is an extremely important dermatophyte because it is involved
in the degradation of keratin in the soil [3]. It is saprophytic and obtains enrichments
from keratinized tissue substrates [4]. Dermatophytosis caused by M. gypseum primarily
affects people who have direct contact with soil, such as farmers and gardeners, and it
primarily causes tinea capitis, tinea corpus [5], and tinea corporis in humans [6]. Squalene
epoxidase (SE) is a key enzyme for ergosterol biosynthesis in dermatophytes. Squalene
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is transformed to 2,3-oxidosqualene by this monooxygenase, and fungal growth can be
inhibited by blocking this enzyme [7].

Terbinafine and naftifine, both members of the Allylamine group, are efficient drug
substances for inhibiting the activity of squalene epoxidase. Squalene accumulation in-
creased in cell membranes due to squalene epoxidase inhibition, resulting in increased
membrane permeability, disruption of cellular substances, and, finally, fungal death [8].
In indigenous medical systems all across the world, medicinal plants are crucial. Ethnob-
otany insight is a valuable resource for the development and research of medicines [9]. B.
aegyptiaca has rich remedial properties and works as an herbaceous medication. Various
components of Balanites aegyptiaca have powerful medicinal properties, including anti-
helmintic, anticancer, antimicrobial, antidiabetic, antiviral, and antioxidant agents. It is
also used as a purgative and emetic, and it cures malaria, syphilis, skin boils, liver disorder,
and leukoderma and revives wounds and pains [10]. This research concentrates on the
antidermatophytic behavior of the medicinal plant B. aegyptiaca epicarp by blocking the
evolvement of Microsporum gypseum using research investigation of distinctive compounds
from the extract with energetic action using liquid chromatography—-mass spectrometry,
protein-ligand docking, and molecular dynamics simulation analysis.

2. Materials and Methods
2.1. Plant Species Collection and Identification

Balanites aegyptiaca was collected from the Nilambur region of Coimbatore district,
Tamil Nadu, Southern India, and it is submitted to the Botanical Survey of Coimbatore in
Tamil Nadu for plant authentication. The epicarp region was completely detached from
the fruit, then shade-dried, ground, and orderly extracted with diverse chemical solvents
comprising petroleum ether, hexane, chloroform, ethyl acetate, methanol, and water, in
addition to direct methanol and water using the Soxhlet extraction method.

2.2. Purchasing Pathogen

Microsporum gypseum fungus culture MTCC.6041 was obtained from the MTCC
(Microbial Type Culture Collection and Gene Bank) in Chandigarh for this study.

2.3. Anti-Dermatophytic Assay

The antidermatophytic exploit of different epicarp extracts on M. gypseum was eval-
uated using a poison plate assay [11]. Epicarp extracts were organized and put in SDA
medium in a range of concentrations (1 mg/mL to 5 mg/mL), while a control plate was
made without extract, and a positive control was made using the medication ketocona-
zole. Every day, the growth of mycelia of M. gypseum was monitored, and the inhibitory
percentage (I) was calculated after 11 days of incubation using the method below.

I = {(Dcontrol — Dtreated)/Dcontrol} x 100

The results of the experiments, which were run three times, were presented as the mean
standard error (SE). The data were statistically analyzed using SPSS software version 20.

2.4. Minimum Inhibitory Concentration (MIC)

According to NCCLS (National Committee for Clinical Laboratory Standards) rec-
ommendations for filamentous fungi (M38-A2), two-fold broth dilution techniques were
employed to determine the Minimum Inhibitory Concentration. M. gypseum culture, which
was 21 days old, was used to prepare the inoculum, and spore suspension with 0.1 to
1.8 x 10° CFU/mL was developed for MIC [12].

The 90% inhibition was observed as MIC90; it was observed after 7 days of incubation
at 30 °C at different concentrations from 50 mg/mL to 0.1 mg/mL.
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2.5. Phytochemical Screening

The CHL extract of epicarp was further analyzed for screening phytochemicals using
various investigations such as Benedict’s test, Biuret test, frothing test, ferric chloride test,
Mayer’s test, KOH test, etc., to determine the presence of various phytochemicals [13].

2.6. Compound Elucidation

Liquid chromatography-mass spectrometry (LC-MS) detected the macromolecules
and secondary compounds from the extract of epicarp. This study was executed using the
UPLC-QToF-MS instrument [14]. The mass values of LC-MS-elucidated composites were
matched with the GNPS (Global Natural Products Social Molecular Networking) library to
find the exact compound [15].

2.7. Modeling and Validation of Protein

Atomic structure of squalene monooxygenase of M. gypseum was not found in PDB.
Hence, the modeled protein was downloaded from the AlphaFold database. Then, the
PROCHECK server, using the Ramachandran plot study, verified the modeled protein
quality [16].

2.8. Binding Site Prediction

Binding site of the protein squalene monooxygenase of M. gypseum was predicted
using the SiteMap module of Schrédinger [17]. In addition to that, the conserved residues
were predicted using the Consurf server [18].

2.9. Ligand Preparation

In PubChem, the crystal structure of the drug naftifine and compounds of epicarp
were obtained. Furthermore, these substances were assigned for ADME-Tox testing using
the QikProp module [19]. Each compound’s absorption, diffusion, metabolism, excretion,
and toxicity were investigated [20].

2.10. Protein—Ligand Docking

The GLIDE module of Schrodinger was used to conduct docking studies for proteins
and ligands [21]. This process included protein preparation, grid creation, ligand prepa-
ration, and docking ligand with protein. The first step began with protein preprocessing,
which involved increasing hydrogen atoms, improving the amino acid orientation of hy-
droxyl groups and amide groups, and forming disulfide bonds. The OPLS3e force field
was used to minimize energy, with non-hydrogen atoms being lowered until the common
root-mean-square deviation (RMSD) achieved the standard value of 0.3.

A grid surrounded the important residues of squalene monooxygenase. The drug
terbinafine and compounds from epicarp were created through an optimization procedure
that employed the OPLS3e force field. Lastly, the molecular docking was carried out using
the XP (extra precision) method [22,23] by incorporating the ligand preparation and grid
generation output files.

2.11. MM-GBSA Analysis

Molecular mechanics with generalized Born surface area (MM-GBSA) analysis was
carried out using the Prime module of Schrodinger for relative binding free energy calcula-
tion of protein-ligand complex. The selected docked complex structures were carried out
for binding free energy calculation. The relative binding free energy AGy;,q was calculated
by the following equation [24],

AGpind = Ecomplex (minimized) — [Ejjganq (unbound, minimized) + Ereceptor (unbound, minimized)]
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2.12. Molecular Dynamics Simulation

Complex structure of squalene monooxygenase and ligand was tested for stability
by Molecular Dynamics (MD) simulation method for 10 ns using Desmond component,
Schrodinger [25].

The simulation procedure began with the Protein Preparation Wizard, which was used
to optimize and minimize the docked structure using the OPLS3e force field. Furthermore,
system builder was made with the use of the TIP3P solvent model, a cubic box shape with
a reduced volume, and a 10 A buffer area. The requisite positive (Na*) and negative (C17)
ions were then added to the system, along with 0.15 M salt, to neutralize it. Using the
system’s built-in relaxation process, the system was minimized for 2000 iterations with a
convergence threshold of 1 kcal/mol and pre-equilibrated [26].

Further, the results were evaluated using parameters such as protein-ligand RMSD,
RMSF of protein and ligand, protein-ligand contacts, encompassing numerous kinds of
interactions such as hydrogen bond interactions, which were crucial in determining the
complex’s stability.

3. Results
3.1. Plant Verification

The submitted plant (BSI/SRC/5/23/2018/Tech.1582) was authenticated by Dr. C.
Murugan, Scientist ‘D’ Botanical Survey of India, Southern Regional Centre Coimbatore.
The plant was identified as Balanites aegyptiaca (L.) Delile.

3.2. Anti-Dermatophytic Assay

The anti-dermatophytic activity (Figure 1) of different extracts of Balanites aegyptiaca
on Microsporum gypseum was evaluated (Table 1).

0 5 10 15 20 25 30 35
= B B Growth (diameter)
Figure 1. Mycelial growth of Microsporum gypseum inhibited by various extracts of epicarp of

Balanites aegyptiaca (blue: 1 mg/mL, black: 2 mg/mL, yellow: 3 mg/mL, green: 4 mg/mL, and grey:
5mg/mL).

Table 1. Efficacy of different extracts of fruit epicarp portion of B. aegyptiaca on M. gypseum.

Extracts PE HEX CHL EA MET WAT DMET DWAT
1 mg/mL 32 27.33 20.33 24.66 31.33 10.33 9.66 20.66
2mg/mL 23.33 20.33 15.66 21.33 23 9.33 6 16.33
Growth (diameter) 3mg/mL 17.33 8 6 14 19 8.33 4 12
4 mg/mL 13.66 4 - 11.66 13.66 6.33 - 10
5mg/mL 10.66 2 - 6 9.66 - - 8
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After reviewing the top findings, it was discovered that fractionated CHL extract
at 4 mg/mL completely inhibited mycelial growth of M. gypseum (Figure 2), fractioned
water extract at 5 mg/mL and methanol (DMET) extract at 4 mg/mL completely inhibited
mycelial growth of M. gypseum. Further study going on the fractioned CHL of fruit’s
epicarp section was concentrated on it because it was discovered to have stronger activity.

Figure 2. Anti-dermatophytic activity of various extracts of B. aegyptiaca epicarp on M. gypseum.
C—control, D—DMSO, K—ketoconazole.

After an incubation period, the MICgy was observed and was determined to have
90% inhibition since there was no observable development. The MICy for fractioned CHL
extract of epicarp on M. gypseum was 3.12 mg/mL (Figure 3).
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Figure 3. MIC result of B. aegyptiaca epicarp part fractionated chloroform extract on M. gypseum.

3.3. Phytochemical, LC-MS, and ADMETox Analysis

Phytochemical analysis (Supplementary Table S1) and LC-MS analysis of fractioned
chloroform extract of fruit epicarp (Supplementary Figure S1), then those mass values
were compared with GNPS database and compounds (Supplementary Table S2) were
retrieved further ADMETox results (Supplementary Table S3) were reported in my previous
article [27].

3.4. Modeling and Confirmation

The 3D structure of squalene monooxygenase of M. gypseum was downloaded using
the AlphaFold database. The predicted protein structure (Figure 4a) of squalene monooxy-
genase was verified further, and the results showed that 92.8% of the residues were located
in the area that was most preferred (Figure 4b).

PROCHECK

Ramachandran Plot
saves

Psi (degrees)

135 180
Ph1 (degrees)
Plot statistics
‘Residues in most frvoured rezions [ABL] W5 9LE%
Rasidues in sdditional allowsd regions [.5,15] E 7.0%
‘Besidnes in senarousty allowsd regions [~a.-b.~L-p] 1 0%
Residues in dsallowed regions 0 o
Number of non-giycine and non-proline residues PrTY

Number of end-residues (exc]. Gly and Pro)

Toumber of glyvine residues (shown as triangles)
Nuumber of proline residues

&lus .

Total pumber of residues.

(a) (b)

Figure 4. (a) Predicted 3D structure and (b) Ramachandran plot result of squalene monooxygenase
of M. gypseum.
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3.5. Binding Site Prediction

The binding site of squalene monooxygenase of M. gypseum was predicted, and the
following residues were involved in the binding pocket (Figure 5a) with the values of site
score 1.084 and druggable score 1.007. The Consurf server was used to forecast conserved
residues, which are displayed in Figure 5b.
wvvEarror T T ;;xxﬂnﬂu [ f¥n = CLEV 3}‘-:11.5
::llL.uv.A|cnu -anu.q;- ijm ﬁm\;nu feuncf_:
EEvE <R o rerEvE :x:';pnnl:ux 'xwiuaum R a
ANsEEsvl EEvaliel i:m..uq; vrsBEaoere i$pvvm'

ADEEDxres £AB¥ArDe[w Guef:5AQEH woouBENvEs ool H:EER

291

BEsEi0:E0 povifsas: Anc@vearxs nvicDsu@Ec 1xpsEERELE

t t st t ] &

301 1 321 151 36

rocrisPDE rEErvTvaie BuxeufDE[ CCETDECTED CON-HOvy.E
s £t ] A s f ststsfffsf ss s -

m ™ 251

aotlsvERvE ouwtiviE owskEEwoD surEMIDNDY) GLVEISEOAN o

: ! - H e ae TammE

w1 a @ w s

ofjGx vEsE BN<DGoB:: oofvouPsm: 1xsEEvEra0 OEsODeuatv
i ss L] 1 st H '] 8 ]

LuuFenpifli LBErifeciE veErDcElEL BroecDuws

(a) (b)

Figure 5. (a) Predicted binding site and (b) conserved residues of squalene monooxygenase of M.
gypseum using sitemap and Consurf (s-structurally conserved, f-functionally conserved residues).

The predicted binding site residues of squalene monooxygenase of M. gypseum are
144, G45, A46, G47, 148, A49, G50, E68, R69, S70, P74, R76, 177, V78, G79, E80, L81, Q83,
V105, T107, Y108, G109, Y110, D111, V112, 1113, I121, C136, F137, H138, H139, G140, L142,
1143, A197, D198, G199, Y200, E223, G235, H236, V237, P244, 1245, 1.246, Y248, R256, L.258,
1259, D260, R305, M307, P308, N309, S310, L325, G326, D327, 5328, L329, N330, M331, R332,
H333, P334, L335, T336, G337, G339, M340, V342, A343, D346, T383, 1386, F397.

3.6. Molecular Docking

Using XP (extra precision) docking, the 40 LC-MS-derived composites and naftifine
drug were docked with the squalene epoxidase of M. gypseum. The molecules were dis-
covered through docked complex structure analysis. (3E)-7-Hydroxy-3,7-dimethyl-3-octen-
1-yl-6-O-(6-deoxy-alpha-L-mannopyranosyl)-beta-D-glucopyranoside (CID: 56776227), 2-
phenyl-2-[(2S,3R,4S,55,6R)-3,4,5-trihydroxy-6-[[(2R,3R 4S,55,6R)-3,4,5-trihy droxy-6-(hydr-
oxymethyl)oxan-2-ylJoxymethyl]oxan-2-ylJoxyacetamide (CID: 11248520), as well as platy-
phylloside (CID: 9826264) had the highest number of composites with interactions to
important residues, and more than 12 compounds had a good result than the medication
naftifine (Table 2).

Naftifine drug had a —7.1 kcal/mol docking score and contacts with the binding site
residues Pro 334 and Phe 397. Epicarp’s plant composite 56776227 had a docking score
of —10.1 kcal/mol and bonded with structurally conserved residues Val 78, Gly 109, Tyr
110, functionally conserved residue Glu 80, and binding site residues Asp 111 and Val 112
(Figure 6). The plant composite 11248520 interacted with structurally conserved residues
Val 78 and functionally conserved residues Glu 80 and Pro 334 with a docking score of
—9.8 kcal/mol. The compound 9826264 had a —9.2 kcal/mol docking score and contacts
with binding site residue Pro 224, structurally conserved residue Phe 397, and functionally
conserved residues Glu 80, Thr 336, and Met 340. The compounds obtained from the
epicarp of fruit B. aegyptiaca demonstrated more effective anti-dermatophytic activity as
opposed to the squalene epoxidase.
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Table 2. Docking results of squalene monooxygenase of M. gypseum with compounds derived from
fractioned CHL extract of B. aegyptiaca’s fruit epicarp.

Conll\}):.und Compound Name D%C(IZ;‘/%H S(;i())re Interacting Residues Bond(}jngth
1 (3E)-7-Hydroxy-3,7-dimethyl-3-octen-1-yl 6—0—(6—d§oxy— 101 Val 78, Glu 80, Gly 109, Tyr 110, Asp 1.81,2.29,2.08,3.12,2.14,
alpha-L-mannopyranosyl)-beta-D-glucopyranoside 111, Val 112 1.86
2-phenyl-2-[(25,3R 4S,5S,6R)-3,4,5-trihy droxy-6-
2. (hy d&{ﬁ;ﬁiﬁiﬁggﬁ;;‘ﬁotxr;}gg;"y’hyoian2 98 Val 78, Glu 80(3), Pro 334 172,1.65,2.07,2.45,1.67
ylJoxyacetamide
3. Platyphylloside 92 Glu80, Pro 22 Thy 336, Met340, 509, 2.56,2.61,2.05, 4.98
5. Forchlorfenuron —8.8 Glu 80, Arg 256, Pro 340(2), Phe 397 2.57,5.35,1.89,2.12,5.01
6. trllﬁ’y%:gf;’%r?ﬁ‘;diof;i‘gt’%ﬁggié%‘ii:ﬁ&g3940ie —85 Val 78, Glu 80, Leu 81, Thr 336 2.04,2.07,2.53,2.17
7. Thelephoric acid -7.9 Val 78(2), Arg 256 1.83,2.23,1.92
. HE GBIy dibydon buanooume
9. N-Acetyl-D-Galactosamine -7.6 Glu 80, Pro 334, Thr 336, Gly 337 2.60,2.08,2.18,2.57
10. N~5~-Carbamoyl-N~2~-(phenylacetyl)ornithine ~74 Gly 109, Gly %3}156 ,5;‘7’ 334 Gly337, 5 04,235,2.11,1.97,490
e T Gl 30, Ar 5
2-[5-[2-[2-[5-(2-oxopropyl)oxolan-2-
12. yl]propanoyloxy]bu’tzi]igxolan—Z-yl]propanoic -72 Thr 336, Gly 337, Gly 339, Met 340 2.04,2.76,1.70,2.11
13. Naftifine -71 Pro 334, Phe 397 2.06,4.88
14. 3-[(E)-2-(3-Hydroxyphenyl)ethenyl]-5-methoxyphenol =71 Leu 258, Phe 397 1.64,5.03
15. N-Acetylneuraminate —6.9 Val 78, Arg 305, Pro 334(2), Thr 336 1.95,4.05,1.81,2.04,2.18
16. Deoxycytidine —6.4 Glu 80, Leu 81, Arg 256, Met 340 1.92,2.28,4.72,2.64
5-hydroxy-7-[4-hydroxy-2-methoxy-3-(3-methylbut-2-
17. enyl)phenyl]-2,2-dimethyl-7,8-dihydropyrano[3,2- —6.4 Gly 337 2.09
glchromen-6-one
18. Adenosine —6.3 Glu 80, Arg 256, Pro 334 2.52,6.44,1.98
19. N-Acetyl Phenylalanine —6.2 Pro 334, Thr 336, Phe 397 2.04,2.63,5.00
20. Citreorosein —6.0 Glu 80, Gly 109, His 236 2.09,2.29,2.30
21. z'hydr°X%&‘fﬁgnﬂqy‘iZtyl;f,igﬁ;ﬁ;ﬁg’iﬁ'ze“yl)'6' —6.0 Thr 336, Gly 337, Phe 397 2.08,2.70, 4.84
22. Cortisol —5.7 Val 78, Glu 223 2.14,1.83
23. Caffeate -5.5 Pro 244, Thr 336, Phe 397 2.75,2.18,4.86
24. N-methylaurotetanine =51 Pro 334 1.62
25. Phenylalanine —-5.0 Pro 334, Phe 397 2.19,4.92
26. Pulvinic acid —5.0 Arg 256, Thr 336, Gly 337 2.01,2.28,2.31
27. 5-Chlorodivaricatinic acid —49 Val 78, Glu 80, Arg 256 2.07,2.12,3.53
28. Glucosaminate —4.8 Tyr 200, Asp 327, Gly 339, Met 340 2.01,1.75,2.49,2.13
29. 7-methoxy-9,10-dihydrophenanthrene-2,5-diol —4.8 Pro 334 2.05
30. p-Coumaric acid —4.2 Pro 244, Thr 336, Phe 397 2.67,2.33,4.89
31. Paraxanthine —4.0 Glu 80, Arg 256, Pro 334 1.90,6.34,2.17
32. Lycorine —4.0 Glu 80, Gly 109, Gly 235, Tyr 248 4.58,2.32,1.98,2.25
33. Theobromine -39 Glu 80, Leu 81, Met 340 2.21,2.38,2.21
(4S,4aR,7aS,9aR)-4,6,6-trimethyl-3-oxo-
34. 1,3,4,5,6,7,7a,9a-octahydropentaleno —-34 Val 112 2.09
[1,6a-c]pyran-9-carboxylic acid
35. Norepanorin —34 Glu 80, Val 112, Thr 336 2.46,2.16,2.06
36. Allocryptopine -3.0 Thr 336 1.82
37. Hexadecanoic acid -29 Gly 339, Met 340 2.04,2.06
38. Minoxidil -2.3 Tyr 248 533
39. Tetradecanoic acid -2.1 Gly 339, Met 340 2.70,1.84
40. 11-eicosenoic acid -2.0 Asp 111, Val 112 2.59,1.78




Microbiol. Res. 2023, 14 1272

(b)

(©)

Figure 6. Docked structure of compound (a) 56776227, (b) 11248520, (c) naftifine with squalene
epoxidase (SE).
3.7. MMGB-SA Analysis

From the binding free energy calculation studies, the compounds 56776227 and
9826264 have good binding energy values of —51.92 kcal/mol and —47.03 kcal/mol, re-
spectively, which are better than the drug naftifine. The drug molecule has a dG bind value
of —40.59 kcal/mol (Table 3).

Table 3. MM-GBSA calculation for selected docked complexes.

S.No Compound MMGBSA dG Bind
1 567776227 —51.92
2 11248520 —38.08
3. 9826264 —47.03
4 Naftifine —40.59
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3.8. Molecular Dynamics Simulation

MD simulation is an essential study to realize the steadiness of the ligand’s binding
attraction while the protein is simulated. The Desmond module of Schrédinger was used
to observe the stability of complicated structures of SE with compound 56776227 and SE
with the drug naftifine.

3.9. Squalene Epoxidase (SE) with Compound 56776227

The RMSD plot revealed that the docked structure of protein squalene epoxidase and
compound 56776227 exposed that the equilibrium of both protein C-alpha atoms and heavy
atoms of ligand fluctuated up to the 35th ns. Then, both the atoms did not fluctuate more,
and if the time period of the simulation was extended, the equilibrium may be within
the adequate range of 3A. In addition, there were no deviations between the protein and
ligand up to the completion of the simulation period (Figure 7a), indicating that this docked
structure was steady.

(V) OSIWY puepry ;
RMSF (4)

(a) (b)

Figure 7. Protein-ligand RMSD (blue color indicates protein C-alpha of SE and red color indicates
heavy atoms of 56776227 (a) and protein RMSF (b) plots of MD simulation results of docked structure
of SE with compound 56776227.

The RMSF plot depicts the variation in specific squalene epoxidase protein residues.
According to the analysis, the residues around the 10th, 290th, 410th, and 480th were more
fluctuated than other residues, but the binding pocket residues were within the permissible
range of 3A (Figure 7b). As a result, the protein was sturdy.

According to the study of the protein-ligand contacts timeline image, the substance
56776227 had preserved the interactions with the residues Glu 80, Gly 109, Gly 235, Leu
246, Tyr 248, Pro 334, and Thr 336 of squalene epoxidase with maximum simulation period
(Figure 8a).

The molecule 56776227 interacted via hydrogen bonds with the functionally conserved
residues Glu 80, Tyr 110, Pro 334, and Thr 336 and the binding site residues Gly 109 and Cys
136, and had hydrophobic interactions and water bridges with the binding site residues
Val 105, Leu 246, and Tyr 248 and Thr 107, Gly 235 and His 236, respectively, as seen in the
histogram of protein-ligand contacts (Figure 8b). The 2D image at the 50th ns reveals that
the residues Glu 80, Gly 109, Pro 334, and Thr 336 had hydrogen bond interactions, and
these interactions maintained the maximum period of the simulation time (Figure 9).

3.10. Naftifine with Squalene Epoxidase

The MD simulation result of the docked complex structure of naftifine with squalene
epoxidase reveals that the complex structure was good because the heavy atoms of naftifine
were presented within the 2.5 A and C-alpha atoms of squalene epoxidase steadily after
the 27th ns to the end of the simulation period (Figure 10a). From the analysis of RMSF, the
residues of squalene epoxidase were within an acceptable area, but some residues fluctuated



Microbiol. Res. 2023, 14

1274

more, especially the residues around the 280th, 370th, and 420th positions. However, the
residues involved in binding site regions were within the boundary (Figure 10b).
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Figure 10. Protein-ligand RMSD (a) and protein RMSF (b) plot of MD simulation result of docked
structure of SE with compound 56776227.

3.11. Protein—Ligand Interactions

From the timeline plot, the drug molecule naftifine interacted with the functionally
conserved residue Glu 80, binding site residues Leu 81, Leu 246, Tyr 248, Leu 258, and
Leu 335 of squalene epoxidase (Figure 11a). The histogram plot of protein-ligand contacts
showed that the residue Glu 80 had a strong hydrogen bond interaction; Glu 80 had ionic
interactions; Leu 81, Tyr 110, Leu 246, Leu 258, His 333, and Leu 335 had hydrophobic
interactions; and Pro 334 with water bridges (Figure 11b). The 2D diagram showed that the
drug naftifine interacts with Glu 80 and Tyr 248 at the 50th ns, but other than these residues,
Leu 81, Leu 246, Leu 258, and Leu 335 had maintained the interactions with naftifine at the
maximum time period (Figure 12).
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Figure 11. (a) Timeline showing ligand interactions with various amino acid residues of squalene
epoxidase. (b) Different contacts between SE and naftifine over the progress of the MD simulation.
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The docked structure of squalene epoxidase and compound 56776227 was more stable
than the docked structure of SE with naftifine, according to the analysis of different MD
simulation parameters. According to this research, the substance compound 56776227
effectively inhibits the squalene epoxidase protein in M. gypseum.

4. Discussion

Dermatophytes are widely spread all over the world, especially in warm and humid
weather countries [28]. Patients all around the world experience socio-physiological issues
because of the dangerous superficial infection known as dermatophytoses, so it is important
to offer a safer, less expensive course of therapy.

Previous research showed that water and MET extracts of Balanites aegyptiaca’s fruit
may have probable effects against species of Aspergillus and Candida [29]. In addition to that,
the fruit mesocarp of B. aegyptiaca’s fractioned methanol extract had antidermatophytic
activity against M. gypseum [30].

Additionally, effective antifungal action was present in flavonoids, steroids, and
phenolic compounds [31,32]. The fractioned CHL extract of fruit epicarp used in the current
research revealed saponins, steroids, flavonoids, and phenols to have antidermatophytic
effects against M. gypseum.

The squalene epoxidase enzyme turns squalene into squalene oxide. Additionally,
the formation of lanosterol and cell membranes depends on this enzyme. Squalene epoxi-
dase was inhibited, which increased squalene accumulation in cell membranes, increased
membrane permeability, disruption of cellular processes, and eventually fungal death. The
effect of allylamines on ergosterol biosynthesis is similar to that of azoles, but they work
at an earlier stage by inhibiting squalene epoxidase [33]. According to Nowosielski et al.
(2011) [34] and Yamada et al. (2017) [35], the residues Tyr 90, Val 92, Phe 402, Cys 416, and
Phe 420 of squalene epoxidase in S. cerevisiae interacted with terbinafine. In molecular
docking and molecular dynamics simulation studies, comparable residues from M. gypseum,
such as Tyr 110, Val 112, and Phe 397, were obtained.

The compounds 56776227, 11248520, and platyphylloside are the top-ranked com-
pounds in docking studies. The chemical substance 56776227 belongs to the fatty acyl
glycosides class. The fatty acyl glycosides have potent antimicrobial activity against bac-
terial and fungal pathogens [36]. Compound 11248520 is another important compound;
it is the class of O-acyl carbohydrate. The carbohydrates have significant antifungal and
antibacterial activity; especially, they were good inhibitory activity against the protein
Lanosterol 14alpha-demethylase [37]. Platyphylloside is a class of diarylheptanoids; it
exhibits effective antifungal activity against Fusarium equiseti, F. tricinctum, Candida albicans,
and Saccharomyces cerevisiae [38] and effective antifungal inhibitor against T. rubrum [27].

Compound 56776227 was established to interact with significant squalene epoxidase
residues, and RMSD and RMSF values were within the allowable range; this shows that
the complex is steady. In addition, Compound 56776227 had maintained the interactions
with Glu 80, Gly 109, Tyr 110, Tyr 248, Pro 334, and Thr 336, which were structurally and
functionally important residues of squalene epoxidase protein for inhibiting the function of
ergosterol biosynthesis pathway in M. gypseum [39]. Therefore, this study firmly suggests
the antidermatophytic activity of compound 56776227 was superior to that of terbinafine
and naftifine; consequently, the effectiveness of this substance against M. gypseum will be
further investigated.

5. Conclusions

This research study proved that the plant B. aegyptiaca has effective medicinal assets
by testing an epicarp fractionated chloroform extract against the pathogen M. gypseum
that causes dermatophytoses. Additionally, in silico research verified that the substances
56776227, 11248520, and 9826264 were extracted from the epicarp, and they interacted
with key residues in the M. gypseum squalene epoxidase. This research demonstrated the
high potential of the compound 56776227 to combat dermatophytes. Further research on
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compound 56776227 will be conducted to ascertain its effectiveness through in vitro and
in vivo tests against M. gypseum.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/microbiolres14030085/s1, Figure S1: LC-MS analysis of fractioned
CHL extract of epicarp portion of B.aegyptiaca; Table S1: Phytochemical analysis of fractioned
chloroform extract of B.aegypptiaca fruit epicarp; Table S2: LC-MS derived compounds from fractioned
chloroform extract of epicarp of Balanites aegyptiaca; Table S3: ADMETox analysis of LC-MS derived
compounds from epicarp of B.aegyptiaca
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