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Abstract

Neurodegenerative disorders (NDDs) are associated with increased activities of the brain acetylcholinesterase (AChE),
butyrylcholinesterase (BChE) and B-secretase enzyme (BACE1). Inhibition of these enzymes affords therapeutic option
for managing NDDs such as Alzheimer’s disease (AD) and Parkinson’s disease (PD). Although, Gongronema latifolium
Benth (GL) has been widely documented in ethnopharmacological and scientific reports for the management of NDDs,
there is paucity of information on its underlying mechanism and neurotherapeutic constituents. Herein, 152 previously
reported Gongronema latifolium derived-phytochemicals (GLDP) were screened against h2AChE, ABChE and #BACE-1
using molecular docking, molecular dynamics (MD) simulations, free energy of binding calculations and cluster analysis.
The result of the computational analysis identified silymarin, alpha-amyrin and teraxeron with the highest binding energies
(-12.3, -11.2, -10.5 Kcal/mol) for hAChE, nBChE and #BACE-1 respectively as compared with those of the reference
inhibitors (-12.3, -9.8 and — 9.4 for donepezil, propidium and aminoquinoline compound respectively). These best docked
phytochemicals were found to be orientated in the hydrophobic gorge where they interacted with the choline-binding
pocket in the A-site and P-site of the cholinesterase and subsites S1, S3, S3° and flip (67—75) residues of the pocket of
the BACE-1. The best docked phytochemicals complexed with the target proteins were stable in a 100 ns molecular
dynamic simulation. The interactions with the catalytic residues were preserved during the simulation as observed from
the MMGBSA decomposition and cluster analyses. The presence of these phytocompounds most notably silymarin, which
demonstrated dual high binding tendencies to both cholinesterases, were identified as potential neurotherapeutics subject
to further investigation.

Keywords Neurodegenerative disorders - Acetylcholinesterase - Butyrylcholinesterase - Molecular docking - Molecular
dynamic simulation - Silymarin

P4 Gideon Ampoma Gyebi
gideonagyebi@gmail.com

Department of Biochemistry, Faculty of Science and
Technology, P.M.B 005, Karu, Nasarawa State, Nigeria

Natural Products and Structural (Bio-Chem)-informatics
Research Laboratory (NpsBC-R1), Bingham University,
Nasarawa, Nigeria

Nutritional and Industrial Biochemistry Unit, Department of
Biochemistry, Faculty of Basic Medical Sciences, College of
Medicine, University of Ibadan, Ibadan, Nigeria

Department of Biophysics, Faculty of Sciences, Cairo
University, Giza, Egypt

Department of Biological Sciences, KolaDaisi University,
Ibadan, Nigeria

Faculty of Basic Medical Sciences, Department of
Pharmacology and Therapeutics, University of Ilorin, Ilorin,
Nigeria

Department of Biochemistry, Faculty of Computing and
Applied Sciences, Baze University, Abuja, Nigeria

Department of Pharmacology and Therapeutics, Faculty of
Veterinary Medicine, Damanhour University,
Damanhour, AlBeheira 22511, Egypt

Department of Biochemistry, Faculty of Life Sciences,
University of Ilorin, Ilorin, Nigeria

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s11030-023-10658-y&domain=pdf&date_stamp=2023-6-2

1306

Molecular Diversity (2024) 28:1305-1322

Introduction

Neurodegenerative disorders (NDDs) are a cluster of dis-
eases characterized by gradual damage and loss of suscep-
tible group of neurons predominantly those associated with
the central nervous system [1]. Alzheimer’s disease (AD),
Parkinson’s disease (PD) and other PD-related disorders
such as Spinal muscular atrophy (SMA), Spinocerebellar
ataxia (SCA), Huntington’s disease (HD), Motor neuron
diseases (MND), Prion disease e.t.c belongs to this cluster
of diseases and have been reported to affect millions of peo-
ple worldwide [2]; and thereby considered as a major cause
of about 1 billion death and disability globally [3]. From a
global perspective, the number of people diagnosed of AD
and PD alone has risen over 5.4 and 10 million respectively,
further indicating that, NDDs may continue as one of the
foremost causes of death [1, 4]. A recent report on demen-
tia indicated that, the number of people living with this
condition would rise from the 57-4 million cases globally
in 2019 to (130-8-175-9) million cases in 2050 [5]. Cur-
rently, there is no ideal therapy for NDDs as patients con-
tinue to experience impaired mental functions (dementias)
and movement (ataxias) through the progressive degenera-
tion and/or death of nerve cells [6]. The multiple etiologi-
cal factors associated with NDDs including aggregation of
misfolded proteins, decline in the brain neurotransmitters,
inflammation, oxidative stress, mitochondrial dysfunction,
apoptosis, and other genetic factors are promising therapeu-
tic targets in these conditions [7]. In particular, cholinergic
enzymes which may cause decline in important neurotrans-
mitters such as neuroactive amines acetylcholine, butylryl-
choline, are associated with the prevalence of neurological
disorders; and thereby dubbed important drug targets [8].
Therefore, compounds that can bind strongly to both ace-
tyl choline esterase (AChE) and butyryl choline esterase
(BChE) with inhibitory activities are potential agents in the
line for drug discovery and design in the fight against neu-
rodegenerative disorders which underscores the importance
of both cholinesterase enzymes in clinical of research for
the treatment of neurological disorders [9, 10]. Strategies
that involve the inhibition of these enzyme will increase
the concentration of butyrylcholine and acetylcholine in the
brain and by this means improve neural communications in
the brain. Using this approach, some cholinesterase inhibi-
tors have been developed as therapeutics for managing
NDDs [11]. The B-secretase enzyme (BACEL) is another
emerging drug target in NDDs. The p-amyloid (AP) fibrils
are the main component of amyloid plaques in brain of
AD patients and probably play a key role in the pathogen-
esis of neurodegenerative disorders [12—14]. The BACEI,
which is a transmembrane aspartyl protease, saddled with
the major function of cleaving the transmembrane amyloid
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protein with the resultant production of the B-stubs, has
been indicated to be involved in the rate-limiting catalytic
step that eventually produces AP [15]. Hence, inhibitors of
the BACE1 enzymes may also afford therapeutic option for
the treatment of AD.

Recently, bioactive molecules from natural products
are being screened as cholinesterase inhibitors using dif-
ferent models for the management of cognitive degenera-
tion and neurological disorders. The search for inhibitors
of cholinesterase from medicinal plants has been on the
increase because the usual orthodox drugs are inefficacious,
expensive, non-selective with poor bioavailability and dis-
couraging cholinergic side effects (such as hepatotoxicity,
short half-life, moderate to low effectiveness nausea, gastro-
intestinal disorders, dizziness, diarrhea, and vomiting) in the
periphery [14]. Gongronema latifolium Benth, a food plant,
have folkloric claims of being able to manage neurologi-
cal disorders [16]. It is an edible green-leafy tropical plant
with yellow flower belonging to the Asclepiadaceae family
[17]. It is common in Nigeria and most of the West African
countries. In Nigeria, it is often referred to as Arokeke by
the Yorubas; Utazi by the Igbos; Utasi by the Ibibios, Quas
and Efiks. Akan-Asante aborode is the local name in Ghana
while the Senegalese call it Sever gasule. G. latifolium is
common for both its nutritional and medicinal values. Dif-
ferent parts for the plants have been used in folk medicine
for treating different types of medical condition health bene-
fits of different parts of this plant cannot be over emphasized
especially in traditional medicine. Several pharmacologi-
cal activities attributed to bioactive compounds of the leaf
extract of G. latifolium includes: antihyperglycemic/hypo-
glycemic/hypolipidemic/antidiabetic [18-28], nephropro-
tective [29, 30] hepatoprotective [30, 31], antioxidant [32,
33], anticancer [34, 35], antimalaria [36, 37], neuroprotec-
tion [38], antihaematopoietic [39] anti-inflammatory [39]
antiulcer [40] immunomodulatory [41], antibacterial [42],
antimicrobial [43], tissue regeneration [29] and learning
and memory enhancer [44]. Although, the polypharmacol-
ogy potential of the plant in the prevention and management
of NDDs has been reported by previous studies that include
computational screening [45, 46], there is still dearth of sci-
entific information on the major constituent of leaf of G.
latifolium that is responsible for the management of neu-
rodegenerative diseases. Thus, the present study is aimed
at computationally screening previously reported bioactive
compounds from Gongronwma latifolium for their inhibi-
tory potential against acetylcholinesterase, butyrylcholines-
terase, and beta-secretase 1, (BACE1) enzymes.
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Methods
Preparation of proteins

The 3D crystallographic structures of Auman acetylcholines-
terase (hAChE) complexed with donepezil (PDBID: 4EY7),
human butyrylcholinesterase (hBChE) complexed with
propidium (PDBID: 6ESJ) and human B-secretase (BACE-
1) in complex with aminoquinoline compound 1 (PDBID:
513V) were accessed from the http://www.rcsb.org (Protein
Data Bank) The co-crystallized ligand and water molecules
accompanying the respective proteins were deleted, while
the hydrogen atoms that were missing added using MGL-
AutoDock Tools (ADT, v1.5.6) The Kollamn charges were
added as the partial atomic charge [47]. All proteins were
subjected to the same procedure.

Ligands preparation

The Structure Data Format of one hundred and fifty two
(152) phytocompounds that were previously identified in
various extracts from Gongronema latifolium through gas
chromatographic flame ionization analysis [48] as well as
the co-crystalized and/or reference inhibitors (Donepezil
and propidium) were assessed from www.pubchem.ncbi.
nlm.nih.gov a PubChem database. Structures that were not
available on the database were drawn using ChemDraw
19.0. The SDF format of the ligands converted to the mol2
format in Openbabel [49]. The AutoDock function tools as
implemented in PyRx 0.8 was used to convert the ligands to
PDBQT format [50].

Validation of docking protocol

The reference compounds which are the co-crystalized with
the proteins were retrieved from the respective crystal struc-
tures and saved in PDB format using BIOVIA Discovery
Studio Visualizer 20.1.0, San Diego, CA, USA 2020. The
retrieved ligands were docked into the reference active site
of their respective proteins. The docked pose having the
least minimal energy was selected and superimposed on
the extracted native ligand using BIOVIA Discovery Studio
Visualizer 20.1.0. Further analyses were performed using
the same software.

Targeted Molecular Docking

After validating the protocol to be used for the docking
studies, the Gongronema latifolium derived phytochemicals
(152) (GLDP) and reference inhibitors (donepezil and prop-
idium) were docked in a targeted manner into the active site
of (hAChE) and (ABChE) using an incorporated AutoDock

Vina function in PyRx 0.8 [50]. The ligands (phytocom-
pounds and reference compounds) were imported via the
OpenBabel section of PyRx 0.8 and minimized with Open-
Babel [51]. The energy minimization parameter that was
employed was Universal Force Field (UFF), while the opti-
mization algorithms employed was the conjugate gradient
descent. The catalytic pockets of the respective enzymes
were mapped by selecting interacting residues with the
native ligands in the binding pockets of the enzymes. The
mapped-out region was defined by a grid box size and cen-
tre (Table S1) and employed for the docking studies. The
default exhaustiveness of 8 was used.

Molecular dynamics

The apo proteins (4EY7, 6ESJ and 5I3V), and the best
docked phytochemical in their complexed form with the
respective enzymes were further investigated for the stabil-
ity of the bound complexes using Molecular Dynamic (MD)
simulation for a period of 100 ns on GROMACS 2019.2
employing the GROMOS96 43al forcefield implemented
on WebGRO [52-54]. The topology files for the ligands
were gotten from http://davapcl.bioch.dundee.ac.uk/cgi-
bin/prodrg (PRODRG webserver) [55]. The protein and the
protein complexed with the ligands were solvated in a cubic
box with a four-point (TIP4P) water model. A 0.154 M
(physiological concentration) was set for neutralized NaCl
ions to which the periodic boundary conditions employed. A
10,000 steps minimization for each of the systems was exe-
cuted using the steepest descent algorithm for 0.3 nanosec-
onds in constant number of atoms, volume, and temperature
ensemble (NVT) ensemble. An equilibration for 0.3 nano-
seconds in a constant no. of atoms, pressure and temperature
(NPT) was further applied. Pressure and temperature were
set to 1 atm and 310 K; and were maintained throughout the
period of the simulation using Parrinello-Rahmanbarostat,
and velocity rescale respectively. Also, with a time step of 2
femtoseconds the Leap-frog integrator was employed. The
100 ns simulation run was completed for each of the sys-
tems with a total of 1000 frames gotten from 0.1 nano a
snapshot that was saved. The obtained MD trajectories were
evaluated using the scripts on TK console in VMD [56]. The
thermodynamic parameters including number of H-bond,
SASA, RMSD, RoG and RMSF were then analysed.

Binding free energy calculation using MM-GBSA

For further analysis of the interactions of the best docked
phytochemicals and the reference compound with respec-
tive protein targets, free energy of binding using Molecular
Mechanics Generalized Born Surface Area (MM-GBSA)
computation was implemented. The gmx MMPBSA
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package was used to compute the free energy of binding
using MM-GBSA algorithm for each complex systems,
The binding energies were decomposed to get the of amino
acids within 10 A around the ligand [57, 58]. The concen-
tration of salt and solvation (igb) were set to 0.154 M and 5
respectively, while the internal and external dielectric con-
stant were set to 1.0 and 78.5 respectively. The MM-GBSA
method is depicted in Eq. 1

AG = Geomplex — Greceptor — Gligand @)

Different energy terms were calculated according to Eq. 2
to 6>

AGbinding = AH — TAS 2)
AH = AFEgas + AFEsol 3)
AEgas = AEele + AEvdW “)
AFEsolv = EGB + ESA &)
ESA=~.5A5A (6)
Where:

AH is the calculated enthalpy from solvation-free energy
so) and gas-phase energy (E;).

The TAS which represent entropic contribution to the
free binding energy was not computed in this study.

E,,s comprises of van der Waals (E,4y,) and electrostatic
cler) tEIMS.

E, was computed from the polar solvation energy (Eqp)
while (Eg,) nonpolar solvation energy was assessed from

the accessible solvent surface area [59, 60].

(E

(E

Clustering of molecular dynamic trajectory

After a 100 ns atomistic MD simulation analysis, the MD
trajectories for the protein-ligand systems were subjected to
cluster analysis using TTClust V 4.9.0 that employed the
the elbow method. After the conformation clustering, con-
formers that serve as representative structures were chosen.
Protein-Ligand Interaction profiler (PLIP) [61] was used
for the interaction analysis. Unlike the downloaded crystal-
ized structures with gaps in the numbering of amino acid
residues, During the cluster anlaysis the amino acid resi-
dues were automatically re-numbered so that the numbering
starts from number 1 until the last number of the protein the
sequence.

@ Springer

Results and discussion
Validation of docking protocol

Before the commencement of docking experimentation,
the validation step is a very important step that is used to
predict the precision, reliability and accuracy of the dock-
ing protocol [62]. In this study, the generated docked poses
of the reference compounds having the least energetic con-
formation were superimposed on the native ligand that was
co-crystallized with the protein so as to validate the proto-
col to be used for the molecular docking investigation of
the GLDPs (152). After the superimposition, the root mean
square deviation (RMSD) was computed. The RMSD for
the for donepezil, propidium and aminoquinoline com-
pound 1 were 0.5761, 0.6005 and 0.000 A respectively. The
low RMSD shows that the docking protocol was suitable for
the docking of phytochemicals (Figure S1).

Molecular docking study

Molecular docking technique has developed over the time
into an important tool that is used in the discovery of drugs
[63]. This techniques has been used to identify novel com-
pounds of therapeutic interest from large data libraries and
to model or predict the interaction between small molecules
and protein; and thereby enables characterization of how
small molecules will behave at the binding site of target
protein [64]. The results of binding energies of the GLDP
(152) and reference compounds (donepezil, propidium and
aminoquinoline (compound 1) against ZAChE, ZBChE and
hBACE-1 are presented in the supplementary data (Table
S2). Ten hit phytochemicals were selected on the bases of
low binding energy, orientation in binding site and inter-
action with catalytic residues. The binding energy ranges
for the ten hit phytochemicals are: -11.2 to -12.3, -10.6 to
-11.2 and — 9.4 to -10.4 Kcal/mol for AFAChE, ABChE and
hBACE-1 respectively. The results showed that donepe-
zil had binding energies of -12.3 and —11.2 Kcal/mol for
hAChE and #BChE respectively, while and propidium had
—10.2 and —9.8 Kcal/mol for ZAChE and #BChE respec-
tively. Aminoquinoline (compound 1) had a binding energy
of'-9.8 Kcal/mol. It was further observed that silymarin was
the only phytochemical that exhibited dual high docking
tendencies to both the ZAChE and #BChE. It is also worthy
of note that, although all the top ten phytochemicals had
comparable scores with the reference inhibitor, silymarin
and sakuranin presented the same binding energy as done-
pezil to AAChE while all the selected 10 had binding energy
higher than the propidium in their interaction to ABChE
(Table 1). The structures of the top docked phytocompounds
is presented in Fig. 1.
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Table 1 Binding energies of the reference compounds (S1-S3) and 10 hit phytochemicals and that were docked to the active sites of human Ace-

tylcholinesterase, Auman butyrylcholinesterase and human B-secretase

Ligands Binding Ligands Binding Binding
energy energy energy
(Kcal/mol) (Kcal/mol) (Kcal/mol)
hAChE hBChE hBACE-1
S1 Donepezil (E=306.68) -12.3 Donepezil (E=306.68) -10.2
S2 Propidium (E =668.97) - Propidium (E=668.97)  -9.8
S3 - - Aminoquinoline comp. 1 -9.4
(E=291.99)
1 silybin A uff (E=444.88) -12.3 Alpha amyrin -11.2 Taraxeron (E=1187.93) -10.5
(E=681.59)
Sakuranin uff (E=435.11) -12.3 silybin A (E =444.88) -11.1 Solagenin (E=816.94) -10.4
3 Epigallocatechin-3-gallate  -11.9 Paclitaxel _ (E=2435.27) -11.1 Naringin (E=615.77) -104
(E=325.39)
4 Epigalocatechin -11.9 Camptothecin -11 Rutin_uff (751.29) -10.3
(E=325.39) (E=403.24)
5 Ellipcine (E=463.99) -11.5 Taraxeron (E=1187.93) -11 Isoquercetin (E=609.42) -10.1
6 Dehydroabietic acid -11.5 Diosgenin (E=743.33)  -10.6 Hispigenin (E=770.07)  -10.1
(E=439.63)
7 Naringin (E=615.77) -11.2 Rutin (E=751.29) -10.6 Alpha_amyrin -10
(E=681.59)
8 Epieudesmin (E=680.46)  -11.1 Hecogenin (E=835.92) -10.6 Diosgenin (E=743.33)  -10
S-avenasterol (E=590.17) -11 Yanogenin (E=727.49)  -10.6 Neochlorogenin -10
(E=739.41)
10 Chicoric acid (E=272.31)  -10.9 Lupeol ( E=928.20) -10.6 Baicalin (E=439.91) -9.9

S: reference compound; AAChE: human Acetylcholinesterase; ABChE human butyrylcholinesterase and hBACEL: Auman B-secretase (values
in brackets are the energy in KJ/mol after minimization step). The two best docked compounds are in boldface

Fig. 1 Chemical Structure of top docked compounds (a) silybin
A (CID: 31,553) (b) Sakuranin (CID 73,607) (c) alph-amyrin (CID
73,170) (d) Taraxerone (CID 92,785) (d) Solagenin (CID 155,860)

Interactions of selected phytochemicals with

the amino acid in the active site of human
acetylcholinesterase, human butyrylcholinesterase
and human B-secretase

Although molecular docking is now majorly employed in

the virtual screening of compounds from small and large
databases, it was initially developed to provide understand-
ing of the mechanisms of molecular interaction between
large and small molecules [64], the knowledge of such inter-
actions can be used to predict the catalytic mechanism of a
known or unknown ligand especially those that are involved
in the inhibition or activation of a particular protein [65]. In
this study, the best docked phytochemicals (silymarin and
sakuranin for #AAChE, a-amyrin and silymarin for ZBChE,
taraxeron and Solagenin for ABACE-1), and reference com-
pounds from the docking studies were selected for interac-
tion analysis. Table 2 shows the various interactions in the
active groove of the enzymes. The interactions between the
respective groups of the ligand and the amino acids of the
active site of donepezil co-crystalized ZAChE revealed that
donepezil was docked into the gorge active site (Fig. 2M).
The revalidated docked conformation revealed that done-
pezil was stretched in the long, narrow, hydrophobic gorge
of hAChE in similar fashion as the native ligand [66]. Only
one hydrogen bond was observed between the carbonyl
oxygen of the indenone ring and Phe295. The piperidine
ring of donepezil formed 2 Pi-Alkyl contacts with Tyr337
and Tyr341 of AAChE. The 1-benzyl unit of donepezil
interacted through an aromatic Pi-Pi stacking to Trp86
and His447. Two Pi-sigma bonds were observed between
the 5-methoxy unit of inden-1-one, the piperidine ring and
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Table 2 Amino acid interactions Compounds  Protein Hydrogen bonds Bond distance (A) Hydrophobic Interaction
of human acetylchollne§terase Numbers Interacted amino acid Numbers Interacted amino acid
agdhhzltlman butyrylchl(ihnesterase residues residues
:ﬁé rz fzrggebiens}tn%?; resd GLDPs S neperil 1 Phe295 (2.88) 2 His447 Trp86 Trp286
Tyr341 Trp286 Phe338
Tyr337
Sakuranin ~ ZAChE 5 Gly122 (2.81) Ser203 3 Phe338 Tyr341 Trp286
(2.77) Gly120 (3.00)
Gly121 (3.40) Trp86
(3.35)
Silymarin 4 Tyr133 (2.86) Gly126 3 Trp86 Tyr337 Phe338
(3.47, 3.47) Glu202 Trp286 Tyr341
(2.98) Val294 (3.16)
Phe294 (2.56) Ser293
(3.08)
Propidium 2 Ser'® (2.81) Trp**! 7 Tyr332 Phe329(2) Leu
(3.03) 286 Trp231 Trp82 Glul97
Amyrin hBChE 3 Trp82 Ala277 Try332
Pro285 Phe329 Ala328
Silymarin 2 Asn289 (2.16) Ser287 6 Trp82 His483
(2.67) Tyr128 Glul197
(2.34) Trp82 His483
Compound BACE-1 5 Asp228(2) Asp32(2) 8 Tyr71(5) Phel108 Val69(2)
1 Gly34
Teraxeron 10 Val69 Phel08 Ile110
Tyr71(5) Tyr198 1le126
hAChE: human Acetylcholines- Solagenin 2 Ser35 Gly230 12 Leu30 Val69 Tyr71(3)
terase; ABChE human butyryl- Trp76 Trpl15 llel26
cholinesterase and hBACE-1: Tyr198 Ile118(2)
human B-secretase Phel08(2)

Trp286 and Phe338 respectively. (Fig. 2a). Silymarin, the
best docked phytochemical to AAChE was orientated in
the active site of gorge. The 4-hydroxy-3-methoxyphenyl
unit formed 2 hydrogen bonds between its hydroxyl sub-
stituent to Tyr133 and Glu202, the methoxyl unit received
a hydrogen atom from Gly126. The 3-methoxyphenyl unit
made aromatic Pi-Pi stacking contact with Trp86. The phe-
nyl unit of benzodioxine ring made a Pi-Pi T-shaped and a
Pi-Pi stacking with Try337 and Phe338 respectively, while
the phenyl unit of chromen-4-one ring made 2 Pi-Pi stack-
ing hydrophobic contacts with Trp286 and Tyr341 (Fig. 2b).
Sakuranin was docked into the active site of ZAChE in a
pattern similar to the binding of donepezil. The 4-hydroxyl
unit of the oxan-2-yl ring formed hydrogen bonds with
Gly120 while the 6-hydroxymethyl interacted with Gly121
and Tyr86 of hAChE. The oxygen atom of the 7-methoxyl
unit of the chromen-4-on ring received 2 hydrogen atoms
from Ser203 and Gly122 to form 2 hydrogen bonds. The
phenyl ring of the chromen-4-on moiety made a Pi-Pi aro-
matic stacking while the 4-hydroxyphenyl unit interacted in
a Pi-Pi T-shaped stacking with Tyr341 and Trp286 (Fig. 2c¢).

It can be observed that the best docked phytocompounds
were found to interact with the catalytic triad consisting of
Ser203, His447, and Glu334 [67] and other aromatic residues
that project into the catalytic gorge of ZAChE. The aromatic
moieties of these phytochemicals interacted via pronounced
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n-n stacking to the aromatic amino acids especially of
peripheral anionic site (P-site) residues that is situated at
the rim of the narrow gorge which offers both allosteric and
substrate binding site [68]. The interaction with catalytic
residues was stretched to anionic choline-binding site com-
prising residues Phe331, Trp86, and Tyr334. Among these
residues, the aromatic residues, mainly Try337 and Trp86
are very essential in the inhibitory mechanism of the human
ACHhE [69, 70]. The mode of interaction with the amino acid
residues of P-site has been reported as a major factor that
differentiate between the inhibitory mechanism of AChE
and BChE enzymes [67]. From the catalytic mechanism
of AChE enzyme, the P-site residues play important role
in the orientation and for sliding down of the substrate on
their way to the A-site where it is properly aligned with the
catalytic serine. When the substrate is correctly aligned for
catalysis, the acetyl part of the substrate is tightly accom-
modated by the the acyl-binding residues (Trp236, Phe295
and Phe297) [71].

In the case of ABChE, propidium was docked deep into
the active site gorge aligning in the same pattern as the
native ligand. The phenanthridinium ring was accommo-
dated in the groove of the acyl-binding pocket (Fig. 3M).
The 6-phenyl moiety linked to the phenanthridinium ring
also made a Pi-Pi T shaped contact with Tyr332 a P-Site
residue. The first and second rings made Pi-sigma and Pi-Pi
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Fig. 2 Interactions of reference
compound and best docked
GLDPs with the amino acid
residues of the active site of
hAChHE. The ligands presented
in stick conformation are shown
by different colours (a) Green:
propidium (reference inhibitor)
(b) blue: sakuranin (c) purple:
silymarin, while (S) surface
representation

Fig. 3 Interactions of reference
compound and best docked
GLDPs with the amino acid
residues of the active site of
hBChE. The ligands presented
in stick conformation are shown
by different colours. Stick
representations of the Ligands
are shown by colours (a) Green:
propidium (reference inhibitor)
(b) blue: alpha amyrin (c) purple:
silymarin, while (M) surface
representation

T shaped contacts with Leu286 and Phe329. The first ring
of Pphenanthridine made both Pi-Pi T shaped and a Pi-
donor Hydrogen bond to Trp231, while the amino group
of the same ring interacted with a H-bond to Ser198. Two
Pi-sigma contacts were observed between one of the ethyl

groups attached to the azanium moiety of propidium while
the nitrogen atom of azane formed an attractive charged
and Pi-cation contact with Glul97 and Trp82 respectively
(Fig. 3a). In the case of a- Amyrin, the Picen-3-ol ring was
orientated into the groove with 11-methyl group directed
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towards the A-site and interacting with Trp82 residue. The
last ring of Picen-3-ol made stacking interactions with
Try332, Ala328 and Phe329. Try332 and Phe329 made 3
aromatic Pi-Alkyl stacking, while Ala277 interacted with
one of the 6-methyl group of a-Amyrin (Fig. 3b). The
4-hydroxy-3-methoxyphenyl group of silymarin was ori-
ented toward the A-site forming aromatic Pi-Pi stacking
interaction with residue Trp82. The 4-hydroxy, 3-methoxy
of the same ring formed H-bonds with Glu197 and Tyr120
respectively. The 3-hydro group of dibenzodioxinyl moiety
interacted via a H-bond to Trp82, while the 3-hydroxyl unit
of chromen-4-one moiety formed 2 hydrogen bonds with
Asn289 and Ser287 (Fig. 3c).

The differences in the specificity of ligand binding
between BChE and AChE have been shown to develop
from different number of aromatic residues that is situated
in the gorge, only 4 of the aromatic residues present in the
gorge of the active site of hAChE are found in the gorge of
hBChE. In a similar binding pattern as propedium, the best
docked phytocompounds (alpha amyrin and silymarin) were
stretched in the narrow gorge, interacting with the P-sites
catalytic residue Tyr332 (that corresponds to Tyr341 in
hAChE) and A-sites residues (Phe329, Trp231 and Trp82)
of hBChE (that corresponds to Phe338, Trp236 and Trp86
in hAChE). Substrates with positive charge like butyrylcho-
line are guided down the catalytic gorge through interaction
with Tyr 332 and Asp70 which are situated at the lip portion
of the ABChE active site gorge [72]. Also, residues Trp82
and Asp70 of the cysteine Q—loop, known to establish direct

Fig.4 Interactions of reference
compound and best docked
GLDPs with the amino acid (a)
residues of the active site of
BACE-1. The ligands presented
in stick conformation are shown
by different colours (a) Green:
Compound 1 (reference inhibitor)
(b) blue: taraxeron (c) purple:
solagenin while (M) surface
representation
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linkage between the choline-binding pocket in the P-site
and A-site are involved in the catalytic activities of ABChE.
Hence, compounds like reference compound (propidium)
that strongly interact with these catalytic residues will
inhibit the substrate catalytic activity of the enzymes.

The docked aminoquinoline (3-(2-Amino-6-(3-methyl-
pyridin-2-yl) quinolin-3-yl)-N-(3,3-dimethylbutyl)-2-meth-
ylpropanamide) compound (1) exhibited the similar pose
with the exact pattern as the co-crystallized compounds. The
compound was orientated in the S1’° and S2’ sub-pocket of
the protein, while leaving S3 and S3 subpocket (sp) accessi-
ble (Fig. 4M). Two amino groups donated 2 hydrogen atoms
to Asp228 while the same same moiety and that of the quin-
oline ring donated 2 hydrogen atoms to Asp32. The amino
group of N-methylpropanamide donated one hydrogen atom
to Gly34. The benzyl ring of the quinoline ring made a Pi-Pi
T shaped stacking with Tyr71, while the 3-methylpyridin-
2-yl and made 2 Pi-alkyl contact with Phel08 and Tyr71
(Fig. 4a). The 3,3-dimethylbutyl moiety made several
alkyl contacts with Val69 and Tyr71 of BACE-1 enzyme.
Although, the two best docked phytocompounds were
docked into the substrate binding pocket of BACE-1, but
they interacted in different binding mode. Taraxeron and
solagenin were stretched into the subpocket (S3 and S3’) of
the substrate binding site. The B, C and D ring of teraxerone
made Pi-alkyl contacts with Tyr71 while the 23, 26, 25, 27
and 30 methyl groups formed alkyl contacts with Ile110,
Phel08, Tyr71, Val69 and Tryl98 of BACE-1 enzyme
(Fig. 4b). The 19-hydroxyl group of solagenin formed the
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only hydrogen bond with Gly230, while several alkyl and
Pi-alkyl interaction were formed with the residues of the
subsites: S1, S2 and S1° (Fig. 4c).

Besides the high binding propensities of the best docked
phytochemicals to the ChE enzymes, they demonstrated
comparative or higher affinity for the catalytic site residues
of human beta-site APP cleaving enzyme 1 (BACE1) than
the reference co-crystallized inhibitor. The blockage of the
substrate binding cleft of the enzyme by interacting with
the residues that forms the catalytic dyad (Asp32/Asp228)
that is centrally positioned in the cleft and covered by a
B-hairpin loop [73], has been reported as the best mode of
inhibiting the catalytic activity of the enzyme [74]. The best
docked phytochemicals were firmly accommodated in the
binding cleft of the enzyme. Although they did not inter-
act with the aspartic residues of the catalytic dyad, the best
docked phytocompounds formed strong interactions with
several residues of the subsites (S1, S3, S3”) and those of
the flip (67-75) region of the binding pocket. Interactions
with amino acid residues that makes up the flip region of
the active site have been shown to alter the conformation of
the entrance to the substrate binding cleft, and by this means
blocking the substrate from access to the cleft [75, 76].

Molecular dynamics simulation of best docked
phytochemicals

Although molecular docking technique has been primarily
used as a standalone technique in drug design and devel-
opment, recently, the approach is integrated into workflows
that comprise several other computational approaches such
as MD simulation, and post MD simulation binding free
energy calculation [77, 78]. In MD simulation analysis, the
structural integrity and stability of the bound complexes
are structurally compared to the apo proteins from the sev-
eral structural fluctuations that occurs during the period of
simulation [79]. In these studies, the RMSF, RMSD, RoG,
SASA, and number of hydrogen bonds were calculated
from the obtained trajectories. The plots for the RMSD
reveals the extent at which each frame deviates from the
initial structure, therefore, information assessed from the
plots can provide insight into the stability of the protein
systems [80]. Figure 5 shows the plots for the RMSD of
the three enzyme systems. All the protein systems exhibited
experienced equilibration around 10 ns with observed mini-
mal fluctuations throughout the simulation period. The same
pattern of RMSD were exhibited by #AChE systems with
mean RMSD values of 3.9030 4.2361, and 4.13430 A for
the apo enzyme, donepezil and silymarin complexes respec-
tively (Fig. 5a). The ABChE systems had mean RMSD val-
ues of 3.9581, 4.111, 4.02335 A for the unbound enzyme,
propidium and amyrin complexes respectively (Fig. 5b),

while the BACE-1 systems had 4.2591, 3.8524 and 3.9451
A for the unbound protein, Compound 1 and taraxeron com-
plex systems (Fig. 5¢). It can be observed from the RMSD
plots and the mean RMSD values that the binding of the best
docked GLDP to the active regions of the proteins did not
cause a major alteration in the structural integrity of the pro-
tein, the exhibited close mean RMSD values of the bound
structures as compared to the apo proteins shows a more
compacted complex structure without a major disruption of
the integrity of the proeint [80].

The RMSF plots reveal how flexible different regions of
the protein are [81]. The AAChE systems had mean RMSF
values of 2.0213, 2.1693 and 1.9529 A for the unbound
enzyme, donepezil and silymarin complexes respectively
(Fig. 6a). The ABChE systems had average RMSF values of
1.9993, 1.4947 and 1.8943 A for the apo enzyme, propid-
ium, and amyrin enzyme complexes respectively (Fig. 6b),
while the BACE-1 systems presented average RMSF val-
ues of 1.932470732 for the apo enzyme, 1.7285 and 1.9324
A for the BACE-1 enzyme complexed with Compound 1,
and taraxeron respectively (Fig. 6¢). The reduction in mean
RMSF values in the complex structures when compared
to the unbound structures indicates more compacted com-
plexes. The reduction in RMSF mean values in the complex
structures compared to the unbound enzymes further indi-
cates more compacted complexes [81].

The compactness of a protein structure can be assessed
from the RoG plots [82]. Usually, protein structures that
are stably folded presents a steady RoG plot with mini-
mal fluctuation during the period of simulation. Figure 7
shows the respective RoG plots for the 3 protein systems. A
steady progression with minimal fluctuation was observed
for the ZAChE systems while the ABChE and BACE-1
systems presented minimal fluctuations. The three enzyme
systems showed close range of average RoG values. The
calculated mean RoG values for the #AChE systems are
23.209, 23.208 and 22.963 A for the apo enzyme, donepe-
zil and Silymarin complexed systems respectively (Fig. 7a).
Those for the #ABChE are 23.0294, 23.1665 and 22.9975 A
for the apo enzyme, enzyme complexed with propidium
and enzyme complexed with amyrin respectively (Fig. 7b).
The BACE-1 enzyme systems had average RoG values of
21.9142, 20.8247 and 21.6558 A for the apo, Compound 1,
and taraxeron complexes with BACE-1(Fig. 7¢).

The extent of accessibility of solvent by the surface of
proteins structure can be assessed from the SASA plots [82].
Both SASA and RoG plots indicates the extent of the unfold-
ing of proteins structure, using the original structure as a
reference. Figure 8 shows the SASA plots for the enzymes
systems. After equilibration at the early stage of the simula-
tion, the three enzyme systems showed a steady progression
throughout the simulation period. The computed mean of
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SASA values for the ZAChE protein systems are 23615.65,
24332.76 and 23529.57 A? for the apo enzyme, donepezil-,
and silymarin- ZAChE complexes respectively (Fig. 8a).
The ABChE protein systems had mean SASA values of
24,252., 232731.04 and 23764.26 A? for the unbound pro-
tein, propidium-, and amyrin- ABChE complexes (Fig. 8b),
while the BACE-1 systems had lower mean SASA values of
18470.53, 17750.3 and 18463.40 A? for apo enzyme, Com-
pound 1, and taraxeron complexes respectively (Fig. 8c). The
mean number of hydrogen bonds observed in the unbound
hAChE system, donepezil- and silymarin- ZAChE com-
plexes are 71.709, 70.555 and 69.392 respectively (Fig. 9a).
The ABChE protein systems had mean number of H-bonds

@ Springer

of 71.168, 68.765 and 74.259 for the unbound protein,
propidium-, and amyrin- ABChE complexes (Fig. 9b), while
the apo BACE-1 enzyme, Compound 1-, and taraxeron-
BACE-1 complex systems had 42.33, 47.322 and 41.407 for
mean number of H-bonds (Fig. 9¢). In the AAChE systems,
there was an observed slight reduction in the mean number
of H-bonds in the bound complexes when compared to the
apo protein, while there was an increase in the mean num-
ber of H-bonds in the complex structures when compared to
the apo protein for the ABChE and BACE-1 systems. The
binding of the best docked GLDP in the same manner as
the reference compounds may have enhanced the intramo-
lecular H-bonds in the ABChE and BACE-1 systems. This



Molecular Diversity (2024) 28:1305-1322

1315

Fig.6 Per residue Root Mean
Square Fluctuations (RMSF)
plots of molecular dynamics
(MD) simulation of ligands com-
plexed to (a) human acetylcho-
linesterase (#AChE) (b) human
butyrylcholinesterase (ABChE)
(¢) human B-secretase (BACE1)
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further indicates that the the structural integrity especially
intermolecular hydrogen bonds in the enzymes were not
altered [80].

Molecular mechanics generalized born surface area
(MMGBSA) analysis

Simulation-based quantitation of free energy of binding of
ligands to proteins in a dynamic environment has been dem-
onstrated to be a more considerably reliable and accurate
calculations of the binding affinity [83]. Thus, the AGy;.4
computations provides an in-depth information about the
binding modes of best docked compounds at the initial
stages of drug design and development [84]. The results for
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hAChHE systems showed that sakuranin had the lower bind-
ing free energy (-48.43 Kcal/mol) as compared to silyma-
rin (-36.7 Kcal/mol). The two best docked compounds had
lower binding free energy than the reference compounds
donepezil (19.89 Kcal/mol). Taraxeron and silymarin had
lower binding free energy to the the ZBChE and BACE-1
enzymes respectively. The results from the static docking
calculation shows that the two best docked compounds to
respective proteins had close and comparable binding ener-
gies. Except for solagenin and tarazeron with close binding
free energies to ABChE, sakurinin and silymarin, the ligands
demonstrated higher binding free energy compared to the
other best docked phytocompounds. The analysis of various
component of the total binding free energy is presented in
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Table 3. The decomposition of the total binding free based
on contributing amino acid and the energy changes of the
system throughout the simulation period of 100 ns is pre-
sented as supplementary data (Figures S2-S4), while the
Free Binding Energy change across the simulation is pre-
sented in in Figure S5-S7 (supplementary data). The binding
free energy computation based on the MMGBSA methods
and the decomposition analysis of the total free energy to
contributing amino acids shows that the post dynamics
results corroborated the static docking calculations. The
interactions with catalytic residues were preserved in the
simulated dynamic environment. The binding free energy
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for the best docked phytochemicals to the respective protein
targets were computed using the MMGBSA methods [84].

Clustering analysis of MD simulation trajectories of
the protein-ligand bound complexes

The trajectories of MD simulation of the protein-ligand sys-
tems were subjected to cluster analysis by employing the
elbow method utilizing TTClust V 4.9.0. A representative
conformer was selected after the conformation analysis that
was subjected to further amino acid interactive analysis
using by Protein-Ligand Interaction profiler (PLIP). After
the cluster analysis, all gaps within the amino acid sequence
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Fig.8 The Surface Accessible

Surface Area (SASA) plots (
of molecular dynamics (MD)
simulation of ligands complexed
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(hAChE) (b) human butyrylcho-
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B-secretase (BACE1)
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were removed, hence the amino acids for each protein struc-
ture were re-numbered to start from number 1 until the end
of the sequence, this was different from the number in the
retrieved crystal structures. From the cluster analysis it was
observed that the interactions with important catalytic resi-
dues observed in the static docking analysis were preserved
during the course of the simulations. (Table S2-S4 & Figure
S8-S10).

The cluster analysis of the trajectories obtained from
the MD simulation and interaction analysis in representa-
tive conformers of the clusters reveals that the interactions
(H-bonds and hydrophobic interaction) that were detected
from the static docking experiment were majorly preserved
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at different time during the period of simulation. This fur-
ther suggests that the interactions described in the static
environment can also be sustained in more dynamic envi-
ronment; and thereby could be adopted for further experi-
mental procedures. Overall, the mentioned interactions
formed between the best docked phytochemicals to the
enzymes may serve any of these roles: competitive inhi-
bition of the catalytic activity of the enzymes or blocking
the AP recognition zone at the P-site, thereby preventing
amyloid fibrillogenesis by [85, 86]. It is worthy of note that
the best docked phytochemicals (silymarin, sakuranin and
alpha- amyrin) identified from the 152 GLDP have various
documented neuroprotective activities. Silymarin have been
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Fig.9 The changes in the number
of H-bonds during the MDS
trajectory of ligands complexed
to (a) human acetylcholinesterase
(hAChE) (b) human butyrylcho-
linesterase (hBChE) (¢) human
B-secretase (BACE1)
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Table 3 Mean and SEM of different energy components of the Binding Free Energy of best docked phytochemicals to respective proteins

SYSTEM Avpwaars Agp Agcp Agsurr Acgas Agsorv Atorar

4ey7_ Donepezil -42.78 +3.08 -9.71+11.53  38.59+10.65 -5.99+0.37  -52.49+12.24 32.6+10.5 -19.89+3.61
4ey7_Sakuranin -46.09 +3.49 -48.81+6.6 53.76+£3.56 -7.28+0.25 -94.9+6.54 46.47+3.5 -48.43+4.85
4ey7_Silymarin -49.58 +2.98 -37.32+6.96 56.99+5.13 -6.78+0.27 -86.9+6.75 502+5.02  -36.7+3.13
5i3v_Compound I -370.4+32.86  364.83 +30.05 -499+0.5 -397.78+34.35 359.84+29.76  -37.93+6.41 -27.38+5.22
5i3v_Solagenin -36.57+2.85 -9.77+5.07 39.88+4.29 -5.01+£0.35 -46.34+5.73 3487+4.08 -11.46+2.87
5i3v_Taraxeron -35.58+3.54 -4.33+2.01 31.51+3.53 -4.61£0.55 -39.91+4.08 2691+3.16 -13.01+2.58
6ep4_ Propidium -31.58+3.06 -227.84+15.38 246.11+17.04 -5.09+04 -259.42+1643 241.02+16.85 -18.41+2.85
6ep4_Amyrin -47.54+2.06 -1.19+1.06 44.68+2.75 -5.56+0.22 -48.72+£2.42 39.12+2.65 -9.6+2.38
6ep4_Silymarin -42.15+4.66 -41.9+14.05 58.01+8.28 -6.23+04  -84.04+13.93 51.78+8.19 -32.27+7.36
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reported to inhibit the production of A by inhibiting the
major precursor substance of Ap formation (APP). Silyma-
rin could also inhibit the polymerization of A, aside the
property of increasing the concentration acetylcholine in
the nervous system by inhibiting cholinesterase activity.
The effect of resisting oxidative stress and the inflamma-
tory response of the nervous system has also been docu-
mented [87, 88]. Sakuranin, a flavanone glycosides has also
been reported as acetylcholinesterase inhibitor in a compu-
tational study [89] while, alpha-amyrin, a triterpenoid has
been reported to have anti-acetylcholinesterase activity [90,
91]. The presence of these phytocompounds most notably
silymarin; that demonstrated dual high binding tendencies
to both cholinesterases, may have contributed to the high
cholinesterase inhibitory activity of the leaf extract that
have been early reported.

Conclusion

In this study, several computational approaches includ-
ing molecular docking screening, MD simulation analy-
sis, MMGBSA binding free energy analysis and clustering
analysis of trajectories of MD simulation to identify the
best docked phytochemical with high binding tendencies
to three protein targets (RAChE, #BChE and hBACE-1)
that are implicated in neurodegenation. Among the GLDPs,
silymarin, alpha-amyrin and teraxeron were the best docked
phytochemicals against hAChE, hBChE and hBACE-1
respectively. Silymarin exhibited dual-high binding ten-
dency with both a cholingenic protein target AAChE and the
hBACE-1). These phytocompounds in part or in a synergetic
association may be responsible for the anti-cholinesterase of
the acclaimed ethnomedicinal and reported neuroprotective
activities of Gongronema latifolium leaf. These compounds
may serve as lead compounds for the development of drugs
against neurodegenerative diseases, they are therefore rec-
ommended for further studies.
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