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Abstract: In recent times, there has been a notable increase in the widespread
presence of Alzheimer’s disease. The disease could be controlled by the inhib-
ition of acetylcholinesterase, an enzyme associated with the degradation of
acetylcholine. Plants have been used to treat neurogenerative diseases and their
phytochemicals could act as acetylcholinesterase inhibitors, impeding the pro-
tein’s catalytic activity. This study includes a computational assessment of
phytocompounds as potent inhibitors of the enzyme. The molecular docking
calculations revealed binding affinities of —50.651, —49.446 , -48.400, —47.977,
—47.839 and —47.417 kJ/mol for allanxanthone B, stigmasterol, 5'-O-methyl
dioncophylline D, ismailin, wistin and dioncophylline C2, respectively, indi-
cating firm binding of these molecules with the receptor. Donepezil (a native
and FDA-approved drug) exhibited a binding affinity of —46.789 kJ/mol, which
was significantly lower than that of the proposed phytochemicals. The success-
ful candidates demonstrated good stability of the complex with the protein,
showing smooth RMSD of ligands below 6 A from the 200 ns molecular dyn-
amics simulation. The thermodynamic stability from the MMPBSA method
indicated the sustained spontaneity and feasibility of the adducts. Thus, the pro-
posed candidates could be used as remedies for Alzheimer’s disease after the
experimental verification for their safety and efficacy.
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188 SHRESTHA ef dl.

INTRODUCTION

Alzheimer’s disease (AD) is a neurological disorder resulting in a gradual
and irreversible deterioration of the cognitive function.! It is rapidly emerging as
one of the most lethal, costly and burdensome illnesses of the current era.2 Alz-
heimer’s disease stands as the primary contributor to dementia, a condition that
ranks as the seventh most common cause of mortality.3 Current estimates suggest
that around 55 million individuals globally are suffering from it.3

The disease could be treated through the inhibition of acetylcholinesterase
(AChE), a crucial enzyme involved in the degradation of acetylcholine by inc-
reasing the efficiency of the signal given by the brain.4 It is a neurotransmitter
and neuromodulator that binds to receptors of cells that help to contract muscle,
dilate blood vessels, reduce heart rate, etc.5 In the treatment of AD, the use of
ACHE inhibitors is intended to prevent the breakdown of acetylcholine and thus
promote improvement in cholinergic neurotransmission.* Donepezil, rivastigmine,
tacrine and galantamine are some of the promising inhibitors of the enzyme from
the clinical trials.® The active site gorge of AChE comprises both the peripheral
anionic site (PAS) and the catalytic active site (CAS, Fig. 1), which serves as the
binding site for competitive inhibitors.” The CAS consist of SER203, GLU334
and HIS447 whereas PAS includes TYR72, ASP74, TYRI124, TRP286 and
TYR341 situated around the gorge of the active site. PAS has a significant role as
it binds temporarily with the substrate and could block the substrate from the
catalytic site.8

Fig. 1. Native ligand docked (red) in between the peripheral anionic site (PAS) and catalytic
active site (CAS) of the protein (PBD ID: 7E3H) showing no interaction with a catalytic triad
(SER203, GLY334 and HIS447).

Medicinal plants have been used in ancient Ayurvedic and folk medicines
for the treatment of Alzheimer’s disease.? Phytochemicals have been extensively
explored as AChE inhibitors due to various adverse effects associated with cur-
rent medications.!9 Several literatures have reported plant sources as potent inhi-
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bitors of the enzyme as a means for the treatment of Alzheimer’s disease.!! Dif-
ferent computational approaches have been employed in the drug discovery pro-
cess to facilitate experiments for cost-efficiency and enhanced effectiveness dur-
ing preliminary screening.!2 Many studies have proposed phytochemicals of dif-
ferent medicinal plants as AChE inhibitors using computational approaches.!3
Computational drug discovery could be employed to accelerate the tedious high
throughput experimental screening process by minimizing the likelihood of sub-
sequent failures and recall during clinical trials.!4 This study incorporates in sil-
ico tools and techniques such as molecular docking, molecular dynamics simul-
ation, binding free energy estimation and ADMET prediction for the exploration
of potent AChE inhibitors from plant-based sources.

EXPERIMENTAL
Preparation of ligand and protein structures

A database of 77 bioactive ligands was made from the selected phytochemicals derived
from African plants.!> The 3D structure of the ligands was downloaded in sdf format from the
PubChem database!® and their molecular structures and bond order were checked using the
Avogadro software.!” The protein 3D crystalline structure with PDB ID: 7E3H!8 (X-ray resol-
ution = 2.45 A, expression system = Homo sapiens) was downloaded from the RCSB protein
data bank server.!® The protein was cleaned by removing water molecules, co-crystallized nat-
ive ligand and chain B using the PyMOL program.2® The receptor was further subjected to
evaluation of geometrical structure through the ERRAT, PROCHECK and VERIFY modules
of the SAVES v6.0 server.?!

Molecular docking calculations

The DockThor server was employed for the flexible docking calculations.?? Choice of
the docking method was based on its ability to undergo multiple docking calculations within a
short period of time using a freely available web server, as well as its ability to reproduce the
same results.22 The inclusion of solvated environment and protein flexibility tends to provide
the best possible model to the natural system. The details of the docking parameters were
adopted from recently published literature.?® The selected parameters include the box coord-
inates of (—43, 36, —32), the box size of (16, 16, 16), the population size of 750, the discretiz-
ation of 0.17, 24 runs and 1,000,000 evaluations. The interactions between the ligand and the
amino acid residues were visualized using Biovia Discovery Studio.?* The docking protocol
was validated by achieving a root mean square deviation (RMSD) of less than 2 A for the
heavy atoms of the ligand, as obtained through superimposing the native ligand and the re-
-docked ligand (Fig. 2).

Molecular dynamics simulation (MDS) and binding free energy estimation

GROMACS program? was used for the simulation studies and a combination of Charmm?27
force field?¢ and TIP3P solvation model?” were utilized. Other parameters were adopted from
recent literature.2® The equilibration process involved running two simulations: one under
NPT conditions and another under NVT conditions, each lasting 500 ps and totalling 2 ns.
These simulations were conducted at a standard body temperature of 310K. Following equi-
libration, a production run of 200 ns was carried out using a time step of 2 fs. Various mole-
cular dynamics (MD) parameters were extracted from GROMACS software’s built-in mod-
ules. The binding free energy post-MD simulation was determined by analysing the equilib-
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rated 20 ns of the MD trajectory, employing the molecular mechanics Poisson Boltzmann sol-
vation model.?’

TRE286 ,Mmz
i

TRP86

g=~ Fig. 2. Superimposition of native (red) and re-
docked ligand (blue) along with their interact-
ions with amino acid residues at the catalytic
pocket of protein.

The changes in binding free energy of the protein-ligand complex are given as:28

AGBFE: AGcomplex - AGprotein - AGligand (1)
ADMET Prediction

The safety and drug-likeness such as toxicity, excretion, distribution, metabolism and
absorption properties of the hit candidates were determined through the pkCSM server.3°

RESULTS AND DISCUSSION

For the disruption of normal functioning of a protein through competitive
inhibition, the ligand should strongly bind to the active site of the receptor pro-
tein.31-32 The crystalline protein (PDB ID: 7E3H) contains the FDA-approved
drug, donepezil33 as a native ligand docked in between the CAS and PAS.!8 The
docked ligand with stronger binding in terms of binding affinity than the native
could stop the catalytic activity of the enzyme by blocking the binding to the cat-
alytic triad.

Protein structure evaluation

The quality of protein geometry in terms of the ERRAT module was 94.21
indicating the high overall quality of the protein structure. Around 91.65 % of the
amino acid residues passed the VERIFY module suggesting the good 3D struc-
ture of the protein appropriate for computational assessment. Ramachandran plots
depicted that no amino acid residues were on the disallowed region out of 528
with 90 % on the most favoured region as shown in the supplementary inform-
ation (Fig. S-1 of the Supplementary material to this paper).

Binding affinity from molecular docking calculation

From the molecular docking calculation, 12 compounds exhibited greater
binding affinity than that of native with —46.789 kJ/mol and are shown in Tables
I and S-I (Supplementary material). The best binding affinity of —50.651 kJ/mol
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was observed with allanxanthrone B having a significant difference of 3.861
kJ/mol than that of donepezil. The binding affinities of —49.446, —48.400 and
—48.216 kJ/mol were observed with stigmasterol, 5'-O-methyldioncophylline D
and durallone, respectively. Other compounds like simplexin, ismailin, witsin,
dioncophylline C2, asphodelin, sungucine, rotenone and azadirone also showed
better binding than that of the native exceeding binding affinity of 46 kJ/mol. In
addition, majority of the docked compounds showed better binding affinities than
that of reference drugs, galantamine (—39.840 kJ/mol) and rivastigmine (—37.166
kJ/mol).

The stronger binding of several ligands compared to the native ligand at the
orthosteric pocket of the AChE suggests their potential for superior protein inhi-
bition.

TABLE I. Binding affinity of top candidates with protein AChE

S.N. Ligand PubChem CID Binding affinity, kJ/mol
1 Allanxanthone B 11328706 -50.651
2 Stigmasterol 5280794 —49.446
3 5'-O-methyldioncophylline D 132542154 —48.400
4 Durallone 1023565 -48.216
5 Simplexin 119045 —47.990
6 Ismailin 135454728 —47.977
7 Wistin 10095770 -47.839
8 Dioncophylline C2 132500912 —47.417
9 Asphodelin 182665 -47.325
10 Sungucine 189778 —47.237
11 Rotenone 6758 —46.944
12 Azadirone 10906239 -46.814
13 Native 1150567 -46.789
14 Galantamine 9651 -39.840
15 Rivastigmine 77991 -37.166

Protein—ligand interactions

From the 2D interaction between ligand and the amino acid residues of top
candidates, several interactions such as m—m stacked, alkyl, m—alkyl, m—cation,
hydrogen bonds, carbon—hydrogen bonds and van der Waals were observed
(Table S-1I of the Supplementary material). The interactions with amino acid
residues such as TRY 72, TRP286, PHE295, TYR337 and TYR341 as well as one
of the catalytic triad, HIS477 were observed between the docked ligand and
amino acid residues of AchE (Figs. 3 and S2). The majority of interactions of the
docked ligands were similar to the ones observed with the native as shown in
Figs. 2 and 3 indicating that the ligands were docked at the same location as the
native. Despite several electronegative centres in the majority of ligands, only a
few hydrophilic interactions were detected, specifically forming hydrogen bonds
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with amino acid residues ASP74, PHE295 and HIS447. In addition, one of the
ligands, ismailin, showed the m—cation interaction with amino acid residue
ASP74 and m-lone pair interaction with TYR124. Several van der Waals
interactions with the amino acid residues of PAS and catalytic triad were
observed. However, there was no observed interaction with the catalytic triad
residue, GLY334, as it was positioned further away from the docked site. Similar
interactions were observed in recent literature with molecular docking of AChE.34
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D Pi-Donor Hydrogen Bond D Pi-Alkyl
- Pi-Sigma I:I Carbon Hydrogen Bond
Fig. 3. 2D interaction between amino acid residues of protein (PDB ID: 7E3H) and docked

ligands.

It could be deduced that the ligands were docked between the peripheral
anionic site (PAS) and catalytic active site (CAS), similar to that of the native
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ligand, donepezil.” Thus, the docked ligand could block competitive ligands
reaching the catalytic triad halting the catalytic function of the receptor.

Root mean square deviation (RMSD)

RMSD of protein backbone and ligands, both with respect to the protein
backbone, helps to determine the geometrical stability of the ligand with the rec-
eptor protein.23 The deviation of ligands within the orthosteric pocket could be
monitored from the RMSD plots shown in Fig. 4A. The plots depicted no signi-
ficant deviation of the ligand from the docked pose with few trivial spikes in the
RMSD trajectory. Dioncophylline C2, wistin, ismailin, stigmasterol, allanxan-
throne B and 5'-O-methyldioncophylline D exhibited good stability with the enz-
yme having heavy atom RMSD of ligand below 6 A. Dioncophylline demon-
strated the best stability with a smooth trajectory and RMSD at around 3 A. Stig-
masterol, ismailin and wistin also exhibited good geometrical stability, with
RMSD below 4 A, albeit with occasional spikes in the trajectory. Despite the rise
of RMSD of allanxanthrone B at the beginning, the system attained equilibrium
after ca. 100 ns and smooth RMSD was observed up to 200 ns. In the case of 5'-
-O-methyldioncophylline D, a comparative smooth trajectory with RMSD of lig-
and at approximately 5 A was observed. Slightly unstable nature of curve with
multiple bumps and higher RMSD was observed in case of durallone and sim-
plexin as depicted in Fig. S-3 of the Supplementary material. The protein back-
bone RMSD remained steady and smooth at around 2 A (Fig. 4B) without notice-
able bumps or spikes inferring the stability of protein structure upon ligand binding.

From the RMSD trajectory, it could be deduced that the ligand attained geo-
metrical stability within the orthosteric pocket of AChE without significant devi-
ation in terms of the RMSD of the ligand.

0.8
0.6
049
0.2 W
f ) . | L = Allanxanthrone B
UU 25 50 75 100 125 150 175 200 5'_O-methyldioncophylline D
Time (nS) | Stigm asterol
= Dioncophylline C2
4
e [smailin

c e o <
L

Protein RMSD (nm) Ligand RMSD (nm)
(=3

" 1 1 1 1 1
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Time (ns)

(=]
=]
A

Fig. 4. RMSD of ligands (A) and protein (B) of dioncophylline C2 (magenta), wistin (orange),
ismailin (red), stigmasterol (blue), allanxanthrone B (dark) and 5'-O-methyldioncophylline D
(green) complexes.
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The relative rotational and translation motion of the ligands could be moni-
tored from the snapshots retrieved at different times from the molecular dyn-
amics simulation.?3-28 From the snapshots (Fig. S-4 of the Supplementary mat-
erial) it was evident that the ligand remained in its docked location between the
PAS and CAS with minute alteration of position and orientation. Despite lower
translational motion, a significant rotational motion could be observed for the
majority of ligands which were reflected by a few spikes and bumps in the RMSD
profiles. The shift of position of witsin could have contributed to sudden spikes
in the RMSD curve. The RMSD curve of the ligand of allanxanthrone B complex
and the relative position of the ligand at the docked site were correlated as the
ligand underwent significant rotation and was localized after the attainment of
equilibrium as depicted in Fig. 4. In spite of a noticeable rotational shift, the
docked ligands remained localized within the orthosteric pocket and thus could
result in inhibition of the AChE enzyme.

The radial-distribution curve depicts the presence of a single sharp peak for
dioncophylline C2, wistin and stigmasterol inferring the localization of ligands
without any change in center of mass3> as shown in Fig. 5. However, ismailin,
allanxanthrone B and 5'-O-methyldioncophylline D demonstrated two peaks, one
large peak and another small ridge signifying that the ligand's centre of mass
shifted between the two, with a predominant presence at one particular site.

400 L I R S S S S

350

_| = Allanxanthrone B

5'-0-methyldioncophylline D
| =——Stigmasterol

Dioncophvlline C2

e Ismailin

L L L bt 1 1 ,
0 0.5 1 1.5 2 2.5 3
r (nm)

Fig. 5. Radial pair distribution function (g(r)) of the ligands’ centre of mass with reference to
that of the protein in dioncophylline C2 (magenta), wistin (orange), ismailin (red),
stigmasterol (blue), allanxanthrone B (dark) and 5'-O-methyldioncophylline D (green)
complexes.

Other geometrical evaluators (RMSF, R,, SASA and H-bond)

The root mean square fluctuation (RMSF) plot of the protein backbone (a-
-carbon) is depicted in Fig. 6. RMSF plot helps to evaluate the stability of the
protein structure as an unstable loop structure shows greater fluctuation as com-
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pared to stable sheet and helix structures.3¢ The fluctuation of amino acid resi-
dues was less than 2 A with an exception at ca.76 and 430 amino acid residue
numbers. The amino acid residues of PAS and the catalytic triad were not in the
proximity of the spiked region, demonstrating a fluctuation less than approxim-
ately 1.5 A. Among the catalytic triad, GLU334 showed slightly higher fluctu-
ation than SER203 and HIS447. This might be attributed to the binding of the
docked ligand with SER203 and HIS447 only. The amino acids interacting with
the docked ligands such as TRP72, ASP74, TRY 124, TRP286 and TYR341 dem-
onstrated lesser fluctuations as compared to other amino acid residues which
might be due to induced stability from stronger binding with the docked ligands.

—_ 0.5 T

E 04 ,: | === Allanxanthrone B

5 - | 5'_0-methyldioncophylline D
I 0.3F 1 — Stigmasterol
wn 0.2 i ? —— Dioncophylline €2

E U.lb‘ﬁﬁ 9 s\ i\ i MW tsmaitin

ob——1= 1 . PR M W ) . . |
0 50 100 150 200 250 300 350 400 450 500

Residue Number

Fig. 6. RMSF plot of protein backbone of dioncophylline C2 (magenta), wistin (orange),
ismailin (red), stigmasterol (blue), allanxanthrone B (black) and 5'-O-methyldioncophylline D
(green) complexes.

The solvent-accessible surface area (SASA) of all the complexes were nearly
the same at approximately 215+10 nm? inferring the stability of protein structure
upon the interaction with the ligands37 as depicted in Fig. 7. The SASA4 trajectory
remained smooth without any significant bumps and spikes indicating that the
hydrophobic region of the receptor was not exposed upon ligand binding. A sim-
ilar smooth trajectory was seen in the case of the radius of gyration (Rg) of com-
plexes at ca. 23+0.25 A, signifying no change in protein conformation in terms of
expansion and contraction.3® The steady and smooth trajectory of Rg and SAS4
retrieved from the MDS trajectory emphasized the geometrical stability of the
protein structure upon ligand binding.

P R R T B T T O R H R S B
0 25 50 75 . 100 125 150 175 200 2‘20 25 50 s 100 125 150 175 200
Time (ns) Time (ns)

1905 ——————

Fig. 7. SASA (left) and R, (right) of protein of dioncophylline C2 (magenta), wistin (orange),
ismailin (red), stigmasterol (blue), allanxanthrone B (dark) and 5'-O-methyldioncophylline D
(green) complexes.
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The hydrogen bonds formed between the amino acid residues throughout the
200 ns production run was monitored since hydrogen bond governs several bio-
logical processes such as metabolism, adsorption, drug affinity and specificity.3®
From the MD simulation, a noticeable variation in the number of hydrogen bond
formation of each complex could be observed as shown in Fig. 8. Allanxanthrone
B, stigmasterol, 5'-O-methyldioncophylline D and dioncophylline C2 demon-
strated almost similar number of hydrogen bond formation around 2 to 4. A sig-
nificant contrast could be observed in case of wistin and ismailin. Wistin dem-
onstrated a maximum number of hydrogen bond formations with 7 to 8, whereas,
the lowest hydrogen bond count was seen in isamailin complex.

Allanxanthrone B

——|5"-0-methyldioncophylline D
—[Stigmasterol

== Dioncophylline C2

—— Ismailin

H-Bond Count
S LI NN -100\D

0

25 50 75 100 125 150 175 200
Time (ns)

Fig. 8. Number of hydrogen bonds formed between the amino acid residues and
dioncophylline C2 (magenta), wistin (orange), ismailin (red), stigmasterol (blue),
allanxanthrone B (dark) and 5'-O-methyldioncophylline D (green).

Binding free energy change estimation (AGgrg)

The change in binding free energy of the adducts from the MMPBSA
method was used to assess the spontaneity and feasibility of the reaction as
shown in Table II. A higher negative binding free energy (AGgpg) indicates
higher spontaneity and feasibility of the reaction.?0 The best binding free energy
change was observed with stigmasterol with —131.33+18.24 kJ/mol. Binding free
energy change of —108.36+18.66, —94.60+19.49, —93.59+29.32, —89.99+18.49
and —77.61+17.07 kJ/mol was observed with dioncophylline C2, allanxanthone
B, wistin, 5'-O-methyldioncophylline D and ismailin, respectively. Except for the
highest and the lowest scorers, all other complexes showed nearly identical
changes in binding free energy. Among the several components, the change in
energy due to van der Waals force of interaction was significant compared to

TABLE II. Change in binding free energy (kJ/mol) of hit candidates

COmpleX AGBFE

Allanxanthone B —94.64+19.49
Stigmasterol —131.33+£18.24
5'-O-Methyldioncophylline D —89.99+18.49
Ismailin -77.61+17.07
Wistin —93.59+29.32
Dioncophylline C2 —108.36+18.66
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others. This outcome could be due to the cumulative contribution of several van
der Waals interactions as shown in 2D protein—ligand interactions (Fig. 3 and
Table S-1II of the Supplementary material). All the complexes exhibited negative
AGRFE indicating thermodynamically stable complexes with sustained spontaneity.

Drug-likeness and safety

The comparative prediction of ADMET properties of the successful can-
didates, native and reference drug compounds is shown in Tables S-IV and S-V
of the Supplementary material. From the comparative analysis, it was found that
wistin and stigmasterol showed moderate to good drug-likeness properties with
almost no toxicity. These results were better than that of other successful can-
didates and comparable with the native and the two reference drugs. However, in
vivo and in vitro experiments should still be performed to ascertain these pre-
dictions.

CONCLUSION

The in silico approach revealed the phytochemicals such as dioncophylline
C2, wistin, ismailin, stigmasterol, allanxanthrone B and 5'-O-methyldionco-
phylline D as potent inhibitors of the acetylcholinesterase enzyme. The com-
pounds showed good geometrical and thermodynamical stability with the protein
and could inhibit the enzyme by preventing its catalytic functions. However,
several in vitro and in vivo experiments need to be done to evaluate their safety
and effectiveness. Therefore, plant-based compounds could be applied in the
treatment of neurodegenerative diseases like Alzheimer’s.

SUPPLEMENTARY MATERIAL

Additional data and information are available electronically at the pages of journal web-
site: https://www.shd-pub.org.rs/index.php/JSCS/article/view/12876, or from the correspond-
ing author on request.
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OIOABPAHE ®UTOXEMHKAJIUIJE KAO MORHHU HHXUBUTOPHU
ATETHJIXOJIMHECTEPA3A: IN SILICO IIPEIBUBAILE

RAM LAL SWAGAT SHRESTHA!®, PRABHAT NEUPANE!, SUJAN DHITAL!, NIRMAL PARAJULI!,
BINITA MAHARJAN'2 TIMILA SHRESTHA'?, SAMJHANA BHARATI"? BISHNU PRASAD MARASINI?*
1 JHASHANATH ADHIKARI SUBIN®

!Department of Chemistry, Amrit Campus, Tribhuvan University, Lainchour, Kathmandu 44600, Nepal,
2Kathmandu Valley College, Syuchatar Bridge, Kalanki, Kathmandu 44600, Nepal, ’Institute of Natural
Resources Innovation, Kalimati, Kathmandu 44600, Nepal, *Nepal Health Research Council, Ramshah Path,
Kathmandu 44600, Nepal u *Bioinformatics and Cheminformatics Division, Scientific Research and Training
Nepal P. Ltd., Bhaktapur 44800, Nepal

Y cxopuje Bpeme je [OIIIO N0 MPUMETHOT paclipocTpamuBama AJlixajMepoBe HolecTy.
Bonect ce Moxe KOHTPOJIMCATH WHXUOMIMjOM alleTHIXOMHHECTepas3e, eH3UMa II0Be3aHOr ca
IerpajaudjoM aleTHIXONWHA. bubke Kkoje cy kopumrheHe 3a jeyerme HEYpOTeHEePaTHBHHUX
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dosecty ¥ BUXOBe PUTOXEMHUKAJIHje MOTY JeJIOBaTH Ka0 HHXUOHUTOPH alleTHIXOIMHeCcTepase,
crnipevaBajyhy kaTtanUTHYKy akTUBHOCT npoTerHa. OBa CTy[nuja caip)kyu pauyHapCcKy IMpOLeHy
(utojenvmera kao MOhHMX HMHXMOMTOpa eH3MMa. MspauyHaBawa MOJIEKYJICKOT JOKMHIA
nokasyjy agunutete Besusawa on —50,651, —49,446, —48,400, —47,977, —47,839 u —47,417
kJ/mol 3a anakcantoH B, cturmacreposn, 5'-O-MeTun AUOHKOMUINH D, HCMAaWINH, BUCTHH,
OIHOCHO JUOHKOGMIMH C2, IITO yKa3yje Ha UBPCTO BE3UBAIbe OBUX MOJIEKYJIA 3@ PELENTOP.
Honesenun (HatuBHU U op FDA opodpeH 7nek) ucmosbaBa Be3WBHH aduHUTET of —46,789
kJ/mol, xoju je 3HaTHO HWKU HEro KO MpeinoKeHNX (QUTOXeMUKaIHja. YCIelUH! KaHIUAaTH
Cy ToKasaau #odpy CTadMIHOCT KOMIIEKCa ca NPOTEMHOM, mnokasyjyhu miatky RMSD
NMraHaja UCIos 6 A u3 cumynanuje Monexycke JuHaMHKe TokoM 200 ns. TepMOIMHAMHYKA
cradunHoct 1o MM-PBSA MeTozu ykasyje Ha CTaaHy CHOHTaHOCT U OCTBAp/bMBOCT afyKarTa.
Taxo ce MpemIoKeHW YCIeUHH KaHOUOATH MOTY KOPHUCTHTH Kao JIEKOBH 3a AJIIXajMepoBy
DosiecT HaKOH eKCcrieprMeHTaTHe IpoBepe BHUxoBe De30efHOCTH U e(PUKACHOCTH.

(ITprMmsbeHo 5. anpuia, peBUaupaHo 22. anpuia, npuxsaheno 2. jyna 2024)

REFERENCES

1. B.Ibach, E. Haen, H. E. Klein, Curr. Pharm. Des. 10 (2004) 231
(https://doi.org/10.2174/1381612043386509)

2. P. Scheltens, B. D. Strooper, M. Kivipelto, H. Holstege, G. Chételat, C. E. Teunissen, J.
Cummings, W. M. van der Flier, Lancet 397 (2021) 1577 (https://doi.org/10.1016/S0140-
6736(20)32205-4)

3. World Health Organization (WHO), https://www.who.int/news-room/fact-
sheets/detail/dementia (3 March 2024)

4. V.N. Talesa, Mech. Ageing Dev. 122 (2001) 1961 (https://doi.org/10.1016/S0047-
6374(01)00309-8)

5. M. R. Picciotto, M. J. Higley, Y. S. Mineur, Neuron 76 (2012) 116
(https://doi.org/10.1016/j.neuron.2012.08.036)

6. M. Racchi, M. Mazzucchelli, E. Porrello, C. Lanni, S. Govoni, Pharmacol. Res. 50
(2004) 441 (https://doi.org/10.1016/j.phrs.2003.12.027)

7. D. A. Belinskaia, P. A. Voronina, D. V. Krivorotov, R. O. Jenkins, N. V. Goncharov,
Pharmaceutics 15 (2023) 2159 (https://doi.org/10.3390/pharmaceutics15082159)

8. G. Johnson, S. W. Moore, Curr. Pharm. Des 12 (2006) 217
(https://doi.org/10.2174/138161206775193127)

9. T. Dubey, S. Chinnathambi, Arch. Biochem. Biophys. 676 (2019) 108153
(https://doi.org/10.1016/j.abb.2019.108153)

10. H. Khan, Marya, S. Amin, M. A. Kamal, S. Patel, Biomed. Pharmacother. 101 (2018)
860 (https://doi.org/10.1016/j.biopha.2018.03.007)

11. N. A. Masondo, G. L. Stafford, A. O. Aremu, N. P. Makunga, South African J. Bot. 120
(2019) 39 (https://doi.org/10.1016/j.sajb.2018.09.011)

12. C. L. Hung, C. C. Chen, Drug Dev. Res. 75 (2014) 412
(https://doi.org/10.1002/ddr.21222)

13. B. Sarkar, S. Alam, T. K. Rajib, S. S. Islam, Y. Araf, M. A. Ullah, Egypt. J. Med. Hum.
Genet. 22 (2021) 10 (https://doi.org/10.1186/s43042-020-00127-8)

14. S.S.Ou-Yang, J. Y. Lu, X. Q. Kong, Z. J. Liang, C. Luo, H. Jiang, Acta Pharmacol. Sin.
33 (2012) 1131 (https://doi.org/10.1038/aps.2012.109)

15. B. D. Bekono, F. Ntie-Kang, P. A. Onguéné, L. L. Lifongo, W. Sippl, K. Fester, L. C. O.
Owono, Malar. J. 19 (2020) 183 (https://doi.org/10.1186/s12936-020-03231-7)

Available online at: http://www.shd.org.rs/JSCS

(CC) 2025 Serbian Chemical Society.



16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

PHYTOCHEMICALS AS ACETYLCHOLINESTERASE INHIBITORS 1 99

S. Kim, J. Chen, T. Cheng, A. Gindulyte, J. He, S. He, Q. Li, B. A. Shoemaker, P. A.
Thiessen, B. Yu, L. Zaslavsky, J. Zhang, E. E. Bolton, Nucleic Acids Res. 51 (2023)
D1373 (https://doi.org/10.1093/nar/gkac956)

M. D. Hanwell, D. E. Curtis, D. C. Lonie, T. Vandermeerschd, E. Zurek, G. R.
Hutchison, J. Cheminform. 4 (2012) 17 (https://doi.org/10.1186/1758-2946—4-17)

K. V. Dileep, K. Ihara, C. Mishima-Tsumagari, M. Kukimoto-Niino, M. Yonemochi, K.
Hanada, M. Shirouzu, K. Y. J. Zhang, Int. J. Biol. Macromol. 210 (2022) 172
(https://doi.org/10.1016/j.ijbiomac.2022.05.009)

H. M. Berman, J. Westbrook, Z. Feng, G. Gilliland, T. N. Bhat, H. Weissig, I. N.
Shindyalov, P. E. Bourne, Nucleic Acids Res. 28 (2000) 235
(https://doi.org/10.1093/nar/28.1.235)

S. Yuan, H. C. S. Chan, Z. Hu, WIREs Comp. Mol. Sci. 7 (2017) e1298
(https://doi.org/10.1002/wcms. 1298)

C. Colovos, T. O. Yeates, Protein Sci. 2 (1993) 1511
(https://doi.org/10.1002/pro.5560020916)

K. B. Santos, I. A. Guedes, A. L. M. Karl, L. E. Dardenne, J. Chem. Inf. Model. 60 (2020)
667 (https://doi.org/10.1021/acs.jcim.9b00905)

R. L. S. Shrestha, B. Maharjan, T. Shrestha, B. P. Marasini, J. Adhikari Subin, Results
Chem. 7 (2024) 101363 (https://doi.org/10.1016/j.rechem.2024.101363)

U. Baroroh, M. Biotek, Z. S. Muscifa, W. Destiarani, F. G. Rohmatullah, M. Yusuf,
Indones. J. Comput. Biol. 2 (2023) 22 (https://doi.org/10.24198/ijcb.v2i1.46322)

M. J. Abraham, T. Murtola, R. Schulz, S. Pall, J. C. Smith, B. Hess, E. Lindah, SoftwareX
1 (2015) 19 (https://doi.org/10.1016/j.s0ftx.2015.06.001)

V. Zoete, M. A. Cuendet, A. Grosdidier, O. Michielin, J. Comput. Chem. 32 (2011) 2359
(https://doi.org/10.1002/jcc.21816)

W. L. Jorgensen, J. Chandrasekhar, J. D. Madura, R. W. Impey, M. L. Klein, J. Chem.
Phys. 79 (1983) 926 (https://doi.org/10.1063/1.445869)

P. Neupane, J. Adhikari Subin, R. Adhikari, J. Biomol. Struct. Dyn. (2024) 1
(https://doi.org/10.1080/07391102.2024.2314262)

M. S. Valdés-Tresanco, M. E. Valdés-Tresanco, P. A. Valiente, E. Moreno, J. Chem.
Theory Comput. 17 (2021) 6281 (https://doi.org/10.1021/acs.jctc.1c00645)

D. E. Pires, T. L. Blundell, D. B. Ascher, J. Med. Chem. 58 (2015) 4066
(https://doi.org/10.1021/acs.jmedchem.5b00104)

R. L. S. Shrestha, R. Panta, B. Maharjan, T. Shrestha, S. Bharati, S. Dhital, P. Neupane,
N. Parajuli, B. P. Marasini, J. Adhikari Subin, Mor. J. Chem 12 (2024) 776
(https://doi.org/10.48317/IMIST.PRSM/morjchem-v12i2.46845)

P. Neupane, S. Dhital, N. Parajuli, T. Shrestha, S. Bharati, B. Maharjan, J. Adhikari
Subin, R. L. S. Shrestha, J. Nepal Phys. Soc. 9 (2023) 95
(https://doi.org/10.3126/jnphyssoc.v9i2.62410)

E. Y. Shintani, K. M. Uchida, Am. J. Health-Syst. Pharm. 54 (1997) 2805
(https://doi.org/10.1093/ajhp/54.24.2805)

Q. M. S. Jamal, M. I. Khan, A. H. Alharbi, V. Ahmad, B. S. Yadav, Nutrients 15 (2023)
1579 (https://doi.org/10.3390/nu15071579)

T. R. Lamichhane, M. P. Ghimire, Heliyon 7 (2021) E08220
(https://doi.org/10.1016/j.heliyon.2021.08220)

B. K. Raut, S. R. Upadhyaya, J. Bashyal, N. Parajuli, ACS Omega 8 (2023) 43617
(https://doi.org/10.1021/acsomega.3c05082)

Available online at: http://www.shd.org.rs/JSCS

(CC) 2025 Serbian Chemical Society.



200 SHRESTHA ef dl.

37. E. Durham, B. Dorr, N. Woetzel, R. Staritzbichler, J. Meiler, J. Mol. Model. 15 (2009)
1093 (https://doi.org/10.1007/s00894-009-0454-9)

38. M.Y. Lobanov, N. S. Bogatyreva, O. V. Galzitskaya, Mol. Biol. 42 (2008) 623
(https://doi.org/10.1134/S0026893308040195)

39. A. Shrestha, S. R. Upadhyaya, B. K. Raut, S. Bhattarai, K. R. Sharma, N. Parajuli, J. K.
Sohng, & B. P. Regmi, Processes 12 (2024) 230 (https://doi.org/10.3390/pr12010230)

40. Z. Cournia, B. Allen, W. Sherman, J. Chem. Inf. Model. 57 (2017) 2911
(https://doi.org/10.1021/acs.jcim.7b00564).

Available online at: http://www.shd.org.rs/JSCS

(CC) 2025 Serbian Chemical Society.




@Article{Lal2025,

  author    = {Ram Lal and Swagat Shrestha and Prabhat Neupane and Sujan Dhital and Nirmal Parajuli and Binita Maharjan and Timila Shrestha and Samjhana Bharati and Bishnu Prasad Marasini and Jhashanath Adhikari Subin},

  journal   = {Journal of the Serbian Chemical Society},

  title     = {Selected phytochemicals as potent acetylcholinesterase inhibitors: An in silico prediction},

  year      = {2025},

  issn      = {1820-7421},

  month     = {2},

  pages     = {187-200},

  volume    = {90},

  abstract  = {In recent times, there has been a notable increase in the widespread presence of Alzheimer’s disease. The disease could be controlled by the inhi­b­ition of acetylcholinesterase, an enzyme associated with the degradation of acetylcholine. Plants have been used to treat neurogenerative diseases and their phytochemicals could act as acetylcholinesterase inhibitors, impeding the pro­tein’s catalytic activity. This study includes a computational assessment of phytocompounds as potent inhibitors of the enzyme. The molecular docking calculations revealed binding affinities of -50.651, –49.446 , –48.400, –47.977, –47.839 and –47.417 kJ/mol for allanxanthone B, stigmasterol, 5'-O-methyl dioncophylline D, ismailin, wistin and dioncophylline C2, respectively, indi­cating firm binding of these molecules with the receptor. Donepezil (a native and FDA-approved drug) exhibited a binding affinity of –46.789 kJ/mol, which was significantly lower than that of the proposed phytochemicals. The success­ful candidates demonstrated good stability of the complex with the protein, showing smooth RMSD of ligands below 6 Å from the 200 ns molecular dyn­amics simulation. The thermodynamic stability from the MMPBSA method indicated the sustained spontaneity and feasibility of the adducts. Thus, the pro­posed candidates could be used as remedies for Alzheimer’s disease after the experimental verification for their safety and efficacy.},

  doi       = {10.2298/JSC240405065S},

  file      = {:05_12876_5829.pdf:PDF},

  issue     = {2},

  keywords  = {binding affinity,free energy changes,geometrical stability,molecular dynamics simulation},

  publisher = {National Library of Serbia},

  url       = {https://www.shd-pub.org.rs/index.php/JSCS/article/view/12876},

}




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [1200 1200]
  /PageSize [595.276 841.890]
>> setpagedevice




