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ABSTRACT

Bioactive natural products have been extensively investigated for the
discovery of alternative Alzheimer’s disease (AD) treatments. Recently, our
structure-based virtual screening (SBVS) campaigns on natural products served in
the LOTUS database exhibited the potency of isoliquiritigenin as an
acetylcholinesterase (AChE) inhibitor, which propelled us to investigate it further.
This study aimed to evaluate the acetylcholinesterase (AChE) inhibitory activity of
isoliquiritigenin compared to commonly known inhibitors, i.e., donepezil, through
in vitro and in silico studies. The AChE inhibitory activity of isoliquiritigenin and
donepezil was evaluated using the improved Ellman method, and the molecular
mechanism for inhibiting AChE was identified using molecular docking and
dynamics simulations. Our findings verified the AChE inhibitory activity of
isoliquiritigenin, possessing an ICso value of 126.22 pM compared to donepezil,
with an ICso value of 36.98 uM. In silico studies revealed that five best-docked
poses from 100 redocking and molecular docking simulations established
interactions in the AChE active site in 5 ns after 5-ns equilibration run. Further
dynamics interactions were explored to 50 ns, showing interactions of
isoliquiritigenin and donepezil, which were still in the AChE active site. These
simulations also revealed the pivotality of the aromatic ring and hydroxyl moiety
of isoliquiritigenin reinforcing the receptor-ligand stabilization. Hence, our studies
exhibited the potency of isoliquiritigenin acting as an AChE inhibitor and might be
explored in isoliquiritigenin-containing bioactive natural products as AD
alternative treatments.
Keywords: Acetylcholinesterase Inhibitor, Isoliquiritigenin, In Vitro Study, In
Silico Study, Natural Products
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INTRODUCTION
Recently, we performed structure-based

various pharmacological properties such as
counteracting oxidative stress (Dong et al.,, 2024),

virtual screening (SBVS) campaigns on 276,518
natural products from the LOTUS database to
discover acetylcholinesterase (AChE) inhibitors.
From 867 compounds identified as virtual hits, we
found that among them was isoliquiritigenin
(Riswanto et al, 2024). Hence, this research aimed
to examine the AChE inhibitory activity of
isoliquiritigenin, which was previously discovered
in our SBVS campaigns.

Isoliquiritigenin, a type of chalcone

derivative, was extensively investigated to have

neuroprotective (Shi et al, 2020), anticancer
(Wanget al,, 2021), and antidiabetic activity (Gaur
et al,, 2014). This compound was also found in
many foods, beverages, (Zhang et al., 2010) and in
the leaves of Muntingia calabura, ie., a plant
abundantly spread in many countries, especially in
Indonesia (Mahmood et al,, 2014).

A study revealed that the ability of drugs to
cross the blood-brain barrier (BBB) is a pivotal
consideration for drugs treating
neurodegenerative  diseases. As  expected,
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isoliquiritigenin was able to penetrate the blood-
brain barrier (BBB) and distribute within brain
tissue, as reported in the previous literature (Li et
al, 2015; Ramalingam et al, 2018; Wang et al,,
2021). Still, the investigation of isoliquiritigenin in
inhibiting AChE remains rarely explored nowadays,
which also supports our research in evaluating the
AChE inhibitory activity of isoliquiritigenin.

Over time, Alzheimer’s disease (AD) has
been highlighted as a public health concern, and AD
incidence is predictably projected to increase in
2050 (Nichols et al, 2022). In recent years,
developing natural products-based AD treatments
has been a significant concern to overcome this
incidence (Gajendra et al, 2024). Indeed, the
explorations of plant-derived compounds and
bioactive natural products have been widely
accentuated as potential alternative AD treatments
since they possess therapeutic benefits with
relatively fewer adverse effects (Ahmed et al,
2021; Gajendra et al, 2024), propelling us to
investigate the potency of isoliquiritigenin as an
abundantly-found natural product.

This research evaluated the AChE inhibitory
activity of isoliquiritigenin discovered from our
SBVS campaigns (Riswanto et al,, 2024) based on
the improved Ellman method, as previous studies
utilized this in vitro method (Hafiz et al, 2020;
Ketenci et al, 2020). To study the molecular
mechanism of isoliquiritigenin interacting in the
AChE active site, 100 molecular docking followed
by molecular dynamics (MD) simulations and
interaction hotspots identification were
implemented to provide in silico perspective. These
findings could serve the potency of isoliquiritigenin
as an AChE inhibitor to encourage the discovery of
bioactive natural products as alternative AD
therapies.

MATERIALS AND METHODS
Chemicals

Isoliquiritigenin (CAS No: 961-29-5) and
donepezil hydrochloride (CAS No: 120011-70-3)
were purchased from Sigma-Aldrich (St. Louis, MO,
USA). QuantiChrom™ Acetylcholinesterase
Inhibitor Screening Kit (DACE-100) was also
purchased from BioAssay Systems (Hayward, CA.,
USA). Dimethyl sulfoxide (DMSO) (Cas No: 67-68-
5) was used as the solvent and was purchased from
Sigma-Aldrich (St. Louis, MO, USA).

In Silico Instrumentation

The molecular simulations studies, including
molecular docking and dynamics simulations, were
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performed on a personal computer. This computer
was equipped with an AMD Ryzen 7 5800X
processor, an NVIDIA GeForce GTX 1650 graphics
card, 32GB of RAM, and a 466 GB solid-state drive.
This computer was also integrated with YASARA-
Structure 24.4.10 with our in-house developed
plug-in to perform 100 redocking simulations as
well as molecular docking simulations and PyPLIF
HIPPOS 0.2.0 to identify interactions hotspots from
MD simulations (Istyastono et al., 2023; Waskitha
etal, 2023).

Acetylcholinesterase Inhibitory Assay

The acetylcholinesterase inhibitory activity
of the tested compounds, i.e., isoliquiritigenin and
donepezil as the positive control, was evaluated
using the improved Ellman method. A series of
isoliquiritigenin and donepezil solutions was
prepared with DMSO as the solvent at 500, 200,
100, 50, and O pM concentrations. The
acetylcholinesterase inhibitory activity of the
tested compounds was evaluated according to the
manufacturer’s protocol. This assay kit contains
assay buffer (pH 7.5), calibrator, and reagent. The
working reagent was freshly prepared by
dissolving the reagent with assay buffer with a
concentration of 2 mg/200 pL.

The calibrator and DMSO were used in a
different well of clear 96-well plate (200 pL).
In the separate well, the tested compound
solution (10 pL) was mixed with the working
reagent (190 pL). Instead of optical density, the
absorbance was calculated at 2 and 10 minutes in
the plate reader using Synergy HTX-3 multimode
reader (at 412 nm wavelength) integrated with
Gen5 3.08 software. The absorbance calculation
was conducted at 25 °C. Finally, acetyl-
cholinesterase activity was calculated using this
equation as follows:

Abs,;, — Abs,

AChE Activity = —————
e Abs, — Abspuso

X 200 (U/L)
Based on the equation, Absip and Abszwere
the absorbance values of the tested compound at
10 and 2 minutes, respectively. The absorbance of
the calibrator and DMSO at 10 minutes was
denoted by Abscaand Abspumso. The number “200” is
the equivalent activity of the calibrator under the
assay conditions as mentioned in the
manufacturer's protocol. The AChE activities
measured were then converted to inhibition
percentage to obtain the ICso value of the tested
compounds. The absorbance measurements were
performed in triplicate for all wells, except the

Volume 36 Issue 4 (2025)



isoliquiritigenin solutions at 50 M concentration,
which were measured in duplicate.
Receptor-Ligand Preparation

Receptor-ligand preparation was initiated
before conducting redocking and docking
simulations. This preparation was based on our
previous research (Istyastono et al, 2023;
Waskitha et al,, 2023). As YASARA-Structure could
directly download the receptor-ligand complex,
this research used a three-dimensional model of
human acetylcholinesterase complexed with
donepezil as the native ligand (PDB ID: 7E3H). This
research selected chain A (mol A) as the studied
model in this model.

To obtain the complete structure of the
receptor, the missing amino acids were built into
the receptor model. The removal of other
insignificant molecules i.e, water, Nag, and Fuc
molecules was done followed by the addition of the
terminal cap of the receptor. The system was
further prepared by adjusting its pH to 7.4 to mimic
physiological conditions, structure checking, and
energy minimization. The corrected structure was
then saved as 7e3h-corr-min.yob for further
simulations.

Redocking Simulations of Donepezil

In this research, 100 redocking simulations
were performed using our in-house developed
plug-in as previously published (Istyastono et al.,
2023; Waskitha et al,, 2023). This plug-in allowed
us to perform 100 redocking simulations of the
native ligand and resulted in redocked poses in a
different working directory for each ntt simulation.
The root mean square deviation (RMSD) value was
calculated based on the superimposition of the
best-redocked native ligand from each simulation
to its crystallographic structure according to 7e3h-
corr-min.yob. The RMSD values were considerably
accepted if the values were < 2.000 A of 95% of all
the best-redocked poses. Therefore, the redocking
protocol could be used for molecular docking
simulations of isoliquiritigenin (Diallo et al,, 2021;
Istyastono et al.,, 2023).
Molecular Docking Simulations of
Isoliquiritigenin

This research also utilized our in-house
developed plug-in as recently conducted in our
previous research (Istyastono et al, 2023;
Waskitha et al, 2023). To perform 100 molecular
docking simulations with the same configuration
as the redocking simulations. The resulting
files  from  redocking  simulations, ie,
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MacroTarget receptor.sce and
MacroTarget_configmcr, were duplicated in
another directory in which 100 molecular docking
simulations of isoliquiritigenin were performed.

Using YASARA-Structure, the three-
dimensional  structure of isoliquiritigenin
was built using its SMILES code i.e,

0=C(/C=C/C(=CC=C10)C=C1)C(=CC1)C(0)=CC=1
0.The system pH was set to 7.4 as the physiological
conditions followed by structure checking and
energy minimization, respectively. The structure
was then saved and selected as the MacroTarget to
perform 100 molecular docking simulations.
These simulations generated RMSD value of
the best-docked pose of isoliquiritigenin, which
was generated from the superimposition of the
best-docked pose from each simulation to the best-
docked pose from the first simulation. Hence, the
best-docked pose with RMSD value of > 2.000 A
noticeably had a different pose compared to the
best-docked pose from the first simulation
(Istyastono et al,, 2023; Waskitha et al,, 2023).

Molecular Dynamics Simulations

Molecular dynamics (MD) simulations were
also carried out using YASARA-Structure and
aimed to evaluate the dynamics interactions of
docked native ligand and isoliquiritigenin. The
simulations were configured using YASARA-
Structure md_run.mcr macro file, as mentioned in
the previous research (Istyastono et al., 2023).

The AMBER14 forcefield was used to model
atomic interactions and the periodic boundary
conditions were implemented. The system was
enclosed in a cubic cell with an extension of
the cell 10 A around all atoms. In the system,
water molecules were selected as the solvent with
the density of 0.993 g/mL, with the temperature of
310 K, and the pressure of 1 bar. The Na* and Cl-
ions were added as mimicking physiological
conditions with a concentration of 0.9%.
Particle Mesh Ewald method was employed for
long-range coulomb force calculations without a
cutoff, while van der Waals forces had a cutoff of
8.000 A.

Before running MD simulations, the system
underwent energy minimization using the steepest
descent followed by simulated annealing methods
to reduce steric clashes. The MD simulations then
ran for 15 ns simulation, with the first 5 ns as the
equilibration run followed by 10 ns production run.
The production run was prolonged to 40 ns to
explore the dynamics interaction further. Hence,
the total MD simulations time was 50 ns. The MD
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simulations were run using 2.5 fs timesteps, and
the snapshots were taken every 100 ps.

The MD simulations were performed
with five replications for each receptor-ligand
complex obtained from each of the best-redocked
and docked with the lowest free energies of
binding (FEB) (Liu et al, 2017; Liu & Kokubo,
2017). For each complex, the simulations
produced RMSD values for the receptor's
backbone atoms (RMSD-Backbone) and the ligand
movement (RMSD-Ligand Movement) at each
saved snapshot. Changes in these RMSD values
were analyzed to evaluate conformational stability.

Free Energies of Binding Evaluation

The FEB for each snapshot from the
MD simulations was computed using a YASARA-
Structure macro called
md_analyzebindingenergy.mcr. This macro
employed the AMBER14 force field, maintaining
consistency with the force field used in the MD
simulations. The Poisson-Boltzmann (PBS) method
was applied at 310 K to calculate solvation energy.
The FEB calculation was performed using the VINA
local search (VINALS) algorithm.

Interaction Hotspots Analysis

This research employed PyPLIF HIPPOS
0.2.0 to analyze interaction hotspots from each MD
snapshot, utilizing the direct IFP feature as in our
recently published research (Istyastono et al,
2023). Snapshots from MD simulations were
converted to PDB format using a YASARA macro file
(md_convert.mcr), excluding water molecules. The
software analyzed interactions in each snapshot
and then grouped them by type to pinpoint

interaction hotspots  throughout the MD
simulations.
RESULTS AND DISCUSSION

Acetylcholinesterase Inhibitory Assay

The inhibitory activity of isoliquiritigenin
and donepezil against AChE was well assessed
using the improved Ellman method. The
thiocholine produced by the AChE enzymatic
reaction reacted with 5,5'-dithiobis(2-nitrobenzoic
acid), resulting in the product of a yellow-colored
compound. The product's intensity was
proportionally to the AChE activity in the sample.
The inhibition percentages of isoliquiritigenin and
donepezil against AChE were derived from the
obtained AChE activity (Figure 1). Donepezil
exhibited a better inhibitory effect than
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isoliquiritigenin at concentrations of 50, 100, and
200 pM. However, at a concentration of 500 uM,
the inhibitory activity of isoliquiritigenin appeared
to surpass donepezil. At a concentration of 500 pM,
isoliquiritigenin showed a slightly higher inhibition
percentage compared to donepezil, suggesting that
at higher concentrations, isoliquiritigenin might
provide better AChE inhibitory activity. According
to our findings, the obtained ICso of
isoliquiritigenin and donepezil was 126.22 and
36.98 uM, respectively.

100.00 -

= [ Donepezil

E 80.00 o ‘\‘ : O lsoliquiritigenin

£ 6000 s , 7

e I NENE N

& 4000 § : § : §

s TUTINE NE N\

§ 20,00 1 s .'.‘:\

£ N N N
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500 200 100 50 0
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Figure 1. The percentage of AChE inhibition by
isoliquiritigenin and donepezil

Compared to the commonly available AChE
inhibitor i.e., donepezil, isoliquiritigenin possessed
the lower inhibitory activity. Even so, it was
discovered that isoliquiritigenin inhibited AChE
with the lower ICso value compared to other
natural products such as morusinol, i.e., flavonoid
compound isolated from the root bark of Morus
thou L (ICso = 173.49 uM) (Kim et al, 2011) and
certain flavonoids from Paulownia tomentosa
fruits, ie., hesperetin (ICso = 2476.1 pM),
naringenin (ICsp = 2045.0 puM), and eriodictyol (ICso
=1663.8 pM) (Cho et al., 2012). Interestingly, our
findings exhibited that isoliquiritigenin possessed
better AChE inhibitory activity than another
widely-studied flavonoid compound, i.e., quercetin
(ICso = 353.86 uM) (Khan et al., 2009).

Our studied compound also had a better
AChE inhibitory activity than certain alkaloid
compounds reported in previous literature review
(Konrath et al, 2013). Our results might serve the
potency of isoliquiritigenin as an AChE inhibitor for
alternative AD treatment. To comprehend the
molecular inhibitory mechanism of both
isoliquiritigenin and donepezil against AChE,
molecular docking and dynamics simulations were
subjected to give in silico perspectives.
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Molecular Docking Simulations

Initially, 100 redocking simulations were
performed to validate the proposed molecular
docking protocol. The results showed that RMSD
values of best-redocked donepezil were ranged
from 0.311 to 0550 A with an average value of
0.407 A, suggesting that the molecular docking
protocol was valid, allowable, and, therefore, could
be used to dock isoliquiritigenin with the same
protocol (Diallo et al,, 2021; Istyastono et al., 2023;
Waskitha et al, 2023). The best-redocked
donepezil had FEB of -12.310 to -12.451 kcal/mol,
possessing an average FEB of -12.381 kcal/mol. In
both redocking and molecular docking simulations,
the lower value of FEB indicated the more
favorable docked pose. The representative of the
best-redocked pose with the lowest FEB value of -
12.451 kecal/mol was conformationally stabilized
by predominantly aromatic and hydrophobic
interactions with the active site amino acid
residues,

The best-docked isoliquiritigenin interacted
in the AChE active site with FEB values ranging
from -9.566 to -9.673 kcal/mol. Interestingly, these
simulations produced best-docked isoliquiritigenin
with all RMSD values of < 2.000 A with a maximum
value of 0.113 A, indicating that there was only one
dominant best-docked pose result. As predicted,
the best-docked pose with the lowest FEB value
formed aromatic interactions due to the aromatic
features of isoliquiritigenin.

To ensure the conformational stability of the
resulted best-docked pose, previous research
encouraged the redocking as well as molecular
docking results to be validated further with MD
simulations (Chen, 2015). In this research, the
conformational stability of the ligand in the AChE
active site was assessed based on the top five
lowest FEB values of the best-docked pose from
redocking and docking simulations. This research
revealed that the native ligand produced the top
five best-redocked poses with FEB values of -
12451 (DNP-1), -12.447 (DNP-2), -12.447 (DNP-
3),-12.444 (DNP-4), and -12.441 (DNP-5) kcal /mol
whereas isoliquiritigenin produced best-docked
poses with FEB values of -9.673 (ISL-1), -9.672
(ISL-2), -9.671 (ISL-3), -9.671 (ISL-4), and -9.670
(ISL-5) kcal/mol, respectively. All redocking and
molecular docking results, i.e, FEB values and
interacting amino acid residues, are provided
(Supplementary File 1). In addition, visualization of
the best-redocked pose and the best-docked pose
compared to the end of 10 ns MD simulations pose
is also presented (Supplementary File 2).
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Molecular Dynamics Simulations

Conformational stability and dynamics
interactions ofisoliquiritigenin and donepezil were
graphically evaluated from the final snapshot of
equilibration run (5 ns) to 10 ns. The graph
depicting conformational stability evaluation from
the top five best-docked conformations ranked
from the lowest to highest FEB value is colored
with red (DNP-1 and ISL-1), yellow (DNP-2 and
ISL-2), green (DNP-3 and ISL-3), blue (DNP-4 and
ISL-4), and purple (DNP-5 and ISL-5), respectively.
The red-colored graph indicates the lowest FEB
value, while the purple-colored graph indicates the
highest FEB value from the top five best-redocked
and best-docked poses.
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Figure 2. The dynamics conformational changes of
AChE backbone atoms of DNP-1 (red), DNP-2
(vellow), DNP-3 (green), DNP-4 (blue) and DNP-5
(purple) complex

The conformational stability evaluation in
changes of the RMSD Backbone atoms of AChE was
also examined (Figure 2). Our results exhibited
that at the initial conformation of the simulations,
starting from 0 ns at the equilibration run, the
RMSD Backbone gradually increased with RMSD
Backbone of < 2.000 A. After 5 ns, it was observed
that all donepezil complexes (DNP-1 to DNP-5) still
maintained RMSD Backbone atoms value of < 2.000
A, exhibiting the conformational stability of the
receptor backbone atoms after the equilibration
run until 10 ns MD simulations.

Interestingly, the DNP-3 complex
maintained the donepezil conformational stability
in the AChE active site from 5 to 10 ns production
run with RMSD Ligand Movement of < 2.000 A
(Figure 3). Our research found that although the
conformation of AChE backbone atoms of complex
DNP-1, DNP-2, DNP-4, and DNP-5 was stable, there
were several observable RMSD Ligand Movement
of > 2,000 A. Nonetheless, donepezil still interacted
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in the AChE active site at these snapshots, according
to our visual inspections.

RMSD Ligand Movement (A)

Time (ns)

Figure 3. The dynamics conformational changes of
donepezil interacting with amino acid residues of
AChE colored with red (DNP-1), yellow (DNP-2),
green (DNP-3), blue (DNP-4), and purple (DNP-5)

From 5 to 10 ns MD simulations, PyPLIF
HIPPOS 0.2.0 recognized several interaction
hotspots, such as hydrogen bonds, aromatic, and
hydrophobic interactions. Although there were
many observed hydrophobic interactions, those
interactions are not listed in this work since all
amino acid residues in the AChE active site could
form hydrophobic interactions (Windah &
Istyastono, 2024). All interaction hotspots of
donepezil interacting in the AChE active site during
5 to 10 ns MD simulations are also tabulated
(Supplementary File 3). This analysis revealed that
hydrogen bonds and aromatic interactions played a
role in AChE-donepezil stabilization. It was
examined that the N-benzylpiperidine moiety of
donepezil in DNP-1, DNP-2, DNP-4, and DNP-5
complex formed hydrogen bonds with Tyr337
during 5 to 10 ns MD simulations. In addition,
aromatic edge-to-face interactions with Tyr341 and
Tyr337, as well as aromatic face-to-face
interactions with Trp86 and Trp286, are also
dominantly established in all donepezil complexes.

Our visual inspections proved that the
existence of aromatic and N-benzylpiperidine
moiety of donepezil stabilized the receptor-ligand
interactions, especially interacting with aromatic
amino acid residues. These findings were also well-
correlated with previous research, showing the
important feature of N-benzylpiperidine moiety to
enhance the AChE inhibitory activity (Sugimoto,
1999). Meanwhile, the role of aromatic ring as the
important moiety of AChE inhibitors was explained
in the previous study (Mohsin & Ahmad, 2020).
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This research also revealed that several
selected  best-docked poses of  AChE-
isoliquiritigenin compley, i.e, ISL-2, ISL-3, and ISL-
5 could maintain the AChE backbone atoms stably,
with RMSD value < 2.000 A along 5 to 10 ns MD
simulations. In contrast, ISL-1 and ISL-4 could not
maintain the RMSD Backbone atoms value of <
2.000 A throughout the simulation time, and it
could be noticed there were several snapshots
possessing RMSD Backbone atoms value of > 2.000
A (Figure 4). These findings denoted that receptor-
ligand complexes with the same FEB value from
molecular docking simulation might not produce in
similar conformational stability of the examined
system.
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Figure 4. The dynamics conformational changes of
AChE backbone atoms of [SL-1 (red), ISL-2
(vellow), ISL-3 (green), ISL-4 (blue) and ISL-5
(purple) complex

From the end of the equilibration run to 10
ns MD simulations, isoliquiritigenin in the
receptor-ligand complex of ISL-1 to ISL-5 was
noticed to have higher ligand conformational
changes than donepezil, as several MD snapshots
possessed RMSD ligand movement values of >
2.000 A (Figure 5). Even if ISL-1 was the best-
docked isoliquiritigenin, possessing the lowest FEB
value, this complex had the highest RMSD ligand
movement value compared to the other complexes.
However, in contrast, ISL-5, i.e, best-docked
isoliquiritigenin having the highest FEB from the
selected top five best-docked poses, possessed the
lowest RMSD Ligand Movement values. These MD
simulation results revealed that we cannot easily
judge the receptor-ligand stability based on the
FEB produced from molecular docking results. As
mentioned in the previous research, the molecular
docking results could be further validated with MD
simulations to avoid questionable docking results
(Chen, 2015).
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Even if several MD snapshots possessed
RMSD ligand movement of > 2.000 A with the
highest value of 5.585 A from ISL-1 complex,
isoliquiritigenin still interacted in the AChE active
site, forming interactions of aromatic edge-to-face
with Tyr124, Trp286, Phe297, and Tyr341 along
with aromatic face-to-face interactions with Trp286
and Tyr341. In addition, our visual inspections
proved that all MD snapshots (Figure 5) denoted
that isoliquiritigenin still interacted in the AChE
active site,

As expected, hydrogen bonds and aromatic
interactions were observed using PyPLIF HIPPOS
0.2.0 at simulation time 5 to 10 ns (Supplementary
File 3). As also analyzed using visual inspections, all
isoliquiritigenin complexes favorably interacted
with aromatic amino acid residues, such as Tyr124,
Trp286, Phe297, Tyr337, Phe338, and Tyr341. In
addition, specific complexes interacted with several
other aromatic amino acid residues, such as Tyr72
and Trp86.

it

ns-

£ A

1]

€ 44

g .

=

B 29

53

g 11

%n v v ' v .
= 5 6 7 8 9 10

Time (ns)

Figure 5. The dynamics conformational changes of
isoliquiritigenin interacting with amino acid
residues of AChE colored with red (ISL-1), yellow
(ISL-2), green (ISL-3), blue (ISL-4), and purple (ISL-
5)

The ligand-receptor interactions were also
reinforced with hydrogen bonds in all complexes,
i.e, Tyr124 (1.96%), Ser293 (1.96%), and Tyr337
(3.92%) for ISL-1. For ISL-2, hydrogen bonds were
established with the amino acid residue of Tyr124
as an H-bond donor and acceptor (1.96% and
3.92%) along with His447 (41.17%). In ISL-3
complex, hydrogen bonds also formed only with the
amino acid residue of His447 (9.80%), while in the
ISL-4 complex, the same hydrogen bond percentage
was formed (1.96%) with the amino acid residue of
Tyr337 as H-bond donor and acceptor along with
Glu202. Subsequently, ISL-5 complex formed
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hydrogen bonds with aromatic amino acid residue
of His447 (21.56%).

As supposed, the hydrogen bonds formation
of AChE-isoliquiritigenin stabilization was due to
the existence of the hydroxyl moiety attached to the
aromatic rings. These findings corresponded
closely to the previous research, denoting the
importance of the hydroxyl moiety of chalcone
derivatives in inhibiting AChE (George et al.,, 2022).
Our SBVS study also proved the existence of p-
hydroxyl moiety on the ring attached to carbonyl
group of chalcone might serve as the potential lead
compound of AChE inhibitor (Riswanto etal., 2017).

The interactions formed of DNP-1 to DNP-5
as well as ISL-1 to ISL-5 were also responsible for
the FEB of each MD simulation snapshot (Figure 6).
FEB value alterations of donepezil ranged from -
9.037 to -12.032 kJ/mol. Those alterations were
relatively close to each other complex since there
were several overlapped points (Figure 6) (thick
line). These FEB analyses denoted that donepezil
interacted more favorably than isoliquiritigenin
interactions.

Time (ns)

Free Energies of Binding
(kJ/mol)

Figure 6. The FEB changes of donepezil (thick line)
and isoliquiritigenin (dashed line) with amino acid
residues of AChE colored with red (DNP-1 and ISL-
1), yellow (DNP-2 and ISL-2), green (DNP-3 and
ISL-3), blue (DNP-4 and ISL-4), and purple (DNP-5
and ISL-5)

Notwithstanding that isoliquiritigenin
exhibited FEB values ranging from -6.533 to -
10.213 KkJ/mol, several FEB values from specific
MD simulation snapshots appeared lower than
those of donepezil. Among ISL-1 to [SL-5, it was
noticed that ISL-2 had a lower FEB value, ranging
from -8.115 to -10.213 kJ/mol, which indicated
more favorable interactions compared to the other
isoliquiritigenin complexes. These obtained FEB
values were suspected due to the formation of
dominant interactions such as hydrogen bond with
His447 (41.17%) as previously mentioned,
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aromatic face-to-face interactions with Trp86
(96.07%), Phe338 (29.41%), Tyr341 (94.11%),
and His447 (29.41%) together with aromatic edge-
to-face interactions with Tyr337 (80.39%), Phe338
(78.43%), and His447 (27.45%).

Further dynamics interactions were
explored after 10 to 50 ns simulation time. It was
observed that donepezil in the DNP-1 to DNP-5
complex possessed maximum RMSD Ligand
Movement of 3.540, 2.227, 3.390, 3.466, and 3.199
A for DNP-1 to DNP-5, respectively whereas the
minimum value was still < 2.000 A. Our visual
inspections and PyPLIF HIPPOS 0.2.0 identification
proved that donepezil in those complexes remained
in the AChE active site, as the interactions are listed
(Supplementary File 4). At simulation time of 10 to
50 ns, donepezil in all complexes mainly interacted
with Trp86, Trp286, and Tyr341 forming aromatic
face-to-face interactions along with Tyrl24,
Phe297, Tyr337, and Phe338 forming aromatic
edge-to-face interactions. Besides, N-
benzylpiperidine moiety of donepezil established
hydrogen bonds with Tyr337 throughout the
simulations. Observable ionic interactions were
also found in the DNP-1 and DNP-4 complexes with
Asp74.

As predicted, isoliquiritigenin dominantly
formed aromatic interactions due to its aromatic
moiety (Supplementary File 4). The aromatic
interactions were observed with Trp86, Tyri124,
Trp286, Phe297, Tyr337, Phe338, and Tyr341
forming aromatic edge-to-face interactions.
Thereto, amino acid residues of Trp286, Tyr337,
Phe338, and also Tyr341 formed aromatic face-to-
face interactions in all AChE-isoliquiritigenin
complexes. Hydrogen bonds were also contributed
to enhance the molecular interactions, forming
with amino acid residues of Tyr124 in all AChE-
isoliquiritigenin complexes. These interactions
hotspots identifications also proved that even
though the RMSD Ligand Movement values at these
observed simulations time exceeded 2.000 A,
especially nearly the end of simulations of ISL-2,
isoliquiritigenin still interacted with certain amino
acid residues in the AChE active site. Hence, these
MD simulations could be valuable in incorporating
these results to help explain how isoliquiritigenin
works to inhibit the AChE activity experimentally.

CONCLUSION

In this work, we proved that isoliquiritigenin
acted as an AChE inhibitor through in vitro and in
silico studies, verifying the SBVS campaigns in our
recently previous study. We discovered that
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isoliquiritigenin inhibited AChE activity with an
ICso value of 126.22 puM, compared to donepezil
possessing an 1Cso value of 36.98 uM. In silico
studies revealed from 5 to 10 ns MD simulations,
both isoliquiritigenin and donepezil interacted in
the AChE active site, stabilized by predominantly
aromatic amino acid residues. Further dynamics
explorations were observed to 50 ns, verifying that
isoliquiritigenin and donepezil still maintained
interactions in the AChE active site. Our findings
suggest that isoliquiritigenin could be a potential
alternative treatment for Alzheimer's disease, This
research may also pave the way for further
investigation into the effectiveness of natural
products containing isoliquiritigenin as the active
ingredient.
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