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Abstract 
Abnormality in cholinergic neurotransmission is an important reason for the occurrence of 
cognitive deficits associated with Alzheimer's disease (AD). The two major enzymes 
responsible for the degradation of acetylcholine, namely acetylcholinesterase (AChE) and 
butyrylcholinesterase (BChE), represent key targets in the quest to develop cholinergic 
function-enhancing drugs. The demand for structurally diverse and potentially less toxic lead 
molecules arises from challenges with the efficacy, selectivity, and adverse effects of existing 
cholinesterase inhibitors. Glycyrrhiza glabra L. is a pharmacologically rich medicinal plant 
and represents a potential natural source of cholinesterase inhibitors. In this study, Pinocembrin 
and Liquiritigenin were selected as inhibitors of AChE and BChE. Based on docking scores 
and interaction mechanisms, Pinocembrin and Liquiritigenin emerged as the most suitable 
dual-targeting compounds among the 40 metabolites that showed good docking interactions 
with the target enzymes. Through complementary hydrogen bonding, hydrophobic 
interactions, π-π stacking, and other non-covalent interactions, both compounds exhibited 
sustained interactions at the catalytic/active sites of the target enzymes. The integrity and 
favourable interaction profiles of the selected complexes were maintained throughout the entire 
simulation duration through the study of backbone root-mean-square deviation, radius of 
gyration, solvent-accessible surface area, ligand activity, and hydrogen bonding. Overall, the 
findings suggest that Pinocembrin and Liquiritigenin are potential flavonoid frameworks from 
G. glabra that exhibit a dual inhibition profile for AChE and BChE. This integrative 
computational strategy provides a rational basis for selecting candidate drugs against AD-
associated conditions. 
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1. Introduction One of the major reasons of dementia 

around the world is Alzheimer's disease 
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(AD), which is a progressive disease of the 
nervous system (Breijyeh and Karaman, 
2020). It consists of a complicated 
combination of processes rather than a 
simple molecular malfunction and is 
manifested through deterioration of 
memory, cognition, and nerve functioning 
(Payen et al., 2025). Since acetylcholine is 
responsible for learning, memory, attention, 
and cognitive functions, malfunctioning of 
cholinergic transmission has been receiving 
quite much attention as one of the principal 
changes associated with AD (Ballinger et 
al., 2016). While butyrylcholinesterase 
(BChE) plays a role in cholinergic 
regulation and becomes more important as 
the disease develops, acetylcholinesterase 
(AChE) is an enzyme primarily responsible 
for the fast breakdown of acetylcholine 
(Ballinger et al., 2016). Consequently, the 
simultaneous control of AChE and BChE 
activities has gained a lot of consideration 
as a suitable strategy for maintaining 
cholinergic neurotransmission in AD. In 
addition to the conventional role in 
acetylcholine metabolism, BChE has 
attracted considerable attention recently, 
making it worth considering as one of the 
principal therapeutic targets for AD 
treatment (Xing et al., 2021). While they 
relieve the symptoms, currently existing 
cholinesterase inhibitors, including those 
used in therapy, do not inhibit the 
pathological process itself. The 
development of structurally diverse ligands 
that will bind to cholinesterase targets has 
been promoted by certain restrictions 
related to tolerance, target selectivity, and 
efficacy of therapies. G. glabra plants 
contain structurally diverse metabolites 
with various pharmacological properties 
and chemical frameworks; natural 
compounds provide a highly attractive 
chemical space. Licorice (G. glabra L., 

Fabaceae) is a medicinal plant with a 
diverse chemical profile involving 
flavonoids, flavanones, chalcones, 
coumarins, triterpenoids, and their 
associated secondary metabolites (Xing et 
al., 2021). G. glabra is an interesting 
medicinal plant source of multifunctional 
compounds in relation to 
neurodegenerative disorders, since some of 
its components have been reported to have 
antioxidant, anti-inflammatory, 
antibacterial, and neuropharmacological 
activities. Pinocembrin and Liquiritigenin 
are among the flavonoids of G. glabra that 
are especially interesting due to their 
beneficial structural features and biological 
activity (Cerulli et al., 2022). Liquiritigenin 
and its analogues have previously been 
studied for their cholinesterase inhibitory 
activity and as anti-Alzheimer’s 
compounds (Nour et al., 2023). In 
particular, liquiritigenin derivatives have 
demonstrated an interaction with 
cholinesterase targets, and computational 
studies have been conducted to investigate 
their binding and dynamics towards BChE 
(Arora et al., 2025). Nevertheless, a 
sufficient number of studies have not been 
carried out in terms of a comprehensive 
investigation of G. glabra secondary 
metabolites in relation to both AChE and 
BChE, after which comparative selection 
and long-time-scale MD simulation will be 
performed. Thus, for the purpose of 
investigating the potential of G. glabra 
secondary metabolites as dual 
cholinesterase targets, the current research 
was developed. Molecular docking studies 
using AChE and BChE on secondary 
metabolites from G. glabra were conducted 
(El-Nashar et al., 2025). After a 
comparative analysis of the favourable 
interactions between the potential 
compounds and the two targets, 
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Pinocembrin and Liquiritigenin were 
selected. After the selection of the protein-
ligand complexes, the complexes were 
further subjected to 100-ns molecular 
dynamics simulation studies to analyse 
conformational stability, flexibility, 
compactness, solvent exposure, hydrogen 
bond stability, and concerted motion. For a 
better understanding of the energetic role of 
protein-ligand interactions, binding free-
energy calculations were carried out when 
necessary. This work aimed to develop a 
structure-based computational approach to 
identify potential AChE/BChE targeting 
ligands from G. glabra (Bhatt et al., 2022). 
Computer-aided drug design (CADD) is an 
emerging computational method in modern 
drug discovery, providing an efficient way 
to systematically screen, evaluate, and 
optimise prospective drugs using structure- 
and ligand-based computations (Macalino 
et al., 2015). The major aspects of CADD 
include molecular modelling, virtual 
screening, molecular docking, 
pharmacokinetic and toxicity predictions, 
and molecular dynamics simulations, 
which study the interactions between 
bioactive molecules and disease-related 
molecular targets (Yuan et al., 2025). 
Computational methods can save time, 
money, and the number of molecules 
needed for drug discovery compared to 
traditional screening methods by selecting 
prospective molecules for further 
experimental validation (Fahim, 2026). 
Molecular docking helps understand the 
binding mode and affinity of the ligands, 
while molecular dynamics simulations 
provide the dynamics study of the protein-
ligand complex under physiological 
conditions . Moreover, in silico ADMET 
and drug-likeness predictions will be able 
to evaluate the pharmacokinetic 
characteristics and toxicity of the molecules 

at an early stage. Therefore, the 
combination of CADD methods allows one 
to apply a rational and efficient approach to 
the screening of natural products and 
selection of lead molecules for therapy 
development (Llorach-Pares et al., 2022). 
 
 
2. Materials and Methodology 
2.1 Protein structure preparation 
The 3D structures of human AChE (PDB 
ID: 1U65) and BChE (PDB ID: 4PM8) 
proteins were obtained from the RCSB 
Protein Data Bank (PDB) 
https://www.rcsb.org/. The protein 
structures were preprocessed for docking 
by removing unwanted heteroatoms and 
crystallographic water molecules, adding 
hydrogen atoms, and assigning correct 
atomic charges. The missing atoms and 
residues were processed using Discovery 
Studio. After preprocessing, the protein 
structures were converted into docking 
format. 
2.2 Ligand preparation 
Ligand preparation was performed before 
docking of metabolites from G. glabra. 
Discovery Studio determined atomic 
charges and protonation. Structures of 
compounds were acquired from PubChem 
https://pubchem.ncbi.nlm.nih.gov/. To 
achieve energetically optimal 
conformations of ligands, energy 
minimisation was performed using the 
CHARMM force field. 
2.3 ADMET Profiling 
The ADMET and drug-likeness profiles of 
G. glabra secondary metabolites were 
evaluated using the web-based platforms 
SwissADME 
https://www.swissadme.ch/and ProTox-3.0 
https://tox.charite.de/protox3/. Canonical 
SMILES of the compounds were used as 
input. SwissADME was employed to assess 
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physicochemical properties, including 
molecular weight (MW), iLOGP, 
topological polar surface area (TPSA), 
hydrogen-bond donors (HBD), hydrogen-
bond acceptors (HBA), rotatable bonds,  
along with Lipinski's Rule of Five, 
gastrointestinal absorption, and blood–
brain barrier (BBB) permeability. ProTox-
II was used to predict toxicity class, 
hepatotoxicity, carcinogenicity, 
mutagenicity, cytotoxicity, and 
immunotoxicity. The obtained ADMET and 
toxicity profiles were used for preliminary 
screening and selection of compounds for 
subsequent molecular docking studies 
against AChE and BChE. 
2.4 Molecular docking 
In order to analyse the binding potential of 
the generated G. glabra metabolites against 
AChE and BChE, structure-based 
molecular docking analysis was performed. 
AutoDock4.2 version was used for the 
docking study. Grid generation was done 
for each target based on the experimentally 
determined active site of the enzyme. The 
docking score predicted for docking was 
used to rank the various poses obtained for 
each ligand. Using the docking score, pose 
ranking and binding site location, the best 
pose was selected. The docking score of the 
selected compounds for both targets was 
compared. 
 
2.5 Molecular Dynamics Simulation and 
Trajectory Analysis 
For MD simulation, the best docking 
complex was used to analyse the complex 
stability over a 100 ns timeframe. 
SwissParam software creates ligand 
structure and coordinate files that can be 
recognised by the CHARMM36 all-atom 
force field while doing MD simulations. In 
a similar vein, the protein’s topology and 
coordinate files were created using the 

pdb2gmx function of GROMACS 2023.2, 
which was compatible with the 
CHARMM36 force field. Under periodic 
boundary conditions, each protein-ligand 
combination was placed in the centre of a 
triclinic box that was filled with TIP3P 
water molecules and was kept at least 1 nm 
from the box wall. To relax the systems, 
energy minimisation was applied for a 
maximum of 50,000 steps. The steepest 
descent approach was used to perform 
energy minimisation steps, using a 
convergence criterion of 100.0 kJ mol−1 
nm−1. The system was then subjected to 
two stages of equilibration, each lasting 
1000 ps, to bring it to 310 K and 1 bar, 
replicating physiological circumstances. A 
constant number of particles, temperature, 
and volume were used for the first 
equilibration, whereas a constant number of 
particles, temperature, and pressure were 
used for the second equilibration. The 
velocity-rescale thermostat and the 
Parrinello-Rahman pressure coupling 
approach were used to maintain 
temperature and pressure stability. The MD 
simulation production process was then 
completed with a simulation time of 100 ns, 
performed at 310 K and 1 bar with an 
integration time of 2 fs at physiological 
conditions. The results of the MD 
simulations were examined using plots of 
RMSD, root mean square deviation 
fluctuation (RMSF), the radius of gyration 
(Rg), solvent accessible surface area 
(SASA), and H-bonds. The following 
Gromacs modules were used to analyse the 
MD trajectories: gmx rms, gmx rmsf, gmx 
gyrate, make_ndx, gmx hbond, gmx anaeig, 
gmx sham, gmx_covar, and gmx sasa for 
the calculation of RMSD, RMSF, Rg, 
SASA, and H-bond plots. Xmgrace 5.1.25 
was used to create the graphs and figures. 
3. Results  
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3.1 ADMET Profiling 
Based on their physicochemical, drug-like, 
pharmacokinetic, and toxicity parameters, 
both pinocembrin and liquiritigenin 
possessed promising characteristics for 
further exploration as possible anti-
Alzheimer’s drug leads. Both molecules 
had identical molecular weight (256.25 
Da), molecular formula (C₁₅H₁₂O₄), 
rotatable bonds (1), and TPSA (66.76 Å²). 
Differences in LogP and hydrogen-bonding 
characteristics could be noted. Pinocembrin 
had a LogP value of 2.11 with 2 hydrogen-
bond donors and 4 acceptors, while 
liquiritigenin had a lower LogP (1.73) and 
4 hydrogen-bond donors. Both molecules 
conformed to Lipinski's rule of five without 
violations and were considered to have high 
gastrointestinal permeability and good 
blood-brain barrier permeability, which is 
highly desirable for drugs targeting 
Alzheimer’s disease. Neither molecule was 
a substrate for P-glycoprotein. Both 
compounds were shown to have predicted 
inhibition of CYP1A2 and CYP2C19, 
while pinocembrin was not shown to inhibit 
CYP2C9 and CYP3A4, but liquiritigenin 
inhibited both enzymes. Notably, both 
compounds were shown to lack 
mutagenicity, hepatotoxicity, neurotoxicity, 
and immunotoxicity. Thus, these ADMET 
studies suggested promising preliminary 
safety of these molecules, as shown in Table 
1. The obtained results supported the 
selection of both pinocembrin and 
liquiritigenin for further molecular docking 
and molecular dynamics studies towards 
AChE and BChE. 

Table 1: Physicochemical, Lipinski and 
ADMET profiles of Pinocembrin and 

Liquiritigenin 
Parameter Pinocemb

rin 
Liquiritige
nin 

Molecular 
weight (Da) 

256.25 256.25 

Molecular 
formula 

C15H12O
4 

C15H12O4 

LogP 2.11 1.73 

H-bond 
donors 

2 4 

H-bond 
acceptors 

4 1 

Rotatable 
bonds 

1 1 

TPSA (Å²) 66.76 66.76 

Lipinski 
violations 

0 0 

GI 
absorption 

High High 

BBB 
permeability 

Yes Yes 

P-gp 
substrate 

No No 

CYP1A2 
inhibition 

Yes Yes 

CYP2C19 
inhibition 

Yes Yes 

CYP2C9 
inhibition 

No Yes 

CYP2D6 
inhibition 

No No 

CYP3A4 
inhibition 

No Yes 

Mutagenicit
y  

Inactive Inactive 

Hepatotoxici
ty 

Inactive Inactive 

Neurotoxicit
y  

Inactive Inactive 

Immunotoxi
city  

Inactive Inactive 

 
3.2 Molecular Docking Analysis 
Blind molecular docking was performed 
using a set of 40 selected secondary 
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metabolites of G. glabra against  (AChE) 
and  (BChE) in order to discover 
metabolites with favorable binding 
properties against both cholinesterases. The 
docking study offered a comparative 
evaluation of the binding energies and 
interaction behaviors of the selected 
metabolites. The full details of the blind-
docking results, comprising the binding 
energy predictions for all 40 compounds 
against AChE and BChE, are presented in 
Supplementary Table S1. 
Among the metabolites exhibiting good 
binding towards both targets, further 
analysis with regard to the drug-likeness 
and toxicity features was done in order to 
choose promising compounds that have the 
right physical and chemical features and 
low toxicity. As a result of such an 
integrated screening, pinocembrin and 
liquiritigenin were chosen as the most 
prospective candidates for further structural 
analysis and molecular dynamic simulation 
studies. The comparative docking scores 
and interaction behaviors of pinocembrin 
and liquiritigenin with AChE and BChE are 
shown in Table 2. 
Figure 1 represents the 2D and 3D 
interaction profiles of pinocembrin and 
liquiritigenin at the active sites of BChE 
and AChE. The presence of multiple non-
covalent interactions between these 
compounds and the residues surrounding 
the active site cavity suggested good 
recognition of the ligands by the proteins. 
Liquiritigenin was present in the aromatic-
rich gorge of the AChE–liquiritigenin 
complex (Figure 1 a,b), interacting with a 
variety of important residues, such as 
Trp84, Tyr121, Ser122, Gly117, Gly118, 
Glu199, Tyr130, Phe330, Phe331, Tyr334, 
and Ile444. The interaction profile 
comprised mainly van der Waals and 
covalent interactions, which helped to 

maintain the ligand inside the AChE gorge. 
In addition, the aromatic rings like Phe330, 
Phe331, and Tyr334 surrounded the 
aromatic ring system of liquiritigenin, 
which provided good π-interactions 
between the ligand and enzyme. In the case 
of the pinocembrin-AChE complex, a 
similar occupation was observed in the 
active site pocket (Figure 1 c,d). All 
residues like Tyr121, Ser122, Gly117, 
Gly118, Gly123, Trp84, Glu199, Tyr130, 
Phe330, Phe331, and Tyr334 were involved 
in interactions with pinocembrin. 
Interactions with Phe330 and Tyr334 
further strengthened the aromatic moiety of 
pinocembrin, while several van der Waals 
interactions complemented the overall 
binding environment. Such interactions 
indicate that the same aromatic binding site 
on AChE can favourably bind pinocembrin. 
The BChE-liquiritigenin complex (Figure 1 
e,f) bound with Trp82, Ala328, Val331, 
Tyr332, Trp430, Met437, Glu197, Tyr128, 
Gly115, Gly116, Gly121, and Thr120 
within the active site cavity. Gly121 
displayed a typical hydrogen bond 
interaction, while Trp82 established a π-
stacking interaction. The aromatic ring of 
liquiritigenin established hydrophobic/π-
stacking interactions with Ala328 and 
adjacent aromatic residues, like Tyr332 and 
Trp430. The same kind of interactions 
between Glu197, Tyr128, Gly115, Gly116, 
Gly121, Thr120, Gly439, Trp430, Met437, 
Tyr332, Trp82, and Ala328 were seen in 
BChE–pinocembrin (Figure 1 g,h). There 
was an interaction of carbon-hydrogen 
interaction involving Gly439, along with 
typical hydrogen bonding with Glu197. In 
addition to that, there was a contribution of 
a π-alkyl interaction from Ala328, and there 
was also a π-π interaction. For liquiritigenin 
and pinocembrin, in the AChE and BChE 
enzyme pockets, various complementary 
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interactions were observed, including 

hydrogen bonding, π-π/π-stacking, 
hydrophobic interactions, and van der 
Waals forces. Their good fitting into the two 
cholinesterase pockets is attributed to their 
interactions with many aromatic and gorge 
residue components, including 
Trp84/Phe330/Tyr334 for AChE and 
Trp82/Ala328/Tyr332/Trp430 for BChE. 
Liquiritigenin and pinocembrin could be 

regarded as potential lead compounds 

against cholinesterases that can be further 
validated by molecular dynamics 
simulations and experiments.  

Table 2: Molecular docking Binding 
energy of Glabridin compounds with 
(GSK3β), (MAO-B), and (BACE1) 

 

Target Compound Binding 
energy 
(Kcal/ 
mol) 

Active site 
residues 

H-bonds interacting with 
the amino acid 

 
 
 
 
 
AChE 

Liquiritigenin -9.9 TRP84, TYR121, 
SER122, GLY117, 
GLY118, 
GLU199, 
TYR130, PHE330, 
PHE331, TYR334, 
and ILE444 

GLU199, TYR130, 
PHE330  

Pinocembrin -10.7 TYR121, SER122, 
GLY117, GLY118, 
GLY123, TRP84, 
GLU199, 
TYR130, PHE330, 
PHE331, and 
TYR334  

TYR130 

 
 
 
 
 
BChE 

Liquiritigenin -9.0  TRP82, ALA328, 
VAL331, TYR332, 
TRP430, MET437, 
GLU197, 
TYR128, GLY115, 
GLY116, GLY121, 
and THR120  

GLY121 

Pinocembrin -9.2 GLU197, 
TYR128, GLY115, 
GLY116, GLY121, 
THR120, 
GLY439, TRP430, 
MET437, 
TYR332, TRP82, 
and ALA328  

GLU197 
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Figure 1: 3D & 2D structural 
representation of (a,b) AChE-

Liquiritigenin (c,d) AChE-Pinocembrin 
(e,f) BChE-Liquiritigenin (g,h) BChE-

Pinocembrin 
3.3 Molecular Dynamics Simulation 
Analysis 
Table 3  provides a detailed overview of 
how three ligands—glabridin, 
liquiritigenin, and pinocembrin—interact 
with two enzymes, ACHE 
(Acetylcholinesterase) and BUCHE 
(Butyrylcholinesterase), based on MD 
(molecular dynamics) simulation results. 
Here’s a breakdown of each property and 
what it reveals about the interaction 
dynamics and structural behaviour of these 
ligands with the enzymes. 
Table  3: MD simulation of Liquiritigenin 

& Pinocembrin with the two major 
Alzheimer’s disease target proteins, 

Acetylcholinesterase and 
butyrylcholinesterase 

MD 
simul
ation 
prope

rty 

AChE BChE 

Liquir
itigeni

n 

Pinoce
mbrin 

Liquir
itigeni

n 

Pinoce
mbrin 

RMS
D 
protei
n 
Back
bone 
(nm) 

0.0004
986-

0.2499
33 

0.00049
52-

0.21764
45 

0.0005
04-

4.4222
38 

0.0005
046-

4.6842
8 

RMS
D lig-
fit on 
protei
n 
(nm) 

0.0005
122-

0.4006
881 

0.00050
32-

0.33680
63 

0.0005
354-

9.4763
145 

0.0005
299-

11.519 

RMS
F 
protei
n 
Back
bone 
(nm) 

0.0318
-

0.8194 

0.0337-
0.8572 

0.7416
-

3.4588 
 

0.7841-
3.1579 

Ligan
d 
Radi
us of 
gyrat
ion 
(nm) 

0.3480
63-

0.3695
28 

0.33153
5-

0.34921
6 

0.3483
94-

0.3694
32 

0.3326
1-

0.3495
5 

Ligan
d 
Solve
nt 
Acces
sible 
Surfa
ce 
(nm2) 

3.961-
5.36 

3.909-
5.288 

3.898-
5.305 

3.932-
5.293 
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Coul-
SR: 
Prote
in 
LIG 
(kJ/m
ol) 

-
122.53 
±23.29 

-
64.6787
±29.70

6 

-
70.861
±23.28 

-
39.468
±25.14

2 

LJ-
SR:P
rotein
-LIG 
(kJ/m
ol) 

-
120.97

9 
±10.59 

-
116.549

-9.40 

-
110.59
±9.926 

-
111.557
±11.51

3 

 
3.3.1 AChE–Liquiritigenin Complex 
Stability analysis of the AChE-ligand 
complex was done using a 100 ns molecular 
dynamics simulation with ligand-fit 
RMSD, protein backbone RMSF, radius of 
gyration, solvent-accessible surface area 
(SASA), hydrogen bonding formation and 
interaction energy data shown in Figure 2. 
Ligand fit RMSD analysis shows that the 
RMSD for liquiritigenin was maintained 
within the 0.0005122- 0.4006881 nm range, 
which indicates that there were limited 
positional variations of the ligand within 
the binding pocket of AChE. From the 
above findings, it is reasonable to assume 
that the binding of liquiritigenin with AChE 
was relatively stable since there were 
minimal changes in the RMSD of the 
ligand. The analysis of protein backbone 
RMSF revealed that there was moderate 
flexibility of the amino acid residues, which 
means that the binding of liquiritigenin with 
AChE did not destabilise the structure of 
ACHE. The restriction in the backbone 
flexibility further supports the stability of 
the enzyme-ligand complex. The radius of 
gyration of liquiritigenin was maintained in 
a relatively compact range, where the 
maximum value was approximately 0.37 

nm. This indicates that the ligand 
maintained a stable molecular 
conformation throughout the simulation 
period. 
SASA profile analysis shows that 
liquiritigenin had limited solvent exposure 
compared to the exposed ligand 
configuration. The above finding indicates 
that a significant portion of the ligand 
remained accommodated in the 
hydrophobic and partly buried AChE 
binding pocket. Analysis of hydrogen bond 
interactions revealed that the hydrogen 
bond interaction persisted between 
liquiritigenin and AChE throughout the 
simulation process, and at least 2-3 
hydrogen bonds were maintained. From the 
above hydrogen bonding, it can be assumed 
that hydrogen bonds played an important 
role in the stability of the complex. Short-
range interaction energy analysis further 
supports the favourable association of 
liquiritigenin with AChE. The short-range 
Coulombic interaction energy (Coul-SR) 
was approximately -122.53 kJ/mol, which 
means that there were favourable 
electrostatic interactions between the ligand 
and the protein. In addition, the short-range 
Lennard-Jones interaction energy (LJ-SR) 
was approximately -120.979 kJ/mol, which 
indicates favourable van der Waals 
interactions within the binding pocket. 

Figure 2: Molecular Dynamics Simulation 
of AChE- Liquiritigenin Complex: (a) 
RMSD (b) RMSF (c) Radius of Gyration 
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(d) Solvent Accessible Surface (e) 
Interaction Energy (f) Hydrogen Bond 
3.3.2 AChE–Pinocembrin Complex 
The dynamic properties of the AChE-
pinocembrin complex were analysed with 
the same trajectory-based parameters. 
Pinocembrin revealed ligand-fit RMSD 
values that ranged from 0.0005032 to 
0.3368063 nm, which is indicative of rather 
small fluctuations in the position of the 
ligand throughout the 100 ns simulation. 
Low RMSD values mean that pinocembrin 
retained its position in the binding cavity 
without displacing from the initial binding 
site. The backbone RMSF values show 
rather moderate fluctuations of the residues, 
meaning that the formation of the AChE-
pinocembrin complex did not cause any 
structural changes in the receptor. The 
stability of the protein backbone structure 
means that the complex maintained its 
structure throughout the simulation. The 
radius of gyration of the ligand was also 
rather low, with a maximum value of 
approximately 0.37 nm, which means that 
pinocembrin maintained its compact 
conformation during the simulation. SASA 
analysis also indicates low solvent 
accessibility of pinocembrin, which means 
that the ligand was accommodated in the 
binding cavity. Rather stable SASA values 
suggest that pinocembrin maintained its 
interaction environment throughout the 
simulation. The hydrogen bond analysis 
showed that pinocembrin formed a 
maximum of three hydrogen bonds with 
AChE, with 1-2 hydrogen bonds being 
preserved for most of the simulation time. 
Despite the fact that fewer hydrogen bonds 
persisted throughout the simulation 
compared with liquiritigenin, their 
preservation means that hydrogen bonding 
played an important role in stabilising the 
ligand inside the binding pocket. The 

interaction energy analysis showed 
favourable non-bonded interactions 
between pinocembrin and ACHE. The 
Coul-SR interaction energy was 
approximately −64.6787 kJ/mol, which 
indicates the presence of favourable 
electrostatic interactions. The LJ-SR 
interaction energy was approximately 
−116.549 kJ/mol, which indicates the 
presence of favourable van der Waals 
interactions. Overall, the low ligand 
RMSD, moderate protein backbone 
fluctuations, ligand conformation, solvent 
accessibility, hydrogen bonds, and 
interaction energies suggest that the 
interaction of pinocembrin with the AChE 
binding pocket remained stable during the 
100 ns simulation in Figure 3.  

Figure 3: Molecular Dynamics Simulation 
of AChE- Pinocembrin Complex: (a) 

RMSD (b) RMSF (c) Radius of Gyration 
(d) Solvent Accessible Surface (e) 

Interaction Energy (f) Hydrogen Bond 
3.3.3 BChE–Liquiritigenin Complex 
In addition, the stability of the BChE-
liquiritigenin complex was assessed by 
analysing the ligand RMSD, protein 
backbone RMSF, radius of gyration, SASA, 
and hydrogen-bonding and non-bonded 
interaction energies, as shown in Figure 4. 
Unlike the ACHE-liquiritigenin complex, 
liquiritigenin showed larger positional 
fluctuations in the case of interaction with 
BChE, which means higher ligand mobility 
inside the binding site. BChE backbone 
RMSF demonstrated higher residue 
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fluctuations, which is reflected in the fact 
that RMSF reached approximately 3.4588 
nm during the course of the simulation. 
High RMSF means increased local 
flexibility of the protein and suggests that 
the BChE structure underwent larger 
conformational changes during ligand 
binding. The radius of gyration of 
liquiritigenin was relatively compact during 
the simulation, being approximately equal 
to 0.37 nm. Thus, although the position of 
liquiritigenin in the pocket changed, it kept 
its relatively compact conformation. The 
SASA profile of liquiritigenin remained 
largely unchanged compared to the ACHE 
complex. Thus, similar SASA and higher 
RMSD/RMSF suggest that the ligand 
underwent large movements inside the 
binding pocket but did not change its 
solvation significantly. Hydrogen bond 
analysis showed that liquiritigenin 
maintained 2-3 hydrogen bonds with BChE 
for most of the 100 ns simulation. Thus, 
hydrogen bonding between BChE and 
liquiritigenin persisted for a large part of the 
simulation. However, even hydrogen 
bonding does not guarantee full stability of 
the ligand in its binding site due to higher 
RMSD and RMSF. In general, the BChE-
liquiritigenin complex demonstrated 
hydrogen bonding and a relatively compact 
ligand conformation, but higher 
fluctuations than the corresponding ACHE 
complex. These results suggest that 
although liquiritigenin interacted with 
BChE, it was more mobile inside the 
binding site. 

Figure 4: Molecular Dynamics Simulation 
of BChE-Liquiritigenin Complex: (a) 

RMSD (b) RMSF (c) Radius of Gyration 
(d) Solvent Accessible Surface (e) 

Interaction Energy (f) Hydrogen Bond 
 
3.3.4 BChE–Pinocembrin Complex 
The BChE-pinocembrin complex was 
assessed during a 100 ns MD simulation as 
well. Pinocembrin possessed larger ligand 
positional fluctuations compared with the 
ACHE complex, revealing increased 
movement inside the binding site of BChE. 
Such behaviour is evidence that the ligand 
experienced larger conformational or 
positional rearrangements during the 
simulation. The protein backbone RMSF 
profile revealed higher residue flexibility in 
BChE than in the AChE complex. The 
higher fluctuations imply that BChE 
experienced larger local conformational 
changes during interaction with 
pinocembrin. However, the radius of 
gyration of the ligand was rather low, 
reaching approximately 0.37 nm, which 
implies that the internal compactness of the 
ligand was preserved during the simulation. 
The SASA profile revealed solvent 
exposure comparable to that observed for 
the ligand in the ACHE complex. This 
implies that pinocembrin experienced a 
similar level of solvent accessibility despite 
the larger dynamics of the BChE complex. 
Therefore, the higher dynamics of the 
ligand was not accompanied by high 
solvent exposure. Hydrogen-bonding 
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analysis demonstrated that pinocembrin 
formed up to three hydrogen bonds with 
BChE, where 1-2 hydrogen bonds were 
formed for most of the time. The existence 
of such hydrogen bonds implies that certain 
polar interactions were responsible for the 
ligand retention in the binding site, 
although the complex possessed higher 
dynamic fluctuations. The interaction 
energy profile implied favourable non-
bonded interactions between the ligand and 
BChE. In particular, the short-range 
Coulombic interaction energy was 
approximately −64.8 kJ/mol, implying a 
favourable electrostatic contribution. At the 
same time, the LJ-SR interaction energy 
varied from approximately −110.59 to 
−118.40 kJ/mol, which implies favourable 
van der Waals interactions. Overall, the 
BChE-pinocembrin complex experienced 
hydrogen bonding and favourable non-
bonded interactions but had higher dynamic 
fluctuations than the corresponding AChE 
complex in Figure 5. 

Figure 5: Molecular Dynamics Simulation 
of BChE-Pinocembrin Complex: (a) 

RMSD, (b) RMSF, (c) Radius of Gyration, 
(d) Solvent Accessible Surface, (e) 

Interaction Energy, (f) Hydrogen Bond 
4.Discussion 
To shed light on possible binding modes 
and interactions of pinocembrin and 
liquiritigenin with AChE and BChE, a 
molecular docking approach was 
performed (Cichon et al., 2024). As a result 
of docking studies, hydrogen-bonding, 

aromatic, hydrophobic, and van der Waals 
interactions between the ligands and 
residues of catalytic and peripheral pockets 
of the enzymes were identified, thus 
demonstrating favourable accommodation 
of the molecules inside the cholinesterase 
binding pockets (Figure 1) (Shah et al., 
2026). Several complementary contacts 
suggest that the broad spectrum of 
interactions inside the enzyme pockets is 
involved in the binding of these molecules 
(Kufareva et al., 2012). The ligand in the 
AChE–liquiritigenin complex interacted 
with residues such as Trp84, Tyr121, 
Ser122, Gly117, Gly118, Glu199, Tyr130, 
Phe330, Phe331, Tyr334, and Ile444. In the 
AChE–liquiritigenin complex, the ligand 
made contact with residues such as Trp84, 
Tyr121, Ser122, Gly117, Gly118, Glu199, 
Tyr130, Phe330, Phe331, Tyr334, and 
Ile444. The ligand occupied the specific 
aromatic-rich gorge region of AChE. Since 
aromatic residues play a significant role in 
stabilising the flavonoid structure via 
hydrophobic and π-interactions, they are 
particularly important in the AChE gorge 
around the ligand (Ríos et al., 2026). The 
proper positioning of liquiritigenin in the 
AChE gorge is possibly due to interactions 
between Trp84, Phe330, Phe331, and 
Tyr334. Similarly, pinocembrin made 
contact with residues such as Tyr121, 
Ser122, Gly117, Gly118, Gly123, Trp84, 
Glu199, Tyr130, Phe330, and Phe331. 
A similar tendency for significant 
accommodation of the ligand within the 
binding cavity of the enzyme was also 
observed for the BChE-ligand complexes. 
These residues such as Trp82, Ala328, 
Val331, Tyr332, Trp430, Met437, Glu197, 
Tyr128, Gly115, Gly116, Gly121, and 
Thr120 showed the reaction with 
liquiritigenin. In the case of the ligand, it 
can be held in a favourable orientation by 
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means of the hydrogen bond interaction 
between Gly121, π-associated interactions 
with Trp82, and contact with aromatic and 
hydrophobic residues. In addition to that, 
pinocembrin exhibited extensive 
interactions with Glu197, Tyr128, Gly115, 
Gly116, Gly121, Thr120, Gly439, and 
Trp82. Molecular docking is a relatively 
static structural modelling technique that 
does not fully take into account the dynamic 
nature of the protein-ligand complexes, 
even though the approach provides relevant 
information about the preferred binding 
orientation (Jin and Wei, 2024). To 
determine whether the suggested binding 
modes would be stable within the dynamic 
environment, 100-ns molecular dynamics 
(MD) simulations were performed for the 
AChE-liquiritigenin, AChE-pinocembrin, 
BChE-liquiritigenin, and BChE-
pinocembrin complexes. The analysis of 
the protein backbone RMSD, the flexibility 
of protein residues using RMSF, radius of 
gyration, solvent-accessible surface area, 
ligand RMSD, and intermolecular 
hydrogen bonding during the simulation 
trajectory will give a more realistic insight 
into the stability of the complexes (da 
Fonseca et al., 2024). The overall stability 
of the protein conformations throughout the 
100-ns simulation can be assessed through 
the backbone RMSD analysis of the four 
protein systems (Baammi et al., 2023). The 
four protein systems show a highly stable 
trajectory after the initial equilibration stage 
without any evidence of structural 
perturbation, which indicates that the 
structure of the cholinesterase was not 
affected much by the flavonoid binding 
(Mir et al., 2024). Due to the flexible nature 
of proteins and due to ligand-induced 
rearrangement, some variations in RMSD 
are expected in MD simulations. The 
stability of the docked complexes in 

dynamic conditions is indicated by the 
stable backbone trajectory of the simulation 
(Banavath et al., 2014). The dynamic 
stability of the AChE–liquiritigenin, 
AChE–pinocembrin, BChE–liquiritigenin, 
and BChE–pinocembrin complexes was 
confirmed by the 100-ns molecular 
dynamics simulations. Greater variations in 
the loop and termini regions indicated 
normal flexibility of the proteins, whereas 
RMSF analysis indicated restricted 
fluctuations in the proximity of the key 
residues of the binding sites (Tan et al., 
2005). The compactness and integrity of the 
protein structure were maintained by stable 
profiles of Rg and SASA. Both flavonoids 
were still bound to their binding sites with 
minor conformational changes, as indicated 
by the stable ligand RMSD profiles. The 
stability of the docking-generated binding 
modes was confirmed by the recurring 
hydrogen-bonding between the key 
residues (Anil et al., 2026). It seems that 
liquiritigenin and pinocembrin generate 
stable interactions with both AChE and 
BChE, as evidenced by the docking and 
MD studies, thus proving their suitability as 
leads against cholinesterases and 
Alzheimer’s disease (Nour et al., 2023). 
Inhibitory effects of the enzymes in 
experiments. Overall, the combined 
molecular docking and 100-ns MD 
simulation approach strengthens the 
structural interpretation of liquiritigenin 
and pinocembrin binding to AChE and 
BChE. The docking results reveal extensive 
interaction networks within the 
cholinesterase binding cavities, while the 
MD simulations provide a dynamic 
assessment of complex stability. These 
findings collectively support further 
experimental evaluation of liquiritigenin 
and pinocembrin as potential 
cholinesterase-targeting constituents of 
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Glycyrrhiza glabra and provide a 
computational basis for subsequent 
mechanistic and pharmacological 
investigations. 
5. Conclusion 
Liquiritigenin and pinocembrin have 
favourable binding affinities with both 
AChE and BChE, according to the current 
computational study. Multiple hydrogen-
bonding, π-associated, hydrophobic, and 
van der Waals contacts were found in the 
cholinesterase binding sites by molecular 
docking, and the structural stability of the 
resultant complexes was confirmed by 100-
ns molecular dynamics simulations. Both 
compounds may function as possible dual 
cholinesterase-targeting natural-product 
leads for Alzheimer's disease, according to 
the combined docking and MD results. To 
confirm their inhibitory effectiveness and 
mode of action, more experimental 
AChE/BChE inhibition and enzyme kinetic 
studies are required. 
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