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ABSTRACT
The major enzyme responsible for the hydrolytic breakdown of the neurotransmitter acetylcholine (ACh)
is acetylcholinesterase (AChE). Acetylcholinesterase inhibitors (AChEIs) are the most prescribed class of
medications for the treatment of Alzheimer’s disease (AD) and dementia. The limitations of available ther-
apy, like side effects, drug tolerance, and inefficacy in halting disease progression, drive the need for bet-
ter, more efficacious, and safer drugs. In this study, a series of fourteen novel chalcone-coumarin
derivatives (8a-n) were designed, synthesized and characterized by spectral techniques like FT-IR, NMR,
and HR-MS. Subsequently, the synthesized compounds were tested for their ability to inhibit acetylcholin-
esterase (AChE) activity by Ellman’s method. All tested compounds showed AChE inhibition with IC50
value ranging from 0.201± 0.008 to 1.047±0.043lM. Hybrid 8d having chloro substitution on ring-B of
the chalcone scaffold showed relatively better potency, with IC50 value of 0.201± 0.008lM compared to
other members of the series. The reference drug, galantamine, exhibited an IC50 at 1.142±0.027lM.
Computational studies revealed that designed compounds bind to the peripheral anionic site (PAS), the
catalytic active site (CAS), and the mid-gorge site of AChE. Putative binding modes, ligand-enzyme inter-
actions, and stability of the best active compound are studied using molecular docking, followed by
molecular dynamics (MD) simulations. The cytotoxicity of the synthesised derivatives was determined
using the MTT test at three concentrations (100g/mL, 500g/mL, and 1mg/mL). None of the chemicals
had a significant effect on the body at the highest dose of 1mg/mL.
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Introduction

Alzheimer’s disease (AD) is the most frequent form of demen-
tia, characterised by a decline in intellectual ability, behavioural
alteration, and impairment in daily living activities (McKhann
et al., 2011; NA, 2019; Sivakumar et al., 2020). It is one of the
prime causes of disability and the leading cause of death
among elderly people in the world (NA, 2015; Saravanan et al.,
2021). Currently, around 50 million people are living with AD,
and it is expected that the number of cases will reach around
152 million by 2050. Furthermore, the total cost of a patient’s
care and treatment will rise, imposing an additional socioeco-
nomic burden (Brown et al., 2005; Cimler et al., 2019;
Patterson, 2018). Cholinergic dysfunction has been considered
to play a definitive role in the aetiology of AD due to a
decrease in acetylcholine (ACh) levels in certain areas of the

brain. Acetylcholinesterase enzyme (AChE) catalyses the break-
down of ACh and ultimately decreases its concentration at the
binding receptors (Hasan et al., 2019; Islam et al., 2018). This
deficiency of a critical neurotransmitter, acetylcholinesterase in
brain leading to the loss of intellectual abilities. Hence, inhibitors
targeting AChE have become the prime approach in the man-
agement of AD and associated complications (Hardy & Selkoe,
2002; Scarpini et al., 2003). Most of the approved drugs for treat-
ment of AD such as donepezil, galantamine and tacrine are syn-
thetic heterocyclic compounds that act by inhibiting the
cholinesterase enzymes (ChEs) and consequently enhance the
level of free act at the post synaptic junction (Goyal et al., 2018;
Zaout et al., 2021). Many heterocyclic compounds with couma-
rin as their core nucleus demonstrated potential anti-AChE
activity by blocking their active sites (Bolognesi et al., 2007;
Hoerr & Noeldner, 2002; Nam et al., 2014; Tasso et al., 2011).
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In this respect, coumarin-based scaffolds are the subject of inter-
est for medicinal chemists owing to their extensive biological
activities such as anti-microbial (Hu et al., 2018; Zhang et al.,
2004), anti-oxidant (Kostova et al., 2011; Melagraki et al., 2009;
Minhas et al., 2017), anti-inflammatory (Lee et al., 2011;
Melagraki et al., 2009; Minhas et al., 2017), anti-fungal (Kumar
et al., 2012), anti-HIV (Huang et al., 2005), anti-coagulant
(Hadjipavlou-Litina et al., 2007), anti-tumor (Huang et al., 2011;
Jacquot et al., 2007; Leonetti et al., 2004), anti-tubercular
(Cardoso et al., 2011; Fujikawa et al., 1969), anti-viral (Hwu et al.,
2008), anti-leishmanial (Ibrar et al., 2015, 2016), anti-asthmatic
(Vasconcelos et al., 2009), anti-cancer (Gomha et al., 2018;
Uttarkar et al., 2022), and anti-cholinesterase activity (Anand
et al., 2012; Baruah et al., 2019; Fallarero et al., 2008; Saeed et al.,
2015; Şahin et al., 2022; Sameem et al., 2017). On the other
hand, chalcones are considered the precursors of flavonoids
and they are secondary metabolites of terrestrial plants that
exhibit anti-ChE activity (Katalini�c et al., 2010; Uriarte-Pueyo &
Calvo, 2011). Many studies reported on the potential anti-AChE
activities of chalcone derivatives (Liu et al., 2014, 2017; Mathew
et al., 2016; Tran et al., 2016; Wang et al., 2017; Zhang et al.,
2018). Combination of pharmacophore compounds to produce
and enhance a new hybrid, this approach well-known as
molecular hybridization. Herein, by using molecular hybridiza-
tion strategy, we report the design, synthesis, pharmacological
evaluation, cytotoxicity and molecular modelling studies of a
series of novel coumarin-chalcone hybrids as AChE inhibitors.
The moieties of chalcone derivatives are connected with the
coumarin core via an aliphatic linker to generate hybrids in
order to target the active sites of AChE (Figure 1). The structure-
activity relationships (SARs) are also studied to explore the influ-
ence of substituents on the activity profile.

Materials and methods

General procedure for the synthesis of
Coumarin-Chalcone hybrids (8a-n)

Anhydrous potassium carbonate (0.2 g) was added to the solu-
tion of coumarin 3 (1mmol) and derivatives (7a-n) (1mmol) in
acetonitrile (30mL). The mixture was refluxed for 22 hours and
then the reaction solution was poured into ice-water (25mL).

The precipitate was immediately formed, filtered off, washed
several times with cold water, and dried to give hybrids (8a-n).

ADMET profile

The drug-likeness of the synthesised compounds and their
absorbance, distribution, metabolism, excretion and toxicity
(ADMET) properties were achieved in silico by utilizing several
online servers including ProTox-II, pkCSM and SwissADME, in
accordance to previously reported protocol study (Hasan
et al., 2022).

In vitro inhibition study on AChE

The activity of the designed hybrids to inhibit AChE was carried
out applying the modified Ellman’s protocol (Elkolli et al., 2022;
Ellman et al., 1961; Yang et al., 2012). Detailed procedure is
described in supplementary materials.

Cytotoxicity studies

The in vitro cytotoxic activity of newly synthesized hybrids
against normal human liver cells was evaluated by MTT assay at
the three concentration (0.25mg/ml, 0.5mg/ml and 1mg/ml) as
per reported protocol (Hasan et al., 2022), briefly described in
supplementary materials.

Molecular docking study

Molecular docking simulations of the target compounds were
investigated by using the AutoDock Vina programme (Trott &
Olson, 2010). The 3D crystallographic structure of the protein
with reference drug (Cheung et al., 2012) (PDB code: 4EY7) was
retrieved from the RSCB PDB (https://www.rcsb.org). This pro-
tein served as a receptor in the docking process. The file was
loaded in the BIOVIA Discovery Studio Visualizer. Water mole-
cules and co-crystallized ligand were eliminated from receptor,
and the receptor was saved in the pdb format. Using
AutoDock Tools (Morris et al., 1998), polar hydrogen has been
added to make this receptor prepared for docking. Kollman
charges of proteins have also been determined. Partial charges
of the molecule were calculated using the Geistenger method.

Figure 1. Design strategy for synthesis of chalcone-coumarin hybrids (8a-n).
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Subsequently, the file was saved in the pdbqt format (Kawsar
et al., 2021). The Avogadro programme (Hanwell et al., 2012)
was utilized for drawing the structures of designed hybrids.
The energy of the ligands was minimised and stored in the
pdb format. The pdb file was loaded utilizing Autodock Tools.
After that, it was saved in the pdbqt format. Validation was car-
ried out by redocking the native ligand on the target protein
(Nafie et al., 2019), where the native ligand was first separated
from the receptor using the BIOVIA Discovery Studio Visualizer.
So, docking of the test compound with the target protein can
be done in the same area of the grid box where the grid box is.

The docking was performed using Autodock Vina (AV).
Ligands and receptors that had been saved in the pdbqt format
were copied into the Vina folder. Then, the Vina configuration
file was typed into notepad. The grid box parameters values for
the receptor were adjusted as center_x¼�14.108464, center_
y¼�43.832714, center_z¼ 27.669929, while size_x¼ 40,
size_y¼ 40, and size_z¼ 40, respectively. The default exhaust-
iveness value ¼ 8 was adjusted in docking to maximise the
binding conformational analysis. After that, this file is saved with
the name "conf.txt." The Vina programme was run through the
command prompt. The results of the docking calculation were
shown in the output in notepad format. The ligands’ docking
conformation was determined by selecting the affinity scores (in
kcal/mol) for all compounds, which were obtained and ranked
based on the free energy binding theory (more negative value
means greater binding affinity). The resulting structures (2D/3D)
and the binding docking poses were graphically inspected to
check the interactions using Discovery Studio (Accelrys Inc., San
Diego, CA, USA) and Chimera software (Pettersen et al., 2004).

Molecular dynamics (MD) simulation

The conformational space and inhibitory potential of the pro-
tein-ligand complex were studied using molecular dynamics
(MD) modelling. The GROMOS96 43a1 force field, version 2019.2
of the GROMACS (GROningen MAchine for Chemical
Simulations) package, was utilized to carry out molecular
dynamics simulations. The latest CGenFF using CHARMM-GUI
was used to produce ligand topology and parameter files
(Vanommeslaeghe et al., 2010; Yu et al., 2012). To solve protein-
ligand structures in a triclinic box, the SPC water model
extended 10 from the protein was used (Jorgensen et al., 1983).
For neutralising the systems, Naþ and Cl- ions (0.15M salt) were
utilized. To remove unfavourable contact inside the system,
energy minimization utilising the steepest descent method with
50,000 steps was applied. The equilibration of this complex sys-
tem was obtained by following two steps. In the first step, a NVT
(constant number of particles (N), constant-volume (V) and con-
stant-temperature (T)) ensemble having constant number of
particles, temperature and volume was maintained for 2 ns, this
ensemble is referred to as “isothermal-isochoric.” In the second
step, a NPT (NVT (constant number of particles (N), constant
pressure (P) and constant-temperature (T)) ensemble containing
a constant number of particles, temperature and pressure was
equilibrated for 10ns. In the NPT/NVT equilibration run, the sys-
tem was subjected to periodic boundary conditions at constant
temperature (300K) and pressure (1.0bar) for 100 ns using a

Leap-frog MD integrator (Allen & Tildesley, 2017). Non-bonded
interactions were truncated across 10 and 12Å using the force-
based switching method, and for electrostatic interactions, the
particle-mesh Ewald technique was applied to interactions
(Essmann et al., 1995). To remove unfavourable contact inside
the system, energy minimization utilising the steepest descent
method with five thousand steps was applied. Adding to this,
the indexing system used temperature coupling between the
water and non-water parts to avoid the hot solvent-cold solute
problem. GROMACS analysis techniques were used to do trajec-
tory analysis. We calculated the root mean square deviation
(RMSD) and root mean square fluctuation (RMSF) of proteins
using the gmx rms and gmx rmsf programmes, respectively. The
gmxsasa and gmx gyrate tools were used to calculate solvent
accessible surface area and the radius of gyration, respectively.
Hydrogen bonds were analysed using the gmxhbond pro-
gramme. Grace Software was used to create the plots, while
PyMol and VMD were utilised to visualise the complicated struc-
ture (DeLano & Bromberg, 2004; Humphrey et al., 1996). The
simulations were conducted on a 64-bit Intel (R) Xeon (R) CPU
E5-2680 v4 running at a clock speed of 2.40GHz. The protein-
ligand complex simulation took 36.3hours for 100ns. MD simu-
lations taking orders of magnitude longer to complete than
computational docking.

Results and discussion

Rational design of target hybrids

Coumarins containing compounds have been frequently
reported in the areas of organic and medicinal chemistry.
Moreover, 4 and 7 substituted coumarins and derivatives of
chalcones have been reported as potential scaffolds for AChE
inhibition activity (Kontogiorgis et al., 2012). Consequently,
based on the aforesaid literature reports and taking into
account the structural aspects of these pharmacophores, we
envisioned generating the hybrids originating from the
incorporation of the coumarin into the chalcone scaffold
as anti-acetylcholinesterase agents. In the current study,
7-hydroxy-4-methylcoumarin 3 was selected as the parent
pharmacophore to design titled hybrids (8a-n). After that,
molecular docking simulation as a predictive tool was
employed on the designed hybrids to identify their potencies
based on binding affinities (Khodair et al., 2019; Marzouk
et al., 2020). The retrosynthetic analysis was used to find suit-
able reactions and reagents to synthesize the target hybrids.
The retrosynthetic approach was carried out in order to syn-
thesise coumarin-chalcones (8a-n). Scheme 1 shows the ret-
rosynthetic analysis of hybrids (8a-n). The Pechmann
condensation of resorcinol 1 with ethyl acetoacetate 2 was
carried out to form 7-hydroxy-4-methylcoumarin 3. In the
meantime, the Claisen-Schmidt condensation of 4-hydroxya-
cetophenone 4 and various benzaldehyde derivatives under
basic conditions in ethanol gave chalcones (5a-n) were car-
ried out. The alkylation reaction of compounds (5a-n) by 1,3-
dibromopropane 6 afforded intermediates (7a-n). Finally,
coumarin hybrids (8a-n) were synthesised from the com-
pounds (7a-n) and 3.
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Synthetic routes

The synthetic route of target compounds (8a–n) is outlined in
Scheme 2. The Pechmann condensation of resorcinol 1 with
ethyl acetoacetate 2 in dioxane in the presence of a catalytic
amount of concentrated sulphuric acid under reflux for
4 hours, gave 7-hydroxy-4-methylcoumarin 3 in a good yield.
On the other hand, treatment of 4-hydroxyacetophenone 4
with various benzaldehydes in absolute ethanol via base cata-
lysed Claisen-Schmidt condensation, stirred for 24 hours at
room temperature, produced chalcones (5a-n). The obtained
chalcones (5a-n) were then reacted with an excess of dibromo-
propane 6 in the presence of anhydrous K2CO3 in boiled
CH3CN, stirred for 7 hours, affording the key intermediates
(7a-n), which were finally reacted with the corresponding cou-
marin 3 to obtain the desired hybrids (8a-n).

The structures of hybrids (8a–n) were elucidated by IR, 1H
NMR, and 13C NMR. The IR spectra of exhibited absorption
bands of C¼C (aromatic and olefinic), C¼O (ketone and lac-
tone), C-H sp3, C-H sp2. A strong absorption bands of C¼O
(ketone) could be found in 1654–1660 cm�1, whereas C¼O
(lactone) bands were observed around 1724–1736 cm�1. The
1H NMR spectra of hybrids (8a–n) demonstrated that the reac-
tion was complete when the triplet signal in the range of
3.63–3.60 disappeared, corresponding to the (-CH2Br) group

being replaced by the (-CH2O) group. Each hybrid’s spectrum
revealed signals for the leftover protons in a manner almost
identical to that of its starting materials. The structures of cou-
marin-chalcones (8a-n) were further validated using 13C NMR
analysis, which revealed two peaks corresponding to carbonyl
groups in the downfield region. The C¼O groups of the chal-
cone moiety were determined to be between 187.7 and 188.8,
whereas those of coumarin were determined to be between
161.7 and 161.8. Additionally, the spectra revealed signals for
the trans-olefinic carbons of the chalcone core in hybrids
(8a-n) at 199.5–125.6 (C- a) and 139.8–144.1 (C- b) (Banerjee
et al., 2018; Kalepu & Nekkanti, 2015; Luscombe et al., 2001;
Picciotto et al., 2012; Savjani et al., 2012; Vilar et al., 2010; Wade
& Goodford, 1989). The remaining carbon atoms were found in
the aromatic area as expected.

In silico drug-likeness and ADMET profiles

The drug-likeness and ADMET profiles of all hybrids were cal-
culated in silico as presented in Table 1. The obtained findings
were compared to the optimum range (Table S1) and Lipinski’s
rule of five was referenced (LRO5) (Hasan et al., 2022; Prasanna
& Doerksen, 2009; Salih et al., 2022). The first parameter exam-
ined was Mol Wt, in which three derivatives (8a-g) did not
meet the LRO5 criteria (�500 g/mol). However, all three still
met the criteria set by Chander et al. (Chander et al., 2016).
Only compounds 8h and 8i met the criteria for TPSA values,
the rest showed TPSA values less than 90 Å2. However, these
two compounds did not meet the optimum criteria for the
amount of HBD (> 7), while all compounds did not meet the
criteria for the amount of HBA (0). All compounds had
relatively large log P values and did not meet the LRO5 criteria
(> 5) (Prasanna & Doerksen, 2009). However, only three com-
pounds (8a-g) were outside the optimal range. Consistent
with their log P values, the log S of all compounds also did not
meet the criteria, indicating poor water solubility. Even so, the
Caco2 value of all compounds was still within optimal limits cri-
teria (Chander et al., 2016; Salih et al., 2022). All compoundsScheme 1. Design of hybrids (8a-n) as potential anti-AChE agent

Scheme 2. Synthesis of chalcone-coumarin hybrids (5a-n). Reagents and conditions: (a) dioxane, H2SO4, reflux, 4 h; (b) NaOH, absolute ethanol, rt, 24 h; (c) dibro-
mopropane, anhydrous K2CO3, CH3CN, reflux, 7 h; (d) anhydrous K2CO3, CH3CN, reflux, 22 h.
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showed log BB values lower than �0.3, in which compounds
8h and 8i were even lower than �1.1. The low log BB value
indicates that these compounds may have poor distribution to
the brain and may not be suitable to target the brain and CNS
(Vilar et al., 2010). However, since the target receptor in this
study is AChE which is not only found in the brain but also in
other parts of the body (Picciotto et al., 2012), these com-
pounds may inhibit AChE in organs aside brain and contribute
to Alzheimer’s therapy.

Meanwhile, the number of rotatable bonds of all com-
pounds (9–10 bonds) are in the optimal range. From the prop-
erties of ADME, there are at least two challenges that can be
faced in developing these compounds as drugs. First is the
presence of hydrogen bond groups, both as donors and
acceptors. The relatively large number of hydrogen donors not
accompanied by hydrogen acceptors will limit the choice of
ideal binding sites for target receptors (Wade & Goodford,
1989), especially those with many amino acids with hydrogen
donor atoms such as arginine (Luscombe et al., 2001). The
replacement of some substituents that are hydrogen donors
into hydrogen acceptor groups can be a rational strategy to
overcome these challenges. Second, is low water solubility and
high lipophilicity. Challenges will be faced even before the
drug enters the body, starting with the formulation process. As
it is known, water is the most commonly used solvent in the
formulation process of drug preparations (Savjani et al., 2012).
Therefore, low water solubility can prolong the manufacturing
process of drug preparation, complicate the manufacturing
process, and ultimately increase the cost of production (Kalepu
& Nekkanti, 2015). Accordingly, the selection of oral dosage
forms may be more challenging, and consideration should be
given to other dosage forms suitable for the nature of the
compounds. ProTox-II was used to examine the toxicity of
each compound, as shown in Figure S1. The toxicity of all com-
pounds is relatively mild to moderate, with pLD50 values rang-
ing from 950 to 3000mg/kg, or class IV-V in the globally
harmonised system of classification of chemicals (Banerjee
et al., 2018), and none of them showed a positive Ames test
result from pkCSM. However, the results with ProTox-II for
compounds 8h and 8i showed a high probability (> 0.7) of

mutagenicity (mutagen). Carcinogenicity (carcino), immuno-
toxicity (immuno), and stress response pathways to mitochon-
drial membrane potential (sr mmp) were some of the
additional toxicity targets observed. However, only immuno
and mutagen properties show a high probability. Compounds
8h and 8i also had the most toxicity targets with three targets,
followed by compounds 8a, 8e, 8f, and 8j with two targets,
and the rest each had the same target: immuno. It should be
noted that compounds 8a, 8e, 8f, and 8j have a probability of
being carcinogens, although with a low probability (0.7).
Overall, compounds (8e-i) show flaws in the properties of
ADME, while compounds 8h and 8i also tend to be more toxic,
although compound 8i shows the highest pLD50 value. Thus,
other compounds such as 8b, 8c, 8d, 8k, 8l, 8m, and 8n have
more ideal ADMET properties to be developed as drug com-
pounds than other test compounds.

Anti-acetylcholinesterase Coumarin-Chalcone hybrids
(8a-n)

The inhibitory activity of the target hybrids coumarin-chalcones
(8a-n) and the standard drug galantamine against AChE was
determined. The investigation discovered that all hybrids exhib-
ited a high level of inhibitory activity. Anti-AChE screening was
performed by altering the aromatic substitutions at the imine
and chalcone backbonds. The anti-AChE potency was investi-
gated using various electron-withdrawing groups (Br, Cl, and
NO2) and electron-donating groups (CH3 and OCH3) on the aro-
matic rings of the chalcone side, as well as without substituents.
Two aspects influence the anti-AChE activity of these hybrids:
the nature and position of the substituents. The biological
screening data for these derivatives enables us to postulate the
synthesised compounds’ structure-activity relationship (SAR).

All target molecules (8a–n) were tested for AChE inhibitory
activity. The results were compared to the reference drug in
terms of IC50 values. Based on the data presented in Table 2,
the structure activity relationship (SAR) demonstrated potent
AChE inhibitory action with IC50 values ranging from 0.201 to
1.047 mM, which was less than the standard drug, galantamine,
at 1.142 mM. Without a substituent, compound 8a exhibited

Table 1. In-silico predicted physicochemical and ADMET parameters.

Compounds Mol Wta TPSAb HBD HBA log P log Sc Caco2d log BB Rot Acute tox.e pLD50
f Ames

8a 440.495 65.74 5 0 5.84542 �7.212 0.472 �0.4 9 IV 1500 No
8b 474.94 65.74 5 0 6.49882 �7.376 0.492 �0.428 9 IV 950 No
8c 474.94 65.74 5 0 6.49882 �7.382 0.481 �0.444 9 IV 950 No
8d 474.94 65.74 5 0 6.49882 �7.381 0.486 �0.448 9 IV 1500 No
8e 519.391 65.74 5 0 6.60792 �7.405 0.483 �0.429 9 IV 1500 No
8f 519.391 65.74 5 0 6.60792 �7.411 0.472 �0.445 9 IV 1500 No
8g 519.391 65.74 5 0 6.60792 �7.411 0.478 �0.449 9 IV 1500 No
8h 485.492 111.56 7 0 5.75362 �6.802 0.583 �1.11 10 IV 1500 No
8i 485.492 111.56 7 0 5.75362 �6.79 0.579 �1.106 10 V 3000 No
8j 470.521 74.97 6 0 5.85402 �6.794 0.985 �0.829 10 IV 1500 No
8k 470.521 74.97 6 0 5.85402 �7.161 0.536 �0.829 10 V 2500 No
8l 454.522 65.74 5 0 6.15384 �7.289 0.541 �0.414 9 IV 1500 No
8m 454.522 65.74 5 0 6.15384 �7.295 0.53 �0.431 9 V 2652 No
8n 454.522 65.74 5 0 6.15384 �7.29 0.536 �0.435 9 IV 1500 No
aMolecular weight in g/mol.
bTopological polar surface area in Å2.
cAqueous solubility in log mol/L.
dPredicted apparent Caco-2 cell permeability in 10�6 cm/s.
eAcute toxicity according to the globally harmonized system (GHS) of classification and labelling of Chemicals.
fPredicted LD50 in mg/kg.
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good activity against the enzyme, with an IC50 value of
0.457mM. Electron-withdrawing groups on C-2 or C-4 of ring-B
compounds (except for compound 8h) seem to make them
more effective against AChE than 8a. This may be attributed to
local electron-deficient sites in the aromatic molecule that
interact strongly with the amino acids present in the enzyme
(Nepali et al., 2019). The order of decreasing inhibition of these
hybrids (8 b-i) against AChE can be arranged as follows: 2-Cl
(8d) > 2-Br (8g) > 4-Cl (8b) > 4-Br (8e) > 4-NO2 (8h). On the
other hand, the electron-donating bearing compounds (8j-n)
showed diminished activity toward the enzyme compared to
parent hybrid 8a, which had no substituent. As shown in the
table, these hybrids having substituent at the C-3 position of
the chalcone aromatic ring-B exhibited better activity than
those with substituent at the C-2 or C-4 position, and the
sequence was: 3-CH3 (8m) > 3-OCH3 (8k) > 4-OCH3 (8j) >
2-CH3 (8n) > 4-CH3 (8l). The results indicate that the electron-
withdrawing groups (8c, 8f and 8i) at the C-3 position decrease
the inhibitory activity against AChE. It is worth mentioning that
among all the hybrids (8a-n), 8d was the most active with an
IC50 value of 0.201 mM, showed five folds higher activity com-
pared to galantamine, while compound 8l (IC50 ¼ 1.142mM)
was the least active against AChE. As shown in Figure 2, it can
be concluded from the SAR analysis of the synthesised hybrids
(8a-n) that the presence of electron withdrawing groups on
the C-2 or C-4 phenyl ring-B in the chalcone moiety played an
essential role in the activity. In particular, chloro or bromo on

C-2 showed significant favoured activity, as shown with com-
pounds 8d and 8g.

Cytotoxicity studies

At the tested concentration of 0.25mg/ml (lowest tested con-
centration), all compounds showed % cell viability more than
85%. Moreover, except four compounds (8b, 8c, 8j and 8l), all
other shows cell viability greater 90% in comparison to the con-
trol group. Least cell viability was observed in the cell group
treated with compound 8b (85.87%). At the next higher concen-
tration (0.5mg/ml), interestingly majority of the compounds
showed more than 90% cell viability, except compound 8m
which showed slightly less cell viability (88.45%). Upon further

Table 2. The docking scores and IC50 values of the designed compounds (8a-n) and standard drug against AChE.

Co. G

Molecular docking scores Bioassay

B. E. (kcal/mol) Polar Interactions (Hydrogen Bond) Hydrophobic Interactions IC (Ki) IC50 [mM]

8a H �12.2 HIS447, SER203, GLU202, ASN87, PRO88 TYR337, TRP286, TYR124, TRP86 396.69 pM 0.457 ± 0.021
8b 4-Cl �11.9 THR75, LEU76, TYR337, TRP86 TYR341, ILE451, TYR133 818.37 pM 0.262 ± 0.007
8c 3-Cl �12.1 GLY121, GLY122, SER203, PHE295 TRP86, TYR124, TRP286, LEU289, PHE338 502.05 pM 0.648 ± 0.030
8d 2-Cl �12.3 TYR72, THR75 LEU76, TRP86, TRP286, VAL294, PHE338, TYR341 186.04 pM 0.201 ± 0.008
8e 4-Br �11.9 SER125, TYR133, SER203, GLU202, HIS447 TRP86, TYR124, TRP286, TYR337 800.83 pM 0.265 ± 0.013
8f 3-Br �11.8 GLY121, TYR124, GLU202, SER203, TYR341 TRP286, TYR337, PHE338 969.95 pM 0.814 ± 0.034
8g 2-Br �12.2 TYR72,TYR124, SER293, VAL294 LEU76, TRP86, TRP286, TYR337, TYR341 397.11 pM 0.240 ± 0.014
8h 4-NO2 �11.6 TYR72, THR75, TYR133, TYR341 LEU76, TRP86 1.61 nM 0.576 ± 0.066
8i 3-NO2 �12.0 TRP86, SER293, PHE295, TYR337 TRP286, LEU289, TYR337, PHE338 817.95 pM 0.737 ± 0.018
8j 4-OCH3 �11.4 GLY120, PHE295, ARG296 TRP86, TRP286, PHE338, TYR341 1.84 nM 0.907 ± 0.023
8k 3-OCH3 �12.2 TYR72, SER293, PHE295 TRP286, TYR337, PHE338, TYR341 397.32 pM 0.590 ± 0.027
8l 4-CH3 �11.7 TYR72, THR75, PHE295 LEU76, TRP86, PHE297, TYR341, HIS447 1.05 nM 1.047 ± 0.043
8m 3-CH3 �12.3 SER293, PHE295 TRP86, TRP286, LEU289, TYR337, PHE338, TYR341 186.71 pM 0.579 ± 0.011
8n 2-CH3 �11.4 TYR124, GLU292, SER293, PHE295 HIS287, LEU289, TYR37, PHE338, TYR341, HIS447 1.75 nM 0.966 ± 0.024
Gal. – �9.6 GLN71, TYR72, TRP86, ASN87, TYR124,

GLU202, PHE338
TYR341 674.25 nM 1.142 ± 0.027

Data are expresses as mean ± Standard Deviation of seven independent experiments performed in triplicate.
Co.: compound, B.E: binding energy, and Gal.: standard drug (Galantamine).

Figure 2. Structural activity relationships of the titled compounds (8a-n).

Figure 3. Cytotoxicity results of the titled compounds (8a-g).
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increasing the concentration (1.0mg/ml), two compounds (8i
and 8j) slightly decreased the cell viability (86.73 and 85.71%,
respectively), while no significant effect on cell viability was
observed on wells treated with other compounds.

Overall, not much significant change in cell viability was
observed between the compound treated and control wells
for normal human liver cells (THLE-2), even at the highest
tested concentration of 1000mg/mL (1mg/ml) of compounds.
So, it can be concluded that the tested compounds have lit-
tle to no effect on viability of normal human liver cell line
and compounds can be considered non cytotoxic (Figure 3).

Docking studies

Molecular docking simulations were used to determine the
probable positions of the targeted ligands in the active site

of the enzyme (AChE). Initially, to verify the docking method,
the co-crystallized ligand, donepezil (E20) in the 3D x-ray
crystal structure was re-docked against the active site of the
enzyme (Figure 4). The re-docked pose showed the perfect

Figure 4. Superimposition of the re-docked donepezil (gray color) and co-crys-
tallized ligand (blue color).

Figure 5. Illustration of the interactions of galantamine in the active site of
AChE (PBD ID: 4EY7).

Figure 6. 2 D representation of interactions of co-crystallized ligand in the
active site of AChE (PBD ID: 4EY7).

Figure 7. (a) 3 D and (b) 2 D representation of interactions of compound 8d in
the active site of AChE (PBD ID: 4EY7).
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superimposition at the binding site with low RMSD value ¼ 0.69
Ð indicating validity of the docking procedure. Thus, could be
considered as an active binding site (Hussen et al., 2022; Poli
et al., 2016). After that, the synthesized compounds were sub-
jected to docking to the defined binding site. As shown in
Figure 5, the docked pose accomplished by positive control, gal-
natamine involved H-bond of TYR124 residues with the oxygen
atom. Two hydrophobic interactions including p-alkyl and p-p
stacked interactions were formed between rings of the galant-
amine and TRP86. Another p-p stacked interaction was also
found with TYR341. Additional five H-bonds, carbon hydrogen
and p-hydrogen bonds were also established with amino acid
residues GLN71, TYR72, ASN 87, TRP86 and PHE338.

Docking studies of the native inhibitor, donepezil occupied
the PAS region on the active site of acetylcholinesterase form-
ing p-sigma, p-p stacked interactions with amino acid residue
of PHE286 and carbon H-bond with TYR72. In contrast, it was
found in the CAS region, established two hydrophobic alkyl
interaction with TYR337 and PHE338 residues and one p-p
stacked interaction with TRP86. Additionally, donepezil ori-
ented towards mid-gorge of the target enzyme, which was
participated with SER293 (carbon hydrogen bond), PHE295
(H-bond) and TYR341 (p-sigma and p-p stacked interactions)
(Figure 6).

The binding energy value with the lowest value corre-
sponds to the compound’s optimal conformational position
within the active region of the targeted protein. According to
the docking results (Table 2), all of the synthesised hybrids

(-11.4 to-12.3 kcal/mol) exhibited significant and better activity
against AChE when compared to the control drug galantamine
(-9.6 kcal/mol). The docking investigations of the most potent
hybrid 8d with AChE indicated that this hybrid was capable of
binding not only to dual sites (CAS and PAS), but also to
AChE’s mid-gorge site (Figure 7). The amino acids TYR72 and
THR75 form two important hydrogen bonds in the PAS region,
where both oxygen atoms are found in the coumarin moiety
of the amino acids. In the CAS, the rings of the chalcone skel-
eton interacted with TRP86 and PHE338 via p-p-stacked inter-
action. Additionally, significant interactions between aromatic
rings of chalcone and coumarin moieties with TYR341 were
observed in the middle gorge area. Coumarin’s methyl group
can form an alkyl bond with LEU76. Another alky interaction
was observed between aliphatic linker and VAL294. Moreover,
interactions (alkyl and p-alkyl) between the chloro atom and
the coumarin core were identified for the amino acids TRP86.
The amino acid residues of TRP286 could interacted with linker
through p-alkyl interaction. The binding energy generated was
�12.3 kcal/mol, which was greater than the binding energy
generated by standard drug interactions (Table 2).

Molecular dynamics simulation

A 100ns MD simulation was performed with the best posed
model having the top AutoDock Vina docking score for the
protein-ligand interaction. The best docking outcome was
used to set up this procedure in a high-throughput way and to

Figure 8. Protein-ligand structure at (a) 1 ns, (b) 10 ns, (c) 20 ns, (d) 50 ns and (e) 100 ns MD run where ligand is in red color.
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investigate the interaction mechanism dynamics of the mol-
ecule at the active site of the enzyme under stated water con-
ditions. As shown in Figure 8, the conformational changes of
the protein-ligand complex were investigated over the 1, 10,
20, 50, and 100 ns MD production runs. To analyse the struc-
tural stability, molecular dynamics information is treated by
calculating the RMSD (from the initial structure). The RMSD
value of the protein-ligand complex was found to be �2.72 Å
(Figure S2). The RMSD plot demonstrates that the protein-lig-
and complex established a stable conformation after �60 ns
with an acceptable RMSD value of 2.6. The range of RMSD val-
ues below 3.0 is generally acceptable, as the lower the RMSD
value, the more stable the system (Kufareva & Abagyan, 2012).
The RMSF enables the analysis of the average fluctuation as
well as the flexibility of amino acids in the protein and demon-
strates that fluctuations in amino acid residues occur numer-
ous times during the protein’s ligand-bound state (Figure S3).

The findings suggest that ligand-protein interaction brings pro-
tein chains closer together, which reduces the distance between
them, as shown in Figure 9(a). Meanwhile, in Figure 9(b), the RR
distance map depicts patterns of spatial interactions (2-D repre-
sentations of protein 3D structure) residues (Hussen et al., 2022;
Khan et al., 2021; Wu & Zhang, 2008). The acquired data
revealed a drop in the radius of gyration (Rg) for the protein-
ligand complex as the simulation time progressed, indicating an
increase in the structure’s compactness (Figure 10). Grid-search
on a 16x16x19 grid with rcut ¼ 0.35 was used to calculate and
plot the number of intermolecular hydrogen bonds between
protein and ligand, as shown in Figure 11. There were 737
donors and 1472 acceptors detected when hydrogen bonds
between ligand (45 atoms) and protein (5270 atoms) were

Figure 9. (a) Superimposed structure of protein before MD simulation (blue)
and after MD simulation (purple) and (b) RR distance map displaying patterns
of spatial interactions of the target protein.

Figure 10. Radius of gyration (Rg) of protein-ligand complex during 100 ns
simulation time.

Figure 11. Number of average hydrogen bonding interactions between pro-
tein-ligand complex during 100 ns simulation time.
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calculated. We found that 0.982 of 542432 potential hydrogen
bonds were observed in each timeframe. A significant increase
in the number of hydrogen bonds was found when ligands and
proteins interacted. The SASA of the protein was calculated dur-
ing the MD simulation in the ligand-bound state, which illus-
trates the change in SASA values caused by the ligand binding
to the protein (Figure S4). In general, the results demonstrate
the folding states of the protein and its stability when bound to
a ligand.

Conclusion

A novel series of coumarin-chalcone hybrids (8a-n) was
designed using molecular docking research. The affinity ener-
gies of these hybrids (8a-n) for the active site of acetylcholin-
esterase (AChE) were reported to be between �10.6 and
�13.2 kcal/mol, while the positive control, galantamine, had an
affinity energy of �9.6 kcal/mol. The in-silico results indicated
that most of the proposed hybrids had higher inhibition activity
than the positive controls. The designed hybrids have been suc-
cessfully synthesised and their inhibitory activities on the AChE
were evaluated using Ellman’s protocol. Galantamine was
employed as a positive control with an IC50 of 1.142±0.027M.
The bioassay results (IC50 values ranging from 0.201 to
1.047 g/mL) indicated that all these synthesised compounds
had the capacity to inhibit AChE activity. Particularly, hybrids 8d
bearing Cl substituent at C-2 on the ring-B of chalcone scaffold
(IC50 ¼ 0.201±0.008mM) and 8g having Br substituent at C-2 on
the ring-B of chalcone scaffold (IC50 ¼ 0.240±0.014mM) showed
the most effective AChE inhibitory activity, which were about
six folds better than galantamine. At the highest dose of
1000g/mL, none of the compounds had a big effect on normal
human liver cells (THLE-2). Moreover, molecular docking was
used to investigate the type of interaction between the synthes-
ised compounds (8a-n) and the active site of a related enzyme.
The results demonstrated that most hybrids exhibit hydrogen
bonding and hydrophobic interactions like -sigma, -stacking,
-alkyl, -cation, and alkyl.
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