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A B S T R A C T   

A series of around eight novel chalcone based coumarin derivatives (23a-h) was designed, subjected to in-silico 
ADMET prediction, synthesized, characterized by IR, NMR, Mass analytical techniques and evaluated as 
acetylcholinesterase (AChE) inhibitor for the treatment of Alzheimer’s disease (AD). The results of predicted 
ADMET study demonstrated the drug-likeness properties of the titled compounds with developmental challenges 
in lipophilicity and solubility parameters. The in vitro assessment of the synthesized compounds revealed that all 
of them showed significant activity (IC50 ranging from 0.42 to 1.296 µM) towards AChE compared to the 
standard drug, galantamine (IC50 = 1.142 ± 0.027 µM). Among these, compound 23e displayed the most potent 
inhibitory activity with IC50 value of 0.42 ± 0.019 µM. Cytotoxicity of all compounds was tested on normal 
human hepatic (THLE-2) cell lines at three different concentrations using the MTT assay, in which none of the 
compound showed significant toxicity at the highest concentration of 1000 µg/ml compared to the control group. 
Based on the docking study against AChE, the most active derivative 23e was orientated towards the active site 
and occupied both catalytic anionic site (CAS) and peripheral anionic site (PAS) of the target enzyme. In-silico 
studies revealed tested showed better inhibition activity of AChE compared to Butyrylcholinesterase (BuChE). 
Molecular dynamics simulation explored the stability and dynamic behavior of 23e- AChE complex.   

1. Introduction 

Alzheimer’s disease (AD), the most common cause of dementia in the 
elderly, is affecting millions of people worldwide. The ailment is char
acterized by a complex neurodegenerative process occurring in the 

central nervous system which leads to progressive cognitive decline and 
memory loss [1–3]. Although, the etiology of AD is not yet entirely 
known, some factors are reported to play key role in the pathogenesis of 
this disease, including low levels of neurotransmitter acetylcholine 
(ACh), oxidative stress, accumulation of abnormal proteins (β-amyloid 
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(βA) and τ-protein), neuroinflammation and neuronal toxicity [4–6]. For 
the treatment of AD, several approaches have been reported. Hence, the 
approved drugs up to date are; rivastigmine, donepezil, galantamine and 
memantine (N-methyl-D-aspartate (NMDA) antagonist). These drugs 
found to have side effects, but can only provide temperary symptomatic 
relief [7]. 

Chalcone or (E)-1,3-diphenyl-2-propene-1-one is considered as the 
important precursor of flavonoids and isoflavonoids and they are the 
open chain intermediate in aurone synthesis of flavones. They exist in 
many conjugated forms in nature possessing a benzylideneacetophe
none scaffold, where the two aromatic rings are joined by three carbon 
having an α,β-unsaturated carbonyl linkage [8,9]. Chalcones are also 
used as the key intermediate in synthesizing a large number of biolog
ically active heterocyclic compounds [10,11]. Chalcones has been re
ported for variety of promising biological activities such as anti-viral 
[12,13], anti-oxidant [14–16], anti-breast cancer [17] anti-bacterial, 
anti-fungal [18–23], anti-tubercular [24], analgesic [25], anti- 
leishmanial [26], anti-inflammatory [27,28], anti-malarial [29], anti- 
amoebic [30], anti-depressant, anti-convulsant [31], and monoamine 
oxidase inhibitory (MAOI) activity [32]. In addition, Liu reported that, 
reactive α,β-unsaturated keto function in chalcone moiety might play 
significant role for its inhibitory activity against acetylcholinesterase 
(AChE) [33]. Furthermore, heterocyclic compounds have been widely 
studied due to their interesting applications as bioactive molecules. 
Especially, compounds containing sulfur have attracted medicinal 
chemist’s interest because of their therapeutics potential [34,35]. 

Coumarins (2H-chromen-2-one or 2H-1-benzopyran-2-one) are sec
ondary heterocyclic metabolites, belonging to benzopyrones family 
which composed of fused benzene and α-pyrone rings and they occur 
widely in different parts of plants, such as roots, seeds, nuts, flowers and 
fruits [36]. Coumarin based compounds obtained from the natural and 
synthetic origin are well documented for the inhibition of AChE activity 
[37–44]. Natural products such as scopoletin, esculetin, decursinol and 
mesuagenin are well reported for AChE inhibition activity [45]. Inspired 
by the natural coumarin as inhibitors of AChE, many researchers 
designed and evaluated synthetic coumarin aiming to improve the 
inhibitory activity and selectivity towards AChE [46]. 

In a study reported by Amin and co-workers, twenty compounds 
containing 7-benzyloxycoumarin based compounds were synthesized 
and tested for acetylcholinesterase (AChE) inhibition, in which five 
compounds showed potency better than the reference drug donepezil 
(IC50: 0.711 μM). Three compounds 1, 2 and 3 displayed significant 
memory improvement in scopolamine-induced impairment mice model 
and computational studies performed using compound 1, illustrated 
binding at catalytic active site (CAS) and the peripheral anionic site 
(PAS) of AChE enzyme [47]. Hybrid series of nicotinonitrile-coumarin 
were synthesized and tested for AChE inhibition activity, in which 
best active compounds 4 and 5 showed 94.1 and 72.3% inhibition of 
AChE, respectively, at tested concentration of 25 nM, even better than 
the standard drug donepezil [48]. Derivatives of N1-(coumarin-7-yl) 
exhibited moderate (42.5 to 442 µM) to potent (2.0 nM to 442 µM) ac
tivity against AChE and BChE, enzymes respectively. Best active com
pound 6 exhibited IC50 of 24.25 µM and 2.0 nM against AChE and BChE, 
respectively [49]. 

Heo and team isolated fifteen khellactone-type coumarins from the 
roots of Peucedanum japonicum and in-vitro tested for AChE and BChE 
inhibition activity, in which compounds 7 and 8 inhibited activity of 
AChE with IC50 9.28 and 7.20 μM, respectively [50]. 

Zhang and co-workers reported a novel series of coumarin/pipera
zine hybrids in which compound 9 showed potent activity against AChE 
as well as BChE with IC50 of 2.42 and 3.42 μM, respectively without any 
significant toxicity at the tested concentration of 100 μM [51]. Baruah 
and team evaluated AChE inhibitory potency of two substituted 
coumarin derivatives in which compound chromenyl coumarate 10 
showed potent activity with IC50 of 48.49 nM, even superior to the 
reference drug donepezil IC50 74.13 nM [52]. In another study, new 

coumaryl-thiazole derivatives were synthesized and in vitro evaluated 
for AChE inhibition activity. Best active compound of the series, com
pound 11 showed nanomolar potency (IC50 43 nM) with selectivity of 
around 4151.16 times over BuChE. Compound did not showed signifi
cant cellular toxicity at the tested concentration [53]. Among the novel 
series of coumarin aryl amide-based compounds reported by the Yao and 
team, compound 12 displayed potent AChE inhibition activity with IC50 
value of 34 nM, also showed cytoprotective against H2O2 induced cell 
death in human neuroblastoma cells [54]. Ghanei-Nasab and team 
investigated AChE and BuChE inhibition activity of compounds 
comprising of coumarin-3-carboxamide bearing tryptamine. SAR study 
on the scaffold revealed favorable anti-AChE activity upon insertion of 
benzyloxy moiety at the 7-position of coumarin scaffold, particularly, 
compound 13 exhibited best activity with IC50 value of 0.16 mM [55]. 

Considering the AChE inhibitory potential of coumarin based com
pounds, we envisioned to synthesize the series of compounds (23a-h) 
containing coumarin ring linked with thiophene chalcone system via 
aliphatic chain (Fig. 2). Initially, all the designed compounds were 
subjected to in-silico ADMET prediction study, followed by synthesis 
and characterization using spectral analytical methods. The synthesized 
compounds were characterized and in-vitro evaluated for AChE inhibi
tion activity. Using the best active compound, docking and molecular 
dynamics studies were performed to estimate its putative binding mode 
and stability at the binding site, respectively. Relative selectivity of 
compounds towards AChE and Butyrylcholinesterase (BuChE) were in- 
silico tested, while toxicity of all compounds was tested on normal 
human hepatic cell lines (THLE-2) using the MTT assay. 

2. Results and discussion 

2.1. In-silico prediction of physicochemical and ADMET parameters 

The physicochemical and ADMET parameters of the titled com
pounds were predicted in-silico, as shown in Table 1. The results of each 
were then compared with the optimum range of drug-likeness parame
ters presented in Table S1 that has been followed by 95% of the mar
keted drugs. There were two exciting parameters to observe: log P and 
log S. of the eight compounds, only four compounds (23a, 23b, 23c and 
23e) met the optimum prescribed value of log P. as for log S, none of the 
compounds included in the optimum range (highlighted by bold font). 
Lipophilic properties and poor solubility in water of these compounds 
will pose challenges in their development, especially for absorption 
characteristics [56]. However, with the proper formulation, these 
characteristics could still be handled as in clofazimine with a log P > 7 
but could still be given orally [57]. 

The other parameters showed results in the optimum prescribed 
range. Apart from the distinctly different Mol Wt, other parameters 
whose results varied were log P, log S, Caco2, log BB, and Rot; other than 
that, the results of other parameters were same for all the compounds. 
The addition of the bromine atom at position number 2 of thiophene was 
not enough to significantly influence the physicochemical and AMDET 
properties of the compound, which has been observed while analyzing 
each compound in pairs (compound 23a with 23b, 23c with 23d, and so 
on). Even though they were not identical, the difference in the values of 
parameters for these pairs of compounds almost always had difference 
with a consistent pattern, such as in log P (difference 0.7625), Caco2 
(0.011), and log BB (0.028–0.029). A significant difference was shown 
by log S (0.171–0.279), which was influenced by the length of methyl 
group, thereby affect its solubility in water [58]. For Rot, the difference 
was 0 because the bond with bromine was not rotating, so it did not 
affect the number of rotatable bonds [59]. 

The toxicity profile of all the compounds were relatively in safe 
range, with a pLD50 of 1500 mg/kg, and was in class IV acute toxicity 
based on GSH. All the compounds did not showed probability against 
Ames test, so they were not predicted to cause mutagenicity. Overall, 
based upon the in-silico prediction of physicochemical and ADMET 
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parameters of all the synthesized compounds possessed the drug- 
likeness properties. 

2.2. Chemistry 

The synthetic routes to get the designed compounds (23a-h) are 
outlined in Scheme 1.7-Hydroxy-4-methylcoumarin (16) was prepared 
via the condensation of resorcinol (14) with ethyl acetoacetate (15) in 
dioxane, catalyzed by sulfuric acid. The synthesis of hydroxychalcones 
(20 and 21) was carried out via base catalyzed Claisen-Schmidt 
condensation of 4-hydroxyacetophenone (19) with heteroaryl alde
hyde (17 and 18) in absolute ethanol stirring overnight at room tem
perature. The alkylation reaction of the hydroxychalcones (20 and 21) 
with an appropriate α,ω-dibromoalkanes in the presence of catalytic 
amount of anhydrous K2CO3 and in refluxing acetonitrile successfully 
afforded O-alkylated chalcones (22a-h). The designed compounds (23a- 
h) were synthesized via reaction of O-alkylated chalcones (22a-h) and 7- 
hydroxy-4-methylcomarin (16), catalyzed by anhydrous potassium 
carbonate. 

The structure of the compounds (23a-h) were elucidated by FT-IR, 
1H NMR, 13C NMR and high resolution mass spectroscopy (HRMS). 
The FT-IR spectra of all titled compounds showed almost similar pattern. 
The spectra of these compounds revealed absorption bands of C–H sp2, 
C–H sp3, C––O (lactone and ketone), C––C olefinic and C––C aromatic. 
Two strong absorption bands of C––O (lactone) in the range 
1708–1736 cm− 1 and C––O (ketone) around 1642–1652 cm− 1, were 
reported. The 1H NMR spectra of the titled compounds proved that the 

reaction has been successfully done by the disappearance of the triplet 
signal in the region δ 3.63–3.60, which was corresponded to (-CH2Br) 
group in molecule structure of the intermediates (22a-h) and being 
replaced with (–CH2O) group. The structure of target compounds (23a- 
h) were further confirmed with 13C NMR analysis, among the two peaks 
attributable for carbonyl groups, the C––O groups for chalcone moiety 
was appeared in the range δ 187.69–188.08 while for coumarin it 
observed between δ 161.46–162.08. The spectra also displayed signals 
for trans-olefinic carbons of chalcone moiety at around δ 125.52–125.70 
(C-α) and δ 135.45–136.65(C-β) [60–66]. The remaining carbon atoms 
were observed in the expected chemical shift region. 

2.3. Biological activity evaluation 

The in vitro anticholinesterase activity of titled compounds 23a-h 
was determined against AChE. The obtained IC50 values (µM) were 
presented in Table 2. The results indicated that all titled compounds 
possess significant inhibitory activity in the range of 0.42–1.296 µM. 
Among them, (E)-4-methyl-7-(4-(4-(3-(thiophen-2-yl)-acryloyl)-phe
noxy)-butoxy)–2H-chromen-2-one derivative (compound 23e) exhibi
ted IC50 of 0.42 ± 0.019 µM was most potent among the tested analogues 
against AChE, which is 2.5-folds most active than that of control drug 
galantamine (IC50 = 1.142 µM). From the obtained results (Table 2), it 
seems that the variation of the spacer length between chalcone scaffolds 
and coumarin significantly affected the anticholinesterase activity pro
file. Moreover, structure–activity relationship (SAR) study of the tested 
compounds revealed that the inhibitory activity is dependent on the 

Fig. 1. Structure of compounds containing coumarin conjugated with thiazole, pyrazole, pyridine, piperidine and fused tetrahydro pyran as choline esterase 
inhibitory agents. 
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substituents present on the thiophene ring and the length of linker. The 
compound 23a with two methylene spacer revealed significant inhibi
tory activity against the target enzyme. The insertion of bromo group on 
thiophene ring as in compound 23b resulted in reduced anti- 
cholinesterase activity. In contrast, the activity could be retained by 
increasing one carbon unit to the compound 23a, gave compound 23c. 
Generally, compounds (23a, 23c, 23e and 23g) with no substituent 
exhibited parabola profile potencies against AChE with the growth of 
carbon units. Whereas compounds (23b, 23d, 23f and 23h) with bromo 
group on thiophene ring showed dramatically declined in potencies 
while increasing the carbon chain linker. Meanwhile, in silico study 
proved that all the designed compounds effectively inhibit ChEs in the 
nanomolar to micromolar range. As presented in Table 2 compounds 
showed better inhibition constant against AChE over the BuChE enzyme. 

2.4. Docking studies 

Compounds 23a-h exhibited binding free energy (ΔGb) in the range 
of − 10.00 to − 11.40 kcal/mol compared to − 9.60 kcal/mol for the 
control compound (galantamine). In order to better understand the 
putative binding mode at the active site of the target protein, molecular 
docking study for the most active compound (23e) was performed 
against the active site of the target enzyme AChE (PDB code: 4EY7). As 
shown in Fig. 3, the coumarin moiety occupied the catalytic anionic site 
(CAS) of the enzyme, connected via two hydrogen bonds between 
carbonyl oxygen with residues GLY121 and GLY122. Meanwhile, at the 
peripheral anionic site (PAS) region another two hydrogen bonds were 
also observed between carbonyl oxygen of chalcone moiety and amino 
acid residues TYR72 and TRP286. The phenyl ring of coumarin 

Fig. 2. Structure of compounds containing coumarin conjugated with pyrimidine-dione, thiazole, thiophene, indole and designed compounds as choline esterase 
inhibitory agents. 

Table 1 
In-silico predicted physicochemical and ADMET parameters of the titled compounds.  

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

23a  432.49  93.98 0 5  5.51682  ¡6.946  0.41  − 0.047 8 IV 1500 No 
23b  511.38  93.98 0 5  6.27932  ¡7.225  0.421  − 0.076 8 IV 1500 No 
23c  446.51  93.98 0 5  5.90692  ¡7.183  0.429  − 0.389 9 IV 1500 No 
23d  525.41  93.98 0 5  6.66942  ¡7.427  0.44  − 0.418 9 IV 1500 No 
23e  460.54  93.98 0 5  6.29702  ¡7.334  0.379  − 0.485 10 IV 1500 No 
23f  539.44  93.98 0 5  7.05952  ¡7.541  0.39  − 0.513 10 IV 1500 No 
23g  474.57  93.98 0 5  6.68712  ¡7.384  0.329  − 0.546 11 IV 1500 No 
23h  553.46  93.98 0 5  7.44962  ¡7.555  0.34  − 0.574 11 IV 1500 No  

a Molecular weight in g/mol. 
b Topological polar surface area in Å2. 
c Aqueous solubility in log mol/L. 
d Predicted apparent Caco-2 cell permeability in 10− 6 cm/s. 
e Acute toxicity according to the globally harmonized system (GHS) of classification and labeling of Chemicals. 
f Predicted LD50 in mg/kg. 
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established two π-π T-shaped interactions with TYR337 and TYR341 
amino acid residues. Another two π-π T-shaped interactions were also 
found between HIS447 and methyl substituent, between thiophene ring 
of chalcone core and HIS287 amino acid residue. While another phenyl 
ring of chalcone was able to form two π-π stacking interactions with 
residue TRP286. The methyl group of coumarin core produced in
teractions with TYR337 and TRP86 via π-alkyl interactions. Amino acid 
HIS447 showed π-alkyl and electrostatic (π-cation) interactions with 
pyrone ring of coumarin. A π-sulfur interaction was found between the 
sulfur atom and HIS287 amino acid residue. 

2.5. In vitro cytotoxicity evaluation of synthesized compounds 

Cytotoxicity of all synthesized compounds was evaluated against 
normal human hepatic (THLE-2) cell lines using the MTT assay at three 
different concentrations 0.25, 0.5 and 1 mg/ml. [67]. Negative control 
used in the study comprises of alone medium without any test 
compound. 

As demonstrated in Fig. 4, no significant difference in cell viability 
was observed in the treated wells with respect to control group even at 
the highest concentration, i.e, 1000 µg/ml of compounds. Hence, these 
compounds cause minimal to no cytotoxicity to the transformed normal 
human liver cell line. 

2.6. Molecular dynamics (MD) simulation 

The best-posed model with the highest docking score obtained from 
Auto Vina for the protein–ligand complex was used as starting structure 
for 100 ns MD simulation (Fig. 5). Only the best docking output has been 
used to set up this process in high-throughput manner and to analyze the 
binding mechanism dynamics of the ligand at the active site of protein 
under clearly expressed water conditions. The conformational change 
analysis of the protein–ligand complex was analyzed during the 1, 10, 
20, 50 and 100 ns MD production run as shown in Fig. 6. The minimum 
change in ligand conformation was noticed at 1 ns, maximum at 50 ns, 
and very slight at 100 ns. Molecular dynamics data are processed by 
calculating the root mean square deviation (RMSD) (from the starting 
structure) to analyze the structural stability. The RMSD value of the 
compound was found to be ~2.58 Å (Fig. 7). From the RMSD plot, it can 
be seen that the complex formed stable conformation from ~50 ns with 
suitable RMSD value of ~2.5 Å. The most acceptable RMSD value range 
was <3.0 Å, as the lower RMSD value indicates superior stability of the 
system [68]. The root mean square fluctuation (RMSF) of the pro
tein–ligand complex was plotted from 100 ns MD trajectory to analyze 
the average fluctuation and flexibility of individual amino acid (Fig. 8). 
The RMSF plot indicates that amino acid residue fluctuations are present 
in the protein during ligand-bound state at several time intervals. The 
results depict that the interaction of ligand and protein brings protein 
chains closer and leads to reduction in the distance between them which 
is represented in Fig. 9(a). The residue-residue (RR) distance map (two- 
dimensional representations of protein 3D structure) is shown in Fig. 9 
(b) that plot the patterns of spatial interactions between amino acid 

Scheme 1. Synthesis of the titled compounds (23a-h).  

Table 2 
Inhibition of AChE by the titled compounds 23a- 

h.

Comp. R n In Vitro In silico SI* 

IC50 [µM] 
AChE 

IC50 [µM] 
AChE 

IC50 [µM] 
BuChE 

23a H 2 0.699 ±
0.054  

2.11  44.82  0.0471 

23b Br 2 0.786 ±
0.052  

0.36222  43.46  0.0083 

23c H 3 0.486 ±
0.039  

1.81  73.65  0.0246 

23d Br 3 0.823 ±
0.094  

1.35  77.92  0.0173 

23e H 4 0.420 ±
0.019  

1.31  65.5  0.0200 

23f Br 4 1.237 ±
0.012  

0.36523  20.46  0.0179 

23 g H 5 0.512 ±
0.007  

1.32  48.45  0.0272 

23 h Br 5 1.296 ±
0.026  

0.27208  55.73  0.0049 

Galantamine   1.142 ±
0.027     

* SI: Selectivity Index. 
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residues [69,70]. The compactness of the ligand bound protein was 
analyzed by radius of gyration (Rg) plot. From the obtained results, a 
decrease in Rg for protein–ligand complex along the simulation time was 
observed, showing an increase in the compactness of the structure 
(Fig. 10). 

The number of hydrogen bond interactions occurred between protein 
and ligand were calculated with grid-search on 16x16x19 grid, 
rcut = 0.35 and plotted against time as shown in Fig. 11. Upon calcu
lation of hydrogen bonds between protein (5270 atoms) and ligand (43 
atoms), 737 donors and 1472 acceptors were found. The average num
ber of hydrogen bonds per timeframe was observed to be 1.493 out of 
542,432 possible. During overall analysis, it was found that ligand–
protein interaction significantly increased the number of hydrogen 
bonds. The solvent accessible surface area (SASA) of the protein was 
calculated during MD simulation in ligand-bound conditions. SASA 
values changed due to binding of ligand to the protein (Fig. 12). The 
analysis indicates the folding states of protein and its stability upon 
ligand binding. 

3. Experimental 

3.1. In-silico prediction of physicochemical and ADMET parameters 

Prediction of physicochemical and ADMET properties of the titled 
compounds was carried out in silico with a combination of several web 
servers such as SwissADME, pkCSM, and ProTox-II, with the procedure 
as reported by our previous study [71]. Several critical parameters were 
predicted as reported by Chander [72,73], including molecular weight 
(Mol Wt.), topological polar surface area (TPSA), number of hydrogen 
bond donor (HBD), number of hydrogen bond acceptor (HBA), octanol/ 
water partition coefficient (log P), aqueous solubility (log S), Caco-2 
permeability (Caco2), brain/blood partition coefficient (log BB), num
ber of rotatable bonds (Rot), acute toxicity (Acute tox.), predicted LD50 
(pLD50), and Ames mutagenicity (AMES). 

3.2. Chemistry 

3.2.1. Materials and methods 
All the chemicals were purchased from Sigma-Aldrich and Merk. All 

chemicals and reagents were of analytical grade and were used without 
further purification. Melting points (uncorrected) were determined 

Fig. 3. 3D and 2D binding site interactions of compound 23e at the active site of target protein (PDB ID: 4EY7).  
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using a Barnstead Electrothermal 9100 melting point. Infrared (IR) 
spectra were recorded on Perkin Elmer FT-IR spectrometer. Samples 
were prepared as KBr disc. The 1H NMR (400 MHz) and 13C NMR 
(175 MHz) were recorded on Bruker Avance II Spectrometer using TMS 
as an internal standard. Chemical shift values were given in δ (ppm) 
scales. The HRMS were recorded on Agilent Technologies 6545 Q-TOF 
LC/MS. Thin layer chromatography (TLC) was performed using alumina 
sheets pre-coated with silica gel 60 F254 (0.2 mm thickness) in order to 
monitor as well as detect compounds and the spots were visualized 

under UV lamp at 254 nm. 

3.2.2. Synthesis of 7-Hydroxy-4-methylcoumarin (16) 
Concentrated H2SO4 (1 mL) was slowly to an ice-cold solution of 

resorcinol (4.0 g, 36.37 mmol) in dioxane (20 mL) under 25 ⁰C. Ethyl 
acetoacetate (6.0 g, 48.96 mmol) was added to the reaction mixture and 
refluxed for 4 h. After cooling to room temperature, the mixture was 
poured into crushed ice and stirred for another 30 min. The resulting 
yellow precipitate was collected by vacuum filtration, washed several 

Fig. 4. Cytotoxicity profile of the compounds against THLE-2 cells at different concentrations for 12 h.  

Fig. 5. Protein-ligand complex in triclinic box solvated with water molecules and neutralized with Na+ and Cl− ions (0.15 M salt).  
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times with water and dried in an oven. The product was subjected to re- 
crystallization from methanol yielded 7-hydroxy-4-methyl-2H-chro
men-2-one (16). 

3.2.3. General procedure for the synthesis of 4′-Hydroxychalcones (20 and 
21) 

A mixture of 4′-hydroxyacetophenone (19) (10 mmol) and 2-thio
phenecarboxaldehyde/5-bromothiophene-2-carbaldehyde (12 mmol) 
was dissolved in solution of absolute ethanol (25 mL) and 25% KOH 
(5 mL). The reaction mixture was stirred for 24 h at room temperature. 
The solution was poured into cold water and acidified with concentrated 
HCl. The precipitate was collected, washed several times with water and 
dried. The product was subjected to re-crystallization from ethanol 
(96%) to afford 4′-hydroxychalcones (20 and 21). 

3.2.4. General procedure of synthesis of intermediates (22a-h) 
A mixture of chalcones (20 or 21) (2 mmol), an appropriate 

α,ω-dibromoalkanes (10 mmol), and anhydrous K2CO3 (450 mg) was 
dissolved in acetonitrile (50 mL). The reaction mixture was refluxed for 
7 h and was then poured into cold water (50 mL). Immediately the 
precipitate was formed, filtrate off, washed with cold water, and dried in 
an oven gave compounds (22a-h). 

3.2.5. General procedure for the synthesis of hybrids (23a-h) 
A mixture of O-alkylated chalcones (22a-h) (1 mmol) and 7-hy

droxy-4-methylcomarin (16) (1 mmol) was dissolved in acetonitrile 
(30 mL) and anhydrous K2CO3 (200 mg) was added. The reaction 
mixture was refluxed overnight. After that, the reaction mixture was 
cooled down to room temperature and poured into 25 mL of cold water. 
Immediately, the precipitates were formed, filtrate off, washed with cold 
water, and dried in an oven to give chalcone-coumarin analogues (23a- 
h). 

3.3. Biological evaluation of hybrids against acetylcholine esterase 
(AChE) 

The assay for AChE inhibitory activity of the titled compounds was 
done based on slightly modified protocol reported by Yang et al. [74]. 
AChE (E.C.3.1.1.7, Type VI-S, from Electric Eel), 5,5′-dithiobis-2-nitro
benzoic acid (Ellman’s reagent, DTNB) and acetylthiocholine chloride 
(ATCI) were purchased form Sigma Aldrich. Enzyme solutions were 
prepared to give 0.28 units/mL aliquots. Stock solutions were prepared 
by dissolving 1 mg of test compounds in 1 mL of DMSO and diluted to 

Fig. 6. Protein-ligand structure at (a) 1 ns, (b) 10 ns, (c) 20 ns, (d) 50 ns and (e) 100 ns MD run.  

Fig. 7. The root mean square deviation (RMSD) of solvated protein backbone 
and ligand complex during 100 ns MD simulation. 

Fig. 8. The root mean square fluctuation (RMSF) values of solvated pro
tein–ligand complex plotted against residue numbers. 
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final concentration of 1000, 800, 600, 400, 200, 100 and 50 µg/mL. The 
assay buffer solution (pH = 8.0) was prepared from taking 93.20 mL of 
solution (6 g of sodium dihydrogen phosphate was dissolved in 500 mL 
of deionized water) mixed with 6.80 mL of solution (7 g of sodium 
hydrogen phosphate was dissolved in 500 mL of deionized water) and 
adjusted. Otherwise, 57.70 mL of sodium dihydrogen phosphate and 
42.30 mL of sodium hydrogen phosphate was mixed and adjusted to 
prepare buffer (pH = 7.0). Furthermore, fresh solution of 0.01 M DTNB 

(0.396 g of DTNB and 15 mg NaHCO3 were dissolved in 100 mL of buffer 
pH 7.0) in dark place, and 0.075 M ATCI (0.2048 g of ATCI was dis
solved in 10 mL of deionized water), were prepared. In 96-well plates, 
20 μL of the test compounds, 10 μL of DTNB, 15 μL of enzyme (AChE) 
and 140 μL of buffer solution (pH = 8.0), were added in dark condition 
and incubated for 15 min. after that, followed by the addition of ATCI 
(10 μL) and incubated again for the same period. The activity was 
measured by reading absorbance of solution at 412 nm. Blanks con
taining all components except enzyme were carried out. IC50 values 
were calculated as concentration of compound that produces 50% 
enzyme activity inhibition, using the GraphPad Prism 8 program pack
age. Results are expressed as the mean ± SD of at least three different 
experiments performed in triplicate. 

3.4. Molecular docking study 

All calculations were performed using AutoDock Vina [75]. The 3D 
crystallographic structures of target enzymes AChE (PDB ID: 4EY7 [76] 
and BuChE (PDB ID: 4BDS [77] were downloaded from the RSCB Protein 
Data Bank (https://www.rcsb.org). The preparation of enzymes was 
carried out by removing the co-crystallized ligand and water molecules, 
the polar hydrogen atoms were added. The Avogadro program [78] was 

Fig. 9. (a) Superimposed structure of unbounded protein (red) and protein–ligand complex (green);(b). Residue-Residue (RR) distance map pattern display the 
spatial interactions of protein. 

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

Fig. 11. Number of average hydrogen bonding interaction between pro
tein–ligand complex during 100 ns simulation time. 

Fig. 12. Solvent accessible surface area (SASA) analysis for protein–ligand 
complex during 100 ns simulation time. 
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used for drawing the 3D structure of target compounds and energy 
minimizations. Discovery Studio 2.5 software (Accelrys Inc., San Diego, 
CA, USA) was used for docking analysis and to generate the 2D/3D 
binding modes of compounds. 

3.5. In vitro cytotoxicity assay 

Normal human liver cells, THLE-2 (purchased from ATCC) were 
usually cultured at Dr. Biswas lab at AIMMSCR, Amity University in 
DMEM-F12 (HiMedia) media supplemented with 10% FBS (HiMedia), 
70 ng/ml of phosphoethanolamine (TCI Chemicals), 5 ng/ml of 
epidermal growth factor (Gibco), Insulin Transferrin Selenium (Ther
moScientific, diluted to 1X), Penicillin-Streptomycin solution, 100 µg/ 
ml (HiMedia), at 5 %CO2 in a CO2 incubator. Experiments were carried 
out when cells were 70–80% confluent. To perform the cell viability 
assay, 96-well plate (SPL) was coated with collagen peptide and incu
bated for 2–3 h prior to cell seeding. 5x103 of THLE-2 cells were 
resuspended in complete medium as described above and seeded in each 
well. After 24 h, the media was carefully aspirated from the wells. Stock 
solution of all designed compounds were prepared in DMSO. Cells were 
treated with respective drugs dissolved in complete culture medium at 
different concentrations for 12 h. MTT (3-(4,5-Dimethylthiazol-2-yl)- 
2,5-diphenyltetrazolium bromide) reagent (HiMedia) with a final con
centration of 0.5 mg/mL was added to each well and further incubated 
for 4 h. Equal volume of DMSO (SRL) was added in each well to solu
bilize the formazan crystals with a final incubation of 15–20 min. 
Absorbance was measured using Multiskan Microplate Reader (Ther
moScientific) at 570 nm wavelength. All experiments were performed in 
triplicates. 

3.6. Molecular dynamics (MD) simulation 

Protein-ligand complex identified from molecular docking study was 
subjected to molecular dynamics (MD) simulation and to evaluate their 
inhibitory potential and conformational space. The GROMACS (GRO
ningen MAchine for Chemical Simulations) version 2019.2 package was 
used to perform molecular dynamics simulation analysis with GRO
MOS96 43a1 force field. Ligand topology and parameter files were 
generated using the latest CGenFF via CHARMM-GUI [79,80]. Protein- 
ligand structures were solvated in a triclinic box using simple point- 
charge (SPC) water models that extended 10 Å from the protein [81]. 
Na+ and Cl− ions (0.15 M salt) were used to neutralize the systems 
(Fig. 1). The system was subjected to periodic boundary conditions in 
the Canonical ensemble (NVT): moles (N), volume (V) and temperature 
(T)/Isothermal-Isobaric (NPT) ensemble: moles (N), pressure (P) and 
temperature (T) (NPT/NVT) equilibration run at constant temperature 
(300 K) and pressure (1.0 bar) using Leap-frog MD integrator for 100 ns 
simulation time [82]. The particle-mesh Ewald method was used for 
electrostatic interactions [83]. The force-based switching function was 
used to truncate non-bonded interactions over 10 and 12 Å [84]. Bad 
contact inside the system was discarded by energy minimization 
through the steepest descent method with 5000 steps. In addition, 
temperature coupling was applied by indexing the system into water and 
non-water components to avoid hot solvent-cold solute problem. Also, 
modified Berendsen thermostat and Parrinello-Rahman barostat were 
employed for NVT and NPT equilibrations. GROMACS analysis tools 
were used to perform trajectory analysis. The root mean square fluctu
ations (RMSF) and root mean square deviation (RMSD) of protein were 
calculated using gmxrmsf and gmx rms tools, respectively. The radius of 
gyration (Rg) and solvent accessible surface area (SASA) was computed 
by gmx gyrate and gmxsasa tools, respectively. Further, gmxhbond tool 
was employed to analyze hydrogen bonds. Plots were prepared using 
Grace Software and PyMol & VMD were used for the visualization of the 
complex structure [85,86]. Our simulations were conducted using pro
cessor Intel(R) Xeon(R) CPU E5-2680 v4 @ 2.40 GHz, 64 bit. The 
simulation time for the protein–ligand complex was 36.9 h for 100 ns. 

The MD simulation’s speed is orders of magnitude slower than compu
tational docking. 

4. Conclusion 

In conclusion, we designed, in-silico predicted ADMET parameetrs 
and synthesized a new series of chalcone-coumarin hybrids as acetyl
cholinesterase inhibitor. The titled compounds were synthesized, char
acterized by IR, NMR and Mass spectral analysis. The in vitro assessment 
displayed that all the titled compounds (expect of compounds 23f and 
23h) exhibited superior inhibitory activity towards AChE than that of 
standard drug galantamine. Obtained results exhibited that the linker 
length connecting chalcone moiety and coumarin core played an 
important role in AChE inhibition. Moreover, insertion of bromo group 
on C-5 of thiophene ring in chalcone moiety led to decrease in AChE 
inhibition activity. In the vitro studies, none of the compound showed 
significant toxicity in normal human hepatic cell up to the highest tested 
concentration of 1000 µg/ml. In silico studies revealed more selective 
inhibitory potential of compounds towards AChE compared to BuAChE. 
The molecular docking studies of most active compound 23e revealed 
that this compound can fit into the PAS and CAS regions of the target 
enzyme’s dual active sites. AChE inhibitory activity of this compound 
could further be optimized to find a suitable drug candidate for the 
management of AD. The 100 ns MD simulation study revealed that the 
protein–ligand complex possesses stable conformation and lower pro
tein–ligand interaction energy. Hence, the identified compound may be 
considered as lead for further study in the search of novel AChE inhib
itory agent. The right formulation will be needed to improve the drug- 
like properties of these compounds, especially their lipophilicity and 
solubility. 
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