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Background: Alzheimer disease is a progressive and irreversible disease that finally leads
to death. It destroys cognitive skills and memory, and eventually, the patient cannot do the
simplest things.
Objectives: Cholinesterases (ChEs) which has the capability to control cholinergic
transmission would result in elevating acetylcholine levels in the brain, by inhibiting CHEs.
Coumarins have been shown to exhibit the inhibitory effect of cholinesterase, where the
aromatic component results in designing novel candidates that can inhibit Ab accumulation.
Methods: The condensation of aryl aldehydes and 4-hydroxycoumarin. Besides, we applied
ZnO nanoparticles as an effective heterogeneous catalyst in [bmim]BF4. To determine the
inhibitory activity, we used a substrate, i.e., acetylthiocholine iodide, to assay the tested
compounds. Moreover, we applied Ellman’s assay.
Results: The present research is an in vitro work. It explores the possible binding mode of
these compounds inside the Acetylcholinesterase (AChE) enzyme. Moreover, regarding the
synthesized coumarin derivatives, we also performed docking and Molecular Dynamics
(MD) simulation studies. The results indicate a satisfactory inhibitory activity for the assayed
compounds against AChE with IC50 values from 0.100 to 0.02 µM. In this sense, the stability
of protein-ligand complexes and the interaction of the compounds can be understood by
performing a molecular docking with molecular dynamics simulation of 5000 ps in the
solvent system for AChE.
Conclusion: Finally, it is worth mentioning that we also tested coumarin derivatives (L14 and
L15), leading to potent and effective AChE inhibitors.
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Introduction

A

s a brain-destroying disorder, Alzheimer
disease (AD) is the most common form of
dementia, which is widely seen in industrialized countries [1]. Besides its relation to
the cholinergic system, AD is associated
with a reduction in acetylcholine (ACh)
levels in areas of the brain involved in emotional responses, behavior learning, and memory. AD can also be
characterized by fibrous nerve nodes, amyloid-beta (Aβ)
plaques, and degeneration of cholinergic and brainstem
nerves [2]. The acetylcholine synaptic availability is reduced due to the loss of cholinergic cells in the forebrain,
resulting in cognitive impairment in AD [3]. In this regard, one can symptomatically treat AD by increasing
the synaptic ACh level by inhibiting the enzyme acetylcholinesterase (AChE) [4]. Thus, tacrine, donepezil,
galantamine, and rivastigmine, as AChE inhibitors, can
be regarded as the mainstay drugs in managing AD clinical symptoms [5-7]. Studies show that AChE can also
be associated with specific non-catalytic actions, i.e., Aβ
accumulation activity. AChE binds to Aβ and enhances
the formation of amyloid fibril through a pool of amino
acids adjacent to the Peripheral Anionic Site (PAS) of
the enzyme. The molecules interacting with PAS or with
both peripheral and catalytic AChE binding sites would
prevent the AChE activity toward Aβ [8]. Moreover, it
has also been reported that some AChE inhibitors aim
at both facilitating cholinergic transmission and interfering with the deposition, synthesis, and accumulation of
toxic Aβ. Therefore, the inhibition of AChE can be an
important goal for effective AD management due to the
increased synaptic availability of ACh and the reduction
of Aβ deposition. Consequently, the dual-binding compounds (to catalytic and environmental sites) have novel
therapeutic agents to effectively manage AD. Moreover,
as AChE inhibitors, coumarin proposes the following
hypotheses: 1) This heterocyclic compound, which is
well-suited to AChE inhibitory activity, involves insaculin with cognitive functions. Besides, it can also act as
a peripheral anionic site, interacting with the peripheral
binding site. 2) In phenylpiperazine groups, regarding
potent AChE inhibitors, the nitrogen atom acts as a positive charge center, and 3) attached to the piperazine ring,
the phenyl ring acts as a choline-binding site [9].
Found in a wide variety of plant species, coumarins are
naturally occurring phytochemicals with a broad range
of biological and pharmacological activities, i.e., antitumor [10], anti-inflammatory [11], hepatoprotective
[12], anti-HIV-1 [12], anti-allergic [12], antiviral [12],
antimicrobial [12], antifungal [12], antiasthmatic [12],
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antidepressant [13], antidiabetic [13], antinociceptive
[14], and antioxidant effects [15]. As indicated in the
previous studies, coumarin analogs, which are chemically synthesized, show potent AChE inhibitory activities
[16]. In addition, when the aromatic center of coumarin is functionalized, new analogs would be developed
which can inhibit Aβ aggregation. There are also more
reports on the regeneration of memory and anti-amnestic
characteristic of coumarin derivatives in various models of amnesia [17]. Coumarin derivatives also protect
neurons when opposed to Aβ-induced free radicals and
oxidative stress [18].
Because of the biological and pharmacological properties of coumarin derivatives and the need to search
novel candidates which would pioneer the design of
AChE inhibitors, we aimed at investigating the inhibitory activity of a group of bis-coumarin against AChE
inhibitors. These compounds were synthesized and
characterized using the reaction between benzaldehyde
and 4-hydroxycoumarin in high to excellent yields and
in the presence of ZnO Nanoparticles (ZnO-NPs) as a
highly effective heterogeneous catalyst in [bmim] BF4
(Figure 1). Moreover, it is worth mentioning that synthetic chemists have paid great attention to metal oxides because they are non-toxic and stable in different
conditions and have dual acid/base properties. Besides,
because of the high surface-to-volume ratio, we can improve the performance of these heterogeneous catalysts
using nano-sized metal oxides [14-16].
Recently, mineral oxides have proved helpful to chemists in the laboratory and industry due to the good activation of adsorbed compounds and reaction rate enhancement, selectivity, easier work-up, recyclability
of the supports, and their eco-friendly, green, reaction
conditions. Thus, the heterogeneous solid base catalysts
have been recognized as potential alternatives to homogeneous organic essential catalysts [16-19].
Thus, the heterogeneous solid base catalysts have been
recognized as potential alternatives to homogeneous
organic basic catalysts [19-24]. Furthermore, to have a
clear picture of the biological activity and the related molecular basis, we aimed at performing molecular docking
studies and molecular dynamics (MD) simulation in a
solvent system. In this sense, regarding the ChEs binding site, we assess the coumarin derivatives’ stability and
their dynamic behavior.
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Figure 1. Synthesis of Bis-coumarin derivatives

Materials and Methods
We purchased the needed chemicals from commercial
sources and then applied them as received without further purification: Ellman’s reagent (DTNB), acetylcholinesterase, acetylthiocholine iodide, 5,50-dithiobis(2nitrobenzoic acid), and 2-([1-benzylpiperidin-4-yl]
methyl)-5,6-dimethoxy-2,3-dihydro-1H-inden-1-one
(donepezil). Moreover, we used CyberScan pH 510 (Eutech Instruments, Singapore), microplate fluorescence
spectrometer, single-channel electronic micropipette
(Eppendorf AG, Hamburg, Germany), mQuant (BioTek
Instruments, Winooski, Vermont, USA), and electronic
multichannel micropipette. Besides, the melting points
of the resulted compounds were determined using a
Stuart scientific melting point apparatus in open capillary tubes. Furthermore, the 1H- and 13C-NMR spectra were recorded applying a 300 MHz spectrometer
(Bruker DPX-300) using TMS. Regarding the column
chromatography, silica gel was used. Also, the purity of
the products and the progress of the reactions were examined applying a Thin-Layer Chromatography (TLC)
(E. Merck Kieselgel 60 F254 layer thickness: 0.25 mm).
Synthesis of final compounds
Regarding the significance of bis-coumarin derivatives, we aimed to find a protocol with a high yield. Given the recent advances in efficient synthetic and environmentally friendly methods, the possibility of preparing
bis-coumarins was investigated using the condensation
of aryl aldehydes and 4-hydroxycoumarin. Besides, we
applied ZnO nanoparticles as an effective heterogeneous

catalyst in [bmim]BF4. In this sense, we investigated the
effect of different reaction parameters to reduce reaction period and waste materials and increase the yield.
Accordingly, Table 1 presents the results of our investigation on the effect of reaction conditions, i.e., catalyst
temperature, on the compound 1a synthesis using the
condensation of 4-bromobenzaldehyde 1 (1 mmol) with
4-hydroxycoumarin 1 (2 mmol) as the model reaction.
Considering the obtained results, we applied different
aromatic aldehydes to extend the scope of the reactions,
as illustrated in Table 2. Moreover, IR, 1H NMR, and
13C NMR were used to characterize the synthesized
products, which were then compared to those mentioned
in the literature.
Preparation of solutions and In vitro AChE inhibition assay
To determine the inhibitory activity, we used a substrate,
i.e., acetylthiocholine iodide, to assay the tested compounds. Moreover, we applied Ellman’s method and performed the related studies in a 96-well microplate [25].
Molecular docking
As shown in Figure 2, during the docking simulations, we aimed to download the crystal structure of
AChE (PDB ID:1Q83) [26], from the Protein Data Bank
(PDB), as the receptor. After removing all ligands, i.e.,
water molecules and ions, and adding the polar hydrogens, the partial atomic charge was calculated by adding the Kollman-united charge. The 3D structures of
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Table 1. Optimization of model reaction of compound 1aa
Entry

Solvent

Catalyst, mol%

Temperature, °C

Time (min)

Yield (%)

2

[bmim]BF4

-

30

120

35

3

[bmim]BF4

-

45

80

37

4

[bmim]BF4

ZnO-NPs (25)

30

30

50

5

[bmim]BF4

ZnO-NPs (25)

30

180

65

6

[bmim] BF4

ZnO-NPs (25)

65

60

89

7

[bmim]BF4

ZnO-NPs (15)

70

60

92

8

[bmim]Br

ZnO-NPs (10)

70

60

89

9

[bmim]BF4

ZnO-NPs (15)

80

60

92

10

-

-

80

120

-

ligands were drawn in ChemDraw Ultra 8.0 and, then,
the structures were saved as .pdb files after geometry optimization using the semi-empirical AM1 Hamiltonian,
as indicated in Table 1. To prepare the ligands, we assigned Gasteiger-Marsili charges and rotatable bonds to
them. The protein and ligand structures were converted
to pdbqt format. Moreover, we performed the docking
calculations using the docking program, Autodock Vina
[27], which are based on a Genetic Algorithm (GA) [28].
Exhaustiveness was set to 100 in the docking procedure
for each protein-ligand complex, and then the binding
affinities of protein targets were determined (Table 3).
PLIP webserver (Technical University of Dresden) was
also applied to investigate the formed complexes [29].
As shown in Figure 3, reproducing the binding pose of
the co-crystallized ligand as a method for validating the
docking protocols was used. In this sense, it implied the
aptness of the used setup for our docking study, which
would reproduce the crystal binding model, confirmed
by the law energy score=-14.7 kcal/mol between the
added ligand and the docked pose.
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MD simulations protocol
To efficiently design the new inhibitors, specific information regarding the interaction properties of inhibitors is required. Two complexes with the best IC50
(L14-ACHE and L15-ACHE) values were subjected
to molecular dynamics simulation to understand the interacting behavior and dynamics of these compounds.
The selected complexes from the docking study were
subjected to 100 ns MD simulations using GROMACS
2020 [27]. The ligand topologies were obtained from the
CGenFF server. As an input file for MD simulations, the
best ligand-protein complexes with the lowest docking
score from the docking study and favorable interactions
were selected. The CHARMM36 (C36) force field model was used for all MD simulations. After solvation in
the box, to make the whole system neutral, 7 Na+ ions
were introduced to the system. Each system was energyminimized and equilibrated to achieve the appropriate
volume. Overall, 10000 frames were obtained from each
production simulation. The results of root mean square
deviation RMSD, RMSF, and Rg were evaluated to confirm the protein stability for the two systems.
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Table 2. Synthesis of bis-coumarin derivatives using ZnO nanoparticles in [bmim]BF4
Entry

R1

Product

Time (min)

Yield (%)a

MP (Obs) (°C)

MP (Lit) (°C)

1

4-NO3C6H4

L1

10

92

234-236

232-233 [24]

2

4-C2H5OC6H4

L2

17

92

214-215

232-233 [24]

3

4-BrC6H4

L3

10

92

265-267

266-268 [24]

4

4CH3O,5Br,C6H3

L4

10

92

242-244

241-243 [24]

5

4-CH3OC6H4

L5

10

88

250-252

251-252 [24]

6

4,5-CH3OC6H3

L6

12

90

245-247

264-266 [24]

7

2,3-CH3OC6H3

L7

14

87

259-260

255-257 [24]

8

4-F,2-ClC6H3

L8

10

73

257-259

256-258 [24]

9

4-ClC6H4

L9

10

90

258-260

259-261 [24]

10

5-NO3,2-thiophene

L10

10

89

186-188

187-189 [24]

11

5-Br,2-furaldehyde

L11

12

86

179-181

178-180 [24]

12

5-Cl,2-thiophene

L12

15

90

255-258

254-257 [24]

13

5-CH3,2-pyridine

L13

10

86

232-234

230-232 [24]

14

1,2,3,4-Tetrahydroquinoxaline

L14

10

92

254-256

Present work

15

Piperazine

L15

10

90

180-189

Present work

a: Isolated yield
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MM/PB SA binding-free-energy calculations
A stable short region from the simulated trajectory
of the docked complexes was extracted to estimate the
binding energy according to the Molecular MechanicsPoisson Boltzmann Surface Area (MM-PBSA) method
applying g_mmpbsa. This method is commonly applied
in biomolecular interaction studies, and scoring function
in computational drug design is expressed as Equation 1:
1. ΔGbinding=Gcomplex−(Gprotein+Gligand)
Where Gprotein and Gligand can be regarded as the
free energies of the protein and ligand in solvent and
Gcomplex depicts the total free energy of the proteinligand complex, respectively. This approach consists of
three energetic terms Equation 2:
2. Gx=⟨EMM⟩+⟨Gsolvation⟩−TS

O

Ar

OO

OH

O

The first one<EMM >signifies the changing potential energy in the vacuum, including bonded terms, i.e., torsion,
bond and angle energies, and nonbonded terms, i.e.,
electrostatic and van der Waals interactions Equation 3:
3. EMM=Ebonded+Enonbonded=Ebonded+(EvdW+Eelec)
The other term, (Gsolvation), is quantified by the polar
and nonpolar solvation energies to calculate the desolvation of the different species in the gas phase (Equation 4).
4. Gsolvation=Gpolar+Gnonpolar
The third term (TS) would signify the entropic contribution to the free energy where S and T are the entropy
and the temperature, respectively. This analysis estimates
the energies combined with the protein-ligand binding
during the MD simulation. However, because of the
relatively high computational demand to calculate the
entropy, the conformational entropy was not considered.

Zare-Akbari Z. et al. Synthesis of Bis-Coumarin as Acetylcholinesterase Inhibitors. PBR. 2022; 8(2):131-142

135

April 2022. Volume 8. Number 2

Table 3. Compound structures, experimental IC50 and molecular docking analysis of synthesized compounds
Ligands
O

L1

N

OH

O

Free Energy of Binding
(kcal/mol)

H bond

Other Interactions

0.081

-10.1

TYR72

LEU76, TRP286,
PHE297, TYR337,
PHE338, TYR341,
TYR124,

0.100

-10.3

TYR124

TYR72, TYR124,
GLU285, PHE297,
TYR337, PHE338,
TYR341

0.09

-10.0

TYR72

LEU76, TRP286,
PHE297, TYR337,
PHE338, TYR341

0.077

-9.7

TYR72, TYR124

TYR72, ILE294,
PHE338, TYR341,
TYR124, TRP286

O

OH

OO

IC50 (μM)
(Experiment)

O

O

L2

OH

O

OH

OO

O

Br

L3

OH

O

OH

OO

O

O
Br

L4

OH

O

OH

OO

O

O

L5

OH

O

OH

OO

0.100

-10.4

TYR72, TYR124

TYR72, LEU76,
TRP286, PHE297,
TYR337, PHE338,
TYR124, TRP286,
TYR341

0.100

-10.3

-

TYR72, LEU76,
TRP286, PHE297,
TYR337, PHE338,
TYR124 , TYR341

TYR124

TYR72, LEU76,
TYR124, GLU285,
TRP286, PHE297,
TYR337, PHE338,
TYR341

O

O
O

L6

OH

O

OH

OO

O

O

L7

O
OH

O

136

OH

OO

0.100

-10.8

O
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Ligands

IC50 (μM)
(Experiment)

Free Energy of Binding
(kcal/mol)

H bond

Other Interactions

0.078

-11.3

TYR124

TYR72, TYR124,
GLU285, TRP286,
PHE297, TYR337,
PHE338, TYR341

0.085

-10.4

TYR124, ARG296,
TYR337

GLU285, ILE294,
PHE297, PHE338,
TYR341, TYR124,
TYR337

0.080

-11.4

TYR124, ARG296,
TYR337

GLU285, ILE294,
P HE297, PHE338,
TYR341

-11.1

TYR124

TYR124, GLU285,
TRP286, PHE297,
PHE338, TYR341

F

L8

Cl
OH

OH

OO

O

O

Cl

L9

OH

OH

OO

O

O

O
O N

L10

OH

S

OH

OO

O

O

Br

L11

O

OH

OO

O

OH

0.100

O

Cl

L12

S

OH

O

L13

OO

OH

0.100

-11.1

TYR124

GLU285, ILE294,
PHE297, PHE338,
TYR341, TYR124,
TYR337

0.080

-11.0

TYR124, SER293,

TYR124, GLU285,
ILE294, PHE297,
TYR337, PHE338,
TYR341, TRP286,

0.02

-11.5

TYR124

TYR72, LEU76,
TRP286, PHE297,
TYR337, PHE338,
TYR124, TYR341

-

TYR72, LEU76,
GLU285, TRP286,
PHE297, TYR337,
PHE338, TYR341,
TYR124,

O

N

OH

OO

O

OH

O

NH
L14

HN
OH

O

OH

OO

O

HN
L15

NH

OH

O

OO

OH

0.05

-10.6

O
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Protein
Ligand
Hydrogen Bonds ……Salt Bridge …. Hydrophobic interaction …. π-Cation Interaction
Figure 2: a) Superimpose of L14 and L15 in the Binding Pocket of the ACHE. b) 3D Displays of L14 Interaction in the Binding Pocket of
ACHE and c) 3D Display of L15 Interaction in the Binding Pocket of ACHE
Figure 2. a) Superimpose of L14 and L15 in the binding pocket of the ACHE; b) 3D Displays of L14 interaction in the binding
pocket of ACHE;0/3
and c) 3D display of L15 interaction in the binding pocket of ACHE

Results

tory activity of the following compounds, L2, L5, L6,
L7, L11, and L3, was moderate with IC50 values of 0.100
and 0.900 μM. Nevertheless, the inhibition was affected
by adding F, Cl, NO2 groups on position 4, compared to
the compounds L1, L2, L5, L6, L7, L11, and L3. The
synthesized compounds, L1, L4 L8, L9, and L10, exhibited good inhibitory activity with the following IC50
values 0.800-0.770 μM. Moreover, L14 and L15 comL14
pounds showed considerable inhibitory activities with
IC50 values of 0.20 and 0.50 μM, which can be due to the
presence of the amines groups. Thus, compound L14 is
the highest with an IC50 of 0.20 μM.

0/25

Chemistry and biological activity

0/2

RMSD(nm)

We aimed at synthesizing, purifying, and characterizing the target compounds. TLC was used, and the
melting point 0/15
was used to assess the purity. Besides, we
evaluated the compounds as positive controls in vitro for
AChE inhibitory
0/1activities using the modified element
method [25]. Furthermore, considering the use of donepezil, we could
0/05 calculate the inhibition ratio against
AChE, based on the product’s response in the mentioned
reaction. Table 3 presents the results of the inhibitory ac0 coumarin derivatives. The inhibitivity of the mentioned
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Figure 3: Root Mean Square Deviations of Protein in L14-AChE and L15-AChE Complexes

Figure 3. Root mean square deviations of protein in L14-AChE and L15-AChE complexes
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Table 4. The binding free energy calculations results for L14 and L15 in forming complex with the ACHE
Compound

ΔG Binding Energy

ΔG Vdw

ΔG Elec

ΔG Polar

L14

-116.032±12.908

-228.267±11.989

-19.836±10.788

155.398±13.351

L15

-88.760±13.585

-144.202±10.735

-30.210±8.496

103.344±15.249

All energies are in kJ/mol.

IC50 . The docking conformation of L14 shows three
hydrogen bonds with TYR124, and seven hydrophobic
interactions with TYR72, LEU76, TRP286, PHE297,
TYR337, and PHE338 and π-stacking interactions with
TYR72, TYR124, TRP286, and TYR341 (Figure 2b and
2c). This ligand interacts with AChE with a low docking
score of −11.5, indicating its essential affinity to interact
with the receptor rather than other studied compounds.
The binding mode for compound L15 can be summarized by 5-π-stacking interactions with TYR72, TYR124,
TRP286, TYR341, and 8-hydrophobic interactions with
TYR72, LEU76, GLU285, TRP286, PHE297, TYR337,
PHE338, and TYR341. Figure 2 illustrates the binding
mode of L14 and L15 in the active site of the AChE.

Molecular docking
We aimed at performing the molecular docking simulation over the synthesized compounds on the AChE
protein. In this sense, Table 3 indicates the sorted results from the lowest to the highest docking score. The
docking score of these drugs (between -10 kcal/mol and
12.6 kcal/mol) would indicate their effective interaction
with the receptor by the hydrogen-bonding interactions
with the binding pocket residues. The 3D diagram for
the docking pose of ligands in the AChE binding site
can be seen in Figure 4. Previous studies propose the
Trp286 as the key residue in the binding pocket, which
can be related to the adhesion function of AChE. Two
complexes of L14-AChE and L15-AChE were important for us mainly because they have the best-measured
A
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Figure 4. a) The Root Mean Square Fluctuation (RMSF) Plots of ACHE in Forming Complex With the L14 and L15, b) The Radius

Figure 4. a) TheofRoot
Mean
Square
Fluctuation
(RMSF)
plots
of ACHE
Gyration
(Rg) Plots
of ACHE
in Forming Complex
With
the L14
and L15 in forming complex with the L14 and L15, b) The Radius
of Gyration (Rg) Plots of ACHE in forming complex with the L14 and L15
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Discussion
Molecular dynamics
We used 100 ns molecular dynamics simulations to
evaluate the stability of (L14, L15)-AChE complex. In
this sense, binding interactions of the docking complexes were provided with a system embedded with water
molecules, temperature, and pressure. As seen in Figure
3, the individual root mean square deviations (RMSDs)
of the complexes were plotted on the simulation time,
which indicates the converged L14-AChE and L15AChE complexes to an equilibration state in the last 40
ns and 60 ns of simulation, respectively. Besides, stability during the simulation was also experienced. Regarding the binding free energies in the active site, quantitative estimates were obtained using the MM-PBSA free
energy calculations. The energy values related to the 14
and 15 ligands at various time levels are presented in
Table 4. Compared to L15, the difference in the van der
Waals energy levels reveals a more specific molecular
shape for L14. This result shows that the L14 complex
is more stable in the enzyme’s active site. Moreover, the
results from MM-PBSA and RMSD show that the L14AChE and L15-AChE complexes are highly stable. The
amino acid fluctuations in the RMSF plot (Figure 4) reveal that, during the simulation, the following domains
of 70-90, 255-265, 280-295, and 330-355 possessed the
highest fluctuation. In sum, under NPT (National Standard Taper Pipe Threads Size NPT Chart) conditions,
even though protein-ligand complexes were stabilized,
the greatest effect on the enzyme came from L14. To
further evaluate the conformational changes in AChE,
we performed a Gyration radius (Rg) analysis to clarify
the role of protein compactness (Figure 4b). As seen in
both complexes, Rg of AChE at 0 ns was 2.34 nm depicting that, throughout the simulation time, we witnessed a
conserved AChE conformation.

Conclusion
In conclusion, the inhibitory activity of a group of biscoumarin derivatives was tested to study novel candidates which would act as AChE inhibitors. The results
showed that some of the tested compounds indicated acceptable activity against AChE. Besides, the L14 compound demonstrated significant activity, having an IC50
value of 2.0 μM. Moreover, the binding state of coumarin derivatives was rationalized using intra-silica studies
regarding stability analysis, IC50 values, binding interactions, and binding score. The principal stabilizing forces
were hydrogen bonds and halogen and hydrophobic
interactions in AChE. Herein, it is suggested that these

140

compounds can be regarded as strong candidates against
AChE, used to treat Alzheimer disease. Moreover, it is
worth mentioning that further studies must be performed
to establish the efficacy and safety of these products.
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