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Abstract
The cholinesterases are essential targets implicated in the pathogenesis of Alzheimer’s disease (AD). In the present study, 
virtual screening and molecular docking are performed to identify the potential hits. Docking-post processing (DPP) and 
pose filtration protocols against AChE and BChE resulted in three hits (AW00308, HTS04089, and JFD03947). Molecular 
Mechanics-Generalized Born Surface Area (MM-GBSA) and molecular dynamics simulation analysis affirmed the stability 
and binding pattern of the docked complex JFD03947, which was further synthesized and evaluated for in vitro cholinesterase 
inhibition (AChE, IC50 = 0.062 µM; BChE, IC50 = 1.482 µM) activity. The enzyme kinetics study of the JFD03947 against 
hAChE and hBChE suggested a mixed type of inhibition. The results of thioflavin T-assay also elicited anti-Aβ aggregation 
activity by JFD03947. Further, biological evaluation of identified compound JFD03947 also showed neuroprotective ability 
against the SH-SY5Y neuroblastoma cell lines.

Keywords  Molecular docking · Molecular dynamics · Virtual screening · Acetylcholinesterase · Butyrylcholinesterase · 
Anti-Aβ aggregation

Introduction

Alzheimer’s disease (AD) is one of the most fearsome, 
sophisticated, and age-associated neurodegenerative disor-
der, which is the most common cause of dementia [1–3]. 
It is characterized by the decline in cognitive abilities [4], 
mood swings, loss of memory [5], disorientation, difficulties 
with language, and behavioral changes [6, 7]. It is one of the 
significant public health issues with its maximum prevalence 
in developing countries, especially in the elderly population 

[8]. It is a multifactorial disease that creates a high social 
and economic burden worldwide [9, 10].

In the past decades, several hypotheses have been pro-
posed to be involved in AD. Among them, the cholinergic 
hypothesis is the most common, which describes the degen-
eration of cholinergic neurons in the brain [11, 12]. The loss 
of ACh and subsequently altered cholinergic neurotransmis-
sion adversely affects the human cognitive functions and 
causes memory alterations [13]. This hypothesis suggests 
that the cognitive functions may be improved by enhancing 
the ACh levels or by inhibiting its hydrolysis [14]. To aug-
ment cholinergic neurotransmission, the inhibition of ace-
tylcholinesterase (AChE) is an essential therapeutic strategy 
[15–18]. At present, there are only four drugs in the market 
to treat this challenging disorder. Among those, three are 
AChE inhibitors (donepezil, rivastigmine, and galantamine), 
and an NMDA receptor antagonist (memantine). All these 
drugs are reported for symptomatic relief in the AD [16], 
and they are inefficacious in disease modification [19].

Among available drugs, rivastigmine also acts on another 
cholinesterase named butyrylcholinesterase (BChE), which 
has 65% structural similarity to AChE along with functional 
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similarities [20]. This enzyme exists in the central and 
peripheral nervous system, in most tissues, along with 
intestine, lungs, pancreas, and liver [21]. The inhibition of 
BChE is also reported to enhance memory and cognition. 
Investigations also confirmed the involvement of BChE 
in AD patients having progressive loss of ACh [22, 23]. 
Several clinical evidence suggested that BChE also plays a 
significant role in the regulation of ACh in maintaining the 
normal cholinergic functions in AD [24, 25]. The activity 
of BChE was observed to be elevated during AD [26–28]. 
Therefore, inhibition of AChE and BChE can be considered 
as a potential therapeutic advantage in the advanced and late 
phase of AD.

AD is a multifaceted disorder interrelated with complex 
pathogenic mechanisms like, i.e., decreased level of ACh, 
deposition of amyloid β (Aβ), tau protein, and oxidative 
stress [29]. The role of AChE is also reported to induce Aβ 
formation resulting in the highly toxic AChE-Aβ peptide 
complex [30]. The outer gorge of AChE, known as periph-
eral anionic binding site (PAS) that is rich in hydrophobic 
amino acid residues, has the property to stimulate the Aβ 
aggregation [31]. Thus, AChE inhibitors that interact exclu-
sively with the peripheral anionic site (PAS) also helps in 
enhancing the cholinergic transmission and prevent the 
pro-aggregating activity of AChE toward Aβ. These mul-
tiple factors in AD pathology need to develop and discover 
novel scaffolds of next-generation, which could be useful in 
disease-modifying therapy by acting through dual inhibition 
and reduce the formation of neurotoxic aggregates.

The purpose of this study is based on computational 
explorations of the Maybridge Hit finder database containing 
14,400 compounds to identify novel hits targeting cholinest-
erases (AChE and BChE). Virtual screening protocols were 
employed to screen potential hits that interact with active 
site residues of both the enzymes. The identified ligands 
with respective docked poses were screened by Molecular 
Mechanics-Generalized Born Surface Area (MM-GBSA), 
molecular dynamics, and drug likeliness prediction studies. 
The previous findings intrigued us to synthesize the top hit 
(JFD03947), which is characterized by physicochemical and 
spectral techniques and evaluated for dual ChE inhibition 
(AChE and BChE). Further, its potential for neurotoxicity 
and Aβ aggregation inhibition was also evaluated.

Materials and methods

Computational studies

Protein preparation and grid generation

Briefly, 3D crystal structures of AChE (PDB Code: 4EY7, 
Homo sapiens) and BChE (PDB Code: 6EYF, Homo sapiens) 

complexes were retrieved for this study. Protein Preparation 
Wizard module of the Schrödinger suite was used to prepare 
respective protein crystal structures [32]. Structures were pro-
cessed by removal of water molecules, addition of hydrogen 
atoms, filling of missing side chains and loops, followed by 
restraining minimization, and structure refinement using the 
OPLS force field [33]. Grids were prepared using the Protein 
Grid Generation module by defining the box volume of 10 
× 10 × 10 Å surrounding active sites of the respective co-
crystallized ligands. The prepared grids and docking protocol 
were validated by extracting and re-docking co-crystallized 
ligands in respective grid structures. Superposition tool was 
used to compare and calculate the RMSD of actual and re-
docked poses of a co-crystallized ligands for AChE and BChE.

Selection and preparation of ligands

The chemical database of Maybridge Hit finder (http://www.
maybr​idge.com/) containing 14,400 compounds (accessed in 
October 2018), was used for screening and identifying poten-
tial inhibitors. The downloaded ligands were optimized, and 
minimum energy conformers were generated by LigPrep mod-
ule of the Schrödinger 2018-1 using default parameters at pH 
7.4.

Structure‑based virtual screening

The virtual screening protocols were accomplished using the 
Glide module, and potential hits were identified from the gen-
erated conformers of ligands. Hierarchal filtration protocols 
were used to determine the best possible binding poses in the 
receptor grid space. A three-stage filter screening process was 
used: (i) high throughput virtual screening (HTVS), (ii) stand-
ard precision (SP), and (iii) extra precision (XP) docking with 
filtration criteria of 10%, 20%, and 25% in each successive 
steps, respectively [34]. Further, the identified poses were ana-
lyzed by docking-post processing and pose filtration protocols. 
Common potential hits against AChE and BChE were identi-
fied and processed for further studies.

Binding free energy calculation

MM-GBSA Prime Module of Schrödinger 2018-1 was used 
to evaluate the binding affinity of identified docked complexes 
[35]. The Prime module uses XP docked “out.maez” file and 
rank the ligands based on the calculated binding energy. The 
equation used by the prime module to calculate binding energy 
is

ΔGbinding = Gcomplex − (Gprotein + Gligand)

http://www.maybridge.com/
http://www.maybridge.com/
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where Gcomplex, Gprotein, and Gligand are optimized free 
energies of the complex, free protein, and free ligand, 
respectively.

In silico drug likeliness characteristics

The QikProp module of the Schrödinger 2018-1 was used 
to predict the drug likeliness characteristics of identified 
potential hits. Some important properties were predicted, 
such as molecular weight, numbers of hydrogen bond 
donors and acceptors, total solvent accessible surface area 
(SASA), brain/blood partition coefficient (QPlogBB), log 
of octanol/water partition coefficient (QPlogPo/w), appar-
ent Caco-2 cell permeability (QPPCaco), apparent MDCK 
cell permeability (QPPMDCK), binding to human serum 
albumin (QPlogKhsa), and Lipinski’s rule of five.

Molecular dynamics simulations

In the drug discovery process, the molecular dynamics 
simulation is widely used for microscopic examination of 
protein-ligand interactions in an explicit water environ-
ment. Desmond module of Schrödinger Maestro 2018-1 
was used for molecular dynamics simulation, and runs 
of 100 ns timescale were performed to affirm the bind-
ing stability of docked poses of AW00308, HTS04089, 
and JFD03947 on both AChE and BChE. The docked 
complexes of donepezil with AChE and rivastigmine 
with BChE were also simulated, and obtained results 
were used for comparative assessment. Using the system 
builder option of Desmond, each docked complexes were 
soaked adequately in the TIP3P water molecules through 
the orthorhombic water box [36]. The systems were fur-
ther neutralized by adding the counterions and minimized 
by steepest descent and LBFGs algorithm using maxi-
mum 2000 iterations with convergence criteria of 1 kcal/
mol/Å. After the system minimization, the production run 
of molecular dynamics was carried out with the periodic 
boundary condition, a constant number of atoms (N), pres-
sure (P) and temperature (T) NPT ensemble, the tempera-
ture at 300K and 1.013 bars atmospheric pressure. The 
non-bonded interaction was computed at the truncation 
distance of 9 Å, Particle mesh Ewald (PME) method was 
used to calculate electrostatic interaction. The recording 
interval energy and trajectories were set to 1.2 ps and 50 
ps, respectively. Finally, the molecular dynamics simula-
tion run of docked complexes were performed for 100 ns. 
The generated trajectories after complete production runs 
were used to generate simulation interaction diagrams, and 
the results were analyzed.

Chemistry: synthesis and characterization

All reagents and solvents used in the studies were procured 
from commercial sources and used without further purifica-
tion. FT-IR spectrum was recorded on Bruker ECO-ATR 
(Alpha). 1H NMR (500 MHz) and 13C NMR (125 MHz) 
spectra were performed using Avance Bruker FT-NMR spec-
trometer in DMSO-d6 using TMS as an internal standard.

Synthesis of JFD03947

The ethanolic solution of 1,4-bis(aminomethyl)cyclohexane 
(cis- and trans-mixture) (1) (1 mmol) and 2-hydroxybenza-
ldehyde (2) (2 mmol) with 2–3 drops of glacial acetic acid 
were refluxed for 4 h. The solution was allowed to cool at 
room temperature to afford the solid compound, which was 
recrystallized from absolute ethanol to get pure compound 
JFD03947 [37].

Yield: 72.8%, Yellow solid; FT-IR (cm− 1): 1606 
(–HC = N), 3460 (–OH); 1H NMR (500 MHz, DMSO-d6) δ 
1.42–1.54 (m, 6H), 1.76–1.81 (m, 3H), 3.34–3.57 (m, 5H, 
–CH2–N=), 6.85–6.90 (m, 4H), 7.30–7.44 (m, 4H), 8.53 (d, 
2H, J = 16 Hz), 13.75 (s, 2H); 13C NMR (125 MHz, DMSO-
d6) δ 26.50, 30.48, 36.61, 62.47, 117, 118.84, 119.00, 
132.05, 132.71, 161.42, 166.36. Anal. C22H26N2O2: C, 
75.40; H, 7.48; N, 7.99; Found: C, 75.64; H, 7.42; N, 7.86.

Biological evaluation of selected compound

In vitro cholinesterase inhibition assay (hAChE and hBChE)

Ellman assay was performed to determine the ChE inhibi-
tory potential of target compounds JFD03947 [38]. The 
hAChE stock solution (EC No. 3.1.1.7, from human eryth-
rocytes) was prepared in HEPES buffer (20 mM; pH 8) and 
Triton X-100 (0.1% v/v). The hBChE (EC No. 3.1.1.8, from 
human serum) stock solution was prepared in aqueous gela-
tine solution (0.1% w/v). The five increasing concentrations 
of test compounds were prepared in DMSO that preferably 
causes 20–80% inhibition (final concentration ≤ 1% v/v). 
Initially, a test compound (10 µL) was pre-incubated for 10 
min with a stock solution of hAChE or hBChE (25 µL; 0.25 
U/mL), followed by the addition of 340 µM 5,5-dithio-bis-
(2-nitrobenzoic acid) (DTNB), and 550 µM of ATCI and 
BTCI as a substrate for hAChE & hBChE respectively. The 
blank readings were taken with all the components except 
enzyme to account for the nonenzymatic hydrolysis of sub-
strates. The change in absorbance was recorded at 37 °C for 
6 min (wavelength = 412 nm) on Multimode Reader (BioTek 
Synergy H1M, USA). The rate of the reactions with or with-
out inhibitors was compared, followed by the measurement 
of percentage inhibition using the following expression: 
[(Vo − Vi)/Vo] × 100, where Vi is the rate of reaction with 
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inhibitor and Vo is the reaction rate without inhibitor. The 
IC50 value of JFD03947 was calculated by non-linear vari-
able slopes of log (inhibitor) vs normalized response (Graph 
Pad Prism 5.01) [39]. The assay was performed in triplicate.

Enzyme kinetics study was performed for JFD03947 at 
six varied concentrations of ATCI or BTCI (66–400 µM) to 
determine the nature of inhibition of hAChE and hBChE. 
Three different concentrations of the compound JFD03947 
(0.030, 0.060, 0.090 µM for hAChE; and 1.0, 1.5, 2.0 µM 
for hBChE) were taken for the experiment and evaluated 
against all the six varied concentrations of substrates. The 
Lineweaver-Burk double reciprocal plot was constructed 
between varied substrate concentrations and rates of reac-
tion to identify the type of hAChE or hBChE inhibition 
[40]. Finally, the Ki values were measured by generating 
the Dixon plots [41]. The assay was performed in triplicate.

Aβ aggregation inhibition by thioflavin T assay

Test compound JFD03947 was evaluated for their inhibitory 
potential against Aβ fibril formation by Thioflavin-T assay 
[42]. The stock solution of Aβ (2000 µM) was prepared by 
dissolving the protein in ammonium hydroxide (pH ≥ 9.0). 
The test compound was prepared in PBS (pH 7.4) and a 
small quantity of DMSO (≤ 1% w/v) to dissolve the com-
pound. The test compound and Aβ were screened in three 
different ratios, i.e., 10:5, 10:10, and 10:20 µM, respectively. 
The experiment was performed in triplicate.

For anti-Aβ aggregation assay, the mixture of Aβ (10 µL, 
final concentration: 10 µM) in PBS pH 7.4 with or without 
inhibitor (10 µL, final concentrations: 5 µM, 10 µM, and 20 
µM) was incubated (37 °C, 48 h) followed by addition of thi-
oflavin T (180 µL, 5 µM) solution in 50 mM glycine–NaOH 
buffer pH 8.0. The fluorescence intensity was measured at 
excitation (λex = 450 nm) and emission (λem = 485 nm) 
wavelengths. The anti-Aβ aggregatory potential was calcu-
lated as percentage inhibition following an expression: [100 
– (Fi/Fo × 100)]; and NFI = Fi/Fo. The Fi and Fo are the fluo-
rescence intensities with or without inhibitor, respectively.

Neuroprotective studies on SH‑SY5Y cell lines

The neurotoxic liability of test compound JFD03947 on SH-
SY5Y neuroblastoma cell lines was determined by MTT 
assay [43]. The protocol of the study was according to lit-
erature with slight modification. Condition and medium of 
cell lines (density 1 × 105 cells/wells) were seeded on 96 well 
plates and incubated for 24 h at 37 °C in a humidified atmos-
phere with 5% CO2. After incubation, cells were exposed to 
compound JFD0397 at varying concentrations (10, 20, 40, 
and 80 µM) and incubated at 37 °C for 24 h. After incuba-
tion, the media containing test compounds were replaced 
with fresh media and treated with Aβ (20 µM), followed 

by incubation for another 24 h at 37 °C. In each well, 20 
µL (5 mg/mL) of MTT reagent was added, and the cells 
were incubated for 3 h. The MTT media was discarded and 
obtained purple-colored formazan crystals were solubilized 
in solvent (100 µL 0.1 N HCl in isopropanol). The absorb-
ance was measured at 570 nm, and the % cell viability was 
calculated. Each treatment was executed in triplicate, and 
data are presented as a percentage of the control.

The overall workflow used for the hit identification and 
validation is given in Fig. 1.

Results

Computational studies

Virtual screening and hit identification

The virtual screening workflow of the Schrödinger Maestro 
2018-1 was used to screen Maybridge hit finder database 
compounds (14,400 compounds) based on their affinity for 
the binding site of cholinesterase enzymes. Docking proto-
cols and prepared grids of enzymes were validated to avoid 
the false-positive results of molecular docking. Re-docking 
with co-crystallized ligands was performed in the generated 
grid. Further, the superposition tool was used to align actual 
pose with the docked pose of the respective ligands. RMSD 
has often been used to measure the quality of reproduction 
of a known (i.e., crystallographic) binding pose by a compu-
tational method, i.e., docking. The RMSD value was found 
within the range of less than 2.0 Å, which represented a good 
and correct pose. Reported literature suggested that RMSD 
value under 2.0 Å are significant and acceptable [44, 45]. 
Thus, the obtained results validated our docking protocol.

The virtual screening workflow selectively filters the 
ligands based on their potential to interact with the tar-
get structure. All the generated conformers 18,930 were 
screened using virtual screening methods. Based on the 
Glide scoring protocol, 95 potential hits were identified for 
both the targets and processed for docking-post processing 
and pose filtration.

Docking‑post processing and pose filtration

The 3D crystal structures of AChE and BChE revealed that 
active site of AChE and BChE containing five subsites, 
namely, CAS, PAS, oxyanion hole, acyl binding pocket, and 
anionic subsite [28, 46]. The CAS, PAS, and Anionic subsite 
amino acid residues were considered as most important for 
the functionality of enzymes. Thus, the hits showing interac-
tion with the CAS (His447 for AChE and His438 for BChE), 
PAS (Trp286 for AChE and Asp70 for BChE) and Anionic 
subsite (Trp86, Phe338 for AChE and Trp82, Glu197, Ala 
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328 for BChE) were selected as the leading filtration cri-
terion to choose out the significant pose (60 hits for AChE 
and 45 hits for BChE) of compounds (Supplementary Tables 
S1 and S2).

The common hits amongst the screened ligands interact-
ing with both the enzymes at CAS, PAS, and anionic subsite 
were manually identified, and the compounds AW00308, 

HTS04089, and JFD03947 were found as the common hits 
(Fig. 2).

Binding mode elucidation of hits identified by virtual 
screening (VS)

Binding mode analysis of  AW00308  Binding mode analy-
sis of AW00308 with PAS of AChE showed the interaction 
of phenyl ring with amino acid residues Tyr72, Tyr124, 
Trp286, and Tyr341 under the hydrophobic pocket. Trp286 
also showed π–π interaction with the phenyl ring. Whereas 
Asp74 amino acid residue of the PAS region showed elec-
trostatic interaction with the phenyl moiety of AW00308. 
The docked pose of donepezil also showed a similar type of 
interaction in the PAS site (Fig. S1). The nitrogen atom of 
the piperazine ring in identified hit interacted with an ani-
onic subsite Phe338 and Trp86 amino acid residues through 
hydrophobic and π–cation interaction. In CAS, His 447 and 
Ser203 showed charged interaction with the pyrimidine 
ring, comparable to the donepezil where benzyl piperazine 
moiety, also showed the charged interaction. In anionic 
subsite, phenyl ring showed hydrophobic interaction with 
Phe295 and Phe297 residues (Fig.  3a, b). These interac-
tions are similar to the donepezil except for the PAS residue. 
Phe295 showed both hydrophobic and hydrogen bonding 
interactions in donepezil, whereas the AW00308 showed 
hydrophobic interaction only (Fig. S1).

The binding mode analysis of AW00308 with BChE 
revealed that allylic hydroxy showed hydrogen bonding 
with His438 residues at CAS. Rivastigmine moiety also 
showed a similar hydrogen-bonding pattern with His438 
residue. At the acyl binding pocket, the phenyl ring showed 
hydrophobic interaction with Leu286 and Phe329 residue. 
Pyrimidine moiety showed polar interaction with Glu197 
and hydrophobic interaction with Trp82 amino acid residue. 
In the PAS region, Asp70 showed charged interaction with 
phenyl ring, and Tyr332 showed hydrogen bonding with the 
nitrogen atom of piperazine moiety of the compound. Dime-
thyl ethanamine moiety of rivastigmine also showed charged 
interaction with Asp70 and hydrogen bonding interaction 
with Tyr322 amino acid of the PAS site. (Fig. 3c, d).

Binding mode analysis of HTS04089  The binding mode of 
HTS04089 was evaluated with both the targeted enzymes. 
At the PAS site of AChE, the compound interacted with 
Tyr74, Tyr124, Trp286, and Tyr341 through hydrophobic 
interactions with the 2-methoxyphenyl moiety. Tyr341 also 
formed π–π stacking interaction with this moiety. In the 
donepezil docked complex similar to HTS04089 hydropho-
bic interaction was showed by 1,4 indonale-1,1 moiety with 
Tyr341, and this moiety also formed π–π stacking interac-
tion with Trp286 residue (Fig. S1). Whereas, Asp74 amino 
acid of the PAS region showed charge interaction with the 

Fig. 1   Flowchart of the proposed methodology
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2-methoxyphenyl moiety and hydrophobic interaction with 
Phe295 and Phe297 amino acid residues of an acyl bind-
ing pocket. The nitrogen atom of the piperidine ring formed 
the π–π stacking and π cation interaction with the anionic 
subsite Trp86 residue, whereas the piperidine ring showed 
hydrophobic interaction with the Trp86 and Phe338 residue. 
The indole ring of the identified lead showed polar inter-
action with His447 and Ser203 amino acid residue at CAS 
comparable to the benzyl piperazine moiety of donepezil 
(Fig. 4a, b).

The binding analysis of HTS04089 with CAS of BChE 
revealed that the nitrogen atom of the indole ring showed 
charged and hydrogen bonding interaction with His438. 
These similar interactions were identified in the CAS region, 
identical to the rivastigmine docked pose. At PAS, Asp70 
amino acid interacted with the nitrogen atom of piperidine 
ring by hydrogen bonding and showed a charged interaction, 
whereas 2-methoxyphenyl ring showed hydrophobic interac-
tion with Tyr332. Dimethyl ethanamine moiety of rivastig-
mine also showed the same hydrogen bonding and hydro-
phobic interaction pattern with Asp70 and Tyr332 amino 
acid residue. The same interaction pattern was found at ani-
onic subsite. The indole ring showed π cationic interaction 
and π–π stacking interaction with Trp82 residue, whereas the 
piperidine ring showed hydrophobic interaction with Ala328 
amino acid residue (Table 1). At the acyl binding pocket, 
amino acids Phe329 showed hydrophobic interaction with 
the piperidine ring. (Fig. 4c, d).

Binding mode analysis of  JFD03947  The binding mode 
of JFD03947 on AChE showed very promising results at 
the CAS, His447, and Ser203 showed charged interaction 
with o-hydroxy benzylidine similar to the benzyl pipera-
zine moiety of donepezil, which showed charged interac-
tion with CAS residues. 1,4,Di-bis methylamine moiety of 
JFD03947 was found to be actively involved in hydropho-

bic interactions with anionic subsite amino acid residues 
Trp86 and Phe338. Trp86 also showed π–π stacking and 
π–cation interaction with o-hydroxy benzylidine moiety. 
A similar interaction pattern was also observed in done-
pezil, where Trp86 showed hydrophobic and π–π stacking 
interaction with benzyl piperazine moiety and π–cation 
interaction with the piperazine moiety. This moiety also 
showed hydrophobic and π–cation interaction with the 
Phe338 residue (Figs. S1, S2).

Interaction pattern of JFD03947 with acyl binding 
pocket amino acid residues Phe295 and Phe297 showed 
hydrophobic interaction with the o-hydroxy benzylidine 
moiety similar to the 1,4 indonale-1,1 moiety of done-
pezil docked complex interaction, which showed hydrogen 
bonding and hydrophobic interactions with Phe295 and 
Phe297 amino acid residues (Fig. S1). The oxygen atom 
of o-hydroxy benzylidine moiety also formed hydrogen 
bonding with Phe295 amino acid residue. The active site 
residues of the PAS region Tyr124, Trp286, and Tyr341 
showed hydrophobic interaction with JFD03947 (Fig. 5a, 
b).

The docked pose of JFD03947 at BChE revealed that it 
formed the polar interaction with His438 residues of the 
CAS site, while rivastigmine showed charged interaction. 
The JFD03947 showed charged, and the dimethyl ethan-
amine moiety of rivastigmine also showed salt bridge inter-
actions with Asp70 and hydrophobic interaction with Tyr332 
were observed in both rivastigmine and JFD03947 at PAS. 
Further, o-hydroxybenzylidine moiety of JFD03947 showed 
their interaction with Trp82 amino acid residues through 
π–π stacking and π–cation interaction and hydrogen bonding 
with Glu197 amino acid residues. Ala328 amino acid resi-
due showed hydrophobic interaction with the anionic subsite 
similarly to the rivastigmine (Table 1). The benzylidine ring 
was also involved in hydrophobic interactions with Val288 
and Phe329 at an acyl binding pocket (Fig. 5c, d).

Fig. 2   2D structures of identified hits
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Binding free energy calculation using Prime/MM‑GBSA

The binding energies of the docked protein-ligand com-
plexes for all three hits along with standards (Donepezil 
and Rivastigmine) were evaluated using the prime MM/
GBSA module of Schrödinger 2018-1. The JFD03947 
showed minimum ∆G binding energy score for both the 
enzyme complexes (AChE, ∆G = − 89.23 kcal/mol and 
BChE, ∆G = − 79.19 kcal/mole). The details of ∆G bind 
score of all the compounds are shown in Table 1. The 
docking score of JFD03947 was found to be relatively 
similar to the donepezil and rivastigmine on AChE and 
BChE, respectively.

In silico estimation of drug likeliness properties

Drug-likeliness characteristics for identified hits were pre-
dicted using the QikProp module of Schrödinger Maestro 
2018-1. The predicted outcomes of some important parame-
ters are reported in Table 2. From the calculated parameters, 
Qplog Po/w, which predicts the partition coefficient revealed 
that all compounds (AW00308 = 4.09, HTS04089 = 4.78, 
and JFD03947 = 4.65) showed higher lipophilicity com-
pared to standard donepezil (4.25). QPPCaco provided the 
prediction of gut-blood barrier transportation abilities using 
Caco-2 cells. The results exhibited excellent permeability 
for all the compounds. The predicted QPlogKhsa values 

Fig. 3   In silico molecular docking simulations analysis of AW00308 on AChE (4EY7) and BChE (6EYF) a 3D docked pose of AW00308 with 
AChE; b 2D docked pose of AW00308 with AChE; c 3D docked pose of AW00308 with BChE; d 2D docked pose of AW00308 with BChE
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affirmed their strong binding with plasma protein. The out-
come of Lipinski’s rule of five (MW < 500, QPlog Po/w < 5, 
donorHB 0–6.0, acceptHB 2.0–20), along with the other pre-
dicted parameters indicated that the investigated compounds 
elicited “drug-like” characteristics, which were comparable 
with standard drug.

Molecular dynamics simulation of selected hits identified 
from VS

The molecular dynamics simulation runs of 100 ns were 
performed to evaluate the stability and flexibility of the 
docked complexes on AChE and BChE enzymes. Six sim-
ulation systems were run independently for three identified 

hits (AW00308, HTS04089, JFD03947) complex with 
AChE (PDB Code: 4EY7) [47] and BChE (PDB Code: 
6EYF) [48]. We also performed the 100 ns simulation to 
the docked complexes of donepezil with AChE and riv-
astigmine with BChE to compare the results with identi-
fied hits. The 100 ns time scale was enough for the side-
chain rearrangement in the native as well as the docked 
complexes to gain the most stable binding conformation. 
The residual fluctuations in the target proteins were deter-
mined by the root mean square deviations (RMSD) and 
root mean square fluctuations (RMSF) protocols. The anal-
ysis of interacting residues was evaluated to predict the 
binding behavior in a docked pose during MD simulation.

Fig. 4   In silico molecular docking simulations analysis of HTS04089 on AChE (4EY7) and BChE (6EYF) a 3D dock pose of HTS04089 with 
AChE; b 2D dock pose of HTS04089 with AChE; c 3D dock pose of HTS04089 with BChE; d 2D dock pose of HTS04089 with BChE
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The structural stability of the docked complexes was 
assessed by the RMSD pattern of all the docked complexes. 
The results revealed that all the docked complexes have sta-
ble trajectories throughout the simulation time scale with 
average fluctuations in the range of 1–3 Å (Fig. 6a, b). In 
AChE docked complexes, RMSD value showed a sharp 
increase up to 15 ns after with fluctuations to be maintained 
within the acceptable range. These observations suggested 
that AChE and its docked complexes reached the equilibrium 

states along with structural stability during the simulation. 
The RMSD backbone of the AChE protein was found to 
be stable during the entire simulation time. Moreover, The 
RMSD value for the AChE–JFD03947 complex was found 
to have lesser fluctuations as compared to other simulation 
systems after 15 ns. Thus, small fluctuations in the entire 
simulation time scale of AChE–JFD03947 complex indi-
cated that flexibility of AChE was declined and the com-
plex was found to be relatively stable. The comparative 

Table 1   Results of molecular docking, interacting residues and binding free energies

# Glide scores were calculated in kcal/mol. Glide XP visualizer module was used to analyze the docked poses; †binding free energy (kcal/mol) 
was calculated using the molecular mechanics-generalized born surface area (MM/GBSA); *all interactions were observed in the range of 4 Å 
radius between the ligands and interacting residues
Types of interactions: apolar; bH-bonding; chydrophobic; dπ–π cation; eπ–π stacking; and felectrostatic interaction; gsalt bridge

S. No. Enzyme Compound ID Glide Score# Interacting residues* ΔG binding energy†

CAS PAS Other active sites

1 AChE (4EY7) AW00308 − 14.35 His447a

Ser203a
Tyr341c

Trp286c,e

Tyr124bc

Tyr72c

Asp74f

Trp86c,d,e

Phe295c

Phe297c

Phe 338c,d

− 48.29

HTS04089 − 15.01 His447a

Ser203a
Tyr341c,e

Trp286c

Tyr124c

Tyr72c

Asp74f

Trp86c,e

Phe295c

Phe297c

Phe 338c

− 53.64

JFD03947 − 16.74 His447a

Ser203a
Tyr341c

Trp286c

Tyr124c

Trp86c,d,e

Phe295b,c

Phe297c

Phe 338c

−  89.23

Donepezil − 14.6 His447a

Ser203a
Tyr341c

Trp286c,e

Tyr124c

Tyr72c

Asp74f

Trp86c,d,e

Phe295b,c

Phe297c

Phe338c,d

− 59.06

2 BChE (6EYF) AW00308 − 7.15 His438b,f Asp70f,g

Tyr332b,c
Trp82c

Leu286c

Phe329c

Ala328c

Glu197f

− 69.28

HTS04089 − 8.37 His438b,f Asp70b,f

Tyr332c
Trp82c,e

Phe329c

Ala328c

Glu197f

− 65.09

JFD03947 − 5.58 His438f Asp70f,g

Tyr332c
Trp82c,d,e

Val288c

Phe329c

Glu197b,f

Ala328c

− 79.19

Rivastigmine − 4.9 His438b,f Asp70f

Tyr332b,c
Trp82c

Leu286c

Val288c

Trp231c

Phe329c,d

Ala199a

Ala328c

Glu197f

− 39.32
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simulation results JFD03947 and Donepezil with docked 
complexes showed similar RMSD behavior and fluctuation 
patterns. The RMSD patterns of other docked complexes 
(AW00308, HTS04089) showed the larger fluctuations 
behavior during the entire simulation time than donepezil, 
which inferred that docked complexes were not stable during 
the simulation time scale. In the BChE simulation system, 
trajectories of the other two systems showed larger fluctua-
tions except for the BChE–JFD03947 complex (Fig. 5b). The 
BChE-JFD03947 docked complex trajectory was found to 
be stable and showed fewer variations within the acceptable 
range of RMSD values. The stability and fluctuation behav-
ior of JFD03947 was also found to be comparable to the riv-
astigmine docked complex in BChE. Further, a comparison 

of trajectories between docked complexes of AW00308, 
HTS04089 with rivastigmine inferred larger fluctuation 
during the entire simulation time and their trajectories were 
also not found to be in the range of the acceptable region. 
The RMSF values were calculated using Cα atoms of the 
enzymes to get insights into the structural fluctuations of 
active amino acid residues due to the presence of ligand. 
The RMSFs were evaluated for the CAS and PAS active site 
residues and found to be stable for all the enzyme-ligand 
complex systems (Fig. 7a, b).

The results of interaction analysis were performed using 
the Simulation Interaction Diagram module of Desmond in 
Schrodinger Maestro 2018-1. The interaction analysis was 
performed using stacked bar charts as interaction fractions. 

Fig. 5   In silico molecular docking simulations analysis of JFD03947 on AChE (4EY7) and BChE (6EYF) a 3D dock pose of JFD03947 with 
AChE; b 2D dock pose of JFD03947 with AChE; c 3D dock pose of JFD03947 with BChE; d 2D dock pose of JFD03947 with BChE
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The graphical representation showed as interaction show-
ing % interactions, and timeline representation as interacting 
residues.

The interaction analysis of AW00308 ligand on AChE 
revealed it interacted for the maximum period of the simu-
lation run with the active site of PAS (Tyr124, Tyr341) and 
anionic subsite (Trp86, Phe338) residues. It was observed 
that hydrophobic interaction, which was formed with Phe295 
and Phe297 at an acyl binding pocket, was lost during the 
entire simulation. In the CAS region, water bridge interac-
tion was observed with Ser203 and His447 amino acid resi-
dues during simulation interaction (Supplementary Figs. S2, 
S3). Similarly, in BChE, AW00308 showed interactions at 
PAS (Asp70, Tyr332) and anionic subsite (Trp82) only and 
not with the CAS and other active site residues (Supplemen-
tary Figs. S4, S5). The RMSD trajectories of AW00308 were 
not found to be stable in the acceptable range and showed 
greater fluctuations.

The interaction analysis of HTS04089 on AChE revealed 
that it showed stable interactions with anionic subsite (Trp86 
and Phe338), and acyl binding pocket residue (Phe295). In 
the CAS region, water bridge interactions were observed 
with His447 amino acid. The other active site interactions, 
including PAS, were not seen with the HTS04089-AChE 
complex (see Supplementary Figs. S6, S7). Further, the 
interaction analysis of HTS04089 on BChE showed inter-
action at CAS with His438, which was found to be unstable. 
At the PAS, it showed the interaction with Asp70, anionic 
subsite with Trp82 and Ala328, and an acyl binding pocket 
with Phe329 residue. Apart from these interactions, other 
active site interactions were not observed or negligible, 
which formed significant interactions in the docking pose 
(see Supplementary Figs. S8, S9). The RMSD trajectory 
of HTS04089 on BChE was also not found to be stable and 
acceptable region like AW00308 hit.

The interaction analysis of JFD03947 on AChE revealed 
that it showed hydrophobic interactions with anionic 
subsite residues Trp86 and Phe338 and hydrogen bond-
ing interaction with Glu202 residue. At PAS, JFD03947 
also formed hydrophobic interactions with active site 
residues Tyr72, Tyr124, Trp286, Tyr341, and hydrogen 
bonding interaction with Asp74 (Figs. 8, 9). In the CAS 
region, His447 formed stable water bridge interactions 
during simulation time. Further, interaction analysis of 
JFD03947 on BChE showed that His438 residue of CAS 
region formed hydrogen bonding interaction. The interac-
tion analysis also revealed that in the PAS region, Asp70 
and Tyr332, both amino acid residues showed hydrogen 
bonding and hydrophobic interactions. In the anionic sub-
site, Trp82 also formed hydrophobic interaction (Figs. 10, 
11). All the interactions of docked pose binding patterns 
in JFD03947 with AChE and BChE enzymes were suc-
cessfully observed for respective interaction during the Ta

bl
e 

2  
A

D
M

E 
pr

op
er

tie
s o

f t
he

 sc
re

en
ed

 c
om

po
un

d

do
no

rH
B 

H
-b

on
d 

do
no

rs
 (r

an
ge

 0
 to

 6
), 

ac
ce

pt
H

B 
H

-b
on

d 
ac

ce
pt

or
s (

ra
ng

e 
2 

to
 2

0)
, S

AS
A 

to
ta

l s
ol

ve
nt

 a
cc

es
si

bl
e 

su
rfa

ce
 a

re
a 

in
 sq

ua
re

 a
ng

str
om

s u
si

ng
 a

 p
ro

be
 w

ith
 a

 1
.4

 Å
 ra

di
us

 (r
an

ge
 3

00
 

to
 1

00
0 

Å
), 

Q
Pl

og
 B

B 
pr

ed
ic

te
d 

br
ai

n/
bl

oo
d 

pa
rti

tio
n 

co
effi

ci
en

t (
ra

ng
e 

−
 3 

to
 1

.2
), 

Q
Pl

og
 P

o/
w

 p
re

di
ct

ed
 lo

g 
of

 o
ct

an
ol

/w
at

er
 p

ar
tit

io
n 

co
effi

ci
en

t (
ra

ng
e 

2 
to

 6
), 

Q
PP

C
ac

o 
pr

ed
ic

te
d 

ap
pa

re
nt

 
C

ac
o-

2 
ce

ll 
pe

rm
ea

bi
lit

y 
in

 n
m

/s
. C

ac
o2

 c
el

ls
 a

re
 a

 m
od

el
 fo

r t
he

 g
ut

-b
lo

od
 b

ar
rie

r (
<

 2
5—

po
or

; >
 5

00
—

gr
ea

t),
 Q

pp
 M

D
CK

 P
re

di
ct

ed
 a

pp
ar

en
t M

D
CK

 c
el

l p
er

m
ea

bi
lit

y 
in

 n
m

/s
. M

D
CK

 c
el

ls
 

ar
e 

co
ns

id
er

ed
 to

 b
e 

a 
go

od
 m

im
ic

 fo
r t

he
 B

B
B

 (<
 2

5—
po

or
; >

 5
00

—
gr

ea
t),

 Q
Pl

og
 K

hs
a 

pr
ed

ic
tio

n 
of

 b
in

di
ng

 to
 h

um
an

 s
er

um
 a

lb
um

in
 (r

an
ge

 −
 1.

5 
to

 1
.5

), 
rt

vF
G

 n
um

be
r o

f r
ea

ct
iv

e 
fu

nc
-

tio
na

l g
ro

up
s;

 th
e 

sp
ec

ifi
c 

gr
ou

ps
 a

re
 li

ste
d 

in
 th

e 
jo

bn
am

e 
.o

ut
 fi

le
. T

he
 p

re
se

nc
e 

of
 th

es
e 

gr
ou

ps
 c

an
 le

ad
 to

 fa
ls

e 
po

si
tiv

es
 in

 H
TS

 a
ss

ay
s a

nd
 to

 d
ec

om
po

si
tio

n,
 re

ac
tiv

ity
, o

r t
ox

ic
ity

 p
ro

bl
em

s 
in

 v
iv

o 
(r

an
ge

 0
–2

)
a  N

um
be

r o
f v

io
la

tio
ns

 o
f L

ip
in

sk
i’s

 ru
le

 o
f fi

ve
 (m

ax
im

um
 4

)

S.
 N

o.
C

om
po

un
d

M
. w

t
do

no
rH

B
ac

ce
pt

H
B

SA
SA

Q
Pl

og
 B

B
Q

Pl
og

 P
o/

w
Q

PP
C

ac
o

Q
pp

 M
D

CK
Q

Pl
og

K
hs

a
Ru

le
 o

f fi
ve

a
rtv

FG

1
AW

00
30

8
39

8.
45

1
6

68
1.

65
0.

44
4.

09
82

3.
34

28
23

.8
8

0.
60

0
0

2
H

TS
04

08
9

32
0.

43
1

3
62

6.
73

0.
51

4.
78

13
29

.8
3

74
4.

79
8

0.
98

0
0

3
JF

D
03

09
47

35
0.

46
2

4
70

4.
49

−
 1

.1
6

4.
65

10
03

.6
6

49
6.

67
0.

60
0

0
4

D
on

ep
ez

il
39

3.
61

1
7

75
9.

67
0.

14
4.

25
10

80
.8

4
59

5.
28

0.
69

0
0

5
R

iv
as

tig
m

in
e

25
0.

34
0

5
55

3.
58

0.
47

9
2.

47
8

14
09

.6
79

3.
2

0.
14

2
0

0



994	 Journal of Computer-Aided Molecular Design (2020) 34:983–1002

1 3

molecular dynamics simulation study. The RMSD trajec-
tories of JFD03947 was also found to be stable in both the 
enzyme system as compare to the other hits like AW00308 
and HTS04089.

The interaction analysis of donepezil on AChE revealed 
stable interaction with PAS (Asp74, Tyr341, Trp286), 
anionic subsite (Trp86, Phe338), and acyl binding pocket 
(Phe295, Phe297) (see Supplementary Figs. S10, S11). 

Fig. 6   RMSD fluctuations of protein backbone (black), AW00308 (orange), HTS04089 (blue), JFD03947 (brown), donepezil (red), and rivastig-
mine (red) during 100 ns simulation runs on a AChE, b BChE
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The interaction pattern of rivastigmine during a simulation 
on BChE revealed hydrogen bonding interaction with CAS 
residue His438. It also showed stable interaction with PAS 
(Asp70, Tyr332), acyl binding pocket (Val288, Trp231, 
Phe329) and anionic subsite (Trp82) residues (see Supple-
mentary Figs. S12, S13). The formed docking interactions 

were found to be stable in the donepezil and rivastigmine 
simulations study.

Along with the MM/GBSA calculation, in molecular 
dynamics simulation studies, RMSD and RMSF proto-
col were found to be in favor of JFD03947 against both 
the targets (AChE and BChE). The other hits (AW00308, 

Fig. 7   Comparative RMSF of 
a AChE and b BChE (protein 
backbone) for top 3 hits in the 
protein-ligand complex through-
out the simulations period of 
100 ns.

(A)

(B)

Fig. 8   Stacked bar chart rep-
resentation of JFD03947 with 
active site amino acid residues 
of AChE
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HTS040889) obtained after virtual screening showed 
lesser MM/GBSA values than JFD03947. In the MD sim-
ulation study, their trajectories and binding stability in 
the CAS, PAS, and Anionic sub-site of AChE and BChE 
targets were also found to be unstable during the whole 

simulation time. Trajectories of other hits (AW00308, 
HTS040889) show more significant fluctuations in AChE 
and not found to be acceptable regions in the BChE. These 
preceding findings have prompted us to select JFD03947 
as a potential hit.

Fig. 9   A timeline representation for 100 ns simulation run analysis of JFD03947 and AChE docked complex

Fig. 10   Stacked bar chart rep-
resentation of JFD03947 with 
active site amino acid residues 
of BChE
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Chemistry: synthesis and spectral characterization

The compound (JFD03947) was synthesized by the 
nucleophilic addition of amino group (nucleophile) of 
1,4-bis(aminomethyl)cyclohexane (cis- and trans- mixture) 
(1) on carbonyl group (>C=O) of 2-hydroxybenzaldehyde 

(2) to form an unstable amino methanol intermediate 
that generated an imine (JFD03947) after dehydration 
(Scheme 1). The preliminary identification of imine was 
confirmed by a positive dragendorff test on TLC (Thin layer 
chromatography). The FT-IR of the synthesized compound 
showed a diagnostic stretching of (>C=N) imine group at 

Fig. 11   A timeline representation for 100 ns simulation run analysis of JFD03947 and BChE docked complex.

Scheme 1   Synthesis of JFD03947
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1606 cm−1, and the phenolic hydroxyl (OH) group exhib-
ited a broad stretching at 3460 cm− 1. 1H NMR spectrum of 
compound JFD03947 showed the appearance of a charac-
teristic peak of imine proton (N=CH) at 8.53 ppm and also 
observed the disappearance of aldehydic (–CHO) proton. 
The phenolic hydroxyl group (Ph-OH) found at 13.75 ppm. 
13C NMR spectrum showed a distinctive peak of 166.36 ppm 
(>C=N–) and, 161.42 ppm (Ph–1C–OH). These spectral 
data confirmed the hypothesis of the reaction and formation 
of the compound (JFD03947). The result of the elemental 
analysis was also found within the range of ± 0.4% of theo-
retical values. 

In vitro biological evaluation

Cholinesterase (hAChE and hBChE) inhibition assay

The IC50 values and inhibitory potential of synthesized 
compound (JFD03947) and standard (donepezil and riv-
astigmine) against hAChE and hBChE were determined 
by the Ellman method. In vitro Ellman assay showed that 
JFD03947 significantly inhibited hAChE (IC50 = 0.062 µM) 
as well as hBChE, (IC50 = 1.482 µM). The obtained hAChE 
inhibitory potential was comparable to standard donepezil 
(hAChE, IC50 = 0.040 µM), a selective AChE inhibitor, while 
BChE inhibitory potential was observed to slightly lower 
than selective BChE inhibitor, i.e., rivastigmine (hBChE, 
IC50 = 0.864 µM) (Table 3). The obtained results of inhibi-
tion assay also validated the outcome of in silico study with 
JFD03947 being the potent compound interacting signifi-
cantly with PAS and CAS residues of both cholinesterases.

To gain further insights into the mechanism of inhibition 
by JFD03947, enzyme kinetics study was performed against 
hAChE and hBChE. The type of inhibition was elucidated by 
the Lineweaver-Burk double reciprocal plot between the ini-
tial velocity of the substrate (y-axis) at increasing concentra-
tions (x-axis; acetylthiocholine iodide for hAChE; butyrylth-
iocholine iodide for hBChE). The plots revealed decreased 
Vmax, while Km increased with increasing concentration of 
JFD03947, the trend being attributed to the mixed-type of 

inhibition for hAChE and hBChE (Figs. 12a and 13a). The 
Dixon plots were constructed between Lineweaver-Burk 
slope and inhibitor concentration (Figs. 12b and 13b). The 
intersection point at the x-axis of the plot considered as 
dissociation constant Ki for the inhibitor, which was esti-
mated to be 0.036 µM and 1.2 µM for hAChE and hBChE, 
respectively.

Aβ aggregation inhibition by thioflavin T assay

Accumulation and aggregation of Aβ peptide in the CNS 
regions of the brain is a significant detrimental cause of AD. 
The thioflavin-T assay was performed to evaluate the dis-
aggregation potential of compound JFD03947. The experi-
ment was conducted at three different concentration ratios 
of Aβ and inhibitor (10:5 µM, 10:10 µM, and 10:20 µM, 
respectively). The results were reported as NFI and % Aβ 
aggregation inhibition. The inhibitory potential of the com-
pound was dependent on inhibitor concentration, and higher 
concentration inhibits maximum (Fig. 14a, b). The results 
revealed that the inhibitory potential of compound JFD0394 
(NFI: 0.55–0.81), (% Aβ aggregation inhibition: 36–73%), 
was significantly higher than donepezil (NFI: 0.25–0.64) (% 
Aβ aggregation inhibition: 30–52%). The results of the Aβ 
inhibition assay were corroborated with the in-silico study.

Neuroprotection studies on SH‑SY5Y cell line

The neuroprotective activity was determined against human 
neuroblastoma SH-SY5Y cell lines using 3-(4,5-dimethylth-
iazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) assay. 
The activity was performed using four different concentra-
tions of test compounds in the range of 10–80 µM to deter-
mine their potential to prevent cell death against Aβ-induced 
oxidative stress. In this assay, 20 µM of Aβ was incubated 
with SH-SY5Y cells to attenuate % cell viability to 58% 
compared to control (Fig. 15). The results demonstrated 
augmented cell viability from 70 to 89% by the compound 
in a dose-dependent manner. The obtained result suggested 
the neuroprotective activity of compound JFD03947 towards 
SH-SY5Y neuroblastoma cell lines against the Aβ-induced 
oxidative stress.

Discussion

The multifactorial nature of Alzheimer’s disease and contin-
ued failure of the clinical candidate creates a need to explore 
the drugs which could act as multi-target therapeutics against 
Alzheimer’s disease [49]. The present work is focused on 
the computational identification of a potent lead molecule 
against AD. Donepezil is a second-generation cholinesterase 
inhibitor widely used for the treatment of AD disease [50]. 

Table 3   In vitro inhibition assay results of screened compound 
JFD03947 and standard (Donepezil and Rivastigmine)

All the results are reported as IC50 ± SEM of at least three separate 
experiments
a SI (Selectivity Index) = IC50 of BChE/IC50 of AChE

S. no. Compound IC50 (µM) ± SEM Selectivity 
Index

hAChE hBChE

1. JFD03947 0.062 ± 0.003 1.482 ± 0.071 23.90
2. Donepezil 0.040 ± 0.002 4.820 ± 0.124 120.5
3. Rivastigmine 1.682 ± 0.082 0.864 ± 0.046 0.513
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Donepezil acts as a reversible inhibitor and is used for the 
mild to severe cases of AD and readily cross the blood–brain 
barrier permeability to inhibit the AChE in the central nerv-
ous system [51, 52]. Donepezil occupies and binds equally 
well in the anionic binding site PAS, the acyl pocket, and the 
catalytic site CAS by adopting their outward–inward–inward 
orientations regardless of the substrate occupancy [53]. Riv-
astigmine, a reversible cholinesterase inhibitor, has higher 
selectivity toward the BChE and is used for the treatment of 
mild to moderate Alzheimer’s disease [54].

The docking study of JFD03947 on AChE revealed 
similar CAS binding site interactions similar to donepezil. 
Whereas, at acyl binding pocket, o-hydroxy benzylidine 
moiety formed hydrophobic interaction identical to the 
1H-inden-1-one moiety of donepezil. The anionic subsite 
and PAS region were also found to show the same interac-
tion pattern.

Further, molecular dynamics simulation studies of the 
JFD03947-AChE docked complex revealed the similar 
RMSD trajectories and stability behavior like the donepezil-
AChE docked complex during the simulation time. The 
docked pose of JFD03947 at BChE revealed that it showed 
the charged interaction with the CAS site similar to the riv-
astigmine. At the PAS site, it was observed that JFD03947 
showed the hydrophobic interaction and salt bridge interac-
tion identical to the rivastigmine. Anionic subsite interaction 
was also found similarities with the rivastigmine.

The dynamics simulations of the JFD03947-BChE 
docked complex showed the same stability and fluctuating 
behavior comparable to the rivastigmine, while the other 
docked complexes were found to show their unstable behav-
ior during the simulation studies. Thus, results suggested 
JFD03947 as a potential inhibitor acting on AChE and BChE 
with a similar mode of interaction pattern and comparable 
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stability and fluctuation behaviors like donepezil and riv-
astigmine, respectively. Donepezil is more selective towards 
AChE, while rivastigmine has higher selectivity in inhibiting 
BChE [55]. Further, in vitro results showed that JFD03947 
inhibited hAChE with an IC50 value of 0.062 µM and hBChE 
with an IC50 value of 1.482 µM. The substantial inhibition of 
AChE and BChE with the treatment of JFD03947, which has 
dimethenamine moiety, supports the fact of previous studies 
about choline esterase inhibitor.

The IC50 value of the identified compound JFD03947 
showed better results in the micromolar ranges as com-
pared to the dimethylamine derivatives, which showed 
an IC50 value of 1.83 µM for AChE [56]. The identified 
compound JFD03947 has also shown better activity in 
the micromolar range as compared to the compounds 

which have benzamide and picolinamide moiety contain-
ing dimethylamine side chain [57]. Thus, JFD03947 has 
shown potential activity and inhibition as compared to pre-
viously designed compounds containing dimethenamine 
moiety. To identify the mechanism of inhibition by the 
JFD03947, an enzyme kinetics study was performed, and 
the results elicited its mixed-type of inhibition against the 
hAChE and hBChE.

Further, thioflavin T assay also established its potential 
to prevent the Aβ aggregation apart from its cholinergic 
activity. JFD03947 was also found to be devoid of neuro-
toxic liabilities against SH-SY5Y neuroblastoma cell lines 
study. Based on the study, we conclude that the present study 
encompasses the identification of preliminary scaffold tar-
geting on both cholinesterases, which will be further used 
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to optimized chemically using molecular hybridization or 
bioisosterism approaches to get more significant results.

Conclusion

Computational exploration of the database yielded signifi-
cantly potential hit JFD03947 with stable and active binding 
site interactions against AChE and BChE. Virtual screen-
ing protocols were employed to screen the ligands initially 
from the Maybridge database of 14,400 compounds (18,930 
generated conformers). Docking-post processing and pose 
filtration protocols were initiated to identify three poten-
tial hits (AW00308, HTS04089, and JFD03947) interact-
ing effectively with both targets (AChE and BChE). These 

potential hits were processed for MM-GBSA, and molecular 
dynamics simulations to identify the best hit (JFD03947). 
The preceding findings of in silico computational studies 
have encouraged us to synthesize, characterize, and evalu-
ate the best hit JFD03947 against cholinesterases (hAChE 
and hBChE) by in vitro Ellman assay. The molecule was 
obtained by single-step synthesis and resulted in good yield 
and also suggested the low production cost of the synthe-
sized compound. The experimental results showed that 
JFD03947 inhibits hAChE with an IC50 value of 0.062 µM 
and hBChE with an IC50 value of 1.482 µM. Further, bio-
logical evaluations indicated that JFD03947 showed poten-
tial activity against Aβ aggregation as well as significant 
neuroprotective activity towards SH-SY5Y neuroblastoma 
cell lines. The findings of in vitro assays showed that identi-
fied hit JFD03947 elicited dual inhibitory potential against 
both cholinesterases and Aβ aggregation, which were also 
concurrent with the in silico findings. The overall results 
advocated that JFD03947 could be considered as a promis-
ing lead and further utilized to design a series of derivatives 
that could be explored to target multiple pathways of the AD.
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