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ABSTRACT: Acetylcholinesterase (AChE) and butyrylcholinesterase (BChE)
are targeted for designing drugs against cognitive dysfunction. Curcumin
(CUR) and indole-3-propionic acid (IPA) are known for their neuroprotective
activity. The clinical application of CUR is hindered due to poor absorption and
bioavailability. Hence, CUR was conjugated with IPA to form the CUR-IPA
diester. CUR-IPA inhibition against electric eel AChE (eAChE), human AChE
(hAChE), and hBChE was carried out. In silico and molecular dynamics (MD)
analyses of the interaction of CUR-IPA with hAChE and hBChE were done.
UV−visible spectroscopy (λmax at 415 and 276 nm), NMR spectrum, and ESI/
MS/MS [m/z = 711 (M + H)] confirmed CUR-IPA formation. CUR-IPA
showed in vitro antioxidant activity. The IC50 values of eAChE, hAChE, and
hBChE enzyme inhibition were 5.66, 59.30, and 60.66 μM, respectively. MD
simulation-based analysis such as RMSD, RMSF, free-energy calculation, PCA,
FEL, and DCCM confirmed the stable binding of CUR-IPA with hAChE and
hBChE. Further QM/MM analysis confirmed the stable interaction of CUR-IPA with hAChE and hBChE. Since CUR-IPA showed
in vitro inhibition against AChE and BChE, a further neuroprotective effect in in vivo could be studied.

1. INTRODUCTION
Alzheimer’s disease (AD) is a neurological disorder which is
characterized by altered memory and learning function.1

According to World Health Organization report, at present
55 million people have dementia worldwide, and AD may
contribute to 60−70% of the cases (www.who.int). Clinical
and pathological signs of AD include neuronal degeneration,
oxidative stress, accumulation of amyloid β (Aβ) plaques,
formation of neurofibrillary tangles, and decrease of cholinergic
neurotransmitter [acetylcholine (ACh)].2−5 The cholinergic
hypothesis is the most widely studied hypothesis under AD
conditions. The hypothesis suggests that at the early stage of
AD progression, cognitive impairment is correlated with a loss
of cholinergic innervation in the cerebral cortex of AD
patients.6 Cholinesterase (ChE) enzymes acetylcholinesterase
(AChE) and butyrylcholinesterase (BChE) are involved in
cholinergic neurotransmission through hydrolysis of ACh.
Hence, AChE and BChE have been targeted for the
symptomatic treatment of AD. The drugs approved for AD
are mostly inhibitors of these enzymes.7 AChE and BChE have
been found to be associated with Aβ plaques and neuro-
fibrillary tangles in the brain. Also, these enzymes are reported
to be involved in Aβ peptide fibril assembly and its
maturation.8−11 Oxidative stress is another pathological sign
that highly impacts the progression of AD.12 Aβ-induced

oxidative stress leads to neurotoxicity which stimulates the
progression of AD.13 Hence, to prevent the pathological
severity of AD, it is necessary to design drugs which act on AD-
associated risk factors such as oxidative stress and cholinergic
enzyme (AChE and BChE) activity. At present, AChE
inhibitors, rivastigmine, donepezil, and galantamine, have
been approved for the treatment of AD.14 However, clinically
approved inhibitors for AChE possess undesirable side effects
such as gastrointestinal abnormalities, hepatotoxicity, nausea,
diarrhea, vomiting, agitation, weight loss, stomach upset, skin
rash, and chills.15 Therefore, the search for safer and effective
new drug molecules is mostly appreciated.

Curcumin (CUR) (diferuloylmethane or 1,7-bis(4-hydroxy-
3-methoxyphenyl)-1,6-heptadiene-3,5-dione) is a potent poly-
phenolic compound derived from turmeric (Curcuma longa).
The biological property of CUR includes antioxidant,
antimicrobial, anticancer, anti-inflammatory, neuroprotective,
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antiamyloid, and chemoprotective properties.16−20 Also, CUR
is considered as the most promising natural therapeutic agent
against AD. It has been postulated that the prevalence of AD in
India is low (4.4 times lower) in comparison with United
States due to a higher consumption of CUR.21 Previous studies
have shown that CUR moderately inhibited the enzymes which
are emerging as targets for AD treatment such as β-secretase
(BACE-1) and glycogen synthase kinase 3 beta (GSK3β).22,23

Neuroprotective effect of CUR in the Aβ-induced rat AD
model has been already reported.24 However, the broad
pharmacological property of CUR is hindered by poor water
solubility as well as bioavailability.25 To support this notion,
CUR is absorbed only slightly by the gastrointestinal tract with
a maximum level of 11 ng/mL solubility in plain aqueous
buffer at acidic pH 5.0. At pH 7.3 (physiological pH), CUR
solubility (0.4 μg/mL) was found to be insignificant for its
biological activity, as well as the solubilized CUR was found to
be sensitive to degradation.26,27 Low bioavailability of CUR is
demonstrated in rats, mice, and humans (that is only 50 ng/
mL of CUR has been detected in serum after oral
administration of 10 or 12 g/mL).28 Such a low concentration
would have negligible therapeutic effect.28−30 Hence, to
increase the pharmacokinetic properties as well as bioavail-
ability of CUR, numerous strategies have been employed
including nanoformulations31 and synthesizing structural
analogues of CUR using amino acids as well as peptides.32,33

The modification of the phenolic hydroxyl (OH) group of
CUR has a great influence on its improved biological functions
such as antibacterial and antiproliferative properties.34

Indole-3-propionic acid (IPA) is a gut-bacteria-derived
metabolite which is widely reported for neuroprotection
under various stress conditions such as Aβ-induced neuronal
injury,35 hydroxyl radical-mediated brain injury,36 ischemia-
induced oxidative stress in hippocampus,37 and neuro-
inflammation.38 Keeping these views, in the present study, a
diester of CUR with IPA called CUR-IPA was prepared. The in
vitro antioxidant activity of CUR-IPA was determined. Further
inhibition of CUR-IPA against Electrophorus electricus AChE
(eAChE), human AChE (hAChE), and human BChE
(hBChE) has been determined. In silico docking study was
carried out to understand the interaction of CUR-IPA with
hAChE and BChE. Molecular dynamics (MD) simulation was
performed to determine the stability of the complexes during
200 ns of simulations. Molecular mechanics and generalized
Born model and solvent accessibility (MM/GBSA) method
was used to calculate the binding energies of the complexes.
Principal component analysis (PCA) and dynamic cross-
correlation matrix (DCCM) analysis were performed to reveal
the dynamic structural alteration in the protein/ligand
complexes. Also, quantum mechanics/molecular mechanics
(QM/MM) analysis of the protein−ligand was carried out
further to understand the interactions.

2. MATERIALS AND METHODS
2.1. Materials. CUR, IPA, eAChE, 2,2′-azino-bis (3-

ethylbenzothiazoline-6-sulfonic acid) (ABTS), 1,1-diphenyl-2-
picrylhydrazyl (DPPH), 2,4,6-tripyridyl-s-triazine (TPTZ),
acetylthiocholine iodide (ATCI), and butyrylthiocholine
iodide (BTCI) were purchased from Sigma Chemical
Company, USA. All other chemicals were of highest purity
and locally purchased.

2.2. Synthesis of CUR-IPA. The reaction mixture
consisted of CUR (40 μmol), IPA (550 μmol), dicyclohex-

ylcarbodiimide (200 mg), and 4-dimethylaminopyridine
(DMAP; 2 mg) in 15 mL of dichloromethane. The reaction
mixture was stirred at room temperature for 12 h. The
dicyclohexylurea formed was filtered off. DMAP from the
reaction mixture was removed by washing with 5% citric acid.
Silica gel (60−120 mesh) column chromatography was done
using hexane:ethyl acetate (9:1 to 6:4) to obtain the pure
product.

2.3. Characterization of CUR-IPA. CUR and CUR-IPA
were solubilized in acetonitrile, and the UV−visible spectra
were obtained at room temperature using a UV−visible multi
well plate reader (Epoch2, BioTek, USA) by scanning in the
wavelength ranging from 200 to 500 nm. Proton and carbon-
13 nuclear magnetic resonance (NMR) spectra were obtained
with a Bruker spectrophotometer model ultrashield at 400
MHz in DMSO-d6. A Waters Q-Tof micro mass spectrometer
was used to obtain the electron spray ionization-mass spectrum
(ESI-MS) of CUR-IPA. The purity of CUR-IPA was
determined using high-performance liquid chromatography
(HPLC) using water and methanol as the solvent (LC-2030C
Shimadzu Corporation, Japan).

2.4. In Vitro Antioxidant Activity. The scavenging
activity of the radicals by CUR-IPA at various concentrations
(200−1000 μM for DPPH radicals and 100−500 μM for
ABTS) were determined as described earlier.39 FRAP activity
of CUR-SAC was determined at various concentrations (50−
250 μM) using ferric chloride and TPTZ.40

2.5. AChE and BChE Enzyme Activity. eAChE purchased
from Sigma was used without further purification. Detergent-
soluble hAChE was prepared using erythrocyte ghost
(membrane) from the human blood sample as described
earlier using the homogenization buffer [0.2%, triton X-100
prepared in 50 mM potassium phosphate (KPO4) buffer, pH
7.4].39 The serum separated from healthy human blood was
used as a source of hBChE. eAChE, hAChE, and hBChE
activities were determined as described earlier.39,41 The
reaction mixture (1000 μL) consisted of KPO4 buffer (100
mM) containing 0.1% bovine serum albumin (pH 7.0), DTNB
(2 mM), substrate (1 mM ATCI for eAChE and hAChE or 3
mM BTCI for hBChE), and an aliquot of enzyme. The whole
reaction mixture was incubated at 37 °C for 10 min for eAChE
as well as hAChE and 5 min for hBChE. The reaction was
terminated by the addition of 500 μL of ethanol. The yellow
color formed was measured at 412 nm using UV−visible
spectroscopy.

2.6. Enzyme Inhibition and Kinetic Analysis. For the
enzyme inhibition assay, the enzyme solution in buffer was
incubated with different concentrations (2−10 μM for eAChE;
20−100 μM for hAChE and hBChE) of CUR-IPA at room
temperature for 30 min. After incubation, the AChE or BChE
enzyme activities were determined as given above.

The kinetics of eAChE, hAChE, or hBChE inhibition by
CUR-IPA was determined using Lineweaver and Burk double
reciprocal plot and Dixon plot.42,43 For kinetic determination,
the concentrations of CUR-IPA used for eAChE and hAChE
are 0−10 and 0−100 μM, respectively. ATCI was used in the
range of concentrations (0.6−1 mM) in the absence and in the
presence of CUR-IPA. Various concentrations of BTCI (1.8−3
mM) were used for hBChE inhibition kinetics in the absence
and in the presence of CUR-IPA (0−100 μM).

2.7. Molecular docking, QM/MM, and MD Analysis.
The structure of CUR-IPA was drawn using ChemDraw
software. The crystal structures of hAChE (PDB ID: 4EY6)
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and hBChE (PDB ID: 1P0I) were retrieved from the protein
data bank.44,45 The ligands underwent preparation using the
Ligprep module within Maestro by Schrödinger. This process
involved generating 3D coordinates for all ligands through
default ionization and tautomerization. Stereoisomers of the
ligands were then produced and optimized by utilizing the
OPLS force field. As for the proteins, they were prepared using
the protein preparation wizard in Maestro by Schrödinger.
This preparation included hydrogen bond optimization and
energy minimization of the hydrogen atoms. Following
preparation, the proteins and ligands were subjected to
docking using the induced fit docking technique employing
the extra-precision method. This procedure utilized Maestro
and Schrödinger suites Version 2020.1. To facilitate docking, a
grid box measuring 10 Å in each dimension was constructed to
encompass the binding sites of the target proteins, taking into
account the amino acid residues constituting the catalytic and
substrate binding sites.

QM is one of the pioneer methods to obtain the electronic
level properties of the molecules. The macromolecules like
proteins/enzymes and DNA are large in size and also contain
more than a thousand atoms in a molecule. Hence, to obtain
accurate electronic level information, treating these macro-
molecules quantum mechanically is quite important. However,
it is very difficult to solve the Schrodinger’s equation for the
large system. Therefore, the QM/MM analysis of protein has
been interrogated into two different approaches; one is the
major QM region where the ligand interacts with the proximal
active site amino acids of the protein. Relatively, the QM
region of CUR-IPA/hAChE includes Tyr69, Gly119, Ser122,
Glu199, Glu289, Phe292, His444, and CUR-IPA; CUR-IPA/
hBChE includes Asn65, Glu194, Gly280, Asn286, Tyr329,
His435, and CUR-IPA. The remaining amino acids present in
both complexes were treated as the MM region. Therefore, the
number of atoms present in the QM region is treated by the
Schrodinger equation in the semiempirical PM3 theory
implemented in the AmberTools23 package. The remaining
part of the protein is considered as the MM region, which
excludes the QM region, and this MM region could be treated
with Amber force field (all bonded and nonbonded
interactions). In addition, few atoms are mimicked as both
QM and MM regions, which link between QM and MM
regions. The QM/MM energy minimization was carried out

with the maximum number of minimization cycles (2000 steps
- first 500 steps by the steepest descent method and the
remaining steps are systematically carried on the conjugate
gradient method), and then it maintained at the micro-
canonical ensemble.46−48 Further, single-point energy calcu-
lation has been carried out for CUR, IPA, CUR-IPA in the gas
phase, and CUR-IPA/hAChE and CUR-IPA/hBChE using
Gaussian09 software with the PM3 basis set.49 This QM/MM
calculation pertains to analyze the intermolecular interactions,
HOMO, LUMO, and the corresponding global descriptor
properties50 of CUR-IPA in the gas phase and with respect to
the neighboring active site amino acid residues of hAChE and
hBChE enzymes.

MD simulation was performed using the OPLS4 force field
implemented in the Desmond package. The periodic
precondition with 10 Å3 orthorhombic boxes was built.
TIP3P water association system was used as the buffer system,
and the charged ions (Na+/Cl−) were placed isotopically. The
MD simulation was carried out up to 200 ns in 2 fs time step
with isothermal−isobaric ensemble (NPT), constant temper-
ature (310 K), and pressure (1 bar). MD simulation was
performed in triplicate to ensure reproducibility. The
parameters such as root-mean-square deviation (RMSD) and
root-mean-square fluctuation (RMSF) of CUR-IPA/hAChE
and CUR-IPA/hBChE complexes were monitored. The
fractions of every 20 ns were used to determine the binding
free energy (MM/GBSA) of the protein−ligand complexes by
the Prime application available in Schrodinger software
package. The PCA and DCCM plots were created with the
CPPTRAJ and R-package software.51,52 The free-energy
landscape (FEL) values were obtained using CPPTRAJ and
plotted using RinearnGraph3D 5.6 software [https://www.
rinearn.com/en-us/].

3. RESULTS
3.1. Characterization of CUR-IPA. The synthesis scheme

of CUR-IPA is given in Figure 1A. The UV−vis spectra of
CUR, IPA, and CUR-IPA solubilized in acetonitrile are shown
in Figure 1B. The λmax for CUR and IPA were found to be 415
and 276 nm, respectively. The λmax for synthesized CUR-IPA
was found to be 367 and 274 nm. 1H NMR spectra of CUR
exhibited signals for OCH3, bridged-CH2, and OH protons at
3.3−3.8, 6−7.3, and 7.52−7.56 ppm, respectively (Figure

Figure 1. (A) Schematics of CUR-IPA synthesis. (B) UV−visible spectrum of CUR, IPA and CUR-IPA.
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S1A). IPA exhibited signals for CH2, indole ring CH, and NH
at 2.6−3.4, 6.9−7.5, and 10.78 ppm, respectively (Figure S1B).
CUR-IPA showed signals for the protons present in both CUR
and IPA, in particular, the presence of NH signals shows the
formation of CUR-IPA (Figure S1C). The 1H NMR spectrum
of the compound showed a methane (−CH) peak as doublets
at 5.88 ppm, related by a 13C NMR spectrum at 33.79 ppm. A
singlet peak at 3.32 ppm indicates methoxy proton, related by a
13C NMR spectrum assignable to (−OCH3) methoxy at 56.41
ppm (Figure S1D). HPLC analysis revealed a 97% purity of
CUR-IPA (Figure S2). The ESI mass spectrum of CUR-IPA
showed a characteristic peak at m/z = 711 (M + H) (Figure
S3).

3.2. In Vitro Antioxidant Activity of CUR-IPA. The
DPPH and ABTS radical scavenging activities of CUR-IPA are
shown in Figure 2A,B. CUR-IPA showed dose-dependent
scavenging activity with IC50 values of 625.93 and 290.42 μM
for DPPH and ABTS, respectively. The FRAP activity of CUR-
IPA is shown in Figure 2C. FRAP activity of CUR-IPA
increased linearly from 50 to 250 μM concentrations. The IC50
values of standard and ascorbic acid for DPPH and ABTS
scavenging activities were found to be 34.47 and 15.82 μM
(Figure S4A,B). FRAP activity was present linearly in the range
from 2 to 10 μM concentrations of ascorbic acid (Figure S4C).

3.3. Inhibition of AChE and BChE by CUR-IPA. eAChE,
hAChE, and hBChE were inhibited by CUR-IPA in a dose-
dependent manner. The half-maximal inhibitory concentration
(IC50) of CUR-IPA against eAChE, hAChE, and hBChE was
found to be 5.66, 59.30, and 60.66 μM, respectively (Figure
3A−C). The IC50 of standard drugs donepezil and rivastigmine

against eAChE and hBChE was 6.4 and 265.51 nm,
respectively (Figure S5A,B). The LB plot showing type of
inhibition by CUR-IPA against eAChE, hAChE, and hBChE is
given in Figure 4A−C, respectively. CUR-IPA showed mixed-
type of inhibition against eAChE and hAChE. However, CUR-
IPA inhibited hBChE in a competitive manner. Dixon plots
revealed the ki value of CUR-IPA against eAChE, hAChE, and
hBChE to be 3, 47.14, and 48.99 μM, respectively (Figure
4D−F).

3.4. In Silico Analysis of CUR-IPA with hAChE and
hBChE. 3.4.1. Intermolecular Interactions of CUR-IPA-
hAChE and hBChE Complexes during Molecular Docking,
QM/MM, and MD Simulation. The docking scores of CUR-
IPA with hAChE and hBChE were found to be −16 and
−11.41 kcal mol−1. The docking score of donepezil with
hAChE and rivastigmine with hBChE was −10.57 and −4.57
kcal mol−1. The superimposed pose of CUR-IPA and
donepezil with hAChE as well as CUR-IPA and rivastigmine
with hBChE is given in Figure S6. The figure shows that both
CUR-IPA and standard drugs are bound in the active sites of
the enzymes. Figure 5A,B, respectively, shows the intermo-
lecular interactions of CUR-IPA with hAChE and hBChE
enzyme complexes after molecular docking. The comprehen-
sive electronic structure analysis enabled by QM/MM offers
profound insights into the interaction between drugs and
proteins. This approach delves into intricate binding
mechanisms, uncovering subtle phenomena such as hydrogen
bonding and charge transfer, which are frequently missed in
conventional docking studies. Furthermore, QM/MM’s
consideration of molecular flexibility offers a dynamic

Figure 2. In vitroantioxidant activity of CUR-IPA. (A) DPPH radical scavenging activity. (B) ABTS radical scavenging activity. (C) FRAP activity.
n = 3.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.4c08149
ACS Omega 2025, 10, 9073−9087

9076

https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c08149/suppl_file/ao4c08149_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c08149/suppl_file/ao4c08149_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c08149/suppl_file/ao4c08149_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c08149/suppl_file/ao4c08149_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c08149/suppl_file/ao4c08149_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c08149/suppl_file/ao4c08149_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c08149/suppl_file/ao4c08149_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c08149/suppl_file/ao4c08149_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c08149/suppl_file/ao4c08149_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c08149/suppl_file/ao4c08149_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c08149/suppl_file/ao4c08149_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c08149?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c08149?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c08149?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c08149?fig=fig2&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c08149?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


perspective on drug−protein interactions, crucial for elucidat-
ing complex binding pathways and mechanisms. Hence, QM/
MM minimization of CUR-IPA/hAChE and CUR-IPA/
hBChE complexes was carried out. The interaction of CUR-
IPA with hAChE and hBChE after QM/MM minimization is
shown in Figure 5C,D, respectively. The corresponding
neighboring contact distances are listed in Table 1. In docking,
CUR-IPA oriented in the active site gorge of hAChE forming
interactions with amino acids present in various subsites such
as catalytic site (Glu202 and His447), oxyanion hole (Gly120
and Glu121), choline binding site (Trp86), acyl pocket
(Phe295), and peripheral anionic site (PAS; Tyr72, Asp74,
Tyr124, Trp286, and Tyr341) (Figure 5A and Table 1). CUR-
IPA formed hydrophobic interactions with amino acids Tyr72,
Leu76, Ala204, Trp236, Trp286, His287, Phe297, Tyr341, and
His447. In concordance with hAChE, CUR-IPA oriented in
the active site gorge of the hBChE forming hydrogen-bonding
interactions with amino acids present in the catalytic site
(Ser198 and His438), anionic pocket (Trp82 and Tyr128),
and PAS (Asn68 and Tyr332) (Figure 5B and Table 1).
Hydrogen bonding was also formed with other amino acids
lining the active site gorge such as Thr120, Glu197, Gly283,
Thr284, Pro285, and Asn289. Hydrophobic interactions were
formed with amino acids, Trp82, Ala227, Pro285, and His438.
The intermolecular contacts obtained from molecular docking
and QM/MM studies are similar; however, the distance gets
varied (Figure 5C,D).

At the end of 200 ns MD simulation, CUR-IPA oriented
stably in the active site of hAChE and hBChE forming stable

interaction with amino acids similar to that of docking (Figure
6A,B and Table 1). CUR-IPA formed hydrogen bonding with
amino acids present in hAChE such as Gln71, Trp86, Tyr124,
Ala127, Tyr133, Leu289, Gln291, Glu292, Ser293, Phe295,
and Tyr337. CUR-IPA interacted with Leu76, Leu130,
Trp286, Phe295, Phe297, and Tyr337 through hydrophobic
bonding. In hBChE, CUR-IPA formed a hydrogen bond with
Met81, Gly115, Gly116, Gly117, Tyr128, Gly283, Thr284,
Pro285, Ser287, Asn289, Ala328, Tyr332, Gly333, Glu352, and
His438. Hydrophobic interactions were formed with the amino
acids, Phe73, Pro74, Met81, Trp82, Gly283, Thr284, Pro285,
Ala328, Phe329, Tyr332, and Pro335 (Figure 6B and Table 1).
To better understand the interaction of CUR-IPA with hAChE
and hBChE throughout simulation, the interaction figures at
every 50 ns are shown in Figures S7 and S8, respectively.
Further, the percentage and type of interactions with amino
acids present in the active site gorge of hAChE and hBChE are
shown in Figure S9. In the case of hAChE, the orientation of
CUR-IPA was stabilized within 50 ns of MD simulation. After
50 ns, only meager changes in the interaction of CUR-IPA with
amino acids of hAChE could be observed. In the simulation
interaction diagram, it is clear that CUR-IPA formed a
hydrogen bond with amino acids Tyr133, Phe295, and Arg296
and hydrophobic interactions with Gly82 and Trp286 for a
high percentage of time (Figure S7). In hBChE, similar to
hAChE, the orientation of CUR-IPA in the active site gorge
stabilized after 50 ns of MD simulation, which was almost
similar at the end of 200 ns simulation (Figure S8). In
particular, the interaction with catalytic amino acid, His438,

Figure 3. Inhibition of enzyme activity by CUR-IPA. (A) eAChE. (B) hAChE. (C) hBChE. Dose-dependent inhibition of enzyme activity was
observed. n = 3.
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although lost at the beginning of MD simulation, was
reestablished and found to be present even at the end of 200
ns MD simulation. This shows that CUR-IPA is stably placed
in the active site of hBChE.
3.4.2. Drug-likeness Properties and Global Descriptor

Values of CUR-IPA. The drug-likeness properties of CUR-IPA
are given in Table S1. The HOMO and LUMO plots in the gas
phase and active site of hAChE and hBChE are shown in
Figure 7. The blue and red colors represent the positive and
negative phases of the molecules. The global reactivity
descriptors such as the band gap energy, ionization potential,
electron affinity, global hardness, electronic chemical potential,

electrophilicity, and electronegativity index are listed in Table
2.
3.4.3. RMSD, RMSF, and MM/GBSA Analysis of CUR-IPA-

hAChE and hBChE Complexes. The RMSD of hAChE/CUR-
IPA and hBChE/CUR-IPA complexes throughout 200 ns MD
simulations are shown in Figure 8A,B. The difference in RMSD
was found to be less than 1.0 Å, which indicates the stable
binding of CUR-IPA with the proteins. RMSF value showed
that fluctuations were prominent in the N and C-terminals of
hAChE/CUR-IPA and hBChE/CUR-IPA complexes during
MD simulation (Figure 8C,D). Also, fluctuations of amino
acids present in the PAS and anionic pocket amino acids of
these proteins are observed. The RMSD (Figure S10A,B) and

Figure 4. Kinetics of enzyme inhibition by CUR-IPA. LB plot of CUR-IPA against (A) eAChE, (B) hAChE, and (C) hBChE showing the type of
inhibition. Dixon plot of CUR-IPA against (D) eAChE, (E) hAChE, and (F) hBChE showing the inhibitor constant.
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RMSF (Figure S10C,D) of MD triplicates are given in the
figure. There was no alteration in the RMSD and RMSF values
between the replicates, which indicates the reproducibility of
the results. The changes in the binding free energy,
electrostatic interactions (Coulomb) energy, lipophilic inter-
action (Lipo) energy, and van der Waals (VdW) energy
throughout the 200 ns MD simulation of CUR-IPA/hAChE
and CUR-IPA/hBChE are shown in Figure 9A,B, respectively.
All of these various energies contributed to the formation of
stable binding between CUR-IPA and proteins (hAChE and
hBChE).
3.4.4. PCA, DCCM, and FEL Analysis of CUR-IPA-hAChE

and hBChE Complexes. The PCA plots of CUR-IPA/hAChE
and CUR-IPA/hBChE enzyme complexes are shown in Figure
10A,B. The eigen values of the complexes were plotted against
the eigen vector index. The dominant movements of the
complexes are related to the first five eigenvectors and the
higher eigenvalue. Followed by that, the complex showed no

considerable variations in the calculated eigen fraction
following 5 until 20 eigen values and reached the static
elbow point. The PC1 values of the CUR-IPA/hAChE and
CUR-IPA/hBChE enzyme complex are 20.47 and 37.73%,
respectively. High PC1 values denote the large motion of the
complex system, and it is related to the lower stability of the
complex. Hence the CUR-IPA/hAChE complex undergoes
lower motion than the latter and denotes the high stability of
the same. The FEL in accordance with the PC values of Cα
atoms during MD simulation is an ideal technique for
conformational sampling. The complex correlation of the
atomic motion of the system is used to determine the
functional motion of the macromolecules. Hence, the
conformation space of CUR-IPA/hAChE and CUR-IPA/
hBChE complexes in accordance with the energy and time
has been plotted as the FEL surface, and it is shown in Figure
10C,D. The minimum energy conformation occurs at the time
period of 29 and 67 ns for CUR-IPA/hAChE and CUR-IPA/

Figure 5. Interaction of CUR-IPA with proteins. (A) Docked pose of hAChE/CUR-IPA. (B) Docked pose of hBChE/CUR-IPA, (C) hAChE/
CUR-IPA at the end of QM/MM, and (D) hBChE/CUR-IPA at the end of QM/MM.
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hBChE complexes, respectively. The pair-wise cross-correla-
tion calculation is one of the pioneer techniques to find the
pair-wise alignment of residues with respect to the ligand in the
complex system. Figure 11A,B shows the DCCM plots of the
CUR-IPA/hAChE and CUR-IPA/hBChE enzymes. Similar to
PCA, in DCCM, CUR-IPA/hBChE correlated motions were
found to be high in comparison to CUR-IPA/hAChE. In both
complexes, the anticorrelated motion was found to be less
throughout MD simulation. Altogether, CUR-IPA/hAChE was
found to be dynamically stable in comparison to the CUR-
IPA/hBChE complex.

4. DISCUSSION
CUR-IPA diester was synthesized and characterized. CUR-IPA
showed in vitro antioxidant and ChEs showed inhibitory
activity. Further CUR-IPA interacted with the amino acids
present in the active site gorge of hAChE and hBChE. CUR is
known for numerous neuroprotective properties such as
antioxidant effect,53 inhibition of Aβ fibril formation,54

destabilization of formed Aβ fibril,20 increase of the
endogenous antioxidant level through activation of nuclear
factor erythroid 2-related factor 2,55 and anti-inflammatory
effect through inhibition of nuclear factor kappa B (NF-κB).56

However, bioavailability of CUR is very low, and hence various
analogues of CUR are synthesized.57 Glucuronidation and
sulfation of phenolic OH group of CUR lead to its metabolism
and excretion.58 In previous studies, the OH group was
esterified with glycine, glutamic acid, valine, demethylenated
piperic acid, and piperic acid-glycine.34,59,60 The dipiperoyl and
diglycinoyl derivatives showed higher apoptotic activity against
cancer cell lines.60 In another study, conjugates of CUR with
amino acids, alanine, valine, serine, and cysteine, improved the
water solubility of CUR and its antimutagenic activity.61 CUR-
glutamic acid diesters were reported for improved protection
in comparison to CUR against glutathione depletion-mediated
oxidative stress in neuronal cells.62 Monoester and diester of
CUR-lysine have shown inhibition effect on lysozyme amyloid
fibrillation.33 Other than CUR-amino acid conjugates, sugar-
CUR conjugate has been synthesized previously.63 The sugar-
CUR inhibited Aβ and tau peptide aggregation at low
concentrations in comparison to CUR.63 Due to masking of
the phenolic OH group of CUR, these conjugates have
improved bioavailability through enhanced adsorption and
slow metabolism.34,59,60,62 In concordance with these previous
studies, CUR-IPA was synthesized, and the anticholinesterase
effect is well documented in the present study. Conjugation of
CUR with IPA would be advantageous since IPA is known for
various biological activities, in particular, the neuroprotective
effect against various stress conditions.35−38 In addition, IPA is
a potent antioxidant through scavenging of free radicals and
stabilization of mitochondrial electron transport, thereby
inhibiting the radical generation.35,64 IPA through electron
donation neutralizes the highly reactive hydroxyl radicals, and
unlike other antioxidants (ascorbic acid and tocopherol), IPA
does not generate pro-oxidant intermediates while neutralizing
free radicals.35,64,65 Hence, conjugation of IPA with CUR could
be considered advantageous over other compounds. In a
previous study, CUR was reported for only low inhibitory
activity against eAChE (IC50 = 51.8 μM), whereas CUR did
not show inhibition against BChE.66 In the rat cadmium-
induced toxicity model, CUR was found to decrease the AChE
gene expression and its activity in the cortex. Also, it has been
found that CUR inhibited rat cerebral cortex AChE with anT
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Figure 6. Interaction of CUR-IPA with hAChE (A) and hBChE (B) at the end of the 200 ns MD simulation.

Figure 7. HOMO and LUMO of CUR-IPA in gas phase (A), hAChE (B), and hBChE (C).

Table 2. Globular Descriptors of CUR, IPA, and CUR-IPA in Different Environments

molecular descriptors CUR gas phase IPA CUR-IPA CUR-IPA hAChE CUR-IPA hBChE

band gap energy (eV) 0.0955 0.1405 0.0673 0.0689 0.2133
HOMO energy (eV) −0.3111 −0.3037 −0.2865 −0.2296 −0.3193
LUMO energy (eV) −0.2156 −0.1632 −0.2192 −0.2985 −0.1060

=I Eionization potential ( )HOMO 0.3111 0.3037 0.2865 0.2296 0.3193

=A Eelectron affinity ( )LUMO 0.2156 0.1632 0.2192 0.2985 0.1060

= I Aglobal hardness ( )/2 0.0478 0.0702 0.0337 0.0345 −0.1067

= +I Aelectronic chemical potential ( )/2 −0.2634 −0.2335 −0.2529 −0.3789 −0.2127

= /22 0.7263 0.3881 0.9500 2.0831 0.2120

= +I Aelectronegativity ( )/2 0.2634 0.2335 0.2529 0.3789 0.2127
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IC50 value of 10 μM.67 In another study, CUR inhibited
eAChE with an IC50 value of 67.69 μM.68 In the same study, it
has been found that CUR did not affect AChE activity in the ex
vivo model. The explanation for such an effect would be the
poor absorption and limited penetration into the brain.68 IPA
showed inhibition against AChE and BChE at concentrations
≥ 500 μM (data not shown). However, conjugation of IPA
with CUR had improved inhibitory activity against eAChE in
the present study with an IC50 value of 5.66 μM. Also, CUR-
IPA showed inhibition against hAChE and hBChE. Since IPA

has good penetration capacity into the brain, it has been
increasingly studied for the protective effect against neuro-
logical disorders.69 Hence, the conjugation of IPA with CUR
might increase the penetration of CUR-IPA into the brain,
which is yet to be determined. AChE-Aβ complex is found to
be highly toxic in comparison to Aβ alone.70 The PAS of AChE
is involved in noncholinergic functions of the enzyme such as
in the Aβ aggregation.71−73 Due to these reasons, PAS or dual-
site (catalytic and peripheral) inhibitors are emerging as an
attractive target for the design of new antidementia drugs. Such

Figure 8. RMSD (A, B) and RMSF (C, D) of hAChE/CUR-IPA and hBChE/CUR-IPA complexes.

Figure 9. Binding free-energy analysis by MM/GBSA. The plot shows the binding free energy and Coulomb (electrostatic), vdW, and Lipo energy
fluctuations as a function of simulation time for the complexes CUR-IPA/hAChE (A) and CUR-IPA/hBChE (B).
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drugs might simultaneously alleviate the cognitive deficit in
Alzheimer’s patients as well as inhibit the assembly of Aβ,
thereby reducing neuronal degeneration. In silico analysis

clearly indicated the interaction of CUR-IPA with amino acids
present in the catalytic site as well as PAS of both AChE and
BChE. Further, MD analysis confirmed the stable binding of

Figure 10. PCA (A, B) and FEL (C, D) plots of hAChE/CUR-IPA and hBChE/CUR-IPA complexes.
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CUR-IPA in these enzymes. CUR-IPA interacted with the
amino acids present in various subsites such as the catalytic
site, oxyanion hole, choline binding site, acyl pocket, and PAS
of both AChE and BChE. Among the drugs approved for AD
treatment, rivastigmine inhibits both hAChE and hBChE,
whereas donepezil and galantamine are selective inhibitors of
hAChE.7,74,75 Since rivastigmine inhibits both hAChE and
hBChE, it has been found to benefit executive dysfunction
found in subcortical dementias.75 Donepezil binds to both the
catalytic site and PAS of AChE. Such a dual-binding nature of
donepezil has given an advantage of inhibition of Aβ
aggregation.71 Galantamine binds to only the catalytic site of
hAChE. Hence, galantamine-CUR hybrids were designed to
contain galantamine as the core and aromatic moiety of CUR,
both linked by the linker. These hybrids showed dual-site
binding ability in AChE, that is, galantamine interacted in the
active site of hAChE, whereas the aromatic moiety linked to
these hybrid molecules interacted with PAS.76 In comparison
to these known inhibitors, CUR-IPA inhibited both hAChE
and hBChE as well as interacted with both the catalytic site
and PAS. Also, these known drugs, galantamine, rivastigmine,
and donepezil, present various side effects; however, CUR and
IPA are known for low toxicity as well as multiple neuronal
protective functions.22−24,35−38 Hence, CUR-IPA could be
considered advantageous over these known inhibitors of ChEs,
which need further validation through cell line and in vivo
studies.

The minimum energy state contributes to the reaction phase
of the protein complex structure,77 and FEL analysis helped to
find the reaction coordinates of both complexes. Due to
presence of various functional groups in CUR-IPA, hydrogen
bonding, hydrophobic interaction, and vdW forces have
contributed for such stable binding of CUR-IPA. In in silico,
the binding of CUR-IPA was found to be similar to that of
CUR from previous study.78 Global reactivity descriptors of
CUR-IPA explain the binding nature of the molecule in the
active site according to their energy level at the gas phase and
the hAChE and hBChE active sites. The band gap energy is the
measure of the chemical reactivity of the complex system.
According to the band gap energy value, IPA exhibits more
chemical reactivity nature than CUR and due to the

redistribution of charges, CUR-IPA displays less chemical
reactivity, indicating the high stability of the structure. Further,
the hAChE/CUR-IPA enzyme complex shows a low reactive
rate, which implies that CUR-IPA is stabilized within the active
site of the hAChE enzyme, and the probability of the molecule
to leave the active site is quite low. Global hardness is the
measure of the stability of the system. CUR (0.0478) decreases
the rigidness of IPA (0.0702), which leads to more reactivity of
CUR-IPA (0.0337). Relatively, in an active site environment,
the stability of CUR-IPA with respect to active site amino acids
of hBChE is lower. High HOMO energy value of the molecule
in the active site of hAChE is due to the HOMO charge
redistribution near the interacting region of the negatively
charged amino acid Glu292. The high LUMO energy value of
hBChE/CUR-IPA is due to the LUMO charge redistribution
near residues Glu197 and His438. Electrophilicity is the
measure of tendency of the molecule to react with the protein/
enzyme.79 Based on the electrophilicity index and electro-
negativity values, CUR-IPA was found to be tightly bound with
the active site amino acids of hAChE than the hBChE enzyme.
In MD analysis (RMSD, MM/GBSA, PCA, and DCCM) and
QM/MM analysis, it has been found that hAChE/CUR-IPA
complex is highly stable in comparison to hBChE. Global
dynamic motion of the hAChE/CUR-IPA complex has been
found to be less; thereby, it is inferred that CUR-IPA binding
has stabilized the structure of hAChE. Previously, IPA was
conjugated with tacrine (a catalytic site inhibitor) using various
sizes of alkyl chain linkers to target both the catalytic site and
PAS of AChE. These derivatives were patented as inhibitors of
AChE (European patent no. EP 1 646 622 B1). In the case of
CUR-IPA, the presence of seven carbon linkers in CUR has
been advantageous and helped in the orientation of CUR-IPA
throughout active site gorge forming interaction with amino
acids present in both the catalytic site and PAS of AChE.

5. CONCLUSIONS
Diester of CUR with IPA (CUR-IPA) was synthesized. CUR-
IPA showed in vitro antioxidant activity. Further, CUR-IPA
inhibited both AChE and BChE in vitro. In silico analysis
revealed the stable binding of CUR-IPA in the active site gorge
of both AChE and BChE. CUR-IPA interacted with amino

Figure 11. DCCM plots of the hAChE/CUR-IPA (A) and hBChE/CUR-IPA (B) complexes.
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acids present in both the catalytic site and PAS of these
enzymes. Post-MD simulation analyses as well as QM/MM
analysis indicated that the hAChE/CUR-IPA complex is stable
in comparison to hBChE/CUR-IPA. Hence, CUR-IPA could
act as a cognitive enhancer under neurodegenerative disease
conditions through inhibition of catalytic function of the
enzyme as well as hindering Aβ aggregation. Further in vivo
study is required to understand the application of CUR-IPA in
the treatment of cognitive dysfunction.
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