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The interactions between selected molecules (piperine, tacrine, curcumin and silibinin) and proteins
(acetylcholinesterase and bovine serum albumin) were investigated by Fluorescence spectroscopy,
molecular docking, molecular dynamics, free energy calculation and non-covalent interaction analysis.
These binding characteristics are of huge interest for understanding pharmacokinetic mechanism of
the target molecules. The steady-state emission spectrum results showed that presence of static quench-
ing mode for piperine, tacrine, curcumin, silibinin molecules with BSA and AChE complexes separately
and this excitation-emission matrix analysis suggest that formation of ground-state complex between
piperine, tacrine, curcumin, silibinin drugs and both BSA, AChE protein molecules. And, the binding
model from molecular docking analysis of both BSA and AChE with these molecules clearly displayed
non-covalent interactions (hydrogen bonding and hydrophobic interactions) which played a significant
role in the binding mechanism. Further, the protein-ligand complexes are subjected to molecular dynam-
ics and binding free energy calculation to confirm the stability of the molecule in the active site of BSA
and AChE. The NCI (non-covalent interaction) approach supports to visualize the iso-surface of the
reduced density gradient of such interactions between protein and ligands.

� 2021 Elsevier B.V. All rights reserved.
1. Introduction

Alzheimer’s disease (AD) is called senile dementia which is an
age-related progressive neurodegenerative brain disorder. Notably,
resulting in loss of memory and cognitive functions, the decline in
language-related skills and behavioral disturbances. Moreover, AD

http://crossmark.crossref.org/dialog/?doi=10.1016/j.saa.2021.119856&domain=pdf
https://doi.org/10.1016/j.saa.2021.119856
mailto:saravanansmtr@gmail.com
mailto:s.kandasamy@uw.edu.pl
https://doi.org/10.1016/j.saa.2021.119856
http://www.sciencedirect.com/science/journal/13861425
http://www.elsevier.com/locate/saa


Fig. 1. Steady state emission spectrum of BSA with (a) Piperine (b) Tacrine (c) Curcumin (d) Silibinin complexes (BSA concentration is 10 mM and drug concentration (a)
piperine (0–10 mM) (b) tacrine (0–12 mM) (c) curcumin (0–10 mM) (d) silibinin (0–8 mM) with 1 mM interval).
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is the 4th leading cause of death in the world, over 40 million peo-
ple affected by AD [1]. Therefore, AD is considered the most com-
mon neurodegenerative disorder and a major health concern to
societies worldwide [2]. Currently, there is no successful treat-
ment; however, acetylcholinesterase inhibitors control the pro-
gression of AD. Due to the exerts of non-cholinergic functions
with the nervous system, Acetylcholinesterase (AChE) is hydrolyz-
ing the neurotransmitter acetylcholine that leads to the molecular
mechanism of pathogenesis of Alzheimer’s disease. It can reduce
this abnormal activity of the enzyme with the help of potential
activity inhibitors. It mainly aims this present computational study
to understand the deeper structural and binding mechanism of
AChE with selected inhibitors. The clear active site details of AChE
are mandatory to confirm the new inhibitor design. Based on the
reports, the active site contains different sub-sites, such as the cat-
alytic triad; an oxyanion hole; an acyl binding pocket; an anionic
binding site; and a peripheral anionic binding site which is
detected at the bottom of narrow gorge (20 Å). To discover the
AChE-inhibiting small molecules from herbal plants, we have
screened biologically active compounds traditionally. The scientific
reports show that the natural products (polyphenols, flavonoids,
vitamins, alkaloids, carbamates, carotenes and lycopenes) exhibit
several biological properties. To date, AChE is the important
enzyme target for the pharmacological treatment of AD [3–8].
There are three plant-derived (galantamine, huperzine A &
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rivastigmine) and two synthetic (donepezil & tacrine) drugs avail-
able in the market for the treatment of AD. Importantly, these all
drugs are AChE inhibitors which also does not cure the disease
completely.

Serum albumins are the most abundant carrier proteins of the
circulatory system in human beings which exhibits several physi-
ological functions. The most important properties of these proteins
involved in the transport and distribution of many molecules like
fatty acids, amino acids, hormones, cations, anions, many diverse
drugs and other organic compounds. Among the serum albumins,
the Bovine serum albumin (BSA) is one of the most extensively
studies protein; especially the structural homology of the BSA is
highly similar to human serum albumin (HSA) which contains
three homologous domains (I, II, III) with disulfide bonds. Interest-
ingly, BSA contains two tryptophan residues (Trp-134 in the first
domain and Trp-213 in the second domain) that carries intrinsic
fluorescence [9–11]. This is the only reason that fluorescence
quenching can measure the binding affinities of BSA with different
ligand molecules. It is important to study the interactions of
ligands with this protein [12,13].

To study the reactivity of chemical and biological systems in
low concentration and under physiological conditions,
Fluorescence spectroscopy is a non-intrusive measurement [14].
Quenching measurements can reveal the accessibility of quenchers
to fluorophores to understand the binding nature of BSA and



Fig. 2. Steady state emission spectrum of AChE with (a) Piperine (b) Tacrine (c) Curcumin (d) Silibinin complexes (AChE is 10 mM kept as constant and the drug concentration
varies(a) piperine (0–2 mM) (b) tacrine (0–1 mM) (c) curcumin (0–1 mM) (d) silibinin (0–4 mM) with 0.2 mM interval).

Table 1
Fluorescence binding Parameters for all four compounds in BSA and AChE complexes (pH-7.4).

Proteins Compounds Kq (�1018L mol�1 s�1) Kb(�105L/mol) n

BSA Piperine 0.0018 1.16 0.96
Tacrine 6.2831 2.57 0.86
Curcumin 5.5184 1.78 0.93
Silibinin 0.1401 4.57 1.12

AChE Piperine 0.1404 1.67 0.95
Tacrine 0.1079 0.69 0.93
Curcumin 0.0019 0.48 1.05
Silibinin 2.1200 3.05 0.82
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AChE with different ligand molecules. Nowadays, researchers
are interested to study natural compounds with different
enzymes/proteins/receptors because of several beneficial biologi-
cal effects. These spectroscopic and computational studies also
focused on three natural compounds (curcumin, piperine and Sili-
binin) that are traditionally believed to offer cognitive benefits.
Piperine is bioactive alkaloids, existing in the black pepper; cur-
cumin is a polyphenolic compound, occurred in the turmeric; sili-
binin is also a natural polyphenolic flavonoid, found in milk thistle
and tacrine is a synthesized Alzheimer drug [AChE inhibitor]. All
the compounds exhibit an anti-oxidant, anti-inflammation, anti-
cancer and anti-Alzheimer properties [15–18].

The present spectroscopic and computational report deals with
the mechanism of binding of ligand with AChE and BSA by fluores-
cence steady-state measurements, molecular docking, molecular
dynamics, free energy calculation and NCI analysis. Notably, the
3

AChE inhibition assay of all the selected molecules was already
reported [19–21] and computational studies (DFT, molecular dock-
ing, molecular dynamics, free energy calculation and QM/MM
based charge density analysis) of curcumin and piperine were
reported by Saravanan et al [22,23]. Therefore, we also conducted
spectroscopic analysis and in silico analysis of all the selected mole-
cules with AChE/BSA to support the already reports.

2. Material and methods

2.1. Materials and sample preparation

The Acetylcholinesterase (AChE, C3389), Bovine Serum Albumin
(BSA, A2058/ Fraction V), Curcumin (C1386), Piperine (P49007),
Silibinin (S0417) and 9-Amino-1,2,3,4-tetrahydroacridine
hydrochloride hydrate (Tacrine, A3773) purchased in Sigma



Fig. 3. Log plot of BSA with (a) Piperine (b) Tacrine (c) Curcumin (d) Silibinin complexes.
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Aldrich. We verified the purity of samples using UV�vis absorption
spectroscopy, and the purity of the samples was over 97%. The
stock solution of AChE and BSA was prepared by using a phosphate
buffer solution at pH 7.4. Similarly, the stock solution of selected
ligand molecules was prepared in ethanol (%) and then diluted in
the same buffer solution (phosphate buffer solution at pH 7.4) with
no further purification. Because of this solvent effect, there was a
slight structural effect in both of the protein complexes, which
was controlled to be <10% by a fluorescence test [24].
2.2. Steady-state fluorescence measurements

A Fluorolog-3, ISA, Jobin-Yuvon-Spex, Edison, NJ, was used to
perform the emission spectral analysis of both protein-drug com-
plexes, and the spectra recorded between 280 and 500 nm wave-
lengths with a 5 nm excitation, emission slit width. The emission
spectra of both protein complexes were recorded at 298 K with
280 nm excitation, and we observed the maximum emission wave-
lengths at around 350 and 348 nm. Also, the s0 value for BSA 5.87 ns
[13] and AChE 5.65 ns [25]. The decreasing fluorescence intensity of
the BSA� and AChE� drug complex quenching mechanism deter-
mined using the Stern�Volmer equation. Also, the inner filter effect
for the following steady-state spectrum was corrected [19].
4

2.3. Molecular docking

The selected ligand molecules (curcumin, piperine, silibinin
and tacrine) were minimized by OPLS_2005 (Optimized Potentials
for Liquid Simulations) force field using Ligprep application. Simi-
larly, three-dimensional coordinates of crystal structure of AChE
(PDB: 4EY6) [26] and BSA (PDB: 4F5S) [27] retrieved from the pro-
tein data bank. Then, the proteins were prepared [homo-dimer
chain and crystallographic water molecules (beyond 4 Å) deleted
and the hydrogen atoms, charges, formal bond orders and the
missing residues were also added]. Further, restrained minimiza-
tion has performed to relieve steric clashes using protein prepara-
tion wizard integrated in Schrödinger software 11.2, LLC [Maestro
2018]. The grid boxes generated over the ligand in the binding site
of AChE and BSA of the reported structures which gives experi-
mental evidence [26,28]. The Induced Fit Docking (IFD) process
was used to refine the conformational flexibility of protein while
ligand binding and the Extra Precision (XP) fixed scoring mode
to gain exact energy [29]. All the above calculations have
employed using the Schrödinger programme suite [Induced Fit
docking protocol 2018]. The best ligand–protein complex identi-
fied based on the XP scoring and intermolecular interactions. We
analyzed the intermolecular interactions between the ligand and
protein using PyMol [30].



Fig. 4. Log plot of AChE with (a) Piperine (b) Tacrine (c) Curcumin (d) Silibinin complexes.
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2.4. Molecular dynamics simulation

To explore the conformational changes, strength of ligand-
protein interactions and properties of protein behavior, the energy
surface was investigated by the way of solving Newton’s laws of
motion for the predicted system using physics-based modeling
method of MD simulation approach. Before performing the MD
simulation, the name of some residues has changed (GLU = GLH,
Uncharged form; HIS = HID, d-protonated form; ASP = ASH,
Uncharged form and CYS = CYX, free form of disulfide bridge)
because of the defined tautomeric or protonation states for the pre-
dicted residues. In the initial stages of MD simulation, it generated
the atomic partial charges and MD parameters of ligand molecules
with gaff force field using an antechamber program. In a similar
fashion, the AMBERff14SB force field was used to construct the
topological files for the AChE and BSA with the help of tleap mod-
ule. In which, the counter-ions (Na+) were placed to neutralize the
entire system, and each system solvated in the orthorhombic shell
of TIP3P water box with 9 Å distance of minimum solute-wall. Fur-
ther, the two-stage of the pre-equilibration process (minimization)
for both systems have performed using steepest descent and con-
jugate gradient methods; first, it relaxed the complex restrained
with the native position and the solvents up to 10,000 steps, then
continued up to 20,000 steps with no restrains. To achieve the
annealing process with the maintenance of the canonical ensemble
(NVT), we have heated the systems from 0 to 300 K at 200 ps time
using the Langevin thermostat and Berendsen barostat. Finally, the
MD production phase of each complex system was launched and
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prolonged up to 40 ns in 2 fs time step with keeping isothermal-
isobaric ensemble (NPT), constant temperature (300 K) and pres-
sure (1 bar). The SHAKE and particle mesh Ewald (PME) algorithms
were used to constrain the non-polar hydrogen atoms as well as to
determine the electrostatic energy of the periodic box. The entire
MD simulations of all the complexes have performed using sander
routine in the AMBERTOOLS14 package [31]. To generate and ana-
lyze the MD trajectory with the help of XMGRACE, the VMD, CHI-
MERA and CPPTRAJ software’s were used.
2.5. Binding free energy calculation

We estimated the binding affinities for all the complexes from
the MM/PBSA and MM/GBSA methods. The MMPBSA.py routine
was used to carry out all the above terms which are incorporated
in AMBERTOOLS14 package [32,33]. Here, the enthalpy calculated
using 2000 frames which are extracted from the 40 ns of MD tra-
jectory. The contribution of non-polar desolvation computed with
solvent accessible surface area (SASA) using the LCPO algorithm.
Because of high computation, we have extracted 10 frames from
every 4 ns trajectory. Further, to understand the nature of complex
and ligand binding, the decomposition energy of each interaction
was determined using MM/GBSA without the entropy contribu-
tion. The van der Waals and electrostatic interaction energies of
intermolecular interactions present between ligand and each resi-
due calculated. The ICOSA algorithm was used to predict the non-
polar desolvation contribution.



Fig. 5. Stern – Volmer plot of BSA with (a) Piperine (b) Tacrine (c) Curcumin (d) Silibinin complexes.
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3. Results and discussion

3.1. Steady-state spectroscopy analysis

Steady state emission spectroscopy analysis is used to under-
stand the drug quenching mechanism in the protein microenviron-
ment. Figs. 1(a-d) and 2 (a-d) shows the fluorescence emission
spectrum of bovine serum albumin (BSA) and AChE complex with
(a) Piperine (b) Tacrine (c) Curcumin (d) Silibinin complexes. Ini-
tially the BSA, AChE molecules excited at 280 nm and the emission
maximum is observed at 350 nm, 348 nm respectively. In Fig. 1
free BSA concentration is 10 mM and drug concentration (a) piper-
ine (0–10 mM) (b) tacrine (0–12 mM) (c) curcumin (0–10 mM) (d)
silibinin (0–8 mM) with 1 mM interval, and the Fig. 1 steady state
emission spectrum result shows that the BSA maxima at 350 nm
keeps on decreased without any further shift; while increasing
the concentration of each drugs. In the case of AChE molecule
shown in Fig. 2, the concentration of AChE is 10 mM kept as con-
stant and the drug concentration varies(a) piperine (0–2 mM) (b)
tacrine (0–1 mM) (c) curcumin (0–1 mM) (d) silibinin (0–4 mM) with
0.2 mM interval and the results shows decreased in AChE emission
maxima without any shift. According to Figs. 1 & 2, these four
drugs may form ground state complex in both protein molecules.
3.2. Quenching mechanism and number of binding sites

The fluorescence quenching results can reveal the information
between protein and drug complex in detail. There are two types
6

of quenching which is defined as static and dynamic; The static
quenching occur when the ground state complex is formed
between protein and drug. For dynamic quenching the complex for-
mation occurs between protein and drug during the excited state
and it can be determined by using Stern –Volmer equation (1).
F0

F
¼ 1þ kqs0 drug½ � ¼ 1þ KSV drug½ � ð1Þ

Where Fo and F refers to free protein molecule and drug mole-
cule in protein complex. Ksv and Kq are Stern-Volmer binding and
quenching constant respectively. s0 is life time value of protein
molecule [12,13]. In general, many scientific reports [12,13] show
that the maximum scatter collision Kq is 2.0 � 1010 L mol�1 s�1.
Table 1 represents the calculated quenching constant values of
piperine, tacrine, curcumin, silibinin drugs in both BSA and AChE
complex. According to that Kq value, piperine, tacrine, curcumin,
silibinin drugs were binding static quenching mode in both protein
molecules (Figs. 5 & 6). Also, the binding constant and number of
binding sites calculated using the following equation (2)
Log
F0�F
F

� �
¼ LogKb þ nlog drug½ � ð2Þ

Where Kb is the binding constant and n is the binding site
between protein and drug, the calculated Kb was represented in
table 1 and the number of binding sites was maintained at 1 during
the binding process of piperine, tacrine, curcumin, silibinin drugs
complex with both protein molecules (Figs. 3 & 4).



Fig. 6. Stern – Volmer plot of AChE with (a) Piperine (b) Tacrine (c) Curcumin (d) Silibinin complexes.
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3.3. Excitation and emission matrix analysis

The three-dimensional fluorescence spectra will give total
information relating to the fluorescence characteristics by dynam-
ical excitation and emission wavelength simultaneously; so, it is a
powerful methodology to review the conformational modification
of protein complex. The excitation and emission matrix spectra
of free BSA and BSA complex with piperine, tacrine, curcumin, sili-
binin drugs is shown in Fig. 7, also free AChE and AChE complex
with piperine, tacrine, curcumin, silibinin drugs shown in Fig. 8.
As shown in Figs. 7a and 8a is represents the image free BSA
(10 mM) and AChE (10 mM) protein molecule due to the TRP and
TYR residues. It could be noted that in both Figs. 7 & 8 (b-e)
(10 mM) while increasing the concentration of the drug, there is a
clear decrease in emission maximum without any shift and this
result suggest that piperine, tacrine, curcumin, silibinin drugs
ground state complex formation in both BSA, AChE protein
molecule.

3.4. Intermolecular interaction

To identify the plausible binding mode of chosen ligand mole-
cules with the active site of AChE and BSA, we analyzed the molec-
ular docking. The lowest binding energy (Glide energy) of the
curcumin, piperine, silibinin and tacrine with AChE got from dock-
ing analysis are�12.97,�11.24,�15.72 and�6.20 kcal/mol respec-
tively. Based on the docking results, silibinin exhibits the lowest
7

energy and high binding affinity towards AChE. The intermolecular
interactions of the selected molecules with AChE are shown in Fig-
ure S1. In the curcumin-AChE complex, curcumin forms hydrogen
bonding with Glu202, Tyr133 and Tyr337; in the piperine-AChE
complex, we observed hydrogen bond between piperine and
Phe295/Arg296, the same interactions also found in the silibinin-
AChE. In the silibinin-AChE complex, the oxygen atoms in the fla-
vanone group are forming strong hydrogen bonding interaction
with the catalytic site amino acids Ser203 and His447 at the dis-
tance 2.7 and 2.5 Å respectively. Notably, the p-p stacking was also
noticed between Try86/His447 and curcumin/silibinin/tacrine.
Moreover, the catalytic amino acid Ser203 forms water mediated
hydrogen bond in these complexes [22,23]. Whereas in the cur-
cumin, piperine, silibinin and tacrine with BSA complexes, the glide
energy values are �85.22, �61.14, �90.95 and �39.42 kcal/mol.
The intermolecular interactions of BSA-ligand complexes are
shown in Fig. 9. All the molecules located and formed strong inter-
molecular interactions with the drug binding site I (domain IIA)
region of BSA. In the curcumin-BSA complex, the keto-enol group
of curcumin is forming strong hydrogen bonding with Ala209 and
Val481, the distances are 2.0 and 2.2 Å respectively. The curcumin
molecule also forms p cation interaction with Lys350 and p p
interaction with Trp213. In the piperine-BSA complex, the residue
Lys350 makes H-bond interaction with keto group of piperine and
Trp213 makes p p interaction with the 5-membered ring. In the
silibinin-BSA complex, the hydroxyl group of silibinin molecule
forms H-bond with Arg194, Arg208, Leu326 and Ser343, the dis-



Fig. 7. Excitation emission matrix analysis of BSA with (a) Piperine (b) Tacrine (c) Curcumin (d) Silibinin complexes.

Fig. 8. Excitation emission matrix analysis of AChE with (a) Piperine (b) Tacrine (c) Curcumin (d) Silibinin complexes.
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Fig. 9. Intermolecular interactions in 2D view of all the four molecules with BSA.
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tances are 2.3, 2.5, 2.2 and 2.2 Å respectively. The p p interactions
observed between silibinin and Trp213. In the tacrine-BSA complex,
the Ala209 forms a hydrogen bond (2.1 Å) and Trp213 forms p p
interaction. The figure (Fig. 9) displays several hydrophobic interac-
tions with the drug binding I region and Trp213 makes p p inter-
action with all the ligand molecules which confirms the binding
similarity with fluorescence results.
3.5. RMSD, RMSF and radius of gyration

Molecular docking is one of the testimonies with the highest
docking score; the ligand molecule may fly away from the active
site of protein in the physiological condition. Hence, the MD simu-
lation is trustful tool to validate as well as to study the interactions
at microscopy level between protein and ligands to identify the
potent inhibitor. Therefore, we have performed the MD simulation
for all the complexes (AChE/BSA – curcumin/piperine/silibinin/ta
crine) to understand the conformation, stability and binding free
energy. The statistical parameters of these complexes are calcu-
lated from initial coordinates to understand the deviation (RMSD),
fluctuation (RMSF) and compactness (Rg) of these complexes
(Fig. 10 & Fig. S2). In the BSA-ligands: On comparing the RMSD
of all four complexes, it falls between ~ 0.91 to 3.42 Å. The devia-
tions of all the Ca and backbone atoms are small and that confirms
these complexes are highly stable during MD simulation. Notably,
the silibinin-BSA complex (<2.5 Å) is highly stable than the other
complexes. From the RMSF, we have found a large fluctuation in
the loop regions and the fluctuation is very less in the active site
regions. And, the RMSF of N-terminal region is higher than the C-
terminal because that the N-terminal region has a long looped
region and conformationally fluctuated by the influence of ligand
molecules. The radius of gyration (Rg) of the BSA-ligand complexes
calculated and plotted; the average Rg values are ~20.25 Å. This
confirms ligand molecules in the binding site is not much affects
9

the compactness of BSA. In the AChE-ligands, Fig. S2 shows the
observed RMSD of the four complexes which exhibit an equilib-
rium state. On comparing the RMSD of these complexes, the RMSD
of the silibinin-AChE complex slightly higher than the other com-
plexes, falls on between ~2.0 to 2.5 Å and the other three com-
plexes are ~1.0 to 2.0 Å. In the curcumin-AChE complex, RMSD
has deviated after 30 ns; then, it becomes stable up to 40 ns. The
RMSF of the four complexes was observed; in which, the large fluc-
tuation has noticed in the loop regions, N and C-terminals due to
the influence of ligand molecules. The active site regions are lesser
fluctuated than other parts of the protein; notably, the RMSF of cat-
alytic site amino acids Ser203 and His447 are less than 1 Å. After
the MD simulation, intermolecular interactions were analyzed; in
which, the catalytic site amino acid Ser203 maintains strong inter-
action with curcumin. And, Trp86, Glu202 and Phe295 as keeps
maintaining their interactions with tacrine, piperine, silibinin.
3.6. Binding free energy

To determine the detailed energy contribution based on Molec-
ular Generalized Born/ Poisson-Boltzmann Surface Area (MM-
GBSA/MM-PBSA) approaches, the binding free energies of all the
selected complexes were calculated from the MD simulation. In
this calculation, several energy components are included in the
binding energy such as van der Waals, electrostatic energy, polar
and non-polar solvation free energy. The detailed binding free
energies of BSA-ligand complexes are summarized in Table 2. In
which the silibinin-BSA complex shows high binding energy
(�60.94 kcal/mol) than other complexes. From these binding
studies, we can conclude that all the molecules exhibit strong
interactions with BSA in the following [silibinin > curcumin >
piperine > tacrine] order. Whereas, the binding free energy of
AChE-ligand complexes are �77.519 (curcumin), �37.732 (piper-
ine), �79.053 (silibinin) and �52.169 (tacrine) kcal/mol, the order



Fig. 10. Statistical parameters (a) RMSD, (b) RMSF and (c) Rg of fours molecules with BSA.
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Table 2
Contributions of various energy components to the binding free energy (kcal/mol) for the selected molecule-BSA complexes.

Curcumin Piperine Silibinin Tacrine

DE vdw �52.17 (±2.73) �42.91 (±2.54) �65.80 (±3.18) �31.89 (±2.22)
DE electrostatic �20.36 (±6.88) �10.98 (±3.26) �41.41 (±6.46) �8.46 (±5.21)
DGGB 38.63 (±3.92) 22.42 (±2.79) 54.68 (±4.14) 17.62 (±3.95)
DGPB 48.59 (±4.66) 30.98 (±2.20) 63.48 (±4.51) 25.02 (±3.97)
DGSA-GB �7.6 (±0.19) �5.89 (±0.17) �8.40 (±0.18) �3.83 (±0.15)
DGSA-PB �4.84 (±0.10) �3.88 (±0.07) �5.33 (±0.10) �2.87 (±0.06)
DE gas (EMM) �72.53 (±6.41) �53.89 (±3.85) �107.21 (±6.01) �40.36 (±4.52)
DGsol-GB 31.03 (±3.92) 16.53 (±2.23) 46.27 (±4.18) 13.78 (±4.01)
DGsol-PB 43.75 (±4.65) 27.09 (±2.21) 58.14 (±4.51) 22.14 (±3.97)
DGtotal-GB �41.50 (±3.53) �37.36 (±3.38) �60.94 (±3.62) �26.57 (±2.53)
DGtotal-PB �28.78 (±3.75) �26.79 (±3.47) �49.06 (±4.13) �18.21 (±3.10)
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is silibinin > curcumin > tacrine > piperine. Further, the decompo-
sition energy of the important residues carried out to understand
the binding mechanism of the complexes. In which, the decompo-
sition energy of binding site I residues which is forming hydrogen
bonding with ligand molecules are carrying ~ 5 kcal/mol; however,
Trp213 forms hydrophobic interaction which exhibits higher
decomposition energy (~4kcal/mol in all for complexes) than other
binding site residues [33–35]. This result clearly shows that these
molecules are strongly interacting with binding site I of BSA.

3.7. Non-covalent interaction (NCI) analysis

To quantify intermolecular contacts and visualize the contacts
between ligand and active site residues, Hirshfeld surface with fin-
gerprint plots calculated for curcumin, piperine, silibinin and
tacrine - AChE/BSA complexes using Crystal Explorer 17.5 [36]. Hir-
shfeld surface is defined by the density weight function of the
selected molecule over the same sum of the density of its nearest
molecule, which can map with unique properties like dnorm, elec-
trostatic potential, shape-index and curvedness. These are useful
to accumulate additional information on weak intermolecular
interactions. The dnorm of Hirshfeld surfaces map use the function
of normalized distances of both the distances from the surface to
the nearest atom outside and inside (de and di). The figure
(Fig. 11 & Fig. S3) shows the dnorm map of protein-ligand com-
plexes; in which, the red, white and blue surface denotes hydrogen
bonding interactions, vdW separation and short contact distances,
respectively. It confirms the corresponding fingerprint plots of
these complexes, the hydrogen bonding from sharp spikes.

To understand the binding mechanism of protein-ligand com-
plexes, non-covalent interaction energy calculation has performed
using Gaussian-based quantum mechanical platforms. The inter-
molecular interaction energies of each active site amino acid of
BSA and AChE with curcumin, piperine, silibinin and tacrine were
calculated with B3LYP/6-311G** by Gaussian 09 software [37]. On
comparing the interaction energy of all the pair-wise molecules,
the Lys350 of BSA carries higher interaction energy with the
piperine molecule than the other interactions, the value is
�15.000 kcal/mol. The wave function of the corresponding interac-
tion has submitted into Multiwfn software to get the reduced den-
sity gradient (RDG) and its isosurface [38]. RDG is S(r), used to find
the presence of non-covalent interaction in low electron density
region, defined as
11
S rð Þ ¼ rqðrÞj j
2ð3p2Þ

1
3qðrÞ43

ð3Þ

Where, the gradient of electron density at the point r isrq(r). It
shows the RDG scatter plot of Lys350 of BSA with piperine in Fig-
ure. In which, the blue region shows strong interactions (hydrogen
bonding), the green region displays the van der Waals interactions
and the red region reflects the steric effect in the ring. Notably,
RDG isosurface shows a different type of interaction on their
strength. To calculate the RDG of electron density, the electron
density grids for the strong interactions between BSA and
curcumin/piperine/silibinin/tacrine created using VMoPro and then
visualized these NCI isosurface in by MolIso software [39,40]. The
figure (Fig. 12 & Fig. S4) shows the 3D isosurface map of selected
interactions between AChE/BSA-ligand complexes; in which, the
shape of the isosurface was confirmed the strong interactions from
the vicinity of isosurface got between protein and ligand.

4. Summary and conclusion

In the summary of the present study, the interaction steady
from fluorescence spectroscopy (fluorescence emission, quenching,
excitation-emission matrix) was analyzed for the selected protein–
ligand complexes. In the overall fluorescence study, the results
suggest the presence of piperine, tacrine, curcumin, silibinin mole-
cules in both BSA and AChE complex with static quenching mode.
From the computational analysis, the molecular docking study
confirms all the molecules are forming strong interactions with
the binding site I of BSA and AChE. MD simulation confirms the sta-
bility of ligand molecules in the active site of both BSA and AChE
during the dynamical behavior. Besides, the free energy (DG)
change from the MM-PB/GBSA free energy calculation has been
almost the same order as the thermodynamic calculation. Hirsh-
feld surface analysis has been carried out to examine the inter-
molecular interactions between protein and ligands. The residual
density gradient of non-covalent interaction supports the exis-
tence of weak interactions in the protein–ligand complexes. These
results show that the current comparative calculations completely
reproduce the experimental results and provide interesting evi-
dence for the already known molecules. The results not only well
explain the interaction mechanisms between BSA and AChE, but
also provide substantial information for better understanding the
molecules.



Fig. 11. Hirshfeld Surface analysis with corresponding 2D fingerprint map of protein-ligand complexes, (a) dnorm map of BSA with curcumin (1), piperine (2), silibinin (3) and
tacrine (4).
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Fig. 12. RDG scatter plot of Lys350 of BSA with piperine and NCI Isosurface plot for the Ala209 with curcumin (a), Lys350 of BSA with piperine (b), Arg194 of BSA with
silibinin (c) and Ala209 of BSA with tacrine (c).
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