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ABSTRACT: Alzheimer’s disease (AD) is a neurodegenerative
disorder that impairs neurocognitive function. Acetylcholinesterase
(AChE) and f-site APP cleaving enzyme 1 (BACE1) are the two
main proteins implicated in AD. Indeed, the major available
commercial drugs (donepezil, rivastigmine, and galantamine) against
Alzheimer’s are AChE inhibitors. However, none of these drugs are
known to reverse or reduce the pathophysiological condition of the
disease since there are multiple contributing factors to AD. o215 ':;:;;f;;u_};;;&
Therefore, there is a need to develop a multitarget-directed ligand fy 4 bioagvecompounds 2
approach for its treatment. In the present study, plant bioactive B = N
compounds were screened for their AChE and BACEL inhibition - MD&\T’# -
potential by conducting molecular docking studies. Considering their ‘
docking score and pharmacokinetic properties, limonin, peimisine,
serratanine B, and withanolide A were selected as the lead compounds. Molecular dynamics simulations of these protein—ligand
complexes confirmed the conformational and energetically stabilized enzyme—inhibitor complexes. The inhibition potential of the
lead compounds was validated by in vitro enzyme assay. Withanolide A inhibited AChE (ICg, value of 107 uM) and showed mixed-
type inhibition. At this concentration, it inhibited BACE1 activity by 57.10% and was stated as most effective. Both the compounds,
as well as their crude extracts, were found to have no cytotoxic effect on the SH-SYSY cell line.
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1. INTRODUCTION

due to a lack of efficacy. Since multiple factors contribute to
the cognitive decline in AD, there is a need to develop a

Alzheimer’s disease (AD) is a progressive cognitive disorder
with compromised neurological functions. Prevalent in around
60% of dementia patients, AD has been declared a “global
public health priority” by the World Health Organization
(WHO) because there is no permanent cure for the disease."
The neuropathological condition in the disease is characterized
by a reduction in cholinergic neurons, excessive breakdown of
the neurotransmitter acetylcholine by acetylcholinesterase
(AChE), oxidative stress in neurons, and development of
neurofibrillary tangles and Af plaques. Various medical
approaches targeting these pathological processes have been
proven unsuccessful in preclinical or clinical trials, as the cause
of the disease is not fully understood.” The commercially
available anti-Alzheimer’s drugs are all AChE inhibitors
(donepezil, rivastigmine, and galantamine), except memantine,
which targets glutamate excitotoxicity. These drugs target a
single aspect that leads to AD and provide only symptomatic
relief. Af} aggregation has been so far the primary therapeutic
target for new-age AD therapies. Current research is focused
on the reduction in Af,, production, its aggregation inhibition,
disaggregation, and removal from the cerebrospinal fluid.
However, all of the potential drugs developed to date have
been proved unsuccessful beyond phase II/III clinical trials
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multitarget-directed ligand (MTDL) drug approach to deal
with it.” The age-old “one target-one molecule” approach
cannot alleviate all of the pathologic mechanisms that
contribute to AD. Hence, there lies the need to explore
molecules that have affinity toward more than one receptor or
enzyme, contributing to a particular disease’s progression.”
Degradation of the neurotransmitter acetylcholinesterase
(ACh) by AChE has been identified as one of the major factors
of AD. AChE is present in the postsynaptic neurons and
neuromuscular regions and is responsible for the transmission
of impulses in the central nervous system. Its breakdown by
AChE leads to major cognitive failure and degeneration of
coordinated muscle movement.> Thus, inhibition of AChE
reduces the breakdown of ACh in the brain and gives
symptomatic relief to the patients. AChE is a carboxylic
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Figure 1. Molecular docking interaction models of AChE and BACE with limonin, serratanine B, peimisine, and withanolide A.

hydrolase of 121.21 kDa containing 2 51de chains, with each
chain comprising 534 amino acid residues.’ The catalytic site is
marked by the presence of glutamic acid, serine, and histidine
in a 20 A gorge.” Direct interaction of any compound with this
site causes competitive inhibition of the enzyme, while the
compounds interacting with sites other than the catalytic site
also inhibit the enzyme by modifying the catalytic site and
inducing steric blockade.®

Moreover, the transmission of ACh from the presynaptic
neuron is also affected by the Af,, deposition, causing
cholinergic dysfunctmn in the brain, and is identified as an
early sign of AD.” Usually, the level of ACh decreases in the
AD brain. However, ACh accumulates around cholinergic
neurons due to the oxidative stress caused by Af,, plaques and
Ca®* signaling excitotoxicity.'’ Af,, plaque formation is
governed by incorrect cleavage of amyloid precursor protein
(APP) by f-site APP cleaving enzyme (BACEL) instead of
secretase.'' Therefore, if BACE] is inhibited, the formation of
insoluble Af,, will also be reduced.” BACEI is a proteinase/
hydrolase of 88.36 kDa containing 2 side chains of 390 amino
acid residues each. The catalytic site is marked by the presence
of 2 aspartic acid residues, Asp32 and Asp228." Interaction of
the bioactive compound with the catalytic site of BACE1 will
result in inhibition of its enzyme activity.

India and other south tropical Asian countries are identified
as hotspot zones of biodiversity with rich flora. The indigenous
traditional knowledge of this flora for various therapeutic
applications has also been documented by various research-
ers."* However, the bioactive compounds in plants are usually
present along with the other compounds, which might have
toxic effects. Thus, there is a need to essentially screen the
specific compound responsible for the therapeutic effect of
medicinal plants. In this context, the in silico screening process
for the selection of the target compound before the in vitro and

in vivo screening will save both time and resources.'” This
screening is an important aspect of research, as around 50 and
40% of drug candidates fail because of lower eflicacy and high
toxicity, respectively.

Considering the above facts, in the present study, screening
of bioactive compounds having AChE and BACEI inhibitory
properties was done based on structure-based drug discovery
(SBDD). The binding affinity and stability of the interaction
between the compounds and the proteins were estimated by
employing molecular docking and a subsequent 100 ns
molecular dynamic (MD) simulation run.'® SBDD focuses
on the in silico protein—ligand interaction. Molecular docking
software was used to dock the compounds into the enzyme’s
active site to obtain their binding energy of interaction. Lower
binding energy signifies stronger interaction. This saves time
and resources and delivers lead compounds, which are potent
enzyme inhibitors. Docking is generally followed by MD
simulation. The idea is to simulate a much realistic
environment for the protein and ligands to interact for a
longer time. The data obtained by running the simulation can
give us an actual idea of the changes at the residual level. The
stability of the interaction can be foreseen by comparing the
variations in the secondary and tertiary structures of the
enzyme. Gibb’s free energy is the measure of the strength of
the interaction. Lower energy indicates stronger ligand
binding.

However, the efficiency of a drug molecule does not depend
on enzyme inhibition alone. It cannot be administered if it has
low absorption or bioavailability and/or higher elimination
half-life. It also cannot be administered if it is toxic or forms
toxic metabolites. Lipinski’s rule of 5 and predicted absorption,
distribution, metabolism, elimination, and toxicity (ADMET)
properties establish the safety and efficacy of the compound.
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Figure 2. RMSD and RMSF plot of the C, atoms of AChE and BACE in unbound and bound form. (A) RMSD of AChE and AChE-ligand
complex. (B) RMSD of BACE and BACE-ligand complex. (C) RMSF of AChE and AChE-ligand complex. (D) RMSF of BACE and BACE-ligand

complex.

Molecular docking and pharmacokinetic profiling together give
us compounds that are possibly both effective and safe.'”

Out of the four compounds obtained from computational
analysis, we chose withanolide A and limonin for extraction
and in vitro studies,'® as the other compounds were
unavailable. In the past, few in silico studies have shown
withanolide A to be a potent inhibitor of AChE'"™*' and
BACEL1 activity,”” supporting our findings. The in silico data
need to be validated in vitro before any in vivo studies. In vitro
analysis offers a better understanding of the mechanistic effect
of the drug candidate on the enzyme. It provides numerical
data on how efficient a drug is by determining the ICs, value of
the drug, and enzyme kinetic parameters define the type of
inhibition.

2. RESULTS AND DISCUSSION

2.1. Selection of 4 Natural Inhibitors of AChE and
BACE1 Activity, Based on Their Affinity and Pharmaco-
kinetic Properties Obtained from Computational Anal-
ysis. To screen AChE inhibitors, binding energy scores were
calculated from docking analysis of the interaction of AChE
with the listed bioactive compounds and galantamine. The
binding energy of the AChE-galantamine interaction was —6.5
kcal/mol. The binding energy of 883 compounds was lower
than —6.5 kcal/mol. Among them, only 131 compounds had a
binding energy lower than —8 kcal/mol as determined by
AutoDock (Table S1). On secondary screening of the selected
AChE inhibitors using ParDOCK, only 27 compounds having
a binding energy of interaction lower than —10 kcal/mol were
finally shortlisted for further screening. The docking of these
molecules was also carried out with BACE1. BACEI interacts
with potential AChE inhibitors with binding energies lower
than —8 kcal/mol. The binding energies obtained from
docking of selected bioactive compounds against AChE and
the BACE1 enzyme are reported in Table 1.

The safety and efficacy of a drug molecule are of primary
concern. In silico pharmacokinetic profiling of the molecule has
proven to be useful in the effective discovery of a drug. Thus,
Molinspiration Cheminformatics was used in this study to
determine the drug-likeness of small molecules (Table S2).
Table S3 shows the ADMET-associated drug-like parameters
of the hit compounds. Among all of the compounds, only
limonin, peimisine, serratanine B, and withanolide A were
shortlisted based on in silico pharmacokinetic profiling. Figure
1 shows the interaction of AChE and BACE] with the lead
compounds, while Figure S1 depicts the two-dimensional (2D)
structure of the lead compounds. Table S4 depicts the amino
acid residues interacting with the respective ligands with bond
lengths <5 A during docking studies.

2.2. Interaction and Binding Analysis between AChE/
BACE1 and the Lead Compounds through MD
Simulation. MD simulation of the lead compounds selected
based on docking and pharmacokinetic profiling was done.
The interaction of the target enzymes with the lead
compounds was observed for 100 ns. All of the simulations
were repeated 3 times, and the average values were plotted to
determine the stability of the enzyme-ligand interaction.

To determine the stability of the protein—ligand interaction,
the root-mean-square deviation (RMSD) and root-mean-
square fluctuation (RMSF) of the Car atoms of the protein
at different time points were monitored (Figure 2A,B). The
difference in RMSD values of the bound and unbound AChE
as well as BACE1 remained lower than 0.1 nm in the case of all
of the AChE-ligand complexes. A lower RMSD value signifies
stable interaction between the enzyme and the bioactive
compound. RMSF graphs of both AChE and the BACEI
protein—ligand complex were assessed to determine the effect
of ligand binding on the amino acid residues during the last 25
ns of interaction. As depicted in Figure 2C,D, the amino acid
residues showing any fluctuation with respect to the Car atoms
of the free protein were present in the random coil region and
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Figure 4. Secondary structure change in AChE (A) and BACE (B) while interacting with the bioactive compounds.

would possibly not affect the protein—ligand binding. In all of
the protein—ligand complexes, amino acids PHE287, ARG288,
and PHE289 lying in the coil region of the ligand-binding site
of AChE showed fluctuation while interacting with the lead
compounds. Similarly, in the case of BACEL, only ILE390
showed fluctuation among all of the protein—ligand complexes.
The amino acid residues in the complexes did not show any
prominent fluctuation during the interaction.

The radii of gyration (Rg) and solvent-accessible surface area
(SASA) of AChE and BACEI in both unbound and bound
forms were compared, and the results are shown in Figure 3A—
D. While interacting with the AChE protein, the R, value of
AChE increased in the presence of peimisine, whereas it
decreased in the presence of withanolide A and remained
almost unchanged in the presence of serratanine. In the case of
BACE], the R; value of the protein increased in the presence
of all of the three proteins. However, the increase in R, was less
than 0.1 nm. The results from SASA analysis further
corroborate with the data obtained from R, analysis.
Withanolide A on binding with AChE reduced the SASA
and peimisine increased it, while limonin and serratanine B had
no visible effect on it. No effect on SASA was observed after
the binding of compounds to BACEL. There was no significant
difference in the R, and SASA values of all of the protein—

38122

ligand complexes in comparison to the free AChE and BACEL.
The results showed that during the 100 ns simulation, the
enzyme did not lose its three-dimensional (3D) structure.

The change in secondary structure content (SSC) of the
target enzyme was measured in terms of the a-helix and p-
sheet contents of the protein in the presence of the bioactive
compound, as shown in Figure 4. There was the least change in
a-helix and f-sheet content in the case of AChE-withanolide A
interaction, followed by AChE-limonin interaction. In the case
of the BACE1 enzyme, a-helix, and f-sheet content remained
the same post the enzyme—inhibitor interaction. This was
further confirmed by the database of secondary structure
assignments (DSSP) plot of the secondary structure data of the
proteins, as seen in Figure S2. Based on the structural stability
of the enzyme in the presence of the natural inhibitors,
withanolide A and limonin are expected to be the most potent
natural inhibitors of AChE and BACEI enzymes.

We performed the molecular mechanics Poisson—Boltz-
mann surface area (MM-PBSA) analysis for the determination
of the binding energy of protein—ligand interaction. The last
10 ns of the 100 ns trajectory obtained from the MD
simulation was used for the calculation. The low binding
energy of all of the protein—ligand complexes affirmed the
strong interaction between them, as depicted in Table 2.
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Table 2. Binding Free Energy, of the Enzyme-Inhibitor Complex, Obtained by the MM-PBSA Approach (n = 3)

complex AE 11 der waat (KJ/mol) AE ectrostatic (KJ/mol) AE, o sohvation (kJ/mol) AE, o1 polar (KJ/mol) AEyinding (KJ/mol)
AChE-limonin —177.78 + 8.89 —26.55 + 1.33 90.28 + 4.51 —18.25 + 091 —132.31 + 6.62
AChE-peimisine —220.41 + 11.02 —8.38 + 0.42 70.40 + 3.52 —-23.82 + 1.19 —182.21 + 9.11
AChE-serratanine B —230.22 + 11.51 —13.14 + 0.66 85.53 + 4.28 —26.23 + 1.31 —184.06 + 9.20
AChE-withanolide A —189.00 + 9.45 —22.00 + 1.10 89.02 + 4.45 —20.47 + 1.02 —142.45 + 7.12
BACE-limonin —189.84 + 9.49 —24.06 + 1.20 92.14 + 4.61 —19.36 + 0.97 —141.12 + 7.06
BACE-peimisine —192.76 + 9.64 —24.26 + 1.21 163.64 + 8.18 —-21.04 + 1.05 —74.43 + 3.72
BACE-serratanine B —160.74 + 8.04 —=22.14 + 1.11 99.76 + 4.99 —-20.41 + 1.02 —103.53 + 5.18
BACE-withanolide A —177.44 + 8.87 —40.23 + 2.01 144.59 + 7.23 —-20.28 + 1.01 —93.36 + 4.67
e O0uM 0.05 mM )
19.00 4 0.10mM = 015mM .
= Galanthamine
S
g —s—Withanolidle A & 14.00
:f; Limonin g
E e 9.00
2 —+—Limonin rich 2
g extract
i3] —e— Withanolide rich 4.00
extract
0 100 200 300 400 500 600 700 800 00
. . . -0.50 0.00 0.50 1.00 1.50 2.00
Concentration of bioactive compounds (j1g/mL)
A B 1/[S] (mM)
/ 5
o 0pM 005mM | ° (1):)1(1)\1 N : ?"ﬁ g “m
A o 10 D0 I
1000 4 0lomM = 0d5mM 19.00
S 14.00 ? = 14.00 i
g & E ) %
= = o
-0.50 0.00 0.50 1.00 1.50 2.00 -0.50 0.00 0.50 1.00 1.50 2.00
c 1/[S] (mM) D 1/[S] (mM)

Figure 5. ICy, determination (A) and Lineweaver—Burk plot for AChE enzyme inhibition by (B) galantamine, (C) withanolide A, and (D) limonin

(n = 3; p < 0.01, two-tailed t-test).

Peimisine (—182.21 + 9.11 kJ/mol) and serratanine B
(—184.06 + 9.20 kJ/mol) were observed to have lower
binding energies than limonin (—132.31 + 6.62 kJ/mol) and
withanolide A (—142.45 + 7.12 kJ/mol) with the AChE
enzyme. For the BACEl enzyme, limonin had the lowest
binding energy (—141.12 + 7.06 kJ/mol), followed by
serratanine B (—103.53 + S5.18 kJ/mol), withanolide A
(—93.36 + 4.67 kJ/mol), and peimisine (—74.43 + 3.72 kJ/
mol).

2.3. Extraction of Limonin and Withanolide A from
Their Plant Source. As described, withanolide A and limonin
were extracted by an ultrasound-assisted solvent polarity
gradient approach from Withania somnifera and Citrus limon,
respectively. Withanolide A was obtained in the butanol
fraction. The concentration of withanolide A in the extract was
134.97 pg/mg of the extract as quantified by high-performance
liquid chromatography (HPLC). The absorbance peak was
observed using a UV-diode array detector at wavelength 228
nm. The peak for standard withanolide A appeared at 27 min.
Limonin was present in the ethyl acetate fraction. The

concentration of limonin in the extract as estimated by high-
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performance liquid chromatography (HPLC) was 245.21 ug/
mg of the extract. The absorbance peak was observed using a
UV-diode array detector at wavelength 210 nm. The peak for
standard limonin appeared at 4.78 min.

2.4. Validation of the AChE and BACE Inhibition
Activity of the Selected Compounds. The AChE
inhibition potential of the lead compounds was determined
in terms of their half-maximal inhibitory concentration (ICs)
value from the linear regression of the enzyme activity graph,
Figure S(A). Data were plotted as the mean of three biological
repeats and were conducted in triplicates. The ICs, value of
galantamine, withanolide A, and limonin was determined to be
0.104 + 0.01, 0.107 + 0.01, and 1.057 + 0.05 mM,
respectively. The withanolide-rich extract and limonin-rich
extract were also analyzed for their enzyme inhibition
potential, and their ICs, values for AChE inhibition were
0.0368 and 0.488 mg/mL of the extract, respectively. At 0.1
mM concentration, limonin showed the highest inhibition of
BACEL1 activity (60.7 + 3.04%), followed by withanolide A
(57.1 + 2.86%), limonin-rich extract (53.0 + 2.65%), and
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withanolide-rich extract (51.9 + 2.60%). Quercetin showed the
least inhibition (41.3 + 2.07%), Figure S3.

The Lineweaver—Burk plot was used to determine the
enzyme inhibition kinetics of AChE activity in the presence of
the bioactive compounds (Figure SB—D). The ICy, K,,, and
Vinax Values of the enzyme are shown in Table 3. Galantamine
inhibited AChE by a competitive inhibition model; i.e., it
competes with the natural substrate of the enzyme and inhibits
it by binding at the catalytic site. Withanolide A followed a
mixed inhibition model. V. decreased and K, increased with
the increase in concentration of the compound, implying that
withanolide A binds at both the catalytic as well as the
allosteric site of the enzyme. Limonin followed the
uncompetitive inhibition model, and both V_, and K
decreased with the increase in its concentration, implying
that the compound binds to the allosteric site of the enzyme—
substrate complex only.

2.5. Cytotoxic Effect of the Compounds on the SH-
SY5Y Cell Line. MTT assay was performed on the SH-SYSY
cell line to study the cytotoxic effect of the bioactive
compounds. Withanolide A, withanolide-rich extract, and
limonin showed 100% cell viability until 100, 50, and 10 ug/
mL concentration, respectively (Figure 6). Even at a high
concentration of 200 ug/mL, the compounds showed
insignificant cytotoxicity.

3. CONCLUSIONS

In the present study, plant bioactive compounds were screened
computationally to obtain AChE and BACE]I inhibitors. Some
compounds were selected based on the docking score obtained
from the molecular docking studies. By subjecting the selected
compounds to the pharmacokinetic assessment, established for
the oral drugs, based on their ADMET properties and
Lipinski’s rule of 5, we obtained four lead compounds,
including limonin, peimisine, serratanine B, and withanolide A.
The MD simulation run of 100 ns suggested a stable
interaction between these compounds and both the enzymes,
AChE and BACE], respectively. The interaction of AChE with
withanolide A and limonin reduced the radius of gyration and
the solvent-accessible surface area, which implies that the
interaction makes the enzyme structure more compact. The
compact structure of the enzyme limits the accessibility of the
enzyme’s active site to its natural substrate, further inhibiting
the enzyme’s activity. The estimated binding free energy of
withanolide A’s interaction with AChE was —142.4S kJ/mol,
and that of BACE1 was —93.36 kJ/mol.

The in silico findings of enzyme inhibition were validated by
the in vitro enzyme inhibition activity of pure withanolide A
and limonin as well as their extracted form. Galantamine (104
uM) and withanolide A (107 uM) showed similar ICs, values
against AChE, much higher than that of limonin (1.057 mM).
The enzyme kinetic studies demonstrated that galantamine is a
competitive inhibitor, withanolide A follows mixed-type
inhibition, and limonin follows uncompetitive type inhibition.
BACEI! inhibition in the presence of 10 pg/mL withanolide A
(57.10%) was slightly lower than that of limonin (60.69%).
However, both compounds exhibited better inhibition than the
reference compound, quercetin (41.26%). The compounds
were found to have no cytotoxic effect on the SH-SYSY cell
line, as determined by conducting MTT assay. From the in
silico and in vitro studies, it can be deduced that withanolide A
is a potential AChE and BACEI inhibitor and can be a
potential drug molecule against Alzheimer’s disease. Nonethe-
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Table 3. Kinetic Parameters of the AChE Enzyme in the Presence of Bioactive Inhibitors (n = 3; p < 0.01, Two-Tailed t-Test)

limonin

withanolide A

galantamine (reference)

0.15 mM 0.0S mM 0.10 mM 0.15 mM 0.5 mM 1.00 mM 1.50 mM
0.107 + 0.01 1.057 + 0.0S
0.97 + 0.0S 0.83 + 0.04
7.13 £ 0.36

0.10 mM

0.05S mM

0.104 + 0.01

control

Kinetic Parameter

1.00 + 0.0
8.76 + 0.44

n.a.

ICy, value (mM)
Viex (AA/min)

K, (mM)

0.62 + 0.03
6.59 + 0.33

1.00 + 0.05 1.00 + 0.05 0.87 + 0.04 0.81 + 0.04 0.71 + 0.03
9.25 + 0.46 6.82 + 0.34

9.76 + 0.49

1.00 + 0.05
7.57 + 0.38

10.07 £ 0.50

8.73 + 0.44

10.55 + 0.53
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Figure 6. Effect of the selected bioactive compounds on the cell
viability of the SH-SYSY cells (n = 3; p < 0.01, two-tailed t-test).

less, in vivo studies need to be performed to confirm the
effectiveness and efficacy of the compound. Additionally,
incorporating these bioactive compounds into our routine diet
can improve neurological health and prevent or delay the
process of neurodegeneration.

4. METHODS

4.1. Instrumentation and Materials. The C-18 column
HPLC (Agilent Technologies, 12,000 Infinity) was used to
quantify the compound in plant extracts, absorbance values
were recorded by a microplate spectrophotometer reader
(ThermoFisher Scientific, India), and relative fluorescence was
determined by a fluorescence spectrometer (PerkinElmer
LSS5, UXK.). Chemicals such as AChE (from Electrophorus
electricus), acetylthiocholine, recombinant BACE1 (from HEK
293 cells), BACE1 fluorogenic substrate IV, DTNB dye,
galantamine, commercial limonin, quercetin, and withanolide
A were purchased from Sigma-Aldrich, India. Lemon seeds and
Ashwagandha roots were procured from a local market. The
SH-SYSY cell line was purchased from the National Centre for
Cell Science (NCCS), Pune. The antibiotic antimycotic
solution (10,000 U penicillin, 10 mg streptomycin, and 25
ug Amphotericin B), Dulbecco’s phosphate-buffered saline
(DPBS), fetal bovine serum (FBS), nutrient mixture F-12
Ham, and trypsin-EDTA solution 1X required for mammalian
cell culture were procured from HiMedia, India. 3-(4,S-
Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) was obtained from Merck, Germany. All of the
chemicals used were of analytical grade.

4.2, Phytochemical Retrieval and Preparation. A
library of bioactive compounds having neuroprotective proper-
ties was prepared based on the literature and traditional
knowledge.”¥** The 3D structures of these compounds were
retrieved from PubChem (https://pubchem.ncbi.nlm.nih.
gov//) in the structure data file (sdf) format.*® These
structures were converted to .pdb files using OpenBabel
(https://sourceforge.net/projects/openbabel/). The 3D crys-
tal structure of the enzymes, viz. AChE (PDBID 4MOE)>’ and
BACE1 (PDBID 3CIB),”® were retrieved from Protein Data
Bank in .pdb file format. Minor modifications in the enzyme
structure were done using PyMOL software (PyMOL
Molecular Graphics System, Version 1.2r3pre, Schrodinger,
LLC).29 All of the additional side chains, heteroatoms, and
water molecules were removed, and hydrogen atoms were
added to the structure. Galantamine was used as the reference
drug during all of the computational studies.

4.3. Docking Analysis. AutoDock4 was used for the
primary screening of the bioactive compounds based on their

binding affinity against AChE.”® The selected compounds were
rescreened using ParDOCK.”' Both AutoDock4 and Par-
DOCK were used to screen the compounds for their binding
affinity against BACEL. After the protein was loaded on
AutoDock, the missing residues were repaired. Kollman and
Gasteiger charges were added to the protein and the ligand
molecules, respectively. Once the protein was prepared, a
ligand was added, and the number of active torsions of the
ligand was kept below 32. To be able to work with receptors
and ligands on AutoDock, they were converted to
receptor.pdbqt and ligand.pdbqt file, respectively. Docking
was performed to obtain the binding energy of the enzyme-
compound complex. The complex with the lowest binding
energy was chosen for further analysis. The interaction
between the protein—ligand complex was observed using the
Discovery Studio visualizer.*”

4.4. Pharmacokinetic Properties of the Selected
Bioactive Compounds. To test the permeation/absorption
of the bioactive compounds by the cells, when administered
orally, the pharmacokinetic characteristics of the compounds
were determined, as per Lipinski’s rule of 5, using the online
tool Molinspiration (https://www.molinspiration.com). Each
of the selected bioactive compounds was analyzed for its
molecular weight (M, < S00 Da), number of hydrogen bond
acceptors (nOH < 10), number of hydrogen bond donors
(nOHNH < 5), and partition coefficient (log P value < S)
according to the rule.”

The ADMET properties, viz. absorption, distribution,
metabolism, elimination, and toxicology of a compound inside
the body, were also estimated using admetSAR.>* The
compounds following Lipinski’s rule with acceptable
ADMET properties were selected for further studies.

4.5. Molecular Dynamic Simulation. The input for MD
simulation was the enzyme-compound complex obtained after
docking studies. Simulations were carried out using the
GROMOS96 S54a7 force field on Groningen machine for
chemical software (GROMACS),**® which results in the
generation of a protein topology file and a .gro processed
protein structure file for GROMACS. Automated Topology
Builder and Repository 3.0 (ATB) was used to write the
topology of the ligand.”’ A combined topology file was
prepared for both protein and ligand; afterward, an aqueous
system was created for the protein—ligand complex by
solvating it with water molecules, and the protein was
neutralized by adding charges. Moreover, to avoid any
inappropriate geometry of the protein or steric clashes, the
energy of the system was minimized. To stabilize the MD
trajectories, the temperature and pressure of the system were
equilibrated and optimized for 100 ps under an NVT and NPT
ensemble. After completely optimizing the system, the
production MD run was executed thrice for 100 ns to obtain
the trajectories at different time points.®

4.6. Analysis of MD Trajectory. To confirm the stability
of the protein—ligand interaction, the RMSD of the complex
from the reference structure (first frame) was monitored. For
all of the analyses, C, atoms of the protein were taken into
consideration. For studying the individual residual fluctuation
in a complex, RMSF values for the last 25 ns of the simulation
were observed. The regions and residues involved in the high-
fluctuation region were particularly noted.”” The Rg and SASA
of the protein in the complex were determined to state the
effect of the interaction on the folding and unfolding of the
protein. Changes in protein secondary structure were also
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calculated and DSSP graphs were plotted to record the
structural differences in protein before and after interaction
with ligand.***

4.7. MM-PBSA Analysis. To determine Gibb’s free energy
of protein—ligand interaction, the molecular mechanics
Poisson—Boltzmann surface area (G_MMPBSA) approach
was used.”" The binding energy of the complex was estimated
for all of the lead compounds with AChE and BACEL. The
trajectories obtained after running 100 ns of MD simulation
were utilized for the calculations.

AGbinding = AG gmplex — (AGprotein + AGligand) (1)
AGbinding energy — AEyy — TS + AGggjation (2)
AEyy = AEygnded T AE o0 bonded (3)
AGggation energy — AGpolar solvation energy

+ AGion-polar solvation energy (4)

TS in eq 2 denotes the entropic contribution to the free
energy in a vacuum where T and S represent the temperature
and entropy, respectively. For comparison of the binding
energies of various ligands to the same receptor, entropy
contributions were not considered. In eq 3, the bonded
interaction energy (AE,,4.q) Was considered to be zero while
determining the molecular mechanics energy (AEyg,) since, in
a single-trajectory approach, the conformation of both bound
and unbound protein and ligand is assumed to be the same.
The nonbonded interaction energy (AE, o, ponded), Majorly Van
der Waal and electrostatic interaction, between the protein and
ligand account for AE,g. For the final calculation of the
binding free energy of interaction, eq 5 was used.*

AGbinding energy = AG

van der Waals

+ AG,

lectrostatic

+ AG + AG

polar solvation non-polar solvation

©)

4.8. Extraction of Bioactive Compounds from Their
Plant Source. Due to the unavailability of peimisine and
serratanine B compounds in pure form as well as their plant
sources in India, we could not validate their potential in vitro.
However, withanolide A and limonin with the next high
AGuinding energy Were extracted from Withania somnifera
(Ashwagandha) and Citrus limon (Lemon), respectively,
using the ultrasound-assisted sequential polarity gradient
extraction technique.™*

Withanolides are localized in the roots of the Ashwagandha
plant and limonin in the lemon seeds. The respective plant
parts were obtained from a local market. The plant parts were
surface sterilized with 70% ethanol, followed by a 5% sodium
hypochlorite solution. Afterward, the parts were washed with
distilled water and finally sun-dried. The dried plant material
was macerated to a powder in a mortar pestle. The powdered
root extract was washed with 80% methanol. The mixture was
filtered to obtain the filtrate, which was dried on a rotary
evaporator to get a crude extract. The extract was further
washed with hexane, followed by the addition of dichloro-
methane, ethyl acetate, and butanol. The butanol fraction was
dried on the rotary evaporator to obtain a withanolide-rich
extract.*’ For the detection and quantification of withanolide A
present in the extract, the solvent fraction was run through the
C-18 HPLC column (Agilent Technologies, 12000 Infinity) at

column temperature 37 °C. The mobile phase used methanol
and 0.01 M ammonium acetate buffer (pH 5.0), in the ratio
60:40, and the flow rate was kept constant at 1.0 mL/min.*
The limonin-rich fraction was extracted from the lemon seeds.
The powdered seed extract was first defatted with hexane and
then washed with ethyl acetate.”® The ethyl acetate fraction
was dried to obtain a limonin-rich extract. For detection and
quantification of limonin in the extract, it was run through a C-
18 HPLC column at 37 °C. Water and acetonitrile, in the ratio
30:70, were used as the mobile phase, and the flow rate was
kept constant at 0.5 mL/min.

4.9. In Vitro AChE Inhibition. AChE inhibition by the
lead bioactive compounds was confirmed by conducting the
Ellman assay.*® The enzyme stock solution was prepared in 0.1
M Tris—HCI (pH 7.5) and stored at —20 °C. The enzyme
assay was done in a 96-well plate, with a final reaction volume
of 100 pL. The assay mixture contained 30 pL of the test
compound, dissolved in 10% (v/v) methanol, 10 L of 0.5 U
AChE enzyme, prepared in Tris-HCl (pH 7.4), and 50 uL of
5,5'-dithiol-bis(2-nitrobenzoic acid) (DTNB) dye. The mix
was incubated at 37 °C for 15 min for binding with the
enzyme. Thereafter, the substrate acetylthiocholine iodide was
added to the well, and the increase in absorbance was
monitored at 412 nm."” Galantamine was used as a reference.
Based on enzyme activity, the inhibitory potential of the
commercial and extracted compounds was determined, and the
ICs, value was calculated. The inhibition potential of the
extracted compounds was compared with commercially
available withanolide A and limonin.

. el Eo - Es
enzyme inhibition (%) = 5 X 100 ©
A 6

Enzyme inhibition was calculated by employing eq 6, where
E, is the enzyme activity in the presence of substrate alone,
while E; is the enzyme activity in the presence of substrate, as
well as the plant compound. Enzyme activity was measured in
terms of absorbance. IC;, value was determined graphically by
linear regression analysis of the enzyme activity and the
concentration of the compound.

4.10. Enzyme Kinetic Study. For this, the nature of
enzyme inhibition was characterized based on its kinetic
properties, estimated through Lineweaver—Burk plot analysis.
ACHhE inhibition was studied at different concentrations of the
substrate, acetylthiocholine, in the presence of a varying
concentration of pure compounds.*®

4.11. In Vitro BACE1 Inhibition. The BACE! inhibition
potential of withanolide A, limonin, and their plant extracts
was estimated by using recombinant BACEL, expressed in
HEK 293 cells, assayed against a sequence-specific BACEI
substrate (FRET peptide, EDANS-EVNLDAEF-DABCYL).
The enzyme stock solution was prepared in 0.1 M Tris—HCI
(pH 7.5), and substrate stock solution was prepared in S0 mM
ammonium bicarbonate and stored at —20 °C. The reaction
mixture was prepared in 50 mM sodium acetate assay buffer,
pH 4.5, containing BACE1 (1.0 U/mL), substrate (750 nM),
and the test compounds (10.0 ,ug/mL),48 Quercetin was used
as the reference drug. After incubation for 60 min at 25 °C in
the dark, 2.5 M sodium acetate was added to stop the reaction.
The relative fluorescence intensity was observed at an
excitation wavelength of 530 nm and an emission wavelength
of 545 nm on a fluorescence spectrometer.”’
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4.12. MTT Assay. The neuroblastoma cell line, SH-SYSY,
was maintained in a nutrient mixture (F-12 Ham)
supplemented with 10% FBS and 1% antibiotics. The cells
were incubated at 37 °C in a humidified environment with 5%
Cco0,.’

The cytotoxicity of all four samples, including withanolide A,
withanolide-rich extract, limonin, and limonin-rich extract, was
studied by conducting MTT assay. The SH-SYSY cells were
seeded in a 96-well plate, with a density of S X 10° cells/well.
After 24 h of incubation, cells were treated with fresh growth
media containing different concentrations of samples (0—200
ug/mL). The cells were incubated again for 24 h. Thereafter,
the cells were washed with DPBS and incubated with 0.5 mg/
mL of MTT solution for 4 h at 37°C and 5% CO,. After
incubation, the MTT solution was removed, and the formazan
crystals formed were dissolved in 100 uL of DMSO.”" After 20
min of incubation, the absorbance of the product was
measured at S95 nm using a microplate reader (Multiskan
Sky Microplate Absorbance Reader, Thermo Scientific,
Singapore). Cells containing only growth media without
samples were taken as control.

4.13. Statistical Analysis. All of the values were depicted
as mean = SEM. Group differences were analyzed using two-
tailed ¢ test, setting the statistical significance at p < 0.01.
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(nOH), number of hydrogen bond acceptors; OHNH, number
of hydrogen bond donors; log P value, partition coeflicient;
PDB, protein data bank; R,, radius of gyration; RMSD, root-
mean square deviation; RMSF, root-mean square fluctuation;
SDF, structure data file; SSC, secondary structure content;
SASA, solvent-accessible surface area; K, substrate concen-
tration at half V_,; 3D, three dimensional; 2D, two-
dimensional
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