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Abstract

Context NLRP9 is a member of nucleotide-binding domain leucine-rich repeat-containing receptors and is found to be
associated with many inflammatory diseases. In the current scenario, the identification of promising anti-inflammatory
compounds from natural sources by repurposing approach is still relevant for the early prevention and effective management
of the disease.

Methods In the present study, we docked bioactives of Ashwagandha (Withanoside IV, Withanoside V, Withanolide A,
Withanolide B, and Sitoindoside IX) and two control drugs against bovine NLRP9 protein. ADME/T analysis was used
to determine the physiochemical properties of compounds and standard drugs. Molecular modeling was used to evaluate
the correctness and quality of protein structures. In silico docking analysis revealed Withanolide B had the highest binding
affinity score of —10.5 kcal/mol, whereas, among control drugs, doxycycline hydrochloride was most effective (—10.3 kcal/
mol). The results of this study revealed that bioactives of Withania somnifera could be promising inhibitors against bovine
NLRP9. In the present study, molecular simulation was used to measure protein conformational changes over time. The Rg
value was found to be 34.77A°. RMSD and B-factor were also estimated to provide insights into the flexibility and mobile
regions of protein structure. A functional protein network interaction was constructed from information collected from non-
curative sources as protein-protein interactions (PPI) that play an important role in determining the function of the target
protein and the ability of the drug molecule. Thus, in the present situation, it is important to identify bioactives with the
potential to combat inflammatory diseases and provide strength and immunity to the host. However, there is still a need to
study in vitro and in vivo to further support these findings.
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Introduction

The innate immune system is a ubiquitous and ancestral
defense system that protects the host against microbial infec-
tions and other potential threats. In mammals, the first mol-
ecules involved in the innate immune defense system that
protects microbial agents are the Toll-like receptors (TLRs)
[1-3]. However, recent studies have reported that in bacte-
rial-induced inflammation, Nod-like receptors (NODs) act
as intracellular regulators [4, 5]. The nucleotide-binding
oligomerization domain-like receptors (NOD-like recep-
tors), also known as nucleotide-binding domain leucine-rich
repeat-containing receptors (NLRs), are a group of ancestral
germline-encoded intracellular proteins that serve as impor-
tant pattern recognition receptors (PRRs) to identify a wide
array of pathogen-associated molecular patterns (PAMPs),
environmental stress, and damage-associated molecular pat-
terns (DAMPs) [6]. This process of recognition activates a
protein supramolecular complex in the cytosol known as the
inflammasome [7]. This protein complex acts as a signal and
triggers an inflammatory response that mediates the synthesis
of proinflammatory cytokine molecules (IL-1p AND IL-18)
[8, 9]. NLRs have been found in a diverse range of species
including plants, all of which have their origin from an ances-
tral protein containing nucleotide-binding domain (NBD)
[10]. In the intracellular immune surveillance of invading
pathogens, NLRs of animals and plants are heavily involved
via domains that share conserved activation principles. The
genome of humans and mice encodes at least 22 and 34 NLR
genes [11]. NLRs are exclusively found in the cytosol and
nucleus wherein they detect microbial pathogens [12, 13].
Notably, there are several members of the NLR family like
NLRP1, NLRP3, NLRP5, NLRP6, and NLRP9. Among these
protein molecules, inflammasomes are formed by NLRP1,
NLRP3, and NLRP4 respectively that can arbitrate immune
responses against stress, pathogens, flagellins, M2 proteins
(viruses), and damage [14]. However, in recent years, a few
less-characterized NLR members have emerged as potentially
effective signaling molecules involved in defense and inflam-
mation. Among them, NLRP9 is an emerging NLR signaling
molecule and a member of the NOD-like cytoplasmic recep-
tor family. Originally, NLRP9 was supposed to function and
express solely by reproductive organs [15]. Earlier research
studies have reported that bovine, human, and murine NLRP9
is selectively expressed by ovaries, oocytes, and testes [16,
17] and is likely to be involved in the development of the pre-
implantation embryo [18, 19]. Recent studies have reported
that NLRP9 in the intestine can initiate the formation of
inflammasome to curb damage and replication of rotavirus
infection [20]. NLRP9 is linked with various inflammatory
diseases such as Alzheimer’s disease [21 ], lung injury [22],
multiple sclerosis [23], and Helicobacter pylori infection
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[24]. Currently, anti-inflammatory drugs are commonly used
in clinical practice to treat inflammation; however, their long-
term use causes adverse reactions and drug resistance [25,
26]. In such a scenario, drugs with higher safety should be
used as much as possible. Therefore, finding natural plant
compounds that possess more pharmacological properties
without toxic effects can serve as good curative to replace
traditional drugs and lead to the development of new natural
anti-inflammatory drugs. In the present study, natural bioac-
tives of Withania somnifera (Ashwagandha) like Withano-
side IV, Withanoside V, Withanolide A, Withanolide B, and
Sitoindoside IX were selected. Withania somnifera has been
found to possess anti-inflammatory, immunomodulatory,
antioxidant, antidepressant, anticancer, and neuroprotective
properties [27-33].

The recent advances in computational approaches have
significantly developed the rationale for identifying and
designing pharmacologically active natural molecules
that can target proteins of interest. The natural compounds
obtained from plants can be repurposed by computational
approaches to prove their potential. Here, in the present
study, we have used, Withanoside IV, Withanoside V, With-
anolide A, Withanolide B, and Sitoindoside IX as poten-
tial anti-inflammatory natural compounds to target bovine
NLRP9 protein by using computational approaches. In the
present study, ADMET (absorption, distribution, metabo-
lism, excretion, and toxicity) analysis of three natural com-
pounds and two control drugs gentamicin and doxycycline
hydrochloride was done. Further, the present study also
aimed to determine sequence alignment, molecular mod-
eling, calculation of free binding energy, inhibition constant,
and residue network interactions along with molecular dock-
ing and simulation against bovine NLRP9 protein.

Materials and methods
Ligand selection

In the present study, ligands such as Withanoside IV, Witha-
noside V, Withanolide A, Withanolide B, and Sitoindoside
IX along with two control drugs (Gentamicin and doxycy-
cline hydrochloride) were selected. The three-dimensional
structures of ligands in simple data format (SDF) were
obtained from the PubChem server (https://pubchem.ncbi.
nlm.nih.gov/compound; last accessed on 21 May 2022).

ADMET studies

ADMET (Adsorption, Distribution, Metabolism, Excretion,
and Toxicity) analysis is important for determining the phar-
macodynamic properties of the molecule. SWISSADME
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(www.swissadme.ch/; last accessed on 21 May 2022) a
web-based online server was used for determining ADMET
properties of natural compounds and drugs with the probable
best matches [34, 35]. In SWISSADME, ligand smiles were
uploaded that were obtained from PubChem.

Toxicity analysis
An online web tool ProTox-II did the prediction of toxicity

analysis (https://ox-new.charite.de/protox_II/; last accessed
on 21 May 2022).

Table 1 ADMET results of phytocompounds and standard drugs

Homology modeling

SWISSMODEL an online tool (https://swissmodel.expasy.
org/; last accessed on 21 May 2022) was used for modeling
building using protein’s amino acid sequence (fasta format).
The accuracy of the protein model was determined by the
PROCHECK tool (https://saves.mbi.ucla.edu/; last accessed
on 21 May 2022) [36, 37].

Receptor/protein preparation

The preparation of the target protein was done as
per the procedure of Tallei et al. [38]. In the present

ADMET properties Phytocompounds Drugs
Withanoside IV Withanoside V. Withanolide A Withanolide B  Sitoindoside IX Gentamicin Doxycycline
hydrochloride
Molecular weight (g/mol) 782.91 766.91 470.27 454.60 632.74 477.60 480.90
Topological Eolar surface area 245.29 225.06 96.36 76.13 175.51 199.73 181.62
(TPSA) (A)
Num. H-bond acceptors 15 14 6 5 11 12 9
Num. H-bond donors 9 6 2 1 5 8 6
Molar refractivity 194.21 193.05 127.53 126.33 159.87 118.31 117.87
XLOGP 0.99 1.68 3.25 4.66 1.68 -4.10 0
iLOGP 3.58 422 3.39 3.95 3.84 3.17 1.34
MLOGP -1.03 -0.3 2.75 3.57 0.40 —-2.92 -1.87
WLOGP -0.19 0.83 3.50 4.38 1.18 —-3.56 0.30
Lipinski 3 3 0 0 2 2 1
Ghose 3 3 0 0 3 2 1
Veber 1 1 0 0 1 1 1
Egan 1 1 0 0 1 1 1
Muegge 4 4 0 0 3 4 2
Bioavailability score 0.17 0.17 0.55 0.55 0.17 0.17 0.11
Gastrointestinal (GI) absorp-  Low Low High High Low Low Low
tion
Blood brain barrier (BBB) No No No No No No No
permeability
P-gp substrate Yes Yes Yes Yes Yes Yes Yes
CYP1A2 inhibitor No No No No No No No
CYP2C19 inhibitor No No No No No No No
CYP2C9 inhibitor No No No Yes No No No
CYP2D6 inhibitor No No No No No No No
CYP3A4 inhibitor No No No No No No No
Log Kp (skin permeation) —10.37 -9.79 —6.86 -5.76 -8.97 —12.12 —8.28
cm/s
Pan assay interference com- 0 0 0 0 1 0 0
pounds (PAINS)
Brenk 1 1 1 1 0 0 1
Leadlikeness 2 2 1 2 0 1 1
Synthetic accessibility 8.88 8.84 6.39 6.34 8.12 6.51 5.33
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Table 2 Toxicity analysis of phytocompounds and control drugs

Compounds Predicted LD50 Predicted  Hepatotoxicity Carcinogenicity ~ Mutagenicity Immunotoxicity — Cytotoxicity
toxicity (prediction/prob- (prediction/prob- (prediction/prob- (prediction/prob- (prediction/
class ability) ability) ability) ability) probability)

Withanoside IV 19 mg/kg 2 0.94 0.74 0.96 0.99 0.50

Withanoside V 19 mg/kg 2 0.94 0.74 0.96 0.99 0.50

Withanolide A 34 mg/kg 2 0.81 0.50 0.69 0.99 0.94

Withanolide B 34 mg/kg 2 0.86 0.56 0.78 0.99 0.84

Sitoindoside IX 1263 mg/kg 4 0.91 0.71 0.81 0.99 0.65

Gentamicin 5000 mg/kg 5 0.83 0.74 0.76 0.77 0.66

Doxycycline 2240 mg/kg 4 0.52 0.87 0.96 0.99 0.85

hydrochloride

study, NLRPO served as the target receptor and whose
3D crystal structure was retrieved from RCSB Protein
Databank (http://www.rcsb.org/pdb/; last accessed on
21 May 2022) with PDB ID of 7TWBT. AutoDock Vina
(UCSF-Chimera®©, version 1.13) software was used
to perform docking as per the procedure of Trott and
Olson, [39]. A Python prescription 0.8 suite consisting
of AutoDock Vina determined the analysis of target pro-
tein with ligands. In the present study, compounds that
acted as ligands were prepared in AutoDock Vina by first
uploading the ligands separately in the input server and
then selecting them as molecules to be docked. After
these steps, the addition of charges/hydrogen and tor-
sion angles were computed for the ligand molecules. The
docked ligand molecules were then saved in pdbqt format
for further analysis. The protein molecule was initially
prepared in AutoDock Vina by removing molecules of
water, followed by the addition of polar hydrogen atoms
and computing Gasteiger charges from the target pro-
tein. The docked protein was consequently saved as a
pdbqt file and then subjected to the docking process.
In AutoDock Vina, the grid size was set to 40 x 40 X
40 (x, y, z) points with a spacing of 0.375 A° and the
center dimensions (x = 8.333,y =—11.151,z=-31.135
A°) respectively. In the docking process, AutoDock Vina
used information on both ligand and protein along with
details of grid box characteristics in the configuration
file. In the docking procedure, both the ligands and pro-
tein are considered rigid. After the completion of the
docking process, 10 configuration files with the 10 best
docking poses for each protein-ligand complex were gen-
erated. The compounds with the lowest binding energy
(kcal/mol) and minimum root mean square deviation
(RMSD) were taken as the most suitable docking pose.
Discovery Studio (version 2.4.1, 2016) was used for the
visualization of protein-ligand complexes.

@ Springer

Inhibition constant

In this study, the inhibition constant (Ki) was calculated
from the binding energy (AG) by using the below formula

Ki (pM) = exp (AG/RT), where R is the gas constant
(1.985 x 1073 kcal/mol~! K™!) and T (temperature = 298.15
K) respectively.

Molecular simulation

Molecular dynamics on Web (MDWeb) a web-based server was
used to perform simulation in the high throughput range (http://
mmb.irbbarcelona.org/MDWeb/; accessed on 21 May 2022).
It provides simulation analysis for the three most popular MD
packages (NAMD, Gromacs, and Amber). In the input type, a
single structure protein file with pdb format was selected and
uploaded on the web server. In the simulation process, coarse-
grained MD: normal mode analysis (NMA) C-alpha was cho-
sen. In NMA, a linear algorithm with a force constant (Kcal/
mol A°?) of 40 A° and a cutoff value of 8.0 A° for a time of 100
ps was taken to calculate the radius of gyration (Rg), trajectory
root mean square deviation (RMSD), RMSD values per resi-
due, atomic fluctuation (BF values per residue), hydrophobicity
index, and hydrogen bond interactions.

Protein Contacts Atlas

It is an interactive web-based database (http://pca.mggroup.
bio/; accessed on 02 September 2022) that enables visuali-
zation of the interaction between ligands, small molecules,
proteins (single or complex), and nucleic acids. This tool
uses a network of residue-residue interactions and helps
to visualize molecule structure at atomic resolutions. The
protein contact atlas is a precomputed database of crystal
structures that is determined either by experimental or com-
putational approaches so far.


http://www.rcsb.org/pdb/
http://mmb.irbbarcelona.org/MDWeb/
http://mmb.irbbarcelona.org/MDWeb/
http://pca.mggroup.bio/
http://pca.mggroup.bio/

Journal of Molecular Modeling (2023) 29:171 Page50f20 171

(A) 1500

Yo

-180° » -180°

-180° (;° 180°
(C) 180°

(D) 180°

¥ o® L 8 N |~ ‘ ........................................

eo

T lisos 0 180° 150 0 1908
(E)
bl ¥
- QUEANZ:Scores
4 e T [ L o+
— ¢ S [ o
aror [T I T o o4
e ; I 1
z woor [T | T 1 5:
)
2
£
! L1 1
-901+— . T —
-1359° = | | I | -
L | A 5
- ‘.. . H I 1] .
-180 -135 90  -45 0 45 90 135 180

Phi (degrees)

Fig. 1 Ramachandran plots of NLRP9: (A) All chains. (B) Glycine. (C) Proline. (D) Pre-proline. (E) PROCHECK residue analysis with plot
statistics. (F) QMEAN Z-scores

Delphi Web server a finite difference approach to solve the Poisson-Boltzmann

solver equation for determining electrostatic and potential ener-
Delphi is an online tool (http://compbio.clemson.edu/sapp/  gies for biomolecules. In analysis, a force field amber approach
delphiwebserver/; accessed on 02-September 2022) that uses ~ was selected for protonation and a pH of 7.0 respectively.
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Fig.2 Bovine NLRP9 receptor-binding domain Z-score and plot of residue scores. (A) ProSA-web z-scores of all protein chains. (B) Energy

plot. (C) Highest and lowest energies of protein

The other field parameters were a linear Poisson-Boltzmann
approach was used with a grid size of 135, resolution of 1A°,
grid box is centered (A) —9.64, 11.02, —28.36, percent of the
box occupied [40], internal dielectric constant (4.0), external
dielectric constant (80.0), salt concentration (0.15 M, absolute
temperature (K) 297.33 and a probe radius of 1.40. The type of
energies selected in the output results was columbic, solvation,
and grid energy along with visualization of the potential map.

STRING

The string is a precomputed database (http://string-db.org;
accessed on 02 September 2022) that was used to evalu-
ate protein-protein interactions that include both physical
as well as functional relations. A scoring system provides
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scores for every protein-protein interaction wherein these
scores (edge weights in every network) describe confidence
scores with values ranging from O to 1. In the present study,
STRING was used to study network summary (showing cur-
rent interactions), gene co-expression (during expression
correlation of genes coding proteins), co-occurrence (gene
families whose patterns show similar occurrence across
genomes), and gene fusion (sometimes genes may fuse up
into single open reading frames).

MoDEL

The molecular dynamics extended library (MoDEL) is a
precomputed database of atomistic molecular dynamics
trajectories (http://mmb.irbbarcelona.org/MoDEL; accessed


http://string-db.org
http://mmb.irbbarcelona.org/MoDEL

Journal of Molecular Modeling (2023) 29:171 Page70f20 171
Fig. 3 Plot statistics of main
9 . . § (A) Ramachandran plot quality assessment (B) Peptide bond planarity - omega angle sd
chain parameters of bovine 5o 100 5
NLRP9 protein = - =
= 6
s 8o 2 20
=3 =
= = i
&= =2
Z 60+ g 1s
& 2
£ S 10
» 40 =
= E
= =
é 20 § s
&
3 1.0 15 20 25 30 35 4.0 1.0 15 0. 25 30 35 4.0
- Resolution (Angstroms) Resolution (Angstroms)
(C) 70 Measure of bad non-bonded interactions (D)zo Alpha carbon tetrahedral distortion
2 z
é 60 + ga
£ 504 ?
< >y
T 401 B
2 =
e, =
Z 301 s
£ 20 5
s 7 =
= £
= 10 =
S -
1.0 1.5 0 2.5 3.0 3.5 4.0 1.5 20 2.5 30 3.5 4.0
Resolution (Angstroms) Resolution (Angstroms)
(E) 2.0 Hydrogen bond energies (F) 1.0 Overall G-factor
=
£
= 1.5 4
=
£ z
E 104 &
2 - 2
B
= 05
=
&
1.0 1.5 20. 2.5 ¥ 3.5 4.0 1.0 15 20 2.5 30 3.5 4.0
Resolution (Angstroms) Resolution (Angstroms)
Plot statistics
Comparison values No. of
No.of Parameter Typical Band band widths
Stereochemical parameter data pts value value width from mean
A. ©%-tage residues in A, B, L 1666 ss8.8 71.9 10.0 1.7 BETTER
B . Omega angle st dev 1794 4.9 6.0 3.0 -0.4  Inside
< Bad contacts / 100 residues 4 0.2 14.9 10.0 -1.s BETTER
D . Zeta angle st dev 1732 0.9 3.1 1.6 -1.4 BETTER
E H-bond energy st dev 1193 0.7 1.0 0.2 -1.3 BETTER
F Overall G-factor 1798 0.2 -0.7 0.3 2.8 BETTER

on 02 September 2022). In the present study, the MoDEL
tool used the NAMD approach with standard amber force
field (parm99 tip3P), simulation time (10,000 ps), integra-
tion time (0.0020 ps), temperature (300.0 K), box dimen-
sions (90.079 A, 90.079 A, 90.079 A), and salt concentration
(94.83mM) respectively.

Results
ADMET analysis

In the present study, the pharmacokinetic (PK) and physi-
ochemical properties of natural compounds of Ashwa-
gandha (Withanoside IV, Withanoside V, Withanolide A,
Withanolide B, and Sitoindoside IX) along with control
drugs (Gentamicin and Doxycycline hydrochloride) were
done. In the present study, Withanolide A and Withanolide

B followed Lipinski’s rule of five; however, Sitoindoside
IX showed 2 violations (MW>500, number of hydrogen
bond acceptors >10). Similarly, Withanoside IV, and With-
anoside V, did not follow Lipinski’s rule as the properties
were not within the acceptable range. The pivotal prereq-
uisite to determining the apparent efficacy of an oral drug
is determined by its intestinal absorption. In the present
study, Withanolide A, Withanolide B, and Sitoindoside IX
showed high GI absorption, whereas the rest of the com-
pounds had low GI absorption. About two-thirds of known
drugs are metabolized by the 57 isozymes that make up the
human cytochrome P450 family (phase I enzymes), with five
isozymes accounting for 80% of this process: isozymes 1A2,
3A4,2C9, 2C19, and 2D6. The liver is where the majority
of these CYPs that are in control of phase I reactions are
concentrated. In the present study, the output value is the
probability of being a substrate or an inhibitor, ranging from
0 (No) to 1 (Yes). The evaluation of synthetic accessibility
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Table 3 Estimation of binding energies and inhibition constant (Ki)

S.no Ligands NLRP9 binding  Inhibition
affinity (kcal/ constant (Ki)
mol) M

1. Withanoside IV -10.2 17.27

2. Withanoside V —10.0 16.93

3. Withanolide A -8.7 14.73

4. Withanolide B —-10.5 17.78

5. Sitoindoside IX -10.3 17.44

Drugs

1 Gentamicin -8.1 13.72

2 Doxycycline hydrochloride —10.3 17.44

assesses the ease of synthesis of a large number of chemical
compounds that are expected to lead to a breakthrough in
drug discovery. This method assigns scores ranging from
1 (easy to make) to 10 (difficult to make). In the present
study, synthetic accessibility scores of Withanoside IV,
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Bl conventional Hydrogen Bond

[ o

Withanoside V, Withanolide A, Withanolide B, and Sitoin-
doside IX were 8.88, 8.84, 6.39, 6.34, and 8.12 respectively.
The ADMET analysis results are presented in Table 1.

Toxicity analysis

ProTox-II predicts the toxicities of small molecules which
is an important part of the development process of drug
designing. In the present study, different factors were con-
sidered for toxicity analysis such as LD50, predicted toxicity
class, immunotoxicity, hepatotoxicity, mutagenicity, carci-
nogenicity, and cytotoxicity. Levels of toxicity were grouped
into different classes according to:

Class I: fatal if swallowed (LD50 < 5 mg/kg);

Class II: fatal if swallowed (5 mg/kg < LD50 < 50 mg/
kg);

Class III: toxic if swallowed (50 mg/kg < LD50 < 300
mg/kg);

s
[] vander waais

I ConventonsiHydrogen Bond

[ carbon Hydrogen Bond

Fig.4 2D molecular interaction of NLRP9 with (A) Withanoside IV (B) Withanoside V (C) Withanolide A (D) Withanolide B (E) Sitoindoside

IX (F) Gentamicin (G) Doxycycline hydrochloride
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Class IV: harmful if swallowed (300 mg/kg < LD50 <
2000 mg/kg);

Class V: may be harmful if swallowed (2000 mg/kg <
LD50 < 5000 mg/kg).

Class VI: Non-toxic

ProTox-1II was used to evaluate some toxicity endpoints,
including hepatotoxicity, carcinogenicity, immunotoxicity,
cytotoxicity, and mutagenicity. The predictive models are
constructed using information from both in vitro (such as
from Tox21 tests, Ames bacterial mutation experiments,
hepG2 cytotoxicity assays, and immunotoxicity assays)
and in vivo assays (carcinogenicity, hepatotoxicity). In the
present study, selected bioactives (Withanoside IV, With-
anoside V, and Withanolide A) were inactive for hepato-
toxicity, carcinogenicity, and mutagenicity; however, they
were predicted to have immunotoxicity and cytotoxicity.
Similarly, active activity was shown by Withanolide B for
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carcinogenicity, immunotoxicity, and cytotoxicity. Moreo-
ver, Sitoindoside IX reported active activity for immunotox-
icity and cytotoxicity. Among the drugs, gentamicin showed
inactive prediction for all but active for immunotoxicity,
whereas doxycycline hydrochloride showed active predic-
tion for hepatotoxicity and immunotoxicity and inactive
for rest. The predicted probabilities of toxicity analysis are
shown in Table 2.

Molecular modeling

In the present study, bovine NLRP9 showed a MolProbity
score of 1.23 which determines the correctness and quality
of protein structure. The ¢ and y scores of the residues
are plotted on the background (Fig. 1). In bovine NLRP9,
96.23% of the residues were lying in the Ramachandran
favored region. The clash score was 0.90 for residues
(B788 LYS-B817 GLU), (B197 LYS-B496 GLU), 0.11%
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«Fig.5 MDWeb simulation analysis: (A) Radius of gyration. (B) Tra-
jectory RMSD. (C) RMSD values per residue. (D) BF values per resi-
due. (E) Hydrophobicity index. (F) H-bond interactions

for Ramachandran outliers, and 1.82% for rotamer out-
liers. Similarly, 11 C-Beta Deviations, 1 bad bond, and
81 bad angles were found in the protein structure. The
Ramachandran plots for Gly, Pro, and pre-Pro residues are
shown in Fig. lA-D. The three-dimensional geometry of
the protein model was determined by the PROCHECK web
tool, which calculated the Ramachandran plot and gener-
ated results for residues showing regions with different
colors, i.e., red (favored), yellow (additionally allowed),
pale yellow (generously allowed), and white colored areas
(disallowed) (Fig. 1E). In bovine NLRP9 protein, a total
of 1798 residues were found, out of which 1480 (88.8%)
of the residues lied in the most favored region (A, B,
L), 181 (10.9%) residues in additional allowed regions
(a,b,l,p). Moreover, 5 (0.3%) residues were found in gen-
erously allowed regions (~a, ~b, ~1, ~p), and none of the
residues were found in disallowed regions (Fig. 1E). In
bovine NLRPY, 1666 (100%), non-glycine and non-proline
residues were found, and 8 residues were the end residues
(excluding glycine and proline) (Fig. 1E). The number of
glycine residues (shown as triangles) was 66, and proline
residues were 58 respectively (Fig. 1E). QMEAN Z-Score
of NLRPO protein was 0.90 (Fig. 1F), and the values of
approximately zero specify superior quality between
experimental and modeled structures.

The ProSA tool was used to determine the overall quality
and structure validity of bovine NLRP9 protein and gave a
Z-score of —13.38. The Z-score determines the total energy
deviation of protein structures as compared to acquired energy
distribution from random configurations. The complete ProSA
results obtained are shown in Fig. 2. The group structures
retrieved from numerous sources (NMR, X-ray) are differenti-
ated by different colors (Fig. 2A). Only plots that have a size of
fewer than 1000 residues represent those chains. The average
energies of residue lying over a sliding window are plotted in
the window as a measure of central residue. Due to the larger
size of the protein chain (default: 40), a window size of 10 is
used (Fig. 2B). In the increasing order of energy, residues are
colored from blue to red (Fig. 2C).

The six graphs on the main-chain parameters plot show
how the structure (represented by the solid square) compares
with well-refined structures at a similar resolution (Fig. 3).
The dark band in each graph represents the results from the
well-refined structures; the central line is a least-squares fit
to the mean trend as a function of resolution, while the width
of the band on either side of it corresponds to a variation of
one standard deviation about the mean. In some cases, the
trend is dependent on the resolution, and in other cases, it

is not. For structures solved by NMR a nominal resolution
of 2.0A is used.

The quality of the Ramachandran plot is shown in
Fig. 3A, and this feature measures the protein residues
percentage that lies in the favored or core region. Our pro-
tein model showed that 88.8% of residues are present in
the favored region. Fig. 3B represents the planarity of the
peptide bond that is measured by determining the standard
deviation of the protein structure’s omega torsion angles. A
perfectly planar peptide bond is represented by smaller val-
ues that cluster tightly around the ideal 180° structure. In our
study, an omega standard deviation value of 4.9 was found
which is considered better for a protein structure. The bad
non-bonded interactions measure the number of bad contacts
(wherein the distance of the closest approach is less than or
equal to 2.6A °) per 100 residues. In our study, the param-
eter value of 0.2A° for non-bonded interactions was found
(Fig. 3C). In this study, alpha carbon tetrahedral distortion
that gives a measure of the standard deviation of zeta tor-
sion angle was found to be 0.9A° (Fig. 3D). The main chain
hydrogen bond energy feature determines the hydrogen bond
standard deviation for the hydrogen bonds of the main chain.
In our study, a parameter value of 0.7A° was found (Fig. 3E).
Moreover, the G-factor that measures the overall normality
of the protein structure was found to be 0.2 (Fig. 3F).

Molecular docking

Docking analysis is mainly performed to determine the
interaction between the protein molecule and the ligand.
A binding site describes the interaction between the pro-
tein macromolecule and the ligand, and bioactive com-
pounds with lowest binding energy represent the most
significant interaction. In the present study, compounds
of Ashwagandha (Withanoside IV, Withanoside V, With-
anolide A, Withanolide B, and Sitoindoside IX) and two
control drugs (Gentamicin and Doxycycline hydrochlo-
ride) were docked against bovine NLRP9. The results of
binding affinities and inhibition constant (Ki) obtained
are shown in Table 3.

In the present study, Withanolide B showed the highest bind-
ing affinity score of —10.5 kcal/mol followed by Sitoindoside IX
(—10.3 kcal/mol). Similarly, Withanolide A produced the least
binding energy of —8.7 kcal/mol. Among the drugs, Doxycycline
hydrochloride showed the highest binding energy of —10.3 kcal/
mol, whereas Gentamicin had the lowest energy of —8.1 kcal/mol.

In Fig. 4 green balls and sticks display hydrogen bonds,
violet balls and sticks represent hydrophobic bonds (Pi-Pi/
Pi-sigma/amide-Pi interactions), pink balls and sticks display
hydrophobic interactions (Pi-alkyl/alkyl interaction stacking),
gold balls and sticks represent hydrophobic bonds (Pi-sulfur),
and white balls and sticks display carbon-hydrogen bonds.
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Fig.6 Protein contact atlas of bovine NLRP9 protein: (A) Chord plot. (B) Asteroid plot. (C) Scatter plot

In the present study, docking of NLRP9 with Withano-
side I'V created hydrogen bonds (ILE613, ILE617), van der
Waals interaction (HIS604, VAL605, PRO607, GLU609
CYS612, SER614, ASN615, THR616, and LYS619), and alkyl
(LYS579). The docking of Withanoside V with NLRP9 formed
hydrogen bonds (HIS604, SER614, LYS619, and ARG645),
van der Waals interaction (GLU603, GLU609), and alkyl
(PRO607) residues respectively. In the present study, Witha-
nolide A docked with bovine NLRP9 formed hydrogen bond
(CYS116, THR115, GLY 159, ILE160, GLY161, LYS162,
THR163, THR164, HIS449) and van der waals interaction
(PRO115, LEU117, PHE123, TYR124, VAL119, THR128,
PRO157, GLU158, PHE302, TYR310, PRO341, PHE342).
Also, Withanolide B formed conventional hydrogen bonds
with LYS579, HIS604, and van der Waals interaction (GLY577,

@ Springer

VALG605, THR616, GLU618, and LYS619) and carbon-hydro-
gen bond (THR578). Similarly, Sitoindoside IX formed hydro-
gen bond (HIS604, THR616, and LYS619) and van der Waals
interaction (LYS579, VAL605, PRO607, ILE613, SER614,
ASNG615, ILE617, and GLUG618).

Furthermore, with drugs like Gentamicin, NLRP9
formed hydrogen bonds (ARG285, HIS604, SER614,
LYS619) and van der Waals interaction (LYS281, GLY577,
THRS578, LYS579, GLU580, PRO607, THR616). Finally,
the docking of Doxycycline hydrochloride with NLRP9
formed conventional hydrogen bonds (LYS579, GLUS80,
LYS619), van der Waals interaction (GLU577, THR578,
HIS604, PRO607, GLU609, SER614), carbon hydrogen
bond (THR578, SER614), Pi-Pi stacked (HIS604), and Pi-
alkyl (PRO607) residues respectively.
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Fig.7 Delphi electrostatic
energy visualization. (A)
Surface view. (B) Potential map
in cube format wherein red and
blue lines correspond to nega-
tive and positive polarity

(A)

Molecular simulation

The model was a single one and had one chain with §99
amino acids. In the present study, during the dynamic sim-
ulation process, the radius of gyration (Rg) and RMSD
values were used to calculate structure deviation that
determines whether the protein suffered any distortion or
maintained its conformation during the 100-ns duration
The Rg that measures protein compactness was found to
be 34.77A° (Fig. 5A). The trajectory RMSD values were
found to be 0.003 to 0.005A° (Fig. 5B). The RMSD values
per residue for the 899 residue chain varied and were very
low with the highest value being 0.01 A° during the 100-ns
period (Fig. 5C). Bfactor (atomic fluctuation) per residue
and RMSD analysis provide insights about the flexibil-
ity of the structure and identify regions of the structure
having more mobility and areas that are fixed during the
whole simulation. In this study, the B-factor per residue
varied, and the values were very small (Fig. 5D). The
5-residue running average hydrophobicity value is shown
in Fig. SE. Moreover the hydrogen bonds in the protein
chain are represented in Fig. SF. The MDWeb simulation
results are shown in Fig. 5 respectively.

Protein Contacts Atlas

In this study, at the atomic levels, the protein contact vis-
ualization was studied using Protein Contacts Atlas tool.
The nodes in the complex network represent the nodes
that finally denote nucleic acids or proteins. The links
between the nodes in the chain subunits represent the
interaction surfaces. The chord plots of NLRP9 protein
show the visualization of protein contacts at the second-
ary level (Fig. 6A). Similarly, the atomic neighborhood
of the selected residues or ligands is represented by an
asteroid plot (ligand/residue centric view). The asteroid
plot of NLRP9 protein is shown in Fig. 6B. In the present
study, the scatter plots of NLRP9 protein are shown in
Fig. 6C respectively. The scatter plots give insights into
the quantitative characteristics per residue.

Electrostatic potential
In the binding of molecules to proteins, electrostatic interac-
tions are one of the most important guiding forces. The elec-

trostatic interactions play a pivotal role in protein stability and
proper folding. In the present study, the Delphi web server read
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14279 as the number of atom coordinates with 6581 as the total
number of atomic charges and many dielectric boundary points
(155,227) respectively. The total grid energy was 56,261.76 kT,
corrected reaction field energy (—7237.99 kT), and coulombic
energy (—78,747.26 kT). The electrostatic potential map gener-
ated by the Delphi tool is shown in Fig. 7A-B.

STRING

In the present study, the protein network of bovine
NLRP9 was studied using the STRING database. The
specific lines of evidence are represented by line colors
linking the protein nodes that are involved in creat-
ing functional association whereas the confidence is
denoted by the distance between nodes as recognized by
the Bayesian scoring system (Fig. 8A). Across the huge
transcriptomic and proteomic expression datasets, the
co-expression channel mainly is dependent on a gene by
gene correlation tests. In bovine animals, the observed
gene co-expression is depicted in Fig. 8B. The co-expres-
sion method describes the functional association whereas

Fig.8 STRING analysis. (A) A) NEK7

Network interaction. (B) Gene W
co-expression. (C) Gene co-
occurrence

k \\

the color intensity in the triangle-matrices represents the
confidence aspect of two proteins that are known to be
functionally associated keeping in view the whole data
expression of the organism. Moreover, the similarities in
proteins were provided by gene co-occurrence that pro-
vided computing scores. The color intensity describes the
degree of similarity between proteins in different organ-
isms as shown in Fig. 8C.

MoDEL

In the present study, the results of principal component anal-
ysis (PCA) generated by the MoDEL web server are shown
in Fig. 9 and Table 4.

In the present study, the eigenvalues for CA atoms
and all atoms are shown in Fig. 9A, B respectively. The
total variance for CA atoms was found to be 477.61A°
and 14,590.7A° for all atoms (Table 4). In the present
study, solvent accessible surface area (SASA) was
19,508.5+160.5 (all residues), 9339.5+149.7 (polar), and
10,169.1+111.9 (apolar) residues respectively (Fig. 9C).
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Fig.8 (continued) (B)
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The cross-correlation network relationship of the resi-
dues is shown in Fig. 9D. wherein the covariance matrix
describes the coupling between residue pairs, i.e., red
(correlated), blue (anti-correlated), and white (uncorre-
lated) respectively. The displacement projection of the
first 5 eigenvalues for CA and all atoms are shown in
Table 4. Fig. 9D represents the displacement projection
for CA atoms. In the present study, Fig. 9E histogram
shows the fraction projection of CA atoms of the protein
backbone.
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Discussion

The role of NLRP9 in host innate immunity and other
inflammatory disorders has been found. In the process of
drug discovery, a significant interest of examination lies in
the identification, synthesis, and purification of natural mol-
ecules [41. ]. The drug-like characteristics of bioactives were
evaluated by the five parameters rule of Lipinski, and these
properties are particularly essential as they are associated
with dissolution and intestinal permeability [42-44].
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Fig.9 PCA by MoDEL server. (A) Eigenvalues of CA atoms. (B) Eigenvalues of all atoms. (C) SASA. (D) Cross-correlation network. (E) Dis-

placement projections (CA atoms). (F) Fraction histogram

Bioactive compounds with less non-toxic nature, diverse
phytoconstituents, and bioavailability have been screened
and used for their therapeutic ability against various diseases
[45-47]. In the Indian Ayurvedic system of medicine, Witha-
nia somnifera is one of the most valuable medicinal plants

@ Springer

that possess a diverse range of phytochemicals like With-
aferin A, steroidal lactones, and alkaloids of Withanolide
series, Withanolides (IL, III, IV, V) and few other compounds
[48]. Computational approaches of docking provide insights
into protein’s interaction with drug molecules. The docking
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Table 4 Principal component analysis by MoDEL web server

CA atoms All atoms
Total variance (A2) 477.612 14,590.7
Num. eigenvalues 1369 20,623
First 5 eigenvalues (A%) 169.548 2861.93
55.955 1839.3
43.608 1092.82
25.671 638.052
15.698 595.842
Explained variance 84% 94%
Reduced variance (Az) 269.1 5794.0
Essential variance (10\2) 401.1 13,727.9
Dimension 35 766
Complexity 83 378

algorithms generate the binding pose of compounds and
scoring properties help to rank them [49-51]. Numerous
studies have reported beneficial properties of active con-
stituents of Ashwagandha against genital disease caused by
Herpes Simplex virus, inhibit Bursal infectious viral dis-
ease, and possess anti-influenza activity against chikungunya
[52-54. ]. Studies have reported antioxidant, anti-inflamma-
tory, immunomodulatory, anticancer, anxiolytic, antioxidant,
neuroprotective, cardiovascular, and antidepressant proper-
ties in extracts of Ashwagandha [30, 55-57].

Doxycycline hydrochloride is a second-generation broad-
spectrum antibiotic that is effective against bacterial (Strepto-
coccus pneumoniae, Mycoplasma influenza), viral (vesicular
stomatitis virus, chikungunya virus, dengue virus), COVID-
19 infections [58—61]. Our analysis of molecular docking
approaches revealed that Withanolide B and doxycycline
hydrochloride have the potential to target inflammatory dis-
ease proteins and could act as potential inhibitors.

Molecular dynamics provides insights into molecular
processes of molecules and rely on empirical potentials. Rg
value measures the compactness of protein structure and
a protein molecule with a stable Rg value depicts higher
compactness. The complete Rg analysis predicts ligand
binding to the particular protein that renders it to become
more compact and flexible. In the present study, values for
RMSD were found to be very small. During the simulation
process, a stable value for RMSD determines a good and
stable convergence [62]. RMSD analysis provides informa-
tion about deviation by comparing reference protein struc-
ture with the corresponding molecule [63]. High values
of RMSD could be associated with significant instability.
B-factor and RMSD values identify the flexible areas and
the loop regions in the protein molecule. B-factors are asso-
ciated with the packing of atoms in a protein molecule, and

simple algorithms have been developed to determine them
depending on the 3D structure of the protein [64, 65] and
multiple picosecond MD simulations [66]. B-factors help to
investigate the flexibility of protein and differentiate between
contacts of crystal packing from the physiological sites of
protein-protein binding [67, 68 ]. A greater number of hydro-
gen bonds determines a stable and significant interaction.

Screening a large number of compounds to estimate the
exact scoring function requires much time, and usually, the
docking scores and the experimental binding affinities show
no correlation. Henceforth, docking results are improved by
employing post-processing approaches [69, 70. ].

The contact pattern is important as it helps to evaluate the
function and tertiary structure of the protein. Chord plots
describe the non-covalent contacts in the secondary struc-
tures with edges representing protein contacts and arc the
secondary structure. The number of residues in the second-
ary structure is directly proportional to the size of the arc
and simultaneously the thickness of the chord to contact
number. The circular arrangement with the residues in the
first shell represents non-covalent interactions. Asteroid
plots are most significant as they provide insights about
structure-based drug designing and engineering of proteins
and depict the effect of mutations. The residues in the sec-
ond shell are represented by larger concentric circles with
residues in the nearby neighborhood not interacting with
the ligands directly. The larger concentric circles represent
the second shell residues that include neighbors of every
contacting residue that do not contact the ligand directly.
The number of atomic contacts depicts the node size in the
inner and outer concentric circles. Scatter plots represent
the values for two variables for each chain residue. The resi-
dues in the chain indicate the points that describe the value
of variables with x and y coordinates. In the scatter plot,
the residue properties (network centrality, degree of residue
extent, and complex solvent accessible area) of each of the
residues are plotted concerning one another. It is important
for residues in the outlier areas that may be associated with
the structure, stability, and function of the protein [71, 72].

In the binding of small molecules to proteins, electrostatic
interactions are particularly important [73]. In the recognition
of ligands, electrostatic interactions (stable or transient) along
with hydrophobic association and shape complementarity that
define enthalpic contribution play a significant role. Many com-
putational approaches have been developed that provide vital
insights about the biological and network pathways primarily
based on genomic or other datasets with promising results.
In system biology, protein-protein interactions (PPI) play an
important role in evaluating target protein function and mol-
ecule’s drug ability. A PPI network is generally a heterogenous
protein network connected by edges that represent interactions.
In such graphs, nodes denote proteins, and the adjacent nodes
joined by edges represent the physically interacting proteins.
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The basis for PPI, folding, and assembly of proteins is provided
by the non-covalent interactions between the side chain residues
[74]. Within the cell, the function of proteins can be inferred by
the study of PPIs. Revealing information about protein-protein
interactions helps to discover new drug targets [75]. In the pre-
sent study, associated eigenvalues represent motion stiffness,
and its value is proportional to the energy required to deform
protein structure. Therefore, the lower the eigenvalues, the
easier will be the deformation. The variance of every normal
mode is related inversely to its eigenvalue. PCA reduces the
complexity of high-dimensional data while retaining original
patterns and trends.

Conclusion

The molecular docking and simulation approach was
applied to natural compounds of Withania somnifera to
reveal their potential against the bovine inflammatory
NLRP9 protein. Our study suggested that natural bioac-
tives of Withania somnifera that follow Lipinski’s rule
of five could be developed as potent inhibitors against
bovine NLRP9. The drug-likeliness and toxicities of the
bioactives are important in the drug-development process.
Molecular modeling predicted the quality and correctness
of protein structure with 96.23% of the residues lying in
the Ramachandran favored region. The total energy devia-
tion of bovine NLRP9 protein was evaluated by deter-
mining Z-score. Molecular simulation studies revealed
structure deviation, protein compactness, stability, mobil-
ity, and hydrophobicity. Protein Contacts Atlas provided
insights into visualization analysis of non-covalent con-
tacts in a protein structure. The assessment of electro-
static interactions through in silico approaches helps to
determine the energy of protein-ligand complexes and
thus is important in virtual drug design and screening. In
living organisms, protein-protein interactions perform a
significant function in the cellular systems. The behavior
of protein motion can be easily assessed by PCA based
on eigenvalues. The present study demonstrates that this
herb can serve as an alternative to treat inflammatory
conditions in addition to currently available procedures.
However, in vivo and in vitro studies are further required
to validate the role of this compound to combat inflam-
matory states. Thus, based on the observations, we can
conclude that bioactives of Withania somnifera within
the acceptable range of drug-likeliness can prove to be a
potent and efficacious molecule that could interact with
inflammatory proteins and can be further repurposed as
a drug candidate.
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