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Rheumatoid arthritis (RA) is a chronic immunocompromised disorder that primarily affects joints
thereby leading to synovial inflammation, pain, stiffness, stress, and affecting the quality of life. The pre-
sent study aimed to determine and identify bioactive compounds that can be developed as potential inhi-
bitors to target human TNF-o and IL-6 proteins associated with RA. The present study also aimed to
determine physiochemical properties and toxicity of compounds by ADMET, identify binding pockets

Kgywords"  arthriti via CASTp server, stereochemical quality of protein by PROCHECK, MMGB/SA analysis by fastDRH and
EN?_];DMO' arthritis molecular dynamics (WebGro). The findings of the present study revealed staurosporine was the most
1L-6 effective compound against TNF-o with the highest binding affinity of —10.8 kcal/mol. Similarly, with-

anoside L showed the highest binding affinity of —8.2 kcal/mol when docked against IL-6. In the present
study, rutin, withanoside II, and withanoside IV did not follow Lipinski’s rule of five whereas stau-
rosporine, somnifericin, and withanolide L followed RO5. In the present study, the top binding pocket
of TNF-o had highest area (SA) of 2743.25 A and volume (SA) 4514.06 A> whereas IL-6 had highest area
(SA) of 63.54 A% and volume (SA) of 38.58 A> respectively. In this study, Ramachandran plot analysis
revealed that 90.2% and 95.2% residues for TNF-oe and IL-6 proteins occupied the most favored region.
In the present study, TNF-o rutin complex and IL-6 rutin complex showed the highest PB1 score of
13.69 kcal/mol and 12.30 kcal/mol respectively. WebGro server estimated molecular dynamic properties
(RMSD, Rg, SASA, RMSF and hydrogen bonds) of the proteins. Bio2Byte tools predicted the biophysical
behaviour of the proteins. The findings of the present study revealed that staurosporine and withanolide
L could be developed as potential inhibitors of TNF- o and IL-6, however further in-vitro and in-vivo stud-
ies are required to validate these results.
© 2023 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Rheumatoid arthritis (RA) is a severe autoimmune-mediated
inflammatory disorder that approximately affects 1% of the global
population (Hansildaar et al., 2021). RA primarily affects the syn-
ovial joints and is characterized by the accumulation of inflamma-
tory cells, synovial hyperplasia, systemic complications, and
progressive destruction of joints (Chen et al., 2019; Mcinnes and
Schett, 2011). The outcome of the inflammatory process involves
the host immune system, inflammatory mediator molecules, and
the vascular compartments (Khalid et al., 2018). The inflammatory
process involves the infiltration of various immune cells such as
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neutrophils, macrophages, and their products (cytokines and
chemokines) (Ullah et al., 2020). Subsequently, these inflammatory
mediators are released into the systemic circulation and generate
systemic effects like fever, pain, redness, heat, and discomfort in
the body (Mikuls et al., 2016). In the onset of inflammatory reac-
tion, several mediator molecules are involved including tumor
necrosis factor-oo (TNF-at), interleukin-6 (IL-6), and interleukin-1p8
(IL-1B).

TNF-a is an important cytokine molecule that plays a pivotal
role in apoptosis, inflammation, cell metabolism, proliferation, dif-
ferentiation, and immune regulation (Montgomery and Bowers,
2012; Wijbrandts et al., 2008). TNF-a is a homotrimeric protein
with a molecular weight of 17 kDa and consists of 157 amino acids.
Activated lymphocytes, macrophages, and natural killer (NK) cells
mainly synthesize this pleiotropic cytokine molecule. The dysfunc-
tion of TNF-a is associated with various diseases, such as RA, can-
cer, ankylosing spondylitis, psoriasis, neurological disorders, and
inflammatory diseases (Hyrich et al., 2007; Schulz et al., 2014;
Feldmann and Maini, 2003). Similarly, IL-6 is a soluble pleiotropic
inflammatory mediator and an important member of the IL-6 fam-
ily produced in response to infections and tissue damage (Tanaka
etal.,, 2014). The abnormal IL-6 synthesis has been found in various
diseased conditions including RA, multiple myeloma, autoimmune
diseases, postmenopausal osteoporosis, and viral infections
(Kamimura et al., 2014; Zheng et al., 2017; Angulo et al., 2017;
Ergoniil et al., 2017; Ulhaq and Soraya, 2020). In recent years,
owing to the significant role of TNF-o and IL-6 in the inflammatory
process, the inhibition of their activities as a potential target for
drug development studies has gained much attention. Currently,
steroidal and non-steroidal anti-inflammatory drugs are used in
the treatment of RA (Wei et al., 2016; Inman et al., 2016). However,
adverse side effects are associated with these medications that can
affect the liver, kidney, heart, gastrointestinal system, and bone
marrow (Felson et al., 2016; Solomon et al., 2018). In such a scenar-
io, natural products obtained from plants have great therapeutic
potential and can be developed as drug entities and in recent years,
the use of bioactive molecules has gained much attention (Zhang
and Wei, 2020).

Plant-derived bioactive molecules serve as a cheap and rich
source in the development of novel drug molecules for use in clin-
ical practice. Plant compounds could provide a plethora of poten-
tial phytochemicals for targeted therapies and have been used
since folklore times. Medicinal plants serve an as important source
for traditional folklore medicine, pharmaceutical intermediates,
synthetic drugs, food supplements and nutraceuticals. These
medicinal plants contain various active bioactives like phenolic
compounds, alkaloids, flavonoids and tannins that possess the bio-
logical activity to be used for therapeutic purposes. Plant com-
pounds like Curcumin, Zerumbone, Zingerone, Isosilychristin,
Naringenin, Polydatin, Gallic Acid, Gingerenone A, Quercetin, Rutin,
Staurosporine, Withanoside II, Somnifericin, Syringic Acid, Witha-
noside IV, Weldolactone, Chlorogenic acid, Genstein, Withaferin
A, Tocotrienol, Rosamaric acid, Kaempferol,Withanolide L and
Withanolide M are known to possess antioxidant, anti-
inflammatory, anticancer, immunomodulatory, neuroprotective
and antidepressant properties (Kou et al., 2023; Nosran et al.,
2021; Chia et al., 2021; Viktorova et al., 2019; Gai et al., 2022;
Malla et al., 2022; Rehman et al., 2022; Ali et al., 2023).

An emerging class of new compounds can be obtained from nat-
ural and semi-synthetic derived compounds (Ain et al., 2020; Sinha
et al, 2018). Moreover, the development of computational
approaches can serve as a rapid and reliable process in the screen-
ing of a large number of natural compounds. Molecular docking
methods determine the binding affinity of ligands with the target
protein and the mechanism by which interaction occurs (Sinha
et al.,, 2018).
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In the present study, an attempt was made to use computa-
tional approaches to evaluate the anti-inflammatory properties of
various bioactives against human TNF-a and IL-6 proteins and to
reveal possible interaction mechanisms. Furthermore, the present
aimed at revealing the ADMET (absorption, distribution, metabo-
lism, excretion, and toxicity), docking features, topological proper-
ties, molecular dynamics, rescoring profiles, and calculation of free
binding energy via MM/GBSA (molecular mechanics with general-
ized born and surface area solvation) approach.

2. Materials and methods
2.1. Selection of ligands

In the present study, 24 bioactive compounds (Curcumin,
Zerumbone, Zingerone, Isosilychristin, Naringenin, Polydatin, Gal-
lic Acid, Gingerenone A, Quercetin, Rutin, Staurosporine, Withano-
side II, Somnifericin, Syringic Acid, Withanoside IV, Weldolactone,
Chlorogenic acid, Genstein, Withaferin A, Tocotrienol,Rosamaric
acid, Kaempferol,Withanolide L and Withanolide M) were selected
based on their anti-inflammatory properties. The phytocompounds
used in the present study were selected based on previous litera-
ture. PubChem was used to obtain 2D structures of natural com-
pounds in simple data format (SDF) (https://pubchem.ncbi.nlm.
nih.gov/compound/ accessed on 25 July 2022). The ligands in the
SDF were converted into Protein data bank (PDB) format by using
Online Smiles Translator (https://cactus.nci.nih.gov/translate/
accessed on 25 July 2022).

3. Molecular docking
3.1. Preparation of protein/receptor

In the present study, the 3D structure of TNF-a and IL-6 were
retrieved from a protein data bank with PDB ID of 2AZ5 and
1ALU respectively (https://www.rcsb.org/structure/ accessed on
25 July 2022). In the present study, AutoDock Vina (UCSF-
chimera®©, version 4.2.6) was used to perform docking analysis as
per the procedure described by (Trott and Olson, 2010). In Auto-
Dock Vina, both proteins were prepared separately by following a
suite of steps. Initially from the proteins, molecules of water were
removed followed by polar hydrogen addition. After this, Gasteiger
charges were added to both the proteins. Similarly, the ligands
were prepared by adding polar hydrogen, Gasteiger charges and
performing energy minimization. Before grid preparation, the pro-
teins were selected as macromolecule and the phytocompounds as
ligands. After preparatory phase, both the proteins and ligand
molecules were saved in pdbqt format.

3.2. Grid dimensions

In the present study, the grid box size dimensions (X, y, z) were
40 A° each with a spacing of 40 A° for both proteins and the centre
dimensions (x =-13.690, y = 71.605, z = 27.00 A°) for TNF-o and IL-
6 (x =2.523,y =-19.960, z = 8.684 A°) respectively.

3.3. ADMET analysis

The drug-like properties of top six natural compounds that
showed highest binding affinity scores via molecular docking with
TNF-oo and IL-6 were further assessed by admetSTAR (https://
Immd.ecust.edu.cn/admetstar2/ accessed on 25 July 2022). In drug
discovery and assessment of environment hazards, ADMET analy-
sis plays a significant role in describing the properties of drug
molecules and environmental chemicals. The foremost pharma-
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cokinetic properties that can be evaluated by ADMET analysis
include the blood-brain barrier, human intestinal absorption,
CYP4502C9, and Caco-2 permeability (Cheng et al., 2012). The Lip-
inski's rule of five parameters (RO5) i.e. molecular weight
(<500 g/mol, topological polar surface area (TPSA) < 140 A?
AlogP < 5 and number of hydrogen bond acceptors and donors<10
and 5) (Yang et al., 2019; Daina et al., 2017). The toxicity (hepato-
toxicity and carcinogenicity) of the compounds was also deter-
mined via this tool.

3.4. Computed atlas of surface topography of proteins (CASTp)

The topological and geometric properties of the human TNF-o
and IL-6 were determined by the CASTp server (https://sts.bioe.
uic.edu/castp/ accessed on 25 July 2022). The pockets and cavities
in the protein structures were located, delineated, and measured
by this tool. In computational geometry, CASTp is based on princi-
ple of alpha shape and pocket algorithm. Using the molecular sur-
face model (Connolly’s surface) and solvent accessible surface
model (Richard’s surface), this web-based server measures area
and volume of every pocket and void.

3.5. PROCHECK

This tool (https://saves.mbi.ucla.edu/ accessed on 25 July 2022)
evaluates a protein structure’s overall and residue-by-residue
geometry to determine the stereochemical quality of the structure.
For evaluating the calibre of structures solved by NMR, it includes
PROCHECK-NMR. Based on the Ramachandran plot, this server pro-
vides geometric calculation that depends upon visualization of the
dihedral angles Phi (¢) and Psi (s) of amino acids.

3.6. fastDRH

An easily available online web server (https://cadd.zju.edu.
cn/fastdrh/ accessed on 25 July 2022) that determines the rescor-
ing of docking poses for protein-protein interaction (PPI) inhibitors
by using the Molecular Mechanics (MM) of Poisson-Boltzmann
surface area (PB) and Generalized Born Surface Area (GBSA)
(MM/PB(GB) SA) approaches. The binding affinity of the selected
complexes is estimated by these methods.

3.7. Molecular dynamic simulation

WebGro is a completely automated online server for simulating
the molecular dynamics of macromolecules (proteins) alone or in
complex with ligands (small molecules) (https://simlab.uams.
edu/ProteinlnWater/index.html/ accessed on 25 July 2022). For
completely solvated molecular dynamics simulations, WebGro
uses the GROMACS simulation program. Molecular Dynamics sim-
ulation was utilized to investigate the binding stability of the final
complexes using WEBGRO for macromolecular simulations. The
sys-tem was solvated in water, neutralized, and 0.15 M NaCl salt
was added using GRO-MOS96 43al force field parameters. The
steepest descent method was used to reduce energy in 5000 stages.
The types of constant quantity, volume, temperature (NVT/NPT),
and pressure equilibration were utilized. The temperature was
set to 300 K and the pressure was set to 1.0 bar for a simulation
time of 60 ns and 1000 frames per simulation. Root Mean Square
Deviation (RMSD), Root Mean Square Fluctuation (RMSF), Radius
of Gyration (Rg), intermolecular H-bonding (H-bonds), and Solvent
Accessible Surface Area (SASA) were the simulation parameters
sought.
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3.8. Bio2Byte (b2b) tools

This tool’s objective is to identify the biophysical characteristics
or behaviours of proteins that are difficult for structural biology
and/or molecular dynamics approaches to adequately capture
(https://bio2byte.be/b2tools/ accessed on 25 July 2022). Integrated
predictions from DynaMine backbone and side-chain dynamics,
conformational propensities, and derived EFoldMine early folding,
DisoMine disorder, are provided by uploading a FASTA file or text-
entry of a sequence.

4. Results and discussion
4.1. Molecular docking

The docking approach helps to model the interaction between a
ligand and protein molecule at the atomic level. In the present
study, staurosporine showed the highest binding affinity of
—10.8 kcal/mol against TNF-o.. The least binding affinity was
shown by chlorogenic acid (-5.7 kcal/mol) against TNF-ao. Similarly,
against IL-6, the highest binding affinity was depicted by with-
anoside IV (-8.6 kcal/mol) followed by withanolide L (-8.2 kcal/
mol) and lowest by zingerone (-5.0 kcal/mol). The top most five
compounds that showed good binding affinities against both pro-
teins were further analyzed in this study. The findings of docking
analysis obtained in present studies are represented in Table 1.

Fig. 1 graphically illustrates the 2D interaction of TNF-o protein
with top most five compounds. In present study, the various types
of interaction formed by proteins with compounds is shown in
Table 2 respectively.

Fig. 2 graphically illustrates the 2D interaction of IL-6 protein
with the top five compounds. In the present study, the various
types of interaction formed by proteins with compounds are
shown in Table 3 respectively.

Table 1
Binding energies of bioactive compounds against TNF-o and IL-6.
Compounds Binding energy (kcal/mol) Compounds
TNF-a IL-6
Curcumin -6.2 -53
Zerumbone -7.6 -6.3
Zingerone -59 -5.0
Isosilychristin -7.6 -6.9
Naringenin -8.3 -6.4
Polydatin -85 -6.8
Gallic Acid -6.1 -55
Gingerenone A -7.4 -5.4
Quecertin -8.7 -6.3
Rutin -9.0 -8.1
Staurosporine -10.8 -7.6
Withanoside II -9.2 -7.5
Somnifericin -8.8 -7.3
Syringic Acid -8.4 -6.4
Withanoside IV -9.5 -8.6
Weldolactone -7.9 -6.6
Chlorogenic acid -5.7 -5.4
Genstein -6.9 -6.3
Withaferin A -7.8 -7.1
Tocotrienol -74 -6.8
Withanolide L -8.7 -8.2
Withanolide M -8.6 -7.8
Rosamaric acid -6.9 —6.2
Kaempferol -6.8 -6.3
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4.2. ADMET

In the present study, rutin, withanoside II, and withanoside IV
did not follow Lipinski’s rule as molecular weight was greater
than 500 g/mol, TPSA greater than 140 A, number of hydrogen
bond acceptors and donors were greater than 10 and 5 respectively
whereas staurosporine and somnifericin followed the ROS5.
(Table 4). Moreover the lipophilicity (logP) of the compounds ran-
ged from —0.19 to 4.35 and hence was within the acceptable range
(<5) that indicates better absorption. In the present study, the TPSA
scores of rutin, staurosporine and somnifericin was within range
whereas withanoside Il and withanoside IV had higher TPSA val-
ues. In drug development, water solubility (logS) is an important
parameter and all the selected compounds have values < 5 respec-
tively. The molar refractivity (MR) of the selected compounds were
not within the acceptable range of 40-130. In transdermal drug
development, skin permeability (log Kp) is a vital parameter and
values greater than 2.5 represent lower skin permeability. In the
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present study, staurosporine and somnifericin had good bioavail-
ability/GI absorption whereas rest of compounds had lower values.
The absorption of an oral administered drug molecule is described
by epithelial colorectal adenocarcinoma cell line (Caco-2) with
scores greater than 0.90 predicting higher permeability. In this
study, only rutin had a higher Caco-2 score of 0.90 whereas other
compounds had lesser values. Staurosporine was the only com-
pound found to cross the blood-brain barrier (BBB) whereas the
rest of compounds showed poor distribution to the brain. The cyto-
chrome p450 (CYP450) inhibitors assess the ability of a molecule
whether it is going to inhibit CYP450 and its isoforms. In this study,
rutin, staurosporine and soomnifericin showed active activity for
hepatotoxicity. Ames toxicity is used to determine whether a com-
pound is mutagenic or not and in this study, rutin and stau-
rosporine were mutagenic. Moreover, none of the selected
compounds showed active carcinogenicity profile and were
inactive.

'Y
D:55 B:122
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Fig. 1. 2D molecular interaction of TNF-o0 With (A) Rutin (B) Staurosporine (C) Withanoside Il (D) Somnifericin (E) Withanoside IV.
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Fig. 1 (continued)

Table 2
Type of interaction and residue position between docked TNF-o. and compounds.

Protein Bioactive Interaction Residue and Position
TNF-o Rutin Hydrogen bond GLU53, ILE97, LYS98, TYR119, GLY121
Van der Waals LYS11, LYS98, SER95, LEU94, TYR119, PRO117, LEU120, GLN125
Pi-sigma GLY54, LEU55
Staurosporine Vander waals LEU155, TYR151, LEU57, ILE155, LEU157, VAL123, LEU55, GLY122
Pi-alkyl VAL123, LEU57
Pi-stacked TYR59

Withanoside II Hydrogen bond

Van der Waals

Somnifericin Hydrogen bond GLN149
Van der Waals
Pi-Sigma TYR151

Hydrogen bond
Van der Waals
Pi-alkyl

Withanoside IV
TYR59, ILE155

GLN149, TYR151, ALA156
LYS11, VAL13, HIS15, TYR59, LEU57, LEU157, ILE155,

LEU57, TYR59, SER147, HIS15, GLY148, ASP10, ASN39, LYS11, VAL13

GLY148, ALA156, PRO12, ASP10,
HIS15, TYR59, TYR151, LEU57, LEU36, HIS15, GLN149, LEU55, LEU157, VAL123, GLY122, ASN39, VAL13,

In the present study, 24 bioactive compounds were used for in
silico studies and the top five compounds were further analyzed
for docking analysis. In the present study, staurosporine was found
to be the most significant compound that showed the highest bind-
ing affinity (-10.8 kcal/mol) against TNF-o. Staurosporine is a
broad-spectrum competitive inhibitor of protein kinases and com-
petes with ATP molecules by binding to surface pockets of target
kinases (Gani and Engh, 2010). Staurosporine has been reported
to be an effective antitumor compound and has shown potential
activity in breast, oral, colon, and cervical cancer cell lines (del
Solar et al., 2015; Yadav et al., 2015; Vasaturo et al., 2005). In many
cancer cell lines, staurosporine is known to induce apoptosis
(Stepczynska et al., 2001).

Similarly, withanoside IV showed the highest binding of
—8.6 kcal/mol when docked against human IL-6 protein, however
it did not follow RO5 that is considered to be important for drug
development. As a result, withanolide L that simultaneously fol-
lowed RO5 and showed second best binding affinity after it was
considered. Withanoside L is an important constituent of Ashwa-
gandha (Withania somnifera). Numerous research studies have
reported Withania somnifera is quite effective in the treatment of

asthma, cancer, arthritis, hypertension, insomnia, stress, thyroid
gland function, anxiety, anti-inflammatory, and in the recovery of
male and female sexual functions (Nasimi Doost Azgomi et al.,
2018; Devkar et al., 2016; Langade et al.,, 2019; Gannon et al.,
2019; Raut et al., 2012). In traditional medicine, Withania somnifera
has been used in the treatment and management of polyarthritis,
swellings, uterine infections, general debility, premature ejacula-
tion, oligospermia, impotency, leucorrhoea, and hemorrhoid
(Uddin et al., 2012; Imtiaz et al., 2013). Other research studies have
reported that Withania somnifera increases the levels of luteinizing
hormone, testosterone, and follicle-stimulating hormone in addi-
tion to enhancing folliculogenesis and spermatogenesis
(Nirupama and Yajurvedi, 2015; Kumar et al., 2015).

RA is a severe autoimmune disorder marked by inflammatory
changes in synovial joints, bones, and cartilage causing disability
and death (Scherer et al., 2020). Presently, RA has a high incidence
rate and it seriously affects the health/quality of life (Safiri et al.,
2019; Myasoedova et al., 2020). In the drug discovery process,
ADMET studies play a significant role with many drugs failing in
the last stage of clinical trials due to undesirable efficacy, toxicity,
poor absorption, metabolism distribution, and excretion (Caldwell
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Fig. 2. 2D molecular interaction of IL-6 with (A) Rutin (B) Staurosporine (C) Withanoside II (D) Withanolide L (E) Withanoside IV.

et al., 2009). In the present study, staurosporine, somnifericin,
withanolide L followed RO5, however, rutin, withanoside IV, and
withanoside II did not follow. The drug-like properties of the bioac-
tive compounds are determined by Lipinski’s rule (Lipinski, 2004;
Aldossari et al., 2023). Our study identified that among the natural
compounds used in the present study, staurosporine and withano-
lide L showed good results through in silico analysis and could be
used to develop potential inhibitors against TNF- and IL-6 proteins
involved in the pathogenesis of RA. The failure rate of preclinical
drugs that are in clinical trials can be reduced by pharmacokinetics
and toxicity (Yang et al., 2019; Ferreira and Andricopulo, 2019).
The use of ADMET prediction on natural compounds has gained
much attention in recent years owing to their cost-saving, easy
availability, and alternative to experimental methods (Patel et al.,
2020; Ali et al., 2023). Numerous in silico approaches have been
effectively used for in vitro ADMET prediction of compounds and
successful in silico models to replace in vivo models have been
developed to predict the toxicity and pharmacokinetic properties

of molecules (Wang et al., 2015; Algahtani, 2017; Alsaffar et al.,
2023). The progress of in silico prediction approaches has increased
with the continuous growth of the cheminformatics field and has
entered into the age of big data (Ferreira and Andricopulo, 2019).

4.3. CASTp

The topmost four binding pockets in the TNF-o0 and IL-6 pro-
teins were identified by the CASTp server and are illustrated in
Fig. 3 and Fig. 4. Pocket panels present several residues located
in the pocket and they may serve as a target for drugs. Different
pocket imprints showing various amino acid residues in TNF-o
and IL-6 proteins are represented in Fig. 3(A-D) and Fig. 4 (A-D).
The amino acid sequence of human TNF- o and IL-6 is described
in Fig. 3E and Fig. 4E. The CASTp statistics showing surface acces-
sible (SA) area pocket ID (Poc ID), and surface accessible (AS) vol-
ume is represented by Table 5 and Table 6 respectively. In the
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Fig. 2 (continued)

present study, the top binding pocket of TNF-o0 had highest area
(SA) of 2743.25 A% and volume (SA) 4514.06 A3 respectively.

Similarly, the top binding pocket for IL-6 had highest area (SA)
of 63.54 A% and volume (SA) of 38.58 A3 respectively.

In the present study, the CASTp server identified all the surface
pockets, cavities, and cross channels in TNF-o and IL-6 protein. This
server also provided a detailed delineation of all atoms involved in
their formation. The size of mouth openings, their exact volumes,
and areas was also measured. These properties are analytically
evaluated and calculated by using Connolly’s surface (molecular
surface model) (Connolly, 1983) and Richard’s surface (solvent
accessible surface model (Lee and Richards, 1971). The concave
regions of a protein (surface pockets and interior voids) are primar-
ily associated with binding events (Liang et al., 1998). This server
measures mouth-size openings of separate pockets that help to
reveal the accessibility of binding sites to different substrates
and ligands. In many biological studies, CASTp computation analy-
sis is quite useful (Paetzel and Strynadka, 1999; LiCata and
Bernlohr, 1998; Ory and Banaszak, 1999; Li et al., 1999).

4.4. Homology modeling

The PROCHECK tool displayed the 3D geometry of the human
TNF-o IL-6 proteins and highlighted residues with different colors,
such as favored (red), allowed (yellow), generously allowed (pale
yellow), disallowed (white) (Supplementary Fig. 1A-B).

In this study, TNF-a protein included 542 residues, 406 of which
occupied the most favored region (A, B, L) (90.2%). There were 43
(9.6%) residues in the additionally allowed regions (a, b, I, p), 1 resi-
due was detected in the generously allowed area (-a, -b, -I, -p), and
none in the disallowed regions (Supplementary Fig. 1A). The num-
ber of non-glycine and non-proline residues in TNF-o. were 450,
while the number of end residues (excluding glycine and proline)
was 20. Furthermore, there were 40 glycine residues (represented
as triangles) and 32 proline residues. Similarly, in the IL-6 protein,
there were 157 residues. In the most favored region (A, B, L) 139
residues (95.2%) were found. In additionally allowed regions (a,
b, I, p) 7 (4.8%) residues were found. No residue was found in the

generously allowed and disallowed regions. In the protein, about
146 non-glycine and non-proline residues were found. The number
of end-residues (excluding glycine and proline) was 4. The number
of glycine residues (represented as triangles) was 4 and the proline
residues were 3 respectively. In this study, Supplementary Fig. 1B
illustrates graphical representation of the Ramachandran plot for
the IL-6 protein.

In this study. 93.4% residues occupied the favored region with
almost all ¢/ torsion angles found in the favored or additionally
allowed regions. However, GLN88 residue was found in generously
allowed region. The PROCHECK tool established the whole geome-
try of the protein using residue-by-residue analysis and offers
information on the modeled protein’s accuracy and stereochemical
quality. Because 93.4% of the residues in the current study were in
the preferred area, the modeled structure might be utilized for fur-
ther research (Kleywegt and Jones, 1996). Ramachandran plot
through PROCHECK analysis provided strong support for the stere-
ochemical properties of the modeled protein, indicating the simu-
lated structure may be adequate.

4.5. fastDRH

In the present study, the fastDRH tool was used to determine to
decompose energy of TNF-a and IL-6 that included electrostatic
energy (tele), total gas phase energy (TGAS), van der Waals contri-
bution (VDW), non-polar and polar contribution to solvation
(TGBSOL), and final estimated binding free energy (TGBTOT. In
the present study, TNF-a rutin complex showed the highest bind-
ing score of PB1 score of 13.69 kcal/mol and GB1 score of
—16.2 kcal/mol respectively. The profiles of free binding energies
(kcal/mol) rescoring between the docked TNF-o. and compounds
are shown in Table 7.

Similarly, the IL-6 rutin complex showed the highest PB1 score
of 12.30 kcal/mol and GB1 score of —16.2 kcal/mol respectively.
Moreover, the rescoring binding energy (kcal/mol) estimated
between docked IL-6 and compounds is illustrated in Table 8.

In the present study, Table 9 shows the MM/PB(GB)SA findings
of the TNF-a protein analyzed by the fast DRH server.
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Table 3

Interaction and position of residue formed between docked IL-6 and natural compounds.
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Protein Bioactives Interaction Residue and Position
IL-6 Rutin Hydrogen ASN103, GLU106, SER107, ARG104, GLN159, GLN156

bond
Van der TYR100, SER108, PHE105, GLU42, SER42
Waals
Pi-Anion ASP160
Pi-Alkyl LYS46

Staurosporine Van der THR43, GLU42, THR163, SER107, GLU106, GLN156
waals
Pi-Sigma PHE105
Pi-Alkyl LYS46
Pi-Cation ASP160
Pi-Anion ARG104

Withanoside  Hydrogen SER37

Il bond
Van der GLN175, ILE32, GLY35, LEU33, LEU178, ARG30, LYS41, ALA38, ALA114,
Waals
Pi-Sigma TYR31

Withanolide Hydrogen LYS86

L bond
Van der ASNG63, LEU64, PRO65, LYS66, ALA68, ASP71, GLU93, VAL96, TYR97,THR143, ASN144, LEU147,
Waals

Withanoside ~ Hydrogen GLN116, ASN103

v bond
Van der VAL96, ASN144, THR149, GLN152, LEU148, GLN127, LEU92, ILE123, GLN124, LYS120, PRO141, THR142, ALA145, MET117,
Waals GLN102, ARG113

Table 4

ADMET properties of compounds.

ADMET Natural compounds

Rutin Staurosporine Withanoside 11 Somnifericin Withanoside IV Withanolide L
Molecular weight 610.52 466.54 798.92 490.64 782.92 452.58
AlogP -1.69 4.35 -0.98 2.53 -0.19 4.34
Number of H-bond acceptors 16 6 16 7 15 5
Number of H-bond donors 10 2 9 4 9 2
Water solubility (logS) -2.77 -2.85 -3.93 -3.72 -4.21 -4.35
TPSA (A?) 92.68 69.45 257.82 124.29 245.29 83.83
Molar refractivity (MR) 141.38 194.21 193.69 131.32 194.21 127.61
Log Kp (skin permeation) cm/s -10.26 —6.85 -11.09 -7.28 -10.37 -6.99
Bioavailability score 0.17 0.55 0.17 0.55 0.17 0.55
GI absorption Low High Low High Low High
Lipinski rule No Yes No Yes No Yes
Caco-2 0.92 0.58 0.88 0.74 0.88 0.86
Blood-Brain Barrier (BBB) No Yes No No No No
CYP3A4 inhibition 0.92 0.56 0.93 0.82 0.94 0.75
CYP2(9 inhibition 0.90 0.67 0.80 0.91 0.93 0.65
CYP2D6 inhibition 0.95 0.82 0.93 0.95 0.94 0.80
CYP2C19 inhibition 0.90 0.68 0.86 0.93 0.93 0.70
CYP1A2 inhibition 0.86 0.56 0.87 0.89 0.92 0.69
Hepatotoxicity 0.66 (+) 0.63 (+) 0.68 (-) 0.52 (+) 0.71 (-) 0.83 (-)
Ames mutagenesis 0.80 (+) 0.75 (+) 0.74 (-) 0.73 (-) 0.70 (-) 0.88(-)
Carcinogenicity (Binary) 1.00 (-) 0.89 (-) 0.99 (-) 1.00 (-) 0.99 (-) 0.80(-)

The + sign in brackets indicates active for toxicity whereas the (-) sign represents inactive for respective toxicity. The roman numerals in brackets represent a class of toxicity.

Similarly, the MM/PB(GB)SA results of human IL-6 protein esti-
mated via the fast DRH tool are represented in Table 10.

fastDRH has the ability to predict correct binding conformations
along with exact binding energy profile of complexes by using the
MM/GBSA approach (Chen et al., 2016; Zhang et al., 2017). With
per residue energy breakdown, MM/GBSA has been extremely
effective in highlighting the important residues on the binding sur-
face of protein-protein complexes (Chen et al., 2016; Corrada et al.,
2016). Following docking analysis, MM/GBSA techniques have pro-
ven substantially more efficient in rescoring procedures (Genheden
and Ryde, 2015; Sun et al., 2014). Because of their efficient perfor-

mance in scoring methods, MM-PB (GB)SA techniques are consid-
ered an excellent choice for computing binding energies and
revealing proper binding structures (Chen et al., 2016). The MM/
PBSA approach was used to determine the binding energies of
the protein complexes that included ELE, VDW, GAS, PBSOL, PBTOT,
and GBSOL, corroborating the prediction of molecular docking. It is
pertinent to mention that the total energies (GAS phase) and the
VDW are the ones that contribute to most of the interaction energy
of ligands with the protein. The least contribution to binding free
energy is provided by entropy energies. The findings obtained con-
firm the binding free energy and ligands’ tendency to bind to the
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protein structures depicting their capacity as potential targets for
further studies.

4.6. Molecular dynamic simulations

In the present study, the root mean square deviation (RMSD) Ca
backbone of TNF-a was found to be 0.30. + 0.03A° (Fig. 5A). Simi-
larly, the radius of gyration (Rg) was found to be 2.93 + 0.01A°
(Fig. 5B). In this study, solvent accessible surface area (SASA) was
318.7 + 8.02 A? (Fig. 5C). Fig. 5D shows the relative number of
hydrogen bonds with mean concentration of 612.9 + 16.76. More-
over, the first 5 eigenvalues for Co atoms of TNF-a protein was
found to be 13.90 A% and the total variance found was 143.31 A2
respectively (Fig. 5E). Fig. 5F illustrates the RMSF of the TNF-o pro-
tein with peaks in the protein representing the fluctuations of the
residues.

Arabian Journal of Chemistry 16 (2023) 105200

In this study, the Ca backbone of IL-6 showed an RMSD value of
0.31 £ 0.02 A (Fig. 6A) and Rg was 1.64 + 0.01 A (Fig. 6B) respec-
tively. In this study, the SASA (A?) value was 92.39 * 2.90
(Fig. 6C). In this study, the relative number of hydrogen bonds were
136.1 + 6.94 as shown in Fig. 6D. The first eigenvalues of IL-6 pro-
tein showed the value of 91.23 A% whereas total variance was
970.13 A? (Fig. 6E). The RMSD of IL-6 protein is represented by
Fig. 6F with fluctuating residues shown by the peaks.

In the near physiological conditions, the insights on the dynam-
ics of TNF-ao and IL-6 proteins on a multi-nanosecond scale were
provided by WebGro server. The information obtained from these
studies could be used for many purposes including drug-design
processes, and evolutionary and biophysical studies. RMSD values
give insights into protein stability and flexibility by comparing ref-
erence protein molecules concerning corresponding structures
(Schreiner et al., 2012). RMSD measures the difference between

Fig. 3. CASTp analysis of TNF-o (A-D) Top four binding pockets (E) Pocket sequence.
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Fig. 3 (continued)
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the protein backbones from their initial conformational structure
to their final position. During the dynamic simulation process,
information about protein stability concerning its relative confor-
mation is provided by deviations. The smaller the deviations, the
more stable will be the protein conformation whereas higher val-
ues depict more instability. The compactness of protein molecules
can be assessed by Rg values with higher values depicting stable
conformations. SASA measures the protein area that is sufficiently
visible to make interactions with the neighbouring molecules of
solvent. In determining the stability of proteins and folding analy-
sis, SASA is considered an important factor (Miller et al., 1987).
During simulation analysis, increased SASA values in the protein
molecule represent structural relaxation and therefore decreased
protein stability (Damjanovic et al., 2021). In the present study,
TNF-o formed higher number of hydrogen bonds as compared to

)

Arabian Journal of Chemistry 16 (2023) 105200

IL-6 protein. In the process of drug development, hydrogen bond-
ing has a significant impact on drug specificity as it provides vital
insights about protein-ligand interaction. The eigenvalues indicate
the motion stiffness and its value is directly proportional to the
required energy to deform protein conformation. Smaller eigenval-
ues represent easier deformation whereas higher values indicate
more variance. In addition, RMSF scores of TNF-o and IL-6 proteins
plotted against each residue did not reveal substantial residual
fluctuations. Moreover, the peaks in the plots represent the areas
of the proteins that fluctuated during the simulation process.

4.7. b2b analysis

In this study, the backbone DynaMine values greater than 0.8
suggest rigid conformations, scores below 0.69 depict flexible areas

RO

Fig. 4. CASTp analysis of IL-6 protein (A-D) Top four binding pockets (E) Protein sequence.

11
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FNEETCLYV
—

KIITGLLEFEVYLEYLQNRFESSEEQARAVQMSTKVLIQFLQKKAKNLDAITTPDPTT

NASLLTKLQAQNQWLQDMTTHLILRSFKEFLQSSLRALRQHM

Fig. 4 (continued)

and values greater than 1 represent membrane-spanning regions.
The scores ranging between 0.69 and 0.80 are content dependent
and proficient enough to be either flexible or rigid. The higher side-
chain DynaMine dynamics values indicate the rigid structure and
these values are highly dependent on the type of amino acid. The
higher DynaMine conformational (helix, coil, sheet, ppll) scores
indicate higher propensities.

12

In the present study, EFoldMine early folding propensity gives
insights into protein folding with residue values greater than
0.169 and predicts the start of the folding process depending upon
indigenous interactions with other amino acids. In the present
study, the scores obtained from Disomine disorder analysis deter-
mine that values greater than 0.5 predict disordered residues.

In this study, PSP (Phase Separating Protein) determines
whether the protein is likely to be phase-separated with a specific
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Table 5
CASTp data statistics of TNF-o protein.

Poc ID Area (SA) A? Volume (SA) A3
1 2743.25 4514.06
2 109.88 36.10
3 104.50 35.04
4 100.43 84.38
Table 6

CASTp data statistics of IL-6 protein.

Poc ID Area (SA) A2 Volume (SA) A3
1 63.54 38.58
2 55.03 27.62
3 4425 21.39
4 70.57 18.82

mechanism that involves interaction with RNA. This analysis pro-
vides scores that highlight protein regions that are involved mech-
anistically. In this study, both TNF-a and IL-6 had a PSP score of
0.27 and 0.23 indicating the proteins were likely not a phase sep-
arating protein.

In the present study, Supplementary Fig. S2 and Supplemen-
tary Fig. S3 represent the findings of TNF-oo and IL-6 protein
obtained from different servers of b2b tools. Supplementary

Table 7

Arabian Journal of Chemistry 16 (2023) 105200

Fig. 2A and Supplementary Fig. 3A illustrate the structure predic-
tion of TNF-o and IL-6 estimated via multiple online tools. Simi-
larly, Supplementary Fig. 2B and Supplementary Fig. 3B
represent the findings of TNF-o and IL-6 obtained via the PSP
server.

5. Conclusion

Rheumatoid arthritis is a severe immune-mediated disorder in
which the immune system of the host destroys the healthy tissues
in the body. The findings of our study suggest that staurosporine
and withanoside L could be developed as potential inhibitors that
can target TNF-a and IL-6 proteins. Lipinski’s rule is important to
determine the ADMET properties of bioactives and in our study
rutin, withanoside II and withanoside IV did not obey RO5. CASTp
revealed the top binding pocket in TNF-o0 and IL-6 protein along
with their accessible surface area and volume. Homology mod-
elling predicted 90.2% residues found in the most favoured regions.
fastDRH calculated the rescoring profiles of the protein-ligand
complexes with TNF-a rutin and IL-6 rutin complex with highest
affinity profile scores. The insights about MM/PB(GB)SA were pro-
vided by fast DRH. WebGro determined the molecular dynamics of
the proteins and revealed the behaviour of protein molecules. b2b
studies provided insights about the rigidity, flexibility, protein
folding and phase-separating properties of protein molecules.
Through these in silico studies, significant insights were gained that
could prove useful for the further development of novel inhibitors
for rheumatoid arthritis.

Rescoring free binding energy profiles (kcal/mol) between docked protein (TNF-o) and compounds.

Protein Compound Pose Procedure and Score
1 PB1 PB3 PB4 GB1 GB2 GB5 GB6
TNF-o Rutin 13.69 2.33 -2.7 -16.2 -9.81 -10.52 -3.12
Staurosporine 7.67 —2.88 —7.02 —14.67 -10.8 -10.29 -3.77
Withanoside 11 7.17 -6.24 -7.51 -11.99 —8.06 -8.13 -4.10
Somnifericin 3.22 -7.62 -10.78 -12.97 -9.96 -10.17 -10.15
Withanoside IV 4.83 —4.59 -3.54 -10.27 —7.44 -74 -5.39
Table 8

Free binding energy (kcal/mol) rescoring profiles between docked IL-6 and bioactive compounds.

Protein Compound Pose Procedure and Score
1 PB1 PB3 PB4 GB1 GB2 GB5 GB6
IL-6 Rutin 12.30 1.90 -2.30 -15.5 -7.32 -7.91 —-2.35
Staurosporine 5.80 -2.10 -6.38 -8.21 -7.90 —6.58 -2.19
Withanoside 11 9.45 -10.38 -12.95 -13.19 -10.71 -10.45 -9.71
Withanolide L 6.40 -5.10 -8.40 -9.50 —6.90 —4.84 —-2.20
Withanoside IV 6.92 -3.13 -2.37 -8.70 —5.36 -1.44 —2.54
Table 9
MM/PB(GB)SA analysis of TNF-o protein.
ELE VDW GAS PBSOL PBSUR/GBSUR PBCAL/GB PBSOL/GBSOL PBELE/GBELE PBTOT/GBTOT
—46.35 —-17.39 —-63.74 77.43 -14.5 64.85 77.43 18.5 13.69
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Table 10
MM/PB(GB)SA analysis of IL-6 protein.
ELE VDW GAS PBSOL PBSUR/GBSUR PBCAL/GB PBSOL/GBSOL PBELE/GBELE PBTOT/GBTOT
—35.48 —-10.92 —-46.4 28.37 -10.02 41.12 50.68 5.64 12.30
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