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Abstract

The unavailability of a proper drug against SARS-CoV-2 infections and the emergence of various variants created a global
crisis. In the present work, we have studied the antiviral behavior of feverfew plant in treating COVID-19. We have reported
a systematic in silico study with the antiviral effects of various phytoconstituents Borneol (C;H;30), Camphene (C,yH,s),
Camphor (C,,H;40), Alpha-thujene (C,,H,,), Eugenol (C,,H,,0), Carvacrol (C,;,H,;,0) and Parthenolide (C,sH,,05) of
feverfew on the viral protein of SARS-CoV-2. Parthenolide shows the best binding affinity with both main protease (MP™)
and papain-like protease (PLP™). The molecular electrostatic potential and Mulliken atomic charges of the Parthenolide mol-
ecule shows the high chemical reactivity of the molecule. The docking of Parthenolide with PLP™ give score of —8.0 kcal/
mol that validates the good binding of Parthenolide molecule with PLP™. This complex was further considered for molecular
dynamics simulations. The binding energy of the complex seems to range in between —3.85 to —11.07 kcal/mol that is high
enough to validate the stability of the complex. Free energy decomposition analysis have been also performed to understand
the contribution of residues that reside into the binding site. Good binding affinity and reactivity response suggested that
Parthenolide can be used as a promising drug against the COVID-19.
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Introduction

COVID-19 has emerged as a global pandemic disaster in
2019, and approximately forty-four Lakh people in the world
had lost their lives. It is a contagious disease spread like
the common cold (Asadi 2020; Mittal 2020). Its spike-like

Fig.1 Crystal structure of
Human coronavirus captured
from Biovia discovery studio
visualizer a MP:6LU7; b
PLP:40VZ
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protein structures get latched to human angiotensin-convert-
ing enzyme 2 (ACE2) and dysfunction the organ (Hachke
2013; Hoffman 2020; Khelfaouis 2020). The ACE2 is con-
sidered as the main functional receptor of SARS-CoV-2.
The envelope surface of SARS-CoV-2 comprises of spike
glycoproteins, membrane proteins and envelope proteins.

(a) 6LU7 main protease with inhibitor N

(b) 40VZ with lead inhibitor N3
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The virus enters inside the human body through ACE2 and
its spike-like glycoprotein get bind to specific receptors on
the cell membrane of the host cells (Ni 2020). When the
virus enters the host cell, it got split by airway trypsin-like
protease (HAT), cathepsins and transmembrane protease
serine 2 (TMPRSS2) and make the penetration (Yadav
2021). This makes the selection of ACE2 receptor as a tar-
get protein against SARS-CoV-2 a fruitful option. Scientists
have observed constant mutation of COVID-19 virus and
emergence of various variants. The severity of COVID-19
is associated with these genetic variants. NKG2C is an inte-
gral membrane protein that leads to the extension of SARS-
CoV-2 infection by binding to HLA-E in humans (Vietzen
2021). Alpha-B.1.1.7 (United Kingdom), Beta-B.1.351
(South Africa), Gamma-P.1 (Japan and Brazil) and Delta-
B.1.617.2 (India) are some variants of COVID-19 (Ber-
nal 2021). It has been observed that among the different
variants, delta variant is highly contagious and likely more
severe. Food and Drug Administration (FDA) has author-
ized many vaccines that are proven remedies against Delta
and other known variants, but it is not sure whether these
vaccines will cure against new upcoming variants. By mid-
2021, National Regulatory Agencies (NRA) have approved
twelve vaccines Pfizer-BioNTech (Oliver 2020), Moderna
(Mahase 2020), Sputnik V (Tulleken 2021) Oxford-Astra-
Zeneca, J&J (Earle 2021), Convidecia (Funk 2021), Sinop-
harm (BBIBP) (Wang 2020), CoronaVac (Wu 2021), Cov-
axin (Sapkal 2021) and RBD-Dimer (Mitra 2021) for the
public. As per World health organization (WHO)’s, June
2021 report, vaccines like AstraZeneca/Oxford vaccine,
J&J, Moderna, Pfizer/BioNTech and Sinopharm have met
the necessary criteria for safety and efficacy (WHO 2021).
Most of these vaccines are currently in use in different coun-
tries. Recently Drug Controller General of India (DCGI)
has approved trials of 2-Deoxy-d-glucose (2-DG) medicine
introduced by Defence Research and Development Organi-
zation (DRDO) (Balakrishna 2020). 2-DG is given to many
COVID-19 patients to prevent the use of supplemental oxy-
gen (Verma 2020). Chemists worldwide are trying hard to
synthesize an ideal medicine that will work as complete
treatment for COVID-19. Some commonly repurposed drugs
and their combination used to treat COVID-19 infection are:
ivermectin, doxycycline, nitazoxanide/azithromycin, remde-
sivir, oseltamivir, hydroxychloroquine, favipiravir, lopinavir/
ritonavir, boceprevir, telaprevir, etc. (Yadav 2021). However,
these drugs and their combination have possible side effects.
The outbreak of COVID-19 has brought a positive impact
on the herbal medicine market globally as herbal extracts
are the best ways to boost up immunity (Panyod 2020). Peo-
ple are turning toward herbal medicines and herbal medi-
cine therapy, which can also be a complementary option in
treatment (Sharma 2020; Manzano 2020; Enioutina 2017).

Many medicines comprising herbal extracts like ashwagan-
dha, neem, tulsi, Triphala, turmeric, Tinospora cordifolia
and ginger available in markets are taken in the medicinal
form to boost up immunity (Verma 2011; Tripathi 2020;
Akriti 2021; Gilani 2005; Chowdhury 2020). These stud-
ies reveal that plants and herbal extracts play a vital role
in drug synthesis and medicinal sciences. We have chosen
perennial flowering herb feverfew, which is biologically
called Tanacetum parthenium L and belongs to the family
of Asteraceae (Pablos 2017; Pareek 2011). Feverfew is a
widely known medicinal plant having many uses. It has a
wide range of secondary metabolites like lactones, flavo-
noids, eudesmanolide, germacranolides, guaianolides and
many volatile oils having medicinal applications (Pourian-
ezhad 2016). Along with antiviral capability, it possesses
many other qualities also as anti-inflammatory, anticancer,
effects in migraines, headaches and platelets (Wider 2015).
European herbalists used feverfew as a folk medicine in
treating fevers, cancers, migraine headaches, allergies,
asthma, stomach and toothaches, nausea, vomiting and even
in menstruating problems and labor pain during childbirth
(Ferrero 2018; Behbahani 2018). Numerous works had been
recorded based on it and few of them done so far are for the
treatment of cancer, migraine, diabetes, leukemia and many
more (Sur 2009; Curry 2004; Maizels 2004; Galeotti 2014;
Guzman 2005; Ozbilgin 2018; Halberstein 2005). For this
work, we have reported molecular docking for the selected
phytochemicals of feverfew with both the main protease
(MP™) and papain-like protease (PLP™) of COVID-19. The
ligand structure was optimized using Density functional
theory (DFT). The optimization was carried out as the opti-
mized structure give better results in the docking (Rana
2021). High chemical reactivity of the ligand is established
by UV-Vis spectrum and calculating the global reactivity
parameters. Molecular dynamics (MD) simulations are also
performed for the selected phytochemical with the best bind-
ing score to study the molecular stability and complexity of
the drug-like component.

Materials and methods

Potential target protein structure for SARS-CoV-2
and protein receptor preparation

Coronavirus is a polyprotease receptor having two types of
proteases MP™ and PLP™ (Fig. 1) (Yang 2020; Mouffouk
2021). These proteases are responsible for the replication
of the virus in the human body and enclosing ubiquitin and
ISG15 into the host cell preventing regulation of protein
circulation in human cells, respectively (Mengist 2020;
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Table 1 Active phytochemicals
of feverfew plant with their
PubChem IDs, chemical
formulae and 3D structures

@ Springer

Phytochemical name | Chemical formula PubChem ID 3D structure
Borneol C]oH]gO 64685 i
Camphene CioHis 6616 5
Camphor CioH;60 2537 ! ?
Alpha-Thujene CioHig 6451618 E
Eugenol CioH1,0 3314
Carvacrol CoH 1,0 10364
Parthenolide Ci5Hy005 7251185
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Leaves of Feverfew

Fig.2 Morphology of feverfew plant

Barretto 2005). It causes swift death of the healthy cells
and rapid fall in the immunity of the patient (Shree 2022;
Lakhera 2021, Altay 2020). In this study, we have taken
3D coordinates of MP™ (PDB ID: 6LU7) and PLP" (PDB
ID: 40VZ) in their native states derived by X-ray crystal-
lography from protein data bank with resolution 2.16 A and
2.50 A, respectively, as drug target macromolecule. Struc-
tures of target protein 6L.U7 with an inhibitor N3 and 40VZ
with lead inhibitor (Fig. 1) are downloaded from the “Protein
data bank” (https://www.rcsb.org/), and the binding cavity
residues are determined from the surrounding of co-crys-
tallized ligands. Process of protein synthesis is done with
the help of software “Biovia discovery studio visualizer”
(https://discover.3ds.com/discovery-studio-visualizer-downl
oad), and the prepared protein is used for molecular docking.

Potential inhibitor: feverfew

For the present study, we have taken seven different phy-
tochemicals Borneol, Camphene, Camphor, Alpha-thujene,
Eugenol, Carvacrol and Parthenolide having antiviral prop-
erties (Table 1) (Anastasiya 2015; Stevanovi¢ 2009; Pareek
2011). These phytochemicals have antiviral applications in
treating influenza (Sokolova 2017; Sokolova 2017), diar-
rhea (Madeddu 2021), herpesvirus (Benensia 2000), human
papillomavirus (Jeyamohan 2016), human norovirus (Gilling
2014), etc. 3D structures of all considered phytoconstitu-
ents are downloaded with the help of the online database
“PubChem” (SD 1) in SDF format and converted into PDB
format by “Open babel GUI” (http://openbabel.org/wiki/

Flower of Feverfew

Main_Page). Morphology of feverfew plant is shown in the
Fig. 2.

Drug-likeness properties and ADMET properties

To verify the pharmacokinetic ability of the drug-like
molecule, drug-likeness properties of phytochemicals
are screened. Some main important drug-likeness rules
are Lipinski’s rule, Veber’s rule, Ghose filter, Egan rule,
Muegge rule, lipophilicity (iLOGP, WLOGP, XLOGP3,
MLOGTP, log Po/w), water solubility (Log S (SILICOS-IT)),
etc. (Lipinski 2004). Screening for PAINS is also neces-
sary as they give false positive results while predicting the
binding site and the presence of any such PAINS can alter
the results (Baell JB 2016). Compounds like hydroxyphe-
nyl hydrazones, quinones, etc., called pan-assay interference
compounds (PAINS), should be necessarily removed from
the target protein (Baell JB 2017). All these properties are
studied with the help of the online database SWISS-ADME
(http://www.swissadme.ch/). Analyzing ADMET proper-
ties is a vital step for drug discovery (Cheng 2012; Mary
2021). Gastrointestinal absorption (GI) and blood brain bar-
rier (BBB) penetration are the important metabolic proper-
ties that predicts the oral bioavailability of molecule. Along
with the ROS5 and other pharmacokinetic rules, the consid-
ered inhibitor must follow the ADMET properties also. The
ADMET features are listed using ADMETsar (http://lmmd.
ecust.edu.cn/admetsarl) open-source tool.
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Molecular docking and visualization

We have preferred Auto Dock Vina (http://vina.scripps.edu/)
for our study. Docking with Auto Dock Vina sets a specific
algorithm like setting up energy difference =4 kcal/mol and
exhaustiveness = 8. The grid box which specifies the location
for ligands to get attached to binding sites is centered with
coordinates x =-26.283, y=12.599 and z=58.965 for 6LU7
and x=-9.600, y=41.005 and z=-29.793 for 4OVZ. The
protein thus synthesized is saved in pdbqt format. Ligands
are also converted into pdbqt format. Furthermore, the most
stable receptor—ligand complex is chosen among the nine
poses obtained after docking by analyzing binding affinity
(kcal/mol), the dipole moment of ligand (Debye), number
of hydrogen bonds, inhibition constant (uUM) and dreiding
energy. The Dreiding energy is the energy showing the sta-
bility of the 3D geometry of the molecule. For more authen-
ticity in our docking results, we have performed docking for
both the proteins with selected ligand using Pyrx (https://
sourceforge.net/projects/pyrx/) software.

Computational method for structural analysis

All the theoretical calculations, including the optimization
of ground-state geometry, are carried out using the Gaussian
09 program. We have downloaded the structure of the Par-
thenolide molecule from online database “PubChem (https://
pubchem.ncbi.nlm.nih.gov/)” in PDB format. The graphic
user interface “OpenBabel (http://openbabel.org/wiki/Main_
Page)” is used to convert the structure into gaussian input
file. Optimization is done for the selected phytochemical
with DFT using Becke3-Lee—Yang—Parr (B3) exchange
functional combined with the (LYP) correlation functional
with the standard 6-311G (d, p) basis set (Parr 1980). In the
present paper, we have performed the DFT calculations for
the Parthenolide molecule to investigate its interaction with
target protein. The more the ligand will be reactive, more it
will participate in chemical reactions and bond formation
with protein. We have performed geometry optimization and

computed energy of the probe system at room temperature as
a relaxed model where geometry coordinates are not rigid.
We have not determined the potential barriers in the present
case. Excited states calculation of molecule was performed
using time-dependent DFT (TD-DFT). The frontier molecu-
lar orbital (FMOs) is simulated for the molecule using Koop-
man’s theorem (Koopman 1933).

IP = =Eyomo, @)
EA = _ELUMO’ (2)
cp = Enopo + ELUMO’ 3)
2
_ (IP+EA)
= 3 , 4
E;umo — Eromo 1
= S = -,
3 p )

The electron affinity (EA) is computed as -E; 10, While
the ionization potential (IP) is computed as -Epgpo (Sahoo
2020). IP and EA are useful in analyzing the electronega-
tivity (), hardness (n), electrophilicity (w) and other FMO
parameters, which are important in assessing the reactivity
of a molecule (Deng 2020). The probe system's constant
electrostatic potential surface map is known as molecular
electrostatic potential (MEP) (Priya 2021). MEP surface
mapped with electrostatic potential surface and atomic
charges (Mulliken) are derived by using an optimized
structure.

Molecular dynamics

MD simulation is also performed for best protein—ligand
complex monitoring physical movements of atoms in the
compound. For this job, we used Linux-based platform
GROMACS 5.1 package with GROMOS43A2 force fields.

Table 2 Molecular configuration, drug-likeness properties and ADMET properties of preferred phytochemical Parthenolide (Data collected by

ADMETsar)

Physiochemical properties Parthenolide Lipophilicity Parthenolide Drug-likeness Parthenolide
Molecular weight 248.32 g/mol iLOGP 2.49 Lipinski Yes, 0 violation
Heavy atoms 18 XLOGP3 2.34 Ghose Yes

Rotatable bonds 0 WLOGP 2.76 Veber Yes
H-Acceptor bonds 3 MLOGP 247 Egan Yes

H-donor bonds 0 SILICOS-IT 3.12 Mugge’s Yes

Molar refractivity 69.34 Consensus 2.64 Bioavailability Score 0.55

TPSA 38.83 A2 Solubility 4.02x 107! mg/ml PAINS 0 alert
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Table 3 Interaction details of the best pose for Parthenolide (as P) targeted with receptor protein 6LU7 and 4OVZ

Protein Binding Hydrogen-bonded interaction Total number of Dipole moment  Dreiding energy Inhibition
affinity (donor: acceptor, distance in A) Hydrogen bonds (ligand) (protein + ligand) constant
(kcal/mol) [Type of bond] (Debye) (M)
(x107%
Parthenolide
6LU7 -6.1 (A:LYS102:HZ2-: P:0O, 2.04) 2 3.190 186.21 3390.5
[Conventional Hydrogen Bond]
(P:C-: A:ASP153:0D2, 3.25)
[Carbon Hydrogen Bond]
40VZ -8.0 (A:HIS172:HD1-:P:0, 2.37) 4 3.189 186.43 135.83

[Conventional Hydrogen Bond]
(A:GLN175:HE21-:P:0,2.50)
[Conventional Hydrogen Bond]
(A:GLN175:HE22-:P:0, 2.64)
[Conventional Hydrogen Bond]
(B:GLN175:HE22-:P:0, 2.43
[Conventional Hydrogen Bond]

We have used MD simulations for calculating thermody-
namical parameters, root mean square deviation (RMSD),
root mean square fluctuation (RMSF), intermolecular hydro-
gen bonds, potential energy (E,,,) and binding energy of the
receptor—inhibitor complex. Parameters obtained by the MD
approach explain the potentiality and stability of the consid-
ered drug-like molecule. To maintain the neutrality of ligand
TIP3P water model has been used with a buffer distance of

Fig.3 2-D structures showing
hydrogen bond interactions
between Parthenolide and PLP™.
Conventional hydrogen bonds
are shown by dark green color

HIS
B.74

THR
B:75

LFU
B:76

Interactions

D van der Waals
- Conventional Hydrogen Bond

A:76

10 A and volume as 893,000 A3and 4Na +ions are added to
maintain the neutrality of receptor—inhibitor complex struc-
ture in a cubic box. Time-varying (1 ps-100000 ps) steepest
descent algorithm with 50,000 steps was used to do energy
minimization of the complex. Molecular mechanics Pois-
son—-Boltzmann surface area (MMPBSA) method adap-
tive Poisson—-Boltzmann solver (APBS) and GROMACS
packages are used for calculating interaction free energies

LEU

ASp
A:77

HIS
B:176

HIS
A:74

D Alkyl
I:I Pi-Alkyl
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H-Bonds

Donor

Acceptor

(b) 3D representation of PLP* showing hydrogen bond acceptors and hydrogen bond donors
binding with Parthenolide.

Fig. 4 Donor—acceptor interactions obtained by docking of Parthenolide and receptor 40VZ of PLP™ protease of COVID-19

(AGy;,9)- MD simulation of the complex was accomplished AGyingaq = AH—TAS ~ AEyy + AGypg0n — TAS
after collecting snapshots at every 100 ps between 0 and ’ ’ ©)
100 ns and AGy;,; was calculated by the below-given

equations. AEMM = AEcova]ent + AE

electrostatic

+ AEvanderwaals (7)
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Table 4 FDA-approved drugs used for COVID-19 treatment with low
binding affinity score than Parthenolide and are used as medicine

Protein of COVID-19 Ligand Binding References
affinity (kcal/
mol)
40VZ Chloroquine -7.0 (Patel 2020)
Favipiravir ~ -6.5 (Prajapat 2020)
Interferon -8.2 (Huang 2020)
Ribavirin -7.4 (Ran 2020)

Fig. 5 Optimized structure of Parthenolide with atomic symbols

AE = AE,,q + AE

angle + AEtorsion ©))

covalent

AC}bind,solv = AG + AG

polar nonpolar (9)

electrostatic

where TAS, AGy;,q501v. AEcovatens AE and
AE,, derwaats ar€ conformational energy change due to bind-
ing, solvation free energy change, molecular mechanical
energy changes in gas phase, the covalent energy, electro-
static energy and van der Waals energy changes, respec-
tively, and AEyy, is the sum of AE_ . icni ABciccirostatic and
AR, .1 derwaals changes. AGy;q o1y 18 the sum of polar and non-
polar contributions. Intermolecular hydrogen bonds give us
an account of the metabolism and adsorption of the complex.
The compactness of the structure of apoprotein and pro-
tein—ligand complex is expressed by the radius of gyration
(R,). Binding energy explains the intensity of the bond for-
mation between protein and ligand, and thus, the stability of
the complex formed is accounted by RMSD. RMSF shows
the heterogeneity of our compound in a complex state. All
these parameters explain how our biomolecule is going to

behave when bounded with the protein. Hence, MD simula-
tion explains the potentiality of biomolecule as a drug-like
compound.

Results and discussions
Virtual screening result analysis

Other than Camphene and Alpha-thujene, Borneol, Myrte-
nal, Camphor, Eugenol, Carvacrol and Parthenolide fully
follows the Lipinski rule, Ghose and Mugge’s rule (SD 2).
For all phytochemicals other than Parthenolide, Mugge’s
rule is violated with molecular weight less than 200 g/
mol and heteroatoms less than two, but Parthenolide fol-
lows Mugge’s rule with molecular weight 248.32 g/mol.
Ghose’s rule is also violated by Camphene, Alpha-thujene,
Borneol, Myrtenal, Camphor and Carvacrol, but followed
by Eugenol and Parthenolide. Zero value of TPSA and low
GI absorption of Camphene and Alpha-thujene shows una-
vailability of polar atoms and inappropriate 3D molecular
geometry of these compounds can be predicted. Lipophilic-
ity parameters for all phytochemicals falls between -0.4 to

Fig.6 HOMO and LUMO of Parthenolide

@ Springer



Chemical Papers

Table 5 Calculated electronic properties of the Parthenolide. All val-
ues are in eV and S is in eV~

S. No Molecular Properties Values (eV)
1 HOMO -6.42
2 LUMO -1.54
3 Energy gap (E,) 4.88
4 Tonization potential (IP) 6.42
5 Electron affinity (EA) 1.54
6 Electrophilicity Index (o) 3.24
7 Chemical Potential () -3.98
8 Electronegativity (x) 3.98
9 Softness (S) 0.40
10 Hardness () 2.44

5.6. BBB permeability of all the phytochemicals is high,
but GI absorption for Camphene and Alpha-thujene is low.
Inhibitor Parthenolide follows most of the drug-likeness
rules. Its molar refractivity is 69.34 falling between 40 and
130, is weighted 248.32 g/mol which is less than 500 g/mol
and has a total number of atoms 21. (Table 2). There is no
presence of any PAINS compounds traced in Parthenolide
which shows accuracy in the binding sites. Along with these,
it shows the solubility of 4.02x 10~' mg/ml which is quite
good. Moreover, it does not show any carcinogenetic nature,
so we can conclude that it does not support the formation of
cancerous elements in the body after consumption. The logP
values of the compound shows the permeability of the drug
to reach the target tissue inside the body. The logS value

shows the extent of the solubility of the drug-like molecule.
All these values are termed as the lipophilicity properties
of the molecule. These are a kind of filter that improves
the quality of the docking and probably increases the dock-
ing score, when followed. Thus, the logP values should be
around 2 (Nurisso 2012). For Parthenolide, the lipophilicity
values are around 2. Thus, Parthenolide molecule has all its
drug-like properties validated as a drug-like molecule.

Molecular docking result analysis

Multiple times docking is performed for each one of the
ligands with both proteases of COVID-19 to get variation
in binding affinity. Docking results for all phytochemicals
are mentioned in SD 3. The ligands with large structure are
considered to produce many hypothetical interactions with
the protein through the binding sites. So, being the larg-
est in the size among the other considered phytochemicals,
Parthenolide molecule has the tendency to generate better
binding scores. Thus, it can be said that larger the structure,
larger will be the interactions between the ligand and the
binding sites, and higher will be the binding score of that
ligand (Kitchen 2004). Binding affinity of Borneol, Cam-
phene, Myrtenal, Camphor, Alpha-thujene, Eugenol, Car-
vacrol and Parthenolide for 4OVZ is -5.7 kcal/mol, -5.7 kcal/
mol, -5.8 kcal/mol, -6.0 kcal/mol, -6.1 kcal/mol, -6.6 kcal/
mol, -6.8 kcal/mol and -8.0 kcal/mol and for 6LU7, binding
affinity score is -4.6 kcal/mol, -4.7 kcal/mol, -5.1 kcal/mol,
-4.8 kcal/mol, -4.5 kcal/mol, -5.1 kcal/mol, -5.3 kcal/mol
and -6.1 kcal/mol, respectively. Among all the considered

Fig.7 Mulliken charges of the 38H

Parthenolide molecule §ZE - Mulliken Charge
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phytochemicals the docking score for Parthenolide is found
the best. The most stable inhibitor—receptor structure for
both MP™ and PLP™ is chosen based on minimum drieding
energy, maximum dipole moment and maximum hydrogen
bonds. 6™ pose for both MP™ (Residues: LYS102, ASP153)
and PLP™ (Residues: HIS172, GLN175) is chosen as the
most stable complex and the interactions details are men-
tioned in Table 3. For 6LU7, the best pose shows binding
affinity of -6.1 kcal/mol, dreiding energy 186.21, dipole
moment 3.190 Debye (SD 4). It has two hydrogen bonds
comprising one conventional and one carbon bind at LYS102
and ASP153 amino acid binding site (SD 7). The best pose
of receptor 40VZ shows dipole moment and dreiding energy
of 3.189 and 186.43 (SD 5), respectively, same as in case of
MP™, With the binding affinity score of -8.0 kcal/mol, it has
four conventional hydrogen bonds. The 2D structure of PLP™
in complex form has four hydrogen bonds and is shown in
Fig. 3. When docked with Pyrx, docking score does not seem
to vary much. For MP™ docking score is -6.3 kcal/mol and
that for PLP™ is -8.2 kcal/mol, which is very near to the
docking scores of respective proteins, in the case of Auto
Dock Vina (SD 6(a) and 6(b)). Donor—acceptor interactions
obtained by docking of Parthenolide with receptor PLP™
(Fig. 4) and with receptor MP™ (SD 8) show the bound state
of ligand at the binding site.

Among both the receptors, PLP™ shows the best binding
score, hence receptor PLP™ is further taken for MD simula-
tion. Some common medicines like chloroquine, favipiravir,
remdesivir, nelfinavir, paritaprevir, raltegravir, praziquantel,
interferon, etc. are used for COVID-19 treatment (Kandeel
2020; Patel 2020). But most of these drugs show a binding
affinity score less than that of Parthenolide (Table 4).

Fig.8 Molecular electrostatic potential map of the molecule Parthe-
nolide

—&— Parthenolide
(285.60 nm, =0.0047)

(280.64 nm, =0.0035)

[ (232.41 nm, [=0.0084)

Absorbance Intensity (Arb. Unit)

200 250 300 350 400
Wavelength (nm)

Fig.9 UV-Vis spectra of Parthenolide molecule

Optimized structure

The probe structure was optimized in the ground state using
the B3LYP/6-311G (d, p) level of theory. The optimized
structure of Parthenolide is shown in Fig. 5. SD8 and SD9
display the different bond lengths (A) and bond angles (°) of
Parthenolide. The single-point energy can be given by using
following equation:

E = Eelec + ZPE +Evib + Erot + Etransl’ (10)

where E_. is electronic energy, ZPE is zero-point energy,
E,;, is vibrational energy, E,, is rotational energy and E, .
is translational energy. Basically, ZPE is the correction to the
electronic energy of the molecule for the effects of molecu-
lar vibrations. In the present work, the rigid model was not
taken into account, so translational and rotational energy
were included in the internal molecule energy. The single-
point energy of the optimized structure of Parthenolide is
observed as -507,645.464 kcal/mol. The optimized struc-
ture of Parthenolide shows a non-planar geometry with C1
point group symmetry. Non-planar geometry of the probe

Table 6 UV-Vis absorption data of Parthenolide molecule

Absorption

Theoretical

Transition A (nm) E (eV) )
Sy—S, 285.60 4.3412 0.0047
Sy—S, 280.64 4.4178 0.0035
So—S; 23241 5.3347 0.0024
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Fig. 10 Intermolecular hydrogen bond numbers between apoprotein
and protein: ligand complex for time trajectory from 0 to 100 ns

molecule creates a high value of dipole moment of 4.814
Debye. The probe system's bioactivity could be boosted by
the high dipole moment value, which is a property of a drug
that facilitates the formation of a bond or complex between
the drug and the target protein (Sagaama 2020; Rad 2021).

Frontier molecular orbitals analysis

The highest occupied molecular orbitals (HOMO) and
lowest unoccupied molecular orbital (LUMO) of Parthe-
nolide (Fig. 6) helps in calculating other frontier molecular
parameters. With the help of the following formulae in the
framework of Koopmans' theorem, we can calculate dif-
ferent FMO related molecular parameters (Jasmine 2016).
The value of Eg for Parthenolide is 4.88 eV (Table 5). We
have found a moderate value of Eg, indicating that Par-
thenolide is chemically reactive and optically polarizable.
Our probe system has a high IP (6.42 eV) and x (3.98 eV)
value, confirming Parthenolide's increased reactivity. The
reactivity of organic molecules in a system may be clas-
sified based on the parameter (Jasmine 2016). It is a low
electrophile if its value is less than 0.8 eV; a moderate

30F
| Apo 40VZ
——40VZ: Parthenolide
28 |-
26 -

[N d
-
T g T

Radius of gyration(Rg) (nm)

154
N
T

0 20 40 60 80 100
Time (ns)

Fig. 11 Total radius of gyration for apo-4OVZ and 40OVZ-Parthe-
nolide complex for time trajectory from O to 100 ns

electrophile if it is between 0.8 and 1.5 eV; and a heavy
electrophile if it is higher than 1.5 eV. The probe system
in this case has a value of 3.24 eV, suggesting a significant
electrophile presence. Parthenolide is also an electron-
withdrawing agent, as evidenced by its chemical potential
of -3.721 eV (Dormingo 2002). Chemical hardness, which
is associated with reactivity, is a measure of a system's
tolerance to changes in electron distribution. In our probe
system, the hardness was found to be rather high. All the
mentioned FMO parameters suggest the chemical reactive-
ness of the Parthenolide and its high probability of interact-
ing with the target protein.

The gross population of HOMO-LUMO for the Parthe-
nolide molecule was also examined (Fig. 6). We find locali-
zation in HOMO although their LUMO has a significant
degree of delocalization. This may presume that any charge
transfer interaction is a result of the localization and delo-
calization in HOMO and LUMO. According to both FMO
related metrics and HOMO-LUMO, it is seen that the Par-
thenolide probe has a stronger reactivity.

Table 7 MD simulation output S No

. . Parameter Apo-40VZ 40VZ + Parthenolide
of time resolved trajectory of
. f complex

40VZ in its apostate and in

complex state with Parthenolide Mean Range Mean Range

for time trajectory from O to

100 ns 1 Radius of gyration (nm) 23.81 23.58-24.05 24.34 23.71-24.85
2 RMSD (nm) 3.33 1.82-4.29 2.89 2.5-3.37
3 RMSF (nm) 1.906 0.59-3.85 2.29 0.69-9.44
4 Binding energy (Kcal/mol) NA NA -8.23 -3.85t0-11.07
5 Hydrogen bond NA NA 2 0-5
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Fig. 12 Root mean square deviation graphs of 4OVZ in apostate and
its complex with Parthenolide for time trajectory from O to 100 ns
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Fig. 13 Root mean square fluctuations graphs of 4OVZ in apostate
and its complex with Parthenolide for time trajectory from O to 100 ns

Charge analysis

Mulliken charges of a system are important factors in fore-
casting a molecule's nucleophilic and electrophilic reactive
regions (Sagaama 2020; Sheikhi 2018). Parthenolide has
electron donor and acceptor groups, indicating that it can
form a complex with the target protein. Figure 7 depicts
different Mulliken charges computed for the Parthenolide
(SD 10). According to the observed charge analysis, all
the hydrogen atoms have positive charges. The H26, H27
and H29 atoms have the most positive charge (0.18034
e, 0.18338 e and 0.18251 e) than other hydrogen atoms
(Fig. 7). Carbon atoms in the Parthenolide possess both
positive and negative charges. C14 atom has the maximum

10 F ——40VZ: Parthenolide

Binding enerrgy (Kj/mol)

1 N 1 N 1 N 1
Frame 190 Frame 390 Frame 590 Frame 790

Time (ns)

Frame 990

Fig. 14 Graphical representation showing binding free energy for
protein—ligand complex for time trajectory from 0 to 100 ns

positive Mulliken charge of 0.49564 e, while the C18 atom
have the maximum negative Mulliken charge of -0.47408 e
(Fig. 7). Oxygen atoms consist high value of the negative
charge. O1, O2 and O3 atoms possess charge accordingly.
The charge fluctuation of the probe molecule represents the
molecule's capacity to accept/donate electrons, and hence,
the system's increased reactiveness. Parthenolide has elec-
tron donor and acceptor groups, indicating that it can bind
to the target protein and form a complex.

MEP analysis

The MEP surface marks the molecule's electrophilic and
nucleophilic reactive sites (Koopman 1933). Various colors
in the MEP represent different electrostatic potential loca-
tions, such as red color for electron-rich regions, orange
color for the partially negative charge, yellow for the mod-
erate electron-rich region and blue for positive charges. The
reactive site of the system is shown by the red, orange, yel-
low and blue colors in MEP. While the MEP surface's green
color shows neutral sites, this signifies that a portion of the
system will not participate in the chemical reaction. Fig-
ure 8 shows the MEP surface of the Parthenolide molecule.
The red color on the MEP surface of Parthenolide suggests
electron-rich areas above the O3 oxygen atom, indicating
the presence of lone pair electrons. A yellow color around
the O1 oxygen atom indicates a moderately electron-rich
region (Fig. 8). The light blue color of hydrogen atoms such
as H20, H31, H26 and H36 indicates electrophilic zones,
also known as electron-poor zones. In the other parts of the
Parthenolide, the zero potential or neutral zones are depicted
(Fig. 8). Electrophile and nucleophile part of Parthenolide
indicates that the molecule and the target protein system
might have favorable chemical interactions.
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Fig. 15 Free energy decomposi-
tion of individual residue of
PLP™ at its binding cavity while 0

interacting with the ligand

Free Energy of Binding (kcal/mol)

HIS74
ASP77
PHES80

ARGS3

SER86
ASNB89

LYS92

LYS95

Absorption analysis

The electronic structure and reactivity of materials deter-
mine their optical properties. The computed UV-Vis spec-
trum of the Parthenolide molecule is shown in Fig. 9, and
computed absorption excitation energies (E) and oscilla-
tor strength (f) are represented in Table 5. The maximum
intensity peak for the Parthenolide molecule is observed at
285.60 nm, and f'is 0.0047 for the Sy— S, transition. This
wavelength is responsible for the majority of the absorp-
tion band's formation. Sy — S, transition is observed at
280.64 nm, and fis 0.0035 and S, — S; transition is found at
232.41 nm wavelength with 0.0024 value of f (Table 6). The
n— 1* and n— n* correspond to these electronic transitions.
As a result of these electronic transformations, the probe
mechanism becomes increasingly unstable, confirming its
binding ability to the target protein.

Molecular dynamics result analysis

Following the optimization process, simulation is performed
for apoprotein and 40VZ: Parthenolide complex for a time
trajectory of 100 ns to study the stability of the complex.
Different parameters like hydrogen bonds, a radius of gyra-
tion, RMSD, RSMF and binding free energy of apoprotein
and 40VZ: Parthenolide complex are traced and compared
based on average values and range of fluctuations.

Hydrogen bond analysis
Hydrogen bonds are known to contribute to protein—ligand

complex formation and explains the stability of the complex.
For ligand, in this case, the average value of hydrogen bond
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interaction is 2. 40OVZ: Parthenolide complex has hydrogen
bond interaction ranging between 0 and 3 and the simula-
tion trajectory is shown in Fig. 10 (Table 7). A high num-
ber of hydrogen bond interactions show the stability of our
complex.

Radius of gyration (Rg)

Average Rg values for apo-40VZ and complex for 100 ns of
simulation time are 23.8 nm and 24.34 nm (Fig. 11), respec-
tively, which are very near and do not show any observable
difference. The lesser the gap between average values of
apoprotein and protein—ligand complex, the more it will be
compact throughout the trajectory. Rg value of apoprotein
ranges from 23.58 to 24.05 nm, complex shows variation
between 23.71 and 24.85 nm. Rg values for apo-40OVZ and
complex do not show any dissimilarity showing that the
complex remains quite compressed and stable during the
full-time trajectory of simulation.

Root mean square deviation

RMSD of apoprotein and PLP™ complexed with Parthe-
nolide is shown in Fig. 12. Where the apoprotein shows
rise in between 40 and 80 ns of the simulation process, the
complex on the other hand, shows a linear graph and less
rise. The complex shows very low variation in the range
of 2.5-3.37 nm. But in the case of complex, the range of
fluctuations falls between 1.82 nm and 4.29 nm. Hence,
the RMSD value of the complex is less than the average
value of RMSD of apoprotein (3.33 nm) is bit higher than
that of the complex (2.89 nm). The difference in average
RMSD values of protein and complex of 0.44 nm is seen.
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This imperfection observed is due to position restrains in
the structure.

Root mean square fluctuations

RMSF justifies the steady state of a molecule. With an aver-
age value of 2.29 nm for the entire trajectory, the RMSF
shows fluctuations in the range between 0.69 nm and
9.44 nm. 1.90 nm is the average value of RMSF of apo-
protein that is less than the protein—ligand complex aver-
age value. The trajectory of apoprotein found to be ranging
between 0.591 and 3.85 nm. Between 175 and 250 residue
numbers, the RMSF value of complex shows major peaks
with high stability of the complex (Fig. 13). From all the
data obtained by RMSD and RMSF analysis, we can say that
the complex formed by 40VZ and Parthenolide is stable and
attains its stability without getting disturbed and dislocated
throughout the simulation.

Binding energy

For 40VZ: Parthenolide complex, the average binding
energy from O to 100 ns is calculated to -8.23 kcal/mol.
Figure 14 shows the binding energy of the complex and its
range between -3.85 and -11.07 kcal/mol. A high value of
binding energy for complex validates the strength of bond
formation in between protein and ligand. It also helps in
interpreting whether the compound has boundness to be
used as a potential drug or not.

Free energy decomposition

Free energy of individual residues in ligand binding has
been determined using free energy decomposition studies.
In this study, energy decomposition of individual residues
at the binding pocket of PLP™ substantiated the significant
contribution from His172 and GIn175 -24.43 kcal/mol and
-60.34 kcal/mol involved in conventional hydrogen bond-
ing as confirmed in molecular docking and MD simulation
(Fig. 15). Although, hydrogen bonding formed between
PLP™ and the ligand by significant energy contribution from
amino acids, other weak interactions such as van der Waal’s
and hydrophobic interactions contributed by His74, Thr75
with weak binding energies while Asp77, Gln98, GIn123,
Glul35, Glul68 are involved in making salt bridges with
strong binding with the ligand molecule.

Conclusion

The present study we carried is in the search for a new natu-
ral drug that could not only inhibit SARS-CoV-2 infection
but also boost up immunity of individuals. Docking results

for Parthenolide verified that it could bind more efficiently
with protease PLP™ (with -8.0 kcal/mol binding affinity) as
compared to MP™ (-6.1 kcal/mol binding affinity). Due to
having antiviral properties and molecular stability, Parthe-
nolide is considered as the most active phytoconstituent.
Screening shows the better capability of Parthenolide for
being an inhibitor drug against coronavirus as it is non-toxic
and non-carcinogenic. Also, it showed anti-inflammatory
and immuno-modulatory potential. Optimization of Parthe-
nolide showed the value of dipole moment (7.93 Debye)
and explained the bioactivity of the probe molecule. Being
hydrogen-rich and carbon-rich, it showed a strong bonding
possibility with protein. Parameters computed by optimized
structure such as MEP showed the presence of electrophile
and nucleophile region which justified the strong possibil-
ity of charge transfer in Parthenolide. Its absorption spectra
validate its optical behavior and hence stability. MD simula-
tion was performed, due to which we can justify the molecu-
lar stability of the protein—ligand complex. Parameters like
hydrogen bond interactions and radius of gyration (Rg)
showed the stability of the complex throughout simulation
time. RMSD and RMSF values justify that simulation has
not interrupted the structures of the protein—ligand complex
and apo-40VZ. All the above-given properties show that
Parthenolide might get utilized for further innovation and
development of a potential drug against coronavirus. With
this in-silico study, we can expect to accelerate the creation
of a drug candidate targeting PLP™ of SARS-CoV-2.
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