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As per date, around 20 million COVID-19 cases reported from across the globe due to a tiny 125 nm
sized virus: SARS-CoV-2 which has created a pandemic and left an unforgettable impact on our world.
Besides vaccine, medical community is in a race to identify an effective drug, which can fight against this
disease effectively. Favipiravir (F) has recently attracted too much attention as an effective repurposed
drug against COVID-19. In the present study, the pertinency of F has been tested as an antiviral option

Keywords: against viral protease (3CLP™) of SARS-CoV-2 with the help of density functional theory (DFT) and MD
Favipiravir Simulation. Different electronic properties of F such as atomic charges, molecular electrostatic properties
SARS-CoV-2 (MEP), chemical reactivity and absorption analysis have been studied by DFT. In order to understand the

Density functional theory
Molecular docking
Electronic properties

interaction and stability of inhibitor F against viral protease, molecular docking and MD simulation have
been performed. Various output like interaction energies, number of intermolecular hydrogen bonding,
binding energy etc. have established the elucidate role of F for the management of CoV-2 virus for which
there is no approved therapies till now. Our findings highlighted the need to further evaluate F as a

potential antiviral against SARS-CoV-2.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

Our mother World is facing a global health catastrophe due to
the pandemic situation created by the disease COVID-19 caused
by a member of coronavirus family of viruses, which is exposed
to the humanity from the last one and half years known as
SARS-CoV2 [1]. COVID-19 infections normally evident with symp-
toms like high temperature, cough, myalgia, weakness, polypnea
and severe respiratory problems. The disease can also progress
to acute respiratory distress syndrome (ARDS) and death [2]. It
is reported fact that the risk of serious symptoms and death in
COVID-19 cases increases with age (> 60 years) and in people with
other serious medical disorders like heart, lung, kidney, liver dis-
ease, diabetes, severe obesity [3]. From the beginning of COVID-
19 spread, researchers and medical practitioners are working end-
lessly to find an efficient answer in the form of drug and vac-
cine against the disease. Studies are carried out on many repur-
posed and new drugs, interferon based treatments, cell based and
plasma based therapies [4,5]. Many already tested drugs/drug com-
binations like antiviral, antimalarial, immunosuppressant, Chinese
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medicines, 3CLP™ inhibitors, JAK inhibitors are already being used
on large number of COVID effected patients. Among them, some
already used repurposed drugs are: Ivermectin, Doxycycline, Ni-
tazoxanide/Azithromycin, Remdesivir, Oseltamivir, Hydroxychloro-
quine, Favipiravir (F), Lopinavir/ritonavir, Boceprevir, Telaprevir etc.
[6-13]. Similarly, phytoconstituents of some medicinal plants such
as Tinosporacordifolia, Choline, Azadirachta Indica etc. are also
used to treat the COVID-19 disease [14,15]. One of the mostly used
anti-viral drug: F which was originally designed for influenza has
recently attracted too much attention as an effective repurposed
drug against COVID-19 [16]. F (T-705) is a synthetic prodrug, dis-
covered during assessing the antiviral activity of chemical agents
active against the influenza virus in Japan [16]. F is already li-
censed as suitable drug for COVID-19 treatment in Wuhan, China,
where the disease initially appeared in December 2019 [17]. After
Chaina, as the pandemic spread in most places of Europe (Italy,
Germany), Russia (Ukraine, Uzbekistan, Moldova, and Kazakhstan),
Asia (Japan, Saudi Arabia, UAE, Egypt, Turkey, Bangladesh) and USA,
F was used everywhere as an emergency medicine to treat most
of the COVID patients [18-20]. F also has received emergency ap-
proval by the drug controller general of India (DGGI) for treatment
of COVID-19 in June, 2020 [19]. Favipiravir comes into its active
form F-RTP after it undergoes phosphoribosylation. It is a target
specific drug which acts as a substrate for RNA-dependent RNA-
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polymerase (RdRp) enzyme, which is mistaken by the viral enzyme
as a purine nucleotide and so the viral protein allows it to inhibit
by forming viral protein-RdRp complex form exonuclease (ExoN)
[21]. During inhibition into the viral RARp enzyme, facile insertion
of F into viral RNA happens sparing human DNA. After inhibition,
it leads to termination of the viral protein synthesis as it gets in-
corporated in the viral RNA strand preventing protein’s further ex-
tension.

The envelope surface of the coronavirus is covered with spike
glycoproteins (S), membrane proteins (M) and envelope proteins
(E) [22,23]. The main envelope of virus comprises a spiral nucle-
ocapsid which is formed by genomic RNA and phosphorylated nu-
cleocapsid (N) protein [24]. The S proteins of the virus initiate the
attachment and entry to the host cells through the receptor bind-
ing domain (RBD) which is loosely attach to the virus surface [25].
To enter the host human cells, all coronavirus uses some key re-
ceptors. For SARS-CoV-2, the key receptor is angiotensin converting
enzyme 2 (ACE2) [26]. After entering the host cell, airway trypsin-
like protease (HAT), cathepsins and trans membrane protease ser-
ine 2 (TMPRSS2) split the S proteins of the virus and establish the
penetration changes. So, development of targeted spike glycopro-
tein therapeutics against SARS-CoV-2 will definitely be a suitable
option to combat COVID-19.

It is also reported that SARS CoV-2-RdRp complex is at least
10-fold more active than any other reported viral RdRp known
[27]. For CoVs, the ExoN has been shown to remove certain nu-
cleoside analogues (NAs) after insertion by RdRp into nascent RNA,
which reduces their antiviral effects [28-30]. Despite this bad ef-
fect, several NAs like Favipiravir, Oseltamivir are currently being
tested as anti CoV candidates. RdRp is one of the most intriguing
and promising drug targets for SARS-CoV-2 drug development and
F is one of such most effective RdRp inhibitor. The reason behind
using an RdRp inhibitor like F to 3CLP™ protein (6LU7) is that like
all positive RNA viruses for CoV-2, RdRp (nsp12 protein) lies at the
core of viral replication machinery. Due to its viral life cycle, lack
of host homologous, high level of sequence and structural conser-
vation nsp12 becomes an optimal target for therapeutics. But till
now due to the lack of sufficient fundamental data, proper guide
to design of an efficient antiviral therapeutics and their mecha-
nism of action is not available. So RdRp inhibitors are chosen a
promising target drugs since they are small sized NAs. It is re-
ported that F can induces mutagenesis in vitro during influenza
virus infection as it can inactivate the virus either by killing them
or by changing their surface structure so the virus cannot be able
to enter the host cells [31]. Though the proper interaction mech-
anism of mutagenesis is still unknown, we are expecting similar
activity of F against SARS CoV-2 protein. We hope that F with its
defined mode of action may well find a place as an anti RdRp com-
ponent in combination therapies targeting corona viruses. Still the
optimal dose of F is difficult to establish from the limited pre-
clinical in vitro data. The above mentioned two way applicability
of Favipiravir has motivated us to work on this specific antiviral
drug against CoV-2 virus since it has recently received a lot of
attention to treat Covid-19 patient [32] all over the World. How-
ever, there is a scarcity of information on the structural effectivity,
chemical reactivity prediction on F. Therefore, in the present work
for the first time, the structural effectivity of the F molecule has
been investigated by using density functional theory (DFT). In the
present Covid-19 situation, molecular dynamics (MD) simulations
have endorsed researcher to create rational scientific advances. Ad-
vancement in this technology have made them an essential tool for
scientists researching drug development [33]. Our in silico studies
on structural analysis with the help of virtual screening, chemical
analysis, molecular docking and MD on Favipiravir as ligand and
3CLP™ main spike protease of CoV2 as receptor have established
that COVID infections can be nullified by Favipiravir as it helps
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to shield the living host cell from the possible detrimental impact
from CoV2 infection.

2. Materials and methods
2.1. Potential inhibitor F and its Preparation

Favipiravir (T-705) is a synthetic prodrug (CsH4FN30,), which
is used in the antiviral activity of chemical agents against the in-
fluenza virus [31]. It has a good bioavailability (~94%), 54% pro-
tein binding affinity. F-RTP binds to inhibits RdRp, which ulti-
mately prevents viral transcription and replication [10,30]. Virtual
screening of the drug has done before the checking of inhibi-
tion capability. SWISS ADME software (https://www.swissadme.ch)
and ADMET (https://vnnadmet.bhsai.org/) software were used for
the virtual screening [34]. Drug-likeness rules like Lipinski's rule
of five (Ro5), Veber’s rule, MDDR-like rule, Egan rule, Ghose fil-
ter, Muegge rule etc., were used for preliminary drug screening
[35-37]. For Drug preparation, the ligand in ‘SDF’ format was ob-
tained directly from the PubChem (National Library of Medicine)
(https://pubchem.ncbhi.nlm.nih.gov/) and converted to ‘PDB’ format
with the help of Auto Dock tools [38]. Molecular structure of the
ligand was optimized by using DFT with the basis set 6-311G (d,p)
[39] using the Gaussian 09 program [40].

2.2. Potential target protein structure for SARS-CoV-2 and preparation

SARS-CoV-2 is a virus having positively sensed single stranded
RNA. The protein structure of CoV-2 contains spike (S), membrane
(M), envelope (E) and nucleocapsid (N) [41,42]. The structures of
CoV-2 virus and already known CoV virus is very similar [43]. So
the identification process of (3CLP™) of CoV-2 was appeared to be
much faster [44,45]. 3CLP™ is located at the 3 ends, which exhibits
excessive variability and can be treated as a potential target or
anti-coronaviruses inhibitors screening [46].

In the present study, we have used 3CLP™ proteases (6LU7) as
main target protein of drug molecules. The 3D structure of the
6LU7 was retrieved from the Protein Data Bank website (https:
/[www.rcsb.org) [47] and existing water molecules available in the
structure were removed (Fig. 1). Polar hydrogen were added in
protein structure and inbuilt ligand was removed from the protein
structure with the help of Discovery studio 2020 [48]. All of the
above steps were performed in AutoDock [31], Molecular Graph-
ics Laboratory (MGL) tools [49]. The output protein structure was
saved in PDB format for further study.

2.3. Computational method for structural analysis

All the theoretical calculations, including the optimization of
ground state geometries were carried out using the Gaussian 09
program [50,51]. The geometry of F was optimized, with density
functional theory (DFT) using Becke3-Lee-Yang-Parr (B3) [52] ex-
change functional combined with the (LYP) [53] correlation func-
tional with the standard 6-311G basis set. Excited state calcula-
tion of molecule was performed using time dependent DFT (TD-
DFT). The frontier molecular orbital (FMOs) are simulated for the
molecule using Koopman's theorem [54]|. MEP surface mapped
with electrostatic potential surface and atomic charges (Mulliken
and natural) were derived by using optimized structure.

2.4. Molecular docking, molecular dynamics, binding energy

In computer-assisted drug designing, molecular docking is con-
sidered as the tool which helps in energy minimization and finding
binding affinity between protein and ligand. In the present study
protein-ligand interaction was studied by using the software used
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Compound Structure
Name

Protease:6LU7

F
(CsH4FN;0,)

Fig. 1. Structure of receptor protein (6LU7) [from Protein data bank] and F as ligand
molecule [from Gauss view].

for Molecular docking is AutoDock 4.2 and AutoDock vina [38].
MGL tools were used for the preparation of protein and ligands
for molecular docking. We have removed all the usual bound lig-
and present on the 3D structure PDB: 6LU7 protein. Reason for
deleting the bound ligand present on the 3D structure of protein
is that because of it ligand will not easily set in the pocket re-
gion and that will give incorrect results in docking. We have also
removed all the Hetatoms present on the protein since they can
block up binding sites and cause problems with protein-ligand in-
teraction. The output structure of macromolecule is saved in pdbqt
format. The removal of all the usual bound ligand and Hetatoms
have been done with the help of software “Biovia Discovery Stu-
dio Visualizer”. While performing the docking we have set the
following configuration parameters like exhaustiveness = 8, en-
ergy difference= 3 kcal/mol, Grid box center with coordinate x=
-10.729204, y=12.417653, z=68.816122 of position of the target
protein. The target protein is prepared for docking by saving in
the pdbqt format. Similarly, drug is synthesized and saved in the
pdbqt format using AutoDockVina. Docking is accomplished using
CMD (Command Prompt) by issuing various commands. Result of
docking provide us 9 different possible possess of interaction be-
tween drug and receptor. The most stable receptor-ligand complex
should be chosen after all ligands have been docked. The decision
of the stable receptor-ligand complex would be made based on the
binding affinity (G) (Kcal\mol), dipole moment of ligand (in Debye),
number of hydrogen bonds, Inhibition constant (uM) and drieding
energy. The ligand which forms the highest number of bonds with
the target protein mostly shows better complex formation. Differ-
ent non-bonded hydrogen bonds for different output poses, dipole
moment and drieding energy have been analyzed with the help
of visualizing Discovery Studio visualizer 2020 version 20.1.0.19295
[48]. Inhibition constant have been computed by using the below
mentioned equation:

k; = et (1)

where G is binding affinity, R is universal constant and T is the
room temperature (298 K).
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For reliability of the docking results, we have performed dock-
ing for same protein-ligand pair with the help of another dock-
ing software Pyrx [55]. We have performed MD simulation for cal-
culating various thermodynamics parameters like potential energy
(Epot), root mean square deviation (RMSD) for backbone, root mean
square fluctuation (RMSF) for protein C, Solvent accessible surface
area (SASA), intermolecular hydrogen bonds, and binding energy
of the ligand: protein complex structure with the help of Linux
based platform “GROMACS 5.1 Package” [56] with GROMOS43A2
force fields [57]. According to the procedure followed for MD sim-
ulation, TIP3P water model has been used and 4Na*t ions were
added to maintain the neutrality of ligand: protein complex struc-
ture in a cubic box, with a buffer distance of 10 A and volume as
893,000 A3. For energy minimization of complex, time varying (1-
100,000 ps) steepest descent algorithm with for 50,000 steps was
used.

To calculate the interaction free energies for the protein: lig-
and complex structure (AGp;,q), the MMPBSA (Molecular Mechan-
ics Poisson-Boltzmann Surface Area) method [58] sourced from the
Adaptive Poisson-Boltzmann Solver (APBS) and GROMACS packages
have been used. To calculate AGy;,q, the snapshots at every 100 ps
between 0 and 100,000 ps (100 ns) were collected. After complet-
ing the MD simulation of the complex using the single trajectory
approach AGy;q calculation generally initiates. For the bound pro-
tein: ligand complex AGy;,q can be given as:

AGpind,aqu = AH = TAS ~ AEyy + AGping soiy — TAS (1)
AEwm = AEcqatent + AEetectrostatic + AEvan der waals (2)
AE opatent = AEpona + AEgngie + AEtorsion (3)
AGpind,sotv = AGpotar + AGnonpotar (4)

Where,-TAS is the conformational energy change due to bind-
ing, AGping so1y 1S solvation free energy change, AEyyy is the molec-
ular mechanical energy changes in gas phase, AE y,qen: iS the co-
valent energy, AEgectrostatic 15 electrostatic energy, AEyq, der waals
is Van der Waals energy changes. AEyyis the sum of AE_,uents
AEejectrostaticr aNd AEyay ger waais changes. While covalent energy
is the combination of bond, angle and torsion and AGpg sor iS
the sum of polar and nonpolar contributions.To calculate the bind-
ing energy the data was collected between 0 ps and 100,000 ps
(100 ns). For RMSD and RMSF, we have run multiple simulations
independently.

2.5. Computational details

MD simulations and corresponding energy calculations have
been computed in a single system using HP Intel Core i5 - 1035G1
CPU and 8 GB of RAM with Intel UHD Graphics and a 512 GB SSD.

3. Results and discussion
3.1. Optimized structure

The most stable structure of F in the ground state was opti-
mized using B3LYP/6-311G*(d,p) level of theory (Fig. 1). Different
bond lengths (A) and bond angles (°) of F are shown in the Table 1.
The ground state electronic energy of the optimized structure is -
3813.169 Kcal/mol. F possess a very high value of dipole moment
of 5.23 Debye due to its C1 point group symmetry. The high value
of dipole moment may increase the bioactivity of the probe system
[59]. Bioactivity is a significant property of a drug that promotes
bonding or complex formation of drug with the target protein [60].
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Table 1
Optimized geometrical parameters (bond length (A) and bond angle
(°) of F by using using B3LYP/6-311G*(d,p) method.

Bond Bond length (A) Bond Bond angle (°)

1F-10C 1.35193 1F-10C-5N 116.389
10C-5N 1.32542 1F-10C-9C 120.115
10C-9C 1.36362 10C-9C-13H 124.772
9C-13H 1.08705 9C-10C-5N 123.496
9C-4N 1.35277 13H-9C-4N 118.588
4N-12H 1.03458 9C-4N-12H 118.770
4N-8C 1.39439 9C-4N-8C 125.190
8C-20 1.22978 4N-8C-7C 111.958
8C-7C 1.46753 20-8C-7C 127.300
7C-11C 1.51046 5N-7C-11C 117.310
11C-30 1.23114 5N -7C- 8C 122.588
11C-6N 1.34506 8C-7C-11C 120.093
6N-15H 1.01544 30-11C-6N 123.785
6N-14H 1.01788 11C-6N-15H 121.908
7C-5N 1.31311 11C-6N-14H 119.153
Table 2

The calculated electronic properties of the F (all
values are in eV).

S. No. Molecular properties Values
1. HOMO -6.756
2. LUMO -2.727
3. Energy gap (Eg) 4,029
4. Ionization potential (IP) 6.756
5. Electron affinity (EA) 2.727
6. Electrophilicity Index (w)  5.58
7. Chemical Potential (u) -4.741
8. Electronegativity (x) 4,741
9. Softness (S) 0.496
10. Hardness (1) 2.014

3.2. Frontier molecular orbitals analysis

The highest occupied molecular orbital (HOMO) and lowest un-
occupied molecular orbital (LUMO) plays an important role in the
investigation of chemical stability/reactivity, and related optical
properties of the molecules [61]. The energy gap (E¢) can be easily
calculated by taking the difference between energy of HOMO and
LUMO orbitals of the probe molecule. Table 2 shows the computed
theoretical energies of HOMO (Eyomo) and the LUMO (E;ymo) or-
bitals. The value of Eg for F was computed as 4.029 eV (Table 2).
The ionization potential (IP) can be computed as -Eygyo and the
electron affinity (EA) is computed as -Ejyuo-

Different FMO related molecular parameters (global hardness
(n), electronegativity (), chemical potential (©) and electrophilic-
ity (w), and chemical softness (S)) of the Fare calculated by using
the following formulae in the framework of Koopmans' theorem
[54]:

IP = —Exomo (5)
EA = —Eiymo, (6)

_ Emogw,s - % 7)
P = M ®8)
=t (9)
Y (IP+EA) (10)

2

We have observed a moderate value of Eg (4.029 eV) which sug-
gest the chemical reactiveness and optically polarizable nature of F
molecule. Using the values of IP and EA, one can calculate x, n and
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Fig. 2. Mulliken and natural charges distribution of the F.

w parameters, which are helpful in analyzing the reactivity of the
molecule. The calculated value of IP as 6.756 eV and EA as 2.727 eV
indicate high reactivity of F [62]. Higher value of x (4.741 eV) also
confirms the higher reactivity of F. Organic molecules can be clas-
sified on the basis of w values [63]. An organic molecule will be of
minimal electrophiles if its @ value is less than 0.8 eV, moderate
electrophiles with 0.8 < w < 1.5 eV and strong electrophiles if its
w value is greater than 1.5 eV [64]. In the present case our probe
molecule F has w value as 5.58 eV, which represent its strong elec-
trophile nature. Chemical potential of -4.741 eV also indicates the
electron-withdrawing character of F [64]. Chemical n value of a
system measures the resistance to alter the electron distribution,
which is associated with the reactivity of the system. All the FMO
related parameters suggested the higher reactivity of F towards the
target protein.

3.3. Charge analysis

Mulliken and natural charges play a significant role, for predict-
ing the nucleophilic, molecular polarizability and electrophilic re-
active regions of a certain molecule [65]. Different computed Mul-
liken and natural charges of the F drug are shown Fig. 2 and sup-
porting document (SD1). Observed charge analysis shows that all
oxygen atoms possess negative charges. 02 atom has the high-
est negative charge (NBO: -0.684e and Mulliken: -0.44648e) rather
than O3 atom. N6 atom has the highest negative charge (NBO: -
0.779 e and Mulliken: 0.22745 e) rather than N5 atom. All the car-
bon atoms have positive charges. C9 atom possess the maximum
positive Mulliken charge of 0.38868e. Fluorine atoms (F1) display
negative charge (NBO: - 0.353 e and Mulliken: - 0.17395 e). The
H12, H14, H15 atoms have the highest positive charge about rather
than other H13 hydrogen atom due to the attachment to elec-
tron withdrawing nitrogen group. Variation of charge in the probe
molecule represent the tendency of the molecule to accept/donate
electrons and hence the higher reactiveness of the system. Pres-
ence of electron donor and acceptor groups in the F displays the
capability of forming complex with external target molecule.

3.4. MEP analysis

The MEP surface of the optimized molecule F is shown in
the Fig. 3. The MEP surface of the molecule represent the elec-
trophilic and nucleophilic reactive site of the molecules [66]. Dif-
ferent colors in the MEP shows the different electrostatic potential
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Fig. 3. Molecular electrostatic potential map of the molecule F (Red colour; repre-
sent electron-rich sites, orange color; partially negative charge, yellow color; lightly
electron-rich regions, blue; positive charge and green color; neutral sites).

E—Favipieavit 344 6 i, t-0.1951)

8000 |

6000 |
(357.25 nm, £=0.0006)

4000 |

2000 p
(283.08nm, £=0.01}8
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0
200 300 400 500
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Fig. 4. UV-visible spectra of F molecule computed by TD-DFT/6-311G*(d,p) method.

regions. Red colour in the MEP represent electron-rich sites, orange
color partially negative charge, yellow colors lightly electron-rich
regions, blue color positive charge and green color neutral sites.
In the MEP surface of F, red color display electron rich regions
over the O, and O3 oxygen atoms. This indicates the lone pair
electrons around the oxygen atoms. The hydrogen atoms such as
H12, H14, and H15 specifies with blue color show the electrophilic
sites (electron-poor). Remaining regions of green color display the
zero potential (neutral regions). The existence of electrophilic and
nucleophilic regions of F clearly demonstrate the possibilities of
favourable chemical reactions of F with target protein system.

3.5. Absorption analysis

The theoretical UV-Vis spectrum of F is shown in the Fig. 4.
The computed absorption excitation energies (E), and oscillator
strength (f) are reported in Table 3. According to results, the Amax
appears at 357.25 nm and f is 0.0006 for S, —S; transition. The
main contribution for the formation of the absorption band at
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Table 3
UV-visible absorption data of F molecule with transition level
and oscillator strength.

Theoretical

Transition A (nm) E (eV) ()]

So =54 357.25 3.4705 0.0006
Absorption So = Sy 340.56 3.6406 0.1951

So — S3 283.08 4.3798 0.0118

340.56 nm and the fis 0.1951 for Sy —S, transition. Sy —S3 tran-
sition correspond to the 283.08 nm wavelength with 0.0118 value
of f. The strong band in the absorption spectrum is observed at
340.56 nm which is due to n—m* transition and a weak band
at 283.08 nm due to w—m* transition. These electronic transi-
tions correspond to the m—m* and n—m*, makes the probe sys-
tem highly unstable, which confirms its ability of binding to the
target protein.

3.6. Analysis of drug likeness properties of favipiravir

Among all of Drug likeness Ro5 rule or “a rule of thumb” is the
most important rule. The filters of Ro5 are followed by: Molecular
weight less than equals to 500, H-bond donors less than equals to
5, H-bond acceptor less than equals to 10, MLOGP less than equals
to 4.15 and molar refractivity between 30 and 140. Those drugs
which follows the Ro5 with some required pharmacological prop-
erties can be used as potential candidate for vocally active drug in
humans [34]. F follows the Ro5 so it can be proposed as chemical
compound with compulsory pharmacological properties as a po-
tential candidate for orally active drug in humans [34]. From the
ADMET analysis, we can conclude that F has no cyto-toxicity ef-
fect and no hERG (human Ether-a-go-go Related-Gene) Blocker can
have the maximum suggested dose as 170 mg/day (SD2).

3.7. Analysis of molecular docking results

Different favorable poses for F and protein obtained from
molecular docking with binding energy, dreiding energy and in-
hibition constant are shown in SD 3. For F among all poses best
binding complex (F: 6LU7) structure was obtained as pose 3. The
basis for the selection of best pose is the maximum number of hy-
drogen bonded interactions (7), hydrophobic interaction (1), bind-
ing energy (-4.4 kcal/mol) and lowest value of dreiding energy
(53.04) and inhibition constant (5.9 x 10~*M) of the complex at
300 K (room temperature).

According to the available crystal structure, SARS-CoV-2 CLP™
has four binding pockets named as S1-S4 within its protease that
function as active sites. The active site is made up of the base
protein’s backbone and side chain residues. The S1 binding site
is created by Phe-140, Asn-142, Ser-144, Cys145, His-163, His-172,
and Glu-166 side chain residues and Leu-141, Gly-143, His-164, and
Met-165 backbone. S1’ active site is formed by some side chains
and backbone as His-41, Val 42, Asn-119, Thr-25, Cys-145, Gly-143,
Thr-26. The other subsites are S2 (Tyr-54, Asp-187, Met-49, His-
41 Arg-188) and S4 (Met-165, Leu-167, Pro-168, Ala-191, GIn-192,
Glu-166, Arg-188, Thr-190). F is normally bound to the S1 chain
residues of HIS164, MET165, ASN142, SER144, GLY143 and CYS145
of 6LU7. Weak interactions like “hydrogen bonded interactions and
hydrophobic interactions” always stabilize the ligands at the tar-
get protein site by varying the binding affinity [67]. Due to their
weak nature, hydrogen and hydrophobic interaction have signifi-
cant roles in stabilizing the energetically favored ligands in a suit-
able pocket of the environment of protein structures. In defining
the stability of any protein: ligand complex, larger the number of
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Fig. 5. (a) Binding energies F, (b) 3D view of Donor:acceptor surface for best pose in terms of H-bond interaction (c) 2D view of possible types of interaction in pose for
F:6LU7 (Green: Conventional Hydrogen bond, Dark pink:7-m bond, sky blue: carbon hydrogen bond).

Table 4
Various interaction parameters for the docked structure of Favipiravir (as FAV) with receptor protein 6LU7.
Hydrogen bonded interaction Hydrophobic bonded in- Dreiding Dipole Inhibition
Binding affinity (donor::acceptor, distance in A) teraction(donor::acceptor, energy moment of Constant(M)
Ligand (kcal/mol) [Type of bond) distance in A) (ligand) ligand(Debye) K;=e”¢/RT
Favipiravir -4.4 (A:GLY143:HN-:: FAV:O, 2.21) (A:HIS41-:: FAV, 6.17)
[Conventional Hydrogen Bond] 53.04 2.770 59 x 10~

(A:SER144:HN -:: FAV:O, 2.48)
[Conventional Hydrogen Bond]
(A:CYS145:HN -: FAV:0, 2.75)
[Conventional Hydrogen Bond]
(:FAV:H -: A:HIS164:0, 3.00)
[Conventional Hydrogen Bond]
(:FAV:H -: A:ASN142:0D1, 2.96)
[Conventional Hydrogen Bond]
(:FAV:H -: A:ASN142:0D1, 3.03)
[Conventional Hydrogen Bond]
(A:MET165:CA -:: FAV:0, 3.43)
[Carbon Hydrogen Bond]

these interactions better is the possibility of binding affinity be-
tween ligand: protein complexation and so the possibility of sta-
ble complex structure [67]. Maximum number of hydrogen bonded
interactions (both conventional and carbon hydrogen bonds) were
observed for pose 3 of docked F: 6LU7 structure between 6LU7
(Residues: HIS164, MET165, ASN142, SER144, GLY143, CYS145) and
F (atoms: O, H) (Fig. 5, Table 4). For the same pose structure
one hydrophobic interaction was observed for docked structure be-
tween 6LU7 (Residue: HIS 41,) and F (Fig. 5, Table 4). Docking score
for F and protein by Pyrx is almost similar to the obtained results
by AutoDock vina, which verifies our molecular docking results (SD
4). To validate the possibility of strong interaction and stability be-
tween F and the receptor protein 6LU7, inhibition constant, dipole
moment and dreiding energy were considered as important pa-
rameters. Lowest value of dreiding energy and lower value of in-
hibition constant (k;) for pose 3 structure as comparison to other
available poses validate the strong interaction of F ligand as in-
hibitor towards the receptor protein 6LU7 [68, 69]. Maximum value
of dipole moment for a complex structure always represent the
better stability of the formed complex structure between recep-
tor protein and ligand (Table 4). So molecular docking results in-
dicate that F can be easily inhibited inside the favorable pocket of
receptor 6LU7 protein and can form a stable F:6LU7 complex by
hydrogen and hydrophobic bonding between them.

3.8. Analysis of molecular dynamics (MD) simulation results

The comparison of minimum potential energy (Epo) of the
stabilized structures of protein in its apo state with individ-

ually docked ligand compound have been done simultaneously
(Table 5, SD 5a). Protein in its apo state has an average Epot of -
0.3 x 105+8.8 Kcal/mol. The average Epo for individual F, in pres-
ence of 6LU7 was obtained as at the order of ~ -0.1 x 106+4.9
(Table 5, SD 5a). Under the equilibrium condition (NVT and NPT)
we have verified the stability of F: 6LU7 complex structure. The
temperature (T), density (D), pressure (P) and volume (V) of com-
plex structure with varying time trajectory from 0 to 100 ps have

apo 6LU7
Favipiravir: 6LU7

0.4
a 0.3
7
>
&~
0.2
0.1
0.0 " 1 i L A '} " '} "
0 20 40 60 80 100
Time(ns)

Fig. 6. Root mean square deviation (RMSD) graphs for apo state of receptor protein
6LU7 and in complex (Favipiravir:6LU7) with receptor protein 6LU7 up to 100 ns.
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Fig. 7. (a) RMSF for apo state 6LU7 and of complex F:6LU7 structure, (b) Ry for apo state 6LU7 and of complex F:6LU7, structure in time trajectory (0-100 ns).
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Fig. 8. (a): SASA area for protein 6LU7 in its apo state and for complex F:6LU7 structure and (b) Intermolecular hydrogen bond numbers for complex F:6LU7 structure for
the total time trajectory, 0-100,000 ps.

Table 5
Data obtained from MD simulations of time resolved trajectory for receptor protein 6LU7 in its apo state and for the complex state with the ligand F.
Apfo protease (6LU7) F:6LU7
S. No Parameter
Mean Range Mean Range
MD Simulation Result
1. SR Columbic Interaction Energy (Kcal/mol) NA NA -9.2+1 0-20
2. SR LJ Interaction Energy (Kcal/ mol) NA NA -19.3+0.7 0- -30
3. RMSD (nm) 0.30 0.13-0.36 0.34 0.10-0.45
4. Inter H-Bonds NA NA 5 0-9
5. Radius of gyration(nm) 2.18+0.01 2.13-2.24 2.21+0.1 2.20-2.21
6. SASA (nm?) 33 30-35 8 6-10
MM/PBSA Results
7. Potential Energy (Kcal /mol) -0.3 x 10°+8.8 -7.0 x 10° - -1.3 x 10° -0.1 x 105+4.9 -3.4 x 10% - -2.8 x 10°
10. Binding energy(AG)(Kcal/mol) NA NA -7.2+0.08 -20 - 10
11. Van der Waal Energy(AE,qw) (Kcal/mol) NA NA -0.65+0.03 -1-1
12. Electrostatic Energy(AEgc)(Kcal/mol) NA NA -0.17+0.01 -0.5-0.5
13. Polar solvation energy(AEq,,) (Kcal/mol) NA NA -6.34+0.08 0--8
14. Nonpolar energy (AEponporar) (Kcal/mol) NA NA -0.06+0.007 0--1
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Fig. 9. 2D graph for F:6LU7complex:Variation of Coulombic interaction energy and
Lenard Jones interaction energy with respect to whole time trajectory (0-100 ns).

been calculated SD 5b-d). After the implementation of NVT and
NPT conditions MD simulations were operated for complete time
trajectory 0-100 ns. Output for all thermodynamic parameters for
protein in its apo state and with all complex formations with pos-
sible ligands are shown in Table 5, SD 5b-d.

During simulation, the average distance between the atoms of
the protein is calculated using RMSD analysis. This analysis reveals
information about protein/complex structure, stability, and equi-
librium. To identify the conformation stability and convergence of
6LU7 bound with F, Simulation result was obtained by calculating
RMSD of backbone atoms. RMSD of both apo protein and complex
backbone against the time of the simulation were presented as the
trajectories. In RMSD for F:6LU7 a variation between 0.10 and 0.45
compared to receptor protein 6LU7 variation 0.13-0.36 again in-
dicates that the less fluctuation in F:6LU7 complex structure dur-
ing binding with receptor protein. The average RMSD value for the
F:6LU7 (0.34 nm) and host protein (0.30 nm) is almost same which
confirms the possibility of stable F:6LU7 complex structure (Fig. 6).

Similarly for RMSF of F:6LU7, less fluctuation between the re-
ceptor and inhibitor was observed. Perfect similarity in RMSF val-
ues confirmed that F:6LU7 complex structure does not affected
the protein backbone (Fig. 7a). The radius of gyration (Rg) tells us
about the compressed nature of a complex structure or backbone
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receptor protein [70]. Variation of Ry value throughout the total-
time trajectory (O ps to 100 ns) showed that F: 6LU7 has quite sta-
ble and compressed structure. Rg of F: 6LU7 and apo 6LU7 show a
perfect match having an average value of 2.18 nm with a fluctua-
tion between 2.13 and 2.24 nm (Fig. 7b, Table 5).

Solvent accessible surface area (SASA) tells about the area of
receptor contact to the solvents. The greater value of SASA means
that more of the drug is inserted into the water. And lower the
value of SASA means that more of the drug is covered by the
protein means better complexation. The SASA value for apo pro-
tein was calculated between 30 and 35 nm? with a 33 nm? mean
value however, for F:6LU7 complex structure the SASA value was
observed between 6 and 10 nm? which satisfied the possibility of
better complexation of F drug with receptor 6LU7 (Fig. 8a, Table 5).
Stability of ligand: receptor protein complex structure is always de-
pendent on the contribution of nonbonded interactions.

Intermolecular nonbonded hydrogen bonded interaction be-
tween ligand and receptor protein plays a dominant role to de-
fine the stability of complex structure. For present simulation a
3.5 A cut-off condition is used to identify the proper nonbonded
hydrogen bonded interaction. The number of hydrogen bonded in-
teractions for F: 6LU7 were observed to be varying between 0
and 7 (Fig. 8b). The obtained numbers of intermolecular hydro-
gen bonded interactions between inhibitor: receptor through MD
simulations were perfectly matched with the obtained molecular
docking result.

To validate the strength of interaction between a ligand and re-
ceptor nonbonded interaction energy also plays a very important
role. In the present study, for complex structure F:6LU7, we have
observed a variation of short-range Coulombic interaction (Coul-
SR) energy and Lennard Jones (L]J-SR) energy (Table 5) over the
full-time trajectory (Fig. 9). For complex structure LJ-SR has shown
greater effect on the binding affinity than the Coul-SR. For F:6LU7
complexation higher effect of LJ-SR energy (-19.3+£0.7 Kcal/mol)
compared to Coul-SR (-9.24+1 Kcal/mol) is represented by 3D view
and with color contour representation of LJ-SR energy and Coul-
SR energy with respect to the time trajectory 0 ps to 100,000 ps
(Fig. 10). The 3D view of LJ-SR and Coul-SR shows that the complex
structure is completely stable in full time trajectory which shows
the best interaction between protein and ligand.

To find the ligand binding affinities towards receptor protein,
we have applied the MM/PBSA method to compute the binding
energy of the complex structure formation. According to the ap-
plied method Van der Waal energy (E,q,) and electrostatic energy

Lenard Jones Interaction
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-50.00

-
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100.0
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Time(ns)

Fig. 10. For F:6LU7 complex: (a) Variation of Coulombic interaction energy and Lenard Jones interaction energy with respect to time trajectory 0 -100 ns (b) attached with

color contour representation with specific color coding.
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Fig. 11. Variation of total binding energy for F with receptor protein in time trajec-
tory 0-100 ns.

(Eefectrostatic) have been computed and are shown in Table 5. For
inhibitor F, the best binding affinity was observed for with the ap-
pearance of values of E,g, (-0.65+0.03 Kcal/mol) and Eejectrostatic
(-0.1740.01 Kcal/mol) (Table 5). All the energies needed for AG
are polar and nonpolar solvation energies which are shown in the
Table 5. The average values polar and nonpolar solvation energy
are -6.34+0.08 Kcal/mol and -0.06+0.007 Kcal/mol, respectively.
The nonbonding interaction energies of the binding region for the
complex formation is generally indicated by the free binding en-
ergy (AG) values. The average AGy;,q for F:6LU7 complex structure
was obtained as -7.2+0.08 Kcal/mol. From the results of AGy;,q we
can conclude that drug F strongly binds with receptor 6LU7 pro-

Journal of Molecular Structure 1246 (2021) 131253

tein and shows that the complex structure was completely stable
after 70 ns. Though F shows a good binding affinity towards CoV-2
protease, there are other members of repurposed drugs also who
are uqually effective towards the same protease in terms of their
binding affinity ranges from -6 to -40 Kcal/mol. They are Chloro-
quine [71], Hydroxychloroquine [10], Nelfinavir [72], Azithromycin
[6], Lopinavir [73], Ritonavir [73], Remdesivir [74] etc. Some of
these drugs show better binding affinity and some also show less
affinity towards 3CLP™ protease- 6LU7.

The check the possibility of better binding affinity of F towards
6LU7, superposition of conformational variation in the F:6LU7 com-
plex structures of initial (0O ns) and final (100 ns) frames for vari-
able time trajectories have been studied. At the beginning of the
simulation, the ligand Favipiravir was placed outward of the bind-
ing site (blue, 0 ns), whereas at final stage it has moved more in-
side the binding cavity with a small rotation and change in the
position of functional group (pink, 100 ns). The structural super-
imposition of the lignad bound proteins’s initial and final frames
revealed very small alterations at the binding location of ligand
(Fig. 12). It revealed that the ligand orientation changes upon sim-
ulation for maximum convergence. Moreover, during the course of
simulation small tilt of the ligand position indicates that F was
docked well at the binding site of the 3CLP™ (Fig. 12a,b). The small
change is position through the time scale was also verified by the
resulting RMSD after structural superposition which was observed
as 1467 A.

3.9. Principal component analysis and free energy landscape

Using molecular dynamics trajectories, principal component
analysis (PCA) is normally used to determine the collective motion
of the apo protein and bound ligand with protein. The PCA study is
established on the eigenvectors (overall direction of motion of the

Fig. 12. (a) Structural position of first frame (0 ns) and last frame (100 ns), (b) Superposition of initial and final of F bound 3CLP™ complex after MD simulation.
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atoms) and eigenvalues of the protein’s Ce atom (atomic contribu-
tion of motion) [75]. To gain a better understanding of the struc-
tural and conformational changes in protein caused by binding of
ligand, the MD trajectories of apo protein, along with F bound pro-
tein were examined with the PCA. To evaluate the conformational
sampling of systems, tracing the covariance matrix for backbone
atom positions is also used. The covariance trace value for the apo
protein was detected to be 21.8 nm? and a lower covariance trace
value of 17.9 nm?2 was found for the complex (F: 6LU7). Overall PCA
analysis revealed that binding of F with apo 6LU7 results in a sub-
stantial change in the overall motion of 6LU7 with a compressed
conformational space. (Fig. 13(a-c)). The result also validate that F
bound 3CLP™ protein is more stable than the unbound protein.
We have also examined the free energy landscape (FEL) against
the first principal components PC (RMSD) to show the energy min-
ima landscape of unbound protein and F bound 3CLP™ protein
(Fig. 14(a,b)). The value of AG for both cases is 0-10 kcal/mol. The
minimal energy area and size (shown in black) indicate the apo
protein (6LU7) and F:6LU7 complex’s stability. The stability of the

10

protein and its related complex is indicated by smaller and more
centred black patches.

4. Conclusion

Favipiravir, which was originally designed for influenza has re-
cently attracted too much attention as an effective repurposed
drug against COVID-19. Our present work represents the compu-
tational work on the applicability of F as an emerging antiviral
option against SARS-CoV-2 pandemic. Different geometrical opti-
mized bond lengths, bond angles, dipole moment, point group
symmetry, electronic energy were computed theoretically. Varia-
tion of charge, C1 point group symmetry, high value of dipole mo-
ment (5.23 Debye) represent the reactiveness of the F towards the
target protein. Computed FMO parameters of F validates chemi-
cal reactiveness. F shows the possibility of HOMO to LUMO charge
transfer with the involvement of lone pairs and pi () bonds. UV-
vis spectra confirms the contribution of lone pairs and 7 bonds
in the charge transfer. All these parameters confirms the reac-
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tivity and hence the ability of F to bind with the target pro-
tein. Molecular docking results shows strong binding affinity (-
4.4 Kcal/mol), low inhibition constant (5.9 x 10~4M) and maxi-
mum number of interactions (both conventional and carbon hydro-
gen bonds) and hydrophobic interaction for F:6LU7 complex struc-
ture. Several thermodynamic parameters (Epot, T, V, D, interaction
energies, AGping, Rg, SASA energy) obtained by MD simulation re-
sults validated the stability of F:6LU7 complex structure. For F:
6LU7 complex structure, the number of hydrogen bonded interac-
tions were observed to be in between 0 and 7 which was perfectly
matched with the docking results. We have observed similar RMSD
and RMSF for the backbone of the complex and free 6LU7 protein,
which again validate the possibility of strong binding of anti-viral
drug F and 6LU7. The perfect closeness of average RMSD between
F:6LU7 (0.34 nm) and host protein (0.30 nm) confirmed the to-
tal inheritance of proposed drug inside host protein. More nega-
tive value of Lennard-Jones interaction energy (-19.3+0.7 Kcal/mol)
in compare to Coulombic interaction (-9.24+1 Kcal/mol) represent
its higher effect in the F:6LU7 complex formation. Lower value
of AGping (-7.240.08 Kcal/mol) computed by MD simulation con-
firmed the stable complexation between F drug and 6LU7 protein.
Our simulated data for Favipiravir as an inhibitor for the 3CLP™
of COVID-19 allows us to characterize the behavior of Favipiravir
in the binding site of target 3CLP™ protease as well as to eluci-
date the fundamental biochemical processes for inhibitor the tar-
get receptor protein. We are very much confinent that our in sil-
ico data obtained from DFT and MD Simulations on repurposed in-
hibitor Favipiravir against target 3CLP™ protease 6LU7 will be use-
ful for drug discovery and further research and development to
fight against the deadly disease COVID-19.
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