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stability in pocket of receptor.

INTRODUCTION

SARS-CoV2 is the cause of COVID-19 in humans. It is
pandemic and it has affected a large population of the world.
Initially in 2002, SARS-CoV2 was known to cause mild respi-
ratory and gastrointestinal disease [1]. The first human corona
virus (HCoVs) were described in 1966, E229-CoV and OC43-
CoV. All HCoVs are globally endemic and frequently cause
common colds, accounting for 2-18% of all respiratory tract
infections [2]. In the immune-compromised patients, infants,
the elderly and those with pre-existing pulmonary disorders,
HCoVs can cause severe respiratory or sepsis-like presentations
[3]. The SARS pandemic of 2002/3 was originated in Foshan,
Guangdong province, China and spread to South East Asia,
Europe and North America [4]. Common features included were
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massive inflammatory cell infiltration of the lungs resulting
in acute lung injury (ALI) and acute respiratory distress synd-
rome (ARDS), highly elevated inflammatory markers in the
serum, evidence of monocyte/macrophage activation, activated
coagulation and pro-inflammatory cytokine and chemokine
profiles [5]. Similar descriptions of clinical presentations in
COVID-19 are now emerging like cough and fever, sub-acute
progression to respiratory distress and ARDS in 8-19% of
patients. The risk of morbidity is greater with elderly patients
and those with underlying comorbidities especially cardio-
vascular disease, diabetes mellitus, chronic pulmonary disorders
or renal disease [6]. The pulmonary pathology in COVID-19
is characterized by diffused alveolar damage, focal reactive
hyperplasia of pneumocytes with patchy inflammatory cellular
infiltration and evidence of intravascular thrombosis. Monocytes,
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macrophages and lymphocytes infiltrate the pulmonary inters-
titium [7]. In addition, one fifth of hospitalized patients deve-
loped significant cardiovascular morbidity, characterized by
troponin rise, tachyarrhythmias and thromboembolic events,
which led to mortality risk [8]. While an estimated 80% of
SARS-CoV?2 infections are asymptomatic or result in mild
disease, the remaining 20% of patients are severely or critically
unwell [9]. Vaccines are developed for the prevention of
COVID-19 [10].

Hydroxychloroquine was the first drug used for the treat-
ment of COVID-19. It has immunomodulatory activity and
antimalarial and antiinfluenza effect. It is utilized in systemic
lupus erythromatosis. It is also effective in Chikungunya virus,
seasonal CoVs and SARS [11]. Second drug trialed for SARS-
CoV-2 treatemnt was azithromycin. It has immunomodulatory
activity and this antibiotic is used for respiratory tract infec-
tions, but its reduced mortality rate in the patients [12]. Third
treatment trails were started with remdesivir and other nucle-
oside analogues. Competing with ATP and substituting for
adenosine during RNA synthesis, remdesivir inhibits the viral
RNA dependent RNA polymerase (RdRp) [13]. Initially remde-
sivir was used for treatment of Ebola (EBOV) and Marburg
viruses (MERS). Combination of lopinavit/ritonavir is also
found effective against COVID-19. Proteases are required for
maturation of infectious virion, which is inhibited by lopinavir/
ritonavir [14]. Recombinant soluble angiotensin converting
enzyme 2 (ACE2) is also tested and found as key molecule for
cell invasion and its blockade can control disease [15]. SARS-
CoV-2 infection inhibits the expression of type 1 interferons.
Resulting tissue damage and expression of pro-inflammatory
cytokines and chemokines from infected monocytes/macro-
phages promote excessive immune cell infiltration and cytokine
responses [ 16]. Plasma of individuals, who have recovered from
COVID-19 is rich in immunoglobulins active against SARS-
CoV-2, is being entertained as possible treatment option [17].
Another management strategy of COVID-19 is to calm cyto-
kine storm through immunomodulation. It includes use of corti-
costeroids, administration of intravenous immunoglobulins
(IVIG) and blockade of cytokines by IL-6 receptor antagonist
as tocilizumab [18].

The current research is focused on antivirals like darunavir
(DRV) and its derivatives relating to its molecular modeling
and molecular dynamic simulation. The in silico work will be
beneficial for the researches focusing on development of new
and effective antivirals for treatment of SARS CoV-2 that is
COVID-19.

EXPERIMENTAL

Analogues designing: Structure activity relationship (SAR)
disclosed that the primary amine group of darunavir is involved
in receptor binding [19]. Library of computational derivatives
of darunavir were generated by modifying primary amine
group. The 2D structures of derivatives of darunavir were
designed and drawn on Marvin-stretch version 5.5 (Academic
version) and saved as SDF format for further study.

Preparation of inhibitor: The energies of derivatives,
co-crystal ligand and darunavir, were minimized by using

Chem-Office Ultra (Chemical Structure Drawing Standard;
Cambridge Soft Corporation, USA) through MMFF94X force
field method and then converted into PDB format for further
study. After that PDBQT files of compounds were created by
MGL Tools (version 1.5.6) [20]. This conformation of comp-
ounds was further used for flexible docking method.
Preparation of protein: To predict the interactive model
of designed derivatives with receptor of SAR-CoV-2, recently
released protein (PDB: 6L.U7) was selected [21] with resolution
of 2.16 A and downloaded from RCSB-PDB (http://
www.rcsb.org/pdb/home/home.do). The co-crystal ligand,
heteroatoms and water molecules were removed from selected
protein using Discovery Studio Visualized (DSV). After that
polar hydrogen and kollman united atom charges were added
in receptor by utilizing Auto-Dock Tool (ADT) program.
Molecular docking: The molecular docking calculations
were performed by AutoDock Vina using designed analogues
and M" SARS-CoV protein model (PDB: 6LU7) whereas the
co-crystallized ligand (N3) was redocked to evaluate the binding
energy and orientation. The rectangular grid box was generated
in the center of active site domain of MP* with spacing between
grid points was 0.636 A and the dimension was -10.865 nm x
12.299 nm x 69.433 nm and size of the box was 44 A x 46 A
x 46 A. The docking study was performed by AutoDock Vina
through a Lamarckian genetic algorithm (LGA). Default values
of torsion angles, the number of generations and the energy
evaluations were 7.5, 27000 and 2500,000, respectively.
Screening criteria: The best pose of docked model was
evaluated by dlg file considering minimum value of AG score.
Furthermore, hydrogen bonds, hydrophobic interaction and
orientation of analogues in docked model were visualized by
Discovery Studio Visualizer (DSV, BioVia, Discovery Studio
Version 2.5, San Diego, USA), PyMol molecular visualization
tool (The PyMOL Molecular Graphics System, version 2.0
Schrodinger, LLC), and protein ligand interaction profiler
(PLIP) web server (Technical University of Dresden) [22].
Molecular dynamic simulations (MDS): It was evaluated
that the analogues D8 and D15 showed minimum binding
energy as compared to the other analogues, darunavir and co-
crystal ligand (N3). That’s why these were selected for MDS
analysis to check out the stability of compounds at active site
of receptor. The MDS was performed by Nanoscale Molecular
Dynamics (NAMD) software package with CHARMM 36
force field [23]. Short MDS was performed for time period of
500 ps and 2fs time-steps were used for MDS through periodic
boundary condition for all dimensions [24,25]. The constant
temperature at 310 K using Langevin dynamics temperature
and Langevin piston pressure method was used for constant
pressure [26]. The particle-mesh Ewald (PME) method was
used in the calculation of the electrostatic interactions with 10 A
non-bounded cutoff [27]. The structure and their trajectories
were analyzed by Visual Molecular Dynamics (VMD) by means
of backbone RMSD and o.C (alpha carbon) fluctuations atom
distances and their graph were plotted by Excel (version 2010).
The hydrogen bond between ligand and protein, radius of
gyration (Rg) and solvent accessible surface area (SASA) were
also analyzed by VMD program.
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Data analysis of MDS: The trajectory files were visualized
by using VMD program and analyzed by o.C (alpha carbon)
fluctuations atom distances as well as protein backbone RMSD.
Hydrogen bonds formed between polar atom of ligands and
protein were also estimated and graph was plot by excel. Addi-
tionally, radius of gyration (Rg) and solvent accessible surface
area (SASA) were examined. All graphs were plot in Microsoft
excel.

RESULTS AND DISCUSSION

The primary amine group of darunavir was selected for
the modification and converted into amide linkage (Table-1).
Structural activity relationship: Aromatic primary amine
of darunavir has been selected for the modification. The aceto-
phenone was added in primary amino group and produces amide
linkage in D1 analogue. Due to this addition, the binding energy

TABLE-1
DESIGNED DERIVATIVES OF DARUNAVIR
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of compounds was somewhat increased. Furthermore, analogues
of darunavir were divided into three groups according to the
position of modification at incoming acetophenone group. In
compounds D2 and D3 ortho-position of acetophenone were
selected for the alteration and amino and sulfur groups were
introduced, respectively. In case of compound D2, due to the
addition of phenyl methanamine group, the binding energy
further increased to -4.44 kcal/mol but when methyl sulfur
was incorporated, the binding energy was reduced to -7.54
kcal/mol, which was considered as good. The meta-position
of acetophenone was improved in second group of compounds
(D4 to D6). Analogues D4, D5, and D6 were designed by the
addition of sulfonyl chloride, tertiary amine and fluoroform,
respectively, it was observed that by these additions, binding
energies were decreased (-5.52 kcal/mol to -7.36 kcal/mol) that
represents analogues were strongly bound with the SAR-CoV
receptor. Analogue D6 showed highest energy among the
member of second group. It may be due to the presences of
fluoroform. Analogues D7 to D15 were included in the third
group of compounds in which para position of acetophenone
was altered and the binding score was reduced from -5.16 to

-9.85 kcal/mol. It was analyzed that upon the addition of methyl
sulfonyl group, binding energy was increased to -5.92 kcal/mol
and best binding affinity was developed in compounds D8,
D10 and D15 by the addition of methyl bromide, sulfonyl
chloride and dichloro sulfonamide, respectively. Furthermore,
it was evaluated that among all, sulfur containing compounds
that are D3, D4, D10, D13, D14 and D15 showed best binding
energies and analogues having nitro group produced low to
moderate scores. According to the binding energy, the best
compound is D8, which has methyl bromide group at para
position of upcoming acetophenone group. The darunavir and
all derivatives have produced strong binding as compared to
the co-crystal ligand (N3) of receptor.

Molecular docking study: The designed compounds and
darunavir were bound with the active site of SARS-CoV receptor
utilizing AutoDock tools. The binding energy, hydrogen bond
and hydrophobic attraction are shown in Table-2 and the dlg
files of docking complexes were used to predict the optimal
pose by the help of binding energy and orientation of compounds
at active site (Fig. 1). The co-crystal ligand (N3) was also
redocked with the active site and observed binding energy was
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TABLE-2
CHARACTERISTICS OF DARUNAVIR DERIVATIVES
Binding Il T Amino Acid involve in Il T
Analogs energy hydrogen H-bonding with bond length hydrophobic Hydrophobic bonding Other bonding
bonding bond
D -7.92 2 141A LEU (2.41), 4 165A MET (3.21), 166A
144A SER (2.9) GLU (3.45), 168A PRO
(3.97), 189A GLN (3.81)
D1 -5.34 3 142A ASN (3.02), 4 141A LEU (3.78), 165A
166A GLU (2.08), MET (3.95), 166A GLU
166A GLU (2.90) (3.28), 189A GLN (3.89)
D2 -4.44 1 166 A GLU (2.95) 2 165 A MET (3.94), 166A SALT BRIDGE 163A HIS
GLU (3.36) (3.86)
D3 -7.54 4 26A THR (1.96), 142A ASN 1 189A GLN (3.73) 41A HIS 5.06 (1 bond)
(3.51), 166A GLU (2.01),
189A GLN (2.91)
D4 -7.33 3 166A GLU (2.49), 166A 3 166A GLU (3.61), 189A 166A GLU 4.60 (SALT
GLU (2.96), 189A GLN GLN (3.72), 189A GLN BRIDGE)
2.15) (3.74)
D5 -7.36 2 142A ASN (2.93), 142A 1 189A GLN (3.96) 166A GLU 5.20 (SALT
ASN (2.03) BRIDGE)
D6 -5.52 2 140A PHE (1.94), 144A
SER (3.03)
D7 -7.1 4 166A GLU (2.33), 166A 2 168A PRO (3.94), 191A
GLU (2.18), 189A GLN ALA (3.92)
(2.88), 190A THR (3.02)
D8 -9.85 3 142A ASN (2.72), 189A 1 165A MET (3.42)
GLN (3.14), 189A GLN
(3.16)
D9 -6.66 6 165A MET (3.78), 168A
PRO (3.91), 168A PRO
(3.50), 168A PRO (3.13),
189A GLN (3.71), 189A
GLN (3.87)
D10 -8.28 3 41A HIS (2.69), 166A GLU 2 166A GLU (3.64), 189A
(1.90), 166A GLU (2.48) GLN (3.87)
D11 -6.57 3 166A GLU (2.62), 166A 3 165A MET (3.46), 168A
GLU (2.35), 166A GLU PRO (3.28), 168 PRO (3.45)
(3.18)
D12 -5.92 2 166A GLU (1.85), 166A 1 168A PRO (3.98)
GLU (2.77)
D13 -5.16 3 166A GLU (2.51), 167A
LEU (2.06), 191A ALA
(3.05)
D14 -7.46 3 166A GLU (2.22), 189A 3 166A GLU (3.95), 168A
GLN (2.69), 189A GLN PRO (3.66), 168A PRO
(3.00) (3.45)
D15 -8.52 3 140A PHE (1.88), 142A
ASN (3.12), 143A GLN
(2.98)
N3 -4.47 2 166A GLU (2.38), 166A 6 165A MET (3.42), 166A
GLU (2.58) GLU (3.72), 168A PRO

(3.56), 168A PRO (3.50),
169A THR (3.82), 189A
GLN (4.00)

only -4.47 kcal/mol. Darunavir showed good binding affinity
with -7.92 kcal/mol score. All designed compounds were also
evaluated for their binding energy and it was pragmatic that
all compounds presented moderate to good binding energies
that were in the range of -4.44 to -9.85 kcal/mol. Almost all
compounds have produced up to 4 hydrogen bonds and up to
6 hydrophobic bonds.

Molecular dynamics simulation (MDS): On the basis
of least binding energy, Two docking model were selected for
the molecular dynamics simulation (MDS) study. The selected

models were D8 and D15. The trajectories were examined by
root mean square deviation (RMSD), root mean square fluct-
uation (RMSF), radius of gyration (Rg) and solvent accessible
surface area (SASA). The results of above parameters were
compiled in Fig. 2a-e.

The RMSD values of backbone atoms of protein of D8
and D15 docking models were evaluated to find out dynamic
stabilities of the modelling models. The RMSD plot (Fig. 2a)
of D8 and D15 docking models showed stable curves during
500ps simulation time. The results of RMSD were evidently
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Fig. 2a. RMSD of backbone atoms of protein with analog complex

indicated that ligands were stable in pocket and do not change
their orientation.

Furthermore, the result of fluctuation per residue were
increased in two different regions in both selected models that
are 40 to 60 and 140 to 190. It was analyzed that amino acid
present in these region is involved in binding with ligand (Fig.
2b). The radius of gyration showed the density of protein system

Residues
Fig. 2b. RMS fluctuation of complexes D8 and D15

and no significant changes were detected in Rg values of DS,
which was in the range of 21.92 to 22.71 and for D15, value
was in the range of 21.93 to 22.81 (Fig. 2c). Similarly, the plot
of SASA (Fig. 2d) also indicated the stability of docking comp-
lexes during simulation time. Moreover, the number of hydrogen
bonds in MDS along 500ps verified the molecular docking
results of the systems (Fig. 2e).
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Conclusion

The present research study described the newly designed
derivatives of darunavir and molecular docking with SARS-
CoV-2 (PDB ID: 6LU7) using AutoDock Vina. The compounds
were bound with amino acid present in active site that are
Thr-26, His-41, Phe-140, Leu-141, Asn-142, Ser-144, Cys-
145, His-163, Glu-166, Leu-167, Pro-168 and GIn-189. The
binding energy of compounds were in the range of -4.44 to
-9.85 kcal/mol. Analogs D8 and D15 were considered as best
docked compounds and strongly bound with the receptor with
least binding energy that is -9.85 kcal/mol and -8.52 kcal/mol
respectively. The stability of best docked compounds were also

analyzed by mean of RMSD, RMSFE, Rg and SASA and results
indicated that the selected compounds were stable in binding
pocket without changing the receptor native structures during
0.5 ns. The above selected analogues were considered as most
active compounds with good stability and has potential for
synthesis and development of the drug against corona virus.
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