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Now a days, more than 200 countries faces the health crisis due to epidemiological disease COVID-19
caused by SARS-CoV-2 virus. It will cause a very high impact on world’s economy and global health
sector. Earlier the structure of main protease (MP™) protein was deposited in the RCSB protein repository.
Hydroxychloroquine (HCQ) and remdesivir were found to effective in treatment of COVID-19 patients.
Here we have performed docking and molecule dynamic (MD) simulation study of HCQ and remdesivir
with MP™ protein which gave promising results to inhibit MP™ protein in SARS-CoV-2. On the basis of

Keywords: results obtained we designed structurally modified 18 novel derivatives of HCQ, remdesivir and
COVID-19 . . . . . .

SARS-CoV-2 tetrahydrocannabinol (THC) and carried out docking studies of all the derivatives. From the docking
Hydroxychloroquine studies six molecules DK4, DK7, DK10, DK16, DK17 and DK19 gave promising results and can be use
Remdesivir as inhibitor for MP™ of SARS-CoV-2 to control COVID-19 very effectively. Further, molecular dynamics
THC simulation of one derivative of HCQ and one derivative of tetrahydrocannabinol showing excellent
Docking docking score was performed along with the respective parent molecules. The two derivatives gave

MD simulation excellent docking score and higher stability than the parent molecule as validated with molecular
dynamics (MD) simulation for the binding affinities towards MP™ of SARS-CoV-2 thus represented as
strong inhibitors at very low concentration.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction February 2020, this virus strain, earlier termed as ‘2019-nCoV &

Wuhan virus’ was officially announced a taxonomic name “severe

In the Wuhan city, the capital of Hubei province (China), since
late December of 2019, firstly a case of pneumonia like viral
infection attracted the attention of scientists, academicians and
pharmaceuticals worldwide [1-4]. It was an outbreak of pneumo-
nia like symptoms with abnormal lungs, due to the anonymous
reasons with an epidemiological among humans [2]. Earlier the
terms like “the new coronavirus” and “Wuhan coronavirus” were
used in a very common manner by January 2020. On the 11th
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acute respiratory syndrome coronavirus-2” (SARS-CoV-2) [5] due
to the resemblance of the RNA genome of the previously identi-
fied coronavirus (SARS-CoV). On the same day, finally the world
health organization (WHO) referred the name of this disease as
COVID-19 [6]. This virus represents a pandemic threat to global
public health and has already infected millions of the people
and leads to more than hundred thousands of deaths globally in
more than 200 countries. These numbers are increasing rapidly
as of this manuscript writing. If the rapid spread of this virus-
SARS-CoV-2 will be not controlled, it will probably bring a fore-
most challenge for global health system and world’s economy
[7-9].


http://crossmark.crossref.org/dialog/?doi=10.1016/j.molliq.2021.116185&domain=pdf
https://doi.org/10.1016/j.molliq.2021.116185
mailto:kamleshkumar@kunainital.ac.in
mailto:bahadur.indra@nwu.ac.za
mailto:bahadur.indra@nwu.ac.za
https://doi.org/10.1016/j.molliq.2021.116185
http://www.sciencedirect.com/science/journal/01677322
http://www.elsevier.com/locate/molliq

D. Mishra, Radha Raman Maurya, K. Kumar et al.

S-Protein

M-Protein

E-Protein

Fig. 1. Structure of the virus caused COVID-19 i.e. SARS-CoV-2.

Coronaviruses (CoVs) are comparatively larger in size than
other viruses and shared a greater than 79% sequence identity to
SARS-CoV [10]. Coronaviruses (CoVs) are enveloped single
stranded positive sense RNA viruses and their family can be subdi-
vided into four groups- alpha-, beta-, gamma and delta- CoV
[11,12]. Before the identification of SARS-CoV-2, only six of the pre-
viously known CoVs were cause mild to severe illnesses in humans.
The alpha coronavirous (HCoV-229E and HCoV-NL63), cause
milder respiratory disease in the upper respiratory tract. However
the beta form of CoVs (HCoV-0C43, HKU1, and SARS-CoV are
responsible for severe acute respiratory syndrome [12,13]. While
it’'s another form MERS-CoV (Middle east resipartory syndrome
coronavirus) is responsible for infection in the lower respiratory
tract [13]. The coronavirus has its appearance like crown shape
(Fig. 1) and its structure is quite complex which contains four
structural proteins [14] spike proteins (S), envelope protein (E),
membrane protein (M) and nucleocapsid proteins (N) and several
unidentified nonstructural protein. Recent studies shows that the
spike protein and chymotrypsin-like protease (3CLP™) also called
as main protease (MP') plays an important role in mediating viral
replication and transcription [15-18] and hence is an attractive
target for drug development for SARS-CoV-2. The 3CLP™catalyze
the cleavage of polyprotein at 11 distinct sites and produces a var-
ious nonstructural protein which is responsible for viral replica-
tions. Therefore by the inhibiting the activity of this enzyme the
researchers can cure the viral replication [17,18].

The coronavirus can infect both animals as well as humans. Few
animals like bat, hosts various types of coronaviruses appears to be
immune to coronavirus prompted sickness [19]. Latest establish-
ment shows that SARS-CoV-2 infects the lower respiratory system
and results in viral pneumonia. Along with viral pneumonia SARS-
CoV-2 may also attacks at kidney, heart, liver, gastrointestinal and
central nervous system causing multiple organ failure [20,21]. Cur-
rent advancement about its transmission suggests that this new
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Fig. 2. The crystal structure of MP™ (PDB id: 6LU7) of SARS-CoV-2.

coronavirus strain, SARS-CoV-2 is more contagious than another
coronavirus family [22]. Therefore structure-based virtual compu-
tational studies will be used to investigate the best drugs and is a
fundamental approach to design highly potent inhibitor which can
cure the viral replication.

The crystal structure of main protease (MP") of SARS-CoV-2 is
determined and deposited in RCSB with PDB ID: 6LU7 [23] Fig. 2.
According to our recent literature studies, most of the potential
drugs contains heterocyclic moieties and was found to be active
against SARS-CoV-2 MP™. Recently antiviral drug Remdesivir
[24,25] and antimalerial drug hydroxychloroquine (HCQ)/chloro-
quine [26-29] were found to inhibit effectively to control
SARS-CoV-2 in vitro and are currently being used in the treatment
of patients with SARS-CoV-2 infection (Fig. 3).

HCQ is less toxic than chloroquine and also found to be a potent
inhibitor against the SARS-CoV-2 in vitro [30]. Herein, in order to
manage/control this pandemic situation we have suggested few
modified chloroquine, remdesivir and tetrahydrocannabinol
(THC) and studied their inhibition abilities towards MP™ using
molecular docking and were further validated by molecular
dynamics (MD) simulation study. In order to understand the prop-
erties of molecular assemblies in terms of their structure and the
microscopic interactions between them computer simulations
plays a significant role. Molecular dynamics simulation provides
a route to dynamical properties of a system; transport coefficients,
time-dependent responses to perturbations, spectra, rheological
properties [31]. Molecular dynamics simulation comprised of
numerical, step-by-step solution of the classical equations of
motion that for a simple atomic system can be written as Eq. (1).

mit; = fif; = =d/ori(W) (1)

For this we need to calculate the forces f; acting on the atoms,
and these are derived from a potential energy u (), where ¥ =
(r;, 12, 13....rN) representing the complete set of 3 N atomic
coordinates.

Remdesivir (DK-14)

Fig. 3. Chemical structure of Chloroquine, HCQ and Remdesivir.
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Molecular dynamics simulations in drug discovery play an
important role as they provide insight into the protein motion.
The static models provided by homology modelling, NMR, X-ray
crystallography gives insights about the macromolecular structure
while drug binding and molecular recognition are very dynamic
processes that can be studied using molecular dynamics simula-
tions [32]. MD simulations are often used to explore the conforma-
tion space of molecules, especially the large molecules such as
proteins. In MD simulation the energy surface is studied using
the newton’s law of motion for system. In the docked structures
MD simulation is useful to confirm whether the major contacts
found in docking are maintained during the MD simulation hence
presenting the more reliable results. In other words the static view
presented by docking is verified by the MD simulation. Generally
by combining the two in-silico techniques, docking and MD simu-
lation will provide the more reliable results.

In the current prevailing situation where HCQ, remdesivir are
being used by the clinical practitioners in the treatment of patients
with SARS-CoV-2 infection, then in the current study we proposed
the structural modifications of these drugs on the basis of strong
theoretical chemistry concepts. Then, computationally assessed
the binding affinity of the designed molecules by docking studies
and were further validated by the molecular dynamics simulation
study (MD simulation) of the two potential derivatives showing
the binding affinity more than the parent compounds.

2. Calculations

The step-wise methodology followed for in-silico interaction
pattern study of hydroxychloroquine (HCQ), remdesivir, and
tetrahydrocannabinol (THC) and their derivatives for characteriz-
ing the potent drug molecules targeting MP™/3CLP™ protein of
SARS-CoV-2 is described as follow.

2.1. Protein, hydroxychloroquine, remdesivir and
tetrahydrocannabinol derivatives designing and their geometry
optimization

A dataset of eighteen derivatives of hydroxychloroquine,
remdesivir, and tetrahydrocannabinol were designed (Fig. 4). The
initial structures of all the derivatives were drawn in Gauss view
3.0 and all the molecular structures of derivatives along with the
parent drugs were optimized at the level of parametrization
method 6 (PM6) semi-empirical method in Gaussian 09, quantum
chemistry software [33-35].

Main protease protein (MP"/3CLP™) of SARS-CoV-2 is a homod-
imer with two chains, A and B [36]. The two chains are associated
by crystallographic 2-fold symmetry to form dimer. Each protomer
is comprises of three domains. Domain I (residues 8-101) and
domain II (residues 102-184) forms an antiparallel beta-barrel
structure and domain III (residues 201-303) comprised five
alpha-helices those are arranged into a largely into an antiparallel
globular structure and is connected to domain II by means of long
loop region (residues 185-200) (Shown in Fig. 5). MP™/3CLP™ pro-
tein of SARS-CoV-2 has a catalytic dyad comprises of Cys-His and
substrate binding site is located in the cleft between domain I
and II [37].

The functional role of MP™ in the life-cycle of virus and also no
closely related homologue of this protein in humans identify it as
an attractive target for the anti-viral drugs. The three-
dimensional structure of chain A from MP™/3CLP™ (PDB ID: 6LU7,
2.16 A) of SARS-CoV-2 was taken from PDB (http://www.rcsb.
org/) [23]. In the current study chain A was taken for
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macromolecule preparation. Chimera 1.13.1 software was used
for carrying out the minimization of protein structure implement-
ing Amber ff99Sb force field [38].

2.2. Interpretation of binding site

The MP™ active site mainly contains sub-sites commonly named
as S1, S2, S1/, S2/, S4. The amino acid residue Phe140, Leul41,
His163, Met165, GIn166 and His172 are present in S1 site, while
Met49 and Asp187, Glu189 are present in bulky hydrophobic sub-
site S2 [39]. The amino acid residue Thr25, Leu27, Cys38, Pro-39,
Val42, and Cys145 present in S1’ subsite and play an important role
in catalysis [18]. The Thr-26, Asn-28, Tyr-118, Asn-119, and Gly-
143 are found in S2,'while the flexible S4 site contains Leul67,
GIn192 [39,40]. The active site was predicted by CastP software
active site prediction tool [41].

2.3. Molecular docking study

Dataset of optimized molecular structures of hydroxychloro-
quine, remdesivir, THC and its derivatives were subjected to
molecular docking against the MP™ of SARS-CoV-2 in the above
defined active site using AutoDock 4.2.2 [42] and AutoDock Vina
[43]. AutoDock implies 3-dimemsional potential grids to calculate
the potential energy of docking molecules. Grid preparation mod-
ule of AutoDock was used for the generation of a 3-dimensional
grid box encompassing the active-site residues and a grid box with
grid points dimensionality of X = 100, Y = 126, Z = 96 having grid
spacing of 0.375 A was generated. Lamarckian genetic algorithm
and empirical scoring function of the docking software was
employed for carrying out molecular docking and for ranking the
docked molecules respectively. Binding conformation of the pro-
tein-ligand complex was used to calculate the intermolecular
energy taking the unbound protein-ligand conformation as the ini-
tial conformation. For the docking process all the molecules were
set with the population size of 150, number of maximum genera-
tions 27,000, maximum evaluations of 2,50,000 with a gene muta-
tion rate of 0.02, and crossover rate of 0.8. All the molecules were
employed for the generation of 100 binding poses for the respec-
tive docking.

2.4. Molecular dynamics simulations

To study the stability of protein-ligand complex i.e., The molec-
ular dynamics (MD) simulation study [44], we have used the Gro-
macs 5.1.2 software which is widely used. The MD simulation of
the hydroxychloroquine and tetrahydrocannabinol and their
derivative DK7 and DK16 respectively those were showing the best
binding affinity from the docking study against MP™ was carried
out. All the four systems were employed for 100 ns time scale sim-
ulation. Protein topology was generated by GROMOS 96 54a7
forcefield [45] in Gromacs while the ligands topology was obtained
using automated topology builder (ATB) server [46]. Solvation of
protein-ligand complex was carried out in a cubic box of size 9.
73 x 9.73 x 9.73 nm using SPC water model. Systems were neu-
tralized by the addition of four CI~ ions and then the energy min-
imization of the systems was carried out using the steepest
descent algorithm. Particle-Mesh Ewald method [47] was used
for the calculation of electrostatic interactions of the systems. A
normal cut-off of 0.9 nm was implied for Van der Waals interac-
tion. Constraints imposed by the covalent bonds including hydro-
gen atoms of the system were calculated by a linear constraint
solver for molecular simulations (LINCS) algorithm. NVT (Number
of particles, Volume and Temperature) and NPT (Number of
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Fig. 5. Structure of main protease protein (MP"/3CLP™) of SARS-CoV-2.

particles, Pressure and Temperature) simulations were run on the
system for 1 ns using Berendsen thermostat method [48] to con-
trol the temperature at 300 K with a coupling time of 0.1 ps and
pressure was restrained at 1 bar [49]. The co-ordinates were saved
in 0.002 fs for all the systems [50]. Different analytical tools such
as gmx rms, gmxrmsf, gmx gyration, gmxh_bond, and gmxsasa

Table 1

were implied for the calculation of RMSD, RMSF, Rg, Hydrogen
bonds and SASA respectively. The RMSD and RMSF trajectories
were also resolved with the help of visualization software like
Visual Molecular Dynamics (VMD) [51] and Chimera 1.13.1 [38]
visualization tools and the graphs were plotted using the Origin
software.

Docking study result of the derivatives of hydroxychloroquine, remdesivir, and tetrahydrocannabinol with PM6 optimized geometry against main protease (MP™) showing the
binding affinity and the interacting residues.

S Molecule “Free binding energy Inhibiton "Free binding energy Interacting residues
No. (autodock)(kcal.mol 1) Constant (autodock vina) (kcal.mol ')
Ki (M)
autodock
DK1 -5.37 115.27 -5.30 Phe3, Arg4, Lys5, Trp207, Leu282, Leu286, Leu287, Glu288, Asp289,
Glu290, Phe291
DK2 —6.45 16.38 —6.60 Gly2, Phe3, Arg4, Lys5, Trp207, Leu282, Phe291
DK3 —6.52 16.52 —7.02 Phe3,Arg4, Lys5, Met6, Ala7, Val125, Tyr126, GIn127, Trp207, Leu282,
Phe291
DK4 -7.11 6.12 —6.90 Phe8, Pro9, Asn151, lle152, Asp153, Tyr154, Phe294, Arg298
DK5 -6.01 39.13 —6.50 Asp33, Tyr37, Pro99, Lys100, Tyr101, Lys102, Phe103
DK6 -5.92 45.72 —6.12 Phe3, Arg4, Lys5, Tyr126, GIn127, Lys137, Gly138, Ser139, Trp207,
Ser284, Glu288, Phe291
DK7 —7.56 2.72 -7.21 His41, Phe140, Leu141, Ser144, His163, Met165, Glu166, Asp187,
Arg188, GIn189
DK8 -6.78 10.76 —6.42 Thr198, Thr199, Tyr237, Asn238, Tyr239, Leu271, Leu272, Gly275,
Met276, Leu286, Leu287
DK9 -5.59 79.38 —6.14 Phe3, Arg4, Lys5, Val125, Tyr126, GIn127, Trp207, Leu282, Gly283,
Ser284, Leu286, Glu288, Phe291
DK10 -7.14 5.87 -7.23 Phe3, Arg4, Lys5, Trp207, Leu282, Glu288, Phe291
DK11 —6.86 9.33 —6.98 Pro108, Gly109, GIn110, Pro132, I1e200, Val202, Asn203, Glu240,
His246, Thr292, Pro293, Phe294
DK12 -5.57 83.11 —-5.22 Phe8, Pro9, GIn110, Thr111, Asn151, Ile152, Asp153, Tyr154, Phe294,
Val297, Arg298
DK13* -5.41 108.7 —5.78 Glu14, Gly15, Cys16, Met17, GIn19, Trp31, GIn69, Ala70, Gly71,Asn95,
Lys97, Asn119, Gly120, Ser121, Pro122
DK14~ -5.30 129.48 —5.60 Phe3, Arg4, Lys5, Met6, Ala7, Val125, Tyr126, GIn127, Phe291
DK15 "~ -6.99 7.56 —6.58 Glu14, Gly15, Met17, Val18,GIn19, GIn69, Ala70, Gly71, Lys97, Asn119,
Gly120, Pro122
DK16 -7.64 249 -7.92 Lys102, Val104 Ile106, GIn107, GIn110, Thr111, Asn151, Ille152, Asp153,
Ser158, Phe294,
DK17 —7.62 2.90 —7.46 Thr26, Leu27, His41, Met49, Leu141, Asn142, Gly143, Ser144, Cys145,
His163, His164, Met165, Glu166, Pro168, GIn189,
DK18 —6.88 9.09 —7.04 Lys5, Met6, Ala7, Val125,Tyr126, GIn127, Cys128, Lys137, Gly138,
Ser139, Glu290
DK19 -7.41 3.66 -7.67 Phe8,Lys102, Val104, 1le106, GIn107, GIn110, Thr111, Asn151, lle152,
Asp153,Ser158, Phe294
DK20 —6.16 30.28 -6.29 His41, Phe140, Leu141, Gly143, Ser144, Cys145, His163, His164,
Met165, Glu166, GIn189
21. DK21 -6.13 32.27 —6.32 Phe8, Asn151, lle152, Asp153, Tyr154, Phe294, Arg298,
" Hydroxychloroquine.
" Remdesivir.
™" Tetrahydrocannabinol.

¢ Data using Autodock.
b Data using Autodock; Residues in bold are representing hydrogen bond forming residues.
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2.5. Principal component analysis

Analysis of eigenvectors and eigenvalues was performed using
Principal component analysis (PCA) or Essential dynamics method
in Gromacs for obtaining the projection of first two Principal Com-
ponents (PCs). Protein function is majorly defined by the associated
motion of the protein which was obtained by PCA [52]. All the rota-
tional and translational movements were removed and co-variance
matrix was formed. The atomic coordinates from the positional
covariance C and its eigenvectors were used in the following equa-
tion for the calculation of elements of the positional covariance
matrix C:

Gi= @—<g>)(g— <qg>)j=1 2. ;

2)
The i C,, atom was represented by the cartesian coordinate g;
and C, atom was denoted by N in the protein-ligand bound sys-
tems. Complete translational and rotational movements using
‘Least square method’ of the equilibrated trajectory was removed
that was further superimposed on a reference structure. For the
prediction of rest of eigenvectors and eigenvalues A;, all the matri-
ces were diagonalized using orthogonal coordinate transformation
matrix A.

A=T'GT 3)

In the equation, eigenvectors corresponding to the direction of
motion relative to <q;> were represented in the columns and each
eigenvector associated with the eigenvalue represents the total
mean-square fluctuation of the system ahead the corresponding
eigenvector. gmxcovar and gmxanaeig tools of Gromacs were used
for the calculation of eigenvector and eigenvalues for the obtained
last 20 ns trajectories.

Journal of Molecular Liquids 335 (2021) 116185
3. Results and discussion
3.1. Molecular docking

Since chloroquine based antimalarial drug HCQ and remdesivir,
the antiviral drug is in use for the treatment of COVID-19. Few
reports suggest that cannabis and their derivatives have many
therapeutic applications including antiviral activity [53-57].
Herein, we have done structural modification in the HCQ/chloro-
quine, remdesivir and THC (Fig. 4) and perform virtual screening
on MP™. Dataset of optimized molecular structures of hydroxy-
chloroquine, remdesivir, THC and its derivatives were subjected
to molecular docking against the MP™ of SARS-CoV-2 (PDB Id:
6LU7) in the defined active site using AutoDock 4.2.2 [42] and
AutoDock Vina [43].The free binding energy and inhibitory con-
stant (Ki) of all molecules are sown in table 1. During our initial
studies for the designing of potent COVID-19 inhibitor first we
put modification at chain of the tertiary nitrogen atom of
hydroxychloroquine/chloroquine derivative. This can be done by
substituting a variety of aliphatic open chain and different deriva-
tives of pyrrolidine. By using this concept, we have studied and
compare the free binding energy along with inhibition constant
of nine novel derivatives of hydroxychloroquine/chloroquine, these
are DK1, DK4, DK5, DK7, DK8, DK10, DK11, DK20 and DK21 (Fig. 6).
The effect of the substituent was further compared with the stan-
dard drug DK13 (hydroxychloroquine).

Out of the nine designed derivatives DK4, DK7 and DK10 were
found to be more potent inhibitor against MP™ as compared to
the standard drug hydroxychloroquine. The free binding energy
for hydroxychloroquine (DK13) was found to be —5.65 kcal mol~!
while it was —7.11 kcal mol~!,-7.56 kcal mol~!, —7.14 kcal mol !,
for DK4, DK7 and DK10 respectively (Table1). The molecular Dock-
ing of DK7 suggested that the hydroxy substituted pyrrolidine ring

OH
J\/\/ (\SH J\/\/ :
Z ~ T Dwon
HN N
HN o HN
\
S > (o] X
7
Cl N P
Cl N cl N
DK-1 DK-4 DK-5
OH OH
J\/\/"53 J\/\/N,j HNJ\/H(N
HN HN 0
N o OH
AN AN
Z
P —~ Cl N
Cl N Cl N
DK-7 DK-8 DK-10
OH OH ’/<
/,,N N. N
HNJ\/\rl‘aj HNJ\/YN\N HNJ\/\‘ N
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Fig. 6. Structurally modified HCQ/Chloroquine.
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makes a hydrogen bond with the Leu141, Ser144 and His163 of the
active site of MP™. The anilinic NH makes a hydrogen bond with
the oxygen atom of GIn189, while His41, Phe140, Glul66,
Asp187, Arg188 are involve in the hydrophobic interaction with
the ring residue of the active site respectively (Shown in
Fig. 7, 2D and 3D images of DK7).

We have also compared the free binding energy and inhibition
activity of DK7 —7.56 kcal mol~! with its isomer DK8 (—6.78 kcal
mol~1), surprisingly, it was a more than three-fold change in inhi-
bition constant against MP™. We further investigate the effect of
more polar —COOH functional group of pyrrolidine DK10. The
molecular docking data reveals that the activity of DK10 (-7.13 k
cal mol™!) is more than that of DK8 but less than that of DK7.
We have also compared the effect of introducing one more OH
group in pyrrolidine ring (adjacent and syn to —-OH group in
DK7), in DK5 (free binding energy —6.01 kcal mol~!, and it was
found to be less active than DK7. It was also observed that the
replacement of pyrrolidine moiety with planar 1,2,3 triazole
derivative (DK20 and DK21, see Table 1) has no significant effect
on the activity of the molecule against MP™ of SARS-CoV-2.

3.2. Molecular dynamics simulation HCQ-MP™ and DK7-MP™

Further, molecular dynamics (MD) simulation which is a com-
puterized method for studying the physical movements of the

O Leul41(a)

Cap
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atoms while binding [58] was carried out for HCQ-MP™ and DK7-
MP™ complexes. MD simulation of the docked complexes for 100
nano second (ns) was carried out and equilibration state for both
the systems was obtained. The trajectories were observed for
RMSF, Rg, SASA, and H-bonds for last 20 ns equilibrated trajectories
including the binding free energy analysis also for last 20 ns.

3.2.1. Root mean square deviation (RMSD) and root mean square
fluctuation (RMSF)

Dynamic stability of all the systems is described by the RMSD, it
calculates the changes in the protein’s backbone framework during
the simulation time scale. Two systems occupied for the calcula-
tion of RMSD values and the trajectories of all the systems were
observed for last 20 ns as shown in (Fig. 8a). Average values of
RMSD for HCQ-MP™ & DK7-MP™ were 0.3582 nm & 0.3777 nm
respectively. RMSD pattern observed for DK7 is comparable to
HCQ representing the stable complex. Residue mobility calculation
for the last 20 ns equilibrated trajectory was done after the RMSD
calculation as illustrated in (Fig. 8b). Residue mobility analysis
describes how ligand binding induces the conformational changes
at residue level, as for the protein function an exact geometry is
required. The average RMSF values obtained for HCQ-MP™ was
0.1088 nm while DK7-MP™ had 0.1226 nm. DK7 showed average
RMSF value comparable to the parent drug.

CB
iz His163(A)

140(4)

(©)

Fig. 7. (a) 3D surface image of protein with DK7 represented in sticks model showing the interactions in the binding pocket of protein. (b) Protein is represented in cartoon
model and DK7 is represented in sticks model showing the polar interaction in 3D with the bond lengths represented by yellow dashed lines and interacting residues of the
proteins are labelled with residue name using the PyMOL interactive visualization tool. (c) 2D representation of DK7 with MP™ by Ligplot+.
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Fig. 8. Molecular dynamics simulation. (a) RMSD of the Co backbone for 100 ns MD simulation at 300 K, (b) RMSF value of Co atoms for last 20 ns. In all panels the color code

is: HCQ-MP™ (black) and the derivativeDK7-MP™ (red).

3.2.2. Hydrogen bonds and compactness analysis

Protein-ligand stability is majorly defined by the hydrogen
bonds as they contribute to transient interactions in the complex
formation providing stability to the docked complex. In this study,
we calculated the number of hydrogen bonds formed in the com-
plexes while binding. The number of hydrogen bonds formed in
the complexes in the time scale is plotted in (Fig. 9a). Number of
hydrogen bonds formed for HCQ-MP™ & DK7-MP™ were 0-5 & 0-
5 respectively. Derivative showed the number of hydrogen bonds
as equal as the parent molecule in formation of complex represent-
ing derivative stability comparable to the parent molecule.
Whereas, radius of gyration (Rg) factor that defines the compact-
ness of the protein-ligand complexes during the simulation
time-scale. The distance measure between centers of mass of

Hydrogen Bonds

85 90 95
Time (ns)

a

protein atoms with its terminal atoms in a particular time frame
is called radius of gyration. Compact protein shows a lesser amount
of variation in the gyration value while higher Rg value represents
diffused structure. In this study, we plotted the Rg values vs. time
for all the complexes (Fig. 9b). The average Rg values obtained for
HCQ-MP™ & DK7-MP™ were 2.2141 & 2.2214 nm respectively.
From this analysis it has been predicted that the derivative is as
good as the parent molecule.

3.2.3. Solvent accessible surface area

Solvation free energy of a protein is the result of interaction
among polar and non-polar residues of the protein. SASA is that
surface area of the protein which is monitored by the solvent mole-
cule’s probe when it seeks the van der Waals surface of the protein.

217 - T T |
90 95 100

Time (ns)

b

Fig. 9. Molecular dynamics simulation. (a) Number of hydrogen bonds interaction between protein and ligand during simulation time scale for HCQ and DK7 (b) Rg vs time
for HCQ and DK7 during MD simulation. In all panels the color code is: HCQ-MP™ (black) and the derivative DK7-MP™ (red).
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Fig. 10. Solvent accessible surface area. (a) The SASA plot for HCQ and derivative complex in water with respect to time, (b) The Residue SASA plot for HCQ and other
derivative complex. In all panels, the color code is HCQ-MP™ (black) and the derivativeDK7-MP™ (red).

Hydrophobic residues are most responsible for the increment of
the SASA value. The SASA value of each complex was calculated
from the last 20 ns equilibrated trajectory and shown in
(Fig. 10a). We got the average SASA values of 150.443 &
151.448 nm? for HCQ-MP™ & DK7-MP™ respectively. An important
parameter, residue SASA value that gives understanding of confor-
mational change per residue contribution. A graph has been plot-
ted between residues and SASA value (Fig. 10b). The average
residue SASA values gained HCQ-MP™ & DK7-MP™ were 0.4916 &
0.4949 nm? respectively. The SASA analysis represents that the
derivative is as good as the parent molecule.

3.2.4. Principal component analysis

In the molecular dynamics simulation, the principal component
analysis predicts the correlated motion of the complexes, in the
calculation of the Principal Components (PCs) the overall motions

16
144
12
1.0
o.a- \"z.z_ b

0.6

Eigenvalue (nm?)

N L — LB

0.0 : . . , . .
0 2 4 6 8 10

Eigenvector index

a

in the proteins is described by a few key eigenvectors. Hence in
the study, we had plotted the eigenvalues with the eigenvectors
for the 10 eigenvectors in (Fig. 11a). The first ten eigenvectors of
HCQ-MP™, & DK7-MP™ explained 29.97% & 43.72% of the motions
respectively for the last 20 ns equilibrated trajectory. It was
observed that the derivative of HCQ showed comparable motions
as compared to HCQ. As previously stated, we had taken 10 eigen-
vectors for predicting the correlated motion of the complexes and
had observed that the first five eigenvectors are the key for study-
ing overall protein dynamics. The first two eigenvectors were plot-
ted opposite to each other in a phase space where each one of the
spectrum represents the correlated motions (Fig. 11b). The denser
cluster characterizes the stability of the complex while the dis-
persed cluster represents the less stable cluster. It was seen from
the results obtained that DK7 and HCQ showed the similar cluster
pattern towards MP™

Projection on Eigenvector 2 (nm)

Projection on Eigenvector 1 (nm)

b

Fig. 11. Principal component analysis. (a) The plot of eigenvalues vs. eigenvector index. First 10 eigenvectors were considered (b) Projection of the motion of the protein in
phase space along the PC1 and PC2. In all panels the color code is: HCQ-MP™ (black) and the derivativeDK7-MP™ (red).



D. Mishra, Radha Raman Maurya, K. Kumar et al.

Journal of Molecular Liquids 335 (2021) 116185
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Fig. 12. Chemical structure of THC and their derivatives.

3.3. Molecular docking of conjugate of hydroxychloroquine with
remdesivir and derivatives of tetrahydrocannabinol

In our second studies we have designed a conjugate of hydrox-
ychloroquine with remdesivir. Several report suggest that remde-
sivir is effectively in use with HCQ for the treatment of COVID-19
patient. So, we planned to design a hybrid of HCQ and remdesivir.
These hybrid molecules (DK2, DK3, DK6, DK9 and DK12) were
docked with active site of the MP™ of SARS-CoV-2. The docking
score obtained from the molecular docking studies shows, among
these conjugates DK3, DK6, DK9 and DK12 are little better but
not that much active as compared to HCQ alone while DK2 (free
binding energy —4.22 kcal.mol™!), was found to have lower free
binding energy and poor inhibition with respect to HCQ against
MP™ of SARS-CoV-2 (Table 1).

Since tetrahydrocannabinol is useful in the cure of various dis-
ease [53-57]. Hence, taking THC as a parent moiety (DK15, Fig. 12)
we have designed its four derivatives (DK16, DK17, DK18 and
DK19, see Fig. 12) for docking study against MP™ of SARS-CoV-2.
The molecular docking data shows that parent molecule (DK15,
free binding energy —6.99 kcal.mol~! see table 1) is itself more
potent inhibitor than the HCQ (DK13) itself. This attracted our
attention towards modification in this moiety and designs a more
potent inhibitor. Now based on the docking result of DK15 we have
designed and perform their docking against MP™ of SARS-CoV-2.
Based on this docking results of these derivatives (DK16),

DK17, DK18 and DK19) it was found that all derivatives are
more active than the parent molecule (DK15). Among all these
the best result was obtained by DK16, DK17 and DK19
(-7.64 kcal mol~!, —7.62 kcal mol~!, —7.42 kcal mol~! respec-
tively). It has also been found that DK16 is more potent inhibitor
for MP™ of SARS-CoV-2 than the HCQ’s derivative DK7. The molec-
ular docking of DK16 suggests that the carboxylic acid group pre-
sent at parent moiety makes a hydrogen bond with Lys102 and
oxygen atom of tetrahydropyran ring is involved in hydrogen bond
formation with GIn110. While the other amino acid residue
Val104, 1le106, GIn107, Thr111, Asn151, lle152, Asp153, Ser 158,
Phe294 are involved in hydrophobic interaction with the different
residue of the moiety (Fig. 13).
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3.4. Molecular dynamics simulation complex of MP™ with THC and
DK16

Hence molecular dynamics simulation for 100 ns of the docked
complex of MP™ with THC and DK16 was carried out to further val-
idate the results obtained from the docking studies. In the study,
equilibration state for both the systems were obtained and last
20 ns equilibrated trajectories were observed for RMSF, Rg and
SASA H-bonds including binding free energy analysis for last 20 ns.

3.4.1. Root mean square deviation (RMSD) and root mean square
fluctuation (RMSF)

Average values of RMSD for THC-MP"°& DK16-MP"® were 0.1863
& 0.1516 nm respectively. RMSD pattern observed for DK16
showed less average RMSD value than THC, representing a stable
complex formation with MP™ Also, average RMSF values obtained
for THC-MP™ & DK16-MP™ were 0.1185& 0.1178 nm respectively.
An optimized geometry of the protein is required for the functioning
of protein and ligand binding disrupts the original conformation of
the protein. DK16 showed average RMSF value less than the THC
representing that ligand complex is a stable complex as compared
to the parent drug (Fig. 14a and b).

3.4.2. Hydrogen bonds and compactness analysis

Number of hydrogen bonds formed THC-MP™ & DK16-MP™
complexes was 0-3 & 0-2 respectively in the time scale, plotted
(Fig. 15a). Derivatives showed the number of hydrogen bonds as
equally as the parent molecule in formation of complex represent-
ing derivatives is stability as compared to the parent molecules.
The average Rg values obtained for THC-MP™ & DK16-MP™ were
2.2055 & 2.1787 nm respectively (Fig. 15b). DK16 derivative
showed less Rg value than the parent molecule. This analysis indi-
cates that the derivative is good as compared to the parent
molecule.

3.4.3. Solvent accessible surface area

Average SASA values of 154.761 & 147.616 nm? for THC-MP™
& DK16-MP™. The average SASA value for DK16 is less than the
parent molecule. SASA analysis reveals that the derivative is
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]]er::(%)

Fig. 13. (a) 3D surface image of protein with DK16 represented in sticks model showing the interactions in the binding pocket of protein. (b) Protein is represented in cartoon
model and DK16 is represented in sticks model showing the polar interaction in 3D with the bond lengths represented by yellow dashed lines and interacting residues of the
proteins are labelled with residue name using the PyMOL interactive visualization tool. (c). 2D representation of DK16 with PDB6LU7 by Ligplot®.

comparably good than the THC. The SASA value of each complex been plotted between residues and SASA value (Fig. 16b). The aver-
was calculated from the last 20 ns equilibrated trajectory and age residue SASA values gained for THC-MP™ & DK16-MP™ were
shown in (Fig. 16a). Residue SASA value that gives understanding 0.5057 & 0.4824, nm? respectively. This analysis also in favor that
of conformational change per residue contribution. A graph has the derivative is good as that the parent drug.
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Fig. 14. Molecular dynamics simulation. (a) RMSD of the Co backbone for 100 ns MD simulation at 300 K, (b) RMSF value of Ca atoms for last 20 ns. In all panels the color
code is: HCQ-MP™ (black) and the derivativeDK7-MP™ (red).
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Fig. 15. Molecular dynamics simulation. (a) Number of hydrogen bonds interaction between protein and ligand during simulation time scale for THC and DK16 (b) Rg vs time
for THC and DK16 during MD simulation. In all panels the color code is: THC-MP™ (black) and the derivative DK16-MP™ (red).
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Fig. 16. Solvent accessible surface area. (a) The SASA plot for THC and derivative complex in water with respect to time, (b) The Residue SASA plot for THC and other
derivative complex. In all panels, the color code is THC-MP™ (black) and the derivative DK16-MP™ (red).

3.4.4. Principal component analysis

In the MD simulation, the principal component analysis pre-
dicts the correlated motion of the complexes. The first five eigen-
vectors of THC-MP™ & DK16-MP™ explained 39.37% & 36.84% of
the motions respectively for the last 20 ns equilibrated trajectory.
It was observed that DK16 showed less motion as compared to
parent molecule. Hence, the modeled results are suggesting the
stability of DK16 towards binding with MP™ protein, (Fig. 17a).
The first two eigenvectors were plotted opposite to each other
in a phase space where each one of the spectrum represents the
correlated motions (Fig. 17b). The denser cluster characterizes
the stability of the complex while the dispersed cluster represents
the less stable cluster. It was seen from the results obtained that

12

DK16 showed the dense cluster representing stability towards
MPre,

3.5. MMPBSA binding free energy analysis

The binding ability of the ligands to the protein is assessed with
the help of binding free energy calculation which is the sum of
non-bonded interaction energies of the complex. MMPBSA tool
[59] that is directed by the Gromacs, was adopted for the calcula-
tion of binding free energy. All the binding free energies of the
complexes are summarized in Table 2, showing the stability of
the complex formation with the derivatives as compared to the
parent molecule.
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Fig. 17. Principal component analysis. (a) The plot of eigenvalues vs. eigenvector index. First 10 eigenvectors were considered (b) Projection of the motion of the protein in
phase space along the PC1 and PC2. In all panels the color code is: THC-MP™ (black) and the derivative DK16-MP™ (red).

Table 2

Table represents the Van der Waals, electrostatic, polar solvation, SASA and binding energy in k].mol~' for molecules.

S. No Compound Van der Waals energy Electrostatic Energy Polar solvation energy SASA energy Binding energy

1 Hydroxy-chloroquine —172.01 + 13.53 —75.44 + 10.74 158.32 + 13.58 —19.56 + 0.87 —108.69 + 12.87

2 DK7 —37.40 + 49.55 —34.93 + 46.08 7317 £77.72 —524+7.69 —4.40 + 57.28

3 Tetrahydro-cannabinol —94.88 + 50.87 —16.58 + 10.40 62.87 £ 38.50 —10.49 £ 5.96 —59.09 + 47.98

4 DK16 —9.25 £ 29.79 —2.37 +£7.56 8.40 + 58.88 —1.45 +5.26 —4.68 + 56.47
4. Conclusion Acknowledgment

Since COVID-19 is epidemiological and created a globally chal-
lenged health crisis, till date there is no any particular vaccine or
drug have been developed to control it. Initially it was found that
hydroxychloroquine and remdesivir are little bit active and are
using as a drug for management of COVID-19. Keeping it in mind
we have designed derivatives of these drugs and studied about
their inhibition and binding with MP™ of SARS-CoV-2. In our dock-
ing studies we have concluded that DK4, DK7, DK10, DK16, DK17
and DK19 can be use as inhibitor for MP™ of SARS-CoV-2 to control
COVID-19 very effectively. Also, MD simulation for HCQ, DK7, THC,
and DK16 those were highest scoring molecules obtained in the
docking studies was carried out. RMSD, RMSF, hbonds, Rg, SASA,
PCA parameters were calculated to validate the stability of the pro-
tein ligand complexes and found that DK16 showed higher stabil-
ity as compared to the parent molecule as well as from DK7. DK7
molecule showed comparable stability as the HCQ with MP™ pro-
tein of SARS-CoV-2. It is anticipated that both these derivatives will
be potent drug candidates and can be further validated
experimentally.
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