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A B S T R A C T   

The main protease (Mpro) is the key enzyme of nCOVID-19 and plays a decisive role that makes it an attractive 
drug target. Multiple analysis of crystal structures reveals the presence of W1, W2, and W3 water locations in the 
active site pocket of Mpro; W1 and W2 are unstable and are weakly bonded with protein in comparison to W3 of 
Mpro-native. So, we adopt the water displacement method to occupy W1 or W2 sites by triggering HCQ or its 
analogs to inactivate the enzyme. Virtual screening is employed to find out best analogs of HCQ, molecular 
docking is used for water displacement from catalytic region of Mpro, and finally, MD simulations are conducted 
for validation of these findings. The docking study reveals that W1 and W2 are occupied by respective atoms of 
ZINC28706440 whereas W2 by HCQ and indacaterol. Finally, MD results demonstrate (i) HCQ occupies W1 and 
W2 positions, but its analogs (indacaterol and ZINC28706440) are inadequate to retain either W1 or W2 (ii) 
His41 and Asp187 are stabilized by W3 in Mpro-native and His41, Cys145 and HCQ by W7 in ZINC28706440, 
and W4, W5, and W6 make water mediated bridge between indacaterol with His41. The structural, dynamical, 
and thermodynamic (WFP and J value) profiling parameters suggest that W3, W4, and W7 are prominent in their 
corresponding positions in comparison with W5 and W6. The final results conclude that ZINC28706440 may act 
as a best analog of HCQ with acceptable physico-chemical and toxicological scores and may further be syn
thesized for experimental validation.   

1. Introduction 

The World Health Organization (WHO) declared on March 11th, 
2020, that the outbreak of “Novel CoronaVirus Disease 2019” (nCOVID- 
19) had become a pandemic and was one of the highly pathogenic that 
infected humans [1]. Since the onset of the pandemic, there were more 
than 200 million people confirmed nCOVID-19 cases globally, leading to 
over more than 4 million deaths were reported to WHO [2]. A single or 
combined test that provides virological and serological output would be 
ideal to identify individuals who had been infected. The novel corona
virus had a rapid spread to most of the countries till date and caused 
deadly deaths with a 2% mortality rate. Risk factors for mortality 
include advanced age, obesity, diabetes, and hypertension. However, 
there are no clinically approved or specific therapeutic drugs that are 

available for nCOVID-19 [3]. Intensive research on SARS-CoV-2 is ur
gently required for the treatment of nCOVID-19. The test, trace, and 
treat (T3) programs will become mandatory and may act as effective 
drugs for safe therapies [4]. 

Vaccines might not be enough to quell the pandemic, although many 
repurposed drug candidates are being evaluated, many are redundant, 
and lack a strong rationale for clinical development [5]. Earlier in the 
course of the disease, due to lack of specific treatment for nCOVID-19, 
pre-clinical investigation explored the usage of hydroxychloroquine 
(HCQ), an anti-malarial drug, against nCOVID-19. Many clinical reports 
and research articles have explored the effectiveness of HCQ for the 
treatment of nCOVID-19 [6–9]. However, HCQ is a well-known to have 
some complications and side-effects in some cases. The cause for a 
failure of HCQ treatment should be investigated by testing the isolated 
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SARS-CoV-2 strains of the non-respondents and analyzing their genome 
that may be associated with the metabolism of HCQ. Medicine like 
remdesivir, HCQ, lopinavir, and interferon regimens had a small or no 
effect on hospitalized patients with nCOVID-19, as recorded by overall 
mortality, initiation of ventilation, and duration of hospital stay [10]. 
The nCOVID-19 Treatment Guidelines Panel recommended against the 
use of chloroquine or HCQ with or without azithromycin for the treat
ment of nCOVID-19 in hospitalized and nonhospitalized patients. 
Furthermore, the Panel also advised against the use of high-dose chlo
roquine (600 mg twice daily for 10 days) for the treatment of 
nCOVID-19. However, despite demonstrating antiviral activity in some 
in vitro systems, HCQ with or without azithromycin did not reduce 
upper or lower respiratory tract viral loads or demonstrate clinical ef
ficacy in a rhesus macaque model [11]. The trial enrollment ended early 
on 5th June 2020, after an independent data-monitoring committee 
recommended reviewing the unblinded data, and the investigators and 
trial-steering committee also concluded that the data showed no bene
ficial effect of hydroxychloroquine [12,13]. 

According to the phylogenetic and genomic information, the coro
naviruses are genotypically categorized into four genera: α-CoV, β- CoV, 
γ- CoV, and δ-CoV. Furthermore, its β-type is subdivided into four viral 
lineages of A, B, C, and D. However, CoV has a substantial single- 
stranded RNA virus genome (27–32 kb) [14] and its virion contains two 
major components: genomic RNA and a protein capsid. The RNA 
genome of n-Cov-19 has 29891 nucleotides in length that encode 9860 
amino acids. Moreover, its genome contains the following items: two 
flanking untranslated regions (UTRs), a single open reading frame 
(7096-aa), a non-structural polyprotein (7096-aa), four structural pro
teins – Spike (S) (1273-aa), Envelope (E) (75-aa), Membrane (M) 
(222-aa), Nucleocapsid (N) (419-aa), and five accessory proteins 
(ORF3a, ORF6, ORF7a, ORF7b, ORF8, and ORF10) [15]. 

The main protease (Mpro) or 3C-like protease (3CLpro) is another 
key enzyme in the life cycle of nCOVID-19, playing a pivotal role in 
mediating viral replication, and transcription that makes it an attractive 
drug target for this virus [16]. Mpro resembles the structure of cysteine 
proteases with two antiparallel β-barrels domains [17]. The active site of 
this enzyme comprises a catalytic dyad His41 and Cys145, and lacks the 
third catalytic residue, which is replaced by a stable water molecule [18] 
(Fig. S1). This Cys-His catalytic dyad of this enzyme is located in a cleft 
between the domains I and II. The N-terminal residues (res. ID. from 1 to 
7) of Mpro are considered to play an eminent role in the proteolytic 
activity, whereas the –C terminal (domain III) is reported to be required 
for dimerization [19]. Crystal or NMR structures for Mpro protein with 
HCQ or its analogs are not yet available because the determination of 
such complex structures may be difficult. In the face of global economic 
recession, the developments of infrastructure for such experimental 
trails are really challenging for most of the researchers due to high cost. 
Thus, the approach adopted in our investigation is to search structural 
analogs of HCQ for possible inhibition of SARS-CoV-2. The functional 
differences between HCQ and its analogs may translate into perfor
mance variances that could potentially influence the decision process in 
either HCQ or its analogs and can ultimately become a viable thera
peutic agent for nCOVID-19. 

As we know, water molecules play a vital role in protein structure, 
enzyme catalysis, protein architecture, conformational stability, and 
protein plasticity, stabilization of salt bridges, ligand binding, and 
selectivity for specific interactions [20–27]. However, drug repurposing 
has been a strategy adopted by several research groups to provide 
effective treatment in a short period. Therefore, few computational 
studies have been reported including a massive virtual screening, mo
lecular docking, followed by molecular dynamics (MD) simulation for 
obtaining new anti-COVID molecules. The static structural data do not 
explain the functional and dynamical nature of water molecules in the 
Mpro protein, changes of geometrical and electronic variations at the 
ligand binding site after binding HCQ. In this context, it is important to 
trace the stepwise movement of the biochemical mechanism of Mpro 

from native to ligand bound state, its dynamics, and conformational 
changes using MD simulation. During the MD simulations, the move
ments of ligands in respect of active site residue could explain inter
esting dynamical phenomena that are generally inaccessible in crystal 
structure of Mpro. 

The estimation of binding free energy for the ligand may play a 
decisive role to achieve experimentally determined value for target 
proteins, but accurate binding energy calculation of ligand remains a 
formidable challenge. In structure-based drug design, the free energy 
perturbation and thermodynamic integration methods are not 
commonly used to compute binding energy calculation of ligand 
because these methods are implemented numerically, require sufficient 
statistical sampling, are time-consuming, and are computationally 
expensive [28]. Hence, linear interaction energy (LIE) and molecular 
mechanics/Poisson− Boltzmann surface area (MM/PBSA) are the alter
native and popular computational methods that are broadly used in 
structure-based drug discovery to calculate the binding energy of ligand 
in a fast and rational way [29]. In this study, we can therefore evaluate 
and compare the performance of LIE-D and MM/PBSA methods with 
respect to their ability and efficacy. In the current work, we investigated 
whether the LIE-D can achieve similar accuracy compared to MM/PBSA 
in calculating binding affinities of HCQ and its analogs? These ap
proaches are efficient, less time consuming, and are also computation
ally inexpensive than other methods mentioned above. 

Numerous computational methods like molecular dynamics simula
tions with inhomogeneous fluid solvation theory [30] allow us to 
identify the specific geometrical and electronic locations of invariant 
water molecules in the active site of the protein and also compute their 
thermodynamic properties [31]. Multiple analyses of crystal structures 
of the native form of Mpro protein provide suggestions into which water 
molecules can be targeted for displacement. The medicinal chemistry 
methods explain that tightly bound and well-ordered water molecules 
may gain entropy and are difficult to displace them by ligands, whereas 
weakly bound water molecules are mostly favorable for replacement by 
ligands that may expect to increase binding affinities [32]. To the best of 
our knowledge this is the first computational study that explores the 
results of molecular docking on the basis of crystal water displacement 
in the active site pocket of Mpro and these data are validated by MD 
analysis by focusing on conformational dynamics of HCQ and its ana
logs. Moreover, the integrated findings of single trajectory simulations 
are the starting structures which were obtained from molecular docking 
study from specific binding poses of HCQ or its analogs. No MD simu
lation study has yet been reported on structural transition of Mpro from 
its native to HCQ or its analogs bound state to capture the conforma
tional transitions. Our computational techniques act as a complemen
tary approach to synthesis of new compounds or repurposing of drugs. 
The vision of present study is to evaluate the inhibitors that are struc
turally similar to HCQ, and it will be compared to Mpro protein in the 
complex. In this aspect, our computational study provides a testable 
hypothesis for the binding mechanism of HCQ or its structurally similar 
analogs that may be synthesized experimentally for further validation 
and also guide us to solve the crystal structure of the Mpro with HCQ 
bound complex. 

2. Materials and methods 

2.1. Structures collection and identification of conserved water molecules 
at catalytic region of Mpro 

In the present study, the eleven (PDB ID: 6YB7, 6Y84, 7ALH, 7ALI, 
7BRO, 7JR3, 7KPH, 7C2Y, 7CWB, 7JUN, and 7JVZ) ligand-free crystal 
structures of the main protease were obtained from the Protein Data 
Bank [33]. The PDB ID: 6YB7 (resolution 1.25 Å) was taken as a tem
plate for further molecular docking and MD simulation study because it 
adopted an open conformation to accommodate ligands in the active site 
(Table S1). Three conserved water molecules (W1, W2, and W3) were 
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identified at the catalytic region of these ligand-free crystal structures 
using the 3dSS program [34]; besides, the conserved positions of these 
water molecules were also verified by the Swiss PDB Viewer program 
[35]. Two water molecules (oxygen atoms) or two atoms (oxygen atoms 
between two water molecules or oxygen atom of water molecule and 
specific atom of ligand) whose center-to-center distance was within 
1.80 Å, [36], in between reference (PDB ID: 6YB7), and movable 
structures were assigned as conserved [37,38]. The W1 is H-bonded with 
ND1 of His41 in 6YB7, 6Y84, 7ALH, 7ALI, 7BRO, 7JR3, and 7KPH 
crystal structures, W2 is also H-bonded only with W1, and W3 makes 
H-bonded with His41 and Asp187 in 7C2Y, 7CWB, 7JUN, and 7JVZ; 
therefore, they were assigned as conserved water positions at the cata
lytic region of native Mpro protein. The solvent-accessible surface area 
(SASA) of W1, W2, and W3 water molecules were measured using the 
in-house TCL script with a probe radius of 1.4 Å. The normalized B factor 
(BNorm) for all conserved water molecules were calculated using the 
formula, BNorm = (Bi –)/σ(B), where Bi is the B factor of each atom of 
protein, is the mean B factor of the protein molecule, and σ(B) is the 
standard deviation of the B factors [39]. 

2.2. Virtual screening and QSAR property analysis 

The SMILES [CCN(CCO)CCCC(C)NC1=C2C––CC(Cl)–– 
CC2=NC––C1] of HCQ was obtained from the Drug-Bank database 
(v5.1.5) [40] and it was used for high throughput screening to investi
gate structural analogs of HCQ by Swiss Similarity program [41]. Four 
chemical libraries (Ligands from PDB, ChEMBL, Zinc-drug like, and 
Zinc-lead like) were chosen for the high throughput screening (HTS) to 
achieve the best structural analogs of HCQ. After HTS, the fifty structural 
analogs of HCQ are observed with reasonably good similarity scores like 
HCQ and finally, the best 14 HCQ analogs (mentioned in the supple
mentary section of Fig. S2) were obtained on the basis of similarity 
scores for further molecular docking study with 6YB7 crystal. 

The Osiris property explorer [42] and Swiss-ADME [43] programs 
have been used to compare the pharmacokinetics and drug-likeness 
scores between the HCQ molecule and its analogs (14 compounds). 
Each molecule was filtered out on the basis of six molecular properties 
(cLogP, solubility, molecular weight, TPSA, drug-likeness, and 
drug-score) from the Osiris program and four characters (molar refrac
tivity, Lipinski, bioavailability score, and synthetic accessibility) from 
Swiss-ADME program. 

2.3. Molecular docking study 

Displacing the W1 (PDB ID: W639) and W2 (PDB ID: W864) positions 
by HCQ or its analogs from the 6YB7 crystal structure is the main aim of 
the present docking study. The W1 and W2 locations are weakly bound 
and have less interaction energy with protein, hence they may displace 
well, in contrast the W3 which is tightly bound to protein with strong 
interaction energy and it seems to be unfavorable for water displace
ment. The “A” chain was obtained (excluding water molecules) from 
6YB7 crystal structure and it was considered as a receptor. The HCQ 
molecule and its 14 structural analogs were also taken as a ligand for 
further molecular docking study using the AutoDock Vina program (v 
1.1.2) [44]. The required PDBQT file of the receptor protein and 15 
ligand molecules were assigned Kollman united atom charges [45] and 
Gasteiger partial atomic charges, respectively [46]. To obtain all the 
possible binding orientations, rigid and flexible dockings were per
formed not only for HCQ but also for its 14 analogs, since they should 
have a similar binding mode. Therefore, all the rotatable bonds of each 
ligand were kept to be flexible during docking, and residues inside the 
binding pocket were made rigid initially, and then flexible docking was 
performed by keeping the side-chains of His41 of the receptor protein 
made flexible. Grid point spacing was set at 1 Å and grid points 30 were 
taken in each direction of grid box and the concern box was centered at 
ND1 of His41 (in 6YB7). Best five binding modes of each ligand were 

identified after cluster analysis according to their binding affinity. The 
molecular docking results produced that the drug HCQ, indacaterol, and 
ZINC28706440 show a desirable result and these three docked struc
tures were further consider for molecular dynamics simulation study. 

2.4. Molecular dynamics simulations and trajectory analysis 

The initial docked structure of HCQ, indacaterol, ZINC28706440, 
and native conformation of 6YB7 were obtained for further MD simu
lation studies to identify the dynamic properties of water molecules in 
the ligand-binding pocket of Mpro protein and also to decipher its 
structural changes from native to different ligand-bound conformations. 
Using the AutoPSF module of Visual Molecular Dynamics (VMD v.1.9.3.) 
program [47], missing hydrogen atoms were added to each complex 
structure. Furthermore, the ligand HCQ, indacaterol, and 
ZINC28706440 were parameterized using the SwissParam program [48] 
to obtain topology and parameter files for the CHARMM force field [49]. 
All these structures were then solvated in a cubic box of around 10,000 
TIP3P water molecules extending at least 10 Å from the protein surface. 
Sodium and chloride ions were employed to neutralize the overall 
charge of the system; the resulting system consisted of around 33,000 
atoms. MD simulation was performed for four solvated structures (HCQ, 
indacaterol, and ZINC28706440, and Mpro-native) using the Nanoscale 
Molecular Dynamics (NAMD v.2.11) program [50] by assigning the 
CHARMM-36 all-atom force field (with map correction) [51] for protein 
and the CHARMM General Force Field (CGenFF) for all ligands [52]. 
Three step minimizations were adopted to stabilize the system using the 
steepest-descent method. Initially, energy minimizations were per
formed on the solvent molecules for 5000 steps with the fixed solute. 
Two additional minimization processes were applied; restrained (CA 
atoms of protein) and unrestrained minimizations were carried out for 
2000 and 1000 cycles, respectively. Subsequently, water molecules and 
ions were equilibrated for 2 ns by fixing solute to ensure the removal of 
any remaining steric clashes. Stepwise heating was carried out from 0 to 
310 K for 50 ps in three steps at constant volume and with a gradually 
reduced restraint. Then each system was equilibrated for 500 ps under 
NPT restraints followed by NVT conditions reverting to the NPT 
ensemble for a period of 1 ns [53]. We ensured that each system was 
brought to equilibrium before continuing our simulations by verifying 
that each system reached a point where the energy fluctuations and 
RMSD were stable and PCA data are not scattered over a larger area 
[54]. 

To mimic physiological conditions, the temperature was kept at 310 
K using Langevin dynamics with a damping coefficient of 5 ps− 1. The 
pressure was maintained at 1 atm using the Langevin piston Nose–Ho
over method, with a piston period of 100 fs and a decay time of 50 fs. 
During the simulations, a Nosé-Hoover Langevin piston barostat [55] 
and Langevin thermostat [56] were used to enforce constant pressure 
and temperature. The SHAKE algorithm [57] was used to keep bonds 
involving H atoms at their equilibrium length, allowing a 2 fs time step. 
The van der Waals interactions were truncated at 12.0 Å with switching 
from 10.0 Å. Electrostatic interactions were modeled accordingly with a 
dielectric constant of 1.0 throughout the equilibration and production 
runs. The standard Particle–Mesh Ewald method was used with periodic 
boundary conditions to compute the long-range electrostatic interaction 
of the system by specifying an appropriate Particle–Mesh Ewald grid 
size. Finally, production runs of all-atom MD for each structure were 
performed in the NPT ensemble for 50 ns. The atomic coordinates were 
recorded at every 2 ps for further data analysis (25,000 frames). Each 
MD trajectory, especially 12,500 recorded snapshots (frame Id. 12,500 
to 25,000) were considered for further data analysis using the VMD 
program. Average root mean square deviations (RMSD) and root mean 
square fluctuations (RMSF) of CA atoms of MD structures (12,500 
frames) were calculated (for the reference structure) using an in house 
TCL script. 
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2.5. Identification of water sites in MD structures and calculation of their 
thermodynamic and structural dynamic properties 

To investigate the identification of water sites (W) between each 
ligand and His41 residue in the catalytic region of native MD structure, 
several amino acids were identified, especially relevant, in determining 
the binding with those water molecules (Table 1). Water molecules (W3 
to W7) were investigated from corresponding HCQ, indacaterol, and 
ZINC28706440 bound MD structures by the clustering algorithm of 
WATCLUST [58] program in VMD. The clustering parameters of wat
numbermin, dist, dr, WFRr, and pop were assigned as 15% of the total 
frame, 50.0, 0.16, 0.20, 0.60, and 0.90 Å, respectively. The visual 
analysis of the WATCLUST results provide us identification of each 
water site (W) that has maximum WFP values and is occupied with the 
H-bonding distance, either, between each ligand and their adjacent 
atoms of the protein or only respective atoms of protein. A water 
molecule is defined as being inside that corresponding water site if its 
oxygen atom distance to the water center is less than 0.6 Å, a value 
approximately corresponding to a volume of 1 Å3 for the water site [59]. 
However, among the five water sites (W3 to W7) in MD structures, W3, 
W4, and W7 are found in both the X-ray and MD structures, whereas W1 
and W2 were observed only in X-ray. Therefore, the remaining W5 and 
W6 were assigned a new numbering scheme to distinguish them from 
water molecules in X-ray structures. 

To calculate the average potential energy, combine, with the inter
action of water molecules inside the water site (W) with protein and the 
remaining solvent, electrostatic and van der Waals interactions were 
computed. The interaction energy of W3 to W7 water sites in the HCQ, 
indacaterol, and ZINC28706440 bound structures were calculated by 
sampling of 25,000 snapshots. For each snapshot, we computed the 
average interaction energy with both the protein and all other (bulk) 
water molecules with the VMD program using the namd-energy plugin 
[60]. We calculated the energy ΔE shown in the following equation  

ΔE = EWP - ½ (EW-bulk)                                                                         

where ΔE is the energy difference, EWP is the mean interaction energy 
between a water molecule in the hydration site and protein, and EW− bulk 
is the mean total interaction energy of a water molecule in bulk. 

The water site is a region where water molecules are more likely to 
be found than in bulk. Therefore, the probability of finding water mol
ecules or WFP is assigned as a function in volume V normalized with 
respect to the bulk solvent density for each MD structures. Using the 
inverse Boltzmann relationship, we obtain the following equation and 
characterize each water site from each conformation and also quantify 
this magnitude in energetic terms, by defining J as  

J = − RT ln (WFP)                                                                                 

To compare this parameter for different water sites, the values were 
reported in Table 1 and were calculated as an arbitrarily chosen volume 
of 1 Å3 [61]. 

2.6. Analysis of ligand binding pocket 

The Pocket Volume Measurer program (POVME: version 3.0) [62] 
was employed to identify and characterize the volume, shape, and size of 
ligand binding pocket in four MD structures. Using POVME, we quan
titatively compared the volume of ligand-binding pockets as a function 
of time, which is inaccessible experimentally. The program uses a single 
inclusion sphere by assigning the ND1 atom at the active site residue 
(His41) as a center of the inclusion sphere, which encompasses the 
entire binding cleft of ligand. The POVME algorithm calculates the 
volume of pocket by subtracting the space occupied by protein atoms in 
each frame from the inclusion sphere volume. This procedure was used 
for all MD structures after superimposing each one and aligning their 
trajectories to their first frame. Around 500 frames from each trajectory 
were used to measure the average volume of each pocket. The size of the 
inclusion sphere was set to 11 Å, and the remaining values of van der 
Waals radius, grid spacing, and contiguous cutoff parameters were set to 
4.50, 0.50, and 1.09 Å, respectively [62]. 

2.7. Binding energy calculation using MM/PBSA and LIE-D method 

The binding energy of ligand HCQ, indacaterol, and ZINC28706440 
were evaluated by the results from protein− ligand MD trajectories using 
the molecular mechanics combined with the Poisson− Boltzmann and 
surface area (MM/PBSA) method in the program Calculation of Free 
Energy (CaFE) [63]. The single-trajectory approach is more widespread 
owing to its simplicity, precision, efficiency, and accuracy compared to 
the multi-trajectory setup. The MD trajectories of the protein-ligand 
complex as obtained in the one-average strategy were used to evaluate 
each free energy term on ΔGBind within the following equation:  

ΔGBind = ΔGcomplex - (ΔGprotein+ ΔGligand).                                              

ΔGcomplex represents the free energy of the complex, and ΔGprotein 
and ΔGligand indicate the free energies of the unbound protein and 
ligand, respectively. Three different energy terms are calculated by the 
MM/PBSA method which includes energy difference between the com
plex and separate receptor and ligand molecule in the gas phase from 
NAMD. In MM/PBSA, polar solvation free energy was calculated using 
the APBS program [64] by solving the Poisson− Boltzmann equation by 
assigning the PB radii as bondi, PB boundary condition as mdh (multiple 
Debye-Huckel), and PB chgm (charges are mapped to the grids) as spl2 
(cubic B-spline). The nonpolar term (ΔGnonpolar) is often approximated 
by a solvent accessible surface area (SASA) and were estimated by 
assigning SA radii as bondi using a simple empirical relation: 
(ΔGnonpolar) = γA + b, where A is the solvent-accessible surface area that 
was estimated using the VMD program, gamma (γ) and b are empirical 
constants, and in this work, we used 0.0054 and 0.92 kcal/mol for γ and 
b, respectively. The change in conformational entropy (− TΔS) is 
generally computed by normal-mode analysis on a set of conformational 
snapshots taken from MD simulations. Due to the high computational 
demand and large standard error compared to other contributing terms, 
the entropic term was neglected in the MM/PBSA models when only the 

Table 1 
Thermodynamic and structural parameters of water molecules at the catalytic site (ligand binding) in different conformations of MD simulated structures of Mpro 
protein.  

MD-Structures Conserved Water Sites Reference 
Residue ID 

EWP ½ EW− bulk ΔE WFP J 

Native W3 H41, D187, H164 − 18.75 − 3.50 − 15.25 24.00 − 1.90 
HCQ W3 H41, D187, H164 − 20.73 0.15 − 20.88 26.00 − 1.95 
Indacaterol W4 H41 − 8.27 − 4.29 − 2.82 6.16 − 1.09 

W5 W4, W6 1.60 − 6.14 7.74 1.89 − 0.38 
W6 S46, LIG − 1.92 − 5.45 2.37 3.58 − 0.76 

ZINC28706440 W7 H41, C145 − 10.49 − 3.61 − 6.88 11.00 − 1.43 

EWP, Conserved Water with protein; EW− bulk; Conserved Water with bulk water; LIG; indacaterol. 
*The calculation is defined previously in Methods in Section 2.5. The energies (EWP, EW− bulk, ΔE, WFP, and J interaction value) are in kcal/mol. 
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relative binding free energies of similar ligands are needed and pre
sented in this work [65]. 

By default, the dielectric constant of solute (εsolute) was set to 1 to 
examine the sensitivity of calculated binding free energies to the solute 
dielectric constant. The 2,500 frames were used to estimate the contri
bution of the binding free energy. In the current work, we evaluated the 
LIE-D method [66] to achieve the binding energy of each ligand to 
compare the result from the MM/PBSA model. The binding free energies 
of ligand HCQ, indacaterol, and ZINC28706440 were estimated from 
protein–ligand MD structures using the modified linear interaction en
ergy method (LIE-D) in the CaFE plugin of VMD. LIE-D is widely used to 
calculate non-covalent binding free energies of ligands to proteins. To 
estimate the binding free energy of ΔG (kcal/mol), we used the 
following scoring function:  

ΔGbind
LIE-D = β (Vele-complex - Vele-ligand) + α (Vvdw-complex – Vvdw-ligand) +

(− 0.95 [β (Vele-complex - Vele-ligand) - α (Vvdw-complex – Vvdw-ligand)]- 2.06)          

The coefficients α and β are adjustable empirical parameters for the 
van der Waals and electrostatic contribution of the non-bonded inter
action energy to the free energy of binding, respectively. The balance 
(difference) between electrostatic (polar) and van der Waals (non-polar) 
contributions to the binding free energy was defined as D = β (Vele-complex 
- Vele-ligand) - α (Vvdw-complex – Vvdw-ligand) [66]. The final 5 ns trajectories 
from each MD simulation were considered for calculating the binding 
energy of each ligand using LIE-D. The empirical α and β coefficients 
were initially set to 0.18 and 0.44, respectively. 

3. Results and discussion 

3.1. Analysis of ligand-binding pocket in Mpro-crystal structures 

The eleven crystal structures of the Mpro-native are obtained from 
the Protein Data Bank either in ligand-bound or ligand-free forms. These 
structures have been independently solved by several research groups 
using PHENIX or REFMAC or BUSTER or nCNS refinement programs at 
6.1–7.5 pH. Only those structures determined in C 1 2 1 space groups 
were considered in the present computational study to eliminate crystal 
lattice bias (except PDB ID: 7C2Y in P 21 21 21) because insufficiencies of 
structural data in different space groups may not conclude a compara
tive analogous study. In this context, the present study revealed the 
existence of W1, W2, and W3 water molecules at the catalytic region of 
the Mpro which may have plausible roles in the structure, function, and 
stabilization of Mpro-native. Furthermore, the superimposed complex 
structures between 6YB7, 6Y84, 7ALH, 7ALI, 7BRO, 7JR3, and 7KPH 
have clearly displayed the presence of W1 and W2 water molecules 

those are occupied a bit far (<3.50 Å) from Asp187, in contrast, to the 
superpositions of 7C2Y, 7CWB, 7JUN, and 7JVZ structures showing the 
position of W3 site that makes H-bond with Asp187. Interestingly, W1 
forms H-bonds with ND1 of His41 and oxygen of W2, W2 associates only 
W1 site, and W3 makes H-bonds with ND1 of His41 and OD2 of Asp187 
(presented in Fig. 1). The geometrical positions of W639, W615, W573, 
W563, W499, W484, and W629 are found to be conserved in the W1 site 
with BNorm value from 0.42 to 5.07 Å2 and average SASA value ~8.97 
Å2, moreover, W864, W800, and W691 are located at W2 position with 
BNorm ranging from 2.24 to 3.89 Å2 and average of SASA value ~23.87 
Å2, and similarly, W346, W441, W409, and W429 are occupied in W3 
position with BNorm values from − 0.78 to − 1.54 Å2 and average of SASA 
value 0 0.0 Å2. Thus, the BNorm of W1 and W2 positions are >0.0 Å2 and 
SASA value > 2.5 Å2 (except for few structures, PDB ID: 6Y84, 7JR3, and 
7KPH), on the contrary, the corresponding value for BNorm in W3 site is 
< 0.0 Å2 and SASA value ~ 0.0 Å2 (detail mentioned in Table S2). 
Especially, the average Pearson’s correlation coefficient rp (R2) between 
BNorm and SASA values in W1 and W2 are − 0.61 (0.37) and − 0.78 
(0.61), respectively, that represents an opposite correlations. Moreover, 
water molecules with an accessible surface area <2.5 Å2 were consid
ered to be buried water molecules [67]. Hence, the observed atomic 
displacement parameters (a.d.p) usually referred as BNorm and SASA 
values of water molecules revealed that the W3 site is considerably 
stable, invariant, and deeply buried in crystal structures whereas the 
locations of W1 and W2 are dynamic and highly exposed. According to 
suggestion from Carugo et al. [68], if BNorm is greater than or ~ 1.20 Å2 

for any hydration site, then that will be fully occupied by water mole
cule. This information indicates the W3 location in PDB ID: 7CWB and 
7JUN can also be occupied fully by a water molecule. 

The crystallographic structural parameters (c.s.p.) such as Matthews 
coefficient, solvent content, and calculated mean B-factors of protein are 
found maximum (2.83, 56.48, and 33.56 Å2) in 7C2Y and minimum 
(1.91, 35.50, and 16.87 Å2) in 6YB7. Moreover, the observed ratio of the 
number of protein atoms with respect to water molecules (NPROT/NHOH) 
in 11 Mpro-native (at room temperature with 1.25–2.50 Å resolution) 
are ranges from 5.34 to 51.45 that are suggesting 7JVZ ensemble is 
actually random compared to remaining structures [69] (mentioned in 
Table S2). Remarkably, the average Pearson’s correlation coefficient rp 
(R2) between BNorm and Matthews coefficient in W1, W2, and W3 are 
− 0.18 (0.03), − 0.83 (0.69), and 0.62 (0.39) whereas the rp (R2) between 
BNorm and NPROT/NHOH in W1, W2, and W3 are − 0.79 (0.63), − 0.99 
(0.98), and 0.13 (0.02). In the present study, an attempt has been made 
to establish a relationship between a.d.p. of three water molecules and c. 
s.p of 11 crystal structures that indicates 6YB7 is the stable structure but 
its W1 and W2 site are considerably unstable compared to W3. 

Fig. 1. Superposition of 11 native conformations of X-ray structures reveal the positions of conserved water molecules inside the catalytic pocket in Mpro protein. 
(A) Water molecule W1 and W2 is conserved with respect of D187 in PDB ID: 6YB7, 6Y84, 7ALH, 7ALI, 7BRO, 7JR3, and 7KPH. (B) W3 is conserved and also makes 
H-bond with respect of D187 in PDB ID: 7C2Y, 7CWB, 7JUN, and 7JVZ. 
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3.2. Binding mode prediction of HCQ, its analogous and analysis of their 
pharmacological properties 

Our computational drug repurposing workflow against Mpro-native 
was started with a docking of 4 FDA-approved drugs and 11 new ligands 
(analogous HCQ) using AutoDock Vina program (v1.1.2). In this 
approach, we elucidate how the ligands are occupying the positions of 
W1 or W2 in the binding site? In water-based drug discovery technique, 
the docking results can be considered a “good fit” if ligands grip the 
location of water sites and occupy those positions accordingly [31]. To 
do so, we exhaustively searched the proper and accurate orientation of 
each docked ligand, so that corresponding atoms of the respective ligand 
can occupy the positions of water sites in docked structure. To probe the 
validity of this procedure, we obtained the docked structures accord
ingly. The HCQ, indacaterol, and ZINC28706440 were only considered 
for further study because they were displaced of those water molecules 
in the binding pocket of Mpro whereas remaining 12 HCQ analogs were 
not feasible. Analysis of molecular docking results showed HCQ, inda
caterol, and ZINC28706440 formed short contacts with ND1 of His41 
and their binding energies were − 5.80, − 8.60, and − 5.60 kcal/mol 
respectively (Table S3). Furthermore, HCQ, indacaterol, and 
ZINC28706440 have three; five, and four H-bonding interactions with 
the residues of Mpro respectively, and they also get short contacts with 
Cys145 (except ZINC28706440). The indacaterol has high affinity for 
Mpro protein rather than remaining 14 ligands, but HCQ and 
ZINC28706440 have similar binding affinities in docking study. 

To assess the statistical significance of this docking result, the 
physico-chemical and toxicity comparison was performed for 15 ligands. 
In the present study, OSIRIS Property Explorer was used to predict the 
drug-likeness score of all compounds and comparing them with the drug 
HCQ. The program calculated the risks of side effects, such as muta
genic, irritant, tumorigenic, and reproductive effects, as well as drug- 
relevant properties. Moreover, the overall drug-score was estimated 
from summation of cLogP, solubility, TPSA, drug-likeness, drug-score, 
and molar refractivity parameters. Interestingly, the potential drug- 
likeness score of HCQ, chloroquine, methylergometrin, indacaterol, 
and ZINC77520192 were significantly higher (ranging from 6.54 to 
8.03) than remaining ligands. However, except HCQ, other three com
pounds, produced, insignificant docking results. However, the values of 
physico-chemical parameters referred to as drug-score, cLogP, TPSA, 
drug-likeness, and synthetic-accessibility are 0.48, 3.08, 48.39, 6.54, 
and 2.82 in HCQ, 0.66, 2.81, 81.59, 2.12, and 3.68 in indacaterol, and 
0.50, 1.60, 57.18, 1.74, and 2.01 in ZINC28706440, respectively 
(Table S4). Mostly, the drug-score of HCQ, indacaterol, and 
ZINC28706440 were significantly higher (ranging from 0.48 to 0.66) 
and their predicted in silico toxicity-risk properties were also higher than 
other ligands (Table S5). 

3.3. Analysis of MD trajectories 

3.3.1. Ligand- Mpro interaction profiling 
The findings of MD simulations have been explored in terms of dy

namics and provide new insights to discriminate the structural and 
functional properties between native and ligand bound Mpro confor
mations. We observed that HCQ interacts with His41, Cys145, His164, 
Val186, Arg188, and Gln189, indacaterol with His41, Ser46, Glu47, 
Asn142, and Gln189, and ZINC28706440 with His41, His163, His164, 
Glu166, Arg188, and Gln189. Ligand-residue interactions profiling were 
measured on final 2,500 MD-structures and were presented in Table S6. 
During simulation, conformational changes upon binding HCQ, inda
caterol, and ZINC28706440 to Mpro protein suggest that HCQ and 
ZINC28706440 have similar binding pose and identical interactions 
with His41, His164, Arg188, and Gln189 but indacaterol has different 
interactional patterns in respect of His41 (Fig. S3). 

The present investigation focuses on the residues of ligand-binding 
pocket (His41, Cys145, and His163) along with non-catalytic sites and 

seems significant. The flexibility (RMSF) of each residue in the Mpro- 
native, HCQ, indacaterol, and ZINC28706440-bound MD structures 
are described accordingly, where the N- and –C terminal regions of this 
protein exhibit more flexibility (upper panel of Fig. 2). In MD structure, 
atomic fluctuation (CA atom only) of Mpro-native is 0.39–3.00 Å, HCQ is 
0.37–2.50 Å, indacaterol is 0.38–3.00 Å, and ZINC28706440 is 
0.37–3.00 Å. The RMSF values for active site residues of His41, Cys145, 
and His163 are 0.54, 0.50, and 0.48 Å in Mpro-native, 0.53, 0.49, and 
0.43 Å in HCQ, 0.54, 0.50, and 0.46 Å in indacaterol, and 0.56, 0.49, and 
0.45 Å in ZINC28706440, Whereas, residues like Glu47, Leu50, Asn51, 
Ser139, Tyr154, Pro168, Ala191, Ala193, Asn277, and Gly278 have 
reasonably high values ranging from 1.73 to 1.89 Å. Therefore, the 
atomic deviations of these residues in Mpro-native and indacaterol 
structures seem more flexible than remaining structures. Moreover, the 
comparative trajectory analysis of RMSD (CA atom) with respect to time 
(ns) among the MD structures of Mpro-native, HCQ, indacaterol, and 
ZINC28706440-bound forms indicate that the RMSD value is within 
0.54–2.92 Å in Mpro-native, 0.55 to 2.17 Å in HCQ, 0.51 to 2.73 Å in 
indacaterol, and 0.52 to 2.59 Å in ZINC28706440-bound structures 
(lower panel of Fig. 2). A comparative analysis of these four MD struc
tures show the average RMSD of Mpro-native (1.84 Å) and indacaterol 
(1.93 Å) have large fluctuations and display more dynamic nature than 
HCQ (1.37 Å) and ZINC28706440 (1.68 Å) -bound structure. 

The average volumes of ligand-binding pockets, especially the free 
space are ~820 Å3 in Mpro-native crystal structures. As a rough 
approximation, we calculated the size of the pocket required to bind a 
ligand by measuring the volume of a “minimal sphere.” During the 
conformational transition from Mpro-native to HCQ or indacaterol or 
ZINC28706440, the volume of ligand-binding pocket increases from 862 
to 948 Å3 in HCQ, 1991 Å3 in indacaterol, and 1088 Å3 in 
ZINC28706440 (Fig. 3). Therefore, MD data suggest that the volume of 
the ligand-binding pocket expands significantly in ligand-bound 
conformation relative to Mpro-native, even though, the volumes are 
enlarged similarly in HCQ or ZINC28706440 than indacaterol. 

3.3.2. Structural, dynamical, and thermodynamic characterization of 
water molecules 

The present MD simulation studies of ligand-binding pocket 
demonstrate and confirm the positions of five (W3 to W7) water mole
cules in the protein. The thermodynamic and structural properties of 
these water molecules were characterized and mentioned in Methods in 
Section 2.5. These water sites establish that the H-bonds with ligands or 
residues or conserved water molecules (described in Table 1) and by 
assigning them as references (explained in the method section), we were 
capable to find these water sites with significant water occupation 
probability. Due to the inherent mobility of water molecules in MD 
structures, it is difficult to determine and visualize their positions. 
Therefore, to identify the presence of water molecules in the ligand- 
binding pocket in X-ray crystallographic structure this is the actual 
source for obtaining structural information. We therefore compare the 
water positions in MD conformations with their respective crystal 
structures in Mpro-native. We noticed that the positions of water site W3 
(W604 in 6Y84), W4 (W861 in 6Y84), and W7 (W816 in 6Y84) were 
available in both MD and X-ray structures whereas W5 and W6 water 
locations were only produced during MD simulation. If the crystal 
structures of Mpro do not show any explicit water molecules in the 
ligand-binding site, this does not necessarily mean that they are really 
absent in structures. Perhaps, these water sites are either in rapid ex
change with bulk solvent or relatively mobile within the binding site. 
Therefore, they were inaccessible in crystallographic studies, but may 
still play a major role in the protein function. 

As described in Table 1, water site W3, W4, and W7 have high WFP 
values and ranging from 26.00 to 6.16 because they have, (i) strong EWP 
(− 20.73 to − 8.27 kcal/mol), and (ii) weak EW− bulk interaction energy 
(0.15 to − 4.29 kcal/mol), therefore, their ΔE (− 20.88 to − 2.82 kcal/ 
mol) are also high. In contrast, the W5 and W6 sites contain less WFP 
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values (lower than 4.00) with high EW− bulk (− 6.14 and − 5.45 kcal/mol), 
and weak EWP interaction energy (1.60 and − 1.92 kcal/mol), as a result, 
ΔE are also weak (7.74 and 2.37 kcal/mol). The corresponding WFP 
values expressed in the terms of interaction energy (J) are distinct and 
are also important. W3, W4, and W7 are also highly prominent and 
stable in their corresponding positions because they have the lowest J 
energy value ranging from − 1.95 to − 1.09 kcal/mol in comparison with 
W5 and W6 whose corresponding values are − 0.38 and − 0.76 kcal/mol. 
Remarkably, the average Pearson’s correlation coefficient rp (R2) of W3 
with W4, W3 with W7, and W4 with W7 are significantly high [0.97 
(0.94) to 0.99 (0.99)] in respect of EWP, EW− bulk, and WFP and explains 
these corresponding water sites could be present predominately in MD 
structures. 

The ligand-binding site is stabilized by either W3 or W7 in Mpro- 
native, HCQ, and ZINC28706440-bound conformation, whereas W4, 
W5, and W6 water sites are observed in indacaterol. To identify the 
interactions of water molecules with ligand or catalytic residues in each 
MD-structure, we observed the region of His163—Ser144-Cys145— 
His41—W3—Asp187 in Mpro-native, His163—Ser144-Cys145/HCQ— 
His41—W3—Asp187 in HCQ, His163—Ser144-Cys145—W4—His41— 
His164/Asp187 and His41—W4—W5—W6—indacaterol in indaca
terol, and His163—Ser144-Cys145—W7—His41—ZINC28706440 in 
ZINC28706440-bound conformation (Fig. 4). To explain the possible 
role of each water molecule from each MD structure, we assumed that 
W3 water can act as a catalytic partner of Mpro by stabilizing the thi
olate–imidazolium (Cys145-SH—NE-His41) and imidazole-chlorine 
(HCQ-Cl—NE-His41) interactions in the Mpro-native and HCQ struc
ture respectively. Meanwhile, W4 makes H-bond with the imidazole 
group of His41, W5 also makes a water mediated bridge between W4 
and W6, and W6 interacts with indacaterol (N1 atom). Moreover, W7 is 
observed to occupy Cys-His dyad in ZINC28706440 to inactivate the 

thiolate–imidazolium ion-pair. 

3.3.3. Occupying the positions of W1 or W2 by ligand in X-ray crystal 
structure 

In the present study, we investigated experimentally known data in 
order to produce the crystallographically predicted conserved water 
molecules in Mpro-native on a basis of statistical and thermodynamic 
analysis. Thus, the interaction energy of W1 and W2 sites in 6YB7 and 
W3 in 7CWB crystal structure are computed accordingly. The corre
sponding values expressed in the terms of interaction energy ΔE for W1, 
W2, and W3 are − 4.79, − 3.90, and-17.19 kcal/mol while their inter
action energy with protein (ΔEWP) are − 2.93, − 1.98, and − 17.43 kcal/ 
mol respectively. The displacement of W1 or W2 water site from the 
catalytic region could inactivate the Mpro enzyme and these water sites 
are less stable and dynamic due to BNorm > 0 Å2, are highly exposed with 
solvent-accessible surface areas because of SASA value > 0 Å2, and their 
electrostatic (ΔE) and bulk water (EW− bulk) energy are higher than W3 
position. Therefore, taking up the positions of W1 or W2 by the proposed 
ligand in Mpro using molecular docking study will be a challenging task. 
This structural result can help us for more detailed physico-chemical 
characterizations of the conserved water molecules that play an 
important role in molecular docking study. For investigating water 
displacement approach regarding the ligand-water interactions; we 
superimposed the HCQ, indacaterol, and ZINC28706440 on the 6YB7 
crystal structure. Findings from this docking study reveals the C11 of 
HCQ and C22 of indacaterol occupy the position of W2, while C2 and O1 
of ZINC28706440 grip the locations of W1 and W2, respectively. Mo
lecular docking study may produce insignificant information regarding 
the rearrangements of W1, W2, and W3 water molecules after binding to 
the ligand, thus, MD-simulation is the best alternative option to justify 
the adjustment of this water in terms of dynamics at the active site of 

Fig. 2. Top: Comparison of RMSF (root-mean-square fluctuation) (Å) of CA atoms in MD structure of Mpro-native (violet), HCQ (red), indacaterol (green), and 
ZINC28706440 (blue) bound form. The final 25,000 frames for each conformation were used. Bottom: Comparison of RMSD (root-mean-square deviation) (Å) of CA 
atoms in MD structure of Mpro-native (violet), HCQ (red), indacaterol (green), and ZINC28706440 (blue) bound form. 
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Fig. 3. Approximate volume (Å3) of the binding pocket for ligand HCQ, indacaterol, and ZINC28706440 during structural transitions from native to ligand-bound 
form in the MD simulation. Each molecular surface of the panel marks by a green circle represents ligand-binding groove of the Mpro protein. The changes in volume 
of each MD structure in (A) native Mpro, (B) HCQ, (C) indacaterol, and (D) ZINC28706440 are marked below the structures. 

Fig. 4. MD simulations of native, HCQ, indacaterol, and ZINC28706440 inside the active-site pocket of Mpro protein. Catalytic residues His41, Cys145, His163, and 
ligands are highlighted by the stick models, while water molecules represent in the pink ball. (A) The interactions of His163—Ser144-Cys145—His41—W3—Asp187 
are shown inside the active-site pocket in Mpro-native, (B) His163—Ser144-Cys145/HCQ—His41—W3—Asp187 are shown in HCQ-bound MD structure, (C) 
His163—Ser144-Cys145—W4—His41—His164/Asp187 and His41—W4—W5—W6—indacaterol in indacaterol-bound MD structure, and (D) His163—Ser144- 
Cys145—W7—His41—ZINC28706440 in ZINC28706440-bound conformation. 
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pocket. Finally, the MD-simulation suggests that the C11 and N2 atoms 
in HCQ obtain the positions of W1 and W2, respectively, and binding 
energy of HCQ comparatively augments the docked conformation 
(− 5.80 to − 9.76 kcal/mol). Consistently, indacaterol grip the W2 
location during docking but it cannot occupy either W1 or W2 position 
during MD-simulation and gets more stable by losing energy (− 8.60 to 
− 43.77 kcal/mol). Similarly, ZINC28706440 captures the locations of 
W1 and W2 in the docking study but it moves away from these water 
locations in MD-simulation and obtains stability by releasing the energy 
from − 5.60 to − 22.28 kcal/mol (Fig. 5 and Table S7). 

3.3.4. Comparative analysis of LIE-D and MM/PBSA energy of ligand for 
Mpro 

The LIE-D and MM/PBSA binding free energies and their de
compositions for the three ligands were compared and mentioned in 
Table 2. As a model in MM/PBSA, the atomic radii plays a significant 
role in the performance of solvation energy calculations. In the present 
work, we used bondi radii because the chlorine atom (in HCQ and 
ZINC28706440) is parameterized accordingly and assigned the value 
1.76 Å [70]. 

We observed that the average lig-RMSD is 1.74 in HCQ, 1.96 in 
indacaterol, and 1.71 Å in ZINC28706440. The lig-RMSD is < 2 Å sug
gesting a stable conformation of ligand thus it reflects HCQ, indacaterol 
and ZINC28706440 that are relatively stable. For MM/PBSA, the mean 
value of electrostatic energy (ΔEele +ΔGPB) is 12.26 in HCQ, 3.95 in 
indacaterol, and 1.46 kcal/mol in ZINC28706440 but for LIE-D, the 
value of ΔEele is − 10.36 in HCQ, − 94.92 in indacaterol, and − 136.11 
(kcal/mol) in ZINC28706440. However, the electrostatic energies are 
significantly different for the three binding modes. The overall corre
lation value rp (R2) of ΔEele +ΔGPB with ΔGMM/PBSA and ΔEele with 
ΔGLIE− D are − 0.43 (0.19) and 0.98 (0.95) in HCQ, 0.62 (0.39) and 1.00 
in indacaterol, and 0.95 (0.90) and 1.00 in ZINC28706440. The 
contribution of electrostatic energy to ΔG in MM/PBSA method is poor 

in HCQ and strong in ZINC28706440 while the LIE-D predicts these 
energies contributions are strong and significant in the respective three 
ligands. Similarly, for the van der Waals and hydrophobic interaction 
energies (ΔEvdw+ ΔESA) in MM/PBSA and ΔEvdw values in LIE-D are 
− 33.30 and − 28.90 in HCQ, − 14.14 and − 11.12 in indacaterol, and 
− 26.37 and − 22.28 kcal/mol in ZINC28706440. For the three binding 
modes, the van der Waals energies are very different, which means HCQ 
and ZINC28706440 have a good hydrophobic contact than indacaterol. 
The correlation value rp (R2) of ΔEvdw+ΔESA with ΔGMM/PBSA and ΔEvdw 

with ΔGLIE− D are 0.80 (0.63) and 0.89 (0.80) in HCQ, 0.73 (0.53) and 
− 0.31 (0.10) in indacaterol, − 0.72 (0.52) and − 0.92 (0.84) in 
ZINC28706440 that reveals this relationship of two energy terms with 
ΔG that are very high in HCQ and poor in ZINC28706440. 

In this regard, it is concluded that both the electrostatic and the van 
der Waals interactions have significant role for binding of ligand, but the 
relative electrostatic interaction contributes more. The electrostatic 
energy and lig-RMSD of HCQ and ZINC28706440 are apparently similar 
and has been predicted by LIE-D. Our findings also support the results of 
different research groups [71] to indicate that the electrostatic inter
action energy may be a good predictor for identifying best structural 
analogous of ligands and it is the predominant factor for determining the 
different binding orientations. Only when comparing the ΔG correlation 
results of HCQ versus indacaterol and HCQ versus ZINC28706440, we 
observed that the rp(R2) values are − 0.74 (0.54) and 0.47 (0.22) in 
MM/PBSA and 0.41 (0.61) and 0.72 (0.52) in LIE-D. According to the 
correlation findings (rp and R2), the MM/PBSA and LIE-D methods 
suggest that the ΔG value of HCQ is correlated strongly with 
ZINC28706440 and insignificantly with indacaterol. Hence, HCQ has a 
strong correlation with ZINC28706440 than indacaterol and thus these 
statistical findings in respect of rp values also demonstrate that 
ZINC28706440 is the best structural analogous of HCQ. 

Fig. 5. Top: Superimposed complex structures of HCQ, indacaterol, and ZINC28706440 (docked conformation) with Mpro-native (PDB ID: 6YB7). The C11 of HCQ 
and C22 of indacaterol occupy the W2 location, but C2 and O1 of ZINC28706440 take the W1 and W2 sites, respectively. Bottom: Superposition of the HCQ, 
indacaterol, and ZINC28706440 bound-MD conformations on 6YB7 crystal structure show the C11 and N2 atom of HCQ grip the W1 and W2 locations, but inda
caterol, and ZINC28706440 are remotely occupied without displacing W1 and W2 site. 
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4. Conclusion 

The present study focuses on the ligand-binding pocket of the Mpro 
protein to characterize its stabilization and the role of water molecules 
during the enzymatic mechanism. The comprehensive analysis of mul
tiple crystal structures of Mpro-native reveals the presence of three 
conserved water locations (W1, W2, and W3) that maintain the archi
tecture of the active site pocket when ligands are absent in the enzyme. 
The crystallographic structural parameters of those concern sites and 
their interaction energy profiling conclude that the W1 and W2 are 
dynamic in nature, considerably unstable, weakly bonded with protein 
in low interaction energy, and are highly exposed. Whereas W3 position 
is apparently stable, invariant, tightly bonded with the protein by strong 
interaction energy, and deeply buried in crystal structures of the Mpro- 
native. Therefore, we have planned to displace W1 or W2 water sites by 
triggering HCQ or its analogs to inactivate the enzyme and thus virtual 
screening with molecular docking studies have been adopted to deter
mine the analogs for HCQ. The findings demonstrated that indacaterol 
and ZINC28706440 are the best analogs of HCQ with reasonably 
acceptable physico-chemical and toxicological values. The docking 
study reveals that HCQ and indacaterol occupy the W2 position and 
ZINC28706440 grip the locations of W1 and W2 with binding energy 
-5.80, -8.60 and -5.60 kcal/mol. Finally, the MD-simulations results 
show that the HCQ obtains the positions of W1 and W2 whereas its 
analogs (indacaterol and ZINC28706440) could not retain them and 
leave the position of either W1 or W2. These ligands gain stability by 
releasing energy compared to HCQ from docking to MD simulation 
study. The MD simulation results again consistent with the existence of 
five water molecules in the ligand binding pocket of the enzyme, espe
cially water site W3, which is observed in Mpro-native and HCQ, W4, 
W5, and W6 in indacaterol, and W7 in ZINC28706440-bound structure. 
The W3 and W7 stabilize the thiolate–imidazolium and imidazole- 
chlorine interaction in Mpro-native and HCQ respectively and W7 also 
stabilizes His41—Cys145 in ZINC28706440-bound conformation. 
Interestingly, W4, W5, and W6 in indacaterol make a water mediated H- 
bond between ligand and His41. During conformational transition from 
Mpro-native to indacaterol or ZINC28706440, W3 is departed from 
Mpro-native and W4, W5, and W6 enter the binding pocket in indaca
terol and similarly W7 arrives in ZINC28706440-bound structure. The 
computational evidence encourages us to identify structural, dynamical, 
and thermodynamic discriminative features of ligand binding site for 
comparative analysis of Mpro-native with HCQ or its analogs. In this 
context, WFP, J value, and other thermodynamic profiling parameters 
suggest that W3, W4, and W7 are highly prominent in their corre
sponding positions in comparison with W5 and W6. Our results 
appeared to be significant and evident that we decided to explore our 
important findings with the medical community in the current pandemic 
situation. We, therefore, recommend that ZINC28706440 is the best 
structural analog for HCQ that should be further synthesized, and 
require proper experimental and pre-clinical investigation for the 
possible treatment of nCOVID-19. 
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