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Abstract

Due to the current pandemic nature, severity, and rapid spread of COVID-19, there is eminent
need to identify potential therapeutics to inhibit the novel coronavirus. In the quest, scientists
from the USA had reported that the use of Famotidine in patients was associated with improved
clinical outcomes and a reduced risk of intubation or death from COVID-19. However, the exact
mode of action, the binding mechanism, and precise COVID-19 molecular target with which
Famotidine interacts are yet to be ascertained. Here, 12 different COVID-19 protein targets have
been screened against Famotidine employing molecular docking and molecular dynamics
simulation. This reveals, among all the targets, the Papain-like protease (PLpro) as the potential
target having the strongest affinity to Famotidine estimated to be of -7.9 kcal/mol with three
hydrogen bonds. Tyrosine residue in the 268" position in the binding site seems to be very
crucial for the stability of the PLpro-Famotidine complex, giving rise to multiple interactions
such as hydrogen bonding as well as n-Sulfur. While the post-molecular dynamics (MD)
analyses such as the root-mean-square deviation (RMSD) and fluctuation (RMSF), the radius
of gyration (Ry), and the principal component analysis (PCA) affirm the stability of the complex
providing an insight into the binding mechanism, the identification of a valid target PLpro of
SARS-COV-2 for Famotidine would help understand its action, further development, and

experimental exploration.
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. Introduction

The coronavirus SARS-CoV-2 (previously known as nCoV-19), declared pandemic by the
World Health Organization (WHO) (Cucinotta et al., 2020), as of now has infected more than
5 million individuals and has claimed the lives of more than 328,000 people across 212
countries globally. The coronavirus pandemic (COVID-19) has been associated with acute
respiratory distress syndrome resulted from an enveloped, positive-sense, single-stranded RNA
beta-coronavirus that has a genome of over 29 kb in length (Prajapat et al., 2020; Sarma ef al.,

2020). Six members of the Coronaviridae family were previously known to infect humans,
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including severe acute respiratory syndrome coronavirus (SARS-CoV) and Middle East
respiratory syndrome coronavirus (MERS-CoV), in 2002 and 2012, respectively. SARS-CoV-
2 is the latest addition to the family and has less severe symptoms and a lower mortality rate
(6.4%), but more infectious (Zhu et al., 2020; Muralidharan et al., 2020; Gupta et al., 2020)
than the SARS-CoV and MERS-CoV with the fatality rate of 10% and 36%, respectively
(Chang et al., 2006). An increasing number of infections and the death toll despite concerted
efforts to contain the pandemic using various strategies, ushers an adverse global impact on
health and economics (Petropoulos et al., 2020), impelling to discover preventive therapeutics
as quickly as possible. The scenario is further made worst by the fact that at present, no

clinically effective drug has been approved for the treatment of this virus infection.

Target-identification and mechanism-of-action studies of effective drugs have important roles
in drug discovery (Schenone et al., 2013). SARS-COV-2 has several non-structural and
structural proteins such as matrix protein (M protein), small envelop protein (E protein), trimeric
spike (S) glycoprotein, nucleocapsid protein (N protein), Main protease (Mpro), Papain-like
protease (PLpro), Nonstructural protein (nsp) 13 (helicase), nspl2 (RNA-dependent RNA
polymerase, RdRp), nspl4 (N-terminal exoribonuclease and C-terminal guanine-N7 methyl
transferase), nsp15 (Uridylate-specific endoribonuclease), nsp16, (2'-O-methyltransferase), and
nspl0 (Wu et al., 2020; Li et al., 2020; Kong et al., 2020). These proteins can be the potential

targets for the novel or repurposed drug discovery.

The two proteases of SARS-CoV-2, chymotrypsin like protease (3CLPro) and Papain-like
protease (PLpro), are necessary for the viral survival (Li et al., 2020). These two proteases are
responsible for the cleavage of SARS-CoV-2 encoded polyproteinla/b (PP1 a/b) resulting in
multifunctional proteins involved in transcription, replication, and infection of the virion. PLpro
cleaves the starting three sites at the N-terminus and 3CLpro cleaves other remaining 11 sites
of PP1 a/b forming 16 non-structural proteins (Kiemer et al., 2004; Ratia et al., 2006). SARS-
CoV-2 PLpro aids in replication as well as subverts cellular ubiquitination machinery to
facilitate viral survival. Because of the crucial roles in the viral replication and survival, PLpro

is a promising drug target for SARS-CoV-2.

Famotidine is a histamine-2 receptor antagonist that blocks the action of histamine in the

parietal cells, ultimately blocking acid secretion in the stomach (Freedberg et al., 2020). It is



frequently prescribed for hospitalized patients for stress ulcer prophylaxis, gastroesophageal
reflux disease, and Zollinger-Ellison syndrome (Sekiguchi et al., 1987; Freedberg et al., 2020).
Recently, scientists from the USA have reported that the use of Famotidine in 1,620 hospitalized
patients with COVID-19 was associated with improved clinical outcomes and a reduced risk of
intubation or death (Freedberg et al., 2020). In the past, Famotidine has demonstrated its in vitro
antiviral properties by inhibiting the replication of HIV (Bourinbaiar et al., 1996). With a lack
of further details as to how Famotidine inhibiting the virus, the exact mechanism and the target
in which Famotidine interacts with SARS-CoV-2 is yet to be identified. Such information can
proliferate the identification and design of more powerful drugs than Famotidine against SARS-

CoV-2 in the near future.

Therefore, in the present study, we explore the interaction between all possible targets of
COVID-19 with Famotidine, providing a molecular insight to identify the specific target to
which this drug is most likely to bind. Molecular docking of Famotidine with twelve SARS-
COV-2’s targets was carried out to identify the potential target. Further, molecular dynamics
(MD) simulation and post-dynamics analysis, such as RMSD, RMSF, Rg, hydrogen bond, and
principal component analysis (PCA) to understand the stability and binding mechanism of the
complex of Famotidine with the best targets were performed. The effectiveness of Famotidine
in the clinical trial and wide availability of the drug provide hope to combat the novel
coronavirus. Thus, the focus of this work on the target-identification and manifestation of the
binding mechanism would provide necessary information to the researcher for further

exploration in the potential therapeutic discovery against the SARS-CoV-2 pandemic.

2. Materials and Methods

2.1 Protein and ligand structure preparation
The twelve targets of SARS-COV-2 used in the study are four structural targets: matrix protein
(M protein), small envelop protein (E protein), trimeric spike (S) glycoprotein, nucleocapsid
protein (N protein), and eight non-structural targets: two proteases, namely Main protease
(Mpro) and Papain-like protease (PLpro), nspl3 (helicase), nspl2 (RNA-dependent RNA
polymerase, RdRp), nsp14 (N-terminal exoribonuclease and C-terminal guanine-N7 methyl
transferase), nsp15 (Uridylate-specific endoribonuclease), nsp16 (2'-O-methyltransferase), and

pnspl0, (Kong et al., 2020) (Figure S1 in the supporting information). The 3D structures



wherever available were retrieved from the RCSB database, otherwise, the structures were
modelled using Modeller (Kong et al., 2020) followed by validation and energy minimization
with GROMACS. The 3D structure of PLpro with PDB ID 6W9C was used in this study. The
structure of Famotidine was retrieved from Drug Bank (Wishart et al., 2018) followed by
geometry optimization using Gaussian 16 at the level DFT/B3LYP/6-31+G(d, p).

2.2 Molecular docking

COVID-19 docking server (Kong et al., 2020) was utilized for the the initial docking of
Famotidine with twelve targets which was later verified by manual docking using AutoDock
Vina (Trott et al., 2010). For docking, after removal of water, the Kollman charges were added
to the protein targets. Similarly, fixing of missing hydrogens, assignment of the Gasteiger
charges and rotatable bonds were performed to Famotidine. Next, Famotidine was docked with
the 12 target proteins using AutoDock Vina. For sequential docking, the autogrid size was set
to specific binding regions of each target with the default grid spacing. Lamarckian Genetic
Algorithm (GA 4.2) was used for the docking. Top 10 docking scores and corresponding poses
were analyzed by the Discovery Studio visualizer. The best-docked complex, PLpro-

Famotidine, was subjected to the molecular dynamics simulation study.
2.3 MD simulation

MD simulations were carried out for the PLpro-Famotidine complex and only PLpro (for
comparison) for a period of 50 ns using GROMACS (GROningenMAchine for Chemical
Simulations) v5.1 (Pronk et al., 2013). The unit cell defined as a cubical box, with a minimal
distance of 10 A from the protein surface to the edges of the box, was solvated using the Simple
Point Charge (SPC) water model; the topologies of these selected targets and Famotidine were
created by the GROMOS96 53a6 force field (Oostenbrink et al., 2004). Counter-ions were
added to make every system electrically neutral at a salt concentration of 0.15 mol/L. Before
the MD run, each system was subjected to energy minimization by employing the steepest
descent integrator for 5000 steps with force convergence of <1000 kcal mol! nm™!.

Thereafter, each protein-ligand complex was equilibrated for 5 ns using the canonical (NVT)
and the isothermal-isobaric (NPT) ensembles. During equilibration, each system was coupled

with the Berendsen temperature and the Parrinello-Rahman pressure controllers, respectively,



to maintain a temperature of 300 K and pressure 1 bar. The Particle Mesh Ewald (PME)
algorithm (Essmann et al., 1995) was employed to deal with the long-range Coulomb
interactions with a Fourier grid spacing of 0.12 nm. The short-range van der Waals interaction
was given by the Lennard-Jones potential with a cut-off distance of 1 nm. All bond lengths
were constrained by the linear constraint solver (LINCS) method (Hess et al., 1997).

Subsequently, 50 ns production run was performed under the micro-canonical ensemble by
relaxing the couplings with the thermostats. In principle, the same protocol was applied to both
systems. A time step of 2 fs was used and the coordinates were saved at every 10 ps during the
production run. For the structural analyses of every system, the resultant MD trajectories were
analyzed using the built-in modules of GROMACS and visual molecular dynamics (VMD
1.9.1). The 2D plots depicting the intrinsic dynamical stabilities captured by the root-mean-
square deviation (RMSD), root-mean-square fluctuation (RMSF), radius of gyration (Ry),
hydrogen bond, and principal component analysis (PCA) like our previous studies (Sen Gupta

et al., 2020; Singh et al., 2020) of the complexes were generated by the Grace 5.1.23 program.

3. Results and discussion

3.1 Molecular docking and binding mode analysis

Molecular docking and dynamics are the core part of designing, screening and identification
of new bioactive molecules as well as protein targets (Schenone et al., 2013). Molecular
docking of Famotidine with the twelve targets of SARS-CoV-2 was performed and the rank
(descending order) according to their binding energies with Famotidine is Papain-like
protease (AG = -7.90) > RNA dependent RNA polymerase (RdRp) with RNA (AG =-7.00) =
Nspl4(N7-MTase) (AG = -7.00) > RdRp without RNA (AG = -6.80) > Nsp16(2'-O-MTase)
(AG = -6.50) = Nspl4(Exon) (AG = -6.50) > N protein NCB site (AG = -6.30) >
Nspl5(endoribonuclease) (AG = -6.10) > Main Protease (AG = -6.00) > Helicase ADP site
(AG =-5.90) > Helicase NCB site (AG = -5.60 > E protein (ion channel) (AG = -4.60), please

see Figure 1 and Table S1 in the supporting information), all AGs are in kcal/mol.
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Figure 1: Binding energies (in kcal/mol) of Famotidine with twelve COVID-19 (SARS-
COV2) targets selected in this study. The Papain-like protease having the lowest binding

energy is shown in red color.

Among all 12 targets, the Papain-like protease (PLpro) has the best docking score with
Famotidine having a binding energy of -7.90 kcal/mol, followed by Nspl4 (N7-MTase) and
RdRp with RNA (both having -7.00 kcal/mol binding energy) (Figure 1). PLpro having the
lowest binding energy and thereby the highest docking score is considered for further study to
get insights into its binding mechanism and stability with Famotidine. Recently, in an article

published in Nature Medicine (Shaffer, L., 2020), the authors hypothesized that PLpro might be



the potential target for Famotidine, however, any study which could confirm the hypothesis and

the mechanism of action of Famotidine did not exist until the current study is carried out.

The genome of SARS-CoV-2, structure of the PLpro-Famotidine complex, and the amino acid
residues of PLpro interacting with Famotidine contributing to the aforesaid docking score are
shown in Figures 2A, 2B, and 2C, respectively. The genome accounts for fourteen non-
structural proteins including Papain-like protease (nsp3) formed by the cleavage of polyprotein
along with other components. In Figure 2B, the 3D structure of PLpro with Famotidine (red

color) in the binding site can be seen.
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Figure 2: (A) The single-stranded RNA genome of SARS-CoV-2, (B) the 3D structure of
the PLpro-Famotidine complex, and (C) the 2D plot of the amino acid residues of PLpro

interacting with the Famotidine drug.

Hydrogen bonding, van der Waals, and IT interactions (II-Cation, I1-Sulfur, IT-Alkyl) are the
major contributors towards the stability and binding energy of the PLpro-Famotidine complex
(Figure 2C). Amino acid residues LYS157, GLU167, and TYR268 are involved in the formation
of three hydrogen bonds. Residues GLY 163, MET208, PRO247, TYR273, and THR301 are




involved in the van der Waals interaction. Residue LEU162 forms I1-alkyl and TYR268 which
was involved in hydrogen bonding also forms II-Sulfur bond. IT-Cation bond is formed by
ASP164, TYR264, and ASP302 residues. There are thirteen amino acid residues involved in the
interaction with Famotidine in which TYR268 seems to be the most crucial one for the stability
as it is associated with both hydrogen bond as well as I1-Sulfur bond formation. Earlier, it was
also noticed that the conserved amino acid residue TYR268 had a critical role in the inhibitory
action of GRL-0617 to PLpro of SARS-CoV-2 (Shin et al., 2020) which corroborates with our

result.
3.2 MD trajectory analysis

MD simulations have great significance to scrutinize the internal motions, conformational
changes, stability, etc. of protein-ligand complexes and are shown to be effective in inhibitor
designing and mutational analysis (Sen Gupta et al., 2020; Singh et al., 2020). Using the
generated MD trajectories, the root-mean-square deviation (RMSD), root-mean-square
fluctuation (RMSF), radius of gyration (Rg), hydrogen bonding (HB), and principal component

analysis (PCA) were computed and the results are discussed below.

RMSD is an essential structural and dynamical parameter to investigate the conformational
stability despite allowing to assess the quality, equilibration, and convergence of an MD run (Sen
Gupta et al., 2020). A larger RMSD value is indicative of the lower stability of a protein complex
and vice-versa. In this study, the RMSD of the PLpro-Famotidine complex and PLpro without
ligand with respect to the Ca atom was calculated against the MD simulation time which is
shown in the Figure 3A. In the case of the PLpro without ligand, the average RMSD is around
0.3 nm, with fluctuations at around 5 ns and 40 ns (Figure 3A). Whereas, in the case of the
PLpro-Famotidine complex, the average RMSD is around 2.9 nm and slight fluctuation has been
seen at 44 ns and remains stable during the rest of the simulation period. The lower average value
and lesser fluctuation of the RMSD of PLpro in complex similar to the unbound PLpro suggest

stability of the target-drug complex and hence a strong bonding between the two.

Similarly, RMSF is a useful parameter that estimates residue flexibility during dynamics with
respect to the backbone atoms of each amino acid residue of PLpro in the complex and unbound
state presented in Figure 3B. In the case of PLpro without ligand, the average RMSF is around

2.7 nm, and apart from the starting and terminal residues, higher spikes could be seen at the
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residues 105, 155, 190, 199, 226, and 262 as shown in the plot of Figure 3B. Likewise, in the
case of the PLpro-Famotidine complex, with the average RMSF of 2.6 nm, often spikes appear
in the RMSF plot at the same locations as before (Figure 3B), which is consistent with the
RMSD analysis for inferring the stability of the bound state.
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Figure 3: Plots of (A) RMSD as a function of simulation time, (B) RMSF as a function of

amino acid residues, (C) R, as a function of simulation time, and (D) the average number

of hydrogen bonds as a function of simulation time for PLpro without ligand (Black color)

and in the PLpro-Famotidine complex (Red color)

The radius of gyration (R;) describes the level of compaction of protein. It is defined as the
mass-weighted root-mean-square distance for a collection of atoms from their common center
of mass. Hence, the trajectory analysis for the radius of gyration depicts the evolution of the

overall dimension of protein during dynamics. In the case of PLpro without ligand, the average
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value of Ry is 1.94 nm and there is a large fall at around 25 ns (Figure 3C). On the other hand,
in the case of the PLpro-Famotidine complex, the average value of Ry is around 1.93 nm and
there occurs similar decay in the Rg plot as shown in Figure 3C. During most of the time span
of MD, PLpro without ligand and in the complex is observed to be stable as no large fluctuations
observed; the protein is stable in the complex as well as it is evident.

The existence of Hydrogen bond interaction is important for the stability of a protein complex.
A greater number of intermolecular hydrogen bonds can endow larger stability to a protein
complex. As observed during the MD simulation (see Figure 3D), the average number of
hydrogen bonds of the PLpro-Famotidine complex is three which interestingly corroborates with
the result of molecular docking (hydrogen bond formed by three residues: LYS157, GLU167,
and TYR268) (Figure 2C).

Compared to the unbound state, PLpro in the complex rather exhibit a lower average value or
Sfluctuation in all of the above cases. Altogether, the analysis of the RMSD, RMSF, Rg, and the
number of hydrogen bonds indicates the stability of the PLpro-Famotidine complex validating
the preliminary docking result as there is no appreciable difference between the bound and

unbound states.

3.3 Principal component analysis (PCA)

The molecular dynamics trajectories were used for PCA to identify the conformational motions
relevant to protein functions. Eigenvalues were used to calculate the conformational changes due
to the movement of atoms (Khan et al., 2016). The eigenvalues were generated by diagonalizing
the covariance matrix of the Ca atomic fluctuations against the equivalent Eigenvectors’ (EV)
indices. The first 10 modes were taken into consideration in the analysis of the essential subspace
as they cover >95% variance of the protein where an exponentially decaying curve of
eigenvalues is obtained against the EVs (Figure 4A). In this study, PC1 and PC2 that dominate
the protein conformational fluctuations were also used for the analysis of PLpro without ligand

and in the famotidine complex.

Taken the first two PCs into consideration, simulation results revealed the subspace dimension

for PLpro in the unbound state and in the complex is comparable, with no noticeable large
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difference in the dimension(Figure 4B). This is also reflected in their 2D projection plots of

trajectories, with similar trace values of the covariance matrix for both.
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Figure 4: Principal component analysis (PCA) of PLpro in the unbound state (Black color)
and in the PLpro-Famotidine complex (Red color): (A) the plot of eigen values versus the
corresponding eigen vector indices coming from the C, covariance matrix during MD

simulations and (B) the 2D projection plot of the first two principal eigenvectors.

The overall analysis manifests again that the PLpro-Famotidine complex has retained its
stability as reflected from its least conformational changes due to decreasing collective motions

from the unbound state of PLpro.

4. Conclusion

Famotidine is an FDA-approved drug and reported to have improved clinical outcomes and the
reduced risk of intubation or death when used in the 1,620 hospitalized patients of COVID-19.
In this study, the analysis of molecular docking study revealed that out of twelve targets, PLpro
has the highest binding affinity with clinically effective drug Famotidine. Further, the results of
the root-mean-square deviation after MD simulations of the complex and PLpro suggest the

stability of the PLpro-Famotidine complex. Similarly, the root-mean-square deviation, radius of
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gyration, and PCA also corroborate with the result. Overall, the present computational study
identifies the Papain-like protease (PLpro) as the most probable target for the FDA approved
drug Famotidine providing necessary information for further experimental exploration, which
can proliferate the design of more potential therapeutics against the identified SARS-CoV-2

target.
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