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The world has recently been struck by the SARS-Cov-2 pandemic, a situation that

people have never before experienced. Infections are increasing without reaching a peak.

The WHO has reported more than 25 million infections and nearly 857,766 confirmed

deaths. Safety measures are insufficient and there are still no approved drugs for the

COVID-19 disease. Thus, it is an urgent necessity to develop a specific inhibitor for

COVID-19. One of the most attractive targets in the virus life cycle is the polymerase

enzyme responsible for the replication of the virus genome. Here, we describe our

Structure-Based Drug Design (SBDD) protocol for designing of a new potential inhibitor

for SARS-COV-2 RNA-dependent RNA Polymerase. Firstly, the crystal structure of the

enzyme was retrieved from the protein data bank PDB ID (7bv2). Then, Fragment-Based

Drug Design (FBDD) strategy was implemented using Discovery Studio 2016. The five

best generated fragments were linked together using suitable carbon linkers to yield

compoundMAW-22. Thereafter, the strength of the binds between compoundMAW-22

and the SARS-COV-2 RNA-dependent RNA Polymerase was predicted by docking

strategy using docking software. MAW-22 achieved a high docking score, even more

so than the score achieved by Remdesivir, indicating very strong binding between

MAW-22 and its target. Finally, three molecular dynamic simulation experiments were

performed for 150 ns to validate our concept of design. The three experiments revealed

that MAW-22 has a great potentiality to inhibit the SARS-COV-2 RNA-dependent RNA

Polymerase compared to Remdesivir. Also, it is thought that this study has proven SBDD

to be the most suitable avenue for future drug development for the COVID-19 infection.

Keywords: COVID-19, polymerase inhibitors, fragment-based drug design, molecular dynamics, MM-PBSA

calculations
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HIGHLIGHTS

- Structure-Based drug design approach suggested MAW-22 as
a potential SARS-CoV-2 polymerase.

- MAW-22 demonstrated strong binding affinity and energy
profile for SARS-CoV-2 polymerase better than Remdesivir.

- MAW-22 could be used as an effective agent for management
of SARS-CoV-2 infection.

- Computer aided drug design is an efficient tool to develop
drugs for SARS-CoV-2 infection.

INTRODUCTION

The World Health Organization (WHO) declared COVID-19
as a pandemic disease on 11th March 2020. Since that time,
COVID-19 has continued to expand and spread. The severe acute
respiratory syndrome (SARS CoV-2) virus causing the COVID-
19 infection has now affected 216 countries, with 25,803,688
confirmed cases and 857,766 deaths reported globally (as of
1st September 2020) (Carlos et al., 2020; Perlman, 2020; She
et al., 2020). The prefix “Corona” comes from the Latin word for
“crown,” this named for the virus’ t crown-like appearance under
electron microscope (Almeida et al., 1968; Tyrrell and Fielder,
2002). Coronaviruses, a family of RNA viruses in the order
known as Nidovirales, are a positive-sense single-stranded RNA
virus with medium size viruses ranging from 26 to 32 kb in length
(Su et al., 2016). They are significant viral pathogens that affect
animals and humans, causing viral pneumonia. There are four
genera of coronaviruses (CoV): alpha, beta, gamma, and delta
(Coronaviridae Study Group of the International Committee on
Taxonomy of Viruses, 2020). Alpha and beta are responsible for
seven coronaviruses that cause diseases in humans, while gamma
and delta are pathogens in animals, not humans. SARS-COV-2
is the seventh coronavirus found to cause diseases in humans
and is a novel Beta coronavirus (group 2B) (Zhu et al., 2020).
Through genetic analysis, SARS-COV-2 has shown similarity to
SARS-COV, with an 80% sequence homology similarity (Lu et al.,
2020).

The first COVID-19 infections were estimated to be as
early as November, 2019. Although studies are underway, it is
still uncertain from where the SARS-CoV-2 pandemic began,
however since December 2019, it has caused an outbreak
of Acute Respiratory Distress syndrome (ARDS) and spread
globally. On 30, January 2020, WHO declared a public health
emergency due to SARS-COV-2. Studies showed that SARS-
COV-2 originated from bats and translated to humans. Although
the complete mechanism of transmission is unknown, it is
likely that bats are the original source (Cavanagh, 2007). The
subsequent cases involved family members of patients, healthcare
workers, and finally human-to-human transmission (Chan et al.,
2020). Moreover, transmission can be from symptomatic patients
and also from asymptomatic individuals who are carrying the
virus. Transmission could be conveyed through different modes
of transmission. Although the exact modes are still unknown, it
could be transmitted through respiratory droplets, and through
exposure to sneezing or coughing from COVID-19 patients,
through faces, and from close contact <2m (Chan et al.,

2020). COVID-19 disease and the common cold share common
symptoms, including cough, fever, shortness of breath, and
fatigue, whichmakes it confusing to differentiate between the two
(Armstrong et al., 2019; Dong et al., 2020; Wrapp et al., 2020).
SARS-CoV-2 attacks the lower respiratory system, like SARS-
CoV and MERS, causing pneumonia, moreover it can also attack
the central nervous system, kidney, liver, and gastrointestinal
system, causing multiple organ damage (Zhu et al., 2020).

Two other coronaviruses from the last two decades, middle
east respiratory syndrome (MERS) and severe acute respiratory
syndrome (SARS), which happened in 2012 (Zaki et al., 2012)
and 2003 (Chan-Yeung and Xu, 2003), respectively, had much
lower health impacts compared to the contagious SARS-Cov-2
(Drosten et al., 2003; Ksiazek et al., 2003; Chan et al., 2020).
This devastating virus could be the most threatening outbreak
the world has faced as it could threaten the life we know.
To date, numbers of cases are growing with no approved
antiviral agent specific for coronaviruses in humans. Although
attempts have been carried out using different approved antivirals
and immunomodulatory agents, they have not demonstrated
acceptable efficacy in randomized clinical trials (Wang et al.,
2020).

The SARS-CoV-2 genome is about ∼30,000 nucleotides.
It encodes four structural proteins–Nucleocapsid (N) protein,
Membrane (M) protein, Spike (S) protein, and Envelop (E)
protein—and several non-structural proteins (nsp) that are
essential in the virus replication cycle (21 new). The virus
enters human cells by attaching its spike protein to the human
angiotensin converting enzyme 2 (ACE2) receptors present at
the surface of numerous cells, like those of the lungs and GIT.
Then, the Spike protein is subjected to proteolytic cleavages by
host proteases to release the fusion peptide. This is followed by
a cascade of cellular processes that ends with virus entry into the
cytoplasm. After that, the virus is uncoated, releasing its single-
stranded RNA genome into cytoplasm where the replication
and transcription take place by the aid of the virus’ several
non-structural proteins. Finally, the resulting proteins from the
replication and transcription processes are assembled into new
virions ready to infect new cells (Boopathi et al., 2020; Naqvi et al.,
2020).

It is a difficult process to effectively develop specific COVID-
19 direct acting antivirals (DAAs), however it is urgent to do
so. From the above-mentioned life cycle of SARS-COV-2, several
enzymes are considered potential targets for developing specific
drugs against COVID-19, including non-structural protein 12
(nsp12), RNA Dependent RNA Polymerase (RdRp), 3C-like
protease (3CLpro), Papin like protease (PLPro), and human
angiotensin converting enzyme 2 receptor (ACE2) (Wang et al.,
2020). 3C-like protease (3CLpro) and Papin like protease (PLPro)
play crucial roles in the SARS-COV-2 replication cycle by
processing the resulting polyprotein from the transcription stage
into functioning subunits. Inhibiting any of the two proteases
is believed to cease the virus replication cycle; blocking the
angiotensin converting enzyme 2 receptor is also believed
to prevent the virus entry by preventing the attachment of
the SARS-COV-2 spike protein to the cell surface. Another
attractive target to develop specific drugs for COVID-19 infection
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is the multi-subunit machinery SARS-COV-2 RNA-dependent
RNA polymerase (Ziebuhr, 2005). The nsp12 RNA dependent
RNA polymerase plays a central role in the transcription and
replication process by catalyzing the synthesis of viral RNA of
COVID-19 with the assistance of two essential cofactors: non-
structural protein 7 (nsp7) and non-structural protein 8 (nsp8)
(Subissi et al., 2014). This is the reason that the broad-spectrum
antiviral Remdesivir, targeting nsp12, was given great attention
as an RNA-dependent RNA polymerase inhibitor for COVID-19
infection, and studies show good results for treating COVID-19
viral disease with this. In early 2020, Remdesivir was tested as a
potential treatment for COVID-19. It has been approved for use
in many countries like the USA, Japan, the UK, and Singapore
(Grein et al., 2020; Lamb, 2020; Mehta et al., 2020). It is highly
recommended in severe symptoms and in emergency cases, as it
would reduce the time needed for full recovery from the virus
(Drożdżal et al., 2020; Mehta et al., 2020).

Most of the conducted studies to discover inhibitors
for COVID-19 infection aimed either to repurpose already
approved drugs or to design novel compounds for the above-
mentioned potential targets, and many of those studies obtained
good outcomes by implementing various Computer-aided drug
discovery techniques like docking, molecular dynamics, and
Fragment-based drug design (FBDD), proving the power and
importance of these techniques in the process of drug discovery.
In this work, we report on the employment of Computer-aided
drug design studies into the identification of a novel inhibitor
for RNA-dependent RNA polymerase inhibitor of SARS-COV-2
(Alamri et al., 2020; Choudhury, 2020; ul Qamar et al., 2020).

MATERIALS AND METHODS

Fragment Based Drug Design (FBDD)
The crystal structure of SARS-COV-2 RNA-dependent RNA
polymerase in complex with Remdesivir was retrieved from
the protein data bank ID (7bv2) (Yin et al., 2020). A cavity
surrounding the co-crystalized Remdesivir was constructed
by Discovery studio 2016 (Dassault Systèmes BIOVIA, 2016).
The cavity was extended to make good use of the entire active
site. Then, a fragment-based approach was implemented
using the de novo receptor strategy to fetch fragments from
a library of fragments that fit properly into the active site
of the enzyme (Böhm, 1992). The default Ludi fragments
library found in the discovery studio, which contains 1,053
diverse fragments with molecular weights less than (300 KD),
was used as the input source of fragments. The strength
of binding of the retrieved fragments from the search was
evaluated by docking to the receptor cavity using MCSS
(Multiple Copy Simultaneous Search) (Caflisch et al., 1993;
Evensen et al., 1997). Finally, the successful fragments were
linked together with suitable carbon linkers to produce
compound MAW-22 ([(2S)-3-[2-amino-5-[(1R)-1-[6-amino-
4-(dihydroxymethylene)-1H-pyridin-2-yl]propyl]-4-pyridyl]-
2-carboxy-2-[(2-carboxybenzoyl)amino]propyl]-[(1S)-1-
carboxypropyl]ammonium). The binding strength of the
generated compound was evaluated from the docking stage.

In silico ADME and toxicity Calculations
The online Swiss ADME server (http://www.swissadme.ch/
index.php) and Preadmet server (https://preadmet.bmdrc.kr/)
were implemented to calculate the compound’s physicochemical
properties and toxicity, respectively.

Docking
The SARS-COV-2 RNA-dependent RNA polymerase retrieved
from the protein data bank was utilized to conduct the
docking study using Discovery Studio 2016. The active site was
determined from the binding of Remdesivir by constructing a
cavity surrounding the binding domain of the co-crystalized
Remdesivir. The receptor was prepared by protein preparation
wizard, while the ligands were prepared by the ligand preparation
wizard. The receptor was energy minimized and equilibrated for
10 Nano seconds (ns) under GROMOS96 43a1 force field (see
molecular dynamic section). Docking was commenced by C-
Docker software found in the discovery Studio 2016 package in
two steps (Wu et al., 2003). Step one involved the re-docking
of Remdesivir to its corresponding receptor and the second
step was the docking of the generated compound MAW-22

from a fragment-based drug design stage. The docking results
were visualized and analyzed by the Discovery studio visualizer
available from Biovia Inc1.

Molecular Dynamics
In the current study, we performed three molecular dynamic
simulation experiments to support our concept of design.
One experiment was conducted using the polymerase alone
(none complexed with any ligand). The second and third
experiments were for SARS-COV-2 RNA-dependent RNA
polymerase enzyme in complex with Remdesivir and with
the generated compound MAW-22, respectively. The entire
MD simulation experiments were conducted using the latest
version of GROningen MAchine for Chemical Simulations
(GROMACS 2020.3) (Abraham et al., 2015). The receptor
topology was obtained by the “pdb2gmx” script, while the ligand
topologies were obtained by the CHARMM General Force Field
CGENFF server and converted to the gromacs format using
the “cgenff_charmm2gmx_py3_nx2.py” script (Phillips et al.,
2005). Each of the generated ligand topologies was rejoined to
the processed receptor structure to construct the ligand-protein
complex. GROMOS96 43a1 force field was used to obtain the
energy minimized conformations of all the processed complexes
(Chiu et al., 2009). After that, those complexes were solvated with
a single point charge (SPC) water model to add water molecules
to the cubic simulation boxes. Neutralization of the system
net charges was done by adding counter-ions using the “gmx
genion” script. Energy minimization of the unbound enzyme
and the two complexes was achieved by employing the steepest
descent minimization algorithm with a maximum of 50,000 steps
and <10.0 kJ/mol force. Then, the solvated energy minimized
structures were equilibrated with two consecutive steps. Firstly,
NVT ensemble with a constant number of particles, volume, and
temperature was done for 2 ns, followed by NPT ensemble with

1https://3dsbiovia.com/resource-center/downloads/
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FIGURE 1 | The 2D interaction diagram for the five produced fragments from FBDD (A) fragment 1 (B) fragment 2 (C) fragment 3 (D) fragment 4 (E) fragment 5.

a constant number of particles, pressure, and temperature for 8
ns. In the two systems, only the solvent molecules were allowed
free movement to ensure its equilibration in the system, while
other atoms were restrained. A constant temperature of 310K
and constant pressure of 1 atm were maintained through the
entire MD simulation. The long-range electrostatic interactions
were obtained by the particle mesh Eshwald method with a 12 Å
cut-off and 12 Å Fourier spacing (Bhardwaj et al., 2020). Finally,
the three well-equilibrated systems (one empty protein and two
protein-ligand complexes) entered the production stage without
any restraints for 150 ns with a time step of 2 fs, and after every
5 ps the structural coordinates were saved. The root mean square
deviation (RMSD) was calculated from the generated trajectories
of the MD simulations as well as the distances of the formed
hydrogen bonds between the receptor and the ligands by various
scripts of GROMACS.

MM-PBSA calculation
A common application in MD simulations and thermodynamic
calculations is to determine the binding free energy of a
protein-ligand complex. Generally, the binding free energy of
protein and ligand complexes can be calculated using the
molecular Mechanic/Poisson-Boltzmann Surface Area (MM-
PBSA) alongside MD simulations using the following equation:

1G(Binding) = G(Complex) − G(Receptor) − G(5Ligand)

Where G (complex) is the total free energy of the protein–
ligand complex and G (receptor) and G (ligand) are total
free energies of the isolated protein and ligand in solvent,

respectively. The total free energy of any of the three mentioned
entities (complex or receptor or ligand) could be calculated
from its molecular mechanics potential energy plus the energy
of solvation. Thus, the “g_mmpbsa” (Kumari and Kumar,
2014) package of GROMACS was used to perform MM-PBSA
calculations through all the MD trajectories.

RESULTS AND DISCUSSION

FBDD
Fragment-based drug discovery is a very important technique
in the field of drug design (de Kloe et al., 2009). The technique
enables the discovery of novel drugs through the screening of
fragments databases. The fragments should always be low in
molecular weight, less than (300 KD), and chemically diverse
(Kumar et al., 2012). FBDD is advantageous over other high
throughput screening (HTS) methods because of three points.
The first advantage is that the active site is better covered and
fully explored in FBDD. This is attributed to small fragments
that could be easily inserted in any space in the active site in
contrast to large molecules from other HTS methods (Blum and
Reymond, 2009; Roughley andHubbard, 2011). The second point
is that screening a fragment library achieves higher hit rates as
compared to conventional HTS (Mortenson and Murray, 2011).
However, in this study our focus was to design one compound
with themaximum binding strength. The last advantage of FBDD
over HTS is that compounds designed by FBDD achieve higher
binding affinity than compounds designed by HTS (Kumar et al.,
2012).
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FIGURE 2 | 2D structure of compound MAW-22.

FIGURE 3 | Superimposition between co-crystalized (pink) and re-docked

pose (cyan) of Remdesivir showing nearly the same binding mode.

It is well-established that there are three strategies in FBDD:
(a) Fragment growing (Kirsch et al., 2019), in which a fragment
that obeys the role of three is increased in size to optimize
the interaction of the proposed target; (b) Fragment merging
(Kirsch et al., 2019), in which two fragments bound to the same
regions in the binding site of the target are merged to give one
compound; and (c) Fragment linking (Kirsch et al., 2019), in

FIGURE 4 | 2D (A), 3D (B) interaction diagram (C) binding of MAW-22 to the

active site of SARS-COV-2 RNA-Dependent RNA Polymerase.
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which two or more fragments bound to different regions in the
binding site of the target are linked together by a suitable linker
to yield one compound. The active site was determined by a cavity
surrounding the binding of Remdesivir. The de novo receptor
wizard available in the discovery studio 2016 was employed
to screen the fragment library. The technique subdivides the
cavity, and all the fragments are screened through the entire
binding domain (cavity). Energy estimate 3 was used as a scoring
function. Successful fragments should achieve good interaction
with the receptor and also make a negative change in the free
energy upon binding to the receptor. The conducted search
resulted in 821 fragments. Those fragments were further filtered
through docking to the receptor cavity using the MCSS protocol.
The protocol involves the following steps (Evensen et al., 1997):
generating conformations for each fragment, screening of all
the fragments through the binding cavity, CHARMM fragment
minimization, and clustering and removing fragments that
converge to similar positions. The resulted top fragment in each
region in the binding site was selected to constructMAW-22.

In the current work, we did not have a lead compound or
a fragment to apply the Fragment-growing approach, whereas
the generated compound was designed from scratch. Also, all
generated fragments were apart from each other, so the fragment
linking strategy was more suitable than the fragment merging
strategy. The binding of the selected fragments was strong and
involved many types of interactions (Figure 1). Those fragments
were then linked via a carbon linker to yieldMAW-22 (Figure 2).

In silico ADME and toxicity Calculations
Any compound to be considered as a potential drug candidate
should have acceptable pharmacokinetic and pharmacodynamic
profiles, as well as a high safety margin. Thus, both Swiss
ADME and Preadmet servers were employed to predict the
physicochemical properties and potential toxicity of MAW-22.
In general, both servers predicted excellent safety profiles of
compound MAW-22, with no mutagenicity or carcinogenicity
as predicted by the Preadmet server. On the other hand,
Swiss ADME revealed that MAW-22 has no inhibitory effect
toward any hepatic Cytochrome enzyme, and thus it has neither
hepatotoxicity nor drug-drug interactions and could be used
concurrently with any drugs in a COVID-19 treatment protocol.
Furthermore, both servers predicted no BBB penetration for
MAW-22, so it could be safely used with no concerns
about potential neurotoxicity. Another important advantage is
that MAW-22 would mostly have no teratogenic effect. This
assumption is evidenced by that fact that placental penetration
requires compounds to have molecular weights <500 Dalton,
high Lipophilicity, and predominance of the non-ionized form
(Griffiths and Campbell, 2015). MAW-22 is a polar compound
with logP equals−0.13 and molecular weight of 630 Dalton, as
well as four ionized carboxylate groups. Thus, it would probably
have no penetration with significant concentration through the
placenta and could be safely given to pregnant woman with a
COVID-19 infection.MAW-22 violated the Lipinski rule only in
the Molecular weight and the number of hydrogen bond donors.
But when it comes to medicinal chemistry friendliness,MAW-22

has no alertness for either PAINS or Brenk (Veber et al., 2002;
Baell and Holloway, 2010).

Docking
Docking is the most widely used technique in drug design.
In the current study, docking was inevitable as it is the only
computational method able to predict the exact binding between
the generated compound MAW-22 and the SARS-COV-2 RNA-
dependent RNA Polymerase. Yet there are two issues; the first is
that docking is vulnerable to error and needs proper validation,
and the second is that the docking results need to be compared
to an experimental reference. These two points were addressed
by re-docking Remdesivir to the SARS-COV-2 RNA-dependent
RNA Polymerase. The calculated RMSD between the docked and
co-crystalized poses of Remdesivir was 0.48, indicating a valid
docking approach (Figure 3).

Remdesivir achieved a—C-Docker _Energy score of 87.3,
whereasMAW-22 achieved a—C-Docker _Energy score of 135.7.
The high score achieved by MAW-22 is well-matched with its
strong binding and interactions with the SARS-COV-2 RNA-
dependent RNA Polymerase. As shown in Figure 4, MAW-

22 was able to engage in a number of diverse interaction
types with its target. For instance, the proposed compound was
involved in hydrogen-bond interactions with residues THR556,
ALA558, ARG553, THR680, SER682, and ASP760, in addition
to ionic interactions with residues ASP452, ASP623, ASP760,
and ARG553. Moreover,MAW-22 achieved several hydrophobic
interactions with residues CYS622, ARG555, and TYR456. The
detailed interactions ofMAW-22 within the SARS-COV-2 RNA-
dependent RNA Polymerase active site were summarized in
Table 1.

Molecular Dynamics
Molecular dynamic simulations, such as identification of
potential inhibitors for promising targets, studying the nature of
macromolecules, or interpretations of drug resistances, have been
implemented in many drug discovery applications (El-Hasab
et al., 2018; El-Hassab et al., 2019; Alamri et al., 2020; Nagarajan
et al., 2020). Despite the good outcomes from the docking
study that supported our rationale of design, molecular dynamic
simulation experiments were conducted for extra confirmation
and validation for the entire work. Also aiming to identify and
study the nature of the SARS-COV-2 RNA-dependent RNA
Polymerase to give insights for future lead optimization, we
performed three dynamic simulations, one for the free SARS-
COV-2 RNA-dependent RNA Polymerase and the two others for
the enzyme with Remdesivir and compoundMAW-22.

RMSD and RMSF Analysis and Hydrogen
Bond Monitoring
The endeavor of any viral polymerase enzyme is to replicate
the virus genome or polyproteins, a function that needs a wide
range of flexibility at least in the active site to accommodate
both the template and the replicate (Kennedy et al., 2007). All
the reported polymerases are relatively dynamic and have a wide
active site (Bose-Basu et al., 2004). So, the conducted simulation
experiment aimed to determine the extent of dynamicity of the

Frontiers in Chemistry | www.frontiersin.org 6 October 2020 | Volume 8 | Article 584894

https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles


El Hassab et al. Covid-19 Drug Discovery

TABLE 1 | Types of interactions of MAW-22 within COVID-19 polymerase active site, and distance (A◦).

Bond type Distance A◦ Bond type Distance A◦

Hydrogen bond with Alanine 558 2.13 Ionic interaction with Aspartic acid 760 3.20

Hydrogen bond with Serine 682 2.04 Ionic interaction with Aspartic acid 623 1.78

Hydrogen bond with Serine 682 1.94 Ionic interaction with Aspartic acid 623 3.90

Hydrogen bond with Threonine 556 2.27 Ionic interaction with Aspartic acid 623 4.08

Hydrogen bond with Threonine 556 2.96 Ionic interaction with Aspartic acid 623 4.36

Hydrogen bond with Arginine 553 2.36 Ionic interaction with Arginine 553 2.12

Hydrogen bond with Aspartic acid 760 2.30 Ionic interaction with Arginine 553 4.70

Hydrogen bond with Threonine 680 1.68 Ionic interaction with Arginine 553 2.97

Hydrogen bond with Threonine 680 1.86 Pi-Alkyl interaction with Arginine 555 4.92

Ionic interaction with Aspartic acid 452 4.92 Pi-Alkyl interaction with Cysteine 622 5.04

Ionic interaction with Aspartic acid 760 3.07 Pi-Alkyl interaction with Tyrosine 456 4.57

FIGURE 5 | The RMSD of three dynamic simulation experiments. Red color represents SARS-COV-2 RNA-dependent RNA Polymerase without a ligand; blue line

represents SARS-COV-2 RNA-dependent RNA Polymerase complex with Remdesivir, and orange line represents SARS-COV-2 RNA-dependent RNA Polymerase

complex with MAW-22.

SARS-COV-2 RNA-dependent RNA Polymerase enzyme as well
as to be a reference for comparison with the other two simulation
experiments. The calculated RMSD and RMSF of all the residues
of the unbound enzyme reached 3.96 and 3.50 A◦, respectively,
revealing the high dynamic properties of the SARS-COV-2 RNA-
dependent RNA Polymerase (Figures 5, 6).

This dynamicity and instability of the enzyme fit perfectly
for its intended role to duplicate the entire RNA genome of
the virus. This means that the active site of the SARS-COV-2
RNA-dependent RNA Polymerase needs to accommodate not

only for the template RNA but also for the generated duplicate
before releasing them and starting another replication process.
Also, this dynamicity gives us a reliable parameter to evaluate the
efficiency of a proposed inhibitor, as potential potent inhibitors
should have the ability to bind strongly to the enzyme and form
stable non-dynamic complex. Thus, it was important to monitor
the dynamic behavior for both SARS-COV-2 RNA-dependent
RNA Polymerase complex with Remdesivir and SARS-COV-
2 RNA-dependent RNA Polymerase complex with MAW-22

throughmeasuring the RMSD and RMSF for both the complexes.
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FIGURE 6 | The RMSF of three dynamic simulation experiments. Red color represents SARS-COV-2 RNA-dependent RNA Polymerase without a ligand; blue line

represents SARS-COV-2 RNA-dependent RNA Polymerase complex with Remdesivir, and orange line represents SARS-COV-2 RNA-dependent RNA Polymerase

complex with MAW-22.

This is far more reliable than the static binding image or the
energy score provided from the docking. RMSD and RMSF
from MD simulations are more reliable indicators to monitor
the stability of the protein-ligand complex and could verify the
predicted binding mode.

RMSD values for bothMAW-22 and Remdesivir reached their
maximum dynamicity peaks at 0.76 and 1.86 A◦, respectively
(Figure 5), whereas the RMSF values were 0.62 A◦ for MAW-

22 and 1.84 A◦ for Remdesivir at their maximum fluctuation
(Figure 6). This indicates that MAW-22 has a higher ability
to inhibit SARS-COV-2 RNA-dependent RNA Polymerase than
Remdesivir. The potential inhibitory activity of MAW-22 may
be attributed to its strong binding ability and many involved
interactions formed between MAW-22 and its target COVID-
19 polymerase. Thus, it was worthy to monitor the stability of
those interactions through an MD experiment. GROMACS has
built-in commands that were used to measure the distances of
the formed hydrogen bonds between MAW-22 and COVID-19
polymerase. The distance between the hydrogen bond donor and
the hydrogen bond acceptor in a valid hydrogen bond should
always be <3.5 A◦. This criterion was fulfilled in all the formed
hydrogen bonds between MAW-22 and COVID-19 polymerase,
indicating a stable and valid binding between MAW-22 and its
target (Table 2).

MM-PBSA Binding Free Energy
Calculations
The g_mmpbsa package was used to calculate the MM-
PBSA binding free energy for the two complexes—MAW-22

and Remdesivir—bound to SARS-COV-2 RNA-dependent RNA

TABLE 2 | The average distances of all the hydrogen bond formed between the

MAW-22 and Covid-19 polymerase through the entire 150 ns MD simulation.

Hydrogen bond name Average distance (A0) ± SD

Hydrogen bond with Alanine 558 2.15 ± 0.11

Hydrogen bond with Serine 682 2.0 ± 0.07

Hydrogen bond with Serine 682 2.05 ± 0.15

Hydrogen bond with Threonine 556 2.21 ± 0.1

Hydrogen bond with Threonine 556 3.0 ± 0.09

Hydrogen bond with Arginine 553 2.32 ± 0.12

Hydrogen bond with Aspartic acid 760 2.37 ± 0.1

Hydrogen bond with Threonine 680 1.85 ± 0.2

Hydrogen bond with Threonine 680 1.8 ± 0.13

Polymerase enzyme by the employment of MmPbSaStat.py
python script. n script allows the package to calculate the total
free energy for each component of the complex, i.e., the energy
of the complex, receptor, and the ligand. Furthermore, the
free energy for each component could be calculated using the
cumulative sum of its molecular mechanics’ potential energy
in a vacuum and the free energy of solvation. Molecular
mechanics’ potential energy includes the energy of both bonded
as well as non-bonded interactions (Vanderwal’s and electrostatic
interaction energies), while the free energy of solvation includes
the polar solvation energy (electrostatic) and non-polar solvation
energy (non-electrostatic) (Kumari and Kumar, 2014). One of
the most widely used non-polar models is the solvent accessible
surface area (SASA) (Kumari and Kumar, 2014). All those types
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TABLE 3 | MM-PBSA calculations of the binding free energy for the two complexes; MAW-22 and Remdesivir.

Complex 1E binding (kj/mol) 1E Bonded interaction (kj/mol) 1E Electrostatic (kj/mol) 1E Vander Waal(kj/mol) 1E polar solvation (kj/mol) SASA (kJ/mol)

MAW-22 −390.24 ± 20.501 1.35 ± 0.125 −134.703 ± 20.105 −343.405 ± 25.42 117.722 ± 16.104 −31.204 ± 1.092

Remdesivir −328.447 ± 22.334 3.547 ± 0.232 −118.958 ± 22.612 −294.110 ± 26.713 106.352 ± 18.001 −25.278 ± 2.08

of energies were calculated by the g_mmpbsa package, along with
the values standard deviation, and then summed together to yield
the average total free energy of each component. Finally, the
binding free energy could be calculated by subtracting the total
free energy of the receptor and the total free energy of the ligand
from the total free energy of the complex. As a general fact, the
lesser the binding free energy themore stable the complex and the
stronger the binding between the ligand and the receptor.Table 3
summarizes the interaction energies and the binding free energy
for both the complexes.

Generally, MAW-22–Covid-19 complex was better than
Remdesivir complex in all the calculated energy formats, except
for polar solvation energy; its average binding free energy
reached −390.24 Kj/mol, while Remdesivir’s average binding
free energy reached −328.447 Kj/mol. The overall results of
the three dynamic simulations supported our concept of design
and validated the entire virtual screening approach; also, they
emphasized and assured the potential inhibitory effect ofMAW-

22 on COVID-19 polymerase enzyme.

FUTURE OUTLOOK

The aim of our study was not only to design a potential inhibitor
for the devastating COVID-19 infection but also to establish
guidance that could open a new era for the development of
an effective treatment for COVID-19. Despite our success in
designing a potential inhibitor for SARS-COV-2 RNA-dependent
RNA Polymerase, a lot of work is still needed and further
optimization for the proposed hit compound should be done
before reaching the clinic. Regardless, this study established
the key residues and the required type of bonds for inhibiting
the SARS-COV-2 RNA-dependent RNA Polymerase enzyme.
For instance, compound MAW-22 has a good combination of
basic and acidic groups complementary to the active site of
the enzyme that has been found to be rich in basic amino
acids like Arginine and Lysine and acidic amino acids like
Aspartic acid. Thus, compounds that have negatively and/or
positively ionizable groups would have a great chance to bind
strongly and inhibit the SARS-COV-2 RNA-dependent RNA
Polymerase enzyme. So, drug design techniques that identify
the most suitable function groups, such as 3D Pharmacophore,
should be applied for further improvement of the generated hit
compound. Also, further optimization of the ADMET profile
and drug likeness should be considered. Based on the outcomes
from this study, our future work will involve the implementation
of more structure-based drug design strategies to furnish a
lead compound that is worthy of entering clinical trials for the
treatment of COVID-19.

CONCLUSION

In this study we employed a protocol of structure-based drug
design with the primary aim of designing a potential specific
inhibitor for SARS-COV-2 RNA-dependent RNA Polymerase
enzyme. The crystal structure of SARS-COV-2 RNA-dependent
RNA Polymerase was retrieved from the protein data bank
PDB ID (7bv2) in complex with Remdesivir. Firstly, FBDD
strategy was implemented using de novo Receptor wizard found
in the Discovery Studio 2016. The default fragment database
of the software was used to identify potential fragments that
could interact strongly with the active site of SARS-COV-
2 RNA-dependent RNA Polymerase enzyme. The five best
generated fragments were linked together using suitable carbon
linkers to yield compound MAW-22. Thereafter, the strength
of binding between compound MAW-22 and the SARS-COV-
2 RNA-dependent RNA Polymerase enzyme was predicted by
Docking strategy using C-Docker software. Compound MAW-

22 achieved a high score of docking, even more so than the score
achieved by Remdesivir, which indicates a very strong binding
between MAW-22 and the SARS-COV-2 RNA-dependent RNA
Polymerase enzyme. Finally, threemolecular dynamic simulation
experiments were performed for 150 ns to validate and augment
our concept of design. The three experiments revealed that
compoundMAW-22 has a great potentiality to inhibit the SARS-
COV-2 RNA-dependent RNA Polymerase enzyme, even more so
than Remdesivir. The aim of this study was not only to design a
potential inhibitor but also to establish guidance for future drug
development for the COVID-19 infection.
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