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Abstract

SARS-CoV-2 has caused millions of infections and hundreds of thousands of deaths globally. Presently, no cure for SARS-
CoV-2 infection is available; thus, all hands are on deck for new drug discovery. Although, several studies have reported the
potentials of some already approved drugs for the treatment of COVID-19. This study attempted to compare the potency and
safety of some these trial drugs via in silico methods. The binding affinity and interactions of the trial drugs with proteins
involved in viral polyprotein processing (Papain like protease (PLpro) and Chymotrypsin like-protease (3-CLpro), viral
replication (RNA dependent RNA polymerase (RdRp)) and host protease were studied in this work. The pharmacokinetic
properties and toxicity potentials of the trial drugs were also predicted using VNN Web Server for ADMET Predictions. From
the results, Merimepodib and Dexamethaxone demonstrated the most significant inhibitory potential against the PLpro. The
binding affinity (AG®) for merimepodib was — 7.2 kcal/mol while the inhibition constant was 6.3 puM. The binding affinity
of the inhibitors for CLpro ranged from —5.6 to —9.5 kcal/mol. whereas Lopinavir (— 7.7 kcal/mol) exhibited the strongest
affinity for RdRp. Overall, our results showed that all the ligands have a higher affinity for the 3-Chymotrypsin like protease
than the other proteins (PLpro, RdRp, and Host protease). Among these compounds lopinavir, merimepodib and dexametha-
sone could be inhibitors with potentials for the treatment of SARS-CoV-2. However, the only dexamethasone has attractive
pharmacokinetic and toxicity properties probable for drug development; therefore, our study provides a basis for developing
effective drugs targeting a specific protein in the SARS-CoV-2 life cycle.
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Introduction

The novel SAR-COV-2 outbreak has resulted in almost half a
million death across the globe (Qamar et al. 2020). Between
December 2019 and June 2020, more than 9473,215 per-
sons have been infected and 484,249 number of death has
been reported globally (WHO 2020). In sub-Sahara Africa,
Nigeria in particular, thirty-six states including the Federal
Capital Territory (FCT) have recorded cases of infected
patients, with more than 22,614 already infected and 549
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death recorded (WHO 2020). The report has it that three
categories of people i.e. children, aged, and those with
underlying medical history/low immunity (Shyamala et al.
2020) are most vulnerable to the disease. Consequently,
many advanced nations of the world are now epicenters for
the disease with no current approved cure (Shyamala et al.
2020). The current management strategy only involves the
provision of symptomatic relief to patients (Shyamala et al.
2020).

The COVID-19 virus which causes severe acute res-
piratory syndrome (SARS) in humans is a positive-strand
RNA virus that shares 80% homology with SAR-CoV
and about 96% identity with bat coronavirus Bat CoV
Rat G13 (Zhou et al. 2020). The genomic structure of the
virus is a 5’-leader-UTR replicase-S(Spike)-E(Envelop)-
M(Membrane)—N(Nucleocapsid)-3’ﬁTR poly (A) tail,
with the accessory genes responsible for viral pathogenesis
interspersed within the structural genes at the 3’ end of the
genome (Fehr and Perlman 2015; Zhao et al. 2012). The
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spike protein is the point of attachment to the Angioten-
sin Converting Enzyme (ACE) receptor and it mobilizes
the subsequent entry into host cells (Wu et al. 2020). The
M and E proteins on the other hand function in the viral
assembly while the N protein is responsible for viral RNA
synthesis (Fehr and Perlman 2015; Song et al. 2019). With
the knowledge of the viral genomic structure and the behav-
ior in the human host, studies on drug development could
focus on the design of therapies that could either be tar-
geted to act on the host cells or directly on the virus itself
(Wu et al. 2020). For instance, therapies could be targeted
to block the pathways of human cells required for viral
entry/or replication (Agrawal et al. 2015; Han et al. 2006;
Li et al. 2003) or prevent viral replication through inhibi-
tion of critical viral enzymes (3-chymotrypsin like protease

Fig.1 2-D structures of the trial
drugs
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or papain-like proteases). Furthermore, inhibition of viral
RNA synthesis (Inhibition of RNA dependent RNA poly-
merase and Helicase) and/or block the binding to host cells
and self-assembly process (Wu et al. 2020). Strategy in
the current fight against coronavirus involves testing exist-
ing broad-spectrum of already approved and trial drugs.
Among the drugs already under investigation is Remdesi-
vir (an adenosine analog), Ribavirin, and Favipiravir that
abrupt viral RNA replication as a mechanism of antiviral
activity (Hentig 2020). Other drugs include Lopinavir and
ritonavir (HIV protease inhibitor) and Hydroxychloroquine
(an anti-malarial) (Dayer et al. 2017; Hentig 2020; Shah
et al. 2020). Figure 1 showed 2-D structures of Dexameth-
asone and other trial drugs of interest. Dexamethasone, a
corticosteroid was recently welcomed by the WHO for the
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treatment of COVID-19 after the result of a trial from the
United Kingdom showed the drug improved survival rate of
patients critically ill with COVID-19 (Khan and Htar 2020;
WHO 2020b). In this regard, our study focuses on compu-
tational investigations on the potency of these trial drugs
against different target protein in the SARS-CoV-2 virus by
obstructing the replication event of the virus life cycle and/
or by prevention of viral RNA synthesis RNA-dependent
RNA polymerase (RdRp)), and to evaluate their safety via
ADMET prediction. Although a recent report identified the
strong affinity of some of the trial drugs for the ACE, CLpro
and spike glycoprotein (Adelusi et al. 2021), in this study, we
focused on the inhibition of some accessory proteins vital
for viral replication and survival in the host cell. We also
examined the most suitable targets of each ligand studied in
the viral protein.

Methods
Software and database

Autodock tools 1.5.6, Autodock vina and discovery studio
visualizer 2019, RCSB protein data bank database, Pubchem
database, cactus online smiles translator and vNN Web
Server for ADMET Predictions.

Preparation of protein and ligands

The candidate proteins (SARS-CoV-2 Papain like protease
(PLpro) (PDB: 6wx4), Chymotrypsin-like main protease
(3CLpro) (PDB:6YB7), SARS-CoV nsp 12 (PDB: 6nus),
Host cell protease (TMPRSS1) (PDB:5cel) were down-
loaded from the RCSB protein data bank database. While
The SDS format of nine potential inhibitors namely: Rem-
desivir, Hydroxychloroquine, Dexamethasone, EIDD-2801,
Favipiravir, Lopinavir, Merimepodib, and Ritonavir was
obtained from the PubChem database and taken to cactus
online smiles translator for PDB ligand download. Before
docking analysis, interacting ligands, and water molecules
were removed from the protein, thereafter saved in PDB for-
mat for docking analysis.

Docking studies

The docking analysis was performed using Autodock tools
1.5.6. On the Autodock tool, polar-H-atoms were first added
to the proteins followed by Gasteiger charges calculation.
The protein file was saved as pdbqt file and the grid dimen-
sions were set. Discovery studio visualizer 2019 was used
to visualize the interactions between the ligands and the
protein. The binding affinity in the form of AG®° was calcu-
lated using Autodock vina and ligands, which exhibits more

negative free energy of binding and low Ki was considered
more potent.

ADMET profiling

The canonical smiles of the potential inhibitors were
obtained from the PubChem database. The ADMET prop-
erty was predicted using vNN Web Server for ADMET
Predictions. The major parameters assessed included;
absorption, distribution, metabolism, excretion, and toxicity
(ADMET) profile. The detailed result obtained is presented
in Table 5, while the schematic workflow of this study is
showed in Fig. 2.

Results and discussion
Approach targeting the viral proteases

In order to validate the docking protocol, two methods were
used, viz, ligands were re-docked into the downloaded pro-
tein containing the full-length structure. The same protocol
including the grid parameters was unchanged in the pro-
cess. The docking pose was the same, and the method was
accepted as correct. Also, the root mean square deviation of
the ligands before and after docking determined using dis-
covery studio was close to 1 which shows that the docking
protocol was correct.

An important approach in the current research for the
COVID-19 remedy involves inhibiting the production of
nonstructural viral components to hamper the replication
event of the causative virus life cycle (Kumar et al. 2020).
Inhibition of the proteinase enzymes that process the viral
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Fig.2 Schematic workflow of the study
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polyprotein and virus maturation has been evaluated as an
approach towards SARS treatment (Rabaan et al. 2017).

Chymotrypsin-like protease (3CLpro) or main protease
(Mpro)-nsP5 and papain-like protease (PLpro)-nsP3, are the
two main proteases involved in this process (Kumar et al.
2020; de Wit et al. 2016; Lee et al. 2005). In this study,
we analyzed the potency of the trial drugs against the two
proteases. Tables 1 and 2 showed the binding affinity (AG®)
along with the residue interaction of the trail drugs with
SARS-CoV-2 PLpro and CLpro respectively. From the
results, Merimepodib and Dexamethaxone demonstrated
the most significant inhibitory potential against the PLpro.
The binding affinity (AG®) for merimepodib was —7.2 kcal/
mol while the inhibition constant was 6.3 uM. Merimepodib
formed a hydrogen bond with Asn 146, Ala 131, and Asn
13, other hydrophobic interactions were formed with Ala
145, Ala 135, Lys 94, and Asp 37. The result of this study
agrees with that of Bagherzadeh et al. (2020), who reported
a strong inhibitory potential of merimepodib against SARS-
CoV-2-PLpro. Dexamethasone with a binding affinity of
—7.1 kcal/mol against PLpro interacted via hydrogen bond
with Tyr 95 and with Asn 146, Ala 145, Ala 144, Glu 143,
Trp 93, Gly 142, Lys 94 via hydrophobic interaction (Figure
S1). Dexamethasone, which was recently reported with out-
standing potential after a trial result, has proven successful
in the inhibition of viral proteases such as in the cases of
the human immunodeficiency virus (HIV) and hepatitis C
virus (HCV). Therefore, it could be a potential drug for the
treatment of SARS-CoV-2 in line with earlier suggestions by
Ghosh et al., (2016). Ritonavir (— 6.4 kcal/mol) and EIDD-
2801 (— 6.1 kcal/mol) exhibited inhibition potential against
PLpro somewhat greater than Remdesivir (— 5.9 kcal/mol),
Lopinavir (— 5.6 kcal/mol), Favipiravir (— 5.5 kcal/mol) and
Hydroxychloroquine (—4.7 kcal/mol). However, the calcu-
lated binding affinity for all the inhibitors was negative, an
indication that the molecules are potent and could serve
as a starting point for developing effective drugs targeting
SARS-CoV-2-PLpro.

The inhibitory potentials of the compounds against the
SARS-CoV-2-CLpro as revealed in Table 2 showed the order
of potency of all the trial inhibitors. The binding affinity for
the inhibitors ranged from —5.6 to —9.5 kcal/mol. Lopi-
navir (— 9.5 kcal/mol) had greater affinity for CLpro, fol-
lowed by Dexamethaxone (— 9.4 kcal/mol) > Merimepodib
(— 8.8 kcal/mol) > Remdesivir (— 8.2 kcal/mol) > Ritonavir
(—8.1 kcal/mol) > EIDD-2801 (— 7.8 kcal/mol) > Hydrox-
ychloroquine (— 6.9 kcal/mol) > Favipiravir (— 5.6 kcal/
mol). The amino acid residues within the catalytic traid
of Mpro include His 41, Cys 145, Glu 166, Ala 285, and
Leu 286. These ligands/compounds exhibited one or more
hydrogen and hydrophobic interactions with residues
within the binding pocket that were similarly reported for
Nelfinavir (Chandel et al. 2020). According to Kumar et al.

@ Springer

(2020), Lopinavir-Ritonavir (— 10.6 kcal/mol), exhibited
higher binding affinity for CLpro than the other drugs viz;
Tipranavir (— 8.7 kcal/mol), Raltegravir (— 8.3 kcal/mol),
a-ketoamide13b (— 8.3 kcal/mol), Nelfinavir (— 8.2 kcal/
mol), Dolutegravir (— 8.1 kcal/mol), Tenofovir-disoproxil
(— 8.1 kcal/mol), Baloxavir-marboxil (— 8.1 kcal/mol),
Letermovir (— 8.0 kcal/mol), and Maraviroc (— 8.0 kcal/
mol) (See Figure S2 for CLpro interactions with the drugs).

Both Lopinavir and Ritonavir are HIV-AIDS protease
inhibitors and thus help decrease the amount of HIV in
the body by improving the body’s natural immune sys-
tem (Doyon et al. 2005). A previous study conducted by
Mothay and Ramesh (2020) showed that Remdesivir (—5.51
Kal/mol) exhibited lower binding affinity than Lopinavir
(—6.08 kcal/mol) and Ritonavir (—5.96 kcal/mol). Similarly,
dexamethasone exhibited a stronger affinity for CLpro than
Remdesivir and was said to have strong inhibition potential
(Khan and Htar 2020). EIDD-2801, a similar drug to rem-
desivir, works by mimicking ribonucleosides, the primary
components of RNA molecules that cause debilitating errors
when the drugs are incorporated into viral RNA during
replication thereby preventing the spread of the virus. The
drug has proven effective for the treatment of COVID-19
patients and other serious coronavirus infection (Sheahan
et al. 2020). In this study, EIDD-2801 exhibited a stronger
affinity for CLpro than Hydroxychloroquine and Favipira-
vir. Among the compounds, dexamethasone, Merimepodib,
EIDD-2801, and ritonavir have a considerable affinity for
SARS-CoV-2-PLpro and CLpro and therefore can serve as
a potent inhibitor of both proteases.

Approach targeting viral RNA synthesis

In our attempt to study the potentials of the inhibitors to
block viral RNA synthesis, we docked the ligands against
the RNA-dependent RNA polymerase (RdRp) which is a
vital enzyme for coronavirus replication/transcription. It
is, therefore, a significant approach for the development of
potent inhibitor. In this study, all the inhibitors interacted
with one or more residues within the polymerase domain.
The polymerase domain is comprised of a fingers domain
(a.a. 398-581, 628-687), a palm domain (a.a. 582627,
688-815), and a thumb domain (a.a. 816-919) (Kirchdo-
erfer and Ward 2019). Again, Lopinavir (— 7.7 kcal/mol)
exhibited the strongest affinity for RdARp. Dexamethasone
(—7.3 kcal/mol), Remdesivir (—7.2 kcal/mol), Merimepo-
dib (—7.2 kcal/mol), Ritonavir (7.0 kcal/mol), EIDD-2801
(— 6.2 kcal/mol), Favipiravir (— 5.8 kcal/mol) and Hydroxy-
chloroquine (—4.5 kcal/mol) also exhibited negative binding
affinity (Table 3). Only a few studies in the literature have
reported the interaction of these compounds with the RdRp.
Although remdesivir as an ATP analog is a potent inhibi-
tor of RNA-dependent RNA polymerases (RdRps). It can
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terminate RNA synthesis by replacing ATP during polym-
erization and thus known as chain terminator drug (Wu et al.
2020). Lopinavir had a similar binding position as remdesi-
vir, it formed a hydrogen bond with Val 330 but alkyl and,
Pi-alkyl interaction with Val 398, TYR 273, ALA 379, ALA
383, ALA 382, PHE 396 (see Figure S3). Wu et al. (2020) as
well reported the inhibitory potential of remdesivir, accord-
ing to the study; it binds to the bottom RNA template chan-
nel, a position that is for the acceptor template nucleotide.

It is interesting to note that all the ligands showed a pref-
erence in their interaction with the targeted proteins. The
ligands demonstrated a more negative binding affinity for
CLpo than RdRp and a stronger affinity for RdRp than PLpro
(Fig. 3). Hydroxychloroquine (—4.7, — 6.9, — 4.5 kcal/mol),
Remdesvir (—5.9, — 8.2, — 7.2 kcal/mol), Dexamethasone
(=7.1, =9.4, = 7.3 kcal/mol), EIDD-2801 (-6.1, —7.8,
— 6.2 kcal/mol), Favipiravir (—5.5, —5.6, —5.8 kcal/
mol), Lopinavir (—5.6, —9.5, — 7.7 kcal/mol), Merimepo-
dib (- 7.2, — 8.8, — 7.2 kcal/mol), Ritonavir (— 6.4, — 8.1,
— 7.0 kcal/mol) showed affinity for PLpro, CLpro and RdRp
respectively.

Approach targeting Host Cell Protease

The viral spike is the main protein that interacts with the
host by binding to the Angiotensin Converting Enzyme
(ACE) receptor, which upon cleavage by the host cell pro-
tease mediates the virus invasion, and determines viral
tissue or host reaction (Millet and Whittaker 2015; Wu
et al. 2020). Available studies have shown that inhibit-
ing the host serine protease can prevent coronaviruses
entry into the cell (Glowacka et al. 2011). Therefore, ren-
dering important therapeutic target against coronavirus.
Our study on the interactions that existed between the
ligands and the host serine protease gives insight into the
potency of each compound as a potential target inhibitor
of host cell-mediated viral entry/or replication. Lopinavir

0
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Summary Chart of Binding Affinity of Ligands to Viral and Host
Protein

Fig.3 Clustered bar graph of the Binding Affinities of Ligands
against the Viral and Host Protein
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again exhibited the most significant affinity for the host
protease. The order of affinity is Lopinavir (— 8.0 kcal.
mol) > Dexamethasone (— 7.3 kcal/mol) > Merimepodib
(—7.2 kcal/mol) > Remdesivir (— 7.1 kcal/mol) = Ritonavir
(—7.1 kcal/mol) > Favipiravir (— 6.1 kcal/mol) > EIDD-
2801 (— 5.8 kcal/mol) > Hydroxychloroquine (— 4.8 kcal/
mol) (Table 4).

One or more non-bond interaction (hydrogen and
hydrophobic interactions) stabilized the interactions of
Dexamethasone, Remdesivir, Favipiravir, Ritonavir, and
EIDD-2801 with the residues within the catalytic triad
(His 203 and Ser 353) as shown in Figure S4. It is obvious
from our result that Merimepodib, lopinavir, and dexa-
methasone are outstanding in their potentials as an inhibi-
tor of viral replication and invasion of the host cell.

Pharmacokinetics and toxicity profile of inhibitors

In Table 5, the ADMET prediction results of the inhibi-
tors included the toxicity and pharmacokinetic proper-
ties such as absorption, distribution, and metabolism. All
the inhibitors were stable to the human liver microsomal
(HLM); for a drug to achieve its therapeutic function, it
must not be metabolized quickly and so must be stable
to the HLM. Only Merimepodib, lopinavir, and Ritona-
vir were inhibitors to Cyp 3A4, therefore may cause an
elevation in the concentration of the corresponding drug
substrate viz-a-viz leading to drug overdose (Murray
2006). Hydroxychloroquine and Dexamethasone were
non-inhibitor to Pg while EIDD-2801 was neither a sub-
strate nor an inhibitor to P-glycoprotein. P-glycoprotein
(Pgp) function to extract foreign substances from the cell
(Ambudkar et al. 2003), an event that increases the efflux
of chemotherapeutic agents from the cell thus reducing the
effective intracellular concentrations of such agents (Borst
and Elferink 2002). Toxicity as a fundamental parameter
for the continuation of research in drug design and devel-
opment (Hage-Melim et al. 2020; Muster et al. 2008), was
further assessed in this study. All the drugs except dexa-
methasone have one or more toxic potential. Only lopina-
vir showed cardiotoxic potential (hERG), while lopinavir
and hydroxychloroquine have Ames toxicity, and remde-
sivir, merimepodib, and ritonavir are cytotoxic potentials.
Despite the good pharmacokinetic property prediction
for EIDD-2801, it has the potential to induce liver injury.
The maximum recommended therapeutic dose (MRTD)
for each compound was predicted and recorded as mg/day
for an average adult with a bodyweight of 60 kg (Schyman
et al. 2017). Although both lopinavir and dexamethasone
were outstanding in their potentials to inhibit the key pro-
teins involved in the various stages of the viral life cycle,
it was only dexamethasone that was predicted to be safe.
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Table 5 ADMET Profile of the screened compounds

HLM CyplA2 Cyp3A4 Cyp2D6 Cyp2C9 Cyp2C19 BBB P-gp Inhibitor P-gp Substrate hERG Blocker MMP AMES MRTD

DILI Cyto- toxicity

Query

(mg/day)

Inhibitor Inhibitor Inhibitor Inhibitor Inhibitor

229
478
8.4

No

Yes  Yes Yes No No No No No No Yes Yes No No

Hydroxychloroquine No

Remdesivir

Yes

No

No

Yes

No

Yes

No

No

No

No

No

Yes

No

No

No No No No No No No Yes No No

Yes

No

No

Dexamethasone
EIDD-2801

170
327
224

No

No

No

No

No

No

No

No

No

No

No

Yes

No

Yes

No

No No No No No No Yes Yes No Yes

Yes

No

Yes

Favipiravir

Yes

No Yes No No No No Yes Yes Yes No

Yes

No

Yes

Lopinavir

367
367

No

No Yes No No No No Yes Yes No No

Yes

Yes

Yes

Merimepodib

No

No Yes No No No No Yes Yes No No

Yes

Yes

Yes

Ritonavir

Conclusion

In silico methods were used to investigate the potency of
eight popular trial drugs against different target protein
in the SARS-COV-2 by obstructing the replication event
of the virus life cycle and/or by prevention of viral RNA
synthesis RNA-dependent RNA polymerase (RdRp)), and
to evaluate their safety via ADMET prediction.

The results showed that Merimepodib and Dexamethax-
one are potential SARS-CoV-2 PLpro inhibitors while five
drugs namely Dexamethaxone, Merimepodib, Remdesivir,
Ritonavir, and EIDD-2801 could be effective inhibitors for
SARS-CoV-2-CLpro with Dexamethaxone and Merimepo-
dib showing outstanding properties. In addition, Lopinavir,
Dexamethasone, Remdesivir, Merimepodib, and Ritonavir
could be potential inhibitors to block viral RNA synthesis.

This study also revealed that all the inhibitors have
more affinity for the viral chymotrypsin-like protease
than the Papain-like protease. Furthermore, lopinavir,
merimepodib, and dexamethasone could be inhibitors
with potentials for the treatment of COVID-19 infection.
The ADMET result revealed that only dexamethasone has
attractive pharmacokinetic and toxicity properties prob-
able for drug development.
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