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ARTICLE INFO ABSTRACT

Keywords: The novel coronavirus that caused COVID-19 pandemic is SARS-CoV-2. Although various vaccines are currently
COVID-19 being used to prevent the disease's severe consequences, there is still a need for medications for those who
SA_RS'COV'Z become infected. The SARS-CoV-2 has a variety of proteins that have been studied extensively since the virus's
ISJig:ACEZ advent. In this review article, we looked at chemical to molecular aspects of the various structures studied that
RdRp have pharmaceutical activity and attempted to find a link between drug activity and compound structure. For
3Clpro example, designing of the compounds which bind to the allosteric site and modify hydrogen bonds or the salt

bridges can disrupt SARS-CoV2 RBD-ACE2 complex. It seems that quaternary ammonium moiety and quinolin-1-
ium structure could act as a negative allosteric modulator to reduce the tendency between spike-ACE2. Phar-
maceutical structures with amino heads and hydrophobic tails can block envelope protein to prevent making
mature SARS-CoV-2. Also, structures based on naphthalene pharmacophores or isosteres can form a strong bond
with the PLpro and form a zn-r and the Mpro's active site can be occupied by octapeptide compounds or linear
compounds with a similar fitting ability to octapeptide compounds. And for protein RdRp, it is critical to consider
pH and pKa so that pKa regulation of compounds to comply with patients is very effective, thus, the presence of
tetrazole, phenylpyrazole groups, and analogs of pyrophosphate in the designed drugs increase the likelihood of
the RdRp active site inhibition. Finally, it can be deduced that designing hybrid drug molecules along with
considering the aforementioned characteristics would be a suitable approach for developing medicines in order
to accurate targeting and complete inhibition this virus.

1. Introduction

In the twenty-first century, humans have encountered three deadly
diseases which are related to the coronavirus family [1]. SARS, MERS,
and COVID-19 are three deadly pandemics that cause acute respiratory
tract infections (ARTIs) [2]. These highly contagious pathogenic in-
fections have caused high mortalities so far. Severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) is another zoonotic novel coro-
navirus that caused the present COVID-19 pandemic [3]. The single-
stranded ribonucleic acid is the genome of the SARS-CoV-2 virus
which is so identical to the SARS-CoV-1 virus that caused the 2002-2004
SARS outbreak [4]. SARS-CoV-2 is spherical and pleomorphic,

measuring 80 to 125 nm in diameter, and contain single-stranded pos-
itive-sense RNA with nucleocapsids [5]. There is a polybasic cleavage
site on the SARS-CoV-2 genome which is a unique feature that has made
this virus highly pathogenic and susceptible to transmission. In fact, this
cleavage site allows the activation of multiple proteins at the same time,
effectively increasing pathogenicity, virulence, and transmission of
SARS-CoV-2 [6]. The RNA genome size ranges from 26 to 32 KB, with 10
open reading frames (ORFs) that can be translated. ORFla and ORF1b
account for roughly two-thirds of the SARS-CoV-2 genome and are
translated into two large replicase polypeptides called polyprotein la
and lab (ppla and pplab) [7]. Viral proteases process these poly-
proteins to produce 16 non-structural proteins (nsps) [8]. Between nsps,

Abbreviations: ARTis, Respiratory tract infections; SARS-COV-2, Severe Acute Respiratory Syndrome Crona Virus 2; ORFS, Open Reading Frames; RARp, RNA-
dependent RNA polymerase; RBD, receptor-binding domain; RBM, receptor-binding motif.
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Fig. 1. The life cycle of SARS-CoV-2 virus in a human cell.

the RNA-dependent RNA-polymerase enzyme (RdRp) facilitates viral
RNA replication via (—sense) template transcription, in which SARS-
CoV-2 generates 6 sub-genomic mRNAs, which help in the translation
of structural and accessory proteins located downstream of ORFs. In the
ORF1lab region, NSPs has the most nonsynonymous mutations. The viral
genome also encodes all of the viral structural and functional proteins
required for viral replication and infection, including spike protein (S),
nucleocapsid protein (N), the envelope protein (E), and membrane
protein (M) [9].

The virus's basic reproduction number has been determined to be
between 1.4 and 6.47 in different countries, which not only represents a
larger range when compared to other corona viral infections, but also
scores very close to other well-known contagious diseases such as
Chickenpox, Measles, Polio, Rubella, and Mumps [10]. SARS-CoV-2 has
a wavy trend of infection and mortality rates, making it critical to un-
derstand the mutations and their related epidemiology. In fact, many
SARS-CoV-2 variants have arisen since the pandemic appeared in
December 2019 [11]. Thus, although various vaccines have been
approved and used to prevent infection, it seems that some people
become still infected with different variants of this virus [12]. Accord-
ingly; there is a need for medications for people being infected.

Different types of potential therapeutics have been evaluated and
approved so far, but since new strains of the virus are constantly
deriving, further medications will still be needed for accurate targeting
and complete inhibition of the virus [13]. Therefore, in this review, we
surveyed many pharmaceutical chemistry articles and analyzed the
structure-activity relationship (SARs) of various molecules to design
new anti-COVID-19 drugs to improve the treatment of COVID-19.

2. Druggable targets for SARS-CoV-2
It is obvious that understanding the life cycle of the virus is crucial to

drug targets. Generally, there are two paths through which the SARS-
CoV-2 can enter the host cell, including the fusion of the plasma

membrane or the endosome. The spike protein of the virus uses the host
cell functional receptor i.e. angiotensin-converting enzyme-2 [ACE-2]
and mediates binding to the host cell membrane in both mechanisms
[14,15]. Thus, the first therapeutic approach to prevent SARS-CoV-2
infection is to evaluate the effect of the pharmacological agents on the
spike-ACE2 complex and to reduce their affinity to each other [4].

After forming the spike-ACE2 complex, the virus envelope is
removed and the SARS-CoV-2 genome and its nucleocapsid are secreted
into the cytoplasm. The ppla and pplb of SARS-CoV-2 hijack host cell
ribosomes to help the viral translation process. The ppla and pplb are
broken down by cysteine protease 3C (3CLPro, Mpro), and papain-like
protease (PLpro) to produce viral non-structural proteins (NSPs) that
perform different functions of SARS-CoV-2. In fact, M and PL proteases
are vital for sustaining the basic cellular processes in replication and
transcription of SARS-CoV-2, and their inhibitors could be potential
druggable targets for the treatment of COVID-19. While PLpro cuts the
polyprotein at three sites, Mpro is responsible for cleavage at 11 other
locations that, together, produce the 16 nonstructural proteins [16].

When the SARS-CoV-2 virus begins to replicate, RARp as one of the
important NSPs forms the replicase-transcriptase complex; the negative-
strand RNA is used by RdRp to synthesize a new positive RNA molecule
to continue another replication and translation step and ultimately to
form the newest viral particles. Therefore, it seems that inhibitory
compounds of this polymerase is another druggable target for COVID-19
infection control.

Sub-genomic RNA leads to the expression of structural proteins (SPs)
including S, E, M, and N. The N and RNA stay in the cytoplasm and form
a nucleoprotein complex, but S, E, and M enter the endoplasmic retic-
ulum. Then, both complexes enter the Golgi apparatus and merge to
form an adult SARS-CoV-2, ultimately, the adult virus is released from
the Golgi apparatus to the extracellular region. This process is repeated
many times quickly and other cells become infected. Thus, the sup-
pressing structures of each of the S, E, M, and N proteins can also prevent
further mature virus proliferation. Researchers are looking for inhibitors
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for these targets from three types: approved or commercially available
drugs and natural compounds [17-19]. Fig. 1 depicts a schematic dia-
gram of the SARS-CoV-2 life cycle in a human cell.

3. Structure of SARS-COV-2 spike

The crystal structure of SARS-COV-2 spike receptor-binding domain
[RBD] complexed with peptidase domain of ACE-2 is identified in detail
[20,21]. Specifically, SARS-CoV-2 is a beta coronavirus, having simi-
larities with SARS- CoV virus, in binding with human ACE2 receptor and
spike glycoprotein for viral entry [22].

The Spike domain is cleaved by furin protease into S1 and S2; the S1
domain binds to the ACE2 receptor attachment site. RBD is the short
immunologic fragment of the S1 region including residues 318 to 510,
which enables it to bind to the peptidase domain of ACE2. It contains a
core including a twisted five-stranded anti-parallel p sheet including 1
to 4 and p7, with three short connecting o helices containing aA to aC
and an extended loop. It was reported that in SARS-CoV-2 Delta variants
the overall structure of this immunologic fragment has been strictly
preserved among all variants, and reoccurring surface mutations appear
to be limited to several sites, consistent with its critical role in receptor
binding. Thus, it is best to focus on this part of the spike to design a novel
drug [23]. Indeed, the receptor-binding motif (RBM) has a high degree
of structural plasticity to hold amino acid changes without distracting
ACE2 binding [24]. There are few variations at the RBM that consider-
ably alter the binding affinity of RBD to the ACE2 in SARS-CoV2 [25,26].

To stabilize the p sheet structure, there are nine cysteines in the
chymotryptic fragment in the core; disulfide bonds connect cysteines
323 to 348, 366 to 419, 467 to 474 and 378 to 511 [20].In the core,
between the 4-7 strands, there is a gently concave outer surface formed
by a two-stranded f sheet (B 5 and p 6). This extended loop subdomain
lies at one edge of the core where the RBM is, which contains the con-
tacting residues that enable it to bind to N-terminal helix of ACE2. The
RBM is particularly tyrosine-rich which present both a polar hydroxyl
group and a hydrophobic aromatic ring. Multiple tyrosine residues form
hydrogen-bonding interactions with the polar hydroxyl group. Thus, the
networks of hydrophilic interactions which occur largely among amino
acid side chains are seen in the RBM region [20]. According to the study
conducted by Cong Xu et al., five tyrosine residues including (tyrosine
454,473,489,495,505) showed a vital role in the interactions of spike
and ACE2 [27].

On the other hand, the crystal structure of the ACE2 ectodomain
shows a claw-like N-terminal peptidase domain, with the active site at
the base of a deep groove, and a C-terminal collectrin domain. This
crystal structure shows residues of Ser19-Asp615 of the ACE2 N-termi-
nal peptidase domain, one zinc ion, four N-acetyl-p-glucosaminide
(NAG) glycans linked to ACE2 Asn90, Asn322, and Asn546 and RBD
Asn343, as well as 80 water molecules. In the structure of the SARS-CoV-
2 RBD-ACE2 complex, a chain of Asn90-linked NAG-NAG-f-D-mannose
is in contact with Thr402 of the SARS-CoV-2 RBD, and this glycan-RBD
interaction has been proposed to have important roles in the binding of
SARS-Co- RBD by ACE2. This point was carried out in the molecular
docking studies of the SARS-CoV-2 RBD-ACE2 complex with promising
inhibitors [20,21,28].

On the other hand, it was recognized that a total of 18 residues of the
receptor contact with 14 residues of the viral spike protein. In these
complex models, a positively charged cavity at the distal end of S1
protein can bond with a highly negatively charged ridge on the top of
ACE2.

It seems that the design of a novel series of ACE2 variants enhances
their binding affinity for SARS-CoV-2 S trimer and their potency in
blocking SARS-CoV-2 infection [29].

There are 13 hydrogen bonds and 2 salt bridges at the SARS-CoV-2
RBD-ACE?2 interface, and 13 hydrogen bonds and 3 salt bridges at the
SARS-CoV RBD-ACE2 interface [20,30]. Ionic bonds are formed be-
tween the ammonium ion of Lys353 and ACE2 Asp38 bearing opposite
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electrical charges. At position 353, the human receptor has a lysine
critical for contact with Thr487 in the RBM. Particularly, a main-chain
hydrogen bond between carbonyl of ACE2 Lys353 to the amide of
RBD Gly488 fixes the relative positions of receptor and spike protein
quite accurately. Indeed, it was reported that the presence of Thr487
appears to enhance human-to-human transmission of SARS-CoV. The
methyl group of Thr487 can create hydrophobic interaction and lies in a
hydrophobic pocket at the ACE2-RBD interface [20].

The salt bridges are important for SARS-CoV-2 RBD-ACE2 interac-
tion. For example, it was reported that in the UK variant” (B.1.1.7) of
SARS-CoV-2, the loss of salt bridges between Lys417 and ACE2 Asp30
and Glu484 and ACE2 Lys31 moderate in the increased receptor affinity
imparted by N501Y [31].

It was recognized in the pathogenesis of the SARS-CoV-2 virus that
SARS-CoV-2 RBD is located between residues Thr333-Gly526 of the S1
domain, which enables it to bind to ACE2 more strongly than SARS-CoV
which may show the higher infectiousness of SARS-CoV-2 compared to
SARS-CoV. Indeed, it appears that N-linked glycan at position Asn 90 of
ACE2 bind to different RBDs and interferes with the infection of the cells
[20].

The UK variant” (B.1.1.7) of SARS-CoV-2 is thought to be more in-
fectious than previously circulating strains as a result of N501Y muta-
tion that shows tyrosine 501 inserted into a cavity at the binding
interface near tyrosine 41 of ACE2 using hydrophobic interactions with
other aromatic side-chains of tyrosine 41. The aromatic side chain of
tyrosine 501 can also mean that tyrosine is involved in possible cation-r
interaction with ACE2 Lys353. This additional interaction provides a
structural explanation for the increased ACE2 affinity of the N501Y
mutant and likely contributes to its increased infectivity [31,32].

4. Compounds affecting spike-ACE2 complex

Based on the above, the inhibition of ACE2 could be a valid strategy
for treating patients with COVID-19 [33,34]. Studies have proposed
three approaches for docking some repurposed drugs to ACE2. For
instance, Al-Karmalawy et al. showed that conventional ACE inhibitors
(ACEISs) such as captopril, enalapril, prinivil, lisinopri, benazepril, fosi-
nopril, and ramipril can antagonize the coupling of spike with ACE2
[35]. They showed that N-Acetyl-B-Glucosamine (NAG) specific binding
site is site proximity to the hACE2-spike binding domain.

It was considered that N-linked glycan at position Asn 90 is a
competitor binder and reference ligand for the ACE2 protein target,
thus, researchers hypnotized that NAG specific binding site occupation
with ACEIs may impact the binding mode of the spike protein [36] and
investigated the binding mode of ACEIs to the NAG-specific binding site
through a molecular docking strategy. Finally, Alacepril and lisinopril
exhibited the best binding affinity through forming a strong hydrogen
bond with Asn90, as well as significant extra interactions with other
receptor-binding residues [36].

The use of ACE inhibitors for the treatment of SARS-COV-2 has been
controversial. Many studies find it useful and many useless [37-39].
Although Tipnis et al. in human homology study of ACE in 2000 showed
that ACE inhibitors could not block ACE-2 [40]. Indeed, in 2021, M. Oz
et al. showed that ACE inhibitors could increase ACE2 expression in
RAAS [41].

Then, Imane Abdelli et al. in their studies focused on the co-
crystallized inhibitor of ACE2 i.e. p-D-mannose using Isothymol,
Thymol, Limonene, P-cymene, and y-terpine. And Isothymol binding
energy was calculated at —5.78 Kcal/mol and one hydrogen interaction
with THR445 amino acids of the active site was recognized, on the other
hand, the p-D- Mannose-binding energy was calculated at -—5.
4107 Kcal/mol; in fact, 5 interactions with GLU406, GLU406, GLN442,
GLN442, LYS441 residues of the target active site were observed,
furthermore, the thymol binding energy was calculated at —4,
7450Kcal/mol, and 2 interactions with GLU406 and THR445 were
considered. The study revealed that Isothymol gives the best docking
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Table 1
Comparison of different blockers for ACE2, blockers' structures, the important amino acids in the reaction, and software used for docking.
Name Structure Target  Interacting residues Software package Ref.
Chloroquine /K/\/ ,\L ACE GLU402, GLU406 MOE software package, MD [45]
HN
Pz
Cl
Iso thymol ACE THR445 MOE software package, MD simulation by [45]
iMODS
O
@)
Trandolapril E N ; ACE Asp30/H-donor MOE, MD simulation by GROMACS [46]
GLU 406, GLU 406, GLN 442, GLN 442, LYS
f-D- Mannose e} OH ACE 441 MOE software package, MD [45]
\
HO OH
OH
e
Alacepril 0 N ACE Asn90/H-acceptor MOE, MD simulation by GROMACS [46]
O
HN™ O
~ OH
O
Xx—OH
Moexipril R ACE Asp30/H-donor MOE, MD simulation by GROMACS [46]
/\o - : 3
(ONG
Oy-oH
Fosinopril \)J\ “aH ACE GIn96/H-acceptor MOE, MD simulation by GROMACS [46]

(continued on next page)
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Table 1 (continued)

Name Structure Target  Interacting residues Software package Ref.

Enalapril L (6] ACE Asp30/H-donor MOE, MD simulation by GROMACS [46]
o [0}
NH
O
OH
N
Enalapril L [e] ACE Asp30/H-donor MOE, MD simulation by GROMACS [46]
o [0}
NH
(o]
Thymol HO ACE GLU 406,THR445 MOE software package, MD [45]
(0]
0 H 0 \§/ OH
Lisinopril N \)k N ACE Asp90-H-acceptor MOE, MD simulation by GROMACS [46]
HO <N Q
NH,
o]
HO
Benazepril 0 H 0 ACE Lys25/H-donor MOE, MD simulation by GROMACS [46]
. N . .
Zofenopril 16} o) ACE Asp30/H-acceptor MOE, MD simulation by GROMACS [46]
, HO
‘r
(0) S
O
o, O YOH
Ramipril o~ N \)J\ : ACE Lys26/H-acceptor MOE, MD simulation by GROMACS [46]
(6] e N

e
T

(continued on next page)
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Table 1 (continued)
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Name Structure Target  Interacting residues Software package Ref.
Xx—OH
Quinapeil ? % ACE Pro 389/arene-H MOE, MD simulation by GROMACS [46]
HO
Cilazapril 0] H 0 ACE Pro 389/arene-H MOE, MD simulation by GROMACS [46]
A 0 N N
N
O
0 H 0 \\‘/OH
Imidapril N \)k R ACE Asp30/H-donor MOE, MD simulation by GROMACS [46]
HO " N 3
S S
o\
OH
WNH,
NAG 0 ACE Asp30/H-donor MOE, MD simulation by GROMACS [46]
HO
e OH
0.0
HO
“NH
OH
° (0]
X—OH g
Perindopril o 4 9 \ AcE  Asp30/H-donor MOE, MD simulation by GROMACS [461
N \)k aH Asp 30/H-acceptor
e Y
= H
H
e
N OH
Captopril o ACE Asn30/H-acceptor MOE, MD simulation by GROMACS [46]
HS

scores, compared to p-D-mannose and Captropil [42]. Furthermore,
Hadjer Khelfaoui et al. proposed that there are two zinc-binding sites in
the ACE2 receptor. This metallic ion facilitates the viral attachment to
the surface of ACE2. Thus, docking of two active sites containing Zn>*
the ACE2 receptor and spike/ACE2 complex was chosen, then, they
prepared the ACE2 receptor and spike/ACE2 complex and removed the
NAG in their sequence. The results showed that Ramipril, Dalapril, and
Lisinopril could bind with ACE2 receptors better than hydroxy-
chloroquine and chloroquine [43].

Another study investigated the binding interactions of ivermectin,

hydroxychloroquine, and remdesivir with human ACE-2 protein (PDB
ID = 1R42) and compared it with MLN-4760 as the positive control.
Docking results revealed that ivermectin had the highest binding affinity
to the active site and it formed five hydrogen bonds with Arg273,
Glu398, Ser511, Arg514, and Tyr515 amino acid residues present at the
predicted active site. This was followed by remdesivir; it formed four
hydrogen bonds with Asn394, Glu402, Glu406, and Arg514 amino acid
residues present at the predicted active site. Also, MLN-4760 showed a
high binding affinity by forming five H-bonds with Arg273, His345,
Pro346, Thr37, and Tyr515 amino acid residues present at the predicted
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Fig. 2. Regulation of spike-ACE2 by binding a negative allosteric modulator at the allosteric site of ACE2.

active site of the protein. It was notable that favipiravir achieved the
lowest docking score in this study, hydroxychloroquine is bound to the
human ACE-2 receptor with considerable binding force. It formed H-
bonds with Arg273, Ala348, Glu375, and Arg514 amino acid residues
[44]. Table 1 shows various ACE2 blockers, their chemical structures,
interacting residues, and the docking software used.

Negative allosteric modulation (NMA) occurs when the binding of
one substance to the complex antagonizes the affinity of the stimulus to
the active site [47,48].

Regulation of spike-ACE2 attachment by binding an NMA at a site
other than the ACE2 active site is a promising strategy to design novel
drugs for COVID-19 treatment because when an NMA binds to spike
protein fragments, a conformational change occurs and modifies the
binding energy of ACE2 and spike protein complexes. Finally, the
binding structure of ACE2 and spike protein fragments becomes unstable
[49,50] (Fig. 2).

A study analyzed the interactions of quinolin-1-ium derivatives such
as hydroxychloroquine and chloroquine with SARS-CoV-2 using mo-
lecular docking studies. They confirmed that hydroxychloroquine acts as
an NMA. It binds to the amino acids ASP350, ASP382, ALA348, PHE40,
and PHE390 on the ACE2 allosteric site rather than on the ACE2 active
site [51]. It seems that quaternary ammonium moiety builds a hydrogen
bond with ASP382 and a n-cation interaction with aromatic amino acids
such as PHE 390 with the spike protein fragments. In addition to these
interactions, chloroquine formed two hydrogen bonds with ASP 350 and
ALA 348 of spike protein fragments.

Cong Xu et al. proposed a complex of spike protein trimer and the
human ACE2 receptor protein, the structure was determined by electron
microscopy with 3.80A resolution(PDB ID: 7DF4) [27]. The amino acids
in the active sites included VAL-503, GLY-502, GLN-506, THR-500,
PRO-499, PHE-497, LEU-455, GLY-446, ALA-475, SER-477, PHE-486,
GLY-476, PHE-490, GLN-474, GLY-447, TYR-505, GLN-493, GLY-49,
LEU455, PHE486, ASN501, and TYR505. Indeed, based on the interface
of complex 7DF4, the key amino acid residues of ACE2 were composed
of amino acid residues THR-20, ALA-386, LYS-353, GLY-352, PRO-389,
PRO-499, ALA-387, SER494GLN-325, GLN-388, LYS-353, SER-19, LYS-
31, GLN-24, GLY-354, GLY-326, ASP-355, SER-19, GLY-354, THR-371,
GLU-375, and ALA-348. Their structural data revealed that residue
tyrosine 505 plays vital roles in the engagement of SARS-CoV-2 RBD to
ACE2 receptor. They demonstrated that the residue TYR 505 of SARS-
CoV-2 RBD is a key amino acid required for ACE2 receptor binding.
Because TYR505 could form hydrogen bonds/contacts with ALA386

(oxygen atom)/ARG393(NH2)/K353/G354 from ACE2.

Then in 2022, RanYu et al. proposed some potential spike / ACE2
dual antagonists against COVID-19 through in silico molecular docking
using this PDB model [26]. The phytochemicals which have better spike
protein and ACE2 inhibitory activity could block the invasion and
recognition of SARS-CoV-2 at the same time [26].

They concluded that hydrogen binding interactions are necessary for
connecting the phytochemicals and spike glycoprotein-ACE2. The more
the hydrogen bonds, the lower the binding energy. Hydrogen bond has a
strong stabilizing effect on the binding of antagonists to receptors. As
mentioned above, RBM is a tyrosine rich region, the phytochemicals
such as menthol or chrysophenol can interact with tyrosine residues via
n-n interaction or hydrogen bond can block the invasion of the spike
protein. Through the tyrosine residues, tyrosine505 showed a vital rule
in connection of spike glycoprotein-ACE2. The compounds such as
baicalin and Quercetin showed n-n interaction with tyrosine 505 may
block ACE2 [26].

As mentioned above, a main-chain hydrogen bond between the
carbonyl of ACE2 Lys to an amide of RBD Gly fixes the relative positions
of receptor and spike protein quite precisely. Accordingly, the com-
pounds which have substituents that can form a salt bridge or a
hydrogen bond with LYS 562, LYS95, or His 34 are promising com-
pounds to block ACE2 [26].

In sum, it seems phytochemicals can disrupt the hydrophilic inter-
action of ACE2 and the receptor-binding domain. It seems that phyto-
chemicals modulate the binding energy of the bound structure of ACE2
and spike. This result indicates that due to the presence of phytochem-
icals, the bound structure of ACE2 and spike protein fragment becomes
unstable [21,22].

Table 2 lists the compounds that target spike-ACE2 complex, their
structures, and the important amino acids in the reaction between spike-
ACE2 [26].

5. Structure of envelope protein

This protein of SARS-CoV-2 is made up of 75 amino acids that are
divided into two domains: a C-terminal domain and an N-terminal
transmembrane domain (TMD) [52]. It is noteworthy that C-terminal
has no stable complex, thus, its structures have not been well defined. N-
terminus channel entrance and lumen are its targeted inhibitor binding
sites. The narrowest part of this channel could be 2.6-4.8 A wide, with
an average of 4.4 A [53].
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Table 2
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Compounds that regulate the spike-ACE2 complex, their structure, and the important amino acids in the reaction.

Structure name Structure Interacting amino acids of ACE2  Interacting amino acids of the The interaction mode The interaction mode
receptor spike protein fragment with spike with ACE2.
Hydrogen bond
Menthol GLN-102 SER-77, LEU-73, TRP- SER-494, TYR-495, TYR-453 n-n interaction Hydrophobic
69 ASN-103 LEU Hydrophobic interaction
interaction
HaC
Chrysophenol SER-511 HIS-505, TRY-510 GLN-493 GLY-496, TYR-453 | drogen bond Hydrogen bond
O ‘ O 77 interaction 77 interaction
H
Hydrogen bond Hydrogen bond
Schizandrin HIS-34, GLU-37 PHE-390 gi'iig’ TYR-495, GLY-447 Hydrophobic Hydrophobic
interaction interaction
Hydrogen bond
. GLU-329, LEU-333, TRP-48 Hydrogen bond .
Rhein ARG-357, ASN-330 SER-331 GLN-493, TYR-495 ARG-403 " . teraction Hydrophobic
interaction
Scopoletin = TRP-566, LEU-95 and LYS-562 GLY-496 TYR-449 Hydrogen bond Hydrogen bond
@)
Hydrogen bond
OH
Baicalin Ho, GLN-102 LYS-562, ALA-396 GLN-493 SER-494, GLY-496, 7 interaction Eyjizgi';g’i‘z"d
g ALA-99 TYR-505 Hydrophobic ycrop!
O, . . interaction
O ) interaction
Hydrogen bond Hydrogen bond
. . GLU-37, HIS-34, ARG-393, ASN- . .
Shikonin 33 ALA.387 GSN-388. TYR-453 SER-494 ARG-403 ﬁydropl?oblc ?—Iydrop}}oblc
interaction interaction
Hydrogen bond Hydrogen bond

Oleanolic acid

Tryptanthrin

Cimifugin

HO

TYR-453 GLY-496, ARG-403

LYS-562, LEU-73 ALA-99 SER-494 Hydrophobic Hydrophobic
interaction interaction
Hydrogen bond
LYS-94 GLY-211, GLN-98, GLU- GLN-493 SER-494, TYR453 Hydrogen bond Hvdrophobic
208, ASN-210 LEU-85 TYR-449 7 interaction yarop’
interaction
GLN-101, ILE-88, LEU-85 LYS- GLY-496 Hydrogen bond Hydrogen bond
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Structure name Structure

Interacting amino acids of ACE2

Interacting amino acids of the The interaction mode The interaction mode

receptor spike protein fragment with spike with ACE2.
Berberine E:ISEBZOS HIS-401, PHE-390 GLY-496 Hydrogen bond 77 interaction
Coumarin X ASN-210 GLN-493 TYR-453 Hydrogen bond Hydrogen bond
o O
Perilla aldehyde /o TRP-566 TYR-453 SER-494 Hydrogen bond Hydrogen bond
OH GLU-564, GLU-208, ASN-394 Hyd bond Hyd bond
Quercetin ’ g SER-494 TYR-449 TYR-505 yerosen bon yerogen bon
HO I 0 o GLU-398, TRP-566 n—n interaction n—n interaction
OH
OH O
. K Hydrogen bond
Chloroquine N GLY 405, HIS 401, THR 347 THR 467, PRO 468, CYS 469 Lo, . Hydrogen bond
HN ~ n—cation interaction
s
-
cl NJW (o
N~
Hydroxy HN ASP 67, ALA 71, SER 43 GLY 471, VAL 472, CYS 469 [ drogen bond Hydrogen bond
chloroquine S m—cation interaction

Cl N

The envelope is a protein with diverse tasks. It has a structural role in
inducing membrane curvature for viral assembly in collaboration with
the viral M protein, and it also mediates host immune responses by two
distinct mechanisms: a PDZ (PSD-95/Dlg/Z0-1)-binding function via its
C-terminal domain, and a pore-forming TMD associated with NLRP3
inflammasome activation [54,55]. The TMD of the envelope structurally
forms a pentameric ion channel [56].

In humans, each PDZ domain contains 80-110 amino acid residues
and is required for the proper regulation of human immune responses
[57]. SARS-CoV-2 hijacks PDZ-domain-containing proteins to increase
virulence [57]. The SARS-CoV-2 envelope protein contains a PDZ-
binding motif (PBM) at its C-terminus [58]. The exact mechanism is
unknown, but interactions between a human cell junction protein
(PALS1) and the PBM appear to show that the envelope causes PALS1 to
be relocated from the cell junction to the endoplasmic reticulum-Golgi
intermediate compartment site (ERGIC). In ERGIC, the envelope is
localized and viral assembly occurs. Therefore, the PBM of envelope
protein is involved in SARS-CoV-2 pathogenesis by binding the host's
syntenin protein resulting in overexpression of inflammatory cytokines
[59]. The SARS-CoV-2 envelope channel while embedding into the
ERGIC/Golgi membranes can facilitate Ca2+ transport resulting in the
activation of the NLRP3 inflammasome [57].

6. Compounds affecting envelope protein

It seems that the clinical utility of amantadine appears from its action
as blocker of ion channels. Amantadine showed its antiviral effective-
ness against influenza A with the inhibition of the M2 ion channel. It is
also used for the treatment of Parkinson's Disease due to its low-potent

noncompetitive inhibition of the NMDA receptor ion channel on stria-
tal dopaminergic neurons [60].

Although there is no sequence homology between influenza A and
SARS-CoV-2, amantadine inhibits two of the four known (3a and enve-
lope proteins) or putative (Orf7b and Orf10) SARS-CoV-2 viroporins,
protein E and Orfl10a. The envelope protein of SARS-CoV-2 can conduct
both anions and cations. Lauren Wilson et al. demonstrated that SARS-
CoV E protein does form ion channels, which are more selective for
monovalent cations than monovalent anions [61]. The conductivity
preference is dependent on pH and the lipid constituents of the mem-
brane. In physiological conditions, it appears to have a slight preference
for cations (Na+, K+, Ca2+) [62,63].

It seems that Amantadine can build n—alkyl interactions with another
aromatic amino acid [64]. Indeed, it seems that it can enter the ion
channels and block them. The binding of amantadine to a synthetic TMD
of envelope protein from SARS-CoV was significant enough (Kd ~ 7
mM) to completely block the ion conductance [53]. The simplest
blocking mechanism for amantadine is that the cationic headgroup of
amantadine is dragged into the channel by the electric field, and then
occupied the channel with the hydrophobic group i.e., the adamantane
group following and plugging the entry for the succeeding ions. A
positively charged head group followed by a bulky hydrophobic scaffold
might be the common structural feature of SARS-CoV-2 envelope protein
inhibitors.

Singh Tomar et al. proposed that a 3,5-dimethyl derivative of
amantadine (memantine) which is the inhibitor of NMDA receptor can
inhibit the SARS-CoV-2 ion channel. They specified that gliclazide which
is the potassium currents blocker can inhibit the SARS-CoV-2 ion
channel [65].
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Fig. 3. Structures of amantadine, HMA, Nocardamine, and Desferrioxamine as the best structures to inhibit envelope protein of SARS-CoV-2.

On the other hand, Amiloride derivatives (in particular hexam-
ethylene amiloride) were found to be efficient inhibitors of envelope
proteins of SARS-CoV-2 [66]. Hexamethylene amiloride (HMA) like
amantadine showed a positively charged headgroup and the bulky hy-
drophobic scaffold [67]. An investigation has demonstrated that the
HMA inhibited in vitro conductance of synthetic MHV envelope and
HCoV-229E envelope, which show close homology to SARS-CoV-2 en-
velope. They showed that a protonated form of HMA is bound to the
channel [68].

To identify potential high-affinity blockers of the SARS-CoV-2 en-
velope channel, a screening study of approximately 6000 compounds
was carried out by Chernyshev A as deposited in the ZINC database and
their Vina score were compared. The study has revealed two siderophore
iron chelators blocking the virus channel [53].

Liu Wenzhong in his article demonstrated that Cys44 of envelope
protein is the heme iron-linked site. Indeed, they showed that heme-
linked sites of E protein may be relevant to the high infectivity. It can
be seen that the first two Cys40, Cys43 on this domain are connected to
the carbon at the left end of the alpha position and the beta position,
respectively, and the last Cys44 is related to the iron of the heme [69].
Desferrioxamine and nocardamine are siderophore iron chelators that
can chelate Ferric iron at a 1:1 stoichiometry. Their chemical structures
are presented in Fig. 3.

Overall, according to the Clifford Fong study, a predictive quantum
mechanical TD DFT method is needed to describe the time-dependent
behavior of inhibitors of the envelope ion channel of SARS-CoV-2. The
key descriptors are the excitation energy of the first excited state of the
inhibitor and the ground state HOMO-LUMO gap of the inhibitor that
characterize the dynamic binding between the inhibitor and the protein
target [70]. Different blockers of SARS-CoV-2 envelope protein ion
channel, their chemical structures, and software used for docking are
shown in Table 3.

7. Structure of PLpro

Osipiuk et al. reported the crystal structure of SARS-papain-like CoV-
2's protease (PLpro) for the first time (PDB ID: 6W9C). The largest
protein among all nsps, PLpro, is a multi-domain enzyme with 1945
amino acids [78]. PLpro is, in fact, one of the functional domains of
nsp3. PLpro is the catalytically active domain having nine residues
including Leul85, Argl66, Leul99, Glu203, Val202, Lys232, and
Met206-Met 208. It seems that inhibiting the activity of PLpro will
interfere with the replication cycle of the virus and reduce the infection
rate because PLpro participates in the efficient cleavage of the N-ter-
minal replicase polyproteins to produce functional proteins which play
an essential role in maintaining the basic cellular process of SARS-COV-2
including viral replication [79].

PLpro can help the virus escape from the host antiviral immune
response because PLpro is also implicated in cleaving proteinaceous
post-translational modifications on host proteins as an evasion
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mechanism against host antiviral immune responses [80,81].
8. Compounds affecting on PLpro

PLpro active site contains a classic catalytic triad, composed of
Cys112-His273-Asp287. The study confirmed by Delre et al. the covalent
inhibitors like curcumin and afatinib, and non-covalent inhibitors like
dasatinib, pexidartinib, and copanlisib (protein kinase inhibitors),
amprenavir, indinavir, anagliptin, boceprevir and semagacestat (prote-
ase inhibitors), vilanterol, arformoterol, and atenolol (adrenergic re-
ceptor modulators), cilazaprilat, edoxaban and rivaroxaban (direct oral
anticoagulants), ACE inhibitors, acotiamide, bentiromide, lymecycline,
canagliflozin, darolutamide, lafutidine, vilazodone, and methotrexate
were identified as PLpro inhibitors. It is noteworthy that the covalent
inhibitor binds irreversibly to the receptor, while the non-covalent in-
hibitor binds reversibly to the receptor. Also, the tendency of a covalent
inhibitor for binding to a target is stronger than that of a non-covalent
inhibitor [82]. However, most covalent inhibitors are less attractive
due to adverse drug responses, off-target side effects, toxicity, and lower
potency but targeted covalent drugs have recently gained more atten-
tion. These drugs target a non-catalytic nucleophile that is unique for
each target protein in contrast to the catalytic nucleophile in
mechanism-based or suicide inhibitors [83,84].

For example, two thiocarbonyl-containing compounds, 6 mercapto-
purine(6MP), and 6 thioguanine (6TG) were found to be slow-binding,
competitive, reversible, and selective inhibitors of SARS-CoV PLpro
[85-87]. Both 6MP and 6TG fit well into the active-site cavity of PLpro.
The sulfur atom of 6MP or 6TG was juxtaposed closely with the y-S of
Cys1651 at a distance of 3.4 A, suggesting the possible formation of a
hydrogen bond. Surprisingly, in this reaction sulfur is not only a po-
tential H-bond acceptor, but also is also a very good H-bond donor and
capable of forming of H-bond [88,89].

On the other hand, the substrate-analog hexapeptidyl chloromethyl
ketone (CMK) is irreversible peptidomimetic structure which have
mostly five residues in length. Thiolate anion of the catalytic Cys145
residue attacks chloromethyl ketone moiety of CMK and forms a cova-
lent bond (Fig. 4) [90]. The peptidic inhibitors exhibit good potency but
poor pharmacokinetic profiles [84].

Indeed, the peptidic inhibitors such as Cm-FF-H, which have a
highly electrophilic aldehyde group in their structure, prefer to be
attacked by nucleophiles through catalytic Cys145 to form a thio-
hemiacetal (Fig. 5) [91].

Moreover, it was suggested that inhibition of PLpro may occur
through the formation of a covalent bond with the active site cysteine
and o-p unsaturated carbonyl group in the inhibitor. Michael's addition
reaction with the p-carbon of the vinyl group of the vinylmethyl ester
warheads from VIR251 results in the formation of a covalent thioether
bond [92,93]. Importantly, the ability of unsaturated ketone to interact,
via a Michael's addition reaction, with a cysteine residue has been well-
documented [94]. Afatinib contains Michael acceptor group rendering it
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Table 3
Comparison of different blockers for envelope protein (E) of SARS-CoV-2, blockers' structures, and software used for docking.
Compound Chemical structure Target Software Ref.
. E Docking server CB-Dock, Automated cavity-detection, AutoDock
Mefenamic acid protein Vina, MD by GROMACS 1561
NH O
OH
E Docking server CB-Dock, Automated cavity-detection, AutoDock
Artemeth ? ’ 56,
rtemether protein  Vina, MD by GROMACS 1501
Gliclazide . Experimental test [71]
protein
. E .
Memantine . Experimental test [71]
protein
Wortmannin E HDOCK web(PPD), Swiss dock web-interface, MD by Nanoscale 1721
protein molecular dynamics (NAMD)
Veliparib . Schrodinger Glide software in SP mode [73]
protein
. . E
Rimantadine . DOCK®6 program, MD by GROMOS [74,75]
protein
Nimbolin E . AutoDock Vina, MD by GROMACS [76]1
R protein
(0]
0; j 0/~
f o
=
E
7-Deacetyl-7-benzoylgedunin protein AutoDock Vina, MD by GROMACS [76]
(6]
(6]
O
(6]
(6] (0]

(continued on next page)
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Table 3 (continued)
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Compound Chemical structure Target Software Ref.
24-Methylenecycloartanol E . AutoDock Vina, MD by GROMACS [76]
protein
. E
Plerixafor . - [771
protein
. E
Mebrofenin . - [77]
protein
Br
OH
HO ~OH
Kasugamycin (hydrochloride ' E 771
hydrate) protein B
HO OH
\LOJ:O
N NH,
0 |
NH, s~
HO
Saroglit i & (771
aroglitazar magnesium |\ 0 ~NN protein
(¢}
HO
o}
NH,
‘ OH
NH, o m
O H
(0] H
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Fig. 4. The reaction mechanism between the Thiolate anion of the catalytic Cys145 and the chloromethyl ketone moiety of CMK.
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OH OH
Plpro
/
S Plpro
(0] /( O 0 O s (0] e}
H H I H H
N N
\O)]\,//\/ \H/\HJ\/ )]\ \O/U\)\/N NJJ\;/N N)J\
0 L 0 H o " < o H
NH, NH,
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Fig. 7. A chemical reaction between peptidyl boronic acid and serine residues in Plpro.
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Fig. 8. The chemical reaction between electrophilic nitriles in nitrile-containing and serine and cysteine moiety.

covalently reactive to a specific cysteine residue within the catalytic
cleft (Fig. 6) [83].

A molecular docking study confirmed that the boronic acid moieties
in peptidyl boronic acid such as Bortezomib can accept an electron pair
from serine residues in Plpro to undergo the chemical reaction (Fig. 7).
Although boron interacts with sulfur atom only weakly [84,95-97].

Also, we can see in Fig. 8 that electrophilic nitriles in nitrile con-
taining antidiabetic gliptins can react with serine and cysteine moiety
and finally can produce imidate or thioimidate [98].
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The naphthalene-based inhibitors are potent, competitive inhibitors
and bind within the active site of PLpro. Because of T-shaped n—x
interaction with the naphthalene group of the inhibitor as well as other
van der Waals interactions [84,99,100]. The peptidic inhibitors' draw-
backs such as poor pharmacokinetic profiles and in vivo instability and
cell membrane impermeability unappropriate PK profiles should be kept
in mind when converting these to drug molecules [84]. It seems that a
combination of peptide compounds that establish covalent bonds with
Plpro and naphthalene-based compounds can be considered promising
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Fig. 9. The chemical reaction mechanism between Zn-ejector drug and catalytic cysteines.

Plpro inhibitors.
Disulfiram is Zn-ejector drug that can target highly conserved Zn?*-
binding and/or catalytic cysteines [101]. As it is shown below in Fig. 9.
Different blockers of SARS-CoV-2 PLpro, their chemical structures,
and the software used for docking are shown in Table 4.

9. Structure of Mpro

The main protease (Mpro) of SARS-CoV-2 is a key enzyme and has a
pivotal role in mediating viral replication and transcription, making it
an attractive drug target for SARS-CoV-2 [103]. Mpro, a cysteine pro-
tease, mediates the maturation cleavage of polyproteins during virus
replication. Understanding the atomic-level mechanism of the peptide
cleavage, catalyzed by cysteine proteases, is crucial for designing
structure-based potent inhibitors.

The protease-susceptible sites in a given protein or peptide usually
extend to an octapeptide region in Mpro. Occasionally, the susceptible
sites in some proteins may contain one subsite less or more. However,
eight amino acid residues are the most common causes. Although the
protein being cleaved contains much more than eight amino acid resi-
dues, usually only the segment of an octapeptide fits and extends in the
active site region of Mpro. Therefore, drug design will focus on the
cleavability of an octapeptide. First, the octapeptide fits well in binding
to the Mpro active region leading to cleavage at its scissile bond, then,
Gly143 of Mpro forms hydrogen bonds with ligands [104].

The imidazole group of histidine polarizes and activates the SH
group of the cysteine and forms a CysS—/HisH+ ion (His-Cys catalytic
dyad) that has a high nucleophilic property that reacts with substrates
[105]. Cysteine attacks the carbonyl carbon atom of the octapeptide
after which the proton from the protonated HisH+ is transferred to the
nitrogen atom of the scissile peptide bond. Therefore, the © bonding is
broken and the covalent adduct is generated. Then the deacetylation
stage is supposed to be assisted by a water molecule activated by histi-
dine (Fig. 10) [104,106,107].

According to the above, it seems that the design of peptidomimetic
a-keto amid compounds is a synthetic strategy to produce broad-
spectrum Inhibitors of SARS-CoV-2. The a-ketoamide is an unusual
reactive proelectrophile and pronucleophile moiety, displaying two
possible nucleophilic reaction sites together with two electrophilic
centers [108]. a-keto amid compounds match the H-bonding donor/
acceptor properties of the catalytic center by offering two hydrogen-
bond acceptors instead of one better than another compound such as
aldehydes, o,f-unsaturated esters, and Michael acceptors [109]. In fact,
the a-keto group of the compounds forms hydrogen bonds in the cata-
lytic dyad to establish, and then another carbonyl carbon atom is
attacked [110]. Finally, it seems that all potent SARS-CoV-2 Mpro in-
hibitors contain a-ketoamide reactive warheads (boceprevir) [111])
Fig. 11).

The a-ketoamide moiety has been considered for its ability to adjust
the conformation of lead compounds by increasing or decreasing their
structural rigidity or by conferring the capacity to establish hydrogen
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bonds, in order to improve their potency and pharmacokinetic profile
(108). Studies showed that peptidomimetic structures can fill and
extend in the catalytic site of the enzyme. Computational studies
elucidated that the a-ketoamide moiety with bulk substitutions prefers
to adopt a planar conformation, with the nitrogen center on the same
plane of the two carbonyls disposed in trans conformation [108].

In sum; it seems that the reactive warheads might be essential for
SARS-CoV-2 Mpro inhibition. Fluoromethyl ketones, Aziridinyl Peptide
and Aza-peptide Epoxide are electrophilic building blocks that react
with nucleophilic amino acids within the active site of proteases. In An
aza-peptide epoxide; the epoxide ring of the inhibitor opens during Cys
attacking, leaving a hydroxyl group on the C2 atom to form hydrogen
bonds with the Asn142 of the protease and the P2-Phe carbonyl O atom
of the inhibitor (Fig. 12). The configurations of the C2 and C3 atoms are
inverted from S, Sto R, R [112].

In some compounds, aldehyde bisulfate warhead and vinyl sulfone
were replaced with keto group (Fig. 13), indeed, instead of polarized
nitrogen, there should be aromatic groups such as styrene not to break
during the deacetylation reaction [111,113].

On the other hand, some articles proposed that fluorinated ketone
moiety could be utilized as a warhead for targeting proteases, because it
forms a thermodynamically stable hemiketal or hemithioketal after
nucleophilic attack by Ser-OH or Cys-SH residues, which are present in
the active sites of serine or cysteine proteases, respectively [114-118].
(Fig. 14).

Linlin Zhang et al. decided to use a 5-membered ring (y-lactam)
derivative of glutamine (henceforth called Gln Lactam) in all a-ketoa-
mides. The aldehyde can react with the thiol moiety of cysteine. This
moiety enhanced the electrophilic power of the inhibitors by up to 10-
fold, most probably because, the more rigid lactam leads to a reduc-
tion of the loss of entropy upon binding to the target protease [110]. The
studies showed that the y-lactam ring can fill the S1 site of M pro.

To improve the half-life of the compound in plasma, the amide bond
within needs to be modified with a pyridone ring. This might prevent
cellular proteases from accessing this bond and cleaving it. This com-
pound showed favorable pharmacokinetic results. It seems administra-
tion of nebulized pyridone-containing a-ketoamides to the lungs would
be possible [109]. In a research, to increase the solubility of the com-
pound in plasma and to reduce its binding to plasma proteins, they
added hydrophobic groups for example they replaced the hydrophobic
cinnamoyl moiety with the somewhat less hydrophobic tert-
Butyloxycarbonyl protecting (Boc) group. The studies showed that Boc
group is necessary to enter the cells. Cyclohexyl moiety in these struc-
tures can fill the S2 pocket and produce broad-spectrum inhibitors.
Indeed 3 fluro-phenyl can be replaced with cyclohexyl moiety and can
increase lung tropism [116,119]. The synthetic strategy to produce in-
hibitors of SARS-CoV-2 Mpro is presented in Fig. 15.

The o,p-epoxyketone tripeptide compounds inhibit Mpro via the S-
alkylation of the active site cysteine and then the ring-opening reaction
of epoxy ketones which produce both diastereomers of the targeted
epoxy ketones (R and S) [120]. (Fig. 16).
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Table 4
Comparison of different blockers for PLpro of SARS-CoV-2, blockers' structures, and software used for docking.
Compound Chemical structure Target Software Ref.
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Table 4 (continued)

Compound Chemical structure Target Software Ref.

Anagliptin PLpro OPLS force field, CovDock, Maestro (Schrodinger LLC) [82]

It
N~ N
N
N

Bortuzomib o OH PLpro - [84]
N N8
[ X H “OH
— O CH3
N

CHj3
Disulfiram )SJ\ PLpro - [101]
o~ N s S W N~
H o]
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\ / His
H H.
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= =
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Fig. 10. The reaction mechanism between His-Cys catalytic dyad with substrates.
electrophilic center o NH, ) )
and forms hydrogen bonds in catalytic dayad o keto amid moiety
HN
e VR o} Boceprevir
Hz 5\ o
electrophilic center _I%N
HN ’/V
nucleophilic center —% (6]
Fig. 11. The a-ketoamide reactive warheads are present in potent SARS-CoV-2 Mpro inhibitors.
10. Compounds affecting Mpro electrophiles by donating an electron pair.
Cysteine thiol is a highly reactive moiety due to its high electron
The Mpro active site contains a catalytic dyad in which a cysteine density and polarizability and can, therefore, be targeted by less reactive
residue (Cys145) acts as a nucleophile, and histidine residue (His41) acts ligands i.e. cysteine-targeted electrophiles such as vinyl sulfones, ep-
as a base [121]. Cys145 is a chemical species that form bonds with oxides, isothiazolones, and ketoamides.
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Fig. 12. Fluoromethyl ketones, Aziridinyl Peptide and Aza-peptide Epoxide that react with nucleophilic amino acids within the active site of proteases.
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Fig. 13. The reaction mechanism between vinyl sulfone and thiol moiety of cystein group.

A A

Fig. 14. The reaction between fluorinated ketone and Ser-OH or Cys-SH to form a thermodynamically stable hemiketal or hemithioketal after nucleophilic attack.

It seems that ketoamide groups of boceprevir and telaprevir can react
covalently with cysteine thiol moiety of COVID as well as Hepatitis C
virus (HCV) protease which is also targeted covalently by these drugs
[122].

Indeed, cyclopropanesulfonamide moiety in Paritaprevir and Sime-
previr can be targeted by cysteine residue (Cys145) [123]. In a study
conducted by Duc Duy Nguyen et.al, They concluded that the strongest
bond is formed between the boronic acid moiety of bortezomib(lewis
acid) and Cys 145(base) [124].

On the other hand, it seems that Mpro histidine has a positively
charged imidazole functional group. The unprotonated imidazole is
nucleophilic and can serve as a general base. Thus, compound 621 can
produce cation-r interaction with His 41 [125].

Abdusalam et.al in a virtual screening study recognized that a =
-alkyl interaction between His 41 and the morpholine ring of
ZINC03231196 was formed. Compound ZINC33173588 exhibitedan-x
T-shaped bond with a first benzene ring and His41, in fact, two = -alkyl
bonds were formed between amino acids Cys145, His41, and morpho-
line ring [126].

It was described that SARS-CoV-2 Mpro is a target for Atazanavir.
Atazanavir could inhibit viral replication in cell culture models of
infection that also prevented the release of a cytokine storm-associated
mediators. The appropriate binding of Atazanavir, suggested by its
lower energy score, may be related to its projected ability to form hy-
drogens bonds with the amino acid residues Asnl42, His164, and
Glul66 in Mpro [16].
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Lopinavir, initially developed as an anti-HIV drug, inhibits the Mpro
because of the analogy of the drug with the transition state of the hy-
drolysis reaction. Lopinavir is a substrate of the CYP3A4 cytochrome,
thus it is physically combined with ritonavir, which is a suicide cyto-
chrome inhibitor that acts by the metabolic generation of an isocyanate
intermediate that then carbamoylates a nucleophilic residue at the cy-
tochrome [102]. (Fig. 17).

Different blockers of SARS-CoV-2 Mpro, their chemical structures,
and software used for docking are shown in Table 5.

11. Structure of RdRp

The virus RdRp, which, as previously stated, plays an important role
in the transcription and replication of the SARS-CoV-2, is known as
nspl2 [135,136]. Other cofactors for nspl2 in polymerase activities are
nsp7 and nsp8, and RdRp would not have much catalytic activity
without them. As a result, the RdRp active unit is made up of an nsp7-
nsp8 heterodimer, an nsp12 nucleus catalytic unit, and an extra nsp8
subunit [137].

The RdRp active site is composed of seven conserved catalytic motifs
(motifs A to G). Motifs A to E is in the palm subdomain, while motifs F
and G are in the finger subdomain [138]. The catalytic motif DX2-4D is
found in motif A [139]. Also, the first aspartic acid 618 in this motif is
invariant in most viral polymerases [140]. In motif B, there is a flexible
loop that acts as a hinge to take the arrangement of configuration related
to substrate binding and template RNA [140]. Residues
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phenylalanine753 to aspargine767 are Motif C which contains the cat-
alytic motif SDD. Motif SDD is from residues serine759 to aspartic
acid761 and is necessary for the attachment of the metal ion [139].

Aspartic acid760 and aspartic acid761 in the RdRp structures also
are in charge of two magnesium ions' coordination at the catalytic center
[140]. the conserved aspartic acids in catalytic motifs DX2-4D and SDD
determine catalytic activity [141]. Residues from leucine544 to valine
557 are Motif F which interacts with the phosphate group of incoming
NTP [140]. Also, residues from aspartic acid 499 to leucine 514 are
Motif G that interacts with the RNA template strand and probably can
take it to the active catalytic site [142]. It seems that the active catalytic
motifs of the RdRp are highly conserved in most SARS-CoV-2 strains,
therefore, RdRp is another promising drug target [140].

12. Compounds affecting on RdARp

Remdesivir (RDV, GS-5734) is a pro-drug that is a 1’-Ribose cyano
substitution of adenosine nucleotide analog. Its adenine fragment is
modified, and The presence of a cyano group at the anomeric carbon is
unusual, and it leads to a lower activity on mammal RNA polymerases
[102]. Upon entering the body, Remdesivir is hydrolyzed and phos-
phorylated through metabolism, Remdesivir monophosphate (RDV-MP)
is its active form of Remdesivir with a negatively charged and polar
monophosphate moiety, actually, this monophosphate increases the
active triphosphate metabolite (RDV-TP) [143,144]. The salt bridge
interaction occurred between the residues of the basic amino acids
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lysine545 and Arginine 555 in RdRp in motif F with RDV-MP. There are
two ionic bond interactions between magnesium ions and pyrophos-
phate near RDV-MP that their density is not present in other structures of
SARS-CoV-2 RdRp-RNA complexes. This pyrophosphate may obstruct
nucleotide three phosphates (NTP) entry into the active site by occu-
pying the nucleotide input. The 10-cyano substituent of incorporated
RDV sterically clashed with the side chain of serine 861, which inhibits
the chain termination reaction [145].

RMP interacts with the upstream bases from the primer chains to
form base stacking and forms two hydrogen bonds with the uridine
groups from the template chains [145]. Thus, it seems that modifying
the structures to make phosphate more favorable for covalent incorpo-
ration at the extending strand terminus and designing some analogous
pyrophosphate bound with other functionalities such as fluorine func-
tional groups to improve its hydrogen bond acceptivity can cause the
compounds to interact with RdRp more favourably. According to virtual
screening studies, the presence of tetrazole or phenylpyrazole groups in
the designed drugs increases the chances of inhibiting RdRp [146]. An
investigation confirmed Aryl di-keto acid as a specific and reversible
inhibitor of RdRp of HCV. They demonstrated that Aryl di-keto acids,
like pyrophosphate mimetic inhibitors, act as product-like analogues
and chelate the two divalent cations (Mg2+ ions) at the active site of
HCV. Due to the chemical and biological instability and poor membrane
permeability of diketo acid group, they replaced the free carboxylic acid
of Aryl di-keto acids with their bioisosteres triazoles (like ribavirin) or
tetrazoles. Although a similar replacement of carboxylic acid with
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triazole or tetrazole was successfully observed in the research of inte- SARS-CoV-2 and its important proteins that contribute to infection.
grase as anti-HIV agents [147]. (Fig. 18). Then, we surveyed the various structures that could have pharmaceu-
The ionizable groups of these compounds are blocked by lipophilic tical activity and tried to find a structure-activity relationship (SAR).
moieties, allowing a good membrane permeability [102]. Different To study the various structure against SARS-CoV-2, the molecular
blockers of SARS-CoV-2 RdRp, their chemical structures, and the soft- docking approaches have been applied to model the interaction between
ware used for docking are shown in Table 6. small molecules and various proteins of SARS-CoV-2 at the atomic level
to characterize the behavior of different molecules such as repurposed
13. Discussion drugs in the binding site of target proteins and to elucidate the ligand
conformation, its docking pose, and assessment of the binding affinity
Several vaccines have been developed and approved to combat [149]. As many of these studies were performed with different molec-
SARS-CoV-2, but their effectiveness varies by individual, and after a few ular docking software, the amount of binding energy could not be
months, some people's immunity deteriorates, increasing their risk of compared precisely. Also, many drugs showed an appropriate docking
COVID-19 infection. Furthermore, by arising new strains, many people pose, but may not turn into their active structure in the body. Indeed, in
all over the world become infected with this virus every day. As a result, vitro and in vivo studies are also required to know if the compounds that
scientists are still researching various virus proteins in order to better have been identified can inhibit COVID19 infection in a human host.
understand their function as well as the inhibitory effect of various One approach to treat COVID-19 is regulating the spike-ACE2 com-
synthetic or herbal compounds on these proteins [148]. plex by the negative allosteric modulators. [150,151]. In the beginning,

In this article, we first review the latest life cycle findings of the SARS-CoV-2 RBD-ACE2 interface was investigated precisely. Then,
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Table 5
Comparison of different blockers for Mpro of SARS-CoV-2, blockers' structures, and software used for docking.
Compound Chemical structure Target  Software Ref.
Telaprevir Mpro MOE software package, MD by Schrodinger, Maestro software [127]
Boceprevir Mpro MD by GROMACS and Schrédinger, AutoDock Vina [128]
Autodock vina &
Beclabuvir Mpro SMINA [1]
Pymol & Rasmol
~o
Compound 621 Mpro AutoDock Vina, AMBER 18 simulation package [3]
10 O
o/\w
/ O
/
CSS//O
. . 7 . . .
Paritaprevir HN\‘¢O Q Q Mpro AutoDock Vina, AMBER 18 simulation package [3,12]
z 0]
Simeprevir Mpro AutoDock Vina, AMBER 18 simulation package [3,11]
—
(0]
i
oy
Atazanavir Mpro Autodock tools [16,129]

(continued on next page)
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Table 5 (continued)

Compound Chemical structure Target  Software Ref.

Efavirenz Mpro AutoDock Vina [130]
Grazoprevir Mpro AutoDock Vina, MD by GROMACS [131]
Ritonavir Mpro mathematical pose (MathPose), mathemat ical deep learning (MathDL) [14]
Bortezomib o OH Mpro mathematical pose (MathPose), mathemat ical deep learning (MathDL) [14]
H i
N N__ B«
[ N H OH
= (0] CH
N 3
CHj
Carfilzomib o - _)\ 0 J\_ 0 H Mpro Schrodinger, AMBER, Glide7 flexible docking program [19]
< < < i
e N .C_N_P
N N
YWY R
N
K/O (continued on next page)
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Table 5 (continued)

Compound Chemical structure Target  Software Ref.

Valrubicin Mpro Schrodinger, AMBER, Glide7 flexible docking program [19]
Pitavastatin Mpro PyMol, SMINA forked of AutoDock Vina [47]1
Perampanel Mpro PyMol, SMINA forked of AutoDock Vina [47]
Curcumin Moro Glide docking module of Maestro, OPLS3e force field, CovDock module of [132]
P Schrédinger Suite, MD by GROMACS :
(0]
ZINC03231196 [ j Mpro  Maestro software, MD by AMBER16 [133]
Nirmatrelvir Mpro [134]

O O o O o O

LB = oH [ N
HO” 10" 1 “OH Ar Ar | X

OH OH N\[\,j/

(0]

Fig. 18. Similar replacement of carboxylic acid with triazole.
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Table 6
Comparison of different blockers for RARp of SARS-CoV-2, blockers' structures, and software used for docking.
Compound Chemical structure Target  Active form Software Ref.
(0]

s N P
IDX-184 RdRp (o) N J AutoDock Vina implemented in SCIGRESS [2]

HO/\LZ \H

o4 N=
>/NH ONQNQ/\( oo
Q HO HoF
Sofosbuvir RdRp o AutoDock Vina implemented in SCIGRESS [2]
o Ho
)\ “P=Q HoF 07N M
° ° i K/l-'
N
o
N/U\NH 0
M
o
0]
Ribavirin N x NH 2 RdRp - AutoDock Vina implemented in SCIGRESS [2]
\
Ho ¢ N
N
O
NH,
Ej —
\ o .
. ~N AutoDock Vina, RosettaCommons
Remdesivir RdRp N 2 AutoDock Vina, RosettaCommons (41
HO CN
HO
(0]

HO

studies were investigated to find some molecules that can compete with
the spike to attach to the receptor. Antihypertensive drugs that block
ACE receptors are the most well-known of these drugs. According to
many studies, three different docking methods have been used on the
receptor, but it has yet to be determined which docking method is the
most appropriate. It seems all these approaches noticed N-linked glycan
at position Asn 90 of ACE2 bind to different RBDs and interfere with the
infection of the cell. But they ignored several key residues of ACE2 (such
as lysine and histidine) that may affect the hydrogen bonding and salt
bridge interaction with the spike protein of SARS-CoV-2.

Consequently, as mentioned, a main-chain hydrogen bond between
the carbonyl of ACE2 Lys353 to the amide of RBD Gly488 fixes the
relative positions of receptor and spike protein quite accurately. Thus, it
seems the designing of the compounds which bind to the allosteric site
and modify hydrogen bonds or the salt bridges in the receptor-binding
domain can disrupt SARS-CoV2 RBD —ACE2 complex and is a hopeful
approach to inhibit the infectiousness of SARS-COV-2.

The compounds which affected the voltage-gated ion channel of

23

influenza and NMDA receptors seem to be effective on the channel
structures of SARS-CoV-2, allowing drugs like adamantine derivative to
block channels in the virus envelope. It seems that the structures with
amino heads and hydrophobic tails can block envelope protein, and
amine heads can react with hydrogen and metal ions to produce qua-
ternary amines, and then, they are placed at the envelope's gate, while
hydrophobic tails can block the receptor.

Also, according to the virtual screening studies in data banks, side-
rophores have been identified as a potential channel blocker for the
envelope of SARS-CoV-2 because they have the ability to chelate the
metal ions. As mentioned above, Heme-linked sites of the E protein
(Cys44) may be relevant to the high infectivity [69]. Desferrioxamine
and nocardamine are siderophore iron chelators that can chelate Ferric
iron at a 1:1 stoichiometry to inhibit iron to bind to the heme-iron linked
site of E. Indeed, a predictive quantum mechanical TD-DFT method
should be needed to describe the time-dependent behavior of these in-
hibitors [70].

It seems the synthesis of a naphthalene-based scaffold which can
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covalently bind to cysteine would be an effective strategy to antagonize
the PLpro structure. Docking studies on naphthalene-based structures or
their isosteres have shown that they can create a n-n interaction with the
PLpro structure. Cysteine is an important amino acid in the PLpro
structure because it attacks the positive charge centers in drugs, allow-
ing cysteine to participate in nucleophilic reactions, addition, and the
formation of a covalent bond between the drug and the receptor [152].

Regarding the Mpro's active site, it can be occupied by octapeptide
compounds or linear compounds with a similar fitting ability to octa-
peptide compounds. Mpro also has a flexible structure that allows it to
accommodate compounds as large as one or more amino acids. The
positive charge center of the peptide structure is on the carbonyl groups.
To increase the positive charge on carbon, pharmacodynamic studies
have been conducted extensively. For example the carbonyl groups
could be replaced with vinyl sulfone, aldehyde bisulfate, or fluorinated
ketone groups. In fact, gamma-lactam rings, for example, are frequently
substituted for carbonyl groups. Besides, some studies, have attempted
to design drugs by adding non-polar and aromatic groups to the com-
pounds in order to reduce the amount of drug-protein binding in the
blood and the volume of distribution in the body while also increasing
the drug's tropism within the lungs [153]. It is worth noting that virtual
screening of potential Mpro inhibitors has also confirmed that Lewis
acid structures such as bortezomib, which contains boron metal bind to
M-protein with ease [154].

Various studies have shown that a key difference between RdRp and
other targets is that RdRp is more polar, and many drugs must make a
salt bridge with RdRp active site amino acids. Thus, the pKa of the
desired compound is important to work in the active site because these
compounds need to take hydrogen ions at this pH, so they can't enter the
active site and form a salt bridge or hydrogen bond. Another point to
consider is that the pKa of the designed drugs should be regulated to
comply with patients; for example, extravasations of remdesivir into the
perivascular environment due to its acidic structure will cause erythema
in the vessels and skin of patients [146,155]. Therefore, in a previous
research, Aryl di-keto acid was introduced as the inhibitor of RdRp of

\| ethanesulfonyl moiety

/S\
O~ 170

baricitinib

NH

pyrrolopyrimidine moiety

Fig. 20. The chemical structure of baricitinib and its

imidine moiety.

pyrrolopyr-

HCV and integrase enzyme of HIV. They can chelate the two divalent
cations (Mg2+ ions) at the active site of RdRp. Due to their poor phar-
macokinetic ability, they replaced the free carboxylic acid of Aryl di-
keto acids with their bioisosteres triazoles or tetrazoles. Thus it is rec-
ommended to test the compounds introduced by Wo Hui song et al. on
SARS-CoV-2 [147].

Remdesivir was the first FDA-approved drug for the treatment of
SARS-CoV-2 but its effectiveness is disrupted demonstrating the need to
develop a new antiviral drug. After much surveying, FDA authorized
molnupiravir, paxlovid (nirmatrelvir and ritonavir), and baricitinib for
emergency treatment against SARS-CoV-2 infection. Molnupiravir is an
iso propyl ester prodrug of hydroxycitidine (NHC triphosphate) which
target RARp of SARS-COV-2. It actually causes an error catastrophe
during viral replication [156]. The studies showed that NHC tautomers
(keto-oxime, keto-hydroxylamine, and hydroxyl-oxime) through the
migration of two acidic protons of the hydroxylcytosine fragment can
form stable base pairs either M-G or M-A in the RdRp active center using
intramolecular hydrogen bonds, explaining how the polymerase escapes
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proofreading and synthesizes mutated RNA; Although, the crystal
structure of molnupiravir has not been reported so far, this can also be
explained by intertautomer transformation of molnupiravir in solutions
[156]. Furthermore, it was demonstrated that the keto-oxime tautomer
of NHC interacts with Mpro through seven hydrogen bonds formed with
GLY143, SER144, CYS145, HIS163, LEU141, and GLN186, two alkyl
interactions with MET165, and two z-system---alkyl interactions with
HIS41 and CYS145. The keto-hydroxylamine forms complex with Mpro
due to ten hydrogen bonds with GLY143, HIS163, GLU166, LEU141,
SER144, MET165, and GLN198; two alkyl interactions with MET49 and
MET165; and three r-system---alkyl interactions with HIS41 and
CYS145. Finally, the hydroxyl-oxime tautomer of molnupiravir interacts
with the Mpro via four hydrogen bonds with CYS145, LEU141, and
PHE140, two alkyl interactions with MET49 and MET165, and three
n-system---alkyl interactions with HIS41 and CYS145. It seems that one
of the n-system---alkyl interactions for all the tautomers with Mpro is
formed by the n-system of the ligands [157]. (Fig. 19).

Recently, the combination therapy of Janus kinase (JAK) inhibitor
baricitinib has been granted emergency use authorization for COVID-19
hospitalized patients [158]. Emanuelle Machado Marinho et.al in their
study showed that baricitinib can interact powerfully with the Mpro.
The rationale for the use of these molecules for the treatment of COVID-
19 is connected to the role of the JAK-STAT signaling pathway in the
biosynthesis of cytokines [102] Indeed Regarding the docking pose of
baricitinib and Mpro complex, the ligand has ten interactions with the
amino acid residues of the enzyme, three of the conventional hydrogen
bond type; one with Lys137 (2.66 10\), one with Asp197 (2.42 10\) and one
with Leu287 (2.48 A); one van der Waals interaction with Thr199; two
of the carbon-hydrogen bond type, one with Leu287 and the other with
Aps289; two interactions of the n -Cation type with Arg131; a n -Anion
interaction with Asp289 and interaction of the Amide- n stacked type
with Thr198. They used the modern concept of hydrogen bonds [159].
Despite the conventional constant of hydrogen bond, the nature of the
interaction is not constant, but its electrostatic, covalent, and dispersion
contributions vary in their relative weights. The hydrogen bond has
broad transition regions that merge continuously with the covalent
bond, the van der Waals interaction, the ionic interaction, and also the
cation-x interaction [160]. According to this theory, the hydrogen bond
length of 2.2-2.5 A is indicated as a strong covalent bond. They showed
the interaction of baricitinib (and Asp197 and Leu287classified as
hydrogen bonds strongly covalent because they have a bond lengths up
to 2.5 A. It was shown that pyrrolopyrimidine and ethanesulfonyl
moiety of baricitinib play an important role to produce hydrogen bond
interaction [159] (Fig. 20).

Water-soluble phosphate prodrug i.e. Lufotrelvir and its active form
PF-00835231 were introduced as the Mpro inhibitor. This compound
was replaced by its orally active analog nirmatrelvir. Which, in combi-
nation with ritonavir used by the FDA in an emergency. PF-00835231
and nirmatrelvir interact covalently, although reversibly, with the
Cys-145 residue of mpro. In the case of PF-00835231, the Cysteine thiol
group forms a covalent bond with the ketone group of the terminal
a-hydroxyketone moiety to give a hydrogen bond-stabilized hemi-
thioacetal, together with additional hydrogen bonds with a number of
other key residues. Nirmatrelvir occupies the active site in a similar way,
with Cys-145 binding covalently to its nitrile group via a Pinner-like
reaction and several hydrogen bonds [102,161]. (Fig. 21).

Finally, it can be concluded that one of the challenges in designing
drugs is that the coronavirus has genetic mutations and drug resistance
that cause the treatment protocols to change easily [162]. Therefore, it
would be best to add the appropriate pharmacophores to a new molecule
considering the structures and points mentioned for each protein, and
then, design a new hybrid molecule to increase the drug's effectiveness
against genetic mutations [163,164].

For example, hydroxychloroquine and adamantane based hybrids
were synthesized by Lars Herrmann et.al, but due to the QT-
prolongation problems; hydroxychloroquine hybrids couldn't be
considered. Indeed they have shown the positive effects of Artemisinin
on SARS-CoV-2. So the hybrid based on Artemisinin derivatives, Quin-
oline, or adamantane moieties was synthesized [163,165]. Other studies
have shown the anti-viral activity of isothiourea, and adamantane de-
rivatives. in 2017; the isothiourea and adamantane based hybrids were
synthesized but their activity against SARS-CoV-2 has not been
measured yet [166]. Further; as mentioned above the active form of
remdesivir showed high polarity so to improve their pharmacokinetic
profile it could be better to fuse the remdesivir active form with other
pharmacophores in a single multi-functional agent.
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