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Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) undergoes mutations at a high rate and
with frequent genetic reassortment (antigenic drift/shift), leading to variability in targets. The
receptor-binding domain (RBD) of the spike (S) protein has a major role in the binding of SARS-CoV-2
with human angiotensin-converting enzyme 2 (ACE2). Mutations at the RBD influence the binding
interaction at the SARS-CoV-2 S–ACE2 interface and impact viral pathogenicity. Here, we discuss
different reported mutations of concern in RBD, physicochemical characteristic changes resulting from
mutated amino acids and their effect on binding between the RBD and ACE2. Along with mutation
informatics, we highlight recently developed small-molecule inhibitors of RBD and the ACE2 interface.
This information provides a rational basis for the design of inhibitors against the multivariant strains
of SARS-CoV-2.
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Introduction
The novel coronavirus 2019 (COVID-19 or SARS-CoV-2) remains
a global health emergency. Traditional/rational drug discovery
approaches have so far failed to provide effective clinical treat-
ments against multivariant (mutational) strains of coronavirus.1

The fast-emerging mutant strains highlight an urgent need to
develop new drugs against wild-type and mutant strains of
SARS-CoV-2.

The genome of all organisms serves as a source of biological
targets. In drug research and development, identification of an
appropriate biological target takes precedence over the design/
discovery of its modulator.2 The complete genome (29, 903
nucleotides) of SARS-CoV-2 comprises 11 genes, encoding vari-
ous proteins. A nucleotide similarity search revealed that SARS-
CoV-2 is highly related (89.1% nucleotide similarity) to a group
of SARS-like coronaviruses infecting in bats in China.3

The life cycle of SARS-CoV-2 involves various stages.4 The
entry of virus into the host cell is the most important stage
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and is mediated by the S protein. The S protein is � 180 kDa,
comprises 1273 amino acids, and has two divisions: S1 (14–
685) and S2 (686–1273).5 The S1 subunit is responsible for bind-
ing to the host cell receptor, ACE2, and S2 for the fusion of viral
and host cell membranes. The S1 and S2 units are proteolytically
cleaved at S20 cleavage sites, which remain noncovalently linked
and exist in a prefusion conformation. The S1 unit is further
divided into the N-terminal domain (NTD), RBD, and C-
terminal domain (CTD), whereas the S2 unit is subdivided in
the fusion peptide (FP), heptad repeat, (HR1/2), transmembrane
domain (TM), and cytoplasmic tail (CT). The RBD of the distal
S1 subunit contributes to stabilization of the prefusion state of
the membrane-anchored S2 subunit, which contains the fusion
machinery. The S protein exists as a trimer, the three RBDs of
which are positioned at its apex. In the ‘closed’ prefusion state,
all three RBDs of the S trimer are packed tightly together and
are not able to bind to ACE2. During viral entry, the RBDs adopt
an ‘open-up’ conformation for binding to ACE2. The resulting
www.drugdiscoverytoday.com 1
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post-fusion conformation of the S trimer is obtained following
the loss of the NTD. Subsequently, the postfusion state under-
goes conformational changes with respect to its prefusion con-
formation. Stabilization of the postfusion conformational state
depends on the re-orientation of the C terminus.6–9

The SARS-CoV-2 S protein complexed with human ACE2 has
been resolved experimentally in various states (closed/prefusion/
open/postfusion ACE2-bound/unbound S trimer, double ACE2-
bound S trimer, dissociated monomeric S1 bound to ACE2,
etc.). The SARS-CoV-2 S protein trimer bound to monoclonal
antibodies has also been reported. The RBDs show a closed (‘ly-
ing down’) and open (‘standing up’) conformation during bind-
ing with ACE2. The 3-D arrangement of the RBDs is highly
dynamic and undergoes continuous conformational rearrange-
ment.10 Recent research showed that the rate of spontaneous
mutation in SARS-CoV-2 is 1.3 � 10–6 ± 0.2 � 10–6 per base per
infection cycle.11 The repeatedly mutating residues can alter
the transmissibility (viral spread) and virulence (viral ability to
enter and replicate inside host cell) of SARS-CoV-2 and decrease
the efficacy of vaccines/drugs, thus posing serious challenges to
the discovery of drugs against multivariant strains of SARS-
CoV-2.

Given the importance of SARS-CoV-2, attempts have been
made to use mutation informatics of the binding pocket of the
RBD S protein to advance understanding of its transmissibility/
virulence in terms of its ongoing mutations. Here, we use differ-
ent bioinformatics databases/tools to determine the analytics of
the physicochemical properties of the RBD from the S protein
from wild-type and mutant strains of SARS-CoV-2. We also high-
light the importance of small molecules against the SARS-CoV-2
S–ACE2 interface. Such information provides a rational basis for
the development of new vaccines/drugs against this deadly virus.
Mutations in the target site of the S protein RBD
The WHO has reported varied transmissibility and virulence of
different mutated strains (alpha, beta, gamma, delta, lambda,
and omicron) of SARS-CoV-2.12 Various number of mutations
(e.g., T19R, A67V, D80A, D80G, T95I, G142D, Y145D, R158G,
L212I, D215G, A222V, N234Q, W258L, N331Q, G339D,
N343Q, R346K S371L, S373P, S375F, etc.) have been reported
in the S1 protein of these strains since 2019.13,14 The binding
pocket of the RBD is located between S338 to Q506 and the
mutations reported in this domain are responsible for altered
binding interactions with human ACE2.15 Although D614G is
located outside the binding pocket of RBD, it modulates viral
transmissibility and infectivity and is thought to result in resis-
tance to COVID-19 vaccines.13,14
Mutation informatics
A WHO assessment of circulating variants of SARS-CoV-2 states
that a clear understanding of the physicochemical characteristics
of the mutated amino acid residues of each variant is needed.12

The recent successful application of target-based drug design/
protein informatics investigations of mutational effect in drug
targets inspired researchers to use these techniques for the devel-
opment of potential new antiviral agents against wild-type and
mutant SARS-CoV-2 strains.2,16,17
2 www.drugdiscoverytoday.com
The sequences/3-D structures of relevant wild-type and
mutated targets are analyzed with different bioinformatics tools
to unravel their changing geometry and physicochemical charac-
teristics.2,16 Such assessment of physicochemical properties
resulting frommutations in the binding pocket of target proteins
will help to design potent molecules against multiple strains of
SARS-CoV-2. Primary mutation informatics data are shown in
Table 1 to understand the effect of mutation on the RBD-ACE2
binding mechanism in the alpha, beta, gamma, delta, lambda,
and omicron variants. The point mutation informatics data pre-
dicted N501Y, T478K, Q493R, and Q498R as noticeable muta-
tions of SARS-CoV-2, which might be responsible for stabilizing
the binding interaction between RBD and ACE2. The mutations
significantly impacted the polarity, isoelectric point, and
hydropathy index of mutated residues (L452R, Q493R, and
Q498R) of the delta and omicron variants. The Q493R and
Q498R mutations in omicron resulted in a higher affinity
between RBD and ACE2 (Figs. 1 and 2). The results also indicate
arginine as a major contributor to the increased affinity between
RBD and ACE2 and that it might be responsible for the altered
pathogenicity of the virus. These two mutations might also be
responsible for the high transmissibility rate in omicron. The
replacement of amino acids in the target protein with amino
acids with dissimilar physicochemical properties caused changes
in the mechanistic interaction between RBD and ACE2.17

Zahradnik et al. predicted the severity of Q498R in the virus even
before the emergence of omicron.18 The potential energy (PE: –
16 446 kcal/mol) of the RBD–ACE2 structural model of the delta
(K417N, L452R, and T478K) variant was lower compared with
the alpha, beta, gamma, and lambda structural models (Table 1).
However, PE (–11 293 kcal/mol) was higher in the omicron struc-
tural model. Thus, the PE indicated that the delta model is more
stable than the other models.

These preliminary results go some way to explain the muta-
tional effect on RBD–ACE2 binding. High-end molecular
dynamic (MD) simulations and experimental studies of gener-
ated models will help to further understand the virulence mech-
anism of different SARS-CoV-2 variants.

Since January 2022, experimental results have been published
concerning the delta and omicron SARS-CoV-2 variants.19,20

These results are comparable to the bioinformatic findings
explained herein. Thus, we highlight bioinformatics results that
are comparable to experimental findings. The T478K mutation
has a key role in stabilizing and reshaping the RBM loop473–
490, enhancing the interaction with ACE2.19 The structure of
the omicron S trimer with ACE2 revealed that omicron has a
six- to ninefold increased affinity for ACE2 because of the addi-
tional mutations. The Q498Rmutation also increased the affinity
of RBD for ACE2. In addition, N501Y and T478K enhanced the
RBD–ACE2 interactions. The study also reported that omicron
RBD is thermodynamically less stable and more dynamic com-
pared with wild-type RBD.20

Considering the scope of MD simulations in mimicking bio-
logical milieu, some research groups have explored the entry
and fusion of SARS-CoV-2 into the human environment. Ching
et al. discussed the key interacting residues between RBD and
ACE2 based on MD simulation results. They found K417, Y449,
F486, N487, L455, F456, Y489, Q493, Y495, Q498, T500, N501,



TABLE 1

Primary mutation informatics of the RBD region of different variants in reference to wild-type protein (PDB code: 6M0J) of SARS-CoV-
2
a.

Variants Position W/
M

Side-chain
polarityb

PIc HId DDG
(kcal/mol)e

Overall stability of
modelf

Potential energy of modeled structure
(kcal/mol)g

Alpha 484 E AP 3.22 �3.5 –0.34 Destabilizing –13 858
K BP 9.73 �3.9

494 S P 5.68 �0.8 3.21 Stabilizing
P NP 6.30 3.21

501 N P 5.41 �3.5 0.78 Stabilizing
Y P 5.66 0.78

Beta 417 K BP 9.73 �3.9 –2.08 Destabilizing –12 034
N P 5.41 –2.08

484 E AP 3.22 �3.5 –0.34 Destabilizing
K BP 9.73 �3.9

501 N P 5.41 �3.5 0.78 Stabilizing
Y P 5.66 –1.3

Gamma 417 K BP 9.73 �3.9 –0.85 Destabilizing –11 779
T P 5.60 �0.7

484 E AP 3.22 �3.5 –0.34 Destabilizing
K BP 9.73 –0.34

501 N P 5.41 �3.5 0.78 Stabilizing
Y P 5.66 –1.3

Delta 417 K BP 9.73 �3.9 –2.08 Destabilizing –16 446
N P 5.41 �3.5

452 L NP 5.96 3.8 –0.48 Destabilizing
R BP 10.76 �4.5

478 T P 5.60 �0.7 0.41 Stabilizing
K BP 9.73 �3.9

Lambda 452 L NP 5.96 3.8 –3.5 Destabilizing –12 034
Q P 5.65 �3.5

490 F NP 5.48 2.8 –0.66 Destabilizing
S P 5.68 �0.8

Omicron 417 K BP 9.73 �3.9 –2.08 Destabilizing –11 293
N P 5.41 �3.5

440 N P 5.41 �3.5 –7.31 Destabilizing
K BP 9.73 �3.9

446 G NP 5.97 –0.4 –1.94 Destabilizing
S P 5.68 �0.8

477 S P 5.68 �0.8 0.69 Stabilizing
N P 5.41 �3.5

478 T P 5.60 �0.7 0.41 Stabilizing
K BP 9.73 �3.9

484 E AP 3.22 �3.5 –0.43 Destabilizing
A NP 6.00 1.8

493 Q P 5.65 �3.5 2.89 Stabilizing
R BP 10.76 �4.5

496 G NP 5.97 –0.4 –1.96 Destabilizing
S P 5.68 �0.8

498 Q P 5.65 �3.5 2.73 Stabilizing
R BP 10.76 �4.5

501 N P 5.41 �3.5 0.78 Stabilizing
Y P 5.66 –1.3

505 Y P 5.66 –1.3 –3.18 Destabilizing
H BP 7.59 –3.2
R BP 10.76 �4.5

a Abbreviations: Ap, acidic polar; Bp, basic polar; M, mutant; N, neutral; Np, nonpolar; P, polar; W, wild type (PDB code: 6M0J).
b Side-chain charge, pH 7.4.
c Isoelectric point at pH 7.0.
d Hydropathy index.
e Difference in free energy of unfolding between wild-type and mutant proteins (CUPSAT webtool).
f Overall stability of model (CUPSAT webtool).
g Assessed using MOE software.2,16
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and Y505 to be hotspot residues in RBD, and K353, K31, D30,
D355, H34, D38, Q24, T27, Y83, Y41, and E35 to be hotspots
in ACE2. In the alpha and beta variants of RBD, the binding
interactions are slightly different because of the N501Y muta-
tion. The alpha variant binds more tightly with ACE2 compared
with the beta variant and wild-type RBD. In the beta variant,
www.drugdiscoverytoday.com 3
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FIGURE 1
The superimposed structure of wild-type severe acute respiratory syndrome-coronavirus 2 (SARS-Cov-2) [Protein Data Bank (PDB): 6M0J] and homology
models of the alpha/beta/gamma/delta/lambda/omicron variants highlight the variation in binding interaction between the receptor-binding domain (RBD)
and angiotensin-converting enzyme 2(ACE2).
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K417N reduces the binding affinity with ACE2, whereas E484K
slightly increases it. In both the alpha and beta variants,
N501Y increases the binding affinity between RBD and ACE2.21

Ma et al. used ls-scale coarse-grained MD simulations of RBD–

ACE2 complexes and reported that, in the binding pocket,
F486, Q498, and Y505 contribute optimally to the binding free
energy between RBD and ACE2.22

Alaofi et al. investigated the effect of N501Y, E484K L452R,
S477N, and N439K mutations on the RBD-ACE2 binding mech-
anism through MD simulation. They revealed that N501Y,
N439K, and E484K increased the rigidity of RBD and the flexibil-
ity of the receptor-binding motif (RBM). Furthermore, S477N and
L452R increased the flexibility of the RBM and maintained the
flexibility of RBD compared with the wild-type RBD.23 Rezaei
et al. compared the binding behavior of SARS-CoV-2 and SARS-
CoV through MD simulations. They also investigated the effect
of 42 reported mutations on the thermodynamic stability, free
energy, solvation, electrostatic potential, and hydrophobicity of
RBD. The study highlighted the criticality of the K417N and
N439K mutations and that they might be responsible for the
altered binding affinity of RBD for ACE2.24
4 www.drugdiscoverytoday.com
Dehury et al. validated the effect of mutational residues
(Y449A, N487A, Y489A, N501A, and Y505A) on the structure,
function, and dynamics of RBD and ACE2 through MD simula-
tion (150 ns) studies. Analysis of trajectories of mutated protein
structure models indicated that the loss of important hydrogen
bonds and nonbonded contacts was critical for molecular recog-
nition of RBD–ACE2, highlighting the effect of RBD mutations
on viral flexibility and, thus, its affinity for ACE2. These results
are largely in agreement with previously reported experimental
research.25 Veeramachaneni et al. performed MD simulations
and analyzed the RBD hotspot amino acid residue interactions
with ACE2. Binding interactions, root-mean-square deviation
(RMSD), root mean square fluctuation (RMSF), and potential/to-
tal energy profile revealed the rigidity and stability of nCoV and
ACE2 models.26 Chakraborty et al. also reported the effect of
mutations on the binding affinity between SARS-CoV-2 S protein
and human ACE2.27

Research is ongoing for the development and application of in
silico techniques to learn more about the transmissibility and vir-
ulence of different SARS-CoV-2 variants.28–30 Singh et al. estab-
lished a web tool by profiling 28 SARS-CoV-2 and coronavirus-
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FIGURE 2
Magnification of wild-type severe acute respiratory syndrome-coronavirus 2
(SARS-Cov-2) [Protein Data Bank (PDB): 6M0J] and omicron mutations
(Q493R and Q498R) highlight major variations in the binding interaction
between the receptor-binding domain (RBD) and angiotensin-converting
enzyme 2(ACE2).

IN
FO

R
M
A
TI
C
S
(O

R
A
N
G
E)

Drug Discovery Today d Volume 27, Number 10 d October 2022 INFORMATICS (ORANGE)
associated receptors and factors (SCARFs) using single cell RNA-
sequencing data from a range of healthy human tissues to predict
the virulence of the virus.28 Greaney et al. mapped all mutations
to the RBD that escape binding by different antibodies.29

Recently, Tragni et al. developed a web tool for predicting the
RBD/ACE2 binding affinity to advance our understanding of
the transmissibility and virulence of different variants of SARS-
CoV-2, given that this affinity helps to predict the interaction
energy between the protein–protein interface.30

Mutations in the binding pocket of RBD cause many changes
in its critical properties, including, shape, size, isoelectric point,
surface area, polar/nonpolar area, deep surface area, volume, sta-
bility/flexibility of the pocket, and other physiochemical proper-
ties. Many of these parameters have not yet been adequately
explored. MD simulations work as ‘computational’ microscopes
and can provide information about the inter/intramolecular
interactions at atomistic level. MD simulations along with an
in-depth analysis of the physicochemical characteristics of
wild-type and different mutants of SARS-CoV-2 will increase
our understanding of the transmissibility and virulence mecha-
nisms. This will provide an opportunity to explore how muta-
tions affect the binding and stability of RBD-ACE2 and help to
design broad-spectrum drug candidates against this virus.
RBD–ACE2 interface as a small-molecule target
To date, COVID-19 management has relied mainly on the use of
vaccines. The US Food and Drug Administration (FDA)-approved
remdesivir and monoclonal antibodies (mAbs) are used for the
emergency and conditional treatment of patients with COVID-
19.31 Current research into drugs to treat COVID-19 includes
peptides, antibodies, natural products, drug repurposing, as well
as the synthesis of new molecules.32–34 In drug discovery pro-
grams, small molecules as therapeutics agents have an important
role because of economic limitations. Various small molecules
are reported as inhibitors of SARS-CoV-2 entry [i.e., of S proteins
(S1/S2/RBD) and ACE2 (RBD/ACE2 interface)].35,36 Important
scaffolds in the identified molecules include oxazole-
carboxamides (e.g., SSAA09E2), benzamides (e.g., DRI-C23041,
K22, and SSAA09E3), anthraquinone (e.g., SSAA09E3 and Emo-
din), piperidine (e.g., VE607), alkylamines (NAEE), carbasugars
(e.g., MCCCS-B, GTCP, CDCP, and H69D1), carbohydrate poly-
mers (chitosan derivatives), Methylene Blue derivatives, phenolic
derivatives (brazilin, theaflavin-3,30-digallate, and curcumin), fla-
vanone (e.g., Luteolin) and pentagalloyl glucose (e.g., PGG)
(Fig. 3).35–39 Furthermore, a few new classes of compound,
namely dithiazocin (MU-UNMC-1) and oxazepin (MU-UNMC-
2), were recently discovered as SARS-CoV-2 RBD/ACE2 interface
inhibitors.40

Among the S protein inhibitors, SSAA09E2, an attachment
inhibitor, blocks the binding of SARS-CoV-2 S protein RBD with
ACE2 (IC50 = 3.1 lM).35 Razizadeh et al. studied MD simulations
of SSAA09E2 and the RBD–ACE2 complex [Protein Data Bank
(PDB): 6M0J] and suggested that SSAA09E2 can interfere with
the bonded and nonbonded interactions as well as the conforma-
tional flexibility of the interaction. The oxygen of the carboxam-
ide group of SSAA09E2 forms a hydrogen bond with RBD by
interacting with Gly496, whereas the rest of the molecule shows
nonbonded interactions with Arg403, Tyr449, Tyr453, Ser494,
Tyr495, Gly496, and Tyr505.41 DRI-C23041 is a newly discovered
molecule that acts at the interface of the S proteins (S1 and RBD)
and ACE2. The results indicated the strong interaction of this
compound with RBD [binding affinity constant (Kd) = 3.7 nM]
compared with the S1 protein (Kd = 14.7 nM).36 K22 is a benza-
mide derivative showing strong inhibitory activity (IC50 = 0.7 lM)
against HCoV-229E. It could block the entry port of the virus and
is active against range of viruses, including SARS-CoV.35

SSAA09E3 is also a potential inhibitor of SARS-CoV. It contains
anthraquinone and benzamide scaffolds and inhibits (IC50 = 9.7-
lM) SARS-CoV entry into humans by interfering with the virus–
host cell membrane fusion mechanism.35 Emodin, an anthraqui-
none derivative from plants in the genera Rheum and Polygonum,
inhibited S protein (IC50 = 200 lM) and showed dose-dependent
interactions with ACE2.35,42.

The piperidine derivative VE607 was discovered using a
phenotype-based high-throughput screening (HTS) method from
a set of structurally diverse small molecules. In a pseudotype
virus entry assay, VE607 precisely blocked virus entry with an
EC50 of 3 lM and inhibited SARS-CoV plaque formation with
an IC50 of 1.6 lM. An alkylamine derivative, N-(2-aminoethyl)-
1 aziridine-ethanamine (NAAE) was discovered by using a virtual
screening approach targeting the ACE2 binding site. NAAE is not
only an original ACE2 inhibitor, but also active against the cell
fusion mechanism, which is mediated by the S protein of SARS.
The compound showed IC50 = 57 lM and Ki = 459 lM against
the virus.35

Wang et al. discovered carbasugar molecules (MCCS-B, GTCP,
CDCP, and H69D1) and H69C2 as RBD–ACE2 interface inhibi-
tors. Among these compounds, H69C2 showed strong binding
affinity (Kd = 0.0947mM) and antiviral activity (IC50 = 85.75mM),
as well as hydrogen bond interactions with D405, E406, and
R408 and a nonbonded interaction with Y505, Y495, S494, and
L455.43 Chitosan is a glycan obtained from marine organisms.
HTCC, a chitosan derivative, is a potential inhibitor (IC50 = 12.
www.drugdiscoverytoday.com 5
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FIGURE 3
Small-molecule inhibitors of Spike (S) protein receptor-binding domain (RBD) and angiotensin-converting enzyme 2 (ACE2) entry and their targets. HYPERLINK
"SPS:refid::bib35_bib36_bib37_bib38_bib39_bib40_bib41_bib42_bib43_bib44_bib45" 35–45.
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5 mg/ml) of coronaviruses. In vitro and ex vivo studies in human
airway epithelia models confirmed that HTCC can effectively
block SARS-CoV-2 infection by interacting with the S protein
S1 domain.44 In a docking experiment, N-benzyl-O-acetyl-
chitosan, imino-chitosan, and sulfated-chitosan showed high
6 www.drugdiscoverytoday.com
binding affinity (–6.0 to –6.6 kcal/mol) with wild-type and
mutant variants (alpha/B.1.1.7, gamma/P.1) of the SARS-CoV-2
S protein RBD. These compounds bind with Tyr 449, Asn 501,
Tyr 501, Gln 493, and Gln 498. The hydroxyl and amine groups
of chitosan have essential role in binding with the RBD.45
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In experimental studies, phenolic compounds, including bra-
zilin, theaflavin-3,30-digallate, curcumin, and flavonoids, were
also shown to be RBD inhibitors, with brazilin, TF-3, and cur-
cumin affecting the cellular entry of SARS-CoV-2.38 In silico stud-
ies predicted that the inhibitory activity of flavonoids results
from its binding with ACE2. In this class, luteolin gained atten-
tion as a SARS-CoV-2 inhibitor.44 Methylene Blue, a tricyclic phe-
nothiazine, inhibited the entry of a pseudovirus S protein into
ACE2-expressing cells (IC50 3.5 lM).37 Although, chloroquine
(CQ) and hydroxychloroquine (HCQ) inhibited SARS-CoV-2 dur-
ing in vitro experiment, CQ, siramesine, and suramin failed to
exhibit inhibitory activity in this assay. The mode of action of
this class has indicated that they modulate the restriction of
pH-mediated S protein cleavage at the ACE2 binding site.37

A natural product, PGG, showed binding with RBD in a
docking and biolayer interferometry (BLI) binding assay. The
compound has low binding energy (–8 kcal/mol) and resides
in-between binding residues from Glu 340 to Lys 356.39

Recently, Acharya et al. identified MU-UNMC-1 (IC50 = 0.67 mM)
and MU-UNMC-2 (IC50 = 1.72 mM) binding to the interface of
RBD–ACE2 through virtual screening/docking of 8 million
compounds. These compounds were also active against SARS-
CoV-2 variant beta/B.1.351 (IC50 = 9.27 and 3.00 mM, respec-
tively) and the Scotland variant B.1.222 (IC50 = 2.64 mM).
MU-UNMC-1 showed binding interactions with K417, R403,
Q409, and Y505, and MU-UNMC-2 with R403, Y453, and
Y505.40

Fig. 3 details the chemical structures of reported inhibitors
against the RBD–ACE2 interface. These inhibitors have consider-
able substructural/functional group similarity. The functional
group similarities (benzamide, piperidine, naphthalene, anthra-
quinone, phenolic groups, and alkylamines) in reported inhibi-
tors indicate the importance of these groups in the design of
potential molecules against SARS-CoV-2. Details of the func-
tional groups, physicochemical properties of reported inhibitors,
and binding pocket (surface area, polar or nonpolar side-chain
polarities, electrostatic interactions, etc.) of wild-type and
mutant virus will help to design novel and potential molecules
against SARS-CoV-2. It also provides scope to develop potential
hybrid drug molecules to treat the infection. Mutations cause
changes in residues, whereas backbone atoms remain
unchanged. Thus, one could design molecules to provide strong
interactions with the backbone atoms of the target proteins. In
another approach, molecules can be designed to interact stereo-
selectively with the conserved residues of the binding pocket.
Some studies have reported that mutations will not occur in con-
served residues. Thus, another strategy is to design molecules
against dual/multiple targets of the organism, which would
increase the chance of the molecules being effective against mul-
tiple strains of the virus.2
Concluding remarks
Combating SARS-CoV-2 variants is a global challenge. This
review has highlighted new ideas for the design and develop-
ment of inhibitors against wild-type and mutant SARS-CoV-2
involving mutation informatics. Investigation of the physico-
chemical characteristics of each mutation is crucial to under-
stand their transmissibility and virulence. The information
obtained can be used rationally to design drugs against multi-
variant strains. Different physicochemical properties indicated
that mutations reported in the delta (L452R) and omicron
(Q493R, Q498R) variants have predicted major variation in
terms of the RBD–ACE2 interaction. In a model of the RBD–

ACE2 interaction in omicron, Q493R and Q498R of the RBD
showed stronger interactions with ACE2 compared with the
wild type (PDB: 6M0J). The reported small-molecule inhibitors
are active against the RBD–ACE2 interface and show signifi-
cant structural (benzamide, piperidine, naphthalene, anthra-
quinone, phenolic group and alkylamines) similarities, which
offers scope to develop new potent hybrid molecules. Inhibi-
tors rationally designed to bind to the backbone residues/con-
served residues/multiple targets of SARS-CoV-2 provide
significant scope to develop effective treatments against this
deadly virus.
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