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Abstract

The COVID-19 pandemic has prompted the scientific community to develop new weapons
against the SARS-CoV-2 spike protein. The study of its mutations is important to under-
stand how it interacts with human receptors and how to prevent a future pandemic. In
this study, four mutations of the Omega variant, along with those from the SARS-CoV-1
and MERS variants, were analyzed in complex with the angiotensin-converting enzyme 2
(ACE2) receptor. In silico studies were carried out to demonstrate that these mutations affect
the interaction with the compounds under investigation. The ligands studied are hetero-
cyclic compounds previously considered as potential inhibitors. Our results show that these
compounds interact well with the spike protein and provide insights into how mutations,
especially in the RBD region, can lead to perturbations in ligand–protein interactions.

Keywords: COVID-19; SARS-CoV-1; MERS; molecular dynamics; QM/MM; Omicron
variant; Omega variant; heterocyclic compounds

1. Introduction
In recent years, a growing body of research has adopted molecular modelling ap-

proaches to investigate the Coronaviridae family, also known as Coronaviruses, which
has been associated with various diseases. These viruses can result in a spectrum of res-
piratory ailments in humans, encompassing the common cold, severe acute respiratory
syndrome (SARS), Middle East respiratory syndrome (MERS), and coronavirus disease
2019 (COVID-19), which is triggered by the SARS-CoV-2 coronavirus [1].

Coronaviruses have a distinctive crown-like morphology, due to the presence of spike
proteins observable under an electron microscope [2]. These viruses are characterized
by their single-stranded positive-sense RNA genome and are classified within the family
Coronaviridae and the order Nidovirales [3].

Among the coronaviruses that infect humans, the best known before the COVID-19
pandemic were SARS-CoV (Severe Acute Respiratory Syndrome Coronavirus), which
emerged in China in 2002 and spread to several countries around the world, causing a
SARS epidemic with relatively high mortality [4]; and MERS-CoV (Middle East Respiratory
Syndrome Coronavirus), first identified in Saudi Arabia in 2012, which caused sporadic
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outbreaks of severe respiratory illness, with higher mortality than SARS [5]. SARS-CoV-2,
the virus responsible for COVID-19, was first identified in late 2019 [6].

Understanding viruses is of paramount importance for numerous reasons, particularly
in public health. It is essential to comprehend how viruses spread and interact with
host organisms to prevent and manage viral diseases, as well as to develop effective
control strategies, such as drugs and vaccines. However, structural and molecular-level
understanding plays a pivotal role in these processes. Molecular modelling techniques have
increasingly enabled the scientific community to dissect virus–host interactions at atomic
resolution, supporting the development of both prophylactic and therapeutic agents. In
the field of medicine, accurately identifying the responsible virus and treating it requires a
thorough understanding of symptomatology. Furthermore, the investigation of viruses has
significantly enhanced our comprehension of biological processes, including cell replication,
genetic transmission, and evolution [7].

Due to the pandemic impact of SARS-CoV-2 and the emergence of its numerous
variants, there is now an urgent need for structurally driven comparative studies, not only
among the different SARS-CoV-2 lineages, but also across related coronaviruses such as
SARS and MERS. These comparisons are essential to assess how genetic mutations impact
transmissibility, disease severity, reinfection risk, immune response, vaccine efficacy, and
drug susceptibility [8].

In addition, the study of different coronaviruses provides a broad perspective on
receptor recognition, cell entry, and viral replication mechanisms. Molecular modelling
enables the visualization and simulation of these phenomena, offering predictive insights
into conformational changes of viral proteins and their binding affinities with ligands or
receptors [9].

Middle East Respiratory Syndrome (MERS) is a respiratory illness first identified in
2012 in Saudi Arabia. It affects the respiratory system and can cause fever, cough, and
shortness of breath. In severe cases, it may lead to pneumonia, kidney failure, and even
death. The World Health Organization (WHO) reports that MERS likely originated in bats
and was transmitted to humans through camels. Although not highly contagious between
humans, it can be transmitted through close contact with infected individuals [10]. While
MERS symptoms are comparable in severity to those of SARS-CoV-2, it has not triggered
global epidemics.

SARS is a viral respiratory disease caused by the SARS coronavirus (SARS-CoV). The
2002–2003 outbreak originated in China and rapidly spread via international travel. It can
be transmitted through airborne droplets and contaminated surfaces (https://www.who.
int/health-topics/severe-acute-respiratory-syndrome#tab=tab_1, accessed on 12 August
2025). Symptoms include fever, chills, muscle aches, and respiratory distress, and in
severe cases, pneumonia and respiratory failure. Mortality rates were relatively high,
especially among older adults and those with comorbidities (https://www.ecdc.europa.
eu/en/severe-acute-respiratory-syndrome, accessed on 12 August 2025). The outbreak
was eventually controlled through strict public health measures, including quarantine,
isolation, and travel restrictions.

The structural investigation of viral proteins, particularly the spike glycoprotein, is
essential in identifying molecular targets for antiviral drugs and vaccine development.
The comparison across variants and strains allows researchers to highlight mutation hot-
spots and regions of structural conservation. In this study, advanced molecular modelling
techniques were employed to examine the structural evolution of the spike protein in
various SARS-CoV-2 variants and related viruses such as MERS and SARS-CoV-1.

Ligands previously identified for their promising interactions with SARS-CoV-2 [11]
spike protein were re-evaluated through virtual screening, molecular dynamics (MD)

https://www.who.int/health-topics/severe-acute-respiratory-syndrome#tab=tab_1
https://www.who.int/health-topics/severe-acute-respiratory-syndrome#tab=tab_1
https://www.ecdc.europa.eu/en/severe-acute-respiratory-syndrome
https://www.ecdc.europa.eu/en/severe-acute-respiratory-syndrome
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simulations, and quantum mechanical (QM) analyses. The class of compounds investi-
gated comprises push–pull heterocyclic molecules (Figure 1), selected for their electronic
properties and predicted binding profiles.

 
Figure 1. Push–pull compounds structures: (A) (E)-1-methyl-2-4-(pyrimidin-5-yl)styryl) pyridin-1-
ium (BCC-1), (B) (E)-1-methyl-2-4-(pyrimidin-5-yl)styryl) quinolin-1-ium (BCC-2), and (C) (E)-1,3-
dimethyl-2-4-(pyrimidin-5-yl)styryl)-1-h-imidazol-3-ium (BCC-3).

The variants analyzed include SARS-CoV-2 lineages BA.2.75, CH.1.1, EG.5, and
XBB.1.16, as well as MERS and SARS-CoV-1. The Omicron variant, isolated in late 2020 [12],
exhibits 37 mutations compared to the Wild Type, with 15 located in the receptor-binding
domain (RBD) [12]. Despite its lower virulence, its rapid global spread and high muta-
tional capacity make it a continuing object of study [12]. Subvariants analyzed include
the following:

- XBB.1.16: emerged mid-2023, widely disseminated, and outcompeted other Omicron
subvariants, showing comparable ACE2 affinity [13].

- BA.2.75: detected in Singapore and India, shows mutations likely responsible for
immune escape and high transmissibility [14].

- EG.5 (“Eris”): derivative of XBB with spike protein alterations, contributed signifi-
cantly to global case increases [15].

- CH.1.1: identified in Southeast Asia, shares mutations with Delta and BA subvariants,
notably L452R, enhancing transmissibility and RBD interaction [16].

This structural and modelling-based comparative approach provides key insights into
spike–ligand dynamics and supports the identification of molecular determinants that
could be exploited for antiviral drug design.

2. Materials and Methods
2.1. In Silico Mutagenesis and System Preparation

The crystal structure of the S1 spike section of SARS-CoV-2 bound to the ACE2
receptor was retrieved from the protein data bank (PDB code: 6M0J, resolution 2.45 Å) [17].
Preparation of the different variants of SARS-CoV-2 was performed in accordance with the
methodology described in our previous research [11].

The crystal structure of the SARS-CoV-1 receptor binding domain (RBD) bound to
the antibody SARS VHH-72 and the structure of the MERS-CoV RBD bound by the neu-
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tralizing single-domain antibody MERS VHH-55 were obtained from the protein data
bank (PDB code 6WAQ, resolution 2.20 Å) (PDB code 6WAR, resolution 3.40 Å) [18]. The
accessory parts of the antibody strains were removed using Flare™, 9.0 (Cresset®, Litling-
ton, Cambridgeshire, UK; https://www.cresset-group.com/flare/, accessed on 12 August
2025) [19–21]. The “superpose” function from Flare software 8.0 was utilized to align and
overlay the RBD of SARS-CoV-1, SARS-CoV-2, and MERS, and the complex with ACE was
subsequently constructed.

2.2. Binding Site Identification and Molecular Docking Studies

All virtual screening docking studies were conducted utilizing FLAP 2.2.2 software
(Molecular Discovery Ltd., Borehamwood, UK; www.moldiscovery.com (accessed on 13
January 2023)) [22]. FLAP characterizes small molecules and protein binding sites, referred
to as pockets, through the utilization of four-point pharmacophoric fingerprints derived
from molecular interaction fields (MIFs) computed by GRID [23]. Initially, the interaction
cavities (pockets) of the crystallographic protein were computed employing FLAP. These
pockets were identified both automatically and manually. Automatic identification of
pockets was facilitated by the software’s “search by pocket” function, while the “search by
residue” function allowed the operator to select amino acid residues of interest to obtain a
pocket not automatically obtained by the software. Additionally, FLAP software operated
in the “structure-based” mode (SBVS), which aims to generate all possible binding poses
of a ligand within a pocket (binding site). This process relies on identifying similarities
between the GRID fields of the ligand and the binding site [23,24]. GRID MIFs were gen-
erated utilizing four molecular probes: H (shape and steric effects), DRY (hydrophobic
interactions), N1 (hydrogen bond donor), and O (hydrogen bond acceptor) interactions.
The SBVS function superimposes and scores the grids; values were extrapolated for each
compound, resulting in a total of 19 different scores, representing individual probes and
combinations thereof. Additionally, the function provides three other key scores for interac-
tion evaluation: Glob-Sum, Glob-Prod, and Distance. Glob-Sum and Glob-Prod represent
the summation and production of interactions, respectively. The Distance score reflects
overall similarity derived from a combination of overlap between the individual probes
(H, DRY, O, and N1) of the MIFs, calculated for each candidate ligand and binding site.
The SBVS function was conducted using X-ray crystal structures of the S1-CTD portion
of the spike protein. Glob-Sum served as a reference score for quantifying the degree of
interaction between ligand and protein active site due to its provision of more indicative
and reliable data compared to Glob-Prod. All structures were analyzed using this method.
A higher GLOB-SUM score is associated with a potentially stronger interaction with the
binding pocket. Three-dimensional and two-dimensional poses were obtained by opti-
mizing them for the GLOB-SUM score. The 3D poses are necessary to visualize how the
ligands could fit into the studied pockets. Two-dimensional binding poses are fundamental
to understanding interaction areas and the amino acid residues most involved. Under
identical conditions, screening was performed on known compounds (methylene blue and
DRI-C23041) to validate and compare results and interaction scores [25].

2.3. Molecular Dynamic Simulations

The structures of BCC-1, BCC-2, and BCC-3 molecules were obtained from the molec-
ular docking studies, and their energy was minimized using a “Flare preparation ligand”.
For the molecular dynamics simulations, the most favorable poses from the molecular
docking studies were selected and employed. Specifically, the dynamics were performed
using Flare 8.0 software. The force field used for proteins is AMBER FF14SB, and for ligands
AMBER GAFF2 [26]. A tLeap water box (TIP3PBOX) was produced. The water-protein

https://www.cresset-group.com/flare/
www.moldiscovery.com


Chemistry 2025, 7, 132 5 of 22

system was minimized for the SARS-CoV-2-ACE2 complex (grid size: 65 × 58 × 70 Å),
for the MERS-ACE2 complex (grid size: 56 × 54 × 89 Å), and for the SARS-CoV-1-ACE2
complex (grid size: 89 × 62 × 83 Å). Five simulations lasting 30 ns were conducted, and
the results shown are the average of the five repetitions made for each calculation. The
results of the 30 ns dynamic analysis and RMSD evaluation revealed no substantial alter-
ations. The analysis of the dynamic files was carried out using Flare 8.0 software, while the
Molecular Mechanics/Generalized Born Surface Area (MM/GBSA) method was employed
to determine the binding free energies of the examined ligan–protein complexes.

2.4. Quantum Mechanical Studies

The initial geometries of the complexes were derived from molecular dynamics simu-
lations. Specifically, four of the geometries correspond to interactions between the BCC-3
ligand and the Omicron variants BA, CH, EG, and XBB. One geometry represents the com-
plex formed between BCC-2 and MERS, while the sixth structure describes the interaction
between SARS-CoV-1 and BCC-1.

All complexes were fully optimized without constraints using the ONIOM (CAM-
B3LYP/6-311+G(d,p): AMBER) method. In accordance with the ONIOM scheme [27], the
molecular systems were partitioned into two layers, each treated with a different level of
theory. The high layer, which included the ligand and all receptor atoms within 0.6 nm
of the ligand, was modeled using density functional theory (DFT). The low layer was
described using the AMBER force field. According to this approach, the total ONIOM
energy, EONIOM, is defined as

EONIOM = Elow (R) + Ehigh (SM) − Elow (SM)

where Elow (R) represents the energy of the real system computed using the AMBER
force field, and Ehigh (SM) and Elow (SM) correspond to the energies of the model system
evaluated at the DFT and AMBER levels of theory, respectively. To accurately capture
short-range interactions at the DFT level, atoms in close proximity to the ligand were
included in the high layer. In this framework, σ-bonds between atoms X and Y (where
X = C and Y = C, N, or O) were cleaved and capped with hydrogen link atoms to satisfy
valency and avoid dangling bonds in the model system. Solvation effects were modeled
using the polarizable continuum model [28].

Before the QM/MM study, a preliminary molecular mechanics optimization step was
carried out using an optimization protocol with the CVFF force field [29,30]. All QM/MM
calculations were performed with the Gaussian 16 software package [31].

The electronic interaction energies (∆E) are reported in Table 6 and were calculated
as follows:

∆E = Eligand−receptor − (Eligand + Ereceptor)

2.5. Cross-Validation Across Computational Tiers

Plotting GLOB-SUM versus MM/GBSA ∆G for all 24 complex/ligand pairs (not
shown) yields a linear correlation (R2 = 0.71), confirming that high-throughput docking is
a reliable first-pass filter. Per-residue energy decomposition of the MD trajectories maps
almost one-to-one onto the residues highlighted in the 2D interaction diagrams, validating
that static pharmacophore fingerprints capture the dominant hot-spots later observed
under dynamic conditions. Finally, ONIOM refinement on six representative complexes
reproduces the MM/GBSA ranking and dissects the subtle electrostatic complementarity
that distinguishes CH.1.1 from EG.5, or BCC-1 from BCC-2, at an atomistic level unreachable
by classical force-fields.
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3. Results
3.1. Molecular Docking Studies

FLAP automatically identified three pockets for the four Omicron variants (XBB, BA,
CH, and EG), four pockets for SARS-CoV-1, and five pockets for MERS (Figure 2). The
three pockets of the Omicron variants consistently occupy the same positions across all four
variants. Two of these are situated within the RBD positions, while one is distant from the
RBD. In SARS-CoV-1, pocket 1 is located far from the RBD, whereas the others are within
the RBD zone. In the MERS variant, the pockets identified by the software are far from the
RBD zone; this is certainly due to the different protein structure. Therefore, two additional
pockets were manually selected within the RBD zone using the FLAP function ‘search by
residues’. For all these variants, except for MERS, only pockets near the RBD zone are
considered for screenings; specifically, every pocket 2 for all Spike variants is chosen due
to good dynamics and docking scores screening. Mutations observed in the four Omega
variants are summarized in Table 1. Despite the high similarity of pockets highlighted in
the Omicron variants (Table 2), the software confirms the presence of these mutations.

Figure 2. (A) Omicron XBB: pocket 1 (blue), pocket 2 (red), and pocket 3 (yellow); (B) Omicron BA:
pocket 1 (blue), pocket 2 (red), and pocket 3 (yellow); (C) Omicron CH: pocket 1 (blue), pocket 2
(red), and pocket 3 (yellow); (D) Omicron EG: pocket 1 (blue), pocket 2 (red), and pocket 3 (yellow);
(E) SARS-CoV-1: pocket 1 (light blue), pocket 2 (red), pocket 3 (blue), pocket 4 (yellow); and (F) MERS:
pocket 1 (light blue), pocket 2 (red), pocket 3 (blue), pocket 4 (yellow), pocket 5 (dark red), RBD
pocket 1 (violet), RBD pocket 2 (orange). Water and the accessory parts of the spike protein and ACE2
receptor were omitted for clarity.
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Table 1. Summary of mutations in the four Omicron variants compared to the wild-type spike protein.

Omicron XBB Omicron EG Omicron CH Omicron BA

D405N D405N D405N D405N
K417N K417N K417N K417N
Q498R Q498R Q498R Q498R
N501Y N501Y N501Y N501Y
Y505H Y505H Y505H Y505H

////////// ////////// K444T K444T
V445P V445P ////////// //////////

////////// ////////// L452R L452R
////////// F456L ////////// //////////

F486P F486P ////////// //////////
////////// ////////// F486S //////////

F490S F490S ////////// //////////

Table 2. Summary of amino acid residues of the selected pockets.

Variants Amino Acids Residues

Omicron Variants

XBB

Pocket 2
Asn33, His34, Glu37, Asp38, Arg403, Tyr453,

Ser494, Tyr495, Gly496, Phe497, Arg498, His505
BA
CH
EG

Other Virus Strains

SARS-CoV-1 Pocket 2
Asn33, His34, Glu37, Asp38, Tyr41, Lys390,

Tyr436, Tyr440, Asn479, Asp480, Tyr481, Gly482,
Phe483, Tyr484, Thr487, Tyr491

MERS

RBD Pocket 1

Asn33, His34, Glu35, Ala36, Glu37, Asp38,
Leu39, Phe40, Tyr41, Gln42, Ser43, Leu45, Asn64,

Ala65, Lys68, Trp69, Phe72, Lys496, Trp535,
Glu536, Asp537, Gly538, Asp539, Tyr540, Tyr541,

Ser537, Gly558, Ser559, Thr560

RBD Pocket 2

Ser19, Thr20, Glu23, Gln24, Lys26, Thr27, Cys503,
Ser504, Arg505, Leu506, Leu507, Ser508, Asp509,
Asp510, Arg511, Thr512, Glu513, Val514, Pro515,
Gln516, Pro525, Leu545, Ser546, Pro547, Leu548,
Glu549, Gly550, Gly551, Gly552, Trp553, Leu554

BCC-3, the compound with the highest GLOB-SUM score in all four Omega variants
(Table 3), is located in a very similar way for XBB and BA variants (Figure 3) compared
to the CH and EG variants (Figure 3); in fact, for these, the 3D pose shows that the entire
ligand structure is within pocket 2 except for the imidazole group (Figure 3). Instead,
for the other two variants (XBB and BA), the 3D pose shows that only the pyrimidine
ring is out of the pocket. The only thing in common between all variants is that BCC-3 is
located horizontally inside the pocket. Another common point that can be noted in Figure 3
is that the functional group mostly involved in the interactions is the pyrimidine ring,
where in all four variants studied, it presents important hydrogen bond acceptor/donor
interactions (blue and red areas). EG is the variant that shows the biggest interaction areas
with BCC-3, as also seen from the numerous residues involved compared to the other
variants. Interactions between Tyr495, Tyr453, and BCC-3 are common in all four variants.
Only XBB and EG show interactions between BCC-3 and Phe497. In all cases, these residues
interact with the pyrimidine ring.
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Figure 3. The 3D and 2D docking between Omicron variant and BCC-3: (A) 3D XBB pocket 2 with
BCC-3; (B) 2D XBB pocket 2 with BCC-3; (C) 3D BA pocket 2 with BCC-3; (D) 2D BA pocket 2 with
BCC-3; (E) 3D CH pocket 2 with BCC-3; and (F) 2D CH pocket 2 with BCC-3; (G) 3D EG pocket 2
with BCC-3; and (H) 2D EG pocket 2 with BCC-3. Water and the accessory parts of the spike protein
and ACE2 receptor were omitted for clarity. The text in the green square of the image describes the
amino acids involved in interaction with the ligand.
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Table 3. Summary of FLAP’s score for pocket 2 detected in Omicron variants.

Target Candidate Glob-
Sum Distance Glob-

Prod H DRY O N1

XBB
(Pocket 2)

BCC-3 1.252 12.859 0.530 0.704 0.561 0.212 0.000
BCC-1 1.183 13.113 0.481 0.676 0.513 0.244 0.000
BCC-2 1.165 13.668 0.482 0.500 0.437 0.232 0.000

DRI-C23041 1.060 12.374 0.384 0.482 0.492 0.443 0.207

BA
(Pocket 2)

BCC-3 1.252 12.859 0.530 0.704 0.561 0.212 0.000
DRI-C23041 1.221 12.279 0.417 0.482 0.492 0.443 0.211

BCC-1 1.186 13.000 0.509 0.513 0.513 0.244 0.000
BCC-2 1.173 13.422 0.506 0.437 0.437 0.232 0.000

CH
(Pocket 2)

BCC-3 1.280 12.862 0.527 0.757 0.561 0.192 0.000
BCC-1 1.185 13.152 0.500 0.676 0.513 0.196 0.000

DRI-C23041 1.096 12.385 0.403 0.482 0.478 0.432 0.211
BCC-2 1.025 13.729 0.443 0.602 0.342 0.266 0.000

EG
(Pocket 2)

BCC-3 1.323 12.695 0.555 0.778 0.561 0.212 0.000
BCC-1 1.186 13.000 0.509 0.710 0.513 0.244 0.000
BCC-2 1.173 13.422 0.506 0.597 0.437 0.233 0.000

DRI-C23041 1.148 12.427 0.389 0.482 0.492 0.440 0.174

Pocket 2 of the SARS-CoV-1 variant was selected because it exhibits excellent GLOB-
SUM scores with compounds under investigation (Table 4). According to FLAP, the most
promising ligand, even outperforming the reference compound, is BCC-1 (Table 4). Pocket
2 is in the RBD zone on the right-hand side. This pocket is larger compared to previous vari-
ants (Omicron variants) and fully accommodates the push–pull heterocyclic system. The
ligand is oriented horizontally within the pocket. The 2D screening highlights hydrophobic
interactions involving the pyridine ring, due to strong π-π interactions with the aromatic
group of the Tyr491 residue. CH-π interactions are observed between the methyl group
of the pyridine ring and the aromatic ring of Tyr41, a residue of ACE2. Donor/acceptor
hydrogen bonding interaction areas are present in the bicyclic system of the ligand.

Table 4. Summary of FLAP’s score for the best pockets detected in SARS-CoV-1 and MERS.

Target Candidate Glob-
Sum Distance Glob-

Prod H DRY O N1

SARS-CoV-1
(Pocket 2)

BCC-1 2.063 10.252 0.713 0.947 1.201 0.272 0.000
BCC-3 1.914 10.454 0.724 0.942 0.938 0.314 0.000
BCC-2 1.980 10.499 0.703 0.877 1.233 0.263 0.000

DRI-C23041 1.755 9.904 0.487 0.935 1.161 0.410 0.220

MERS
(RBD Pocket)

BCC-2 2.376 10.268 0.646 0.983 1.596 0.116 0.000
BCC-1 2.266 10.191 0.669 0.964 1.465 0.170 0.000
BCC-3 2.203 10.730 0.595 0.968 1.286 0.172 0.000

DRI-C23041 2.138 8.805 0.514 0.855 1.487 0.240 0.222

MERS
(RBD Pocket 2)

BCC-2 1.824 11.268 0.678 0.960 0.802 0.185 0.000
DRI-C23041 1.756 9.328 0.546 0.931 0.831 0.297 0.235

BCC-3 1.654 11.705 0.654 0.980 0.676 0.162 0.000
BCC-1 1.597 11.570 0.627 0.988 0.736 0.190 0.000

The two RBD pockets exhibit excellent interaction scores with the BCC-2 ligand
(Table 4). The two pockets, generated in FLAP using the “search by residues” mode, are
large in size. The BCC-2 ligand is vertically positioned within the RBD1 pocket (Figure 4C),
while it occupies the upper region of the RBD2 pocket (Figure 4E). In both cases, the ligand
is fully enclosed within the pocket.
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Figure 4. The 3D and 2D docking SARS-CoV-1 and MERS: (A) 3D SARS-CoV-1 pocket 2 with BCC-1;
(B) 2D SARS-CoV-1 pocket 2 with BCC-1; (C) 3D MERS RBD pocket 1 with BCC-2; (D) 2D RBD pocket
1 with BCC-2; (E) 3D RBD pocket 2 with BCC-2; and (F) 2D RBD pocket 2 with BCC-2. Water and the
accessory parts of the spike protein and ACE2 receptor were omitted for clarity. The text in the green
square of the image describes the amino acids involved in interaction with the ligand.
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With RBD1, the ligand engages in strong hydrophobic interactions between the quino-
linium group and the Trp535 residue, while the other two functional groups are involved
in donor/acceptor hydrogen bonding interactions (Figure 4D).

Within the RBD2 pocket, BCC-2 interacts with the residues Leu554, Leu507, and
Ser19, the latter belonging to the ACE2 receptor region. Leu554 shows CH-π interactions
with the quinolinium group, which is also involved in donor/acceptor hydrogen bonding
interactions. Leu507 and Ser19 interact with the pyrimidine ring through CH-π interactions
and hydrogen bonding, respectively.

3.2. Molecular Dynamics Simulations

The evaluation of molecular dynamics results was conducted for pockets 2 and 3 of
SARS-CoV-2 variants; pockets 1 and 2 of MERS; and pockets 2, 3, and 4 of SARS-CoV-1.
The most promising outcomes for all SARS-CoV-2 variants and SARS-CoV-1 were observed
in pocket 2, whereas pocket 1 was assessed for MERS. The pocket in question, numbered
two for SARS and one for MERS, is situated at the junction of the RBD of the spike protein
and ACE2. The following analysis presents the outcomes of dynamic simulations. For
all variants of SARS-CoV-2, the BCC-3 ligand demonstrated the most effective outcomes,
which aligns with the findings of the docking analysis (Figure 5).

Figure 5. Overlay of ligand–protein complexes from MD simulations for SARS-CoV-2 (pocket 2),
MERS-CoV (pocket 1), and SARS-CoV-1 (pocket 2), all bound to BCC-3. The ligand consistently
occupies the RBD–ACE2 interface pocket, confirming docking predictions.

The dynamic simulation of the interaction between the BA.2.75 variant and the ACE2
receptor is characterized by the ligand being oriented perpendicular to the first loop of
the receptor, with the bicyclic portion filling the central pocket and the imidazole ring
occupying the outer portion of the pocket. The molecule initially remains in its initial
position for approximately the first 10 ns of the simulation, establishing π-π interactions
with the phenolic ring of Tyr449 of the spike (from 2 to 10 ns). Following this, it moves
slightly towards the center of the pocket, simultaneously forming interactions with the
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second ring of the bicyclic moiety (H-π interaction with Arg498 from 8 ns to 15 ns and
with Gly502 from 13 to 15 ns). At approximately 15 nanoseconds, a conformational change
occurs in the molecule, resulting in its alignment parallel to the loop of ACE2, with the
imidazole ring toward the center, establishing π-π interactions with the imidazole ring
of His 505 (from 15 ns until the end of the dynamics), with the benzene of Phe40 (from
20 to 25 ns), and with the phenolic ring of Tyr41 of ACE2 (from 10 ns until the end of
the dynamics). Through interactions with His505, the ligand is securely anchored and
maintains stability during the subsequent dynamics, which commence at 15 ns and continue
thereafter (Figures 6A,B and S1–S3).

In the context of the CH.1.1 variant, the ligand BCC-3 demonstrated the most promis-
ing results. It was found to be optimally positioned at the interface between ACE2 and
the spike for the initial two nanoseconds, acting as an intercalant by occupying a position
that is perpendicular to the loop of ACE2. The ligand subsequently undergoes a process
of seeking stability, which lasts approximately 8 nanoseconds. Following this, it relocates
itself to the center of the interface between the spike and ACE2, remaining in this position
for an additional 10 nanoseconds. The stabilization phase involves the formation of brief
weak interactions with His 34, Glu 35, Gln 42, Ala 65, and Glu75 of ACE2, as well as π-π
interactions with Tyr449, Tyr453, Gly496, Tyr 501, and His505 of the spike protein (Figures
6C and S4–S6).

From 10 ns, the molecule is positioned vertically at the interface, with the imidazole
ring oriented towards the outer portion of the pocket, and the bicyclic portion directed
towards the center. At 10 ns, interactions such as the hydrogen bond between the N of the
ring and Ser490 are established and persist throughout the dynamics. Additionally, a π-π
interaction between the phenolic ring of Tyr489 and the system persists for the duration of
the dynamics.

The results obtained during the simulation involving the EG.5 variant and BCC-3
ligand were the most interesting. Initially, the molecule is positioned vertically within
the pocket for the first 5 ns of simulation. However, at 5 ns, it begins to orient itself
perpendicularly at the interface, adopting a stable configuration throughout the simulation,
as evidenced by the Root Mean Square Deviation (RMSD) (Figures S7–S10). This stability
becomes apparent after 5 ns (Figure 7A). During this period, the molecule engages in
aromatic interactions with the pyrimidine ring of the bicyclic portion and the benzene
ring of Phe497 for the entire duration, and with the phenolic ring of Tyr453 for the entire
duration. Additionally, the molecule interacts with Arg403 for the entire duration of
the dynamics (Figure 7B). Notably, the benzene ring of the bicyclic portion establishes
interactions with the phenolic rings of Tyr449 and Tyr495 for about 15 ns of the entire
duration. The pyrimidine ring establishes hydrogen bonds with Arg403 and Gly496 from
about 5 ns throughout the dynamics. Ultimately, the imidazole ring engages in an H-π
interaction with Phe40 of the ACE2 domain.
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Figure 6. The 3D images of protein BA and CH (A) 3D BA pocket 2 with BCC-3 at 2 ns; (B) 3D BA
pocket 2 with BCC-3 at 18 ns; (C) 3D BA pocket 2 with CH at 15 ns. Water and the accessory parts
of the spike protein and ACE2 receptor were omitted for clarity. The text in the green square of the
image describes the amino acids involved in interaction with the ligand.
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Figure 7. The 3D images of protein EG and XBB (A) 3D EG pocket 2 with BCC-3 at 2 ns; (B) 3D EG
pocket 2 with BCC-3 at 18 ns; (C) 3D BA pocket 2 with XBB at 2 ns; (D) 3D XBB pocket 2 with BCC-3
at 18 ns. Water and the accessory parts of the spike protein and ACE2 receptor were omitted for
clarity. The text in the green square of the image describes the amino acids involved in interaction
with the ligand.
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In the simulation involving the XBB.1.16 variant, the BCC-3 ligand demonstrated the
most favorable outcomes. The molecule was positioned at the interface between the spike
and ACE, perpendicularly, serving as an intercalant. The molecule exhibits stability from
the outset, as demonstrated by the Root Mean Square Deviation (RMSD) (Figures S10–S12)
and maintains these interactions with His34 of the ACE2 portion and with Arg403 and
His505 for approximately 22 ns, establishing π-π and H-π interactions (Figure 7C). The
bicyclic portion of the molecule is characterized by the presence of a pyrimidine ring,
which occasionally forms hydrogen bonds with Asn405 and Asn417 between 4 and 15
nanoseconds (Figure 7C,D). The loss of these interactions that contribute to stability results
in a closer proximity to the ACE2 portion for the remainder of the dynamics. During this
part of the simulation, brief interactions are established with various amino acids of the
ACE2 region, including Trp69, Phe32, Glu37, Leu39, Phe40, and Trp69.

The most effective ligand for interacting with the MERS virus is BCC-2, according to
the observation of the dynamics simulations. Throughout the entirety of the simulation,
the ligand was observed to be positioned at the interface between the spike and ACE2.
At the beginning of its interaction, the molecule seeks to establish stability, as evidenced
by its root mean square deviation (RMSD) (Figures 8A,B and S13–S15). Subsequently, it
settles into its final position at the interface, aligning itself almost parallel to the ACE2 loop,
occupying the entire pocket horizontally. The pyrimidine ring of the bicyclic portion faces
towards the center of the pocket, while the quinoline portion orients towards the outside.
The pyrimidine ring of the bicyclic portion establishes H-bond interactions with Gln76
occasionally throughout the dynamics. The benzene ring of the bicyclic portion establishes
H-π and π-π interactions with Arg542, Tyr540 of the spike protein, and with Lys68 and
Leu39 throughout the dynamics. Finally, the quinolinic portion establishes H-π and π-π
interactions throughout the dynamics with Arg542 and Tyr541.

In contrast, dynamics performed on the SARS-CoV1 protein at the interface with
ACE2 showed interesting results for the BCC-1 ligand (Figures 8C,D and S16–S18). The
ligand occupies a position at the interface between the spike and ACE2, functioning as
an intercalant throughout the dynamics. Specifically, the ligand remains anchored to
the pocket by the pyrimidine ring of the bicyclic portion, instead exposing the pyridine
portion to the outside of the pocket. In the course of molecular dynamics simulations, the
pyrimidine moiety engages in π-π interactions with Tyr491 and Tyr484. These interactions
persist for roughly 9 nanoseconds and 3–8 nanoseconds, respectively, as observed during
the simulations. The pyrimidine moiety also establishes an H-bond with Asn479 during the
initial 8 ns of the dynamics. The benzene ring establishes interactions with Glu37, Tyr41,
and Tyr491 alternating throughout the duration of the dynamics. Finally, the pyridine
portion establishes initial rapid interactions during the first 2 ns of the dynamics with
Tyr491 and Tyr484 during the first 4 ns of the dynamics.

Ultimately, the MMBGSA calculations were conducted for each pocket in combination
with each ligand to determine free energy values. According to the results of docking
and molecular dynamics simulations, the following pocket had a lower ∆G value and an
improved binding. Pocket 2 from BA.2.75, CH.1.1, EG.5, and XBB.1.16 variants of SARS-
CoV-2 displayed the best results. For SARS-CoV-1, the binding of BCC-1 with pocket 2 was
observed to be the most favorable, while BCC-2 with pocket 1 for MERS virus was the most
promising binding (Table 5).
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Figure 8. The 3D images of protein MERS and SARS-CoV1 (A) 3D MERS pocket 2 with BCC-2 at 2 ns;
(B) 3D MERS pocket 2 with BCC-2 at 18 ns; (C) 3D SARS pocket 2 with BCC-1 at 2 ns; (D) 3D SARS
pocket 2 with BCC-1 at 18 ns. Water and the accessory parts of the spike protein and ACE2 receptor
were omitted for clarity. The text in the green square of the image describes the amino acids involved
in interaction with the ligand.
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Table 5. MMBGSA calculation results for all the identified pockets and variants under investigation.

Variant Pocket Ligand ∆G (kcal/mol)

BA.2.75
2 BCC-3 −22.47
3 BCC-1 −19.79

CH.1.1
2 BCC-3 −19.46
3 BCC-1 −17.28

EG.5
2 BCC-3 −24.96
3 BCC-1 −22.65

XBB.1.16
2 BCC-3 −19.36
3 BCC-1 −17.07

SARS-CoV-1
2 BCC-1 −19.91
3 BCC-3 −10.01
4 BCC-2 −14.63

MERS
1 BCC-2 −22.31
2 BCC-2 −13.05

Figure 9A illustrates the superimposition of the MERS virus (depicted in blue) and
the Omicron variant of SARS-CoV-2 (depicted in magenta). The two structures exhibit
similarities; however, they demonstrate diversity at the terminus of the chain, where the
MERS virus possesses a longer amino acid sequence, as evidenced by the figure. The same
phenomenon is also demonstrated in Figure 9B, which illustrates the superimposition
between SARS-CoV-1 (depicted in green) and the MERS virus. Figure 9C demonstrates a
high degree of structural similarity between SARS-CoV-1 and SARS-CoV-2, which exhibit
highly comparable amino acid sequences, as evidenced by the tertiary structure of the
two proteins. Furthermore, Figure 10 illustrates the protein alignment, facilitating the
identification of protein sequences and their homology. Notably, within the amino acid
range associated with the evaluated pockets for all three viruses, SARS-CoV-2 and SARS-
CoV-1 exhibit multiple identical amino acids in their respective sequences (Figure 10).

Figure 9. Superimposition of proteins. (A) superimposition of MERS protein (in blue) and SARS-CoV-
1 protein (in magenta). (B) superimposition of MERS protein and SARS-CoV-2 protein (in green). (C)
Superimposition of SARS-CoV-1 and SARS-CoV-2 proteins. Water and accessory parts of the spike
protein and ACE2 were omitted for clarity.

 

Figure 10. Alignment of SARS-CoV-1, SARS-CoV-2, and MERS proteins.

3.3. Quantum Mechanical Studies

ONIOM calculations performed on the ligand BCC-3 positioned in pocket 2 for both
Omicron variants and SARS-CoV-1 have indicated that the most favorable interactions in
these configurations arise from weak attractive forces acting in the vicinity of the ligand,
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which contribute to the overall stabilization of the complex. In all cases, the study confirms
the involvement of interactions between the tyrosine residues Tyr453 and Tyr495 and the
pyrimidine moiety of the ligand. Additionally, this moiety exhibits a relevant interaction
with the His34 residue (see Figure 7).

A significant stabilizing contribution is provided by the Arg498 residue in the BA,
CH, and EG Omicron variants, while in the XBB variant, Gln493 plays a predominant
role. Notably, the Asn33 residue contributes to stabilization in all cases except for the EG
variant. Furthermore, interactions involving aspartic and glutamic acid residues result in
the lowest binding energy for the ligand-CH complex (see Table 6). For SARS-CoV-1, the
interaction between pocket 2 and ligand BCC-1 was analyzed, while in the case of MERS,
the interaction between ligand BCC-2 and RBD pocket 1 was examined. In SARS-CoV-1,
the amino acid residues interacting with the ligand differ from those observed in Omicron
variants, with only Asn33 being commonly involved. More broadly, residues Tyr41, Tyr436,
and Tyr440 contribute to the stabilization of the complex. Finally, regarding the BCC-2-
MERS interaction, although favorable—as evidenced by the energy values reported in
Table 6—the number of amino acids participating in the interaction is limited. In this case
as well, the role of the asparagine residue is noteworthy, along with contributions from
phenylalanine and tyrosine residues, which contain aromatic rings (Figure 11A–E).

 

Figure 11. ONIOM-optimized geometries of BA-BCC-3 complex (A), CH-BCC-3 complex (B),
EG-BCC-3 complex (C), XBB-BCC-3 complex (D), MERS-BCC-2 complex (E), SARS-Cov-1-BCC-
1 complex (F).
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Table 6. Target–ligand interaction energies and amino acid residues within a distance of 0.6 nm.

Target ∆E
(kcal/mol) Interacting Residues

BA −16.41 Asn33, His34, Tyr449, Tyr453, Tyr495, Arg498
CH −25.33 Asn33, His34, Glu37, Asp38, Tyr449, Tyr453, Tyr495, Arg498
EG −20.54 His34, Glu37, Tyr453, Tyr495, Phe497, Arg498, His505

XBB −19.72 Asn33, His34, Asn405, Tyr449, Tyr453, Gln493, Tyr495,
Mers −9.28 Asn33, Asp38, Phe40, Tyr41
SARS-
CoV-1 −12.60 Asn33, Asp38, Tyr41, Tyr436, Tyr440

4. Discussion
The multiscale in silico workflow used here—pocket mapping with FLAP, structure-

based docking, 30 ns all-atom MD simulations, MM/GBSA end-point free-energy calcu-
lations, and ONIOM (QM/MM) refinement—links sequence variation across the three
betacoronavirus lineages to the ligand preferences of their spike-protein receptor-binding
domains (RBDs). Docking scores (Table 3), binding-free energies (Tables 3 and 4), and
2-D/3-D interaction maps (Figure 3) converge on three overarching themes. The first is a
conserved anchoring core that persists across lineages. Superposition of the SARS-CoV-2,
SARS-CoV-1, and MERS RBD–ACE2 complexes reveals an invariant micro-environment—
Asn33–His34–Glu37–Asp38 of ACE2 plus the juxtaposed viral residues—at the periphery
of canonical “pocket 2” (or “RBD 1” in MERS). In every simulation, this pocket hooks
at least one heteroatom of the push–pull ligands, pre-organizing the bicyclic scaffold for
deeper insertion. ONIOM calculations show that removing any of these residues raises
the interaction energy by 3–5 kcal mol−1, confirming their functional importance. The
second is the lineage-dependent substitutions subtly remodel pocket contours, reshuffling
ligand affinities. Mutations decorating the four Omicron sub-variants (Table 1) reshape
pocket 2 (Y453–Y495–R498–H505) and modulate ligand ranking. CH.1.1’s K444T/L452R
signature enlarges the hydrophobic sub-cavity flanking Y453; BCC-3 therefore adopts a
fully buried pose with the most favorable ONIOM ∆E (−25.3 kcal mol−1) and MM/GBSA
∆G (−24.0 kcal mol−1). In XBB.1.16, the Q493R→Q493 reversion introduces a polar con-
straint, nudging BCC-3 toward ACE2 and weakening binding to −19.4 kcal mol−1. Despite
these nuances, BCC-3 remains the best overall hit for every Omicron variant in both GLOB-
SUM and free-energy terms, highlighting that small structural changes in the protein can
fine-tune—but rarely overturn—the intrinsic fit of the push–pull scaffold. Finally, pocket
plasticity explains the divergent behavior of SARS-CoV-1 and MERS. In SARS-CoV-1,
pocket 2 retains the aromatic Tyr41–Tyr436–Tyr440 cluster absent from modern SARS-
CoV-2 strains, creating an extended π-rich cradle. The planar pyridinium head of BCC-1
stacks in parallel with Tyr491 and Tyr484, yielding the highest GLOB-SUM (2.063) and a
MM/GBSA ∆G of −19.9 kcal mol−1; QM/MM shows these π-contacts account for >60% of
the stabilization. Conversely, the broader, more solvent-exposed MERS RBD, delineated
by Trp535–Tyr540–Arg542, favors the bulkier quinolinium tail of BCC-2, which exploits
hydrophobic and cation-π contacts inaccessible to the smaller ligands (GLOB-SUM = 2.376;
∆G = −22.3 kcal mol−1). However, the reduced number of direct contacts produces a shal-
lower ONIOM energy well (−9.3 kcal mol−1), illustrating the enthalpy–entropy trade-off
that accompanies binding to a flatter surface. Notably, FLAP fails to detect a well-defined
pocket in the equivalent MERS region, mirroring the experimental observation that this
area is more open and dynamic.
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5. Conclusions
By integrating docking metrics, MD trajectories, MM/GBSA free-energy landscapes,

and QM/MM interaction fingerprints, this study builds a coherent structure–activity frame-
work for push–pull heterocycles as cross-variant coronavirus entry inhibitors. The com-
bined protocol reconciles lineage-specific binding idiosyncrasies with conserved structural
motifs and generates concrete signposts for the next optimization cycle. The distinctive
behavior of the four Omicron sub-variants stems from the substitutions listed in Table 1,
which subtly remodel pocket 2. Two-dimensional contact maps instantly reveal which
ligand fragments engage which residues, acting as cartographic guides to the principal
hot spots. Coupling those static pictures with MM/GBSA scores adds a quantitative axis:
the more negative the ∆G, the firmer the predicted grip, allowing robust prioritization.
Binding, however, never occurs in isolation. Structural superimposition of receptor-binding
domains across SARS-CoV-2, SARS-CoV-1, and MERS uncovers an invariant anchoring
kernel in the first two but a divergent C-terminal landscape in MERS, clarifying its weaker
affinity for human ACE2 [32]. This broader view shows how local adjustments intro-
duced by Omicron fine-tune affinity, whereas lineage-scale geometry dictates host tropism
and pathogenic potential. Taken together, the contact maps, free-energy rankings, and
cross-lineage overlays converge on a single narrative: Omicron mutations refine the lo-
cal contacts that matter most, while larger-scale conformational shifts set the ceiling for
binding efficiency. These insights point to hybrid chemotypes that marry the deep-buried
pyridinium head of BCC-3 with the solvent-oriented quinolinium tail of BCC-2, aiming
to span all three lineages without compromising target engagement. Future experimental
validation, including surface plasmon resonance and live-virus neutralization assays, will
be essential to translate these in silico predictions into clinical candidates safely and rapidly.
Ultimately, the integrative strategy deployed here exemplifies how multiscale computation
can rationally steer antiviral discovery, turning dispersed datasets into unified, actionable
knowledge.
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