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Abstract: Severe Acute Respiratory Syndrome CoronaVirus-2 (SARS-CoV-2) is the virus behind the
deadly disease COVID-19. The present work reports the in-silico analysis of 173 natural chromones
against the SARS-CoV-2 Main Protease (MP™) and spike Receptor Binding Domain (RBD) of the wild
type and its variants. The docking studies revealed that chromones have good binding energy against
the targets. They were found to be better than the recently reported drug molecules such as Nirmatrelvir,
Dipyridamole, and inhibitor N3 (for M) and ceftazidime, kobophenol A (for spike RBDs). Structure-
activity relationships emphasized the significance of hydroxyl groups and chromone rings in the ligand
system for better binding. Molecular Dynamics (MD) simulations such as Free Energy Landscape,
RMSD, RMSF, Rg, and H-bond analysis revealed a positive outcome. MM-PBSA calculations
evaluated the binding free energy of the docked complexes and ensured their stability. The stabilizing
and destabilizing residues of the proteins were identified through residue-wise decomposition analysis.
The pharmacokinetic properties and drug-likeness of the selected chromones were also analyzed. This
study emphasizes that the selected chromones could be considered for in-vitro studies to obtain
promising leads for drug discovery against SARS-CoV-2.
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1. Introduction

Coronaviruses are a diverse group of viruses that cause mild to severe respiratory
infections in humans. Severe Acute Respiratory Syndrome CoronaVirus-2 (SARS-CoV-2) is
one such virus that caused the first pandemic of the 21st century in December 2019. The
infectious disease caused by this virus was named ‘coronavirus disease 2019' (COVID-19) by
the World Health Organization (WHO). It started spreading around the globe rapidly due to the
high transmissibility nature of SARS-CoV-2. In addition, the humans infected by this virus
develop low levels of neutralizing antibodies, which may lead to prolonged disease. Since the
outbreak of the deadly COVID-19 has posed an alarming threat to worldwide public health and
life, the WHO declared this disease a global pandemic on 11 March 2020. As of 21 February
2023, there have been around 757 million confirmed cases of COVID-19, including more than
6.8 million deaths around the globe [1].
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Further, like any virus, SARS-CoV-2 is capable of undergoing mutations naturally. A
new variant called 'Omicron' started spreading in many countries with increased
transmissibility, and it was declared a 'variant of concern' by WHO in November 2021 [2].
Researchers predicted that are 3686 mutations probable in the future in the receptor-binding
domain of the spike protein with increased infectivity [3]. Subsequently, the periodic
emergence of various mutated strains may become a potential threat to humans around the
globe. The virus's destructive and panicking consequences strongly emphasize the urgent need
for drug discovery against COVID-19.

The numerous drug repurposing and clinical trials for vaccine development show the
importance and necessity of the drugs against SARS-CoV-2. In this regard, the research on
SARS-CoV-2 inhibition at a molecular level is essential for developing a competent drug. Also,
evaluating the lead compounds against the original and mutated strains is indispensable to
tackle the immune evasion tendency that may arise in future mutants. Developing drugs that
aim at the essential proteins in the viral life cycle will be a rational approach to choosing
therapeutic targets [4]. For example, the Receptor Binding Domain (RBD) of the spike protein
serves as an essential functional component for the binding of SARS-CoV-2 by ACE2 to enter
the target cells [5]. Also, the SARS-CoV-2 Main protease (Mpro) mediates the maturation
cleavage of polyproteins during virus replication. Thus, inhibiting the role of spike RBD and
Mpro of SARS-CoV-2 may affect the virus's viral entry and life cycle. Therefore, these proteins
were chosen as potential targets for carrying out the in silico study. Though numerous drugs
have been synthesized, most of their core structures or scaffolds originated from the natural
products used in traditional medicines [6,7]. They have been a precious source of molecules
with therapeutic potential. Among the diverse natural products, several phytochemicals were
reported to treat infectious diseases caused by viruses, bacteria, and fungi [8-14]. Chromones
are one such class of potent phytochemicals with widespread availability. Benzopyrone moiety
in chromones has been recognized as a privileged structure owing to the variety of its
pharmacological properties [15,16]. For instance, the chromones uncinoside A and uncinoside
B derived from Selaginella uncinate were reported to exhibit potent antiviral activity against
the respiratory syncytial virus with IC50 values of 13.8 and 20.8 pug mL-1, respectively [17].
Also, a recent in-silico study mentioned that among the various phytoconstituents in the genus
aloe, chromones had the highest binding affinity towards the Mpro and spike RBD of SARS-
Cov-2 [18]. Chromones were suggested for the early anti-inflammatory treatment of covid-19
[19]. An in silico study on the designed benzylidenechromanone, a chromone derivative,
revealed that it has the potential to block SARS-CoV-2 Mpro [20]. A synthesized chromone
derivative was docked against SARS-CoV-2 Mpro, and its binding efficiency was evaluated
[21]. Also, the basic structure of chromone was studied against the wild-type spike protein and
revealed that it could be a potential inhibitor [22]. To the best of our knowledge, there is “no
extensive study” carried out on natural chromones from various plant sources against SARS-
CoV-2 proteins, particularly Mpro and mutated spike RBDs.

Based on the remarkable potentials of chromones, a list of 173 natural chromones was
identified from the literature [23] for screening against the SARS-CoV-2 Mpro and RBD of
the wild type (which has no mutations) and its variants, namely, alpha, beta, gamma, and delta.
The docking results of the Mpro were compared with drug molecules such as Nirmatrelvir,
Dipyridamole, and the inhibitor N3, and that of the RBDs were compared with ceftazidime and
kobophenol A. The above drugs were chosen based on their high binding affinity toward the
respective proteins [24-27]. MD simulations were carried out for the best-docked complexes
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for 100 ns to assess their stability and investigate the interactions. The g_mmpbsa calculations
were performed to evaluate the binding free energy of the protein-ligand complexes. In
addition, the residue-wise decomposition analysis of binding free energies was performed to
identify the stabilizing and destabilizing residues of the protein. The pharmacokinetic
properties and drug-likeness of the selected chromones were also analyzed.

2. Materials and Methods

2.1. Procuring of protein structures.

The 3D structure of the SARS-CoV-2 MP™ (PDB id: 6LU7), full spike protein or the
RBD domains for different SARS-CoV-2 variants such as Wild type (PDB id: 6M0J);
Alpha/N501Y (PDB id: 7MJN); Beta/K417N, E484K, N501Y (PDB id: 7NXA), Delta/T478K
(PDB id: 70RA), Delta/L452R (PDB id: 70RB) and Gamma/K417T, E484K, N501Y (PDB
id: 7NXB)) were obtained from the RCSB Protein Data Bank [28]. These structures were
further processed by removing all other domains, antibodies, receptors (if complex), and other
small molecules to get only the RBD domain from the full protein structures using Chimera
[29].

2.2. Protein preparation.

The MP™ and spike RBD of each variant were prepared using the WHAT IF server [30].
The preparation includes performing missing side-chain modeling, regularization, and
hydrogen additions when required. To get the native conformation, the prepared proteins were
simulated for 20ns using the OPLS force field in GROMACS software (version 2019) [31].
The stable structure of each protein was extracted from the simulation trajectory and used for
the docking program.

2.3. Ligand preparation.

The 3D structure of all the chromones was optimized using the GAUSSIANO9 software
package [32] using the density functional theory-based method B3LYP and basis set 6-31G*.
The keyword # opt freq b3lyp/6-31g* geom=connectivity was given in the route section for
structural optimization. All the optimized structures were saved in pdb format and utilized for
docking studies.

2.4. Molecular Docking.

The ligands were docked against each protein using PyRx, an open-source virtual
screening software [33]. It uses the AutoDock Vina algorithm to execute molecular docking
and calculate the binding affinities. The active site of each protein was obtained from the
literature [5,34-37]. In some cases (7NXB), the active binding sites were obtained from the
PDBsum web server [38] since the interacting residues were not mentioned directly in the
literature. The interactions between the protein and ligand were visualized using the Protein-
Ligand Interaction Profiler (PLIP) server [39].
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2.5. Docking validation.

The PyMOL software was used to extract the inhibitor N3 and remove all the water
molecules from the MP™ and save them separately in PDB file format [40]. The N3 inhibitor
was re-docked with MP™ to validate the docking protocol used in this study.

2.6. MD simulations.

Docked complexes were simulated using GROMOS 96 54a7 force field in GROMACS
software [41]. Ligand force field parameters were generated using an automated server
PRODRG?2 [42]. The complex was kept in the center of a cubic unit cell with a 1.0 nm distance
from the edges of the box. The solvated system was prepared by filling the water SPC model.
The solvated system was neutralized by replacing solvent molecules with CI- or Na* ions. In
order to remove steric clashes that can lead to inappropriate geometry, the electro-neutral
system was passed through an energy minimization step. The steepest descent method with a
maximum of 50000 steps and force of <1000 kJ mol-1 nm -1 achieved the local minima. After
energy minimization, the system had negative potential energy, which shows that the system
was stable. Before equilibration, the ligand's heavy atoms were restrained, and the ligand was
grouped with protein for temperature coupling. Canonical (NVT) equilibration stabilized the
desired temperature (300K) of the system at 100ps. To stabilize the system for the desired
pressure (1 bar), "isothermal-isobaric” (NPT) equilibration was used for the same time frame.
To check the stability of well equilibrated system, restraints were released, and MD simulation
was performed for 100ns. The PCA-based FEL plots for the topology files were produced by
the MATLAB software (student version). RMSD, RMSF calculations were executed to check
the stability of each complex during MD simulation. The radius of gyration was computed to
observe the compactness of each docked complex. The H-bond calculation was carried out to
check the number of interactions maintained during the simulation.

2.7. Binding Energy calculation.

Molecular mechanics Poisson-Boltzmann surface area (MM-PBSA) based method was
used in g_mmpbsa to measure the binding energy between the protein and ligand [43]. The
residue-wise decomposition analysis of binding free energies was performed to identify the
stabilizing and destabilizing residues of the protein.

2.8. Analysis of pharmacokinetic properties.

The pharmacokinetic properties of the selected ligands were assessed using the
SwissADME webserver [44]. The toxicity profile prediction was performed using the ProTox-
Il webserver [45]. The drug-likeness of the selected ligands was assessed using the webserver
Molsoft [46].

3. Results and Discussion

3.1. Molecular docking.

The binding of a ligand to the protein of interest is the first and foremost step in drug
discovery, and the molecular docking approach has been widely used to predict and investigate
the binding nature of the ligand into the protein's binding pocket [47].
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Therefore, in the present study, 173 natural chromones were docked against the active
site of SARS-CoV-2 MP™ and spike RBD of wild type and its four variants of concern alpha,
beta, gamma, and delta. For comparison, drugs like nirmatrelvir, dipyridamole, and the
inhibitor N3 were docked against MP™, and ceftazidime, kobophenol A were docked against
each spike RBDs. Table 1 reveals the binding energy of the top hit chromones for the
corresponding targets.

Table 1. The binding energy of chromones against SARS-CoV-2 MP™ and spike RBD of wild type and its

variants.
Protein PDB ID Chromone Binding energy
(kcal/mol)
Main Protease 6LU7 Chromone-142 -9.1
Wild type 6MO0J Chromone-129 -7.8
Alpha 7MJIN Chromone -131 -8.1
Beta TNXA Chromone -131 -7.3
Gamma 7NXB Chromone-132 -7.4
Delta-1/T478K 70RA Chromone-124 -7.8
Delta-2/L452R 70RB Chromone-132 -7.1

3.1.1. Main Protease.

The SARS-CoV-2 MP™ consists of three domains. Domain | (residues 8 to 101) and
domain Il (residues 102-184) had an antiparallel 3-barrel structure, while domain Il (residues
201-306) comprised five o-helices arranged into a largely antiparallel globular cluster.
Domains Il and 111 were connected by a long loop region (residues 185 to 200), and the
substrate-binding site of SARS-CoV-2 MP™ was located between domains | and Il. Inhibitors
targeting the substrate-binding site were expected to have wide-spectrum activity against
SARS-CoV-2 [34]. Therefore, the crystal structure of SARS-CoV-2 MP (PDB ID: 6LU7)
inhibited by N3 in its substrate-binding pocket was utilized to analyze the binding ability of
chromones in the same pocket.

After protein preparation, docking was performed between the chromones and MP by
targeting its substrate-binding pocket. For comparison, the inhibitor N3 and potential SARS-
CoV-2 therapeutic agents like Nirmatrelvir, Dipyridamole were also docked in the same region.
Post-docking analysis revealed that Chromone-142 (7-O-(6'-Galloyl)-beta-D-glucopyranosyl-
5-hydroxychromone) topped all the ligands with a binding energy of -9.1 kcal/mol. The details
of all the interactions are given in Table S1 (in Supplementary Information). It interacts with
the residues of domain | (THR25, THR26), domain Il (GLY143, SER144, CYS145, MET165,
GLU166), and loop region (GLN189, THR190, GLN192) through hydrophobic and hydrogen
bonding interactions as shown in Figure 1. Interestingly, its binding energy was less than that
of the reported drug molecules and native ligand N3, as seen in Table 2. Nirmatrelvir, an orally
bioavailable SARS-CoV-2 MP inhibitor [24], had a binding energy of -8.4 kcal/mol.
Dipyridamole, identified as a potent inhibitor of MP™ [21], had a binding energy of -7.9
kcal/mol. This signifies the remarkable binding potential of Chromone-142 against the MP™.

Table 2. The binding energy of chromone-142 and reference molecules against the SARS-CoV-2 MP™,
Ligands against MP™ Binding energy (kcal/mol)

Chromone-142 -9.1
Nirmatrelvir -8.4
N3 inhibitor -8.0
Dipyridamole -7.9
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Protein-Ligand Interactions

Figure 1. Interaction of Chromone-142 with MP™. Colour indication: Red - Domain-I, Blue - Domain-11,
Magenta - Domain-I11, Orange - N-Terminal, Green - Loop region.

3.1.2. RBD of the spike protein.

The receptor-binding domain of the SARS-CoV-2 spike protein recognizes the cell
surface of ACE2 receptor and paves the way for viral entry. It contains a twisted five-stranded
antiparallel B sheet (B1, B2, B3, B4, and B7), which has short connecting helices and loops that
constitute the core structure. Between the strands 4 and B7, there is an extended insertion
comprising the short strands 5 and 6, a4 and a5 helices and loops. This extended insertion
is called the Receptor Binding Motif (RBM). It holds most of the contacting residues of the
viral spike that bind to ACE2 [5]. Therefore, inhibiting the spike RBD would be a rationale
and vital approach for the entry inhibition of SARS-CoV-2. The spike RBD of wild type, alpha
(N501Y), beta (K417N, E484K, N501Y), gamma (K417T, E484K, N501Y), delta (L452R),
and delta (T478K) were docked with chromones by targeting their active site that involved in
ACEZ2 binding. In addition, two drug molecules, Ceftazidime and Kobophenol A, were also
docked against the RBDs for a comparative outlook.

The results of the docking study are presented in Table 1. Chromone-129 (5-Hydroxy-
chromone-7-rutinoside) had bound to the wild-type spike RBD with the least binding energy
of -7.8 kcal/mol. Chromone-131 (Sessilifoside) is bound to the spike RBD of alpha and beta
variants with -8.1 and -7.3 kcal/mol, respectively. Chromone-132 (7"-O-beta-D-
glucopyranosylsessilifoside) could interact with the spike RBD of both gamma and delta
variant (L452R) with -7.4 and -7.1 kcal/mol, respectively. Chromone-124 (Corymbosins K4)
exhibited -7.8 kcal/mol against the spike RBD of the delta variant (T478K).

From the interacting residues listed in Table S2, it was clear that chromones are bound
to the active site of the wild type and its variant RBDs by establishing several interactions like
hydrogen bonding, n-Cation, n- stacking, salt bridges, and hydrophobic interactions. The 2-D
images of docking interactions between chromones and spike RBDs are depicted in Figure 2.
Also, several residues were found common in all the complexes with their respective RBD-
ACE?2? interacting residues. This is an important factor in preventing viral entry since the key
residues essential for binding with ACE2 would be already blocked by the chromones. So, they
would no longer be available to recognize the cell surface of ACE2 receptors.
Pharmacologically, if a ligand blocks a receptor's active site, its functional activity can be
terminated [48]. Besides, the binding energy of all the top hit chromones was better than their
corresponding drug-RBD interaction, as evident from Table 3. Ceftazidime was reported to be
a potential drug to block spike protein-ACE2 interaction in vitro [26], and a combined
computational and experimental report suggested that Kobophenol A could disrupt the
interaction between ACE2 and the spike RBD [27]. From these results, it can be inferred that
the potential of the selected chromones to block the active site of the spike RBDs is more
promising.
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Table 3. Binding energy (kcal/mol) of chromones and drug molecules against the SARS-CoV-2 spike RBDs.

RBD Top Chromone | Ceftazidime Kobophenol A
Wild type -7.8 -5.6 -5.5
Alpha -8.1 -6.3 -7.6
Beta -7.3 -6.5 -6.1
Gamma -14 -5.8 -6.1
Delta (T478K) -7.8 -6.5 -5.8
Delta (L452R) -7.1 -6.3 -6.0
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Figure 2. Interactions in the docked complexes (a) 6M0J-Chromone-129, (b) 7MJIN-Chromone-131, (c) 7NXA-
Chromone-131, (d) 7NXB-Chromone-132, (e) 7TORA-Chromone-124, (f) 7ORB-Chromone-132

3.1.3. Docking validation.

The validation of docking protocol is essential to examine their efficiency. For this,
Mpro was selected since it is co-crystallized with a peptide inhibitor N3. The N3 from Mpro
was extracted and re-docked into the active site of the protein using AutoDock Vina in PyRx
user interface. It was performed manually by opening the co-crystallized complex in PyMOL,
selecting the inhibitor N3 from Mpro, and saved in PDB file format. All the water molecules
from Mpro were deleted and saved in PDB file format. Then, the inhibitor N3 was docked at
the active site of Mpro to ensure that the inhibitor binds precisely to the active site cleft and
shows less deviation compared to the actual co-crystallized complex. The peptide inhibitor
bound precisely to the active site of Mpro with a binding energy of -8.0 kcal/mol. Then, the
root mean square deviation (RMSD) was calculated by superimposing the re-docked complex
https://nanobioletters.com/ 7 of 54
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onto the reference co-crystallized complex using PyMOL. A low RMSD of 0.283 A was
observed, and the superimposition is represented in Figure 3. Shivanika et al. executed a similar
re-docking of peptide inhibitor N3 against SARS-CoV-2 Mpro via AutoDock 4.2.6 and
observed binding energy of -8.12 kcal/mol and superimposed the re-docked complex against
reference co-crystallized N3-Mpro with an RMSD of 0.615 A [49]. The interacted amino acid
residues ASN 142, CYS 145, GLN189, HIS 41, LEU 141, MET 49 were found common with
the present work.

Figure 3. Superimposition of re-docked N3-MP™ (blue) against reference co-crystallized complex (green) in the
active site using PyMOL.

The re-docked complex was superimposed against the reference co-crystallized N3-
MP complex using LigPlot v.2.2 software. It is observed that it was superimposed completely
onto the native co-crystallized complex with no adjustments. All the atoms of amino acids of
both complexes were superimposed without any constraints. Overall, 13 amino acid residues
are superimposed and encircled in red, as depicted in Figure 4. This proves the efficiency and
validity of the docking protocol.

Figure 4. Superimposition of re-docked N3-MP™ onto reference co-crystallized complex using LigPlot v.2.2.
Superimposed amino acids are encircled in red.

3.2. Structure-activity relationships.

From the structures of the selected chromones depicted in Figure 5, it was noted that all
the ligands contained a minimum of one alpha-D-glucopyranose in their structures. This moiety
involved hydrogen bonding with the targets to a significant extent, as evident from Figure 1
and Figure 2, and contributed significantly to the overall binding energy of the ligand. It's
notable binding towards the targets could be due to the presence of multiple hydroxyl groups.
Since proteins were composed of numerous -NH and -OH groups, the affinity of hydroxyl
groups present in alpha-D-glucopyranose could facilitate the development of different
interactions between the protein and ligand, including hydrogen bonding. Besides, the
chromone ring present in all the top hit ligands interacted with the proteins through hydrogen
bonds (using the carbonyl oxygen or hydroxyl group), and m-cation interaction (using the
electron-rich benzene ring) contributed to the overall binding energy. In addition, the number
of functionalities in the molecule played a crucial role in receptor binding. Multiple hydroxyl
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groups are present in all the top-hit chromones, forming several hydrogen bonds with the
respective protein.

On the other hand, molecules with fewer functionalities, like chromones 2, 25, 26, 37,
51, 118, and 139 (refer to Table S6 for the structures), had high binding energy against the
targets ranging from -4.1 to -5.6 kcal/mol. This indicates the necessity for more potential
functional groups in the ligand system. In a nutshell, it could be suggested that, while designing
a ligand against SARS-CoV-2 Mpro and/or the spike RBDs, the alpha-D-glucopyranose and
chromone ring may be introduced to get more and better interactions.
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Figure 5. Structures of natural chromones that have the least binding energy against the SARS-CoV-2 MP™ and
spike RBD of the wild type and its variants. The red color indicates the fundamental skeleton of chromones. (a)
Corymbosins K4 (Chromone-124), (b) 5-Hydroxy-chromone-7-rutinoside (Chromone-129), (c) Sessilifoside
(Chromone-131), (d) 7"-O-beta-D-glucopyranosylsessilifoside (Chromone-132), (e) 7-O-(6'-Galloyl)-beta-D-
glucopyranosyl-5-hydroxychromone (Chromone-142)

3.3. MD Simulation.

In docking, the ligands and proteins were considered rigid and not flexible. But in a
biological system, the molecules are flexible. Thus, their mode of binding and conformations
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keep varying in response to the change in energy in the complex, molecules in its vicinity, and
physiological conditions as a function of time. Therefore, it is essential to validate the docked
complexes' stability [50]. In this study, the docked complexes were simulated for 100 ns, and
their stability during the simulation was investigated. Also, the results of MD simulations and
MM-PBSA of the complexes 6LU7-Chromone-142, 6MO0J-Chromone-129, and 70RB-
Chromone-132 were replicated, as a representation to verify the consistency of the results and
are presented in Figures S1, S2, S3, S4, and Table S5. The results were found to be consistent.

3.3.1. Free energy landscape analysis.

The function of a protein is regulated by its numerous conformational changes, which
play a vital role in biological signal transmission. Also, the rigidity and flexibility of a protein,
mainly that of the residues involved in binding, accredit a protein to be functional. So, to
measure the overall movement and stability of the protein-ligand complex, the essential
dynamics were utilized. PC1 and PC2 were computed by diagonalizing the covariance matrix
of the eigenvector to indicate the critical subspaces where the most important protein dynamics
would happen. The PCA-based FEL plots for the topology files were produced by the
MATLAB software (student version). The plots in Figure 6 represent the minimal and
maximum energy points for each complex. The deep blue color shows the lowest energy
conformation, whereas the red color represents the highest energy conformation. The most
stable structure for each complex (deep blue color) was extracted using MD trajectories and is
presented in Figure 6. It is noted from the figure that all the ligands sustained their strength
with the target by means of several hydrogen bonding and hydrophobic interactions with the
key residues of the protein at the end of 100 ns in the PRODRG-derived topology file. The list
of all the interactions is presented in Table S3. It shows that the interactions are
thermodynamically favorable and assure the stability of the docked complexes.

Free Energy Landscape
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(@)

Figure 6. FEL plots and the corresponding minimum energy structures of the complexes (a) 6LU7-Chromone-
142, (b) 6M0J-Chromone-129, (c) 7MJN-Chromone-131, (d) 7NXA-Chromone-131, (e) 7NXB-Chromone-132,
(f) 7TORA-Chromone-124, (g) 70RB-Chromone-132.

3.3.2. Stability analysis.

For a protein-ligand complex, the Root Mean Square Deviation (RMSD) of the protein
backbone is a typical parameter. It illustrates their conformational stability in dynamic states
by describing the system's equilibration. During simulation, the lower range of RMSD with
consistent variation indicates the stability of a protein backbone [51]. Figure 7 shows the
graphical representation of the RMSD of each docked complex. The duration of the simulation
(0-100 ns) is given on the X-axis, and the RMSD (nm) is given on the Y-axis. The consistent
RMSD plot of the complex 6LU7-Chromone-142 shows its stability throughout the simulation.
The complex 6M0J-Chromone-129 showed a steady increase in RMSD value for the first 20
ns, then the RMSD trajectories equilibrated and maintained stable trajectories throughout the
simulation. The complex 7MJN-Chromone-131 showed a steady increase in RMSD for the
first ~40 ns, then it attained conformational stability, which was maintained till the end of the
simulation.

https://nanobioletters.com/ 11 of 54


https://doi.org/10.33263/LIANBS132.052
https://nanobioletters.com/

https://doi.org/10.33263/LIANBS132.052

RMSD
Backbone afte Isq it to Backbone

- WMWWWM’MM« ;:WM Sk
@ O}
MWW WMM“WMMMWW
(c) (d)

RMSD RMSD
0 Backbone Buckboe after lsq ft o Backbose

Backbooe af

L
@

€ (0

RMSD RMSD
Hackhans after sq (it 10

150 3 10 Hackbone Backhone after b fi 1o Backbone

] Tl mwmm
g‘”;WMNMMWWWW g i 'M' M: ,.J Mm»ﬂm
] ‘J;lld;w ™ “ ,m, ﬂﬂw wh 4

(I

0 ' ol
0 10 2 3 40 0 6
Tine {us)

(@) (h)
Figure 7. RMSD graph of the complexes (a) 6LU7-Chromone-142, (b) 6M0J-Chromone-129, (c) 7MJN-
Chromone-131, (d) 7NXA-Chromone-131, (e) 7NXB-Chromone-132, (f) 7ORA-Chromone-124, (g) 7ORB-
Chromone-132, (h) All protein-ligand complexes

Similarly, the complex 7NXA-Chromone-131 had a gradual increase in RMSD till ~40
ns and, reached conformational stability, and followed stable trajectories throughout the
simulation. In the case of the complex of 7NXB-Chromone-132, it had a slow growth in RMSD
till ~45 ns, and then it achieved conformational stability and maintained the same till the end
of the simulation. The RMSD of the complex 7ORA-Chromone-124 maintained stable
trajectories from 20 ns till the end of the simulation. Finally, an outstanding result was observed
from the complex 7ORB-Chromone-132. It was conformationally more stable than all the other
complexes since it achieved stability within 10 ns and remained stable throughout the
simulation.

Root mean square fluctuation (RMSF) describes the conformational stability of
individual residues in a macromolecular system. When the fluctuation values are less, the
system is considered to be conformationally more stable. However, variation in the value of
fluctuation implies structural complexity within the system, and it can be utilized to investigate
the ligand binding to the target.
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Figure 8. RMSF graph of the complexes (a) 6LU7-Chromone-142, (b) 6M0J-Chromone-129, (¢) 7MJN-

Chromone-131, (d) 7NXA-Chromone-131, (e) 7NXB-Chromone-132, (f) 7ORA-Chromone-124, (g) 7ORB-
Chromone-132.

To examine the stability of the docked complexes, we observed their RMSF value at
the interacting residues, as presented in Figure 8. It is clear from the figure that the interacting
residues in all the docked complexes, except one, have an RMSF value of less than 0.2 nm. In
the case of the complex 7NXA-Chromone-131, except TYR489, all the interacting residues
have RMSF value of less than 0.2 nm. This indicates that the conformations have low
flexibility, and protein-ligand interaction is adequately stable.

In brief, it is clear from the RMSD and RMSF plots of the docked complexes that the
chromones did not diffuse away from the respective proteins during the simulation and showed
a stable binding with them, indicating a good inhibition in the physiological environment. The
time frames obtained after every 25 ns are depicted in Figure S5. It ensured that chromones
were retained in the active site of the targets throughout the simulation and supported the
stability of the docked complexes. The average RMSD of the SARS-CoV-2 MP™ and spike
RBD of the wild type, alpha, beta, gamma, delta (7ORA), and delta (7ORB) complexes with
corresponding ligands were 0.23, 0.34, 0.52, 0.41, 0.36, 0.45 and 0.37 nm respectively. These
https://nanobioletters.com/ 13 0f 54
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values indicated that the studied docked complexes were stable, and the ligands had bound into
the active pockets of the protein efficiently throughout the simulation.

Radius of gyration (total and around axes) Radius of gyration {total and around axes)

o @

d axes)

(9)
Figure 9. Radius of gyration plot of the complexes (a) 6LU7-Chromone-142, (b) 6M0J-Chromone-129, (c)

7MJIN-Chromone-131, (d) 7NXA-Chromone-131, (e) 7TNXB-Chromone-132, (f) 7ORA-Chromone-124, (g)
7ORB-Chromone-132

The radius of gyration (Rg) is the distance to express the strength of a system to bear
the strain. It is quantified by measuring the distance between the center of mass and the
rotational axis. It can be utilized to describe the conformational stability of a protein-ligand
complex. A lesser Rg value and its fluctuation implies more conformational stability. It denotes
that the center of mass of protein is closer to the axis of rotation. Also, the consistent value of
Rg represents the stability throughout the simulation. Therefore, to examine the stability of
protein-ligand complexes, we analyzed their radius of gyration (total and around axes), and the
results are presented in Figure 9. It is clear from the plots that all the complexes have a steady
Rg profile in the course of the simulation and did not deviate appreciably. Also, the Rg values
of all the spike RBD complexes were found to be less than 2 nm, and that of MP"™ complex is
less than 2.5 nm. The lesser Rg values and lower degree of fluctuation indicate that the protein-
ligand complexes are conformationally stable.
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3.3.3. Hydrogen bonds.

In biological systems, hydrogen bonding is one of the key parameters for molecular
interactions, binding stability, and backbone conformation. It provides the basis for molecular
recognition by allowing explicitness and directionality to molecular interactions [52,53].
Therefore, we examined the formation of hydrogen bonds and their consistency at the active
site of the proteins by capturing each frame generated during the MD simulation. These results
are illustrated in Figure 10. It was observed that all the complexes contained an average of
three hydrogen bonds during the entire run of the simulations. Particularly, the MP™ complex
had maintained four hydrogen bonds with good consistency.

Hydrogen Bonds Hydrogen Bonds

Hydrogen Bonds

(@)
Figure 10. Hydrogen bond plot of the complexes (a) 6LU7-Chromone-142, (b) 6M0J-Chromone-129, (c)

7MJIN-Chromone-131, (d) 7NXA-Chromone-131, (e) 7TNXB-Chromone-132, (f) 7ORA-Chromone-124, (g)
70RB-Chromone-132.

A fourth hydrogen bond has formed in all the RBD complexes, but they were short-
lived in the whole process. The complexes of 6LU7-Chromone-142, 6M0J-Chromone-129,
7NXB-Chromone-132, and (g) 7ORB-Chromone-132 appear to have a relatively more intense
hydrogen bond pattern than the rest. These results exhibited that the chromones formed a
significant number of hydrogen bonds with the SARS-CoV-2 MP™ and spike RBDs, which
https://nanobioletters.com/ 15 of 54
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were maintained throughout the simulation. Also, it is well known that the intermolecular
hydrogen bond interactions between the protein and ligand limit the binding site's internal
movement and improve its stability [54]. Hence, the hydrogen bonds established by the
chromones contributed significantly to the blockade of the protein's active site and the stability
of the protein-ligand complexes throughout the simulation.

3.3.4. Binding free energy.

The binding ability of a ligand to the amino acid residues of a protein is crucial for the
stability of the protein-ligand complex. It can be measured by performing binding free energy
calculations.

AGbinding = Gcomplex - (Gprotein + Gligand) (1)
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Figure 11. Depictions of Van der Waals energy, electrostatic energy, polar solvation energy, SASA energy, and
binding energy, including their standard deviation values for the protein-ligand complex of (a) 6LU7-
Chromone-142, (b) 6MO0J-Chromone-129, (c) 7MJIN-Chromone-131, (d) 7NXA-Chromone-131, (e) 7NXB-
Chromone-132, (f) 7TORA-Chromone-124, (g) 7ORB-Chromone-132, (h) Colour code for different energies
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Molecular Mechanics-Poisson Boltzmann Surface Area (MM-PBSA) calculation is a
widely used method for calculating the binding free energy of protein-ligand complexes. The
binding free energy of a protein-ligand complex is measured by the differences between the
free energy of the complex and the unbound protein and ligand [55], as given in Equation (1).
A high negative binding free energy implies the strong affinity of ligands towards the protein.

It is well-known that binding free energy is the sum of all nonbonded interactions. Here,
we calculated the binding free energy of all the docked complexes using the MM-PBSA tool,
which is illustrated with the standard deviation in Figure 11, and the values are presented in
Table S2. The binding free energy of each complex is presented in Table 4. Among all the
complexes, 6LU7-Chromone-142 and 7ORA-Chromone-124 were observed to exhibit the least
binding free energy of -164.801 + 11.619 kJ/mol and -175.418 + 12.453 kJ/mol, respectively.
The complexes 7NXA-Chromone-131, 7NXB-Chromone-132, and 70RB-Chromone-132
have slight differences between their binding free energies with -120.960 = 11.277 kJ/mol, -
126.223 + 14.693 kJ/mol, and -125.240 * 15.246 kJ/mol, respectively. Among the complexes
6MO0J-Chromone-129 and 7MJN-Chromone-131, the latter was found to be more stable with a
value of -92.815 £ 23.718 kJ/mol, while the former has -87.232 + 16.098 kJ/mol. The negative
binding energies substantiated that all the docked complexes were stable during the simulation.
The complexes' stability difference was accounted for through the residue-wise decomposition
analysis, as presented in Fig. 12.

Table 4. The binding free energy of SARS-CoV-2 MP™ and spike RBD-Chromone complexes.

Complex PDB ID Simulation time (ns) | Binding Free Energy (kJ/mol)
6LU7-Chromone-142 6LU7 100 -164.801 + 11.619
6M0J-Chromone-129 6M0J 100 -87.232 +16.098
7MJN-Chromone-131 7TMJN 100 -92.815 +23.718
7NXA-Chromone-131 TNXA 100 -120.960 + 11.277
7NXB-Chromone-132 7NXB 100 -126.223 + 14.693
70ORA-Chromone-124 7ORA 100 -175.418 + 12.453
70ORB-Chromone-132 70RB 100 -125.240 + 15.246

In the complex 6LU7-Chromone-142, stabilizing residues were more, while the
destabilizing residues were relatively negligible. VAL42, MET49, GLY143, CYS145, and
MET165 were the residues that contributed largely to the stability of the complex with binding
energies -7.7264, -6.2145, -3.0944, -8.1559, -5.3701 kcal/mol, respectively. The interactions
with these residues were responsible for the lesser binding free energy and better complex
stability. Among the spike RBD complexes, the complex 7ORA-Chromone-124 has the least
binding free energy since it has more stabilizing residues with high negative values. Notably,
the residues TYR449, LEU455, PHE456, TYR473, TYR489, and PRO491 dominantly
contributed to the stability of the complex with values -10.3889, -8.2176, -5.2916, -10.2737, -
8.0408 and -6.6038 kcal/mol, respectively. Besides these stabilizing residues, ARG403 and
GLU484 contribute unfavorably to the stability with values of +5.8866 and +3.0437 kcal/mol,
respectively. This may be due to the repulsive forces between the ligand and the protein
residues during the dynamics. On the other hand, in the 6M0J-Chromone-129 complex, where
the binding free energy is relatively high, the number of stabilizing residues was lesser than
that of the 7ORA-Chromone-124 complex. Some significantly stabilizing residues were
GLY447, TYR449, PHE497, and TYR505, with values of -1.9165, -3.7536, -2.2192, and -
8.6824 kcal/mol, respectively, while ARG403 predominantly destabilizes the complex with the
value of +4.9859 kcal/mol. Similarly, in the complex 7MJN-Chromone-131, ARG403
contributes unfavorably to its stability with a +2.318 kcal/mol value. The complexes 7NXB-
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Chromone-132, 70RB-Chromone-132, and 7NXA-Chromone-131 have an almost similar
number of significantly stabilizing residues ranging from 7 to 9 in each complex, while their

highest magnitude goes around -7 kcal/mol. This explains the closeness in their binding energy
values.
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Figure 12. Residue-wise decomposition analysis of binding free energies for the complexes of (a) 6LU7-
Chromone-142, (b) 6M0J-Chromone-129, (c) 7MJIN-Chromone-131, (d) 7NXA-Chromone-131, (e) 7NXB-
Chromone-132, (f) 7ORA-Chromone-124, (g) 70RB-Chromone-132.

3.4. Pharmacokinetic properties.
3.4.1. ADME analysis.

Pharmacokinetics analyses and predicts the drug's movement into the human body once
the medication is administered. It appraises the safety and efficacy of drug molecules to design
suitable regimens. The pharmacokinetic properties of the selected chromones are presented in
Table 5. All the molecules are predicted to be water-soluble. However, they may require
intravenous administration due to their low gastrointestinal absorption, which may be due to

their slightly increased molecular size. All the molecules are expected to have less CNS toxicity
https://nanobioletters.com/
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and possible side effects since they are not BBB (blood-brain barrier) permeants. Inhibition of
the isoenzymes (CYP1A2, CYP2C19, CYP2C9, CYP2D6, CYP3A4) is undoubtedly a major
reason for pharmacokinetics-related drug-drug interactions leading to toxic or undesirable
effects owing to the poor clearance and accumulation of the drug or its metabolite. None of the
five chromones inhibit the cytochrome P450 (CYP) enzymes, ensuring their clearance from the
human body.

Table 5. Pharmacokinetic properties of top hit chromones.

Parameters Chromone-124 | Chromone-129 | Chromone-131 | Chromone-132 | Chromone-142
Water solubility Soluble Soluble Soluble Soluble Soluble

Gl absorption Low Low Low Low Low

BBB permeant No No No No No

P-gp substrate Yes No Yes Yes Yes

CYP1AZ2 inhibitor No No No No No

CYP2C19 inhibitor No No No No No

CYP2C9 inhibitor No No No No No

CYP2D6 inhibitor No No No No No

CYP3A4 inhibitor No No No No No

3.4.2. Toxicity profile and drug-likeness prediction.

Toxicity of different kinds, such as hepatotoxicity, carcinogenicity, immunotoxicity,
mutagenicity, and cytotoxicity, were analyzed for the selected chromones. From the predicted
toxicity profiles, as listed in Table 6, it is found that none of the compounds exhibit
hepatotoxicity and carcinogenicity. Chromone-142 has no immunotoxicity, and the remaining
compounds are predicted to be immunotoxic. Chromones-131, 132, and 142 are moderately
safe concerning mutagenicity, and chromones-124 and 129 are expected to have only a
moderate risk. Chromones-124, 129, 132, and 142 are moderately safe regarding cytotoxicity,
and chromone-131 is predicted to have no cytotoxicity. From these results, chromones-124,
129, 131, 132, and 142 are classified with toxicity classes 5, 5, 4, 4, and 5, respectively. This
indicates the less toxic nature of the top-hit chromones. Moreover, all the compounds have
satisfactory LD50 values ranging from 1400-5000 mg/kg. Their drug-likeness model score is
positive, and it is 0.36, 0.67, 1.19, 1.06, and 0.89 for chromones 124, 129, 131, 132, and 142,
respectively. The graphical representation of the drug-likeness score of the top-hit ligands is
depicted in Figure S6.

Table 6. Toxicity profile and drug-likeness prediction for the selected chromones.

Parameters Chromone-124 | Chromone-129 | Chromone-131 | Chromone-132 | Chromone-142
Hepatotoxicity HS HS HS HS HS
Carcinogenicity HS HS HS HS HS
Immunotoxicity HR HR HR HR HS
Mutagenicity MR MR MS MS MS
Cytotoxicity MS MS HS MS MS

Toxicity Class \Y \Y v I\ \

LDso (mg/kg) 5000 2500 1469 2000 2190
Drug-likeness 0.36 0.67 1.19 1.06 0.89

model score

Note: HS- Highly Safe, MS- Moderately Safe, HR- High Risk, MR- Moderate Risk.
Lower toxicity class -V, moderate toxicity class — IV

4. Conclusions

A library of 173 natural chromones was screened in silico against the SARS-CoV-2
Mpro and spike RBD of the wild type and its variants. Docking studies unveiled that the
selected chromones had substantial binding energy against the targets and performed better
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than the drug molecules, such as nirmatrelvir, dipyridamole and the inhibitor N3 (for Mpro),
ceftazidime and kobophenol A (for spike RBDs). The docking protocol is successfully
validated by re-docking the inhibitor N3 with Mpro and superimposing the re-docked N3-Mpro
onto the reference co-crystallized complex. Structure-activity relationships revealed that the
alpha-D-glucopyranose and chromone ring moieties in the ligands contributed significantly to
all complexes' binding energy. MD simulations validated the results achieved through
molecular docking. The RMSD and RMSF graphs substantiated the stability of all the docked
complexes. The Rg plots of the docked complexes ensured their compactness. Hydrogen bonds
were well maintained between the chromones and their corresponding proteins. MM-PBSA
calculations highlighted all the complexes' negative binding energy and emphasized the high
stability of Mpro and delta variant (T478K) complexes with binding free energy -164.801 +
11.619 and -175. 418 + 12.453 kJ/mol, respectively. The pharmacokinetic profile and drug-
likeness of the selected chromones were found satisfactory. Based on these results, we
conclude that the selected chromones could be considered for in vitro studies to obtain
promising leads for drug discovery against SARS-CoV-2.
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Figure S6. The graphical representation of the overall drug-likeness score of (a) Chromone-124, (b) Chromone-
129, (c) Chromone-131, (d) Chromone-132, (¢) Chromone-142 using the tool, Molsoft.

Table S1. Binding energy, mode of interaction, and interacting residues of SARS-CoV-2 MP™ with chromone.

Complex Binding energy Mode of interaction Interacting Distance
(kcal/mol) residues (A
6LU7 - Chromone-142 9.1 1. Hydrophobic THR25 3.91
interactions MET165 3.60
GLN189 3.59
2. Hydrogen bonds THR26 2.04
THR26 2.90
GLY143 2.43
SER144 3.13
CYS145 2.48
GLU166 2.53
THR190 2.95
THR190 2.15
GLN192 2.89

Table S2. Binding energy, mode of interaction, and interacting residues of SARS-CoV-2 spike RBDs with
chromones and residues common with RBD-ACE-2 complex.

Complex Binding Mode of Interacting Distance Residues
energy interaction residues of A) common with
(kcal/mol) RBD RBD-ACE-2

complex
6M0J - Chromone-129 -7.8 1. Hydrophobic ASP405 3.80 LYS417

interactions GLU406 3.87 TYR453

TYR505 3.69 GLY496
2. Hydrogen ARG403 2.22 TYR505
bonds ARG403 2.10

ARG403 3.40

GLU406 2.43

LYS417 2.84

LYS417 3.37

TYRA453 3.00

SER494 2.83

TYRA495 2.79

TYR495 2.72

GLY496 231

GLY496 2.50

TYR505 241
3. =- stacking TYR505 5.13
(Stacking type -
T
4. n-Cation ARG403 4.62
interactions
5. Salt bridges ARG403 457

ARG403 3.59
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Complex Binding Mode of Interacting Distance Residues
energy interaction residues of A) common with
(kcal/mol) RBD RBD-ACE-2
complex
7MJN — Chromone-131 -8.1 1. Hydrophobic LYS417 3.65 ARG403
interaction LYS417
2. Hydrogen ARG403 2.92 GLN493
bonds LYS417 2.61 GLN498
GLN493 2.61 TYR501
SER494 2.03
GLY496 2.82
GLN498 3.15
TYR501 3.40
3. n-Cation LYS417 4.38
interactions
TNXA — Chromone-131 -7.3 1. Hydrophobic ILE418 3.52 TYR453
interactions TYR453 3.36 LEU455
LEU455 3.80 PHE456
PHE456 3.99 TYRA489
TYR495 3.55 SER494
2. Hydrogen TYRA453 2.17
bonds TYR489 2.88
TYRA489 2.75
SER494 2.19
GLY496 2.37
GLY496 3.19
3. Salt bridges ARG403 3.59
ARG403 3.84
7NXB — Chromone-132 -1.4 1. Hydrophobic PHE456 3.51 TYR453
interaction PHE456
2. Hydrogen TYRA453 2.53 TYR489
bonds TYRA473 2.21 TYR505
TYRA489 2.46
TYR505 2.56
3. Salt bridges ARG403 451
ARG403 3.82
7ORA — Chromone-124 -7.8 1. Hydrophobic TYRA495 3.74 LYS417
interaction TYR449
2. Hydrogen ARG403 2.22 GLY496
bonds ARG403 3.30 GLN498
ARG403 2.52 ASN501
GLU406 2.54
LYS417 2.93
TYRA449 2.50
GLY496 1.83
GLN498 2.93
ASN501 2.75
3. n-Cation ARG403 3.88
interactions
4. Salt bridges LYS417 3.53
70RB — Chromone-132 -7.1 1. Hydrophobic TYRA449 3.57 TYRA449
interaction GLN493
2. Hydrogen GLY485 3.13 GLY496
bonds PHE490 3.37 ASN501
PHE490 1.92
GLN493 2.66
GLY496 2.16
ASN501 231
ASN501 2.39

Table S3. Mode of binding and interacting residues of the SARS-CoV-2 Mpro and S-RBDs with chromones at
the end of 100 ns in PRODRG-derived topology file.

Complex Mode of interaction Interacting Distance
residues (A)
6LU7 - Chromone-142 1. Hydrophobic TYR54 3.38

interactions
2. Hydrogen bonds

ARG40 2.52
SER46 3.60
TYR54 2.52
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Complex Mode of interaction Interacting Distance
residues (A)
GLU166 2.46
GLU166 3.23
GLU166 3.30
3. n-Stacking VAL186 3.02
4. Salt bridge GLN192 3.54
HI1S41 4.13
HIs41 351
6MO0J - Chromone-129 1. Hydrophobic TYRA449 3.45
interactions TYR505 3.48
2. Hydrogen bonds ARG403 241
GLY447 3.66
GLN498 2.89
VAL503 3.35
7MJN — Chromone-131 1. Hydrophobic TYRA449 3.50
interaction TYR505 3.92
2. Hydrogen bonds ARG403 2.57
SER494 3.27
SER494 3.07
GLY496 2.76
TYR501 2.62
TYR501 2.68
3. Salt bridge ARG403 341
7NXA — Chromone-131 1. Hydrophobic PHE456 3.67
interactions TYR473 3.93
2. Hydrogen bonds PHE456 241
ARG457 3.20
GLY476 3.43
PHE490 3.54
LEU492 2.84
7NXB — Chromone-132 1. Hydrophobic TYRA449 3.75
interaction GLN493 3.67
TYR505 3.79
TYR505 371
2. Hydrogen bonds TYRA449 243
PHE490 3.47
LEU492 3.24
SER494 3.25
3. Salt bridges ARG403 4.41
70ORA — Chromone-124 1. Hydrophobic TYR449 3.94
interaction TYRA489 351
2. Hydrogen bonds ARG403 3.63
ARG403 3.67
LEU455 2.53
SER494 3.17
GLY496 331
7ORB — Chromone-132 1. Hydrophobic LEU455 3.23
interaction TYRA473 3.80
TYRA473 3.98
TYR489 3.85
PHE490 3.70
GLN493 3.92
2. Hydrogen bonds ASN448 371
TYRA489 3.13
TYRA495 3.18
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Table S4. Calculated energy components and net MM-PBSA free energy (kJ/mol) values for all the docked
complexes from 100 ns MD simulation trajectories.

Energy components Van der Waals Electrostatic | Polar SASA Binding
energy energy solvation energy energy
energy
6LU7-Chromone-142 -221.328 + -31.439 + 107.759 + -19.793 + -164.801
13.903 7.348 11.903 1.252 11.619
6MO0J-Chromone-129 -110.899 + -2.168 + 37.105 -11.269 + -87.232 +
14.167 3.387 12.269 1.859 16.098
7MJIN-Chromone-131 -132.958 + -33.109 = 87.091 = -13.841 = -92.815
14.191 10.890 23.982 1.852 23.718
7NXA-Chromone-131 -169.221 + -6.196 = 71973 -17.516 + -120.960
11.426 4.826 10.043 1.295 11.277
7NXB-Chromone-132 -173.257 = -19.395 + 85.295 + -18.865 + -126.223 +
12.555 6.160 11.791 1.265 14.693
70RA-Chromone-124 -219.977 = 0.613 + 66.134 -22.187 = -175.418 =
11.705 8.465 9.822 1.285 12.453
70RB-Chromone-132 -185.400 = 1.499 78.912 -20.250 + -125.240 =
13.327 5.592 11.484 1.415 15.24

Table S5. The binding free energy of docked complexes from different replications.

Complexes Replicate 1 (kJ/mol) Replicate 2 (kJ/mol) Replicate 3 (kJ/mol)
6LU7-Chromone-142 -179.609 + 12.772 -164.801 + 11.619 -152.142 + 19.381
6M0J-Chromone-129 -87.232 + 16.098 -83.350 + 23.859 -116.081 + 11.126
7ORB-Chromone-132 -125.240 + 15.246 -125.537 + 33.085 -121.938 +11.514

Table S6. Natural chromones used for the present study as in the literature (Semwal et al. 2020). (Reference
cited in the main manuscript).

Name Plant source Structure Name in the
manuscript
Conyzorigun Ageratum Conyzoides 2NN O,_,\ Chromone-1
o (0]
=
\O [e) o O/
ol
2-1sopropyl-C6-methoxy chromone Alangium Salvifolium ™ Chromone-2
/O
(o}
Hamaudol Angelica genuflexa OH o Chromone-3
HO,
o [e]
Cimifugin Angelica genuflexa &7 & Chromone-4
HO%“II -----
o o
OH
Sec-O-glucosylhamaudol Angelica genuflexa OH OH o Chromone-5
HO/

https://nanobioletters.com/

30 of 54


https://doi.org/10.33263/LIANBS132.052
https://nanobioletters.com/

https://doi.org/10.33263/LIANBS132.052

Name Plant source Structure Name in the
manuscript

Prim-O glucosylcimifugin Angelica genuflexa o 9 Chromone-6

Isoaloeresin D Aloe vera Chromone-7

5-hydroxy-6-methoxy-2-(2- Aquilaria sinensis Chromone-8

phenylethyl)chromone

6-hydroxy-2-(2-hydroxy-2-phenylethyl) | Aquilaria sinensis Chromone-9

4’-0O-glucosyl-isoaloeresin DI

Aloe vera

Chromone-10

8-C-glucosyl-noreugenin

https://nanobioletters.com/

Aloe vera

Chromone-11
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Name

Plant source

Structure

Name in the
manuscript

7-O-methylaloesin

Aloe rupestris

Chromone-12

Rabaichromone

Aloe rabaiensis

(o)

OH

Chromone-13

Aloeresin D

Aloe rabaiensis

OH

Chromone-14

Qinanones G

Aquilaria sinensis

Chromone-15

2-(2-
Phenylethyl)chromone

Aquilaria sinensis

Chromone-16

5,8-dihydroxy-2-(2-p-
methoxyphenylethyl) chromone

Aquilaria sinensis

Chromone-17

5,8-dihydroxy-2-(2-phenylethyl)-
chromone

Aquilaria sinensis

Chromone-18

6-hydroxy-2-[2-(4'-
methoxylphenyl)ethyl]chromone

https://nanobioletters.com/

Aquilaria sinensis

Chromone-19
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Name

Plant source

Name in the
manuscript

6-methoxy-2-(2-phenylethyl)chromone

Aquilaria sinensis

Chromone-20

6,7-dimethoxy-2-(2-phenylethyl)
chromone

Aquilaria sinensis

Chromone-21

6-methoxy-2[2-(3’-methoxyphenyl)
ethyl]chromone

Aquilaria sinensis

Chromone-22

6-hydroxy-2-(2-phenylethyl)chromone

Aquilaria sinensis

Chromone-23

5-hydroxy-8-methoxy-2-[2-
(4’methoxyphenyl)-ethyl]Jchromone

Aquilaria sinensis

Chromone-24

5-Hydroxy-7-methoxychromone

Artemisia campestris
subsp. Maritima

OH O Chromone-25

5,7-dimethoxychromone

Artemisia campestris
subsp. Maritima

Chromone-26

6-B-C-Glucopyranosyl-5,7 dihydroxy-
2-

Isopropylchromone

https://nanobioletters.com/

Baeckea frutescens

oH Chromone-27
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Name Plant source Structure Name in the
manuscript
Baeckea frutescens oK 2 Chromone-28

8-B-C-Glucopyranosyl-5,7-dihydroxy-

Isopropylchromone

Baeckea frutescens

Chromone-29

6-B-C-Glucopyranosyl-5,7-dihydroxy-

2-
Methylchromone

Baeckea frutescens

Chromone-30

6-B-C-(2’-Galloylglucopyranosyl)-5,7-

dihydroxy-2-
Isopropylchromone

Baeckea frutescens

OH
0,
OH
W

OH

Chromone-31

8-b;-C-(2’-Galloylglucopyranosyl)-5,7-
dihydroxy-2-
Isopropylchromone OH
HO
HO
5-hydroxy-7-(2'-hydroxypropyl)-2- Berchemia lineata Ot o Chromone-32
methyl-chromone
OH
o
(-)-(1'R, 2'S)-erythro-5-hydroxy-7- Berchemia lineata OH Chromone-33
(1',2'-dihydroxypropyl)-2-methyl-
chromone
HO Y o)
OH
Bothriochloa oK o Chromone-34
ischaemum

5-Hydroxy-6-methoxy-2-[2-(2-
hydroxyphenyl)-ethyl]-
Chromone

https://nanobioletters.com/
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Name

Plant source

Structure

Name in the
manuscript

5-hydroxy-2-[2-(2-hydroxyphenyl)-
ethyl]-
Chromone

Bothriochloa
ischaemum

Chromone-35

Saikochromoside A

Bupleurum chinense

2 Chromone-36
| 0y,
\O/éib\/ I,

5,7-dihydroxychromone

Calluna vulgaris

0 Chromone-37

5,7-dihydroxychromone 7-B-D-
glucoside

Calluna vulgaris

Chromone-38

Aloeresin E

Aloe peglerae

Chromone-39

2-Carboxyethenyl-5,7-
dihydroxychromone

Aloe jacksonii

2 Chromone-40
OH
HOﬁ:fjj\/W

2'-O-[p-Methoxy-(E)-cinnamoyl]-(S)-
aloesinol

https://nanobioletters.com/

Aloe nobilis

Chromone-41
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Name Plant source Structure Name in the
manuscript
2'-0-Coumaroyl-(S)-aloesinol Aloe nobilis Chromone-42
HO.
C-2'-Decoumaroyl-aloeresin G Aloe nobilis i Chromone-43

5-acetonyl-7-hydroxy-2-
Methylchromone

Cassia multijuga

Chromone-44

5,40-dihydroxy-7-methyl 3-benzyl
chromone

Cassia nodosa

Chromone-45

Acetonyl-6-glycosyl-7-hydroxy-2-
methylchromone-7-O-B-D
Glucopyranoside

Cassia multijuga

Chromone-46

Cassiadinine

Cassia siamea

Chromone-47

2-Acetonyl-5-methyl-7-hydroxy-6-C-
glucopyranosyl chromone-27-O-
glucopyranoside

https://nanobioletters.com/

Chrozophora prostrata

Chromone-48
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Name Plant source Structure Name in the
manuscript
Chrysograyanon Chrysosplenium Chromone-49

grayanum

5,7-Dihydroxy-8-methoxychromone Citrus reticulata Ok o Chromone-50
HO (e]
/0
5,7-Dihydroxy-2-(n- Clusia nemorosa i Chromone-51
heptaeicosanyl)chromone | b [
F

3,3-dimethylallylspatheliachromene

Cneorum tricoccum

b & Chromone-52

Spatheliabischromene

Cneorum tricoccum

Chromone-53

Cnidimosides A

Cnidium japonicum

Chromone-54

Cnidimosides B

Cnidium japonicum

Chromone-55

Cnidimol A

Cnidium monnieri

Chromone-56

Cnidimol B

https://nanobioletters.com/

Cnidium monnieri

Chromone-57
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Name Plant source Structure Name in the

manuscript
Karenin Cnidium monnieri Of 2 Chromone-58

OH
o) (6]
Cnidimol C Cnidium monnieri OH 9 Chromone-59
OH
HO O
Cnidimol D Cnidium monnieri HO - 5 Chromone-60
X
OH
HO (€]

Cnidimol E Cnidium monnieri Chromone-61
Cnidimol F Cnidium monnieri OH o Chromone-62

Hydroxycindimoside A

Cnidium monnieri

Chromone-63

OH|

7-0-methylaloeresin a

Commzphora socotrana

Chromone-64

Aloeresin A

Commzphora socotrana

Chromone-65

5,7-dihydroxy-2-[2-(4-hydroxyphenyl)-
ethyl]-chromone

https://nanobioletters.com/

Cucumis melo var.
Reticulatus

Chromone-66
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Name

Plant source

Structure

Name in the
manuscript

5,7-dihydroxy-2-[2-(3,4-
dihydroxyphenyl) ethyl]
Chromone

Cucumis melo var.
Reticulatus

Chromone-67

7-glucosyloxy-5-hydroxy-2-[2-(4-
hydroxyphenyl)ethyl]chromone

Cucumis melo var.
Reticulatus

Chromone-68

8-C-Glucosyl-7-methoxy-(R)-aloesol

Aloe Vera

Chromone-69

5,7-dihydroxychromone-7
_O_B_

D-glucuronide methyl ester

Davallia mariesii

OH

Chromone-70

Dennettine

Dennettia tripetala

O Chromone-71

6-(3-methylbut-2-enyl) allopteroxylin Dictyoloma Chromone-72
methyl ether vandellianum
3,3-dimethylallylspatheliachromene Dictyoloma Chromone-73
Methyl ether vandellianum

https://nanobioletters.com/
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5-O-methylcneorumchrom

Plant source

Dictyoloma

Structure

Name in the

(2'S)-2'-hydroxy-7-O-
methylallopeucenin 2'-O-B-D-

vandellianum

Diplolophium

manuscript
Chromone-74

glucopyranoside

Drynachromosides C

buchananii

Drynaria fortunei

Chromone-75

Drynachromosides D

Drynaria fortunei

o,

HO, ; o

Chromone-76

5,7-dihydroxy-2-
Methyl chromone

Drynaria fortunei

Chromone-77

oH o Chromone-78
HO/@ib\
5,7-dihydroxy-2-hydroxymethyl Drynaria fortunei OH o Chromone-79
chromone
HO (0]
OH
Schumanniofioside A Drynaria fortunei o Chromone-80
\\\\‘\v' o ".,,///O -
OH

https://nanobioletters.com/
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Name

Plant source

Structure

Name in the
manuscript

5-hydroxy-2-methylchromone-7-O-
rutinoside

Drynaria fortunei

OH

Chromone-81

nlC

/,, o

Drynachromoside B

Drynaria fortunei

HO

Chromone-82

Stellatin

Dysophylla stellata

Chromone-83

Chrotacumines A

Dysoxylum
acutangulum

Chromone-84

Chrotacumines B

Dysoxylum
acutangulum

Chromone-85

Chrotacumines C

Dysoxylum
acutangulum

Chromone-86

Chrotacumines D

https://nanobioletters.com/

Dysoxylum
acutangulum

Chromone-87
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Structure Name in the
manuscript
Rohitukine Dysoxylum Chromone-88
acutangulum
Chrotacumines E Dysoxylum
acutangulum

Chromone-89

Chrotacumines F Dysoxylum Chromone-90
acutangulum
Chrotacumines G Dysoxylum it
acutangulum

Chrotacumines H

Dysoxylum
acutangulum

Chromone-91

(e}

Chrotacumines |

Dysoxylum
acutangulum

Chromone-92

OH o

https://nanobioletters.com/

HO

lo}

Chromone-93
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Name

Plant source

Structure

Name in the
manuscript

Chrotacumines J

Dysoxylum
acutangulum

OH

Chromone-94

Dysoline Dysoxylum Chromone-95
binectariferum
Rohitukine Dysoxylum Chromone-96

binectariferum

Rohitukine N-oxide

Dysoxylum
binectariferum

Chromone-97

Eucryphin

Eucryphia cordifolia

HO

Y,

Chromone-98

Lsobiflorin

https://nanobioletters.com/

Eugenia caryophyllata

Qln
o 5

Chromone-99
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Name Plant source Structure Name in the
manuscript
Biflorin Eugenia caryophyllata Chromone-100

7-O-methylaloeresin A Aloe marlothii Chromone-101
Pallidones | Ferula pallida Chromone-102
Pallidones J Ferula pallida Chromone-103
Ferulin D Ferula ferulaeoides Chromone-104
Ferulin E Ferula ferulaeoides Chromone-105

5,6-dihydroxy-2-
Methylchromone

Ficus lyrata

OH

Chromone-106

2-propyl-7,8-
(methylenedioxy)chromone

https://nanobioletters.com/

Galipea granulosa

Chromone-107

44 of 54


https://doi.org/10.33263/LIANBS132.052
https://nanobioletters.com/

https://doi.org/10.33263/LIANBS132.052

Name Plant source Structure Name in the
manuscript

Aloeresin F Aloe peglerae Chromone-108

Gerdelavin B Gerbera delavayi Chromone-109

2-hydroxymethylallopraeroxylin

Harrisonia abyssinica

Chromone-110

5,7-dihydroxy-6,8-dimethoxy-2-
methyl-H-4-chromen-
4-one

Hymenocallis littoralis

f Chromone-111
/O
HO (o)

Hyperimone A

Hypericum erectum

Chromone-112

Hyperimone B

Hypericum erectum

Chromone-113

Urachromone A

Hypericum henryi
subsp. Uraloides

Chromone-114

Urachromone B

https://nanobioletters.com/

Hypericum henryi
subsp. Uraloides

HO,

Chromone-115

OH
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Name Plant source Structure Name in the
manuscript
5,7-dihydroxy-2-(1- Hypericum Japonicum H o3 Chromone-116
methylpropyl)chromone-8-B-D-
glucoside
(¢}
)
“oH
OH
5,7-dihydroxy-2-isopropyl chromone-8- | Hypericum Japonicum P Chromone-117
B-D-glucoside
WO
OH
OH ]

5-Hydroxy-7-methoxy-3-methyl-
chromen-4-one

Hypericum perforatum

Chromone-118

8-hydroxy-2-(2-phenylethyl)
Chromone

Imperata cylindrica

Chromone-119

2-(2-phenylethyl)chromone-8-O-f-D-

gluco pyranoside

Imperata cylindrica

Chromone-120

Undulatoside A

Knoxia corymbosa

OH o

Chromone-121

Corymbosin K2

https://nanobioletters.com/

Knoxia corymbosa

Chromone-122
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Name

Plant source

Structure

Name in the
manuscript

Corymbosin K3

Knoxia corymbosa

Chromone-123

7-O-[6-O-(4-O-trans-feruloyl-p-D-
allopyranosyl)]-
B-D-glucopyranosyl-5-hydroxy-2-
methylchromone

Knoxia corymbosa

v’””’oH

Chromone-124

Lathodoratin

Lathyrus odoratus

Chromone-125

Methyl-lathodoratin

Lathyrus odoratus

Chromone-126

2-methyl-5-hydroxy-6-[3-methyl-2-
butenyl]-7-methoxychromone

Lomatium
macrocarpum

Chromone-127

Melachromone

Melaleuca cajuputi

Chromone-128

5-Hydroxy-chromone-7-rutinoside

https://nanobioletters.com/

Mentha longifolia

Chromone-129
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Name Plant source Structure Name in the
manuscript
Pulverin Neochamaelea Chromone-130
pulverulenta
Sessilifoside Neonauclea sessilifolia Chromone-131

77-0-B-D-Glucopyranosylsessilifoside

Neonauclea sessilifolia

Chromone-132

Aloesin-2’-O-tigloyl ester

Aloe jacksonii

Chromone-133

Aloeresin B

Aloe jacksonii

Chromone-134

11-hydroxy-sec-O-glucosylhamaudol

Ostericum koreanum

Chromone-135

OH o

2-methyl-5,7-dimethoxy-chromone-6-
B-D-glucoside

Pancratium biflorum

Chromone-136

2-methyl-5,6-dihydroxy-7-
methoxychromone

https://nanobioletters.com/

Pancratium biflorum

HO

Chromone-137

(0]
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manuscript
Maritimin Pancratium maritimum Mgy 5 Chromone-138
Peperovulcanone A Peperomia vulcanica

Chromone-139
Peperovulcanone B

Peperomia vulcanica

Chromone-140

Pilopleurin

Pilopleura kozo-
poljanskii

| Chromone-141
0,

7-0O-(6'-galloyl)-B-D-glucopyranosyl-5- | Polygonum capitatum
hydroxychromone

OH (o}

Chromone-142
)0 ¢

|
"

0, (o]
()/5\()!
3,5,7-trihydroxylchromone-3-O-a-L-

OH
Rhododendron i i o Chromone-143
arabinopyranoside spinuliferum o, i WOH
Q!
Ho o 1o
5-B-D-glucosyloxy-7- Salix matsudana ¢ Chromone-144
hydroxychromone HO, i OH
|\:EOIO o
HO 0
Schumanniofioside A Schumannioph yton 4 Chromone-145
magnificum HO oH
n()\\\\‘ i : o
Ho/dij\
Schumanniofioside B Schumannioph yton o8
magnificum

/@iuj\ Chromone-146
O O

https://nanobioletters.com/
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Name Plant source Structure Name in the
manuscript
Rohitukine Schumanniophyton Chromone-147

magnificum

Schumagnine

Schumanniophyton
magnificum

OH

., "y \\\\\\

HN

9 Chromone-148

N-methytschumagnine

Schumanniophyton
magnificum

Chromone-149

Sciumanniophytine

Schumanniophyton
magnificum

Chromone-150

Isoschumanriiophytine

Schumanniophyton
magnificum

Chromone-151

Uncinoside A

Selaginella uncinata

Chromone-152

Uncinoside B

Selaginella uncinata

Chromone-153

5-acetonyl-7-hydroxy-
2-methylchromone

https://nanobioletters.com/

Senna siamea

HO

Chromone-154
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Name

Plant source

Structure

Name in the
manuscript

5-Acetonyl-7-hydroxy-2-
hydroxymethylchromone

Senna siamea

Chromone-155

5-hydroxy-6-(2-Z-butenyl-3-
hydroxymethyl)-7-methoxy-2-
Methylchromone

Seseli praecox

Chromone-156

Seselirin

Seseli sessiliflorum

Chromone-157

Sorbifolin

Spathelia sorbifolia

Chromone-158

10-(2', 3'-dihydroxy-3'-
methylbutanyl)spatheliachromen

Spathelia sorbifolia

Chromone-159

10-( 1, 2', 3'-trihydroxy- 3' -
methylbutanyl) spatheliachromen

Spathelia sorbifolia

Chromone-160

6-(3'-hydroxy-3'-methyl-trans-but-1' -
enyl)-O-methylisospatheliachromen

https://nanobioletters.com/

Spathelia sorbifolia

Chromone-161
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Name

Plant source

Structure

Name in the
manuscript

5-O-methylcneorumchromone K

Spathelia sorbifolia

Chromone-162

Isomohsenone

Stellera chamaejasme

Chromone-163

2-(2-hydroxypentyl)-5-carboxy-7-
methoxychromone

Stratiotes aloides

Chromone-164

Terminalianone

Terminalia brownii

Chromone-165

6-acetyl-7-hydroxy-2,3-dimethyl-
chromone

Tithonia diversifolia

Chromone-166

6-carboxyl-7-
Hydroxy-2,3-dimethylchromone

Tussilago farfara

Chromone-167

5-hydroxy-7-methoxy-2-
pentylchromone

Zanthoxylum
microcarpum

Chromone-168

(E)-2-Acetonyl-8-(2'-O-feruloyl)-p-D-
glucopyranosyl-
7-methoxy-5-methyl-chromone
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Aloe Africana

Chromone-169
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Name

Plant source

Structure

Name in the
manuscript

(E)-2-Acetonyl-(2",6'-di-O,0-
coumaroyl)-B-D-glucopyranosyl-
7-hydroxy-5-methylchromone

Aloe Speciosa

HO.

OH N

Chromone-170

(E)-2-Acetonyl-8-(2'-O-caffeoyl)-p-D- | Aloe Broomii Chromone-171
glucopyranosyl-

7-methoxy-5-methyl-chromone

(E)- 2-Acetonyl-8-[(2°-O-cinnamoyl)- Aloe Broomii Chromone-172

B-D-glucopyranosyl-
7-methoxy-5-methylchromone

Aloesin

Grid box parameters
MP™© (PDB ID: 6LU7)

center_x = -9.9006, center_y = 11.5016, center_z

Aloe jacksonii

Chromone-173

= 68.4281, size_ x = 10.4471, size y =

20.9610, size_z = 3.5554

Wild type (PDB ID: 6M0J)

center_x = 39.4594, center_y = 55.2385, center_z = 29.5142, size_x = 47.7246, size_y =
17.1081, size_z = 27.2234

Alpha variant (PDB ID: 6MJN)

center_x = 51.2071, center_y = 34.1240, center_z = 59.6830, size_x = 35.4324, size_ y =
25.5413, size_z = 32.5547

Beta variant (PDB ID: 7NXA)
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center_x = 32.1793, center_y = 38.9480, center_z = 28.8939, size x = 34.7411, size y =
28.4815, size_z =27.2735

Gamma variant (PDB 1D: 7NXB)

center_x = 40.8188, center_y = 59.9767, center z = 43.0356, size_x = 30.1292, size y =
19.4690, size_z = 36.9062

Delta variant/T478K (PDB ID: 70RA)

center_x = 31.0654, center_y = 41.3878, center_z = 47.5121, size_x = 22.8610, size_y =
43.1253, size_z = 30.0288

Delta variant/L452R (PDB ID: 70RB)

center_x = 46.6866, center y = 52.8883, center z = 37.6615, size_x = 23.8814, size y =
35.3059, size_z = 36.3907
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