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ABSTRACT

Background: The COVID-19 pandemic has caused significant difficulties in
multiple emotional, social, and financial areas. Despite the positive effects of
vaccination in reducing infection and fatality rates, the need for efficient antiviral
medications, particularly those that can be taken orally, remains a critical concern.

Methods: A virtual screening method based on structure, referred to as SBVS, was
used to identify potential inhibitory small molecules that specifically target the 3C-

like protease (3CLPRO) found in SARS-CoV-2.
Results: The filtering process for potential ligands involved strict criteria based on
their molecular properties, including a molecular weight limit of 500 g/mol,
maximum of five hydrogen bond donors, maximum of 10 hydrogen bond
acceptors, and logP limit of 5. This was done to identify five candidates with lower
AG values than the reference drugs lopinavir (-8.19 kcal/mol) and ritonavir (-8.04
kcal/mol). Three hits were identified through further evaluation using the hydrogen
bond criteria and the BOILED-Egg model. The pharmacokinetic attributes of these
two hits were compared with those of the reference drugs lopinavir and ritonavir.
Conclusion: The molecular dynamics simulation (20 ns) outcomes unequivocally
DOI demonstrated the stability and promising nature of MCULE-2367618737 as a
10.37881/jmahs.225 possible lead compound against the targeted 3CLFRO.
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INTRODUCTION

SARS-CoV-2, also referred to as the 2019 novel coronavirus (2019-nCoV), is a highly contagious member
of the human coronavirus (HCoV) family that has caused widespread and severe COVID-19. It is
classified under the 3 category of coronaviruses (CoVs) and belongs to one of four genera, including «, {3,
v, and O, with the first two affecting mammals and the latter two affecting birds. Respiratory Syndrome
Coronaviruses (SARS-CoV, MERS-CoV, and SARS-CoV) have caused respiratory infections in various
regions.l'*l As of November 8, 2023, the WHO has reported 771,820,937 cases and 6,978,175 deaths
globally. To combat the persistent pandemic, standard preventive measures such as wearing face masks,
practicing hand hygiene, maintaining social distance, implementing lockdowns, and working remotely
have been widely adopted. However, predicting the behavior of a virus owing to its adaptive mutations
remains a challenging task for scientists. To address this issue, the scientific community has identified
potential oral drug molecules that may hinder viral replication. The SARS-CoV-2 genome encodes 3C-
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like protease (3CLRO), sometimes referred to as the main protease (MFRC) or nonstructural protein 5
(NSP5), which is an important therapeutic target and is required during viral replication for the catalysis
of polyproteins into non-structural proteins (NSPs).1l

3CL™RO is a 306-amino acid polypeptide consisting of three domains, each spanning a different number of
amino acids. The first domain contains 8-101 amino acids, the second contains 102-184 amino acids, and
the third contains 201-303 amino acids. The tertiary structure of the protein folds into five alpha helices
that are distributed across a large, antiparallel globular structure. This globular structure is connected to
the second domain through a 185-200 residue-long loop. The catalytic dyad includes a cysteine residue
located at the 145% position in the second domain along with a histidine located at position 41 in the first
domain.l>* Proton transfer from cysteine 145 to histidine 41 occurs during the acylation and diacylation
phases of the activation process. Because 3CLFR is essential to both transcription and viral replication, it
is a prime target for therapeutic intervention against SARS-CoV-2. The purpose of this work was to find
novel small-molecule inhibitors that target the residues in the substrate-binding crevices.”1% The study
used structure-based virtual screening (SBVS) with search parameters including lipophilicity (logP < 5),
hydrogen bond acceptor (HBA < 10), hydrogen bond donor (HBD < 5), and molecular weight (MW < 500
Da) in order to do this. The comprehensive digital investigational ligand archive of MCULE was used for
the screening, and AutoDock Vina (ADV), which is integrated with the MCULE drug discovery platform,
was used for docking with 3CLFRO,[1112]

Based on physicochemical parameters such as topological surface area (TPSA) and WLOGP, toxicity
evaluations, and the Brain or Intestinal EstimateD (BOILED)-Egg model were used to evaluate the
potential for human intestinal absorption (HIA) and blood-brain barrier (BBB) penetration. The research
assessed the drug-like characteristics of the chosen compounds in addition to Pfizer's research into the
Brenk alert, PAINS, and Lipinski rule of five. Molecular dynamics (MD) simulations were used to
evaluate ligand hit stability. To ascertain the experimental lead's potential for inhibition, a comparison
between the lead molecule and the reference medication, lopinavir, was conducted.'*'¥ This
multidisciplinary strategy combines several scientific methods to improve our comprehension of possible
countermeasures for SARS-CoV-2. The results of this investigation offer important new information for
the creation of COVID-19 treatments.

MATERIALS AND METHODS

3D structure retrieval and energy minimization of protein

We obtained a 2.16 A resolution three-dimensional crystal structure of SARS-CoV-2 3CLFRO (6LU7) from
the RCSB PDB database.’! We eliminated all other elements—heteroatoms, ions, and extra molecules—to
leave only the protein's apo-form in order to provide an appropriate three-dimensional input file for the
chosen molecular interaction programme.

To optimize the conformation and structural integrity of the target protein, we conducted an energy
minimization process using SwissPDB viewer. This step involved refining the protein structure to
minimize unfavorable interactions and stabilize the molecule, thereby ensuring a more accurate
representation of the protein's native state for subsequent computational analyses. (1518l

Structural-based virtual screening for targeted drug discovery

We used the online MCULE drug discovery platform, for target-based screening. This platform harbours
over five million ligands that can be synthesized on order, and then purchased. Our search was limited
by Pfizer's rule of five (RO5), which limits the molecular weight (MW) to < 500 Da, the hydrogen bond
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donors must not be more than 5 (HBD < 5), a restricted number of hydrogen bond acceptors (HBA < 10),
and a partition coefficient (LogP) of <5 to filter small molecules.[*”!

To ensure a diverse range of compounds, we set the sample size to 1000. Additionally, we implemented a
resemblance search threshold of 0.90 for the input query. We used the FP2 fingerprint in Open Babel as a
2D search method to carry out the SBVS procedure. By keeping the remaining search parameters at their
default settings, we aimed to exhaustively examine the potential ligands that satisfied the specified
criteria.?%

Obtaining 3D Structures of Reference Drugs Lopinavir and Ritonavir

The SDF files for lopinavir's (CID: 92727) and ritonavir's (CID: 392622) 2D structures were acquired from
the National Centre for Biotechnology Information's PubChem database.?2l Utilizing Accelrys
Discovery Studio Visualizer (DSV), conversion from the two-dimensional representation to their
respective three-dimensional structures was carried out with high accuracy. This involved translating the
chemical structures into their three-dimensional conformations. Energy minimization was performed
using the same protocol for the receptor molecule to ensure the structural integrity and optimize the
conformation of the inhibitors. This step aimed to refine and stabilize the 3D structures of lopinavir and
ritonavir by aligning their conformations for further computational analyses and modeling.[1421.22

Utilizing AutoDock Vina for molecular docking

The MCULE online drug discovery platform, which incorporates AutoDock Vina, facilitates molecular
docking simulations between 3CLPRO and ligands sourced from SBVS. To begin these simulations, a 3D
structure of the protein in PDB format was submitted to AutoDock Vina port on the MCULE platform.
To ensure the reliability of docking results, a grid size was set to encompass the specific binding pocket
of the protein./?24

Docking parameters were left at their default values, including exhaustiveness and the number of
binding variants per ligand. The free energy of binding (AG) was used to determine the best binding
position of ligand candidates within the 3CL™© binding site. In order to provide information about
possible binding affinities and orientations, this measure is essential in determining and prioritising the
best interactions between the ligands and the protein's binding crevice.[?>2¢

Evaluating potentially harmful moieties in screened ligands

An investigation was undertaken using the toxicity checker integrated within the MCULE resource
portal to identify toxic moieties, fragments, and substructures within the ligand hits. This assessment
used a stringent and comprehensive SMARTS algorithm to detect and flag any chemical components
within the virtually screened ligands that could pose risks to human health or the environment.!*]

Assessing absorption and permeation using the BOILED-Egg model

The anticipated ligands were tested for potential human intestinal absorption (HIA) and blood-brain
barrier (BBB) penetration using the SwissADME tool's BOILED-Egg model, also referred to as the Egan
Egg model. This model utilizes two key physicochemical features: WLOGP (with a reference value of <
5.88) for assessing lipophilicity and TPSA (with a reference value of < 131.6 A?) for evaluating apparent
polarity. The BOILED-Egg model provides a visual representation of the deviation of a molecule from
the optimal characteristics required for favorable absorption. This pictorial aid facilitates an
understanding of a molecule's proximity to the desired attributes for potential absorption into the human
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body, thereby aiding in the estimation of its likelihood for effective uptake and permeation across the
blood-brain barrier.[27-301

Evaluating medicinal chemistry characteristics

As part of the assessment of medicinal chemistry features, promiscuous compounds—also referred to as
frequent hitters—were identified by means of the SwissADME tools' Pan Assay Interference Structure
(PAINS) alert option. This procedure uses the Ruth Brenk alert to identify harmful moieties, dyes, and
unwanted substructures. This helps identify components of compounds that could interfere with assays
or have characteristics that are considered unsuitable for medicinal chemistry applications.3?!

Assessing stability via molecular dynamics simulation

Utilising GROMACS 5.1.2 at a molecular mechanics level (MM) of 300K, a series of computational
simulations were carried out to assess the stability of the optimal ligand-3CLP*® complex and the
reference medication, lopinavir-3CLFRC. Using the gmx grep programme, the ligands were separated
from the associated complexes. The force field characteristics and structural configuration of the selected
ligand hits were predicted using the CGenFF (CHARMM general force field) service.33%1 Additionally,
3CL™RO topologies were generated using the pdb2gmx modules of GROMACS 5.1.2. Every complex was
put inside a dodecahedron-shaped box with a 10-A margin of separation, filled with water molecules.
The steepest descent algorithm was then applied to them in a 250,000-step reduction phase. The system
temperature was then raised via the equilibration phase from 0 K to 300 K in 10 nanoseconds while
maintaining constant NVT and NPT conditions. After equilibration, a particle mesh was created using
the Ewald technique. Several GROMACS modules, including rms, rmsf, sasa, AGsolv, Rg, and HB, were
used to analyse the compounds' mobility and stability in order to look into the molecular dynamics.[36-3¢l
The following parameters provided valuable information regarding RMSD, SASA, Rg, and HB graphs of
the complexes, thereby facilitating a comprehensive assessment of their stability.

RESULTS

Structure-based virtual screening analysis

Utilizing the strict criteria set by Pfizer's Lipinski RO5, we extensively screened a vast library of
investigational ligands from the MCULE digital repository.l* Out of the initial 52,321,324 hits, 28,323,823
ligand hits exhibited substantial docking within the 3CLPR° binding pocket. Through a comprehensive
evaluation process, we prioritized the top 100 molecules based on their binding free energy.

After a rigorous toxicity assessment, 25 molecules were identified as potential candidates. As shown in
Figure 1, these SBVS hits were further refined based on the binding free energy (AG) and hydrogen bond
formations. After the screening procedure, two ligands with AG values of -8.19 kcal/mol and -8.04
kcal/mol, respectively, were found. These values were lower than or comparable to those of the control
medications, lopinavir and ritonavir.[11*]

Docking simulation and toxicity assessment of ligand hits

Using the MCULE ADV tool to perform a docking analysis of 3CLFRO, the binding affinities of all
virtually screened ligands and reference inhibitors, lopinavir and ritonavir, were assessed. The computed
binding free energy (AG) of the ligand hits varied between -9.33 kcal/mol and -8.78 kcal/mol.

A comparative analysis was performed between the docked complexes of the predicted ligands and
3CLPRO against the reference drugs lopinavir and ritonavir. Lopinavir displayed a AG value of -8.19
kcal/mol upon docking into the binding pocket of 3CL"0, engaging with 15 residues through four types
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of binding mechanisms, namely hydrogen bonding (HB), Van der Waals (Vdw), Pi-Cation, and alkyl
interactions (Figure 2).

Mcule Docking Comparison
Database With with known

3CLPRO inhibitor

52,321,324 Estimated Top 100 )
small count ligand hits 22 02 potential Best lead
molecules 28,323,823 (AG ) molecules Ilgand hits molecule

Rule of Five Toxicity Check

MD Simulation

Figure 1: Flowchart outlining the SBVS methodology employed in identifying the most promising lead molecule targeting the
3CLPRO of SARS-CoV-2.
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Figure 2: 2D representation of the molecular interaction between lopinavir (control) and 3CLFR°, showcasing engagement
through Vdw, two hydrogen bonds (HB), Alkyl, and Pi-Cation forces during protein-ligand docking.
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Figure 3: 2D representation of the molecular interaction between ritonavir (control) and 3CL®O, showcasing engagement
through Vdw, three hydrogen bonds, Pi-Alkyl, Pi-Anion, and Pi-Carbon forces during protein-ligand docking.
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Contrarily, when ritonavir was docked into the binding pocket of 3CLFR, it showed a AG value of -8.04
kcal/mol. It interacted with 19 residues via five distinct binding interactions, including hydrogen
bonding (HB), Van der Waals (Vdw), Pi-Alkyl, Pi-Anion, and Pi-Carbon interactions. (Figure 3).

After conducting the toxicity assessment, only 25 ligands emerged as potential drug candidates. Among
these, we proceeded solely with the hits exhibiting AG values equal to or lesser than the control drugs.
This stringent criterion led to identifying five molecules, as detailed in Table 1.

Table 1: Molecular interactions and binding affinity of the top five hit compounds and positive control with 3CLFRO.

Ligands 3CLrrO
AG (kcalmol) Types of molecular interactions

MCULE-2367618737 -9.33 Vdw, HB (3), CHB, Pi-Pi T-Shaped, and Pi-Alkyl
MCULE-2221338441 -8.78 Vdw, HB (3), CHB, Pi-Alkyl, Alkyl, Pi-Sigma, and Halogen (Fluorine)
MCULE-6231272498 -8.83 Vdw, HB (1), CHB, Pi-Pi T-Shaped, Alkyl, and Pi-Alkyl
MCULE-6906097724 -8.81 Vdw, HB (1), CHB, Pi-Alkyl, Pi-Anion, Pi-Carbon, and Pi-Pi Stacked
MCULE-1620403711 -9.18 Vdw, HB (3), CHB, Pi-Alkyl, and Halogen (Fluorine)

Lopinavir -8.19 Vdw, HB (2), Alkyl, and Pi-Cation

Ritonavir -8.04 Vdw, HB (3), Pi-Alkyl, Pi-Anion, and Pi-Carbon

Vdw: Van der Waals, HB: Conventional Hydrogen Bond, CHB: Carbon Hydrogen Bond

Assessment of Human Intestinal Absorption and Blood-Brain Barrier permeation via BOILED-Egg
filtration

As its designation suggests, the model differentiates between yellow and white regions, indicating their
predictive positions for significant Blood-Brain Barrier (BBB) penetration and Human Intestinal
Absorption (HIA) permeation. Among the three ligand hits, MCULE-2367618737, MCULE-2221338441,
and MCULE-1620403711 demonstrated three hydrogen bonds comparable to the potential control
molecule lopinavir. Consequently, these three hits and both control molecules were evaluated by
BOILED-Egg filtration.

MCULE-1620403711 and MCULE-2367618737 among them showed reasonable HIA permeation.
MCULE-2009284974 was the only chemical that showed no signs of HIA permeability or BBB
penetration. While the positive control drug and the ligand hits did not show BBB penetration, the
reference drug lopinavir did show significant HIA permeability. Furthermore, ritonavir did not fall into
the BBB or HIA prediction range of the model.

The BOILED-Egg prediction for the reference and ligand molecules is shown in Figure 4, where P-gp-
negative and P-gp-positive molecules are denoted by red and blue dots, respectively. This distinction
indicates that ligands that are P-glycoprotein substrates are ejected after BBB penetration, while ligands
that are not substrates may pass through the brain barrier.

Drug-likeness beyond Lipinski's Rule of Five

Small molecules hoping to become promising oral lead compounds had their drug-likeness evaluated
qualitatively using the Ghose, Veber, Egan, and Muegge criteria. Among these ligands, MCULE-
2367618737 did not comply with Ghose's two parameters. MCULE-2221338441 exhibited violations in the
Ghose, Veber, Egan, and Muegge rules, whereas MCULE-1620403711 adhered to all the discussed
criteria. The first control drug, lopinavir, displayed violations in the Ghose, Veber, and Muegge rules,
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and the second control drug, ritonavir, exhibited violations in the Ghose, Veber, Egan, and Muegge
criteria. However, all ligands and control molecules presented an Abbott BS value of 0.55, indicating
significant oral absorption characteristics, except for ritonavir (0.17), as presented in Table 2.

WLOGP

‘
J

7 Show Molecules Name

6

BBB
HIA
-] PGP+
'S (] PGP—
lopinavir

w

o
M(:ULE-2367618737-0,3,0l,l_E_2‘2"21333441 1 molecule out of range!

o
MCULE-1620403711-0-1

0 20 40 60 80 100 120 140 160 180 TPSA

Figure 4: The BOILED-Egg model assesses passive HIA permeation and BBB penetration of ligands alongside control molecules
lopinavir and ritonavir. MCULE-2367618737 and MCULE-1620403711, located in the egg white region, indicate HIA permeation,
while MCULE-2009284974 shows comparatively less HIA absorption. The reference drug, lopinavir, demonstrates substantial
HIA permeation, but neither the ligand hits nor the positive control drug exhibits BBB permeation. Additionally, ritonavir falls
outside the model's predicted HIA or BBB penetration range.

Table 2: Predicted drug-likeness beyond Lipinski's Rule of Five for ligands and control drugs.

Molecule Ghose Veber Egan Muegge Abbott BS
Violation(s)
MCULE-2367618737 2 0 0 0 0.55
MCULE-2221338441 2 1 1 1 0.55
MCULE-1620403711 0 0 0 0 0.55
Lopinavir (Control) 3 1 0 3 0.55
Ritonavir (Control) 4 2 1 4 0.17

Medicinal chemistry attribute assessment

The results of the assessment of medicinal chemistry attributes for the ligands and control drugs were as
follows: none of the ligands and control molecules displayed any alerts for PAINS, except for one Brenk
alert for MCULE-2221338441 and MCULE-1620403711. All molecules, including the reference drugs,
were found to have violations of lead-likeness, as presented in Table 3. Furthermore, the data on
synthetic accessibility indicated that the ligands were relatively easier to synthesize than control drugs.
Table 3, which offers a thorough examination of the medicinal chemistry characteristics of the ligands
and control medications, including their lead-likeness, synthetic accessibility values, and PAINS and
Brenk warnings, summarises the aforementioned findings.
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Table 3: Medicinal chemistry attributes analysis for ligands and control drugs

Molecule PAINS | Brenk Lead- Synthetic
alert alert | likeness | accessibility
MCULE-2367618737 0 0 1 3.65
MCULE-2221338441 0 1 1 4.86
MCULE-1620403711 0 1 2 4.39
Lopinavir (Control) 0 0 3 5.67
Ritonavir (Control) 0 0 3 6.45

Hydrogen bond analysis during molecular interactions

During the binding interactions with the target protein 3CLFRO, the reference drug ritonavir
demonstrated the presence of three conventional hydrogen bonds. Similarly, three ligand hits, MCULE-
2367618737, MCULE-2221338441, and MCULE-1620403711, exhibited three hydrogen bonds comparable
to the control molecule ritonavir. Notably, these ligands displayed robust binding affinities with more
negative AG values upon docking with the target protein residues.

The compounds with the highest number of hydrogen bonds and the strongest binding affinity, when
compared to the control molecules, were chosen for additional examination. MCULE-2221338441 was
excluded from consideration because of its low HIA permeation, according to the BOILED-egg model.
However, MCULE-2367618737 and MCULE-1620403711 displayed three hydrogen bonds in their
molecular interactions with 3CLPRO. As illustrated in Figure 5, MCULE-2367618737 connected with 16
residues through five different binding interactions: hydrogen bonds (HB), Van der Waals (Vdw),
carbon-hydrogen bonds (CHB), Pi-Pi T-Shaped, and Pi-Alkyl interactions. Its AG value was -9.33
kcal/mol. Similar to this, Figure 6 shows that MCULE-1620403711 interacted with 15 residues through
tive different binding interactions: Vdw, three hydrogen bonds, CHB, Pi-Alkyl, and Halogen (Fluorine)
interactions. It also revealed a AG value of -9.18 kcal/mol.
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Figure 5: 2D representation of the molecular interaction between MCULE-2367618737 and 3CL®°, showcasing engagement
through Vdw, 3HBs, CHB, Pi-Pi T-Shaped, and Pi-Alkyl forces during protein-ligand docking.

Assessing the stability of docked complexes via MD Simulation

In order to evaluate the stability of the complexes of the reference drug lopinavir and the top two ligand
hits (MCULE-2367618737 and MCULE-1620403711), we ran molecular dynamics simulations for 20 ns
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using the GROMACS software. To examine the stability of molecular interactions within the ligands and
protein-docked complexes, we plotted graphs representing RMSD, SASA, Rg, and HBs.[164041]

Interactions
D van der Waals I:I Halogen (Fluorine)
D Conventional Hydrogen Bond :I Pi-Alkyl

:l Carbon Hydrogen Bond

Figure 6: 2D representation of the molecular interaction between MCULE-1620403711 and 3CL"®°, showcasing engagement
through Vdw, 3HBs, CHB, Pi-Alkyl, and Halogen (Fluorine) forces during protein-ligand docking.

Root-mean-square deviation (RMSD) analysis
Using RMSD as a measure, the stability of the docked complexes was examined. The reference inhibitor
lopinavir (black), the expected ligand hits MCULE-2367618737 (red), and MCULE-1620403711 (green)
were found to have mean relative standard deviations of 0.27 nm, 0.19 nm, and 0.21 nm, respectively,
when complexed with 3CLPRO. The reference molecule lopinavir and other ligands with 3CL™° produce a
complex that is less stable than the one generated by 3CLPR® and MCULE-2367618737, according to the
RMSD plot (Figure 7).
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Figure 7: Time-dependent RMSD Plot. Black, red, and green denote values calculated for 3CLP*-lopinavir, MCULE-2367618737,
and MCULE-1620403711, respectively.

Solvent-accessible surface area (SASA) analysis
Figure 8 depicts the surface area of the protein exposed to the solvent molecules using the SASA plot.

Following the binding of lopinavir (black), MCULE-2367618737 (red), and MCULE-1620403711 (green),
the average SASA values associated with 3CLPRC were 16.22 nm?, 15.64 nm?, and 15.89 nm?, respectively.

Radius of gyration (Rg) analysis
Rg shows an inverse connection with compactness and is used as an indication of how compact docked

complexes are. For the docked complexes of lopinavir, MCULE-2367618737, and MCULE-1620403711, the
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average Rg values with 3CLFR® were found to be 2.21 nm, 2.12 nm, and 1.98 nm, in that order (as
depicted in Figure 9).
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Figure 8: Time-dependent SASA Plot. Black, red, and green denote values calculated for 3CLPRO-lopinavir, MCULE-2367618737,
and MCULE-1620403711, respectively.

2.5 T I T I T I T
z 2 ot o -
fn L ]
~ 15 —
1 1 | 1 | 1 I 1
0 5000 10000 15000 20000

Time (ps)

Figure 9: Time-dependent Rg Plot. Black, red, and green denote values calculated for 3CLFRO-lopinavir, MCULE-2367618737, and
MCULE-1620403711, respectively.

Hydrogen bond analysis during MD simulation

The hydrogen bond (HB) plot in Figure 10 illustrates the HB formation count, deformations, and stability
throughout the molecular dynamics (MD) simulations. This plot shows the docked complex involving
the reference drug, lopinavir, and protein 3CL™O. Furthermore, the nature of HB creation and
deformation during the 20 ns MD simulations for MCULE-2367618737 and MCULE-1620403711,
respectively, is depicted in Figures 11 and 12.
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Figure 10: HB Plot for 3CLPRO-]opinavir (control Figure 11: HB Plot for 3CLP®°- MCULE-
drug) complex 2367618737 complex
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Figure 12: HB Plot for 3CL"*°- MCULE-
1620403711 complex

DISCUSSION

The Lipinski's Rule of Five criterion from Pfizer was used in this study's stringent screening procedure to
tfind possible therapeutic candidates that target the 3CLPR© of SARS-CoV-2. From over 52 million initial
hits, 25 promising ligands emerged, and after further scrutiny based on the binding free energy and
hydrogen bond formation, five molecules stood out. These findings were crucial in narrowing the
selection to two lead ligands with remarkable binding affinities comparable to those of the control drugs,
lopinavir, and ritonavir.

Docking simulations and toxicity assessments revealed essential insights into how these ligands interact
with the 3CLPRC binding pocket. The structural interactions, illustrated in Figures 2 and 3, showcased the
bonding modes and residues engaged by lopinavir and ritonavir, providing a basis for comparison with
potential drug candidates.

Subsequent evaluation via the BOILED-Egg filtration model sheds light on the potential of ligands for
Human Intestinal Absorption (HIA) and Blood-Brain Barrier (BBB) penetration. Although the ligand hits,
including the control drugs, exhibited substantial HIA permeation, none penetrated the BBB, essential for
targeting viral infections in the central nervous system.

They assessed drug-likeness beyond Lipinski's Rule of Five, highlighting discrepancies in adherence to
various parameters. Despite some violations, the molecules, including lead candidates, displayed
significant oral absorption characteristics, indicating their potential as oral lead compounds.

Medicinal chemistry attribute assessments suggested promising features with minimal alerts for
problematic molecular structures (PAINS), although they showed lead-likeness violations. However,
their synthetic accessibility is comparatively favorable, providing a practical advantage for their potential
development.

Analysis of hydrogen bonding during molecular interactions emphasized the presence of three hydrogen
bonds in the lead candidates, a trait shared with ritonavir. These bonds and robust binding affinities
make the lead candidates MCULE-2367618737 and MCULE-1620403711 stand out, reinforcing their
potential as effective drug candidates.

Additional stability evaluation using Molecular Dynamics (MD) simulations gave important information
about the complexes that the reference medication lopinavir and the top two ligand hits generated. The
lead ligand, MCULE-2367618737, demonstrated exceptional stability in the docking complex with
3CL™RY, suggesting a more robust interaction than the reference molecule.

All these results highlight the potential of lead ligands as prospective therapeutic options against SARS-
CoV-2, especially MCULE-2367618737 and MCULE-1620403711. Despite limitations in BBB penetration,
their strong binding affinities, favorable oral absorption characteristics, and stability in interactions with
the target protein make them compelling candidates for further development and optimization of
potential drugs for COVID-19 treatment.
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CONCLUSION

Two promising lead candidates, MCULE-2367618737 and MCULE-1620403711, have emerged from a
thorough examination of compounds targeting the 3CLPRO of SARS-CoV-2. These candidates showed
notable binding affinities and robust molecular interactions similar to those of the approved control
medications, lopinavir and ritonavir. However, they cannot cross the blood-brain barrier, limiting their
potential for targeting viral infections in the central nervous system. Despite this limitation, these lead
compounds possess favorable medicinal chemistry attributes, synthetic accessibility, and stability in
complex formation with 3CL™9, as determined by Molecular Dynamics (MD) simulations. These
attributes make them promising drug candidates for further development and optimization. These lead
compounds offer promising drug development prospects against SARS-CoV-2, given their significant
binding affinities and adherence to critical drug development criteria. Further studies and optimization
processes can build on these foundational elements to develop effective therapeutics to combat COVID-
19.
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