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ABSTRACT 

Objective: The present study aimed to design and computationally evaluate pyrimidine-based ring derivatives as potential inhibitors of SARS-CoV-2 
papain-like protease (PLpro). 

Methods: To find the binding affinity between designed compounds and papain-like protease (PLpro) was used molecular docking. Binding free 
energy and complex stability were verified using molecular mechanics–generalized born surface area (MM-GBSA) simulations. Additionally, the 
QikProp tool was used to estimate the absorption, distribution, metabolism, and excretion (ADME) characteristics of substances.  

Results: Docking analysis showed that compound 2 had a glide score of-5.31 kcal/mol, comparable to the co-crystal (-2.10 kcal/mol). Key 
interactions with Ile548, Ser549, Ala550, Arg836, Asp833 and Ser814 contributed to its stability. Binding free energy analysis revealed that 
compound 2 (-74.24 kcal/mol).  

Conclusion: Compound 2 demonstrated potential interactions with papain-like protease (PLpro), comparable to the co-crystal. These findings 
suggest that compound 2 is a promising lead candidate for SARS-CoV-2 (PLpro)-targeted therapy, warranting further preclinical and biological 
validation. 
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INTRODUCTION 

At the end of 2019, for the first time, SARS-CoV-2 was identified, which was the reason for COVID-19, which was dangerous for the world [1]. 
According to who this virus has caused over 6 million deaths. In each country, hundreds of people have been affected. Presently, vaccines and anti-
viral drugs are available, but new variants of SARS-CoV-2 are still coming to the market. Because of the limitations of available treatments, must 
prepare a new anti-viral drug [2]. SARS-CoV-2 virus belongs to coronaviridiae family and this contains a big RNA genome. This gene is responsible 
for virus replication and escaping easily from our body’s immune system because of its structure and the presence of proteins inside the virus, 
which give signals. In this virus, a very important protein is present, which is papain-like protease (PLpro). PLpro will break viral poly proteins; 
these viral poly proteins help in developing needy functional units for the virus [3]. It will not only do this act on ubiquitin but also remove ubiquitin, 
which is present on host cell protein which suppresses IIR response. Because of viral replication and immune suppression, PLpro is one of the most 
important targets. On PLpro, few scientists have done research using the drug that they have invented, which showed limited efficacy, and the 
remaining drugs are still under investigation [4]. Although several PLpro inhibitors have been reported, including the well-known lead compound 
GRL-0617, their further development has been limited by moderate potency, suboptimal pharmacokinetic properties, and poor oral bioavailability. 
In this context, the present study focuses on the design of pyrimidine-based scaffolds aimed at achieving improved drug-like properties, enhanced 
oral bioavailability, and a potentially favorable resistance profile compared to existing PLpro inhibitors. So, designing inhibitors that contain better 
binding affinity and improved pharmacological properties is essential. It can effectively inhibit PLpro, virus replication capacity and the ability of 
the virus to escape from the immune system can be suppressed to a great extent [5]. Because of this, the viral load in the patient is reduced, and 
there is also a chance of inhibiting disease severity. In this study, we will target SARS-CoV-2 papain-like protease (PLpro) (PDB id 7D4F) using in 
silico approaches, including molecular docking and drug likeness prediction analysis. Despite the identification of PLpro as a promising antiviral 
target, no PLpro-directed drugs have yet advanced to clinical approval, and most reported inhibitors have stalled at early discovery or preclinical 
stages due to limitations related to binding efficiency, oral bioavailability and toxicity concerns. The novelty of the present study lies in the rational 
exploration of pyrimidine-based scaffolds as PLpro inhibitors, focusing on their binding interactions, predicted oral bioavailability, and safety profile. 
Compounds demonstrating favorable binding affinity, acceptable ADME properties, and low predicted toxicity are proposed as promising 
candidates for further chemical synthesis and subsequent in vitro biological evaluation, thereby providing a systematic pathway for advancing 
PLpro inhibitor development. This study reports a novel pyrimidine-based PLpro inhibitor featuring a 5-methyl-2,6-dioxo-pyrimidine core linked to a 
phenoxy-N-phenylacetamide framework. Unlike reported PLpro inhibitors such as GRL0617 that rely on peptidomimetic or naphthalene scaffolds, the 
present design adopts a non-peptidic, drug-like architecture to enhance stability and binding adaptability. The uracil-like pyrimidine moiety offers 
improved hydrogen-bonding interactions with the PLpro active site, while the phenoxy–acetamide linker provides structural flexibility, representing 
a clear structural advancement over existing PLpro inhibitors. 

MATERIALS AND METHODS 

Preparation of ligands 

The structures of ten different ligands (supplementary data 1) were processed using the ligPrep module in the maestro molecular modelling 
software, utilising the OPLS3 force field. Determining the appropriate protonation states of molecules under physiological conditions can be 
complex. To address this, the Epik module in the Maestro suite was employed to accurately predict the protonation states of strained molecules 
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based on text-mining analyses. Additionally, this module generated stereoisomers of the compounds at the physiological pH range (7.4±0.4). 
Understanding the protonation states of these molecules provides valuable insights into their interactions with proteins and other small molecules 
within biological systems. 

Protein preparation 

The protein data bank (PDB) provided the protein structural data that was needed for our investigation. The target protein that was chosen has 326 
residues in total, and utilised the PDB ID: 7D4F structure that is associated with the target protein. Using the default parameters included in the 
maestro protein preparation module, was pre-processed the complete protein structure. The prime module in maestro was used to recreate the 
loops, atoms, and side chains that were absent from the protein backbone. Ramachandran plot generated by Schrodinger 2023-4 and analysis has 
shown that 99% of the total residues are in permitted locations. The stereochemical quality of the prepared (PL<sup>pro</sup>) (PDB ID: 7D4F) 
structure was evaluated using the Ramachandran plot. The majority of amino acid residues were observed in the favored (red) and additionally 
allowed (yellow) regions, confirming correct backbone geometry and proper folding of the protein. Only a very small fraction of residues was 
located in the disallowed regions, which is within acceptable limits and does not significantly affect the overall protein stability. The distribution 
pattern indicates that the protein adopts a stable and energetically favorable conformation, thereby validating its suitability for molecular docking 
and further in silico studies [6, 7] as shown in fig. 1.  

 

 

Fig. 1: Ramachandran plot of SARS-CoV-2 (PL<sup>pro</sup>) (PDB ID: 7D4F) showing the distribution of φ and ψ torsion angles, 
confirming conformational stability of the prepared structure 

 

This attests to the manufactured protein structure's dependability and structural quality. In addition, was estimated the impact of water molecules 
on the catalytic domain using molecular modelling. The generating a grid box centered on the co-crystallized ligand binding site. A cubic grid of 20 Å 
was constructed at the coordinates X =-34.12, Y = 18.32, Z = 46.76, encompassing the catalytically relevant region of the protein [8]. This grid served 
as the docking space for subsequent virtual screening studies. A visual representation of the defined docking grid is shown in fig. 2. 

 

 

Fig. 2: Grid box generation for molecular docking at the catalytic active site of the papain-like protease (PLpro) of SARS-CoV-2 (PDB ID: 
7D4F). The docking grid (20 Å × 20 Å × 20 Å) was centered on the catalytic triad residues, defining the active-site pocket used for docking 

calculations 
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Molecular docking 

Molecular docking was conducted using the Schrödinger suite 2023-4, specifically the glide module in the (extra precision) (XP) mode, to predict 
ligand interactions within the catalytic site of the target protein. The selected molecules, along with the papain-like protease (PLpro) substrate, 
were docked using glide to generate poses with high docking scores. Glide’s scoring function evaluates retrieved conformations to assign docking 
scores [9]. For each molecule, ten bioactive conformers were generated by placing sequences within the catalytic site of ten co-crystallized 
molecules. Docking simulations were carried out using the XP visualizer in the maestro molecular modeling suite, a grid-based docking program, to 
identify optimal binding poses in the papain-like protease (PLpro) catalytic site. Genetic algorithms and docking algorithms were utilized to refine 
and select the most suitable conformations based on top docking scores. The selected target protein (PDB ID: 7D4F) and the identified molecules 
were used as inputs for molecular docking. The XP visualiser program was utilised to analyse the docking results for molecular docking. The Glide 
module was used for all docking simulations, and XP mode was used throughout the whole procedure [10]. The scaling factor for target enzyme 
molecules was set at 0.8, and the partial atomic charge threshold was set at 0.15. The best docked complex was chosen after docking, taking into 
account the glide docking ratings. Finally, XP visualiser was utilised once more for the in-depth examination of the protein–ligand interactions found 
in the chosen docked configurations [11]. 

Binding free energy calculations using prime MM-GBSA 

Using the Prime MM-GBSA method included in Schrödinger suite 2023-4, was determined the binding free energy of each protein-ligand 
combination. This method's capacity to incorporate various energy contributions allows us to evaluate binding affinity in a thorough manner [12]. 
Prim MM-GBSA will combine molecular mechanics energies with implicit solvation models to determine the binding free energy. This procedure 
involves several crucial phases. In order to minimise energy, was first employed the OPLS3e force field. This force field was specifically created to 
accurately simulate biomolecular interactions. The implicit solvation model VSGB 2.0 (variable dielectric generalised born) was used to take 
solvation effects into account [13]. This model will depict hydrophobic effects, self-contact interactions, and hydrogen bonding in detail. In the MM-
GBSA approach, binding free energy is calculated using the summation of three main components surface area term hydrophobic effects are mostly 
represented by this. Implicit solvation is taken into consideration by generalised born solvation energy. Van der waals and electrostatic interactions 
are captured by molecular mechanics energy. The free energy of each protein and ligand will be deducted from the total free energy of the protein–
ligand complex in order to estimate the binding energy [14]. This computation will provide important information regarding the strength and 
stability of the ligand-target interaction. In addition, the MM-GBSA technique incorporates physics-based adjustments to handle interaction effects 
not represented by traditional energy terms. The dependability of binding affinity predictions will rise as a result of these improvements, enabling 
more accurate assessment of ligand-protein interactions. 

Calculations of ADME 

It was predicted that the pharmacokinetic characteristics for the protein-ligand complexes, namely ADME, would be determined using Schrödinger 
Suite 2023-4. When needed, homology modelling was used homology modelling to construct protein structures, or experimentally resolved data. 
Ligand molecules were created using typical molecular modelling procedures. The QikProp module included in Schrödinger's Prime program was 
utilised for ADME prediction [15]. The OPLS3-2005 force field was used to precisely simulate molecular interactions. It is a revised version of the 
optimised potentials for liquid simulations (OPLS3) force field and is well known for its improved ability to predict molecular characteristics and 
protein–ligand behaviour. The VSGB 2.0 (variable solvent generalised born) solvation model was used to mimic the solvation environment by taking 
into account the dynamic character of the solvents in biological systems. Proteins and ligands were pre-processed utilising Schrödinger preparation 
techniques, which also included energy minimisation towards physiological pH and the assignment of suitable protonation states. Next OPLS3-2005 
force field was used to further minimise protein–ligand interactions in order to get low-energy conformations. Finally, ADME characteristics such as 
oral absorption, excretion, metabolism, and permeability using QikProp [16]. This will provide us with trustworthy estimates derived from 
empirical models that have been verified. 

RESULTS 

Molecular docking results and analysis 

Using the Papain-like protease (PLpro) crystal structure Schrödinger Suite 2023-4 was used to conduct molecular docking investigations. By using a 
virtual screening technique, the root mean square deviation (RMSD) of ligand conformations was guaranteed to be less than 1.5 Å when compared 
to the co-crystallised structure. Lipinski's rule of five was used to exclude functional groups that had negative impacts on interactions between 
ligands and proteins. When assessing docking outcomes, Glide XP-docking settings were taken into account. This is significant since it contains the 
glide score, e-model, van der Waals energy (Evdw), coulomb energy (Ecoul) and total docking energy (Eenergy). The docked ligands binding orientation, 
interaction strength, and binding efficiency were rigorously examined based on these factors table 1. 

 

Table 1: The XP-docking scores for compounds 1-10 in the (PLpro) catalytic pocket (PDB ID: 7D4F) 

Compound Glide score 
(kcal/mol) 

Glide van der waals 
(kcal/mol) 

Glide coulomb 
(kcal/mol) 

Glide energy 
(kcal/mol) 

Glide E-
model 

1 -3.81 -30.86 -7.17 -38.04 -51.95 
2 -5.31 -26.79 -13.33 -40.12 -54.07 
3 -4.05 -29.80 -11.75 -41.56 -56.07 
4 -3.85 -32.86 -11.82 -44.09 -56.55 
5 -2.63 -30.30 -11.57 -41.87 -54.95 
6 -4.13 -34.84 -10.21 -45.05 -62.19 
7 -3.11 -30.41 -11.86 -42.28 -54.40 
8 -3.51 -32.94 -8.04 -40.48 -51.38 
9 -3.71 -28.94 -8.36 -37.30 -49.66 
10 -2.46 -31.69 -11.75 -43.44 -59.37 
Co-crystal -2.10 -23.73 -1.09 -24.67 -30.88 
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Glide Score = overall docking score; van der Waals = steric/hydrophobic interactions; Coulomb = electrostatic interactions; Glide Energy = sum of 
van der Waals and Coulomb energies; E-model = docking pose ranking score. More negative values indicate stronger binding affinity. (Docking 
calculations were performed using Glide (Schrödinger Suite 2023-4) in Extra Precision (XP) mode). 

 

All of the compounds exhibited favourable binding activity, according to the docking study results, able it a small number of compounds 
outperformed the conventional medication co-crystal ligand in terms of efficacy. Significantly, compounds 2, 3, and 6 had the greatest glide scores-
5.31 kcal/mol,-4.05 kcal/mol, and-4.13 kcal/mol, respectively which show strong binding affinity. Despite having more negative glide scores (–3.85, 
–3.11, –3.51 kcal/mol, and –3.71 kcal/mol), compounds 4, 7, 8, and 9 also demonstrated strong binding potential. However, compounds 5 and 10, 
with glide scores of –2.63 kcal/mol and –2.46 kcal/mol, respectively, demonstrated weaker binding interactions. The scores for the standard co-
crystal ligand glide were-2.10 kcal/mol, respectively, which were significantly more negative than those of the compounds under examination. 
Compound 2 in particular displayed the strongest interaction characteristics of all the chemicals. Van der waals energy (E_vdw) = –26.79 kcal/mol, 
Coulomb energy (E_coul) = –13.33 kcal/mol, total docking energy (E_energy) = –40.12 kcal/mol, and e-model (G_emodel) score = –54.07 kcal/mol 
were found in this. 

 

Table 2: Binding free energy (MM-GBSA) contribution (kcal/mol) for compounds 1–10in the (PLpro) complexes 

Compound ΔG<sub>bind</sub>(kcal/mol) Coulomb 
energy 
(kcal/mol) 

H-bond energy 
(kcal/mol) 

Lipophilic energy 
(kcal/mol) 

Generalized 
energy 

van der 
waals 
(kcal/mol) 

1 -44.26 -50.31 -1.22 -18.80 2.92 -41.21 
2 -74.24 -53.10 -1.67 -18.56 2.68 -40.28 
3 -42.21 -53.16 -1.39 -16.62 2.26 -40.75 
4 -35.29 -38.74 -2.19 -16.42 1.54 -34.99 
5 -50.92 -41.23 -1.97 -13.34 4.12 -36.55 
6 -72.39 -60.70 -2.09 -21.15 3.67 -46.16 
7 -60.73 -59.09 -2.30 -18.82 2.32 -36.28 
8 -44.70 -45.32 -1.62 -16.11 2.75 -33.88 
9 -54.68 -47.66 -1.82 -21.10 2.23 -34.61 
10 -52.33 -37.35 -1.71 -16.13 2.86 -36.37 
Co-crystal -54.50 -58.66 -2.12 -17.57 2.42 -37.91 

ΔG<sub>bind</sub>= binding free energy calculated without inclusion of the entropy (−TΔS) contribution; (more negative indicates stronger 
enthalpy-driven binding); Coulomb = electrostatic interactions; H-bond = hydrogen bonding contribution; Lipophilic = hydrophobic interactions; 
van der Waals = steric contribution. 

 

Comparing all the results table 2 compound 2 emerges as the most promising compound showing comparable or even superior binding affinity on 
papain-like protease (PLpro) when compared with the co-crystal ligand. Because of this, it is identified as a strong lead candidate for further in-depth 
computational and experimental studies. Compound 2 had a binding free energy of-74.24 kcal/mol. The major contributions of hydrophobic energy 
(Lipo –18.56 kcal/mol), van der waals energy (–40.28 kcal/mol), and coulombic energy (–53.10 kcal/mol) are responsible for this favourable 
binding. Combining all of this makes compound 2's great binding potential very evident. In the same way, compound 6 had a similar binding free 
energy of-72.39 kcal/mol. Notably, the hydrophobic contribution (–21.15 kcal/mol) and van der waals energy (–46.16 kcal/mol) were relatively 
smaller, but the coulombic energy contribution was greater (–60.70 kcal/mol). Co-crystal ligand demonstrated more negative binding free energy 
of-54.50 kcal/mol, respectively. Out of all the chemicals examined, only compound 2 had the highest binding affinity. It should be noted that the 
MM-GBSA ΔGbind values may be overestimated due to exclusion of the entropy term (−TΔS); therefore, these energies are interpreted only for 
relative ranking of compounds rather than absolute binding affinity. Its promise has been strengthened by its designation as a promising candidate 
for more in-depth research, since it demonstrated equivalent or even better performance than a co-crystal ligand. 

Hydrogen bonding and amino acid interactions 

The hydrogen bond interactions between each molecule and the amino acid residues found in the catalytic pocket of papain-like protease (PLpro) 
(PDB ID: 7D4F) were thoroughly discussed in fig. 3. The stability and binding affinity of the protein-ligand complexes are significantly influenced by 
these hydrogen bonding interactions. In addition to having a substantial impact on overall molecular interactions, this will also have a considerable 
impact on the compounds' potential inhibitory efficacy. 
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Fig. 3: Compounds 2D Interaction diagrams in the PLprocatalytic pocket 1-10 with Co-crystal (The diagrams illustrate key molecular 
interactions, including hydrogen bonds, hydrophobic contacts, and π–π or π–cation interactions formed between the ligands and catalytic 

site residues) 

 

Ligand–protein interaction analysis 

The hydrogen bond interactions between the designed ligands and the active site residues of SARS-CoV-2 papain-like protease ((PLpro), PDB ID: 
7D4F) are summarized in table 4. Most ligands displayed favorable hydrogen bonding within the catalytic pocket, supporting their potential 
inhibitory activity. Compound 2 established seven hydrogen bonds within the PLpro active site, primarily mediated through its carbonyl (C=O), 
hydroxyl (–OH), and amine (–NH) functional groups. The carbonyl oxygen acted as a hydrogen bond acceptor with the backbone NH of Ile548 and 
Ala550, while the hydroxyl group formed hydrogen bond donor interactions with Ser549 and Ser814. In addition, the amine moiety participated as 
a hydrogen bond donor toward Asp833 and Arg836. These residues (Ile548, Ser549, Ala550, Asp833, Arg836, and Ser814) serve as key anchoring 
residues, collectively stabilizing Compound 2 within the catalytic pocket and contributing significantly to its enhanced binding affinity. 

Compounds 4, 5, 7, and 10 also formed multiple hydrogen bonds (five each) with residues such as Lys593, Thr591, Arg836, Asp865, and Gln815, 
further supporting their high binding affinity. Frequent interactions were observed with critical residues, including Lys593, Arg836, Asp865, 
Thr591 and Gln815, which play a significant role in substrate recognition and catalysis of (PLpro). These residues were consistently targeted by the 
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designed ligands, suggesting that they contribute substantially to ligand anchoring and inhibitory potential. Nirmatrelvir is shown only for contrast 
and was not considered as a PLpro docking control. Overall, the interaction profiles confirm that the designed compounds effectively engage key 
catalytic and structural residues of (PLpro), thereby reinforcing their therapeutic potential against COVID-19. 

 

Table 4: Hydrogen bond interactions between designed ligands and active site residues of (PL<sup>pro</sup>) (PDB ID: 7D4F) 

Compound No. of H-bonds Interacting residues Type of interaction 
1 3 Arg555, Arg836, Ser549 C=O, O hydrogen bond 
2 7 Ile548,Ser549,Ala550,Arg836,Asp833,Ser814 C=O,OH,NH hydrogen bond 
3 4 Gln815,Asp865,Lys593,Thr591 NH, C=O hydrogen bond 
4 5 Lys593, Thr591,Arg836,Asp865,Gln815 NH and C=O hydrogen bonds 
5 5 Thr891,Lys593,Arg836,Glu815,Asp865 NH and C=O hydrogen bonds 
6 4 Thr891,Lys593,Asp865,Gln815 NH and C=O hydrogen bonds 
7 5 Thr891,Lys593,Gln815,Asp865,Arg836 NH and C=O hydrogen bonds 
8 3 Arg555,Arg836,Asp865 NH,O,C=O hydrogen bond 
9 3 Arg555,Arg333,Arg836 C=O hydrogen bond 
10 5 Thr591,Lys593,Gln313,Arg836,Asp363 C=O and NH hydrogen bonds 
Co-crystal - - - 

H-bond interactions were identified from 2D interaction diagrams generated using Schrödinger Maestro. Key residues such as Lys593, Thr591, 
Arg836, Asp865, and Gln815 were consistently involved in ligand anchoring, confirming their crucial role in stabilizing the ligands within the PLpro 
active site of SARS-CoV-2. 

 

ADME study results 

The assessed the pharmacokinetic behaviour and safety profiles of the drugs included in this study after examining the ADME characteristics of the 
ten compounds. Although table 4 summarises the data, a thorough explanation of their interpretation is provided here.  

 

Table 4: ADME Properties of compounds 1-10 

Compoun
d 

CNS 
activit
y 

SASA (Å²) H-
bond 
donors 

H-bond 
acceptors 

logP<sub>o/
w</sub> 

logHER
G 

Caco-2 
permeab
ility 

logBB
B 

Human 
oral 
absorpti
on (%) 

PSA 
(Å²) 

Rule of five 
violations 

1 -2 652.21 2 6 2.70 -4.41 287.81 -1.37 3 114.05 0 
2 -2 672.43 3 7 1.95 -4.04 286.96 -2.05 3 136.77 0 
3 -2 674.26 3 7 1.79 -4.03 274.63 -2.13 3 140.52 0 
4 -2 698.19 2 7 2.01 -4.35 234.07 -2.57 2 159.18 0 
5 -2 680.47 2 6 3.18 -4.32 284.86 -1.24 3 114.15 0 
6 -2 772.84 2 6 3.67 -5.55 308.44 -1.54 1 113.63 0 
7 -2 691.43 2 6 3.02 -4.13 289.48 -1.43 3 114.20 0 
8 -2 685.26 2 6 2.26 -4.13 285.99 -1.23 3 114.12 0 
9 -2 667.24 2 6 2.94 -4.38 291.11 -1.28 3 113.65 0 
10 -2 696.69 2 6 1.98 -4.26 259.54 -2.30 2 139.98 0 
Co-crystal -2 620.13 2 6 2.27 -4.56 267.89 -2.15 3 127.09 0 

CNS = central nervous system activity (−2 inactive to+2 active); SASA = solvent accessible surface area (300–1000 Å²); logP<sub>o/w</sub>= 
octanol/water partition coefficient (<5); logHERG = prediction of hERG inhibition (>−5 (lower = cardiotoxic risk); Caco-2 = intestinal permeability 
(>500 nm/s (high),<25 nm/s (low); logBBB = blood–brain barrier penetration (−1.0 to+0.5); PSA = polar surface area (<140 Å²); Rule of Five = 
Lipinski compliance (≤1 violation acceptable). 

 

ADME analysis indicated that all ten compounds exhibited very low predicted central nervous system (CNS) penetration, with CNS scores of −2. This 
score reflects limited blood–brain barrier permeability and suggests that the compounds are likely to act peripherally, which may be advantageous 
in minimizing potential CNS-related off-target effects rather than implying a complete absence of CNS side effects. The low predicted BBB 
penetration may help minimize CNS-related off-target effects; however, it does not completely rule out potential CNS involvement. The values of 
solvent accessible surface area (SASA) ranged from 652.21Å² to 772.84Å². Favourable surface interactions and efficient absorption potential are 
reflected in this. These compounds have two to three hydrogen bond donors and six to seven hydrogen bond acceptors, which provide information 
on the ideal hydrogen bonding capacity required for target engagement. It is clear that there is a good balance between membrane permeability and 
water solubility since lipophilicity (QPlogP) values ranged from 1.79 to 3.67. Likewise, the range of Caco-2 permeability values was 234.07 to 
308.44 nm/s. It is reasonable to assume that these chemicals may have improved intestinal absorption due to the greater levels. (No artificial 
intelligence (AI)–based tools were used at any stage of this study. All compound design, molecular docking, MM-GBSA calculations, ADMET 
predictions, and fig. preparation were performed using established, traditional molecular modeling and cheminformatics software only.) 

DISCUSSION 

Up to now, natural substances, repurposed medications, and artificial scaffolds have all been assessed potential SARS COV-2 protein inhibitors in 
several computational and experimental investigations. The inhibitory action of phycobilins, phytochemicals, and food-derived bioactive on Mpro 
and PLpro has been shown in earlier investigations. Its docking scores were between-9.8 and-7.6kcal/mol [17]. Amentoflavone, gallocatechin 
gallate, theaflavin-3, and 3-digallate are examples of plant-derived chemicals that have demonstrated successful binding with PLpro. Simulations 
using molecular dynamics further verified the stability of these compounds [18]. Our pyrimidine-based compounds have more negative docking 
scores when was compare all of these. Compounds 2 and 6 are-5.31 and-4.13kcal/mol, respectively. However, the most important thing to take into 
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account is that the compounds Asp164 and Gln269, which are the catalytic residues of PLpro, have demonstrated strong hydrogen bonding. This 
form of interaction will resemble the binding mode seen in crystallographic ally verified inhibitors such as GRL-0617. This structural mimicry aligns 
with the earlier PLpro structural investigations. These investigations have demonstrated the significance of substrate recognition sites (S3/S4 and 
Sub2) for ligand binding [19]. The conformational entropy term (−TΔS) was not included in the MM-GBSA binding free energy calculations due to 
the high computational cost associated with normal mode analysis. Therefore, the reported ΔG_bind values represent enthalpy-dominated estimates 
and may overestimate the actual binding affinity. Also discovered that the stated MM-GBSA binding free energy for previous hit compounds ranged 
from-15.8 to-36.6 kcal/mol. However, found extremely high negative MM-GBSA binding free energy values for our compounds, such as Compound 2 
=-74.24 kcal/mol and Compound 6 =-72.39 kcal/mol. More binding affinity and improved thermodynamic stability are indicated by this. This is also 
in line with current flexible docking and interaction finger-based computational techniques that have shown a high biological activity connection 
with PLpro inhibitors [20]. Prior repurposed antiviral medications, such as lopinavir and ritonavir, have issues with low oral absorption and 
bioavailability when viewed from a pharmacokinetic standpoint. Our developed pyrimidine compounds, on the other hand, adhere to Lipinski's rule 
of five, exhibit good intestinal permeability, and have minimal CNS penetration, all of which contribute to their superior drug like profile. This 
overcomes the known limits of previous repurposed antivirals and promotes broad-spectrum antiviral scaffolds, which are essential for addressing 
issues like viral mutations. Nevertheless, the relative ranking remains meaningful and consistently indicates stronger predicted binding for 
Compounds 2 and 6 compared with the other evaluated compounds. These results are comparable to those of previously reported PLpro inhibitors 
such as GRL0617. In particular, GRL0617 has been reported to exhibit key interactions with the Tyr268 region within the substrate-binding pocket 
of PLpro. Similarly, the present pyrimidine-based compound demonstrates stable interactions with the same critical region, suggesting that it 
represents a structurally viable alternative to established PLpro inhibitors [21]. Our pyrimidine-based derivatives are either equivalent or exhibit 
greater performance in docking, binding affinity, and ADMET parameters when compared to natural molecules, repurposed medicines, and 
synthetic scaffolds. Since the entropy contribution (−TΔS) was not included in MM-GBSA calculations, the absolute ΔGbind values are likely 
overestimated. Hence, the present analysis focuses on comparative binding trends and relative ranking of the designed compounds rather than their 
absolute binding strengths. Because of this, these findings establish pyrimidine scaffolds as viable lead options for the development of PLpro-
targeted SARS-CoV-2 antivirals. 

CONCLUSION 

In this study, novel pyrimidine-based compounds targeting the papain-like protease (PLpro) of SARS-CoV-2 using an in silico approach. Molecular 
docking, MM-GBSA binding free energy calculations, and ADMET profiling indicated that compounds 2 and 6 exhibit favourable (more negative) 
binding energies, predicted thermodynamic stability, and acceptable pharmacokinetic properties when compared with the co-crystallised reference 
ligand. The proposed ligands formed key hydrogen bond interactions with essential catalytic residues of PLpro, supporting their potential binding 
relevance. Although these findings are derived from computational analyses and should be interpreted cautiously, they highlight the pyrimidine 
scaffold, particularly compound 2, as a promising candidate for further experimental validation through in vitro enzymatic inhibition assays and 
antiviral activity studies. 
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