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A B S T R A C T

Remdesivir, a C-nucleotide prodrug binds to the viral RNA-dependent-RNA polymerase (RdRp)
and inhibits the viral replication by terminating RNA transcription prematurely. It is reported in
literature that interaction between the C-1’β–CN moiety of Remdesivir (RDV) and the Ser861
residue in RdRp enzyme, causes a delayed chain termination during the RNA replication process
and is one of the important aspect of its mechanism of action. In the pursuance of increasing the
biological activity of RDV and enhancing the SAR studies, against RNA viruses, we have designed
its fourteen C1’β substituted analogs, 10 –23 bearing 4/5-membered heterocyclic rings. The
docking and 100 ns molecular dynamics (MD) simulations of 10-23 to the RdRp protein (PDB ID:
7L1F) revealed important interactions between 2’,3’-diol, oxo group of phosphoramidate, ni-
trogen residues of heterocyclic rings of synthetic molecules with Arg555, Arg553, Ser759,
Cys622, Asn691, Asp623 amino acid residues of protein. The docking score of 2-ethylbutyl ((S)-
(((2R,3S,4R,5R)-5-(4-aminopyrrolo[2,1-f][1,2,4]triazin-7-yl)-3,4-dihydroxy-5-(1H-1,2,3-triazol-
4-yl)tetrahydrofuran-2-yl)methoxy)(phenoxy)phosphoryl)-L-alaninate, 11 was found to be the
higher than RDV among 14 new compounds i.e. -5.20 kcal/mol. Out of 3 compounds, 10, 12 and
13 submitted for MD simulations and Molecular Mechanics Poisson-Boltzmann Surface Area
(MMPBSA) analysis, trifluoro-oxadiazole derivative, 13 showed higher binding energy as
compared to Remdesivir. The predicted ADMET properties of 14 compounds showed their po-
tential for being drug candidates. The present study suggests that substitution at the C1’β position
by 4/5-membered rings plays an important role in the interactions between nucleoside/tide and
target protein.
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1. Introduction

New viruses threaten human survival as had been encountered in the recent COVID-19 pandemic [1,2]. Exploring small-molecule
drugs presents a viable and prompt approach to counter such threats. Nucleoside/tide derivatives have been promising in the search of
anti-viral drug candidates [3,4]. WHO has recommended the usage of Remdesivir, a C-nucleotide, for mild to moderate COVID-19
cases for patients at risk of hospitalization [5,6]. Inspired by Remdesivir’s efficacy, there has been an extensive effort in the devel-
opment of small-molecule inhibitors of SARS-CoV-2 since the outbreak in 2019 [7–9]. Computational tools have played a pivotal role
in search of small-molecules targeting relevant proteins important in the SARS-CoV-2 machinery [10]. Molecular docking com-
plemented by MD simulations reveal repurposed molecules targeting SARS-CoV-2 proteins.

The RNA-dependent RNA polymerase (RdRp) is a highly studied target of various nucleotide drugs due to its conserved binding site
across different viruses [11,12]. It is responsible for the replication of RNA strand using an RNA template strand, which must be
avoided to decelerate viral replication. Following the cryo-EM elucidation of SARS-CoV-2 RdRp structure [13], Cramer’s group re-
ported that a steric clash between the C-1′β -CN substituent and S861 amino acid residue of nsp12 causes a translocation barrier to the
RNA strand formation [14]. Recently, Taylor and Johnson et al. observed that the addition of four covalently bonded Remdesivir
monophosphate molecules to the reconstructed cryo-EM complex ofRdRp, RNA primer, and template strands, exhibits a delayed chain
termination [15]. A comparative computational study between Remdesivir, Ribavirin, and Favilavir portrayed a more favourable
binding interaction of Remdesivir and RdRp which mimicked interactions between ATP molecule and RdRp [16]. Additional reports
by various theoretical chemists point to the hypothesis that Remdesivir binds strongly to the RdRp protein [17,18]. Due to its essential
role in viral replication, RdRp is an attractive target for anti-SARS-CoV-2 drug discovery and various molecules are known to effective
target this protein (Fig. 1) [19–23].

Remdesivir is a C-nucleotide containing a C-C bond between the nucleobase and the ribose ring, thus making the C-glycosyl bond
stable towards enzymatic degradation [24,25]. C-nucleosides have been extensively researched in the last decade with the majority of
modifications on the nucleobase [26–32]. In an elaborative work, Gilead Sciences led the drug discovery program to identify potential
1,1′-disubstituted C-nucleosides/tides showing moderate inhibitory activity against the HCV virus [33]. These compounds contained a
nitrile group at the 1′β position and a methyl group at the 2′ position [34]. Mackman et al. conducted a study wherein they screened
~1000 molecules out of which, novel C-nucleosides bearing 1′-CN group and their phosphoramidate derivatives showed potent
antiviral activity against Ebola virus, Hepatitis C virus and Respiratory synctical virus (Fig. 2) [35].

A number of researchers investigatedRdRp inhibitors as one of the target to inhibit virus growth, but till date not much success was
achieved. Our research focuses on proposing novel derivatives featuring C-1,1′ disubstitution on ribonucleoside/tide and under-
standing its impact on ligand-receptor interactions. In the present manuscript, we focussed on select 4/5-membered heterocyclic rings,
which have not been studied previously on RdRp. These heterocycles have a rigid framework and can form significant H-bonds or
aromatic pi-pi interactions in the binding pocket of RdRp. Previously our lab synthesized C-1,1′ substituted ribonucleoside/tide an-
alogs containing tetrazole, triazole, and 1,2,4-oxadiazole, a few showing inhibition of SARS-CoV-2 infection at micromolar concen-
trations in Calu-3 cell lines [36]. In the present work, computational investigations were conducted on the binding of proposed C-1,1′
disubstituted ribonucleotides to the RdRp enzyme to elucidate the effects of moieties at the C-1,1’ β position of the RDV framework
(Fig. 3). The current research aims to uncover the potential benefits of these modifications in different nucleoside analogs for
combating RNA viruses. The results obtained with modified remdesivir analogs clearly suggests that designed compounds showed
enhanced binding affinity, inhibitory constant (Ki), reduced toxicity and comparable anti SARS-CoV-2 activity with remdesivir.

Fig. 1. Small-molecules targeting RdRp enzyme.
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2. Result and discussion

We docked the proposed compounds 10–23 on the RdRp protein (PDB id: 7L1F) at the ligand binding site, containing the critical
catalytic residues of nsp12 i.e.: Asp618, Phe753, Asn767, Ser759, Asp760, and Asp761 which is conserved in most of the RNA viruses
and compared their docking scores with that of Remdesivir (RDV) (Table 1). The 14 compounds showed a docking score in the range of
− 3.18 to − 5.32 kcal/mol, of which compound 11 showed docking score of − 5.20 kcal/mol close to that of RDV. All the compounds
were observed to interact with the residues at the catalytic sites of nsp12 i.e. between Asn611-Met626 and between Phe753 - Asn767
[37]. The docking scores and binding scores were also calculated using Autodock and the docking scores of proposed derivatives were
found to be better than RDV. The binding constant, Ki is an important parameter which determines the affinity of the molecule for the
binding cavity and that for compounds 10, 11, 12, 14 and 17 were found to be better than RDV. Thus, the proposed derivatives have
the potential of increased binding affinity compared to that of RDV.

Our results suggest that RDV forms hydrogen bonds via its 2′,3′-diol group and –NH2 of the nucleobase with the side chain’s hy-
droxy group of Ser759 and Tyr619 of RdRp enzyme respectively (Fig. 4A). In addition to it, we observed the H-bond interaction
between the oxygen (on the P=O group) and the side chain of NH2 group of Arg555 which is part of the crucial catalytic diad (Fig. 4).
Whereas, compound 10 interacts via the tetrazole -NH group to the carboxylate group of Asp623 along with the carboxylate of Asp760,
hydroxy group of Ser759, and carboxamide group of Asn691 (Fig. 4B). Triazole derivative, 11, was seen to have a characteristic π-π
interaction and hydrogen bond with the side chain of NH2 group of diad Arg555 and Arg553 respectively and the triazole ring is
exposed to the solvent-accessible part of the protein (Fig. 4C). The oxadiazole 12 interacts with the side chain of NH2 group of Arg553,
Arg555, and SH group of Cys622 via its phosphoramidate group (Fig. 4D). The amino group on the nucleobase forms hydrogen bonds
with the hydroxy group of Ser682 residue. 13 forms fewer hydrogen bonds with the hydroxy group of Ser759 and carboxamide group
of Asn691 residues (Fig. 4E). The tetrazole derivative (10), methyl-substituted 1,2,4-oxadiazole (12), and trifluoromethyl-substituted
1,2,4-oxadiazoles (13) were chosen as representative compounds for MD simulation studies using GROMACS 2019.4. Present study
aims to provide a detailed understanding of how these specific compounds interact with the RdRp protein at the molecular level.

Fig. 2. 1,1′-disubstituted anti-viral C-nucleotides synthesized by Mackman et al.

Fig. 3. Proposed derivatives for this work.
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Table 1
Docking scores of synthesized C1′β analogs of
Remdesivir. aDocking score of compounds 10–23,
RDV obtained from Glide.

S. Cardoza et al.



Heliyon 10 (2024) e36786

5

Various structural order parameters, including Root mean square deviation (RMSD), Root mean square fluctuation (RMSF), Radius
of gyration (Rg), and Solvent accessible surface area (SASA), were assessed for RdRp and its complexes (Fig. 5). RMSD measures the
root mean square deviation, crucial for understanding macromolecular conformational changes during simulation. RdRp protein’s
backbone-RMSD reached equilibrium with an average deviation of approximately 0.4 nm. RdRp complexed with RDV stabilized
within 25 ns and remained stable until 100 ns (Fig. 5A). Complexes 10, 12, and 13with RdRp exhibited average RMSD values ranging
from~0.31 to ~0.39 nm, reaching equilibrium within 20 ns. These RMSD values indicate that the proposed models occupy favourable
spatial positions within the receptor’s binding pocket.

The Rg parameter determines the compactness of the complex, aiding in understanding any significant changes in the structural
integrity. RdRp and its complex with RDV maintained consistent Rg values (RdRp: 3.16 ± 0.02 nm; RdRp-RDV: 3.15 ± 0.01 nm)
(Fig. 5B). Complexes with ligands 10, 12, and 13 exhibited Rg values ranging from 3.14 ± 0.01 nm to 3.17 ± 0.01 nm. No significant
differences were observed in comparison to the apo protein and RDV-RdRp complex.

S. Cardoza et al.
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SASA provides critical information regarding the surface area of a protein that is accessible to solvent molecules in molecular
dynamics (MD) simulations. It offers insights into the protein’s interactions with its surrounding environment, such as water mole-
cules. Changes in SASA values over the course of a simulation can indicate alterations in the protein’s conformation, folding, or in-
teractions with ligands, which are crucial for understanding its stability and behaviour [38]. All complexes and unboundRdRp protein
showed nominal deviations in SASA, suggesting stable dynamics (Fig. 5C). Average SASA values observed were: RdRp (445.93± 6.24
nm), RdRp-RDV (454.50± 8.50 nm), Complex 10 (455.26 ± 6.50 nm), Complex 12 (446.57 ± 5.61 nm), Complex 13 (451.46± 4.93
nm).

The molecular dynamics simulations of protein-ligand complexes and unbound protein maintained stable conformations
throughout the simulation. Minimal structural changes or denaturation occurred under the simulation conditions.

The RMSF analysis provides insights into the average fluctuations of amino acid residues within the protein structure. High RMSF
values suggest certain residues undergo significant fluctuations (i.e. deviations from their average positions), often observed in ter-
minal residues and loops, indicating lower structural stability. Conversely, lower RMSF values indicate rigidity and stability, with
residues experiencingminimal deviations from their average positions. In our study of theRdRp protein, RMSF quantification revealed
an average value of ~0.15 nm, indicative of a stable secondary structure (Fig. 6). However, complexes bearing ligands exhibited RMSF
values ranging from 0.16 to 0.34 nm, suggesting varying degrees of flexibility within the complexes.

The time evolution plots of no. of hydrogen bonds between protein and RDV analogs were computed, showing the no. of H-bonds
between RDV analogs proposed in present work and RdRp within each time frame. RDV formed an average of ~2 hydrogen bonds

Fig. 4. 2D representation of docked poses and binding interactions of A) RDV, B) 10, C) 11, D) 12, E) 13.
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from 0 to 40 ns, increased to ~3 bonds from 40 to 70 ns, and then decreased back to ~2 bonds from 70 to 100 ns (Fig. 7). Specifically,
the binary complex of compound 10-RdRp, carrying a tetrazole-moiety showed an average of ~6 hydrogen bonds from 0 to 75 ns and
~2 bonds from 75 to 100 ns. Similarly, the oxadiazole bearing compound 12-RdRp complex, maintained consistent hydrogen bonding
throughout the simulation, while compound 13-RdRp complex carrying -CF3 substituted 1,2,4-oxadiazole exhibited fluctuating
hydrogen bond formation. Overall, the analysis suggests that tetrazole-incorporated compounds tend to form more hydrogen bonds
within equilibration states.

MD simulations generate vast amounts of data regarding the positions and motions of atoms over time. PCA (Principal component
analysis) reduces high-dimensional data into a smaller set of principal components (PCs), which represent the most significant modes
of motion in the system. This simplification makes it easier to analyze and interpret the data. The Free energy surface (FES) plots allows
for the simultaneous exploration of both the structural variability (captured by PCA) and the associated free energy landscape.

In Fig. 8A-E, the x and y axes typically represent the principal components (PC1 and PC2, principal component 1 and 2), which
capture the most significant modes of motion. The color or contour lines represent the free energy landscape, with lower energy regions
corresponding to more stable or favored conformations, and higher energy regions indicating less stable or less populated states. By
overlaying the FEL onto the PCA plot, researchers can visualize how the energy landscape correlates with the structural dynamics
captured by PCA. The energy basins represent clusters of similar conformations with low potential energy. Narrow energy barriers
between basins indicate easy transitions, while higher barriers suggest less frequent transitions requiring more energy. The RdRp
explores a broad conformational space, effortlessly transitioning between states within energy basins along PC2 with a small energy
barrier of <3 kcal/mol (Fig. 8A). In contrast, the RDV complex with RdRp navigates a narrower space, hinting at a strongly bound
ligand-protein interaction due to a single minimum and a 5 kcal/mol transition barrier (Fig. 8B). Similarly, the 10-RdRp complex
displays stable transitions within a confined conformational space, with a transition energy of <2 kcal/mol (Fig. 8C). Conversely, the
12-RdRp complex showcases a broader space than RDV-RdRp, with multiple energy basins and <4 kcal/mol transition barriers
(Fig. 8D). The 13-RdRp complex exhibits an even wider space, with <3 kcal/mol barriers (Fig. 8E). These findings imply stronger
binding energetics of tetrazole and oxadiazole substituted compounds with the protein similar to Remdesivir. Further analysis,
including binding affinity measurements and biological assays, are crucial to confirm these predictions and assess drug-like properties
for potential development.

TheMM-PBSA (Molecular Mechanics Poisson-Boltzmann Surface Area) analysis provides a detailed understanding of the energetics

Fig. 5. A) Root Mean Square Distance (RMSD) of RdRp and complexes of RDV, 10,12 AND 13 with RdRp, B) Radius of gyration (Rg) of RdRp and
complexes of RDV, 10,12 and 13 with RdRp C) Solvent accessible surface area (SASA) of RdRp and complexes of RDV, 10,12 and 13 with RdRp.
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of protein-ligand binding at the atomic and residue level. It helps to identify key residues that are crucial for ligand binding and can
guide further research into drug design, optimization, and the study of protein-ligand interactions [38,39]. Remdesivir (RDV) and 13
have comparable binding energies during the entire duration, whereas 10 and 12 have higher binding energy (Fig. 9). The average

Fig. 6. RMSF of RdRp and its complexes with ligands.

Fig. 7. Time-evolution plot of hydrogen bonds formed between ligands and the protein.
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binding energy in the last 50 ns for RDV, 10, 12, and 13 were found to be − 60.90 kcal/mol, 8.40 kcal/mol, 0.090 kcal/mol, − 75.89
kcal/mol.

The 1′β substitution was seen to have a favourable impact on the binding energy for the prodrugs. MMPBSA calculations do not take
into effect the entropy factor and positive ΔG may be observed due to it.

QikProp 3.1-Schrodinger, a widely utilized tool, facilitates the prediction of absorption, distribution, metabolism, and excretion
(ADME) properties, making it a good choice in pharmaceutical research for high throughput screening. Predictions of ADME properties
were conducted for the proposed molecules (Table 2), aiding in the assessment of their druggability [40].

The solvent-accessible surface area (SASA), in this case is indicative of the extent of contact between solvent and molecule, larger
SASA often correlates with better absorption and distribution of the drug in the body, as it indicates increased surface area for
interaction with biological membranes, which typically ranges from 300.0 to 1000.0 Å2. All compounds show values greater than 800

Fig. 8. The 2D plot of the Free Energy Landscape of proposed complexes and protein A) RdRpmodel B) RDV-RdRp complex, C) 10-RdRp complex,
D) 12-RdRp complex and E) 13-RdRp complex.
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Å2 which is indicative of good profile. Fully Occupied Solvent Accessible Surface Area (FOSA) represents the maximum surface area
that solvent molecules can occupy around the compound and assess the solvation behaviour of the compounds, falls within 311–535
Å2. Except compound 16, all other RDV analogs FOSA values suggest that these compounds will be able to cross cell membrane.
Additionally, hydrophilic component (FISA) which indicates drugs affinity for water molecules suggesting its solubility and pi
component (PISA) that is indicative of the pi-electron surface area of the molecule which helps in aromatic interactions were predicted
to be within acceptable ranges (7.0–33.0 Å2 and 0.0–450.0 Å2, respectively). The weakly polar component of SASA (WPSA) and
volume enclosed by the solvent-accessible molecular surface of compounds were found to be in acceptable range as well. These
findings collectively suggest promising drug profiles for the compounds in solvation behaviour. However, brain-blood partition co-
efficients for most compounds slightly exceeded the acceptable range of − 3.0 to 1.2, indicating potential central nervous system entry.
Prediction results indicated acceptable human intestinal absorption capacity for all compounds except 10 and 11. Overall, the pre-
dicted pharmacokinetic data supports the viability of these compounds for further development as antiviral agents.

The toxicity profiles were also estimated for the proposed derivatives using an open-source software ADMETSAR (Table 3) [41].
ADMETSAR serves as an invaluable resource for researchers in pharmaceutical science, offering a comprehensive platform for the
prediction of crucial drug properties such as absorption, distribution, metabolism, excretion, and toxicity (ADMET). Drawing from an
extensive compilation of over 200,000 meticulously curated data points sourced from scientific literature, ADMETSAR provides
comprehensive insights into the ADMET profiles of nearly 96,000 unique compounds and new compounds based on the structural
similarites. We reported here the probability of proposed derivatives being AMES toxic, carcinogenic and acute oral toxic. Log HERG

Fig. 9. Plots of binding energy (kcal/mol) and simulation time (ps) for prodrugs.

Table 2
Pharmacokinetics properties of 14 analogs (10–23) of Remdesivir.

Compounds SASA FOSA FISA PISA WPSA volume logBB logKhsa % HOA

10 911.96 339.41 305.09 266.42 1.04 1760.80 − 3.74 − 0.83 9.72
11 936.54 348.12 285.46 300.70 2.28 1782.72 − 3.64 − 0.67 16.78
12 956.18 441.87 244.39 269.05 0.88 1834.01 − 3.18 − 0.63 39.45
13 972.78 339.10 237.79 269.36 126.54 1870.18 − 2.81 − 0.56 44.84
14 912.05 337.63 249.50 324.13 0.79 1758.11 − 3.13 − 0.76 36.39
15 979.61 347.18 314.86 315.32 2.25 1846.39 − 4.20 − 0.94 21.80
16 1024.96 535.74 222.62 265.70 0.90 1994.76 − 3.053 − 0.33 49.41
17 843.86 311.44 227.14 305.27 0 1719.26 − 2.58 − 0.49 43.63
18 805.58 329.19 161.78 314.58 0.04 1692.68 − 1.82 − 0.55 55.91
19 893.94 427.92 199.38 266.63 0 1758.73 − 2.48 − 0.41 51.82
20 861.73 391.81 196.94 272.45 0.53 1736.87 − 2.34 − 0.56 49.12
21 926.82 411.79 199.34 259.79 55.90 1804.76 − 2.43 − 0.25 54.88
22 904.66 440.06 234.35 230.25 0 1774.24 − 2.89 − 0.25 32.46
23 896.11 393.07 248.55 248.74 5.74 1817.51 − 2.89 − 0.72 36.45
RDV 874.89 346.16 252.23 275.63 0.87 1692.62 − 3.13 − 0.68 36.75

[Range: SASA (300.0–1000.0), FOSA (0.0–750.0), FISA (7.0–330.0), PISA (0.0–450.0), WPSA (0.0–175.0), volume (500.0–2000.0), logBB (− 3.0 to
1.2), log Khsa (− 1.5 to 1.5), %HOA (>80%-high; <25%-poor)].
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was predicted using Qikprop. The models used have been given a probability output and based on it proposed derivatives have been
predicted to be non AMES-toxic and non carcinogenic. Proposed derivatives including Remdesivir have been predicted to be slightly
toxic and classified under class III for acute oral toxicity. "Log HERG K″ denotes the logarithm of the half-maximal inhibitory con-
centration (IC50) values concerning a compound’s interaction with the human Ether-à-go-go-Related Gene (hERG) potassium ion
channel. This channel is vital for regulating the heart’s electrical activity, and compounds that obstruct hERG channels may induce
cardiac arrhythmias and other cardiovascular issues. Evaluation of HERG K+ channel blockers’ potential toxicity through forecasted
IC50 values indicated no increase in toxicity due to newly added fragments in the RDV structure.

3. Conclusion

In summary, docking score = − 5.20 kcal/mol of compound 11 further supports its potential as an inhibitor of RdRp, which is
significant in the context of antiviral drug development, particularly for targeting RNA viruses like SARS-CoV-2. The Ki values of
10–14, 17,18, 20 and 21were observed better than remdesivir. Further experimental and computational studies may be conducted to
validate these findings and evaluate the potency of compounds as antiviral agents against RNA virus. MD simulations studies of
tetrazole 10, -CH3 substituted oxadiazole 12 and -CF3 substituted oxadiazole 13 proved that binary complex between these compounds
and RdRp got stabilized within first 20 ns with an RMSD range of 0.31–0.38 nm. Radius of gyration for the complexes of above 3
compounds with RdRp did not show major deviations revealing a stable binding interaction. The solvent accessible surface area did
not deviate much from the apo enzyme andRDV-RdRp complex. Therefore, the structural order parameters of the complex were found
to be consistent with that of RDV bound RdRp complex. The Free energy surface (FES) analysis too were found to show a stable
energetics for the binding of compounds. The MM-PBSA calculations of complexes reveal comparable binding energies of RDV and 13.
The complex between compounds 10, 12 and RdRp showed relatively higher binding energy than RDV during the 100 ns simulations
respectively. In conclusion, the positive outcomes from computational studies and analysis of drug likeliness properties of proposed
compounds provide strong motivation to continue exploring the potential of 1’ substitutions on RDV as a strategy for designing
effective inhibitors of RdRp.

4. Experimental section

4.1. Preparation of RdRp and compounds

The structure of the RdRp protein was retrieved from Protein Data Bank (PDB ID: 7L1F). The compounds including Remdesivir,
were built using Chemdraw Professional 16.0 by PerkinElmer and Chemdraw 3D. The docking studies were done in Schrodinger, LLC
using the Maestro interface [42]. The 7L1F was pre-processed followed by energy optimization and minimization using Schrodinger’s
protein preparation wizard. The receptor grid was prepared with the size of 72 Å × 72 Å x 88 Å around the 4 covalently bonded
Remdesivir monophosphates. 14 proposed compound structures were minimized using the LigPrep suite in Schrodinger.

4.2. Molecular docking of 14 proposed analogs of RDV to RdRp

Molecular docking was done using the Glide suite with extra precision in Schrodinger package (v 31207), retaining the chiralities
from the input 3D structures with possible ionizations at pH = 7.0 ± 2.0. Besides, molecular docking was also performed using
AutoDock which involved several key steps to predict the preferred orientation of a ligand bound to a receptor. First, the receptor’s 3D
structure was cleaned by removing non-standard residues and water molecules, with polar hydrogens added and Kollman charges
assigned. Ligands were prepared by adding Gasteiger charges and converting the structure to PDBQT format. The docking grid box was

Table 3
Predicted toxicity of 14 analogs (10–23) of Remdesivir.

Compounds Probability of AMES mutagenicity Probabilty of being Non-Carcinogen Probability of Acute Oral Toxicity Log HERGa

10 0.60 0.83 0.54 − 6.47
11 0.60 0.83 0.54 − 6.86
12 0.61 0.81 0.54 − 6.73
13 0.58 0.77 0.55 − 6.79
14 0.60 0.81 0.53 − 6.76
15 0.61 0.81 0.53 − 7.19
16 0.62 0.81 0.53 − 6.88
17 0.60 0.81 0.54 − 5.86
18 0.63 0.83 0.53 − 5.42
19 0.61 0.87 0.55 − 6.23
20 0.62 0.82 0.54 − 5.89
21 0.61 0.81 0.54 − 6.44
22 0.60 0.77 0.54 − 6.13
23 0.58 0.64 0.55 − 5.89
RDV 0.62 0.83 0.54 − 6.32

a logHerg (<− 5; concern).
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defined using AutoDock Tools (ADT) to encompass the receptor’s binding site. The Autogrid module generated grid maps, while the
Autodock module performed the docking simulation using specified parameters, typically involving the Lamarckian Genetic
Algorithm.

4.3. molecular dynamics of complexes of RdRp and compounds

Gromacs 2019.4 was used to build systems and conduct MD simulations for selected complexes using CHARMM36 forcefield and
transferable intermolecular potential 3P (TIP3P) [43] as water models. The parameters of selected compounds were generated from
the Swissparam website by Swiss Institute of Bioinformatics [44]. CHARMM36 forcefield was used for MD simulation of RdRp protein
without bound ligand.Water molecules were addedwithin the box shape of a dodecahedron with dimensions ~1 nm. 10 Na+ ions were
added to the system to neutralize the charges. The periodic boundary conditions were defined in x, y, and z directions, and the
electrostatic interactions were evaluated using Particle-mesh Ewald methods [45]. The system was minimized using a steep descent
algorithm for 50000 steps. Equilibration was first performed for 100 ps in the NVT ensemble followed by 100 ps in the NPT ensemble.
The simulations were run for 100 ns on a Graphics Processing Unit (GPU) server.

4.4. Molecular dynamics analysis of complexes of RdRp and compounds

The structural order parameters measured using GROMACS were root mean square distance (RMSD) of protein and ligand, root-
mean-square fluctuations (RMSF) for protein in complexes, solvent accessible surface area (SASA), Radius of gyration (Rg), and
hydrogen bond interaction (H-Bonds). The hydrogen bonds were defined with the distance cut-off = 3.5 Å angle cut-off = 30◦. Two
components PC1 and PC2 were taken into consideration for principal component analysis [46,47] and FES analysis was done using the
gmx-sham algorithm [48].

The principal component analysis (PCA) is the study of the collective motion of all atoms in the simulation [49]. It is known that the
function of proteins is dependent upon the collective motion of all their atoms. This collective motion is used as a parameter to observe
the stability of the protein. The large number of trajectories defined during MD simulations can be reduced to be visualized in an
orthogonal space. This space is defined by eigenvectors which are produced by diagonalization of the covariance matrix, Cij.

Cij = (xi − xj) (i,j = 1,2,3, …,3N)

where i and j are the pairs of the 3 N cartesian coordinates and xi and xj are instantaneous values of the i-th and j-th Cα atom,
respectively. This reduction method allows one to understand an overall change in protein conformation that occurs during the
simulation time. The 3-dimensional cartesian coordinates generated at each trajectory are mapped to the linear combination of
orthogonal vectors called principal components (PC1, PC2).

The Free energy surface provides details on the minimum conformations achieved by the entire system. This method helps in
identifying conformational transitions due to the protein-ligand binding interactions. The FES is plotted using the Boltzmann inversion
formula

G = -RTlnP

Where P is the probability distribution of PC1 and PC2.

4.5. Binding free energy estimation of complexes of RdRp and compounds

Molecular Mechanics Generalized Born surface area (g_MMPBSA) in GROMACS was used to estimate the binding energy of
complexes derived from MD trajectories [50]. It defines the molecular stability of the compound in the active site of the receptor.
ΔGbind, the binding energy of complex is:

ΔGbind. = ˂GCom > - ˂GR˃ - ˂GC˃

Where, GCom, GR, and GC are free energy of RdRp-compound complex, receptor, and compound respectively and terms within <, >
denote them as ensemble average.

4.6. ADMET properties of 14 proposed compounds (remdesivir analogs)

The properties and descriptors of analyzed structures were predicted using QikProp 3.1 from Schrodinger package (v 31207) [40].
QikProp was run in normal mode. The three-dimensional structures of compounds were prepared in LigPrep 2.2 using settings rec-
ommended in the QikProp’s user manual [51]. Surface area components and other ADMET values were predicted by the QikProp
module in Schrodinger for the following descriptors: total solvent accessible surface area (SASA: 300–1000), hydrophobic component
of the SASA (FOSA: 0.0–750.0), hydrophilic component of SASA (FISA: 7.0–300.0), π component of SASA (PISA: 0.0–450.0) and
weakly polar component of SASA (WPSA: 0.0–175.0), predicted IC50 value for blockage of HERG K+ channels, logHerg (<− 5; concern),
predicted brain/blood partition coefficient, logBB (− 3.0 to 1.2), prediction of binding to human serum albumin, log Khsa (− 1.5 to 1.5)
and predicted human oral absorption on 0 %–100 % scale, %HOA (>80%-high; <25%-poor). ADMETSAR was used to predict the
toxicity profile of the proposed derivatives of remdesivir [41].
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polymerase stalling by remdesivir, Nat. Commun. 12 (1) (2021) 279.

[15] J.P.K. Bravo, T.L. Dangerfield, D.W. Taylor, K.A. Johnson, Remdesivir is a delayed translocation inhibitor of SARS-CoV-2 replication, Mol. Cell. 81 (7) (2021)
1548–1552.
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