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Abstract

:

Methyltransferases (MTases) enzymes, responsible for RNA capping into severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), are emerging important targets for the design of new anti-SARS-CoV-2 agents. Here, analogs of S-adenosylmethionine (SAM), obtained from the bioisosteric substitution of the sulfonium and amino acid groups, were evaluated by rigorous computational modeling techniques such as molecular dynamics (MD) simulations followed by relative binding free analysis against nsp16/nsp10 complex from SARS-CoV-2. The most potent inhibitor (2a) shows the lowest binding free energy (–58.75 Kcal/mol) and more potency than Sinefungin (SFG) (–39.8 Kcal/mol), a pan-MTase inhibitor, which agrees with experimental observations. Besides, our results suggest that the total binding free energy of each evaluated SAM analog is driven by van der Waals interactions which can explain their poor cell permeability, as observed in experimental essays. Overall, we provide a structural and energetic analysis for the inhibition of the nsp16/nsp10 complex involving the evaluated SAM analogs as potential inhibitors.
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1. Introduction


In October 2022, the World Health Organization (WHO) reported over 600 million cases and over six million deaths since the beginning of the COVID-19 pandemic [1]. This disease is caused by the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), an enveloped β-coronavirus formed by a large and complex positive-sense single-stranded RNA genome [2]. Particularly, these viruses have one of the largest genomes of all RNA viruses. For SARS-CoV-2, its genome has ~29,800 bases, which are responsible encodes a total of 4 structural and 16 nonstructural proteins (named nsp1–nsp16), which are crucial for the virus survival [3,4]. Among these potential targets, some nonstructural proteins (nsps) which play key roles in RNA capping in coronavirus [5,6,7] have been used for drug design of anti-SARS-CoV-2 agents [8,9,10,11], once that RNA cap modification contributes to host cell defense as viral RNA lacking 2’-O methylation which is sensed and inhibited by the interferon-stimulated IFIT-1 protein [12].



Previous studies involving human and animal coronaviruses have demonstrated that the nsp16/nsp10 complex is responsible for the Cap-0 binding of mRNA due to its (Nucleoside-2′O)-methyltransferase activity [13]. Particularly, the activity of nsp16 is improved by the presence of nsp10, which plays a cofactor rule [8,14]. In the Cap-0 reaction mechanism, the nsp16 methylates the mRNA by transferring its methyl group from S-adenosylmethionine (SAM) donor to the unmethylated ribose 2’-O, obtaining RNA-2′-O-methylated and S-adenosyl homocysteine (SAH) [15,16].



Recently, Bobileva and co-workers [11] synthesized analogs of SAM as inhibitors of viral mRNA cap methyltransferases (MTases). They evaluated these new inhibitors into nsp14 and nsp16/nsp10 from SARS-CoV-2 and human glycine N-methyltransferase (GNMT), where five compounds show nanomolar to submicromolar IC50 values. However, these compounds did not show selectivity concerning human GNMT and have poor cell permeability. Therefore, understanding the inhibition mechanism of the nsp16/nsp10 complex is important for elucidating molecular details which can explain the source of no selectivity and poor cell permeability. Some computational studies have indicated that the origin of the catalytic effect of methyltransferases is mainly due to electrostatic preorganization [17,18,19,20,21]. Recently, our group has described the catalytic mechanism of the 2′-O methylation of the viral mRNA cap by applying Quantum Mechanics/Molecular Mechanics (QM/MM) with MD simulations [9]. Besides, recent computational studies have been published involving inhibitors of 2’-O-Methyltransferase from SARS-CoV-2 [22,23,24]. Overall, we aim to understand the determinants of nsp16/nsp10 inhibition by SAM analogs and provide insights into their poor cell permeability by performing powerful computational analysis.




2. Results and Discussion


2.1. Structural Analysis of MD Simulations and PCA Analysis


The structural stabilization for all nsp16/nsp10 systems is evaluated by using RMSD and RMSF plots computed by the CPPTRAJ program [25] (Figure 1A,B). In Figure 1A, the simulated nsp16/nsp10 systems show suitable convergence considering their respective average structures. These observations corroborate the computed RMSDs values: 1.4 ± 0.3, 1.7 ± 0.2, 1.7 ± 0.1, 2.6 ± 0.1, 1.6 ± 0.1 and 2.2 ± 0.1 Å for 1a, 2a, 2b, 4c, SAM and SFG systems, respectively. These results suggest that the SAM and its analogs systems were well equilibrated during MD simulation. Interestingly, 1a, 2a and 2b systems show RMSD values close to the SAM system, while SFG and 4c systems show the highest and most similar RMSD values (2.2 ± 0.1 and 2.6 ± 0.1 Å, respectively). From the RMSF analysis (Figure 1B), the values were: 0.7 ± 0.6, 0.8 ± 0.8, 0.7 ± 0.7, 0.7 ± 0.6, 0.7 ± 0.6 and 0.7 ± 0.8 Å for 1a, 2a, 2b, 4c, SAM and SFG systems, respectively. Although their respective standard deviations are on the same scale, mainly due to changes in the terminal region, the protein section which comprises amino acid residues from Asp125 to Phe150 shows a significant difference, which is more evident for Thr140 (2.4 and 2.5 Å for SAM and 2a, respectively). These structural analyses suggest that even small differences can be determinants for the binding of all evaluated compounds.



To better understand the collective and individual movements of the nsp16 structure, we applied PCA analysis for all simulated systems. It is also important to highlight that the nsp10 protein (cofactor) was not included in the PCA analysis, the discussion focus is on the nsp16 protein. All 200 ns of MD simulations were considered to obtain the protein movement, all analyzed systems were plotted using three combinations of the principal components (PCs): PC1 vs. PC2 (Figure 2), PC1 vs. PC3, and PC2 vs. PC3. PC plots for 1a, 2b, and 4c systems are provided in the Supplementary Materials file (Figure S1).



As can be observed in Figure 2, where the progress of the trajectory for all nsp16 protein systems is shown, each point of the plot means movement direction for the nsp16-SAM, nsp16-SFG, and nsp16-2a during the 200 ns of MD simulation. The clustering of the conformers in the PC1 vs. PC2 plot in SAM and SFG systems have a similar profile, which means similar conformational behavior during MD simulations, which could be associated with a small motion of the nsp16 structure. However, the 2a system shows a different profile for conformational changes during MD simulations, which can suggest induction caused by the 2a inhibitor into the catalytic site of nsp16.



As can be seen in Figure 3 and Table 1, for SAM and SFG systems residues Asp99, Asp114 and Asp130 maintain relevant hydrogen bonds with donor atoms from SAM and SFG structures. Particularly, Asp99 shows an occupancy percentage greater than 100%, it occurs due to the carboxylic group of Asp99 interacting with both hydroxyl groups of the furan ring present in SAM and SFG structure, which allow a suitable orientation for the catalytic reaction of nsp16/nsp10 complex [9]. Interestingly, the Asp130 residue does not show any hydrogen interaction with synthesized SAM analogs due to the absence of the aminobutanoate group in their structures. These results can provide a clue about the structural effects caused by modifications to SAM analogs, which will corroborate our energetic analysis.




2.2. Binding Free Energy and Residual Decomposition Analysis


As described in the Material and Methods section, relative binding free energies for all nsp16/nsp10 systems were performed using the MM/GBSA method [26,27,28] as implemented in MMPBSA.py [29] and are presented in Table 2. It should be highlighted that a single MD trajectory of the bound complexes was considered to compute the relative binding free energy (  Δ  G  b i n d    ), where the   Δ  E  i n t     term (in Equation (3)) is canceled due the energy differences are from the same MD ensemble [27,28].



The thermodynamic terms related to the binding free energy are listed in Table 2. As can be observed, van der Waals (  Δ  E  v d W    ) and non-polar (  Δ  G  S A    ) terms are the most consistent components for binding free energy, ranging from −51.2 to −41.8 Kcal/mol for   Δ  E  v d W     and from −6.8 to −5.9 Kcal/mol for   Δ  G  S A    . The calculated binding free energy   ( Δ  G  b i n d    ) values for SAM and SFG systems are −70.0 and −39.8 Kcal/mol, respectively, suggesting a most favorable bind for SAM, the natural substrate of the nsp16/nsp10 complex. As can be observed for the selected SAM analogs (1a, 2a and 2b), they have a lower   Δ  G  b i n d     (−46.8, −58.7 and −49.6 Kcal/mol, respectively) than the pan-MTase inhibitor (SFG, −39.8 Kcal/mol) which agrees with experimental evidence found by Bobileva et al. [11]. According to Bobileva et al. [11] compound 4c showed minimal activity (IC50 = 223 µM), the   Δ  G  b i n d     found was −30.1 Kcal/mol, the highest value among all simulated compounds. On the other hand, compound 2a has the lowest   Δ  G  b i n d     (−58.7 Kcal/mol) which agrees with the results found by Bobileva et al. [11]. Therefore, our applied computational strategy described the same binding tendency observed by Bobileva et al. [11] for the most potent compounds (1a, 2a and 2b) as well as for the inactive compound (4c).



Interestingly, the electrostatic (  Δ  E  e l e    ) and polar (  Δ  G  G B    ) term showed significant differences between SAM and SFG related to other compounds. For   Δ  E  e l e     values of SAM and SFG, we can see an increase from −370.4 to −83.5 Kcal/mol, respectively. However, the increase of   Δ  E  e l e     values for 1a, 2a and 4c (72.0, 34.8 and 98.8 Kcal/mol, respectively) are more evident. Among selected compounds, only 2b shows a negative value for   Δ  E  e l e     (−54.6 Kcal/mol). About the polar term, SAM, SFG and 2b show positive values (358.4, 94.8 and 63.2 Kcal/mol, respectively), while 1a, 2a and 4c compounds show negative values (−71.0, −38.8 and −74.9 Kcal/mol, respectively). Our results suggest that   Δ  E  e l e     and   Δ  G  G B     terms could be related to the cell permeability presented by SAM analogs in A549 cell line essays performed by Bobileva et al. [11].



A plot of a residual decomposition analysis of   Δ  G  b i n d     (Figure 4) was included to improve the energetic description of the features that contributed to the recognition and binding in all the nsp16 systems. In Table 3 any residue with values below −1.20 Kcal/mol was included as an important residue in the binding process.



As can be observed in Table 3, some important residues for the SAM binding as Tyr47, Gly73, Asp99 and Asp130 (−2.2, −1.8, −12.7 and −4.4 Kcal/mol, respectively) decrease significantly for SFG (0.0, −1.2, −6.1 and 0.3 Kcal/mol, respectively) and in others SAM analogs. Particularly, the carboxylic group of Asp99 maintains strong H bonds with both hydroxyl groups of the furan ring of SAM, which explain the high occupancy values shown in Table 3. By another hand, some residues, such as Asn43, Ser74, Lys76 and Met131 appear to be important to the binding of SFG and synthesized SAM analogs. Interestingly, for the 2a compound, Lys76 has the lowest interaction value (−10.4 Kcal/mol) among all computed systems, compensating for the increased interaction with Asp130, which indicates its great importance for the binding of the most active synthesized SAM analog, in agreement with Bobileva et al. results [11]. Our computational results suggest that modifications performed by Bobileva et al. [11] to the SAM analogs, although, have allowed new interactions with the catalytic site of nsp16, important interactions (e.g., Asp99 and Asp130) were drastically decreased according to MD and free energy analysis.





3. Computational Methods


3.1. System Setup and MD Simulations


Initially, we have chosen the nsp16/nsp10-SAM complex interacting with RNA from PDB code 6WKS [8] and well equilibrated from our previous nsp16/nsp10 study [9]. The 3D structures SAM and its analogs (SFG, 1a, 2a, 2b and 4c) (Figure 5) were in silico build and structurally minimized at the quantum mechanics (QM) level by applying the Hartree–Fock (HF) method with a 6-31G ** basis set and the RESP method [30] was used for the partial charges calculations carried out in the Gaussian09 package [31]. To estimate the protonation states of the titratable amino acid residues, a pKa calculation was performed using the PROPKA method [32] at pH 7. The ff14SB [33] was applied for the protein (nsp10 and nsp16) while GAFF [34] was used for the RNA part and SAM and its analogs. It is important to highlight that nsp10 is a zinc-binding protein, then Zinc AMBER force field (ZAFF) [35] parameters were used for the description of its metal center containing Zn2+ ions. Then, tleap module of the Amber20 program [36] was used to add protons of the protein (nsp10 and nsp16). Each system (nsp16-nsp10-X-m7GpppA-RNA; “X” means ligand) was immersed in a truncated octahedral cell of water molecules described by TIP3P [37] model, extending 8 Å away from the solute part. All technical procedures were detailed previously [9]. In all simulation stages, the particle mesh Ewald (PME) method was used to calculate the long-range electrostatic forces employing a nonbonded cutoff of 10 Å, and H-bonds were constrained by using the SHAKE method [38]. The PMEMD module of the Amber20 program [36] was used for all MM simulations.




3.2. Structural and Thermodynamic Analysis


The root-mean-square deviation (RMSD) and root-mean-square fluctuation (RMSF) of the backbone atoms (Cα, N, O, C) plots were computed to avail structural stabilization of all simulated systems, where the trajectories ensembles were fitted to the average structures from production stages by using the CPPTRAJ module [25]. Besides, the principal component analysis (PCA) approach [39,40] was applied to explore the local and collective movements of nsp16/nsp10 systems that occurred during the MD simulations



Thereafter, the CPPTRAJ module [25] was used to select 20 ns (a total of 2000 representative snapshots) from the production stage of the MD simulations for the binding free energy (  Δ  G  b i n d    ) calculations using the MM/GBSA approach [26,27,28], as implemented into the MMPBSA.py module [29] of AmberTools20. The main equations of the   Δ  G  b i n d     by MM/GBSA are computed as follows:


  Δ  G  b i n d   = Δ H − T Δ S = Δ  E  M M   + Δ  G  S O L V   − T Δ s  



(1)






  Δ  E  M M   = Δ  E  i n t   + Δ  E  e l e   + Δ  E  v d W    



(2)






  Δ  G  S O L V   = Δ  G  G B   + Δ  G  S A    



(3)




where   Δ  G  b i n d     is computed from the gas-phase MM energy (  Δ  E  M M    ), solvation energy (  Δ  G  S O L V    ) and the entropic term (  − T Δ S  ) (Equation (1)). The   Δ  E  M M     is the sum of the changes in the internal (bond, angles, and dihedral energies) (  Δ  E  i n t    ), electrostatic (  Δ  E  e l e    ) and van der Waals (  Δ  E  v d w    ) interactions (Equation (2)). As a single-trajectory scheme is applied for the   Δ  G  b i n d     calculations, the   Δ  E  i n t     is equal to zero. The   Δ  G  S O L V     includes the polar (  Δ  G  G B    ) and non-polar (  Δ  G  S A    ) energies for   Δ  G  b i n d     (Equation (3)). Due to the computational cost, the entropic term (  − T Δ S  ) was not included in the   Δ  G  b i n d     calculations [27,28]. Furthermore, a per-residual decomposition analysis was computed to provide insights into the relative contribution of the amino acid residues [26]. This method has been successfully used in SARS-CoV-2 drug design studies [9,41,42,43,44,45,46,47].





4. Conclusions


In this study, we have used MD simulations followed by structural analysis and binding free energy calculations to evaluate the key features of the inhibition of nsp16/nsp10 complex from SARS-CoV-2 by the SFG and new SAM analogs. Our results are in good agreement with the experimental evidence proposed by Bobileva et al. [11]. The most active compound (2a) shows the lowest binding free energy value (−58.7 Kcal/mol) among all SAM analogs, including the reference inhibitor, SFG. Interestingly, the significant interaction of 2a with Lys76 (−10.4 Kcal/mol) can suggest it is a key residue for the binding of this SAM analog and its good activity. Regarding the poor cell permeability results found for these new SAM analogs, our results suggest that it could be related to the positive values of electrostatic interactions computed by the MM/GBSA calculations. Finally, the insights provided by applied computational techniques here may be used as leads for further drug development based on SAM analogs as inhibitors of MTases from SARS-CoV-2.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/ijms232213972/s1.





Author Contributions


Conceptualization, W.S.Q. and J.R.A.S.; methodology, J.R.A.S.; software, A.M.B., E.L.S.A., C.H.S.C. and J.R.A.S.; validation, J.R.A.S.; formal analysis, W.S.Q. and J.R.A.S.; investigation, A.M.B., E.L.S.A., C.H.S.C. and J.R.A.S.; writing—original draft preparation, W.S.Q. and J.R.A.S.; writing—review and editing, W.S.Q. and J.R.A.S.; visualization, C.H.S.C. and J.R.A.S.; supervision, J.R.A.S.; project administration, J.R.A.S.; funding acquisition, J.R.A.S. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the National Council for Scientific and Technological Development. A.M.B. (process #88887.712684/2022-00) and E.L.S.A (process #88887.598552/2021-00) thank CAPES financial agency for providing scholarships during the development of this study. C.H.S.C (process #2013/08293-7) thanks FAPESP for financial support.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Acknowledgments


The work was granted access to the computational resources of the South African Centre for High-Performance Computing (https://www.chpc.ac.za/, accessed on 1 July 2022), the Hippo at the University of KwaZulu-Natal (https://astro.ukzn.ac.za/~hippo/, accessed on 1 July 2022) and the High-Performance Computing Center of Federal University of Pará (https://www.ccad.ufpa.br/, accessed on 1 July 2022). The authors thank PROPESP/UFPA for payment of the publication fee.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



WHO. COVID-19 Weekly Epidemiological Update. 2020. Available online: https://covid19.who.int/ (accessed on 30 October 2022).

	



Zhou, P.; Yang, X.L.; Wang, X.G.; Hu, B.; Zhang, L.; Zhang, W.; Si, H.R.; Zhu, Y.; Li, B.; Huang, C.L.; et al. A pneumonia outbreak associated with a new coronavirus of probable bat origin. Nature 2020, 579, 270–273. [Google Scholar] [CrossRef] [PubMed]

	



Wu, A.; Peng, Y.; Huang, B.; Ding, X.; Wang, X.; Niu, P.; Meng, J.; Zhu, Z.; Zhang, Z.; Wang, J.; et al. Genome Composition and Divergence of the Novel Coronavirus (2019-nCoV) Originating in China. Cell Host Microbe 2020, 27, 325–328. [Google Scholar] [CrossRef] [PubMed]

	



Snijder, E.J.; Decroly, E.; Ziebuhr, J. Chapter Three—The Nonstructural Proteins Directing Coronavirus RNA Synthesis and Processing. In Coronaviruses; Ziebuhr, J., Ed.; Academic Press: Cambridge, MA, USA, 2016; Volume 96, pp. 59–126. ISBN 0065-3527. [Google Scholar]

	



Bouvet, M.; Debarnot, C.; Imbert, I.; Selisko, B.; Snijder, E.J.; Canard, B.; Decroly, E. In Vitro Reconstitution of SARS-Coronavirus mRNA Cap Methylation. PLoS Pathog. 2010, 6, e1000863. [Google Scholar] [CrossRef]

	



Yadav, R.; Chaudhary, J.K.; Jain, N.; Chaudhary, P.K.; Khanra, S.; Dhamija, P.; Sharma, A.; Kumar, A.; Handu, S. Role of Structural and Non-Structural Proteins and Therapeutic Targets of SARS-CoV-2 for COVID-19. Cells 2021, 10, 821. [Google Scholar] [CrossRef]

	



Romano, M.; Ruggiero, A.; Squeglia, F.; Maga, G.; Berisio, R. A Structural View of SARS-CoV-2 RNA Replication Machinery: RNA Synthesis, Proofreading and Final Capping. Cells 2020, 9, 1267. [Google Scholar] [CrossRef]

	



Krafcikova, P.; Silhan, J.; Nencka, R.; Boura, E. Structural analysis of the SARS-CoV-2 methyltransferase complex involved in RNA cap creation bound to sinefungin. Nat. Commun. 2020, 11, 3717. [Google Scholar] [CrossRef] [PubMed]

	



Silva, J.R.A.; Urban, J.; Araújo, E.; Lameira, J.; Moliner, V.; Alves, C.N. Exploring the Catalytic Mechanism of the RNA Cap Modification by nsp16-nsp10 Complex of SARS-CoV-2 through a QM/MM Approach. Int. J. Mol. Sci. 2021, 23, 300. [Google Scholar] [CrossRef]

	



Anjum, F.; Mohammad, T.; Asrani, P.; Shafie, A.; Singh, S.; Yadav, D.K.; Uversky, V.N.; Hassan, M.I. Identification of intrinsically disorder regions in non-structural proteins of SARS-CoV-2: New insights into drug and vaccine resistance. Mol. Cell. Biochem. 2022, 477, 1607–1619. [Google Scholar] [CrossRef]

	



Bobiļeva, O.; Bobrovs, R.; Kaņepe, I.; Patetko, L.; Kalniņš, G.; Šišovs, M.; Bula, A.L.; Gri̅nberga, S.; Borodušķis, M.; Ramata-Stunda, A.; et al. Potent SARS-CoV-2 mRNA Cap Methyltransferase Inhibitors by Bioisosteric Replacement of Methionine in SAM Cosubstrate. ACS Med. Chem. Lett. 2021, 12, 1102–1107. [Google Scholar] [CrossRef]

	



Chen, Y.; Su, C.; Ke, M.; Jin, X.; Xu, L.; Zhang, Z.; Wu, A.; Sun, Y.; Tien, P.; Ahola, T.; et al. Biochemical and Structural Insights into the Mechanisms of SARS Coronavirus RNA Ribose 2′-O-Methylation by nsp16/nsp10 Protein Complex. PLoS Pathog. 2011, 7, e1002294. [Google Scholar] [CrossRef]

	



Decroly, E.; Imbert, I.; Coutard, B.; Bouvet, M.; Selisko, B.; Alvarez, K.; Gorbalenya, A.E.; Snijder, E.J.; Canard, B. Coronavirus Nonstructural Protein 16 Is a Cap-0 Binding Enzyme Possessing (Nucleoside-2′O)-Methyltransferase Activity. J. Virol. 2008, 82, 8071–8084. [Google Scholar] [CrossRef]

	



Aouadi, W.; Blanjoie, A.; Vasseur, J.-J.; Debart, F.; Canard, B.; Decroly, E. Binding of the Methyl Donor S-Adenosyl-l-Methionine to Middle East Respiratory Syndrome Coronavirus 2′-O-Methyltransferase nsp16 Promotes Recruitment of the Allosteric Activator nsp10. J. Virol. 2017, 91, 2217–2233. [Google Scholar] [CrossRef] [PubMed]

	



Hyde, J.L.; Diamond, M.S. Innate immune restriction and antagonism of viral RNA lacking 2′-O methylation. Virology 2015, 479–480, 66–74. [Google Scholar] [CrossRef]

	



Viswanathan, T.; Arya, S.; Chan, S.-H.; Qi, S.; Dai, N.; Misra, A.; Park, J.-G.; Oladunni, F.; Kovalskyy, D.; Hromas, R.A.; et al. Structural basis of RNA cap modification by SARS-CoV-2. Nat. Commun. 2020, 11, 3718. [Google Scholar] [CrossRef] [PubMed]

	



Araújo, E.; Lima, A.H.; Lameira, J. Catalysis by solvation rather than the desolvation effect: Exploring the catalytic efficiency of SAM-dependent chlorinase. Phys. Chem. Chem. Phys. 2017, 19, 21350–21356. [Google Scholar] [CrossRef] [PubMed]

	



Lameira, J.; Bora, R.P.; Chu, Z.T.; Warshel, A. Methyltransferases do not work by compression, cratic, or desolvation effects, but by electrostatic preorganization. Proteins Struct. Funct. Bioinform. 2015, 83, 218–330. [Google Scholar] [CrossRef] [PubMed]

	



Alves, N.; Lameira, J.; Roge, J.; Lima, A.H. Exploring Chloride Selectivity and Halogenase Regioselectivity of the SalL Enzyme through Quantum Mechanical/Molecular Mechanical Modeling. J. Chem. Inf. Model. 2020, 60, 738–746. [Google Scholar] [CrossRef]

	



Roca, M.; Andrés, J.; Moliner, V.; Tuñón, I.; Bertrán, J. On the Nature of the Transition State in Catechol O-Methyltransferase. A Complementary Study Based on Molecular Dynamics and Potential Energy Surface Explorations. J. Am. Chem. Soc. 2005, 127, 10648–10655. [Google Scholar] [CrossRef] [PubMed]

	



Świderek, K.; Tuñón, I.; Williams, I.H.; Moliner, V. Insights on the Origin of Catalysis on Glycine N-Methyltransferase from Computational Modeling. J. Am. Chem. Soc. 2018, 140, 4327–4334. [Google Scholar] [CrossRef]

	



Sulimov, A.; Kutov, D.; Ilin, I.; Xiao, Y.; Jiang, S.; Sulimov, V. Novel Inhibitors of 2′-O-Methyltransferase of the SARS-CoV-2 Coronavirus. Molecules 2022, 27, 2721. [Google Scholar] [CrossRef]

	



Eissa, I.H.; Alesawy, M.S.; Saleh, A.M.; Elkaeed, E.B.; Alsfouk, B.A.; El-Attar, A.-A.M.M.; Metwaly, A.M. Ligand and Structure-Based In Silico Determination of the Most Promising SARS-CoV-2 nsp16-nsp10 2′-o-Methyltransferase Complex Inhibitors among 3009 FDA Approved Drugs. Molecules 2022, 27, 2287. [Google Scholar] [CrossRef]

	



Bobrovs, R.; Kanepe, I.; Narvaiss, N.; Patetko, L.; Kalnins, G.; Sisovs, M.; Bula, A.L.; Grinberga, S.; Boroduskis, M.; Ramata-Stunda, A.; et al. Discovery of SARS-CoV-2 Nsp14 and Nsp16 Methyltransferase Inhibitors by High-Throughput Virtual Screening. Pharmaceuticals 2021, 14, 1243. [Google Scholar] [CrossRef] [PubMed]

	



Roe, D.R.; Cheatham, T.E. PTRAJ and CPPTRAJ: Software for Processing and Analysis of Molecular Dynamics Trajectory Data. J. Chem. Theory Comput. 2013, 9, 3084–3095. [Google Scholar] [CrossRef] [PubMed]

	



Srinivasan, J.; Cheatham, T.E.; Cieplak, P.; Kollman, P.A.; Case, D.A. Continuum Solvent Studies of the Stability of DNA, RNA, and Phosphoramidate−DNA Helices. J. Am. Chem. Soc. 1998, 120, 9401–9409. [Google Scholar] [CrossRef]

	



Genheden, S.; Ryde, U. The MM/PBSA and MM/GBSA methods to estimate ligand-binding affinities. Expert Opin. Drug Discov. 2015, 10, 449–461. [Google Scholar] [CrossRef]

	



Wang, E.; Sun, H.; Wang, J.; Wang, Z.; Liu, H.; Zhang, J.Z.H.; Hou, T. End-Point Binding Free Energy Calculation with MM/PBSA and MM/GBSA: Strategies and Applications in Drug Design. Chem. Rev. 2019, 119, 9478–9508. [Google Scholar] [CrossRef]

	



Miller, B.R.; McGee, T.D.; Swails, J.M.; Homeyer, N.; Gohlke, H.; Roitberg, A.E. MMPBSA.py: An Efficient Program for End-State Free Energy Calculations. J. Chem. Theory Comput. 2012, 8, 3314–3321. [Google Scholar] [CrossRef] [PubMed]

	



Wang, J.; Cieplak, P.; Kollman, P.A. How well does a restrained electrostatic potential (RESP) model perform in calculating conformational energies of organic and biological molecules? J. Comput. Chem. 2000, 21, 1049–1074. [Google Scholar] [CrossRef]

	



Frisch, M.J.; Trucks, G.W.; Schlegel, H.B.; Scuseria, G.E.; Robb, M.A.; Cheeseman, J.R.; Scalmani, G.; Barone, V.; Mennucci, B.; Petersson, G.A.; et al. Gaussian 09; Gaussian Inc.: Wallingford, CT, USA, 2009. [Google Scholar]

	



Sondergaard, C.R.; Olsson, M.H.M.; Rostkowski, M.; Jensen, J.H. Improved Treatment of Ligands and Coupling Effects in Empirical Calculation and Rationalization of p K a Values. J. Chem. Theory Comput. 2011, 7, 2284–2295. [Google Scholar] [CrossRef]

	



Maier, J.A.; Martinez, C.; Kasavajhala, K.; Wickstrom, L.; Hauser, K.E.; Simmerling, C. ff14SB: Improving the Accuracy of Protein Side Chain and Backbone Parameters from ff99SB. J. Chem. Theory Comput. 2015, 11, 3696–3713. [Google Scholar] [CrossRef]

	



Wang, J.; Wolf, R.M.; Caldwell, J.W.; Kollman, P.A.; Case, D.A. Development and testing of a general Amber force field. J. Comput. Chem. 2004, 25, 1157–1174. [Google Scholar] [CrossRef] [PubMed]

	



Peters, M.B.; Yang, Y.; Wang, B.; Füsti-Molnár, L.; Weaver, M.N.; Merz, K.M. Structural Survey of Zinc-Containing Proteins and Development of the Zinc AMBER Force Field (ZAFF). J. Chem. Theory Comput. 2010, 6, 2935–2947. [Google Scholar] [CrossRef] [PubMed]

	



Case, D.A.; Ben-Shalom, I.Y.; Brozell, S.R.; Cerutti, D.S.; Cheatham, T.E., III; Cruzeiro, V.W.D.; Darden, T.A.; Duke, R.E.; Ghoreishi, D.; Gilson, M.K.; et al. Amber18; University of California: San Francisco, CA, USA, 2018. [Google Scholar]

	



Jorgensen, W.L.; Chandrasekhar, J.; Madura, J.D.; Impey, R.W.; Klein, M.L. Comparison of simple potential functions for simulating liquid water. J. Chem. Phys. 1983, 79, 926–935. [Google Scholar] [CrossRef]

	



Ryckaert, J.-P.; Ciccotti, G.; Berendsen, H.J.C. Numerical integration of the cartesian equations of motion of a system with constraints: Molecular dynamics of n-alkanes. J. Comput. Phys. 1977, 23, 327–341. [Google Scholar] [CrossRef]

	



Sittel, F.; Jain, A.; Stock, G. Principal component analysis of molecular dynamics: On the use of Cartesian vs. internal coordinates. J. Chem. Phys. 2014, 141, 014111. [Google Scholar] [CrossRef] [PubMed]

	



David, C.C.; Jacobs, D.J. Principal Component Analysis: A Method for Determining the Essential Dynamics of Proteins. In Protein Dynamics; Livesay, D.R., Ed.; Humana Press: Totowa, NJ, USA, 2014; pp. 193–226. ISBN 978-1-62703-658-0. [Google Scholar]

	



Qayed, W.S.; Ferreira, R.S.; Silva, J.R.A. In Silico Study towards Repositioning of FDA-Approved Drug Candidates for Anticoronaviral Therapy: Molecular Docking, Molecular Dynamics and Binding Free Energy Calculations. Molecules 2022, 27, 5988. [Google Scholar] [CrossRef] [PubMed]

	



Keretsu, S.; Bhujbal, S.P.; Cho, S.J. Rational approach toward COVID-19 main protease inhibitors via molecular docking, molecular dynamics simulation and free energy calculation. Sci. Rep. 2020, 10, 17716. [Google Scholar] [CrossRef]

	



Srivastava, M.; Mittal, L.; Kumari, A.; Asthana, S. Molecular Dynamics Simulations Reveal the Interaction Fingerprint of Remdesivir Triphosphate Pivotal in Allosteric Regulation of SARS-CoV-2 RdRp. Front. Mol. Biosci. 2021, 8, 639614. [Google Scholar] [CrossRef]

	



Sitthiyotha, T.; Chunsrivirot, S. Computational design of SARS-CoV-2 peptide binders with better predicted binding affinities than human ACE2 receptor. Sci. Rep. 2021, 11, 15650. [Google Scholar] [CrossRef]

	



Koulgi, S.; Jani, V.; Uppuladinne, M.V.N.; Sonavane, U.; Joshi, R. Remdesivir-bound and ligand-free simulations reveal the probable mechanism of inhibiting the RNA dependent RNA polymerase of severe acute respiratory syndrome coronavirus 2. RSC Adv. 2020, 10, 26792–26803. [Google Scholar] [CrossRef]

	



Yu, W.; Wu, X.; Zhao, Y.; Chen, C.; Yang, Z.; Zhang, X.; Ren, J.; Wang, Y.; Wu, C.; Li, C.; et al. Computational Simulation of HIV Protease Inhibitors to the Main Protease (Mpro) of SARS-CoV-2: Implications for COVID-19 Drugs Design. Molecules 2021, 26, 7385. [Google Scholar] [CrossRef] [PubMed]

	



Silva, J.R.A.; Kruger, H.G.; Molfetta, F.A. Drug repurposing and computational modeling for discovery of inhibitors of the main protease (M pro) of SARS-CoV-2. RSC Adv. 2021, 11, 23450–23458. [Google Scholar] [CrossRef] [PubMed]








[image: Ijms 23 13972 g001 550] 





Figure 1. (A) RMSD and (B) RMSF plots for nsp16-1a (green), nsp16-2a (blue), nsp16-2b (orange), nsp16-4c (magenta), nsp16-SAM (red) and nsp16-SFG (black) systems. All values are reported in Å. RMSF values are included as Supplementary Materials (Table S1). 
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Figure 2. Conformations acquired by the nsp16 protein during 200 ns of MD simulations for SAM, SFG, and 2a systems. PCA plots (left) from the initial (blue) to 200 ns (red) structures. Initial, intermediate, and final 3D conformations are highlighted in orange, green, and purple, respectively. 
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Figure 3. Relevant Asp residues interact by H bonds with SAM (pink color), SFG (dark blue color), 1a (green color), 2a (cyan color), 2b (purple color) and 4c (yellow color). The Mg2+ ion is shown as a green sphere and the RNA part is shown as a stick model (C atoms in white color). The PBD file for each one is provided as Supplementary Materials. 
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Figure 4. Residual decomposition plot for nsp16-1a (green), nsp16-2a (blue), nsp16-2b (orange), nsp16-4c (magenta), nsp16-SAM (red) and nsp16-SFG (black) systems. All values are reported in Kcal/mol. 
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Figure 5. 2D structures of SAM, SFG and other analogs (1a, 2a, 2b and 4c) synthesized by Bobileva et al. [11]. 
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Table 1. Relevant H-bonds between the residues of nsp16 and SAM and its analogs from MD simulations. The labeled atoms are shown in Figure S2 (Supplementary Materials).
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System

	
Donor

	
Acceptor

	
Average Distance (Å)

	
Occupancy (%)






	
SAM

	
SAM(O3)

	
Asp99(OD1)

	
2.68

	
145.51%




	
SAM(N)

	
Asp130(OD2)

	
2.82

	
74.17%




	
SAM(N6)

	
Asp114(OD1)

	
2.86

	
55.22%




	
SAM(N)

	
Gly71(O)

	
2.82

	
45.40%




	
Cys115(N)

	
SAM(N1)

	
2.92

	
15.59%




	
SFG

	
SFG(O13)

	
Asp99(OD1)

	
2.71

	
142.09%




	
SFG(N22)

	
Asp114(OD2)

	
2.87

	
43.05%




	
SFG(N1)

	
Asp130(OD2)

	
2.84

	
25.98%




	
Cys115(N)

	
SFG(N16)

	
2.91

	
24.18%




	
1a

	
1a(O3)

	
Asp99(OD1)

	
2.67

	
94.61%




	
Ser74(OG)

	
1a(O4)

	
2.67

	
70.69%




	
1a(N3)

	
Asp114(OD1)

	
2.87

	
65.34%




	
Asn43(ND2)

	
1a(O4)

	
2.82

	
21.47%




	
Asp75(N)

	
1a(O5)

	
2.88

	
23.41%




	
Cys115(N)

	
1a(N1)

	
2.92

	
8.94%




	
2a

	
2a(O2)

	
Asp99(OD2)

	
2.70

	
91.07%




	
Ser74(OG)

	
2a(O01)

	
2.66

	
65.94%




	
2a(N6)

	
Asp114(OD2)

	
2.86

	
43.06%




	
Cys115(N)

	
2a(N1)

	
2.92

	
22.34%




	
Lys76(NZ)

	
2a(O03)

	
2.80

	
16.14%




	
Asn43(ND2)

	
2a(O01)

	
2.81

	
14.43%




	
2b

	
2b(O9)

	
Asp99(OD2)

	
2.70

	
82.35%




	
2b(N22)

	
Asp114(OD2)

	
2.87

	
38.12%




	
Leu100(N)

	
2b(O9)

	
2.91

	
19.86%




	
Cys115(N)

	
2b(N12)

	
2.92

	
16.75%




	
Tyr132(N)

	
2b(O5)

	
2.88

	
4.13%




	
4c

	
4c(O2)

	
Asp99(OD1)

	
2.65

	
161.55%




	
4c(N5)

	
Asp114(OD1)

	
2.87

	
41.36%




	
Lys76(NZ)

	
4c(O6)

	
2.78

	
12.62%




	
Cys115(N)

	
4c(N2)

	
2.92

	
11.74%




	
Asp75(N)

	
4c(O6)

	
2.90

	
7.54%




	
Tyr132(N)

	
4c(O5)

	
2.88

	
1.67%
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Table 2. Binding free energy (  Δ  G  b i n d    ) values (in Kcal/mol) and their components for the nsp16 systems by MM/GBSA. The experimental free energy (  Δ  G  e x p    ) for SFG and SAM analogs were calculated from IC50 values obtained by Bobileva et al. [11].
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	System
	

    Δ  E  v d W      








	

    Δ  E  e l e      








	

    Δ  G  G B      








	

    Δ  G  S A      








	

    Δ  G  b i n d      








	

    Δ  G  e x p      













	SAM
	−51.2 ± 0.1
	−370.4 ± 0.3
	358.4 ± 0.2
	−6.8 ± 0.1
	−70.0 ± 0.1
	-



	SFG
	−45.2 ± 0.1
	−83.5 ± 0.3
	94.8 ± 0.2
	−5.9 ± 0.1
	−39.8 ± 0.1
	−8.3



	1a
	−41.8 ± 0.1
	72.0 ± 0.7
	−71.0 ± 0.5
	−6.0 ± 0.1
	−46.8 ± 0.2
	−10.2



	2a
	−48.3 ± 0.1
	34.8 ± 0.4
	−38.8 ± 0.3
	−6.4 ± 0.1
	−58.7 ± 0.2
	−11.5



	2b
	−51.9 ± 0.1
	−54.6 ± 0.3
	63.2 ± 0.1
	−6.3 ± 0.1
	−49.6 ± 0.2
	−9.6



	4c
	−47.8 ± 0.1
	98.8 ± 0.5
	−74.9 ± 0.3
	−6.2 ± 0.1
	−30.1 ± 0.2
	−5.0
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Table 3. Residual decomposition analysis of binding free energies for relevant amino acid residues. All values are reported in Kcal/mol. The values for all residues are shown in Table S2 (Supplementary Materials).
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	AA Residue
	SAM
	SFG
	1a
	2a
	2b
	4c





	Asn43
	−0.7
	−0.3
	−3.4
	−3.5
	−0.9
	−1.1



	Tyr47
	−2.2
	0.0
	0.0
	0.0
	−0.2
	−0.1



	Gly73
	−1.8
	−1.2
	0.0
	0.6
	0.0
	−0.8



	Ser74
	−1.0
	−2.0
	−6.2
	−4.8
	−1.0
	−5.1



	Lys76
	0.1
	−0.9
	−4.3
	−10.4
	0.1
	−6.2



	Asp99
	−12.7
	−6.1
	−5.2
	−2.6
	−4.0
	−8.2



	Leu100
	−2.6
	−2.9
	−2.3
	−2.3
	−2.6
	−2.6



	Asp114
	−1.8
	−1.6
	−1.3
	−1.2
	−1.0
	−1.0



	Cys115
	−2.5
	−2.9
	−2.7
	−2.5
	−2.4
	−1.6



	Asp130
	−4.4
	0.3
	2.7
	0.7
	1.2
	2.1



	Met131
	−2.4
	−3.5
	−3.0
	−2.9
	−4.1
	−4.7



	Tyr132
	−2.8
	−1.6
	−1.3
	−2.2
	−1.2
	−1.7
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