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The mechanism of remdesivir incorporation into the RNA primer by the RNA-dependent RNA polymerase (RdRp) of severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) remains to be fully established at the molecular level. Here, we compare molecular dynamics (MD) simulations after incorporation of either remdesivir monophosphate (RMP) or adenosine monophosphate (AMP). We find that the Mg2+-pyrophosphate (PPi) binds more tightly to the polymerase when the added RMP is at the third primer position than in the AMP added complex. The increased affinity of Mg2+-PPi to the RMP-added primer/template (P/T) RNA duplex complex introduces a new hydrogen bond of a substituted cyano group in RMP with the K593 sidechain. The new interactions disrupt a switching mechanism of a hydrogen bond network that is essential for translocation of the P/T duplex product and for opening of a vacant NTP-binding site necessary for next primer extension. Furthermore, steric interactions between the sidechain of S861 and the 1′-cyano group of RMP at position i+3 hinders translocation of RMP to the i + 4 position, where i labels the insertion site. These findings are particularly valuable to guide the design of more effective inhibitors of SARS-CoV-2 RNA polymerase.
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INTRODUCTION
Remdesivir is an antiviral drug that inhibits viral replication after it is converted into the triphosphate form and bound to the active site of RNA-dependent RNA polymerase (RdRp) for its incorporation into the RNA primer (Beigel et al., 2020; Cohen and Kupferschmidt, 2020; Frediansyah et al., 2021; Gordon et al., 2020a,b; Yates and Seley-Radtke, 2019). However, its actual inhibition mechanism remains to be fully established at the molecular level. Here, we focus on the analysis of specific interactions at the active site of RdRp upon each incorporation of remdesivir monophosphate (RMP). These interactions provide key insights into how RMP can alter the polymerization reaction by affecting the translocation of the RNA duplex that is essential for primer extension during the nucleotide addition cycle. The results reported may help to guide the development of more potent and specific inhibitors of RdRp for the treatment of viral infections.
The replication-transcription complex (RTC) of SARS-CoV-2 is composed of RNA-dependent RNA polymerase (RdRp or nsp12), nsp7, nsp8, nsp13, and the template/primer (P/T) RNA duplex. RdRp is the enzyme that catalyzes the replication and transcription of viral RNAs essential for viral replication (Chen et al., 2020; Yan et al., 2020). It is targeted by remdesivir (RDV), a 1′-cyano adenosine analogue that binds to the active site of RdRp more strongly than adenosine. RDV is an analog of adenosine and incorporated into RNA by establishing complementary base pair interactions with uridine (Yates and Seley-Radtke, 2019). It was first shown to exhibit some efficacy against the Ebola virus and more recently against SARS-CoV-2 (Tchesnokov et al., 2019; Wang Y. et al., 2020). Compared to other nucleotide analogue mutagens (i.e., ribavirin and favilavir), RDV is more selective since it pairs only with uridine (Byléhn et al., 2021). Its modified 1′-C linkage between the ribosyl moiety and the base of RDV is designed to counterbalance a strong electron-withdrawing cyano substitution at the C1′ position and has a fully extendable 3′-OH (Yates and Seley-Radtke, 2019).
The effect of RDV remains unclear because the primer with RMP added at positions i, i + 1, and i + 2 can be extended efficiently, where i labels the insertion site while i + 1 and i + 2 indicate sites after one- and two-base pair translocations of the RNA duplex, respectively (Figure 1A) (Gordon et al., 2020b). Further, SARS-CoV-2 RdRp exhibits a ∼3-fold higher selectivity for RMP over AMP at position i (Gordon et al., 2020b), an observation that has been used to rule out the chain termination hypothesis (Gordon et al., 2020a). Further, RDV is not necessarily a direct-acting inhibitor since it does not inhibit the RNA synthesis by RdRp of SARS-CoV-2. Most likely, RDV is an indirect-acting inhibitor for viral replication. RMP-containing RNA may not be functional for either translation (i.e., translational inhibition) or for the second pass of (+)-sense RNA synthesis (i.e., replicational inhibition) or both (Wang et al., 2021), the latter supported by experimental data (Tchesnokov et al., 2020). However, after incorporation of RMP, the RNA duplex accumulates with RMP at the third primer position under low concentration of incoming NTPs but not under physiological conditions (Gordon et al., 2020b; Yin et al., 2020). So, RMP slows down the primer extension significantly due to a translocation pause only at low NTP concentrations. This pause is completely eliminated with longer time intervals of the primer-extension assay or at higher NTP concentrations (i.e., at the physiological concentrations) (Gordon et al., 2020b). Thus, RMP is a delayed inhibitor of RNA synthesis, but not a chain terminator of any kind.
[image: Figure 1]FIGURE 1 | Cryo-EM RTC 6xez structure of SARS-CoV-2 used for our MD simulations. (A) Schematic diagram of RNA replication and translocation processes. The replication starts with NTP binding to position i (I). Phosphodiester bond is formed, and the nucleotide is incorporated into the 3′ end of the primer. PPi is cleaved from NTP (II). Upon release of PPi, the 3′ end of the primer translocates by one nucleotide (III). (B) Our MD simulation model includes the 6xez structure after removal of two nsp13 helicase subunits, consisting of subunits of nsp7 (magenta), nsp8 (yellow and cyan), nsp12 (blue) and the RNA template/primer duplex (pink and silver). Mg2+ ions are shown in green, and PPi is shown in orange and RMP is shown in red. (C–E) Close-up views of the modeled RMP at position i + 1, i + 2 and i + 3 used in this study.
Cryo-EM structures have shown that the sidechain of S861 is next to the cyano group of RMP when RMP is at the fourth primer position (Wang Q. et al., 2020; Gordon et al., 2020b; Kokic et al., 2021). Juxtaposition of the S861 sidechain and the cyano group in these structures leads to the hypothesis that an extra Oγ atom in the S861 sidechain could block the translocation of the RNA duplex product with RMP at the primer position i + 3, hindering translocation to i+4. That mechanistic hypothesis is further supported by the S861A mutational data (Wang Q. et al., 2020). However, how the increased concentration of NTPs can overcome this pause remains elusive and is addressed in this study.
The concentration-dependent pause is an important dynamic property of the RdRp, which we address by using molecular dynamics (MD) simulations. RNA polymerases often use pauses as mechanisms of transcriptional regulation (Saba et al., 2019). Elemental pauses are often coupled to translocation, backtracking, and cleavage. Pauses often occur during mismatch extension, helping to backtrack any mismatched nucleotides for mismatch removal (Malone et al., 2021). In this specific case of RMP-containing P/T complexes, the binding affinity of the Mg2+ ion/pyrophosphate (PPi) complex controls the transcriptional pause, translocation, pyrophosphorylysis, and eventually, possible cleavage by exoribonuclease. A common efficient translocation mechanism of P/T duplex is often powered by the release of pyrophosphate (Yin and Steitz, 2014). This is a basis for this study. However, for T7 RNA polymerase in the presence of high concentrations of PPi (i.e., 0.5–3 mM, which is not physiologically relevant after shifting equilibrium of the polymerization-pyrophosphorylysis reaction) (Guo and Rousa, 2006) and in some polymerases such as E. coli RNA polymerase (Abbondanzieri et al., 2005), the release of PPi is uncoupled with the translocation step, i.e., it fails to drive the forward translocation. This uncoupled event has been studied computationally (Golosov et al., 2010; Da et al., 2015; Da et al., 2017). For other polymerases, ratcheting motion has been proposed during which two strands of RNA duplex are translocated asynchrotronically, one strand at a time, with transient deformation of base-pairing geometry between the primer and template strands (Silva et al., 2014; Shu and Gong, 2016; Wang M. et al., 2020). In many cases, the two mechanisms are highly coupled.
In this study, we started with the RTC model of 6xez (Chen et a., 2020), with 2 Mg2+ ions bound in the pol active site, MgA and MgB. We studied dynamic properties of the RTC using MD simulations shortly before and immediately after polymerization and/or translocation (but not the translocation process itself since that would require longer MD simulations than presented in this study). Our study differs from other recent similar MD simulations that studied different aspects of RNA synthesis (Romero et al., 2021; Zhang et al., 2021). Remero et al., focused on binding of RTP in both open and closed states of the polymerase, which couples the P/T translocation with the conformation NTP-binding site (Romero et al., 2021). Zhang et al. focused on the RMP’s effect on chain termination, which misinterpreted the existing biochemical literature as explained above, and on possible effect to the proofreading activity (Zhang et al., 2021) MgA binds the carboxylates next to O3′ of the primer-terminal nucleotide to activate the attacking 3-hydroxyl (Steitz and Steitz, 1993; Steitz, 1999). MgB binds carboxylates and the triphosphate moiety of NTP to stabilize the leaving PPi. If the leaving PPi cannot leave, the likelihood of pyrophosphorylysis increases, which could effectively inhibit polymerization (Wang and Konigsberg, 2022). We have carried out MD simulations with RMP at primer positions i, i + 1, i + 2, and i + 3 and analyzed the MD-derived electron density maps to see the effect of RMP at each primer position on releasing of PPi. Our results show that the MgB-bound PPi is the most stable in the complex after RMP is translocated to primer position i + 3 when compared to those without RMP or those with RMP at other positions, forming multiple hydrogen bonds with R553, R555 and K621, and thereby preventing PPi release.
COMPUTATIONAL METHODS
The cryo-EM RTC structure of SARS-CoV-2 (6xez) was used as a starting point for our MD simulations after removing nsp13 helicase (Chen et al., 2020). Two Mg2+ ions (MgA and MgB) and PPi were added to the model. In addition, two Zn2+ ions were included in the structure as part of the Zn-Cys motif important for the stability of the nsp12. One reference set of MD simulations was carried out with three AMPs at position i + 1, i + 2, and i + 3 of the RNA duplex, followed up by three sets of MD simulations with one RMP replaced at each of the three positions (Figure 1). MD simulations of RMP/PPi and RTP at position i will be described elsewhere. Each set was run with two replicas. Schrödinger Maestro (Schrödinger, 2022) was used to prepare the complex structures. Protein Preparation Wizard of the suite was used to assign bond orders and protonation states and add missing side chains and hydrogens. These model complexes were placed in water boxes with a 15 Å cushion for the complex and Na+ ions were added to neutralize the systems. The parameter/topology files were created by the LEaP program from the AmberTools package (Cornell et al., 1995). MD simulations were run using NAMD (Kalé et al., 1999; Phillips et al., 2005). The system was equilibrated at 310 K in three steps before production run: the equilibration minimization of 1) solvent, 2) solvent and side chains, and 3) the whole system.
The MD simulation systems contained 21,695 atoms before addition of water molecules and counterions, and ∼276,852 atoms afterwards. About 70 Na+ ions were added as counterions to neutralize the whole system. The remdesivir parameters were generated by optimizing the molecule with B3LYP/6-31G* first, and then calculating the electrostatic potential for partial atomic charges (Gaussian09; Frisch et al., 2016). RESP calculation was run by antechamber to atomic partial charges whereas atomic charges of the nucleobase were kept to the same as those of ATP (Bayly et al., 1993). The 2 Mg2+ ions and PPi were parameterized using MCPB program in AmberTools, which can be used for building bonding interactions for ligand-binding metalloproteins, and which used Gaussian09 to idealize the geometry and to calculate the force constants and electrostatic potentials (Cornell et al., 1995; Meagher et al., 2003; Li and Merz, 2016). NPT ensemble was used. RMSD analysis was carried out for 100-ns MD trajectories.
For a 100-ns MD simulation production run, a 2-fs time step was used. The electron density (ED) maps derived from MD trajectories were calculated for the complex structure using CCP4 as previously described (Wang et al., 2022a; Wang et al., 2022b; Wang et al., 2022c; Winn et al., 2011), from which equilibrium structures were derived by fitting into and refining against MD-derived ED maps. To determine the consequences of RMP substitution in each position relative to AMP, ED map differences were calculated between the RMP- and AMP-bound complexes of MD trajectories, using the CCP4 suite (Winn et al., 2011). VMD was used to analyze the distribution of both the PPi positions (RMSD trajectory tool) and hydrogen-bond interactions (Hydrogen Bonds tool) (Humphrey et al., 1996). Equilibrated structures were manually fitted into MD-derived-ED maps using Coot (Emsley and Cowtan, 2004). All figures were made from fitted equilibrated structures and were visualized by PyMOL (Delano, 2022).
RESULTS
Figure 2 shows that RMP forms stable base pairs at all three positions i + 1, i + 2, and i + 3. PPi interacts with the Mg2+ ions mainly through electrostatic interactions in all three structures, although the strength of the interactions of PPi varies in the three complexes. The H-bond is stronger when RMP is in position i + 3 (the i + 3 complex). The H-bond interaction analysis shows that the PPi forms H-bonds with three surrounding amino acid residues R553, R555, and K621 (Figure 3), forming on average 1.52, 1.74 and 2.6 H-bonds per residue throughout the MD trajectories, respectively. For comparison, the average number of H-bonds with those residues in complex i + 1 is reduced to 1.09, 1.35, and 2.05, respectively, and for complex i + 2 to 1.24, 0.89, and 0.31, respectively. Moreover, the H-bond probability density functions (PDFs) for the PPi to each of its interaction partners are sharp with peaks around 3 Å when RMP is at position i + 3 whereas for AMP at position i + 3, the corresponding distributions are broader with some peak positions shifted by more than 2.0 Å (Figure 3). Therefore, multiple H-bonding interactions between the PPi and these residues (R553, R555, and K621) are primarily responsible for stabilizing the bound product PPi.
[image: Figure 2]FIGURE 2 | MD-derived ED maps. (A–C) MD-derived ED maps carved for the PPi and the (i + 1), (i + 2), and (i + 3) base pairs in the context of RNA duplexes. The electron densities for PPi, RMP and U which form Watson-Crick interactions are shown in mesh. (D) Close-up view of the MD-derived ED maps carved for the RMP in two contour levels (low contour level in silver mesh and high contour level in gold surface). (E) Close-up view of RMP at i+3 complex. PPi, (i + 1), (i + 2), and (i + 3) base pairs and surrounding residues are shown in sticks. Mg2+ ions are shown in spheres.
[image: Figure 3]FIGURE 3 | Detailed H-bonding interactions for PPi. (A) A close-up view of the MD-derived ED maps for PPi and interacting residues. (B,C) PDFs of the H-bond distance distribution for PPi and interacting residues with RMP (B, solid curves) and AMP (C, dashed curves) at position i + 3.
Our analysis of root-mean-square fluctuations (RMSF) from the average structure shows that the RMSF value for the PPi is 0.7 (0.3) Å and 1.3 (0.4) Å (numbers in parenthesis is uncertainty or one standard deviation of RMSF) in the i + 3 RMP and AMP complexes, respectively. These values are indicative of an increased stability of RMP relative to AMP at the i + 3 position since the more stable the binding is, the smaller the RMSF value (e.g., binding to a shallow well corresponds to large RMSF). Results of this analysis are consistent with the calculated iso-probability densities (Figure 4), showing that the probability isosurface for the PPi in the AMP structure is more smeared out (i.e., less stable configuration) than the PPi in the RMP structure.
[image: Figure 4]FIGURE 4 | Iso-PDF Distribution of PPi and primer RNA strands (A,B) Iso-PDF for bases from the first three primer nucleotides, K593, and PPi for RMP (A) and AMP (B) at position i + 3. (C) Close-up view of iso-PDF for PPi (RMP structure: solid; and AMP structure: transparent). (D) The i + 3 RMP complex structure for showing K593, PPi, and 4 nucleotides of the primer strand. (E) Corresponding i + 3 AMP complex structure. (F) Superposition of the two complexes.
For the i + 3 RMP complex, the RMSF analysis shows that the RMSFs for the three nucleotides of the primer strand at positions i to i + 2 are 0.8 (0.3) Å, 0.7 (0.2) Å, and 0.7 (0.2) Å, respectively. In contrast, the corresponding values for AMP complexes are 1.0 (0.3) Å, 1.2 (0.3) Å, and 0.8 (0.2) Å. In addition, the RMSFs for single RMP nucleotides at positions i + 1 to i + 3 are 0.8 (0.2) Å, 0.8 (0.3) Å and 0.8 (0.3) Å. In contrast, the corresponding values for corresponding single AMP nucleotides increase to 1.2 (0.3) Å, 1.0 (0.4) Å and 0.9 (0.3) Å. Clearly, the incorporated RMP increases the rigidity of the RNA duplex. Again, these results are consistent with the iso-probability density analysis. Therefore, incorporation of RMP stabilizes the nucleic duplex relative to the system without RMP.
For the i + 3 complexes, the difference MD-derived ED maps show that the largest difference in the entire map is observed on the PPi (Figure 5), and the second largest is on the cyano group of RMP. The largest difference on PPi is associated with both its change in position and B-factor when comparing the two complexes (i.e., PPi becomes much more ordered in the RMP complex since it gets displaced into a new position where it establishes better H-bonding interactions than in the AMP complex). For the i + 1 and i + 2 complexes, the larger differences are on the cyano group, while differences near the PPi are relatively very small (i.e., there is no difference in binding affinity of PPi between those pairs of complexes). All these observations support our hypothesis that the PPi binds more tightly when RMP is added to the primer strand and occupies position i + 3, which is consistent with the paused translocation.
[image: F5]FIGURE5 | Differences between RMP and AMP complexes determined using difference ED maps. (A–C) Difference ED maps between RMP and AMP for the three paired structures. RMP complexes are aligned to the difference map. Green mesh indicates positive and red mesh indicates negative (contoured at ± 15σ). (D) I+3 AMP complex aligned to the difference map. (E,F) Close-up views of PPi of i + 3 and i + 2 complex.
We analyzed the H-bond network between the RMP at primer position i + 3 and the PPi bound at a distance of over 15 Å apart to determine how the RMP at i + 3 stabilizes the PPi (Figure 6). We found that K593 adopted two different conformations when comparing the two i + 3 complexes of RMP and AMP, potentially functioning as a switch for RNA duplex translocation. For the RMP complex, K593 interacts with either the cyano group of the RMP or the Q815 sidechain of the RdRp in a distributive manner but does not interact with both residues simultaneously. Since the cyano group of RMP interacts with K593, there is less interaction between K593 and Q815, so the sidechain of Q815 is displaced towards the backbone carbonyl of C813 and the backbone amide of C813 is displaced towards the sidechain of D761.
[image: Figure 6]FIGURE 6 | H-bonding network for allostery communication between the pol active site and the remote positions of RNA duplex. (A,B) Residues affected by RMP and AMP at position i + 3. H-bond interactions are shown in dash lines. The H-bond between K593 and RMP is shown in red and others are shown in yellow. The H-bond between K593 and Q815 is shown in green and others are shown in magenta. (C) Overlap of RMP (solid curves) and AMP (dashed curves) (transparent) structures in stereodiagram. (D) PDFs of the H-bond distance distribution for interacting residues with RMP and AMP at position i + 3. Peaks that are approximately at 2 Å are for interactions between Mg2+and amino acid residues. Others are for interactions between amino acid residues.
In the AMP complex (i.e., in the absence of an equivalent cyano group), K593 interacts solely with the sidechain of Q815 which in turn interacts along a H-bonding network with the backbone carbonyl group of C813. These interactions lead to a reduction of H-bonding strength between the backbone amide of C813 and the sidechain of D761, so D761 coordinates more strongly with MgB, weakening the MgB-PPi interaction. The carboxyl group of D761 repels that of D618 and changes its position. As a result, D618 interacts less with K798 and in turn K798 interacts more strongly with PPi, pulling PPi away from three other positively charged residues (R553, R555 and K621 that provide greater stabilization of the MgB-bound PPi in the RMP complex). Therefore, we find that weakening the interactions of PPi with R553, R555, and K621 after switching PPi to a new interaction with K798 may be essential for releasing PPi in this polymerase. This step is equivalent to the reopening of the Fingers domain of RB69 DNA polymerase (Franklin et al., 2001).
DISCUSSION
The mechanism for stalling primer extension by RMP has been suggested to be associated with a free energy barrier for translocation (Bravo et al., 2021; Kokic et al., 2021). However, the molecular origin of the proposed barrier remains unknown. Here, we find that when RMP is located at position i + 3, the RdRp complex remains in the pre-translocated state, which lacks the vacant NTP-binding site observed in the post-translocation state. Therefore, it prevents binding of the next incoming NTP. When RMP is replaced by AMP, the RdRp complex rapidly advances to the post-translocation state and the NTP binding site becomes vacant (Kokic et al., 2021). Stalling has been attributed to a physical barrier between the 1′-cyano group of RMP and the sidechain of S861 (Bravo et al., 2021), which has been confirmed in our MD simulations. There would be a steric clash between S861 and the cyano group of the added RMP if RdRp were translocated to position i + 4. Therefore, mutation of S861 reduces the stalling effect (Wang Q. et al., 2020). In addition, we find that even before translocation, RMP forms a H-bond with K593, which disrupts the interactions of PPi with K798 in a cascade of events within a H-bond network. The disrupted interactions enhance the ability of RMP remaining at position i + 3 to stall translocation.
CONCLUDING REMARKS
RMP acts as a delayed inhibitor and slows down the primer extension. During the first pass of viral RNA synthesis by the SARS-CoV-2 RNA-dependent RNA polymerase. When RMP is translocated to position i + 3, it induces a transcriptional pause under the reduced NTP concentrations. Our computational analysis points to a tighter binding of PPi as the physical basis of the pause. When RMP is in position i + 3, the cyano group of RMP forms hydrogen bonds with K593 and prevents a switch of a H-bonding network established by protein residues that are essential for primer/template translocation. This increases the binding stability of the PPi product so that PPi blocks the translocation of RNA duplex and slows primer extension.
DATA AVAILABILITY STATEMENT
The raw data supporting the conclusion of this article will be available at http://ursula.chem.yale.edu/∼batista/pubs/index.html
AUTHOR CONTRIBUTIONS
JW. and VB designed experiments. YS. carried out experiments and analyzed data with assistance of JW, made illustration and wrote the draft manuscript. All three authors edited the final version of the manuscript.
ACKNOWLEDGMENTS
The authors thank K. R. Reiss for providing insightful advice on setting up MD simulations and W. H. Konigsberg for discussion during this study and for proofreading of this manuscript. VSB acknowledges support from NIH GM R01-106121 and a generous allocation of high-performance computing time from NERSC.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Abbondanzieri, E. A., Greenleaf, W. J., Shaevitz, J. W., Landick, R., and Block, S. M. (2005). Direct observation of base-pair stepping by RNA polymerase. Nature 438, 460–465. doi:10.1038/nature04268
 Bayly, C. I., Cieplak, P., Cornell, W. D., and Kollman, P. A. (1993). A well-behaved electrostatic potential based method using charge restraints for deriving atomic charges: The RESP model. J. Phys. Chem. 97, 10269–10280. doi:10.1021/j100142a004
 Beigel, J. H., Tomashek, K. M., Dodd, L. E., Mehta, A. K., Zingman, B. S., Kalil, A. C., et al. (2020). Remdesivir for the treatment of covid-19 - final report. N. Engl. J. Med. 383, 1813–1826. doi:10.1056/NEJMoa2007764
 Bravo, J. P. K., Dangerfield, T. L., Taylor, D. W., and Johnson, K. A. (2021). Remdesivir is a delayed translocation inhibitor of SARS-CoV-2 replication. Mol. Cell 81, 1548–1552.e4. doi:10.1016/j.molcel.2021.01.035
 Byléhn, F., Menéndez, C. A., Perez-Lemus, G. R., Alvarado, W., and de Pablo, J. J. (2021). Modeling the binding mechanism of remdesivir, favilavir, and ribavirin to SARS-CoV-2 RNA-dependent RNA polymerase. ACS Cent. Sci. 7, 164–174. doi:10.1021/acscentsci.0c01242
 Chen, J., Malone, B., Llewellyn, E., Grasso, M., Shelton, P. M. M., Olinares, P. D. B., et al. (2020). Structural basis for helicase-polymerase coupling in the SARS-CoV-2 replication-transcription complex. Cell 182, 1560–1573.e13. doi:10.1016/j.cell.2020.07.033
 Cohen, J., and Kupferschmidt, K. (2020). A very, very bad look' for remdesivir. Science 370, 642–643. doi:10.1126/science.370.6517.642
 Cornell, W. D., Cieplak, P., Bayly, C. I., Gould, I. R., Merz, K. M., Ferguson, D. M., et al. (1995). A second generation force field for the simulation of proteins, nucleic acids, and organic molecules. J. Am. Chem. Soc. 117, 5179–5197. doi:10.1021/ja00124a002
 Da, L. T., Duan, B., Zhang, C., Zhou, X., and Yu, J. (2015). A jump-from-cavity pyrophosphate ion release assisted by a key lysine residue in T7 RNA polymerase transcription elongation. PLoS Comput. Biol. 11, e1004624. doi:10.1371/journal.pcbi.1004624
 Da, L. T., Shuai, Y., Wu, S., Su, X. D., and Yu, J. (2017). T7 RNA polymerase translocation is facilitated by a helix opening on the Fingers domain that may also prevent backtracking. Nucleic Acids Res. 45, 7909–7921. doi:10.1093/nar/gkx495
 Delano, W. L. (2022). Pymol. New York, NY: Schrödinger, Inc. Available at: http://pymol.org/. 
 Emsley, P., and Cowtan, K. (2004). Coot: Model-Building tools for molecular graphics. Acta Crystallogr. D. Biol. Crystallogr. 60, 2126–2132. doi:10.1107/S0907444904019158
 Franklin, M. C., Wang, J., and Steitz, T. A. (2001). Structure of the replicating complex of a pol alpha family DNA polymerase. Cell 105, 657–667. doi:10.1016/s0092-8674(01)00367-1
 Frediansyah, A., Nainu, F., Dhama, K., Mudatsir, M., and Harapan, H. (2021). Remdesivir and its antiviral activity against COVID-19: A systematic review. Clin. Epidemiol. Glob. Health 9, 123–127. doi:10.1016/j.cegh.2020.07.011
 Frisch, M. J., Trucks, G. W., Schlegel, H. B., Scuseria, G. E., Robb, M. A., Cheeseman, J. R., et al. (2016). Gaussian 09, revision E.01. Wallingford CT: Gaussian, Inc.
 Golosov, A. A., Warren, J. J., Beese, L. S., and Karplus, M. (2010). The mechanism of the translocation step in DNA replication by DNA polymerase I: A computer simulation analysis. Structure 18, 83–93. doi:10.1016/j.str.2009.10.014
 Gordon, C. J., Tchesnokov, E. P., Feng, J. Y., Porter, D. P., and Gotte, M. (2020a). The antiviral compound remdesivir potently inhibits RNA-dependent RNA polymerase from Middle East respiratory syndrome coronavirus. J. Biol. Chem. 295, 4773–4779. doi:10.1074/jbc.AC120.013056
 Gordon, C. J., Tchesnokov, E. P., Woolner, E., Perry, J. K., Feng, J. Y., Porter, D. P., et al. (2020b). Remdesivir is a direct-acting antiviral that inhibits RNA-dependent RNA polymerase from severe acute respiratory syndrome coronavirus 2 with high potency. J. Biol. Chem. 295, 6785–6797. doi:10.1074/jbc.RA120.013679
 Guo, Q., and Rousa, R. (2006). Translocation by T7 RNA polymerase: A sensitively poised brownian ratchet. J. Mol. Biol. 358, 241–254. doi:10.1016/j.jmb.2006.02.001
 Humphrey, W., Dalke, A., and Schulten, K. (1996). VMD: Visual molecular dynamics. J. Mol. Graph. 14, 33–38. doi:10.1016/0263-7855(96)00018-5
 Kalé, L., Skeel, R., Bhandarkar, M., Brunner, R., Gursoy, A., Krawetz, N., et al. (1999). NAMD2: Greater scalability for parallel molecular dynamics. J. Comput. Phys. 151, 283–312. doi:10.1006/jcph.1999.6201
 Kokic, G., Hillen, H. S., Tegunov, D., Dienemann, C., Seitz, F., Schmitzova, J., et al. (2021). Mechanism of SARS-CoV-2 polymerase stalling by remdesivir. Nat. Commun. 12, 279. doi:10.1038/s41467-020-20542-0
 Li, P., and Merz, K. M. (2016). MCPB.py: A Python based metal center parameter builder. J. Chem. Inf. Model. 56, 599–604. doi:10.1021/acs.jcim.5b00674
 Malone, B., Chen, J., Wang, Y., Llewellyn, E., Choi, Y. J., Olinares, P. D. B., et al. (2021). Structural basis for backtracking by the SARS-CoV-2 replication-transcription complex. Proc. Natl. Acad. Sci. U. S. A. 118, e2102516118. doi:10.1073/pnas.2102516118
 Meagher, M. L., Redman, L. T., and Carlson, H. A. (2003). Development of polyphosphate parameters for use with the AMBER force field. J. Comput. Chem. 24, 1016–1025. doi:10.1002/jcc.10262
 Phillips, J. C., Braun, R., Wang, W., Gumbart, J., Tajkhorshid, E., Villa, E., et al. (2005). Scalable molecular dynamics with NAMD. J. Comput. Chem. 26, 1781–1802. doi:10.1002/jcc.20289
 Romero, M. E., Long, C., Rocco, D. L., Keerthi, A. M., Xu, D., and Yu, J. (2021). Probing remdesivir nucleotide analogue insertion to SARS-CoV-2 RNA dependent RNA polymerase in viral replication. Mol. Syst. Des. Eng. 6, 888–902. doi:10.1039/d1me00088h
 Saba, J., Chua, X. Y., Mishanina, T. V., Nayak, D., Windgassen, T. A., Mooney, R. A., et al. (2019). The elemental mechanism of transcriptional pausing. eLife 8, e40981. doi:10.7554/eLife.40981
 Schrödinger (2022). BOUNDLESS. Open new worlds of possibility for drug discovery and materials design. New York, NY: Schrödinger, LLC. Available at: https://www.schrodinger.com/. 
 Shu, B., and Gong, P. (2016). Structural basis of viral RNA-dependent RNA polymerase catalysis and translocation. Proc. Natl. Acad. Sci. U. S. A. 113, E4005–E4014. doi:10.1073/pnas.1602591113
 Silva, D. A., Weiss, D. R., Avila, F. P., Da, L. T., Levitt, M., Wang, D., et al. (2014). Millisecond dynamics of RNA polymerase II translocation at atomic resolution. Proc. Natl. Acad. Sci. U. S. A. 111, 7665–7670. doi:10.1073/pnas.1315751111
 Steitz, T. A. (1999). DNA polymerases: Structural diversity and common mechanisms. J. Biol. Chem. 274, 17395–17398. doi:10.1074/jbc.274.25.17395
 Steitz, T. A., and Steitz, J. A. (1993). A general two-metal-ion mechanism for catalytic RNA. Proc. Natl. Acad. Sci. U. S. A. 90, 6498–6502. doi:10.1073/pnas.90.14.6498
 Tchesnokov, E., Feng, J. Y., Porter, D., and Götte, M. (2019). Mechanism of inhibition of Ebola virus RNA-dependent RNA polymerase by remdesivir. Viruses 11, 326. doi:10.3390/v11040326
 Tchesnokov, E., Gordon, C. J., Woolner, E., Kocinkova, D., Perry, J. K., Feng, J. Y., et al. (2020). Template-dependent inhibition of coronavirus RNA-dependent RNA polymerase by remdesivir reveals a second mechanism of action. J. Biol. Chem. 295, 16156–16165. doi:10.1074/jbc.AC120.015720
 Wang, J., and Konigsberg, W. H. (2022). Two-metal-ion catalysis: Inhibition of DNA polymerase activity by a third divalent metal ion. Front. Mol. Biosci. 9, 824794. doi:10.3389/fmolb.2022.824794
 Wang, J., Reiss, K., Shi, Y., Lolis, E., Lisi, G. P., and Batista, V. S. (2021). Mechanism of inhibition of the reproduction of SARS-CoV-2 and Ebola viruses by remdesivir. Biochemistry 60, 1869–1875. doi:10.1021/acs.biochem.1c00292
 Wang, J., Shi, Y., Reiss, K., Allen, B., Maschietto, F., Lolis, E., et al. (2022a). Insights into binding of single-stranded viral RNA template to the replication–transcription complex of SARS-CoV-2 for the priming reaction from molecular dynamics simulations. Biochemistry 61, 424–432. doi:10.1021/acs.biochem.1c00755
 Wang, J., Shi, Y., Reiss, K., Maschietto, F., Lolis, E., Konigsberg, W. H., et al. (2022b). Structural insights into binding of remdesivir triphosphate within the replication-transcription complex of SARS-CoV-2. Biochemistry 61 (18), 1966–1973. doi:10.1021/acs.biochem.2c00341
 Wang, J., Skeens, E., Arantes, P. R., Maschietto, F., Allen, B., Kyro, G. W., et al. (2022c). Structural basis for reduced dynamics of three engineered HNH endonuclease lys-to-ala mutants for the clustered regularly interspaced short palindromic repeat (CRISPR)-Associated 9 (CRISPR/Cas9) enzyme. Biochemistry 61, 785–794. doi:10.1021/acs.biochem.2c00127
 Wang, M., Li, R., Shu, B., Jing, X., Ye, H. Q., and Gong, P. (2020). Stringent control of the RNA-dependent RNA polymerase translocation revealed by multiple intermediate structures. Nat. Commun. 11, 2605. doi:10.1038/s41467-020-16234-4
 Wang, Q., Wu, J., Wang, H., Gao, Y., Liu, Q., Mu, A., et al. (2020). Structure of the RNA-dependent RNA polymerase from COVID-19 virus. Science 182, 779–782. doi:10.1126/science.abb7498
 Wang, Y., Zhang, D., Du, G., Du, R., Zhao, J., Jin, Y., et al. (2020). Remdesivir in adults with severe COVID-19: A randomised, double-blind, placebo-controlled, multicentre trial. Lancet 395, 1569–1578. doi:10.1016/S0140-6736(20)31022-9
 Winn, M. D., Ballard, C. C., Cowtan, K. D., Dodson, E. J., Emsley, P., Evans, P. R., et al. (2011). Overview of the CCP4 suite and current developments. Acta Crystallogr. D. Biol. Crystallogr. D67, 235–242. doi:10.1107/S0907444910045749
 Yan, L., Zhang, Y., Ge, J., Zheng, L., Gao, Y., Wang, T., et al. (2020). Architecture of a SARS-CoV-2 mini replication and transcription complex. Nat. Commun. 11, 5874. doi:10.1038/s41467-020-19770-1
 Yates, M. K., and Seley-Radtke, K. L. (2019). The evolution of antiviral nucleoside analogues: A review for chemists and non-chemists. Part II: Complex modifications to the nucleoside scaffold. Antivir. Res. 162, 5–21. doi:10.1016/j.antiviral.2018.11.016
 Yin, W., Mao, C., Luan, X., Shen, D.-D., Shen, Q., Su, H., et al. (2020). Structural basis for inhibition of the RNA-dependent RNA polymerase from SARS-CoV-2 by remdesivir. Science 368, 1499–1504. doi:10.1126/science.abc1560
 Yin, Y. W., and Steitz, T. A. (2014). The structural mechanism of translocation and helicase activity in T7 RNA polymerase. Cell 116, 393–404. doi:10.1016/s0092-8674(04)00120-5
 Zhang, L., Zhang, D., Wang, X., Yuan, C., Li, Y., Jia, X., et al. (2021). 1'-Ribose cyano substitution allows Remdesivir to effectively inhibit nucleotide addition and proofreading during SARS-CoV-2 viral RNA replication. Phys. Chem. Chem. Phys. 23, 5852–5863. doi:10.1039/d0cp05948j
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2022 Shi, Wang and Batista. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fmolb-09-999291-g005.gif





OPS/images/fmolb-09-999291-g006.gif
stereo pair

K593 NG-RMP NC*
Mgt Q815 NN2-C8130
~CBI3N.D761082
~D761051-MgA
D618 OB1-K798 L.
D618 052798 N
K593 N-QB15 On1
QB15N2-CB130
~ D761 051-MgA
D761052.K798 N,
D618 051-K798 NG,
D618 052-K798 N
K798 N-PPIOT

o 2 4 6 1 0 2
Interatomic Distance (A)





OPS/images/fmolb-09-999291-g003.gif





OPS/images/fmolb-09-999291-g004.gif
A Ksss’ 8 c
PPUAMP  PPIRMP

%%

° Kse € Km © priave  prirup

=& F





OPS/xhtml/nav.xhtml
Contents

		Cover

		Translocation pause of remdesivir-containing primer/template RNA duplex within SARS-CoV-2’s RNA polymerase complexes		Introduction

		Computational methods

		Results

		Discussion

		Concluding remarks

		Data availability statement

		Author contributions

		Acknowledgments

		Publisher’s note

		References









OPS/images/cover.jpg
& frontiers | Frontiers in Molecular Biosciences






OPS/images/fmolb-09-999291-g001.gif





OPS/images/fmolb-09-999291-g002.gif









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
P frontiers | Frontiers in Molecular Biosciences





