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Introduction

The development of broadly acting antivirals that may be effective against many viral infections has targeted viral genome synthesis using nucleotides or nucleotide analogs to inhibit the universal genomic building blocks and inhibiting viral nucleic acid synthesis. Generally, viral RNA polymerases are error-prone and most RNA viruses do not possess or have limited error correcting functions, resulting in a high number of mutations during genome replication. As a consequence, these viruses (like SARS-Covid-2) evolve rapidly and have a high mutation rate. Nucleoside or nucleotide analogs (which can mimic the natural nucleotides) can block viral nucleic acid synthesis, or drive the virus mutation rate over a threshold and thereby stop the production of infectious viruses, known as lethal mutagenesis. Nucleotide analogs after being transformed into their corresponding non-natural nucleoside 5′-triphosphate form via host cell pathways are mistakenly incorporated into the viral genome by the viral polymerase and cause lethal mutagenesis. The active 5′-triphosphate form (5′-TP) of the nucleotide analogs compete with endogenous nucleotides for the incorporation into the nascent viral RNA operated by the RdRp and terminate the RNA synthesis by acting as obligate chain terminators. [START_REF] Hutching | Targeting viral genome synthesis as broad-spectrum approach against RNA virus infections[END_REF][START_REF] Noor | Antiviral drugs against severe acute respiratory syndrome coronavirus 2 infection triggering the coronavirus disease-19 pandemic[END_REF][START_REF] Ju | Nucleotide analogues as inhibitors of SARS-CoV Polymerase[END_REF][START_REF] Vicenti | SARS-CoV-2 RNA-dependent RNA polymerase as a therapeutic target for COVID-19[END_REF][START_REF] Malone | Molnupiravir: coding for catastrophe[END_REF] A number of nucleotide analogs have been approved for treatment of various RNA viruses, and others are still being developed: Ribavirin and AZT are approved for HIV/AIDS treatment by the FDA. The active TP form of Ribavirin shows considerable broad-spectrum antiviral activity against RNA viruses belonging to the Filoviridae, Paramyxoviridae, Coronaviridae, Picornaviridae and Pneumoviridae families. Sofosbuvir is FDA approved to treat chronic hepatitis C virus (HCV) infections. Sofosbuvir is used in combination therapy with other antiviral medications (Ribavirin, Ledipasvir, Velpatasvir) and to treat HCV and HIV co-infected patients. Favipiravir has been approved to treat severe influenza in Japan rather than seasonal influenza. It is currently being evaluated for a treatment for Covid-19. Molnupiravir has been approved in the UK for treating Covid-19, and by the US FDA for emergency use as a treatment for Covid-19. The active TP form is also effective against Chikungunya virus, Venezuelan Equine Encephalitis virus (VEEV), Respiratory Syncytial virus (RSV), HCV, Norovirus, Influenza A and B viruses, EBOV and human coronaviruses. Remdesivir was the first drug approved in the US by the FDA as a treatment for Covid-19. The active triphosphate form of Remdesivir resembles the natural nucleotide adenosine but has a cyano group at C1 of the ribose and a C-C bond connecting the ribose group to the 4aminopyrrolo[2,1-f][1,2,4]triazin-7-yl moiety. Remdesivir is also active against Ebola and MERS. The cyano group is thought to cause changes to the conformation of the ribose group and distorts the shape of the RNA strand such that only three more nucleotides can be added, terminating the RNA growth. The C-C bond is thought to prevent the proof reading by exoenzymes which could potentially remove Remdesivir from the RNA. Alovudine is an inhibitor of the SARS-CoV-2 RdRp and was tested as a treatment for HIV/AIDS IDX-184 is an antiviral drug originally developed as a treatment for hepatitis C, but it shows activity against other emerging viral diseases such as Zika virus, and coronaviruses including MERS, and SARS-CoV-2. The search for anti-viral therapeutics that are effective against Covid-19 has so far yielded the FDA approved drug, Remdesivir. However, Paxlovid (a combination of Ritonavir, an older protease inhibitor used for HIV, and Nirmatrelvir, a newer protease inhibitor) has been approved as a treatment for Covid-19 in the UK and for emergency use in the US. Molnupiravir is approved by the FDA for emergency use.

RNA-dependent RNA polymerase (RdRp) replication consists of four stages: (a) nucleoside triphosphate (NTP) binding at an active binding site, complementary to the corresponding nucleotide on the template strand, followed by a RdRp conformational change, (b) active site closure, to produce a catalytically competent site (c) phosphodiester bond formation Mg ++ catalysed where the substrate NTP is able to undergo a phosphatidyl transfer and form a phosphodiester bond with the newly synthesized chain, so the active site is no longer catalytically stable and the RdRp complex changes to an open conformation (d) translocation can then occur. The RNA template strand is able to move by one position through the RdRp protein complex and continue chain elongation by binding a new NTP. [START_REF] Wu | Visualizing the Nucleotide Addition Cycle of Viral RNA-Dependent RNA Polymerase[END_REF][START_REF] Shu | Structural basis of viral RNA-dependent RNA polymerase catalysis and translocation[END_REF] Lu found that the ratelimiting step of RNA synthesis in their nucleoside analog triphosphate assay was the formation of the RNA/RdRp complex. [START_REF] Lu | Development of a simple in vitro assay to identify and evaluate nucleotide analogs against SARS-CoV-2 RNA-dependent RNA polymerase[END_REF] This study focuses on stage (a) by comparing the structure activity of anionic TP versions of various nucleotide analogs which are known to have anti-viral activity to determine what structural features may be important in designing new anti-virals.

Ribavirin is the most studied broad spectrum antiviral nucleoside analogue and is approved for the treatment of respiratory syncytial virus infections and, in combination with pegylated interferon-a, ribavirin has been standard treatment for chronic hepatitis C virus (HCV) infections. Ribavirin has been used to treat severe disease or epidemic scenarios such as viral hemorrhagic fevers caused by Lassa, Crimean-Congo hemorrhagic fever virus, HIV/AIDS, despite possibly having severe side effects. [START_REF] Hutching | Targeting viral genome synthesis as broad-spectrum approach against RNA virus infections[END_REF] [Hutching] There is some molecular docking evidence that Ribavirin and other nucleoside analogs may be effective against Covid-19 RdRp. [START_REF] Aa Elfiky | Anti-HCV, nucleotide inhibitors, repurposing against COVID-19[END_REF][START_REF] Aa Elfiky | Sofosbuvir, Galidesivir, and Tenofovir against SARSCoV-2 RNA dependent RNA polymerase (RdRp): A molecular docking study[END_REF][START_REF] Mn Ibrahim | Sofosbuvir May be a Potential Anti-SARS-CoV-2 RdRp Drug[END_REF][START_REF] Byléhn | Modeling the Binding Mechanism of Remdesivir, Favilavir, and Ribavirin to SARS-CoV-2 RNA-Dependent RNA Polymerase[END_REF] Molnupiravir triphosphate targets RNA-dependent RNA polymerase (RdRp) which is a critical step in SARS-CoV-2 replication. The virus uses Molnupiravir-TP as a substrate instead of the natural cytidine triphosphate or uridine triphosphate, so when the RdRp uses the resulting RNA as a template, Molnupiravir triphosphate directs incorporation of either GTP or ATP into the new product RNA strand. Molnupiravir triphosphate can form stable base pairs with either GTP or ATP in the RdRp active center, explaining how the polymerase escapes proofreading and synthesizes mutated RNA. This two-step mutagenesis mechanism can apply to various viral polymerases, and may explain the broad-spectrum antiviral activity of Molnupiravir. Molnupiravir monophosphate can recognize both GTP and ATP because the Molnupiravir base can exists as two tautomers: the hydroxylamine or amino form behaves like cytidine and enables base pairing with guanosine, whereas the oxime or imino form mimics uridine and pairs with adenosine. Tautomerization controls whether the correct (GTP) or incorrect (ATP) nucleotide is inserted determining whether mutagenesis will occur. By promoting incorporation of adenosine instead of guanosine into the nascent RNA strand, the incorporated adenosine templates a uridine in the next round of RNA synthesis, resulting in an overall cytidine-to-uridine error. The incorporation of natural nucleotides over the efficiency of incorporation of the active MolnupiravirTP into model RNA substrates was in the order GTP >> ATP > UTP > CTP, indicating that MolnupiravirTP competes predominantly with CTP for incorporation. No significant inhibition of RNA synthesis was noted as a result of the incorporated monophosphate in the RNA primer strand. When embedded in the template strand, Molnupiravir-monophosphate supported the formation of both Molnupiravir C:G and Molnupiravir C:A base pairs with similar efficiencies. The mechanism of Molnupiravir is primarily based on RNA mutagenesis mediated via the template strand. [START_REF] Malone | Molnupiravir: coding for catastrophe[END_REF][START_REF] Cj Gordon | Molnupiravir promotes SARS-CoV-2 mutagenesis via the RNA template[END_REF] In contrast, Remdesivir can inhibit RNA synthesis by SARS-CoV-2 RdRp when incorporated in the primer strand and when present in the template strand. The two distinct modes of inhibition can be linked to interactions between the 1′-CN group of the nucleotide analog and conserved residues in nsp12. The side chain of Ser-861 is thought to cause a steric clash with the incorporated RDV and inhibition is seen at position i+3. [START_REF] Ep Tchesnokov | Template-dependent inhibition of coronavirus RNAdependent RNA polymerase by remdesivir reveals a second mechanism of action[END_REF] Nucleoside analogs have been shown to be effective against the SARS-CoV-2, by invoking RdRp chain termination. Following intracellular phosphorylation, nucleoside analog triphosphates (the active form of nucleoside analogs) are competitively incorporated into nascent viral RNA chains and so inhibit viral replication. The mechanism of inhibition varies for different nucleotide analogs. Lu et al have measured the discrimination values of nucleotide analogs over those of natural nucleotides, allowing the evaluation of the incorporation efficiency of nucleotide analogs by SARS-CoV-2 RdRp. Anti-viral nucleotide analogs can have different mechanisms of action eg chain terminators, delayed terminators, such as RemdesivirTP, which is incorporated into SARS-Cov-2 RdRp more efficiently than ATP and causes delayed chain termination. Mutagenic nucleoside analogs such as Ribavirin and Favipiravir, induce mutagenesis due to their ambiguous base-pairing properties after being incorporated into viral RNA. K 1/2 values (the concentration leading to 50% SARS-CoV-2 polymerase extension) for a number of nucleotide analogues including Sofosbuvir have been measured.

However other factors besides various repurposed nucleotide analogs being incorporated into viral RNA via RdRp need consideration with respect to likely efficacy against SARS-CoV-2: (1) the metabolic availability of the active nucleotide analog triphosphates in various cell lines needs to be established, since there is evidence of variability, (2) understanding of how the metabolically active nucleotide triphosphate analogs binds with RdRp, (3) how the hydrolysis to the active monophosphate form in the RdRp complex occurs, and (4) transfer of the monophosphate form to the RNA strand occurs resulting in elongation by one NTP.

Lu [START_REF] Lu | Development of a simple in vitro assay to identify and evaluate nucleotide analogs against SARS-CoV-2 RNA-dependent RNA polymerase[END_REF] found that incorporation of Sofosbuvir-TP was very low, suggesting that Sofosbuvir may not be very effective in treating SARS-CoV-2 infection. Sofosbuvir inhibits SARS-CoV-2 replication in Huh-2 (human hepatoma-derived) and Calu-3 (Type II pneumocyte-derived) cells with EC 50 values of 6.2 and 9.5 μM, respectively, but not in Vero-E6 cells. Sofosbuvir was also shown to protect human brain organoids from infection by SARS-CoV-2. [START_REF] Chien | Nucleotide Analogues as Inhibitors of SARS-CoV-2 Polymerase, a Key Drug Target for COVID-19[END_REF]The intracellular concentration of the active triphosphate metabolite of Sofosbuvir (SofosbuvirTP or GS-461203), was 11-342 times higher in Huh7 cells compared to Vero and A549 cells. There is evidence that Vero cells cannot convert nucleotide inhibitors into the TP form, so cannot be used to assess the inhibition of RdRp. These data show that a careful selection of cell systems for repurposing trials of prodrugs is needed for evaluation of antiviral activity. [START_REF] Mumtaz | Cell-line dependent antiviral activity of sofosbuvir against Zika virus[END_REF][START_REF] Shah | Cell type mediated resistance of vesicular stomatitis virus and sendai virus to ribavirin[END_REF][START_REF] Cq Sacramento | In vitro antiviral activity of the anti-HCV drugs daclatasvir and sofosbuvir against SARS-CoV-2, the aetiological agent of COVID-19[END_REF] Study objectives:

(a) To evaluate the molecular and electronic characteristics of known effective nucleotide analogs in their metabolically active triphosphate form in inhibiting RNA-dependent RNA polymerase (RdRp) to gain a mechanistic understanding of how inhibition can occur against a variety of pathogenic viruses (b) Evaluate how various substituents on the ribose (ribofuranose) ring influence the interaction of nucleotide analogs (eg IDX-184, Ribavirin, Sofosbuvir, Remdesivir, Molnupiravir, Favipiravir, AZT, Alovudine) with RdRp.

Results

We have previously examined the lethal mutagenesis and tautomerism of various Corona, Covid-19 and HIV viruses using TD DFT methods. [START_REF] Fong | Lethal mutagenesis and tautomerism in Corona, Covid-19 and HIV viruses: predicting efficacy by TD DFT quantum mechanics[END_REF] This study extends that study to the effect of nucleotide analogs at the RdRp active site. The examined nucleotide analogs are shown in Figure 1 and Table 1 as the active triphosphates (TP) which interact with RdRp. The TPs of IDX-184, Ribavirin, Sofosbuvir, Remdesivir, Molnupiravir, Favipiravir, AZT, Alovudine and various precursors have been examined. The various nucleobase analogs have a ribose moiety (substituted deoxyribose or ribofuranose) through a glycosidic bond to the N atom of the purine or pyrimidine base component. The ribose moiety is joined to the trianionic TP group. The TP nucleotide analogs are base paired with uridine, cytidine, guanine, adenosine via H bonds to simulate interaction with RdRp, allowing a comparison amongst the various nucleotide analogs.

The natural NTPs of uridine paired with adenosine and guanosine paired with cytidine with are also examined for comparative purposes.

The ground state HOMO, LUMO, HOMO-LUMO (HL) gap in water, vertical excited states and oscillator strengths of the nucleotide analogs in water, solvation energies in water and molecular volumes in water are shown. The ground state HOMO-LUMO gap is a fundamental measure of kinetic reactivity, so the gaps for the H bonded base pairs between the analogs and nucleosides (uridine, cytidine etc) can be used to rank the analogs and complexes. Similarly the excitation energy (ES) of the first excited state (usually the first excited state with the oscillation strength) also provides a relative measure of reactivity of the analogs and complexes. The excitation energies can be useful measures of intramolecular electrostatic effects exerted by the anionic TP moieties. The solvation energies in water (as measured by the CDS in water) and molecular volumes are also given, as these are properties that are involved in the availability of the NTPs to RdRp. [START_REF] Fong | Lethal mutagenesis and tautomerism in Corona, Covid-19 and HIV viruses: predicting efficacy by TD DFT quantum mechanics[END_REF] Table 1 shows a comparison of SofosbuvirTP-Uridine HL 5.90eV, ES 5.10eV with SofosbuvirTP-Cytidine HL 7.58eV, ES 5.06eV indicating the latter complex is more stable. However SofosbuvirTP Tautomer-Cytidine HL 6.70eV, ES 3.57eV shows that when the tautomeric form of Sofosbuvir H bonds to Cytidine, the complex is far more reactive than the normal form. Similarly, the various base paired complexes of IDX-184, Ribavirin, Remdesivir, etc can also be directly compared.

The predominant locations and magnitudes of the HOMOs and LUMOs of the NTPs are critical determinants of the magnitude of the base pairings with nucleosides. As noted in Table 1, the various SofosbuvirTP analogs are unique in having the HOMO predominantly located on the substituted ribose (4-fluoro-3-hydroxy-4-methyloxolan-2-yl) moiety. Generally the nucleotide analogs examined in Table 1 have HOMOs variably located on the ribose moiety or the base pairs uridine or cytidine etc. The LUMOs are always located on the paired dioxypyrimidine moiety of the analogs H-bonded to the cytidine or uridine bases. The same is true for the natural NTPs of uridine paired with adenosine and guanosine paired with cytidine (see Figures 2,3)

Sofosbuvir, is unusual in that the HOMO is located on the ribose (4-fluoro-3-hydroxy-4methyloxolan-2-yl) moiety (see Figures 345). Various substituents at the C3 of this ribose group instead of the F (ie Cl or OH) or changing the methyl group to H at C3 still have the same HOMO location on the ribose (4-fluoro- 1) since the more kinetically stable analogs have higher HL gaps, and similar HOMO and LUMO locations (with the exception of Sofosbuvir). It is clear that substituents on the 2′ and 3′ hydroxyl groups of the ribose moieties influence the HL activity and the locations of the HOMOs and LUMOs.

To examine the possible origins of the unique location of the HOMOs of the Sofosbuvir analogs when base paired with cytidine or uridine, it can be seen that the free (ie not paired with cytidine or uridine) GS-461203 or SofosbuvirTP has different HOMO locations: (a) located on the ribose moiety when the trianionic triphosphate group is orientated towards the dioxypyrimidine moiety, but (b) located on both the ribose and dioxypyrimidine moieties when the TP group is orientated away from the dioxypyrimidine moiety. (see Figures 4(a) 4(b)) These two distinct conformations are differentiated by a higher reactivity, ie lower HOMO-LUMO gap 7.73eV, and lower first excitation energy 4.00eV & 0.025 oscillator strength for 4(a), and a higher stability with HOMO-LUMO gap 8.03eV and higher first excitation energy 5.30eV & 0.347 oscillator strength for 4(b).

However when SofosbuvirTP does interact with RdRp, ie hydrogen bonds with uridine or cytidine of RdRp, then the same effect is seen: ie when the trianionic TP is orientated away from the hydrogen bonded cytidine dioxypyrimidine moiety, the conformation in Figure 6(a) is more stable with a HL gap of 7.58eV versus & 7.17eV for the conformation where the TP is orientated towards the hydrogen bonded area in Figure 6(b).

These data suggest that the trianionicTP moiety has a major electrostatic impact on GS-461203 or Sofosbuvir TP and how it would approach and then electrostaticly interact with the RdRp. The first stage of synthesis of RNA by RdRp is when the nucleoside triphosphate (NTP) binds at an active binding site, complementary to the corresponding nucleotide on the template strand, followed by a RdRp conformational change. These data indicate that conformational processes required by RdRp extension may be governed by the electrostatic properties of the TP group, and the consequential changes in HOMO-LUMO and excited state dimensions.

Figure 5 shows that the SofosbuvirTP-Uridine base pair complex is more reactive (5.90 eV) than either of the SofosbuvirTP-Cytidine complexes in Figure 6(a) and 6(b) (HL 7.17 and 7.58 eV). Similarly Figure 7 shows that the tautomeric SofosbuvirTP-Cytidine complex is more reactive (HL 6.70 eV) than either of the normal forms of SofosbuvirTP-Cytidine complex in Figures 6(a) or 6(b).

The H bonding of the TPs of IDX-184, Ribavirin, Remdesivir, Molnupiravir, Favipiravir, AZT, Alovudine to the nucleosides cytidine, uridine, adenosine, guanosine etc are shown in Figures 7-20 and in Table 1. Figure 17 is noteworthy because the AZT Tautomer Triphosphate Trianion-Cytidine base pair complex shows the HOMO (C), LUMO+1 (R). It was found that the LUMO resides on the azido group, with the LUMO+1 residing on the hydrogen bonded area of the complex. The ESP maps show similar density on the cytidine and azido moieties. This result indicates that AZT could be modified to take advantage of the unusual properties of the azido group when seeking anti-viral efficacy.

Discussion

The examined nucleotide analogs in this study were chosen based on their known efficacies against various viruses, where lethal mutagenesis or RdRp inhibition is known to be a common mechanism. There are some mechanistic studies which relate structural features of NTPs particularly how various substituents on the ribose group affect mutagenesis.

The 3′-OH group of the ribose moiety is thought to be important for the chain termination activity of nucleotide analogs. In Sofosbuvir, chain termination is thought to be due to the steric clashes of the 2′-methyl group, (but also enhanced by resistance to the excision activity exerted by the SARS-CoV-2 exonuclease). [START_REF]Intermolecular and Intramolecular Excited State Charge Transfer[END_REF][START_REF] Kümmel | Charge-Transfer Excitations: A Challenge for Time-Dependent Density Functional Theory That Has Been Met[END_REF]. In Remdesivir the presence of the 3′-OH group allows the formation of the phosphodiester bond to the next incoming nucleotide and the elongation of the growing RNA chain. But viral RNA synthesis is blocked following the addition of another three NTPs as a result of the steric hindrance caused by the 1′-CN group with the S861 residue. Other analogs (such as Favipiravir, Ribavirin) are incorporated in the nascent viral RNA at high rate, but they are not recognized as endogenous nucleotides in the subsequent round of replication, increasing the mutation rate and leading to the generation of non-viable genomes. [START_REF] Picarazzi | Targeting the RdRp of emerging RNA viruses: the structure-based drug design challenge[END_REF][START_REF] Crotty | The broad-spectrum antiviral ribonucleoside ribavirin is an RNA virus mutagen[END_REF] 2′-deoxy-2′-α-fluoro-β-C-methylcytidine, (Figure 21) which is structurally very similar to Sofosbuvir, is thought to act as a chain terminator because the 2′ methyl group of the nucleotide analogue causes a steric clash with an incoming nucleoside triphosphate. It is believed that the chain termination activity of 2′-C-methyl nucleotide analogs is related to a steric clash of the 2′methyl group with the ribose of the next incoming nucleotide substrate based on modeling of the NS5B initiation complex from bacteriophage RdRp and NS5B crystal structures. [START_REF] Ma | Characterization of the Metabolic Activation of Hepatitis C Virus Nucleoside Inhibitor β-d-2′-Deoxy-2′-fluoro-2′-C-methylcytidine (PSI-6130) and Identification of a Novel Active 5′-Triphosphate Species[END_REF] Figure 21. β-d-2′-Deoxy-2′-fluoro-2′-C-methylcytidine

Steric factors have been suggested to be critical to the efficacy of SosfosbuvirTP and RemdesivirTP in the interaction of the active TP forms with Covid-19 RdRp. [START_REF] Ep Tchesnokov | Template-dependent inhibition of coronavirus RNAdependent RNA polymerase by remdesivir reveals a second mechanism of action[END_REF][START_REF] Cq Sacramento | In vitro antiviral activity of the anti-HCV drugs daclatasvir and sofosbuvir against SARS-CoV-2, the aetiological agent of COVID-19[END_REF][START_REF] Ma | Characterization of the Metabolic Activation of Hepatitis C Virus Nucleoside Inhibitor β-d-2′-Deoxy-2′-fluoro-2′-C-methylcytidine (PSI-6130) and Identification of a Novel Active 5′-Triphosphate Species[END_REF] The results from this study indicate that the location of the frontier orbitals and their HL gaps can be used to predict the stability of the TP nucleotide analogs as shown in IDX-184, AZT, Alovudine and Sofosbuvir, rather than notions of steric effects proposed in the literature. The major effect determining stabilities are electrostatic effects from the orientation of the anionic TP groups when the nucleotide analogs hydrogen bond with base pairs in the rate-limiting step of RNA synthesis during the formation of the RNA/RdRp complex.

Docking studies are routinely used to investigate binding interactions of drugs to protein targets. Elfiky [START_REF] Aa Elfiky | Anti-HCV, nucleotide inhibitors, repurposing against COVID-19[END_REF][START_REF] Aa Elfiky | Sofosbuvir, Galidesivir, and Tenofovir against SARSCoV-2 RNA dependent RNA polymerase (RdRp): A molecular docking study[END_REF][START_REF] Mn Ibrahim | Sofosbuvir May be a Potential Anti-SARS-CoV-2 RdRp Drug[END_REF] found that the docking binding energies (SARS solvated PDB ID: 6NUR, chain A) RdRp from AutoDock Vina ) of the nucleotide analogs (in the active triphosphate presumably neutral forms) IDX-184, Ribavirin, Sofosbuvir and Remdesivir to the Covid-19 RdRp were -9.0, -7.8, -7.5, and -7.6 kcal/mol, while the docking binding energies of the native physiological nucleotides guanosine triphosphate and uridine triphosphate were -8.7 and -7.8 kcal/mol. Sacramento et al [START_REF] Cq Sacramento | In vitro antiviral activity of the anti-HCV drugs daclatasvir and sofosbuvir against SARS-CoV-2, the aetiological agent of COVID-19[END_REF] found the docking of SofosbuvirTP with Covid-19 RdRp (PDB7BV2) showed residue electrostatic and steric interactions (as well as H bonding). Electrostatic interactions were also shown with the two Mg ++ ions. Ahmad [START_REF] Ahmad | SARS-CoV-2 RNA Dependent RNA polymerase (RdRp) -A drug repurposing study[END_REF] reported for single-chain RdRp docking scores for Ribavirin, Remdesivir, Sofosbuvir, IDX-184 -5.94, -5.57, -4.94, -8.57, kcal/mol respectively. These docking studies are not consistent and may reflect different algorithms, or conditions. Certainly these docking studies do not use molecular orbitals and how such orbitals may be modulated by electrostatic effects exerted by the anionic TP moiety.

Conclusions

A study of some commonly used anti-viral nucleotide analogs using quantum mechanical methods has been carried out. Specifically the binding of nucleoside triphosphates (NTPs derived from IDX-184, Ribavirin, Sofosbuvir, Remdesivir, Molnupiravir, Favipiravir, AZT, Alovudine, and some natural NTPs etc) base paired with nucleosides (cytosine, guanine, adenine) has been studied since the rate-limiting step of RNA synthesis involves nucleoside analog triphosphates in the formation of the RNA/RdRp complex.

It is shown that the location of the frontier orbitals and their HL gaps can be used to predict the stability of the nucleotide analogs as shown in IDX-184, AZT, Alovudine and Sofosbuvir etc, rather than notions of steric effects reported in the literature. The major effect determining stabilities are electrostatic effects from the orientation of the anionic TP groups when the nucleotide analogs hydrogen bond with base pairs in the rate-limiting step of RNA synthesis during the formation of the RNA/RdRp complex.

The HL gaps and energies of the first excited states of NTP-nucleobase complexes can show which bases form more stable complexes, and which tautomeric form of the NTPs form the more stable complexes. The influence of how various substituents on the ribose (ribofuranose) ring influence the interaction of nucleotide analogs (eg IDX-184, Ribavirin, Sofosbuvir, Remdesivir, Molnupiravir, Favipiravir, AZT, Alovudine) with RdRp is also demonstrated. It was shown that Sofosbuvir has unique features amongst these drugs. These factors can be useful in design of more effective anti-viral drugs.

Experimental methods

Range-separated functionals give improved charge transfer excitation energies, reaction barriers and, in general, minimize self-interaction error. The long-range corrected CAM-B3LYP which increases the amount of HF exchange at long-range is suited for charge transfer excitations and improves the long range capability of the functional. Where van der Waals interactions are important, dispersion corrections improve the performance of DFT functionals for hydrogenbonded systems. [START_REF] Ga Dilabio | Noncovalent Interactions in Density Functional Theory[END_REF][START_REF] Jensen | Excited States of DNA Base Pairs Using Long-Range Corrected Time-Dependent Density Functional Theory[END_REF][START_REF] Sevilla | Excited States of DNA Base Pairs Using Long-Range Corrected Time-Dependent Density Functional Theory[END_REF][START_REF] Foster | Nonempirically Tuned Range-Separated DFT Accurately Predicts Both Fundamental and Excitation Gaps in DNA and RNA Nucleobases[END_REF] Intramolecular excited state charge transfer, can involve a charge redistribution in the excited molecule which produces a very large excited state dipole moment. Range separated functionals were computationally efficient and effective. [START_REF]Intermolecular and Intramolecular Excited State Charge Transfer[END_REF][START_REF] Kümmel | Charge-Transfer Excitations: A Challenge for Time-Dependent Density Functional Theory That Has Been Met[END_REF] Raeber [START_REF] Ae Raeber | The Importance of Short-and Long-Range Exchange on Various Excited State Properties of DNA Monomers, Stacked Complexes, and Watson-Crick Pairs[END_REF] in a TD DFT study of DNA nucleobase monomers and dimers that included several n à π and π à π* valence excitations, long-range charge-transfer excitations, and extended Rydberg transitions found that functionals that do not have both short-and full long-range exchange components are unable to predict the different types of nucleobase excitations. CAM-B3LYP performed well in this study. Halsey-Moore [START_REF] Halsey-Moore | Tuning range-separated DFT functionals for modeling the peak absorption of MEH-PPV polymer in various solvents[END_REF] found that tuning of the range separation parameter of wB97XD and CAM-B3LYP gave slightly improved TD-DFT charge transfer UV-Vis results for some small polymeric oligomers in solution. Tuning optimization improved predicted results by about 6-8% compared to the default range separation parameters in wB97XD and CAM-B3LYP.

Since very rapid PCET processes are involved in genomic base pair tautomers which also involve charge transfer processes in aromatic ππ orbital charge transfer interactions as well as n → σ* -type charge involved in H-bonding, a time dependent DFT (TDDFT) method is appropriate to investigate how lethal mutagenesis can be an effective anti-viral therapy. In this study we have used TDDFT with the dispersion corrected CAM-B3LYP functional to investigate how the various tautomeric forms of several antiviral drugs can induce lethal mutagenesis in SARS-CoV-2 and HIV through rapidly inter-converting tautomers which have different base pairing abilities, so causing mutations in the genome. The nucleosides cytidine, uridine, adenosine, guanosine etc have been truncated in calculations by removing the ribose ring (ribofuranose) via the β-N 1 -glycosidic bond and replacing the ring by a methyl group, leaving the nucleobases cytosine (or uracil, or adenine or guanine etc) to H-bond with the various TP nucleotide analogs.

All calculations were carried out using the Gaussian 09 package. Energy optimizations were at the DFT/CAM-B3LYP/6-31G(d,p) (6d, 7f) level of theory for all atoms in water, with the empirical dispersion correction GD3BJ. Selected optimizations at the DFT/CAM-B3LYP/6-31+G(d,p) (6d, 7f) with the empirical dispersion correction GD3BJ level of theory gave very similar results to those at the lower level. TD DFT energy calculations and molecular electrostatic potential surface maps were conducted at the CAM-B3LYP/6-311++G(d,p) GD3BJ using the IEFPCM/SMD solvent model in water. The energy calculations and electrostatic potential surfaces for very different configurations of the trianionic triphosphate group relative to the orientation of the moieties of the various nucleotide analogs H bonded to the base pairs showed significant electronic conformational effects. Vertical excitation energies of the first excited state and their oscillator strength plus the ground state HOMO-LUMO gaps in water are given in Table 1. 
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  3-hydroxy-4-methyloxolan-2-yl) moieties of the Sofosbuvir analogs.It is noted that Sofosbuvir is structurally comparable to AZT and Alovudine in that the ribose moieties are very different from the other NTPs studied which have 2′ and 3′ hydroxyl groups whereas AZT and Alovudine have 3′ azido and 3′ F groups. However only Sosfosbuvir and its substituted variants (Cl and OH instead of the F group or H for the Me group of Sosfosbuvir) have the HOMO located on the ribose moiety. AZT and Alovudine have a 5-methylpyrimidine-2,4-dione base attached to the ribose moiety instead of the 2,4-dioxopyrimidin-1-yl group attached to the ribose moiety (4-fluoro-3-hydroxy-4-methyloxolan-2-yl) of Sofosbuvir. So the bases are very similar with just a Me group instead of a H for AZT and Alovudine. (see Figure1) It appears that the unusual HOMO location of Sosfosbuvir is due to the Me and/or F groups at 2′ ribose position coupled with a pyrimidine-2,4-dione base, compared to AZT and Alovudine which have azido and fluoro substituents at the 3′ ribose position. Also IDX-184 which has a Me(OH) at the 2′ ribose position (but with a purine base) can be compared to the Me(OH) substituted Sofosbuvir variant (with the pyrimidine base) which has the HOMO predominantly located on the ribose 4-fluoro-3-hydroxy-4-methyloxolan-2-yl moiety. The quantitative effect of changes to the ribose structure (as in IDX-184, AZT, Alovudine and Sofosbuvir) is shown by the HL gaps (Table

Table 1 . Molecular specifiers of various anionic triphosphate nucleotide analogs base paired with nucleosides and in free configuration

 1 Notes: Sofosbuvir TP (Cl*, OH**, H***) are structural modifications of Sofosbuvir where the F has been replaced by Cl, then where the F has been replaced by OH, and then where the Methyl group has been replaced by H on the ribose (ribofuranose) moiety respectively.

	NTPs base paired with	Solvation	Excited	Oscillator	HOMO-	Molec
	nucleosides plus natural	Energy	State	Strength ES	LUMO	Volume
	NTPs	CDS	eV		eV	cm 3 /mol
		kcal/mol				
	Uridine TP (free)	14.76	5.288	0.14	8.38	281
	Uridine TP -Adenosine	16.03	5.081	0.565	7.524	376
	Uridine TP (free, alternate	16.7	5.274	0.34	8.352	250
	config)					
	Guanosine TP (free)	13.43	4.852	0.184	7.9	285
	Guanosine TP -Cytidine	14.94	4.943	0.056	7.755	365
	Sofosbuvir TP -Uridine	21.38	5.1	0.308	5.897	330
	Fig 5					
	Sofosbuvir TP Tautomer -	20.38	3.568	0	6.703	366
	Cytidine					
	Fig 7					
	Sofosbuvir TP -Cytidine	20.57	5.064	0.194	7.579	362
	Fig 6(b)					
	Sofosbuvir TP -Cytidine	19.95	5.06	0.187	7.166	330
	Alternate Config					
	Fig 6(a)					
	Sofosbuvir TP (Cl*) -	19.97	5.064	0.191	7.464	401
	Cytidine					
	Sofosbuvir TP (OH**) -	20.37 4.97 1 st ES	0.002 1 st ES	7.346	336
	Cytidine		5.063 2 nd ES	0.19 2 nd ES		
	Sofosbuvir TP (H***) -	19.51	5.064	0.194	7.493	335
	Cytidine					
	Sofosbuvir TP (free)	16.09 4.0 1 st ES	0.025 1 st ES	7.725	325
	Fig 4(a)		5.203 2 nd ES	0.201 2 nd ES		
	Sofosbuvir TP (free	18.03	5.294	0.347	8.026	282
	alternate config)					
	Fig 4(b)					
	Sofosbuvir TP (free	14.6	4.471	0.124	7.651	259
	tautomer config)					
	Sofosbuvir TP (free	14.43	5.008	0.149	8.191	264
	tautomer alternate					
	config)					
	IDX-184 TP -Uridine	16.06	4.792	0.122	7.397	404
	IDX-184 TP -Cytidine	14.96	4.738	0.095	7.272	392
	IDX-184 TP -Guanidine	13.58	4.344	0.133	7.186	445
	Ribavirin TP -Uridine	17.65	5.13	0.292	8.079	378
	Ribavirin TP -Cytidine	15.9	5.081	0.245	7.936	376
	Remdesivir TP -Uridine	20.45	4.498	0.097	7.476	456
	Alovudine TP -Cytidine	18.32	4.949	0.232	7.722	350