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Lethal mutagenesis and tautomerism in Corona, Covid-19 and HIV viruses: predicting efficacy by TD DFT quantum mechanics
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A study of tautomers of the nucleoside analogs of KP-1212, molnupiravir and favipiravir and their role in lethal metagenesis of Corona, Covid-19 and HIV viruses has determined that TD DFT can be useful in predicting likely efficacy. The HOMO-LUMO gap, the excitation energy of the first excited state can indicate the ease by which the various nucleoside analogs can insert themslves into the genome. Interconversion amongst different tautomers can occur, as some tautomers can mimic cytosine, by pairing with guanine, but other tautomers mimicking thymine, and pair with adenine, thereby introducing mutations. The base pairing abilities of various tautomers of the mutagenic drugs can be quantitatively ranked.

The H bonding between the tautomers of nucleoside analogs base paired with nucleosides is important in determining the stability of the base pairing interaction, but electrostatic charge transfer from the metabolically active trianionic triphosphates of KP-1212, EIDD-1931 (molnupiravir metabolite) and favipiravir ribofuranosyl triphosphate is the dominant interaction during insertion into the viral genome. The excitation energy of the first excited state can be a measure of the ease by which such charge transfer can occur. Solvation effects due to the trianionic triphosphate moiety are large and need to be considered in the search for improved or new anti-viral mutagenic drugs.

Introduction

Tautomerism is an intrinsic property of ribonucleotides. Essigmann et al have [START_REF] Singh | Role of tautomerism in RNA biochemistry[END_REF] shown that tautomeric nucleoside analogs can act as antiviral drugs because of their ability to induce lethal mutagenesis, increasing the viral mutation rates above the error catastrophe limit of a virus. Nucleic acid bases and their analogs can have multiple tautomeric forms due to the presence of multiple solvent exchangeable protons acting on a fast interconverting nanosecond time scale. Proton coupled electron transfer (PCET) is an important process in various tautomers which influence excited states. In DNA, spontaneous formation of minor tautomers is thought to result in mutagenic mispairings during DNA replication, whereas in RNA, minor tautomeric forms could enhance the structural and functional diversity of RNA enzymes and aptamers. Another critical feature of RNA replication by RNA-dependent RNA polymerase (RdRp) is that the triphosphate of various nucleosides is a charged tri-anionic moiety making electrostatic effects important in replication processes.

Hydrogen bonds and rapid proton transfer are critical dynamic processes related to the acid-base characteristics of the nucleobases in Watson-Crick base pairs. [START_REF] Halder | RNA structure and dynamics: a base pairing perspective[END_REF] Rare mutagenic non-canonical tautomers can occur through such dynamic processes. Charge transport is involved in DNA damage and repair activities and the relationship between charge transport and proton exchange is critical. [START_REF] Srivastava | The Role of Proton Transfer on Mutations[END_REF] Charge transfers in DNA base pairs involve ππ orbital processes and n → σ*type charge transfer from filled π orbitals of the H-bond acceptor to the empty antibonding orbital of the H-bond donor. [START_REF] Senthilkumar | Absolute Rates of Hole Transfer in DNA[END_REF][START_REF] Halder | Estimating Strengths of Individual Hydrogen Bonds in RNA Base Pairs: Toward a Consensus between Different Computational Approaches[END_REF] It has been found that the hydrogen bonding ability of a πstacked nucleobase depends on the hardness and the orientation of the stacking molecule. The less hard the stacking molecule, the larger the charge transfer to the stacked one and the larger its ability for hydrogen bonding. With model complexes of cytosine π -stacked with substituted benzenes, the electrostatic interaction between cytosine and the substituted benzenes was inversely correlated with the hydrogen bonding capacity of cytosine. [START_REF] Mignon | Influence of the π-π interaction on the hydrogen bonding capacity of stacked DNA/RNA bases[END_REF] Hardness is directly related to the HOMO-LUMO gap. [6a] After many viruses such as HIV and Covid-19 infect a cell, they rapidly begin making copies of their genetic material. This replication process is very error-prone, so the virus mutates swiftly, so helping the virus to survive by allowing it to evade both the immune system and other therapeutic agents. Lethal mutagenesis is a novel therapeutic strategy that exploits the high mutation rates of certain viruses by intentionally increasing the viral mutation rate, causing excessive error accumulation and causing the viral population to collapse. [START_REF] Singh | Role of tautomerism in RNA biochemistry[END_REF][START_REF] Li | Tautomerism provides a molecular explanation for the mutagenic properties of the anti-HIV nucleoside 5-aza-5,6-dihydro-2′-deoxycytidine[END_REF][START_REF] Mullins | Mutation of HIV-1 Genomes in a Clinical Population Treated with the Mutagenic Nucleoside KP1461[END_REF][START_REF] Painter | Human Safety, Tolerability, and Pharmacokinetics of Molnupiravir, a Novel Broad-Spectrum Oral Antiviral Agent with Activity Against SARS-CoV-2[END_REF][START_REF] Kabinger | Mechanism of molnupiravir-induced SARS-CoV-2 mutagenesis[END_REF][START_REF] Aj Pruijssers | Nucleoside analogues for the treatment of coronavirus infections[END_REF] It has been shown that the drug KP-1212 which shows anti-HIV activity has multiple tautomeric forms, and the tautomeric profiles correlate with the mutagenic properties of KP-1212. Once KP-1212 inserts itself into the genome, it can interconvert amongst five different tautomers, with some tautomers mimicking cytosine, by pairing with guanine, but other tautomers mimicking thymine, and pairing with adenine, thereby introducing mutations. The five tautomers interconvert on a nanosecond timescale, with each tautomer having a different base-pairing property. It has been determined that KP-1212 induces a mutation rate of 10 percent in the HIV genome. [START_REF] Li | Tautomerism provides a molecular explanation for the mutagenic properties of the anti-HIV nucleoside 5-aza-5,6-dihydro-2′-deoxycytidine[END_REF][START_REF] Mullins | Mutation of HIV-1 Genomes in a Clinical Population Treated with the Mutagenic Nucleoside KP1461[END_REF] Molnupiravir (EIDD-2801) an existing therapeutic against influenza, has recently been approved as an oral therapeutic against Covid-19. The mechanism of the prodrug molnupiravir is based on the mechanism of the active antiviral ribonucleoside analog EIDD-1931 (or N-hydroxycytidine). EIDD-1931 can exist in two main tautomers, one tautomer mimics cytidine, but the other tautomer mimics uridine. When the virus replicates in the presence of EIDD-1931, its RNAdependent RNA polymerase (RdRp) misreads the tautomer as uridine instead of cytidine and therefore puts an adenosine where it should insert a guanosine. [START_REF] Painter | Human Safety, Tolerability, and Pharmacokinetics of Molnupiravir, a Novel Broad-Spectrum Oral Antiviral Agent with Activity Against SARS-CoV-2[END_REF] [Painter] Once incorporated into RNA, EIDD-1931 is recognized as either cytidine or uridine by the RdRp so consequently, many mutations are introduced into the viral genome, causing lethal mutagenesis and inhibition of infectivity.

Structural analysis of RdRp-RNA complexes that contain mutagenesis products shows that EIDD-1931 can form stable base pairs with either G or A in the RdRp active center, explaining how the RdRp escapes proofreading and synthesizes mutated RNA. [START_REF] Kabinger | Mechanism of molnupiravir-induced SARS-CoV-2 mutagenesis[END_REF] Issues related to obtaining enough of EIDD-1931 in the blood stream led to the creation of the prodrug EIDD-2801 that has an ester group substituted for the 5'-hydroxy group, and which is cleaved by enzymes in the blood to give the active form EIDD-1931.

EIDD-2801 and its active metabolite in the infected cell, the triphosphate of EIDD-1931, was also effective against Ebola, chikungunya, and influenza viruses. EIDD-2801 may also be effective against SARS-CoV, MERS as well as SARS-CoV-2, and possibly other corona viruses. Coronaviruses are the only RNA viruses that have proofreading enzymes that can "fix" mistakes it makes as it replicates [START_REF] Painter | Human Safety, Tolerability, and Pharmacokinetics of Molnupiravir, a Novel Broad-Spectrum Oral Antiviral Agent with Activity Against SARS-CoV-2[END_REF][START_REF] Aj Pruijssers | Nucleoside analogues for the treatment of coronavirus infections[END_REF][START_REF] Gribble | The coronavirus proofreading exoribonuclease mediates extensive viral recombination[END_REF] Favipiravir is currently being assessed as a possible oral therapeutic against the SARS-Cov-2 virus. [13,[START_REF] Ff Suharto | Favipiravir as RNA Polymerase Dependent (Rdrp) in COVID-19[END_REF] Favipiravir an influenza therapeutic is known to exert its mutagenic antiviral effect by ambiguous incorporation of the active species, favipiravir ribofuranosyl triphosphate metabolite by the RdRp. Favipiravir ribofuranosyl triphosphate is able to base pair with a cytidine and a uridine prior to being incorporated by influenza virus polymerase with low discrimination against natural GTP or ATP. [START_REF] Jin | The Ambiguous Base-Pairing and High Substrate Efficiency of T-705 (Favipiravir) Ribofuranosyl-5'-Triphosphate towards Influenza A Virus Polymerase[END_REF] However favipiravir may have teratogenesis and embryotoxicity side effects.

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] Foster | Nonempirically Tuned Range-Separated DFT Accurately Predicts Both Fundamental and Excitation Gaps in DNA and RNA Nucleobases[END_REF] 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 antiviral 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.

Results

The efficacy of any antiviral drug to induce lethal mutagenesis includes other factors such as the concentration that the drug needs to achieve lethality inside the cell, and the ability of a cell to convert the nucleoside without the phosphate, to the active triphosphate form, which is incorporated by the RdRp in the case of Covid-19, issues related to how the active nucleoside is incorporated by RdRp into RNA, and the absence of side effects. In this study we examine the stability and excitation energies of KP-1212, molnupiravir and favipiravir, and how they can act as antiviral drugs, because their tautomers can act as nucleoside analogs. For example, EIDD-1931 the active agent of molnupiravir, can exist in two main tautomers, one tautomer mimics cytidine, but the other tautomer mimics uridine. When the virus replicates in the presence of EIDD-1931, its RdRp misreads the tautomer as uridine instead of cytidine and therefore puts an adenosine where it should insert a guanosine, inducing lethal mutagenesis. We also examine the lipophilicities of these drugs since lipophilicity is a major determinant of how well various drugs or prodrugs can enter virus infected cells to allow these drugs to exert their anti-viral efficacy.

Table 1 shows the TDDFT molecular specifiers for the tautomers of molnupiravir, favipiravir, and KP-1212 and their base pairs. We have examined the anti-HIV drug KP-1212 whose tautomers have been shown by Li et al [START_REF] Li | Tautomerism provides a molecular explanation for the mutagenic properties of the anti-HIV nucleoside 5-aza-5,6-dihydro-2′-deoxycytidine[END_REF] to cause lethal mutagenesis. KP-1212 and its oral prodrug KP-1461, is a non-chain-terminating, mutagenic deoxyribonucleoside analogue. KP1461 after conversion to its active form KP-1212, is metabolized to a triphosphate and incorporated into the HIV-1 genome by reverse transcriptase (see Figure 1). Because KP-1212 pairs with multiple bases, and has many tautomers, it is able to target many viral proteins rather than a single protein.

Figure 2 shows the main keto-amino and keto-imino tautomers, as well as the enol-imino tautomer which is by far the least stable form (by 65.7 kcal/mol water as measured by the HOMO-LUMO energy gap) compared to other two tautomers which are about equally stable. KP-1461 is more reactive (less kinetically stable) than the main keto-amino and keto-imino tautomers by 15 kcal/mol by virtue of the labile NH-C(O)-O-C 7 H 15 side chain. Table 1 and Figure 1 show the distinct base-pairing preferences of the different tautomers of KP-1212 tautomers derived by Li et al [START_REF] Li | Tautomerism provides a molecular explanation for the mutagenic properties of the anti-HIV nucleoside 5-aza-5,6-dihydro-2′-deoxycytidine[END_REF] which are paired with purine bases (G or A), which maximize the number of possible hydrogen bonds between the bases. Tautomers 1, 2Z, 4, and 5E have a canonical Watson-Crick face and therefore are proposed by Li to pair exclusively with either G or A. The remaining tautomers are proposed to pair either in wobble position (2E, 3, and 5Z) or involving a syn-conformer of KP1212 (3 and 5Z). Table 1 shows that all of the G or A base pairs of the KP-1212 tautomers studied by Li have very similar kinetic stabilities and hydrogen bonding interactions ie HOMO-LUMO gaps, as well as similar first excitation state energies. The excitation energies are taken as measures of charge transfer processes in aromatic ππ orbital charge transfer interactions as well as n → σ* -type charge involved in H-bonding which can occur during the triphosphate form of KP-1212 being incorporated into the HIV-1 genome by the reverse transcriptase. The excitation energies can serve as a measure of electrostatic charge transfer processes associated with the trianion of the triphosphate KP-1212 tautomers during insertion into the HIV genome. For example Figure3(a) shows the electrostatic potential maps of the keto-imino tautomer of KP-1212 and the triphosphate trianion of the ketoimino tautomer which is the active species involved in the insertion into the HIV genome. There is clearly large charge transfer from the triphosphate trianion moiety to the keto-imino moiety compared to the neutral keto-imino tautomer without the triphosphate moiety.

It is noteworthy that the various enol-imino tautomer base pairs shown as 2Z (base paired with guanine) and 2E (base paired with adenine) in Figure 1 have almost the same HOMO-LUMO gaps and excitation energies as the other tautomer-base pairs. Since the enol-imino tautomer is far less stable than the keto-amino and keto-imino tautomers, this observation suggests that the form or properties of the free nucleoside is less important than its properties in the oligonucleotide. However the excitation energy is quite different for the 2Z and 2E pairs as shown in figures 3(c) and 3(d) which shows a higher excitation energy for 2E (adenine pair) compared to 2Z (guanine pair). The excitation energy for the enol-amino tautomer shown in Figure 3(b) base paired with guanine is similar to the enol-imino tautomer base paired with guanine in Figure3(c). In fact in all of the five types of G and A base pairings of the nine amino and imino tautomers of KP-1212 studied by Li [START_REF] Li | Tautomerism provides a molecular explanation for the mutagenic properties of the anti-HIV nucleoside 5-aza-5,6-dihydro-2′-deoxycytidine[END_REF] in Figure 1, it can be seen that the adenosine base pairs show a higher excitation energy than the base pairs with guanine. This indicates that guanine base pairs have a greater ability to accept charge transfer than the adenine base pairs, which may explain why guanine is the dominant base pairing partner with KP-1212, rather than adenine. [START_REF] Li | Tautomerism provides a molecular explanation for the mutagenic properties of the anti-HIV nucleoside 5-aza-5,6-dihydro-2′-deoxycytidine[END_REF] Pairing of the KP-1212 tautomers with guanine also involves the formation of three H bonds, whereas pairing with adenine only involves the formation of two H bonds.

It is also noted that when the KP-1212 tautomers base pair with adenine, the HOMO and LUMO both reside on the adenine moiety, whereas when the KP-1212 tautomers base pair with guanine, both frontier orbitals reside on both the KP-1212 and guanine moieties. This observation has implications for PCET processes after KP-1212 inserts itself into the genome, which can allow interconversion amongst the five different tautomers.

Molnupiravir or EIDD-2801(a prodrug), its metabolite EIDD-1931 and its active metabolite, the triphosphate of EIDD-1931 are involved in lethal mutagenesis of SARS-CoV-2 (see Figure 4(a)). Molnupiravir has three main tautomers (see Figure 4(b): the keto-oxime tautomer, the hydroxyoxime tautomer, and the keto-N-hydroxyamino tautomer which is more stable compared to other two tautomers by 8.1 kcal/mol. The keto-oxime tautomer of EIDD-1931 which mimics uridine, base pairs with adenosine, while the more stable keto-N-hydroxyamino tautomer of EIDD-1931 which mimics cytidine, pairs up with guanosine, see figures 4(c) and 4(d). The base pair keto-N-hydroxyamino tautomer and guanosine is more stable than the base pair of keto-oxime tautomer and adenosine by 9.2 kcal/mol and also has a higher first excited state excitation energy by 6.5 kcal/mol. This suggests that the keto-oxime tautomer and adenosine base pair would more easily undergo PCET processes in the genome.

The greater stability of the base pair of the keto-N-hydroxyamino EIDD-1931 tautomer with guanosine compared to the keto-oxime tautomer and adenosine pair differs from the various base pairs of KP-1212 with either the guanosine or adenosine which show comparable stabilities. This could be attributable to the aromatic benzenoid ring system in EIDD-1931, which are usually stabilized by ππ orbital charge transfer interactions in normal RNA or DNA base stacking. Figure 4(d) shows the electrostatic potential maps for both base pairs of EIDD-1931.

Since the active species in RdRp is EIDD-1931 triphosphate trianion, we have examined how the electrostatic field of the trianion phosphate moiety differs from that of EIDD-1931, as shown in Figures 4(e) and 4(f). It can be seen that the trianion triphosphate moiety has a very large charge effect on the keto-N-hydroxyamino aromatic ring moiety in Figure 4(e), and further extends to the base pairing with guanosine and adenosine in Figure 4(f), influencing the H bonding between the nucleoside analogs and the guanosine and adenosine. It is clear that electrostatic charge transfer must play a major role in lethal mutagenesis brought about by insertion of tautomeric nucleoside analogs into the viral genome.

Favipiravir ribofuranosyl triphosphate (Figure 5(a)) the metabolite of favipiravir is recognized as a substrate of the RdRp of influenza A and Covid-19 virus for incorporation to the RNA both as a guanosine and an adenosine analog, ie mis-incorporation for ATP opposite cytidine (A:C mismatch) and GTP opposite uridine (G:U mismatch) (see Figures 5(b) and 5(c)). Favipiravir ribofuranosyl triphosphate is able to base pair with a cytidine and a uridine prior to being incorporated by influenza virus polymerase with low discrimination against natural GTP or ATP. Figure 5(a) also shows the electrostatic potential maps of neutral favipiravir ribofuranosyl triphosphate, and the trianion favipiravir ribofuranosyl triphosphate again showing the influence and importance of the phosphate trianion electrostatic charge on the ribosyl-favipiravir moiety. It is also notable that the HOMO resides on the phosphate moiety while the LUMO resides on the favipiravir moiety. Such an arrangement may induce increased PCET reactivity after the ribosylfavipiravir inserts into the genome.

The favipiravir-cytidine base pair and the favipiravir-uridine base pair have almost the same stability and excitation energies (Table 1). These base pairs are less stable and have lower excitation energies than the various base pairs of KP-1212 and EIDD-1931 discussed above. However the cytidine and uridine triphosphates in their trianionic forms exert large electrostatic charge transfer effects when base coupled with favipiravir ribofuranosyl triphosphate. Figure 5(d) shows the base pairs of the cytidine and uridine triphosphate trianions base paired with favipiravir (truncated for clarity). Figure 5(e) shows the opposite situation from Figure5(d) with the trianionic favipiravir ribofuranosyl triphosphate base paired with cytidine and uridine (truncated for clarity). These Figures 5(d) and 5(e) clearly show strong electrostatic charge transfer to the H bonding region are very similar regardless of where the trianionic triphosphate moiety is located in the base pairs. The H bond distances in Figures 5(d) and 5(e) are very similar indicating the importance of the electrostatic charge. Table 1 shows that the various favipiravir base pairs shown in Figures 5(d) and 5(e) are more reactive than the equivalent EIDD-1931 triphosphate trianion base paired with adenosine and guanosine shown in Figure 4(f). Thus it may be that favipiravir could be natively more potent than molnupiravir in affecting RdRp, in the absence of other pharmacological factors, and non-targeted effects.

Another important in understanding the efficacy of tautomeric analog nucleoside bases in promulgating lethal viral mutagenesis is the importance of water (de)solvation in base pairing and the trianionic triphosphates in RdRp processes. We have previously used ΔG water,CDS as a measure of (de)solvation in protein cavities. [START_REF] Fong | The extravascular penetration of tirapazamine into tumours: a predictive model of the transport and efficacy of hypoxia specific cytotoxic analogues and the potential use of cucurbiturils to facilitate delivery[END_REF][START_REF] Fong | Permeability of the blood-brain barrier: molecular mechanism of transport of drugs and physiologically important compounds[END_REF][START_REF] Fong | Inhibition of SARS-CoV-2 envelope ion channel and the relationship with the membrane dipole potential[END_REF][START_REF] Fong | Predicting inhibition of repurposed drugs for SARS-CoV-2 viral activity and cellular entry[END_REF][START_REF] Fong | Ionophores and inhibition of SARS-CoV-2 ion channels, hal archives[END_REF] Table 1 shows ΔG water,CDS values for KP-1212, molnupiravir, and favipiravir with their various base pairs and as the triphosphate species. Clearly when the trianionic triphosphate active forms of the analogs are considered as base pairs (eg as in EIDD-1931 triphosphate trianion) with adenosine, and EIDD-1931 triphosphate trianion base paired with guanosine, as in Figure 4(f), the desolvation penalties are very large, -16.2 and -16.3 kcal/mol, counterbalanced by some resolvation. Similarly, for favipiravir ribofuranosyl triphosphate trianion base as shown in Figure 5(a,R), the desolvation penalty is -15.7 kcal/mol. These desolvation penalties swamp any difference from H bonding interactions between the nucleoside analogs and the nucleosides. EIDD-1931 (with no triphosphate moiety) when base paired with adenosine and guanosine as shown in Figures 4(c), 4(d) and 4(e) has desolvation energies of -6.2 and -6.5 kcal/mol, indicating that the presence of the triphosphate trianion moiety is about equal to 10 kcal/mol. This observation is made clearer when one considers the solvation of the KP-1212 analogs (truncated without the triphosphate trianion moiety) and the base pairs with nucleoside, where it can be seen in Table 1 and Figure 1 that the solvation values are within a much smaller range (0.2 kcal/mol for KP-1212-1G to 3.1 kcal/mol for KP-1212-3-Syn-G). The variation in these solvation values can be ascribed to the changes in H bonding interactions between the nucleoside analogs and the nucleosides, since no triphosphate moiety is present in this series.

We also examine the lipophilicities of these drugs since lipophilicity, ΔG lipo,CDS in n-octanol, is a major determinant of how well various drugs can enter virus infected cells to allow these drugs to exert their anti-viral efficacy. [START_REF] Fong | The extravascular penetration of tirapazamine into tumours: a predictive model of the transport and efficacy of hypoxia specific cytotoxic analogues and the potential use of cucurbiturils to facilitate delivery[END_REF][START_REF] Fong | Permeability of the blood-brain barrier: molecular mechanism of transport of drugs and physiologically important compounds[END_REF][START_REF] Fong | Inhibition of SARS-CoV-2 envelope ion channel and the relationship with the membrane dipole potential[END_REF][START_REF] Fong | Predicting inhibition of repurposed drugs for SARS-CoV-2 viral activity and cellular entry[END_REF][START_REF] Fong | Ionophores and inhibition of SARS-CoV-2 ion channels, hal archives[END_REF] The ΔG lipo,CDS (n-octanol) values for KP-1461, the three tautomers of EIDD-2801 and favipiravir are -1.2, 3.2, 3.1, 2.7 and 4.7 kcal/mol respectively. Clearly the more lipophilic prodrug KP-1461 is favored to cross the lipophilic host cell membrane (by virtue of its NH-C(O)-O-C 7 H 15 side chain) over the EIDD-2801 tautomers. However the molecular size is also a key determinant of how well drugs can pass through cell membranes, so favipiravir despite having a lower lipophilicity, is also the smallest molecule being about a third to a quarter in size compared to the three tautomers of EIDD-2801 and KP-1461. (see Table 1)

Discussion

The enol-imino tautomer KP-1212 is far less stable than the keto-amino and keto-imino tautomers. The five main tautomers of KP-1212 base paired with guanine & adenine have been examined. The stability of the KP-1212 tautomers base paired with guanine & adenine, including the stability of the least stable enol-imino tautomer paired with guanine and adenine, depends on strength of H bonding (as measured by the HOMO-LUMO gap) between pairs and the electrostatic charge profile (as indicated by electrostatic potential surface) particularly in the inter-base H bonding region. The excitation energies can be used as a measure of electrostatic charge transfer processes associated with the trianion of the triphosphate KP-1212 tautomers during insertion into the HIV genome.

Guanine is shown to have the stronger electrostatic interaction with the KP-1212 tautomers than exists with adenine, which may explain why guanine is the dominant base pairing partner with KP-1212, rather than adenine. [START_REF] Li | Tautomerism provides a molecular explanation for the mutagenic properties of the anti-HIV nucleoside 5-aza-5,6-dihydro-2′-deoxycytidine[END_REF] Pairing of the KP-1212 tautomers with guanine also involves the formation of three H bonds, whereas pairing with adenine only involves the formation of two H bonds.

The observed importance of electrostatic charge as well as the H bonding between the nucleoside analogs and guanine or adenine is consistent with Mignon's finding for cytosine π -stacking with substituted benzenes, where the electrostatic interaction between cytosine and the substituted benzenes is inversely correlated with the hydrogen bonding capacity of cytosine. [START_REF] Mignon | Influence of the π-π interaction on the hydrogen bonding capacity of stacked DNA/RNA bases[END_REF] However electrostatic charge transfer is more important where the trianionic triphosphate of the tautomers becomes dominant during incorporation of nucleoside analogs into the HIV-1 genome by the reverse transcriptase.

It has been shown that for the three main tautomers of molnupiravir, the keto-N-hydroxyamino tautomer is more stable than the keto-oxime tautomer and the hydroxy-oxime tautomer. The base pair keto-N-hydroxyamino tautomer and guanosine is more stable than the base pair of ketooxime tautomer and adenosine and also has a higher first excited state excitation energy. This suggests that the keto-oxime tautomer and adenosine base pair would more easily undergo PCET processes in the genome.

It has been shown that the trianion triphosphate moiety of EIDD-1931 has a very large charge effect on the base pairing with guanosine and adenosine, influencing the H bonding between the nucleoside analogs and the guanosine and adenosine. It is clear that electrostatic charge transfer must play a major role in lethal mutagenesis brought about by insertion mismatch of tautomeric nucleoside analogs into the viral genome.

Similarly to EIDD-1931, the electrostatic charge on the active metabolite trianion favipiravir ribofuranosyl triphosphate is the dominant force influencing incorporation into the viral genome. The favipiravir-cytidine base pair and the favipiravir-uridine base pair have almost the same stability and excitation energies. These base pairs are less stable and have lower excitation energies than the various base pairs of KP-1212 and EIDD-1931 discussed above. Thus it may be that favipiravir could be more natively potent than molnupiravir in affecting RdRp, but anti-viral efficacy depends on other factors as well.

The solvation energies of the ribofuranosyl triphosphate trianions of molnupiravir and favipiravir base pairs are very large, indicating that efforts aimed at improving or finding anti-viral new nucleoside analogs need to consider the importance of solvation effects in the RdRp active centre. Lipophilic solvent effects are also important in designing new drugs or prodrugs which can more easily lead to required therapeutic levels in virus infected cells.

This study shows that it is more important to focus on the reactive or kinetic stability eg HOMO-LUMO gap of the mutagenic base pairs and how such H bonded entities interact in the replicating enzymes rather than just the thermodynamic binding interactions of the mutated base pairs. This distinction is even more relevant when it has been shown that the electrostatic charge transfer from the trianionic triphosphate is the dominant interaction in the replicating enzyme. The excitation energy of the first excited state can be a measure of the ease by which such charge transfer can occur.

Conclusions

A study of tautomers of the nucleoside analogs of KP-1212, molnupiravir and favipiravir and their role in lethal metagenesis of Corona, Covid-19 and HIV viruses has determined that TD DFT can be useful in predicting likely efficacy. The HOMO-LUMO gap, the excitation energy of the first excited state can indicate the ease by which the various nucleoside analogs can insert themslves into the genome. Interconversion amongst different tautomers can occur, as some tautomers can mimic cytosine, by pairing with guanine, but other tautomers mimicking thymine, and pair with adenine, thereby introducing mutations. The base pairing abilities of various tautomers of the mutagenic drugs can be quantitatively ranked.

The H bonding between the tautomers of nucleoside analogs base paired with nucleosides is important in determining the stability of the base pairing interaction, but electrostatic charge transfer from the metabolically active trianionic triphosphates of KP-1212, EIDD-1931 (molnupiravir metabolite) and favipiravir ribofuranosyl triphosphate is the dominant interaction during insertion into the viral genome. The excitation energy of the first excited state can be a measure of the ease by which such charge transfer can occur. Solvation effects due to the trianionic triphosphate moiety are large and need to be considered in the search for improved or new anti-viral mutagenic drugs.

Materials and methods

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 and n-octanol. The energy calculations and electrostatic potential surfaces for very different configurations of the trianionic triphosphate group relative to the orientation of the KP-1212 ring were very similar indicating little or no 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.

With the 6-31G(d) basis set, the SMD model achieves mean unsigned errors of 0.6 -1.0 kcal/mol in the solvation free energies of tested neutrals and mean unsigned errors of 4 kcal/mol on average for ions. [START_REF] Av Marenich | Universal Solvation Model Based on Solute Electron Density and on a Continuum Model of the Solvent Defined by the Bulk Dielectric Constant and Atomic Surface Tensions[END_REF] The 6-31G(d,p) basis set has been used to calculate absolute free energies of solvation and compare these data with experimental results for more than 500 neutral and charged compounds. The calculated values were in good agreement with experimental results across a wide range of compounds. [START_REF] Rayne | Accuracy of computational solvation free energies for neutral and ionic compounds: Dependence on level of theory and solvent model[END_REF][START_REF] Rizzo | Estimation of Absolute Free Energies of Hydration Using Continuum Methods: Accuracy of Partial Charge Models and Optimization of Nonpolar Contributions[END_REF] Adding diffuse functions to the 6-31G(d) basis set (ie 6-31+G(d,p)) had no significant effect on the solvation energies with a difference of less than 1% observed in solvents, which is within the literature error range for the IEFPCM/SMD solvent model. 
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 1 Figure 1. KP-1461 pro-drug and the two main amino and imino tautomers of KP-1212 (in triphosphate PPP active form) and below the five (truncated) types of G and A base pairings of amino and imino tautomers (including syn and anti) adapted from Li 2014.

Figure 2 .Figure 3 (Figure 3 (Figure 3 (Figure 3 (Figure 4 (Figure 4 (Figure 4 (Figure 4 (Figure 4 (Figure 4 (Figure 5 (Figure 5 (Figure 5 (Figure 5 (Figure 5 (

 2333344444455555 Figure 2. KP-1212: keto-amino tautomer (L), keto-imino tautomer (C), enol-imino tautomer (R) the least stable form compared to other two tautomers which are equally stable

  

  

  

Table 1 . TDDFT molecular specifiers for the tautomers of molnupiravir, favipiravir, and KP-1212 and their base pairs
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