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Introduction

Multi (MDR), extensively (XDR), extremely (XXDR) and total (TDR) drug-resistant Mycobacterium tuberculosis (M.tuberculosis) strains are now considered a potential global pandemic threat requiring the need to develop new tuberculosis (TB) prevention and treatment strategies. The potency of M.tuberculosis in infection and evading the host immune system is in part due to its unique and dynamic cell envelope, composed mainly of lipids and carbohydrates. The dynamic cell envelope changes to adapt to the different lung microenvironments in response to local environmental factors, and also protects the pathogen against harsh environments and many antimicrobial drugs due to its low permeability. So most combined treatments for anti-TB agents target the mycobacterial cell envelope. Standard clinical treatment for drug-susceptible TB consists of administering four first-line drugs for 6 months (2 months of isoniazid, rifampicin, ethambutol and pyrazinamide, followed by 4 months of isoniazid and rifampicin), with a success rate of 85% (WHO, 2019). However, the worldwide emergence of drug-resistant strains in recent years, especially in TB endemic areas, poses a global threat. [START_REF] Allué-Guardia | Evolution of Drug-Resistant Mycobacterium tuberculosis Strains and Their Adaptation to the Human Lung Environment[END_REF] Isoniazid is delivered as a prodrug that inhibits the formation of the mycobacterial cell wall. Isoniazid is activated by KatG, a bacterial catalase-peroxidase enzyme in M. tuberculosis. KatG catalyzes the formation of the isonicotinic acyl radical, which spontaneously couples with NADH to form the nicotinoyl-NAD adduct. This adduct binds to the enoyl-acyl carrier protein reductase InhA, thereby blocking the natural enoyl-AcpM substrate and the action of fatty acid synthase. [START_REF] Suarez | An oxyferrous heme/protein-based radical intermediate is catalytically competent in the catalase reaction of Mycobacterium tuberculosis catalase-peroxidase (KatG)[END_REF] Pyrazinamide is a prodrug that diffuses into the granuloma of M. tuberculosis, where the tuberculosis enzyme pyrazinamidase converts pyrazinamide to the active form pyrazinoic acid. At acidic conditions of pH 5 to 6, the pyrazinoic acid that slowly leaks out is thought to diffuse back into the bacilli and accumulate, and indirectly acts to stop the growth of the bacterium. [START_REF] Zhang | The curious characteristics of pyrazinamide: a review[END_REF] Ethambutol is bacteriostatic against actively growing TB bacilli. It inhibits the formation of the cell wall, and eventually leads to increased permeability of the bacterial cell wall. It was developed to be active against isoniazid resistant strains of M. tuberculosis.

Chen et al [START_REF] Chen | The Mycobacterial Membrane: A Novel Target Space for Anti-tubercular Drugs[END_REF] have discussed two classes of membrane targeting agents: drugs that interact directly with the bacterial membrane bilayer to disrupt its structure and functionality. These cationic amphiphiles are characterized by their lipophilicity and a positively charged state that is usually associated with a basic nitrogen moiety. Lipophilicity is required for interaction with the lipid rich membrane. The positively charged state will enhance interaction with the bacterial membranes, which unlike mammalian membranes, are rich in negatively charged phospholipids and polyanionic surface groups. The second class of membrane active agents can disrupt the function of membrane bound proteins such as enzymes involved in energy production or cell wall biosynthesis. These drugs may or may not be cationic amphiphiles.

While the double membrane cell envelope is a defining feature of mycobacteria, it appears that the outer membrane is a lipid bilayer whose lipophilicity is very important to mycobacterial viability. Antimicrobial peptides can interact with the outer and inner membrane of microbacteria, forming pores. Pore formation compromises the integrity of the membrane by increasing its permeability, thereby increase leakage of ions and metabolites from the cytosol, and the collapse of the transmembrane potential resulting in membrane disruption. [START_REF] Chen | The Mycobacterial Membrane: A Novel Target Space for Anti-tubercular Drugs[END_REF] Danilchanka [START_REF] Danilchanka | An outer membrane channel protein of Mycobacterium tuberculosis with exotoxin activity[END_REF] showed that the outer membrane channel protein CpnT of M. tuberculosis is essential for persistence and toxicity of the pathogen in macrophages. CpnT promotes replication of M. tuberculosis in macrophages. CpnT contains a secreted toxic C-terminal domain (CTD) and an N-terminal channel domain (NTD). CpnT was demonstrated to have a dual activity in the promotion of host cell death as well as uptake the nutrients by M. tuberculosis. CpnT can act as a major drug susceptibility determinant for M. tuberculosis, where mutations in CpnT appear to be associated with increased drug resistance in M. tuberculosis clinical isolates. [START_REF] Danilchanka | The Mycobacterium tuberculosis outer membrane channel protein CpnT confers susceptibility to toxic molecules[END_REF] Machado [START_REF] Machado | Ion Channel Blockers as Antimicrobial Agents, Efflux Inhibitors, and Enhancers of Macrophage Killing Activity against Drug Resistant Mycobacterium tuberculosis[END_REF] has investigated the role of ion channel blockers in drug resistant M. tuberculosis, particularly how these drugs act as antimicrobial agents, efflux inhibitors and their role in macrophage killing activity. It is expected that results of Machado and Danilchanka should be complementary to some degree.

We have recently described a predictive quantum mechanical TD DFT method which can describe the time dependent behaviour of inhibitors of voltage gated ion channels. The key determinants are the excitation energy of the first excited state of the inhibitor and the ground state HOMO-LUMO gap of the inhibitor that govern the dynamic binding between the inhibitor and the protein target. The method applies to the inhibition of the E protein ion channel of SARS-CoV-2. It is possible that the outer membrane channel protein CpnT of M. tuberculosis could be a major drug target similar to that found in SARS-CoV-2 [START_REF] Fong | Inhibition of SARS-CoV-2 envelope ion channel and the relationship with the membrane dipole potential[END_REF] particularly since mutations in CpnT appear to be associated with increased drug resistance in M. tuberculosis clinical isolates, as well as promoting the replication of M. tuberculosis in macrophages.

The cucurbit [START_REF] Machado | Ion Channel Blockers as Antimicrobial Agents, Efflux Inhibitors, and Enhancers of Macrophage Killing Activity against Drug Resistant Mycobacterium tuberculosis[END_REF]uril (CB [START_REF] Machado | Ion Channel Blockers as Antimicrobial Agents, Efflux Inhibitors, and Enhancers of Macrophage Killing Activity against Drug Resistant Mycobacterium tuberculosis[END_REF]) molecular container is efficiently internalized by mouse leukaemic monocyte macrophage cells indicating their potential for the intracellular delivery of drugs. Ethambutol was found to be as efficient in treating M. smegmatis infected macrophages when loaded into CB [START_REF] Machado | Ion Channel Blockers as Antimicrobial Agents, Efflux Inhibitors, and Enhancers of Macrophage Killing Activity against Drug Resistant Mycobacterium tuberculosis[END_REF] as opposed to when it was delivered in the unbound form, suggesting that CB [START_REF] Machado | Ion Channel Blockers as Antimicrobial Agents, Efflux Inhibitors, and Enhancers of Macrophage Killing Activity against Drug Resistant Mycobacterium tuberculosis[END_REF]-bound drug molecules can be released from the container to find their intracellular target. [START_REF] Hettiarachchi | Toxicology and Drug Delivery by Cucurbit[n]uril Type Molecular Containers[END_REF] The unique feature of M. tuberculosis depends upon its ability to convert antimicrobial macrophage cells into a permissive cellular state. [START_REF] Upadhyay | Tuberculosis and the art of macrophage manipulation[END_REF] There is potential to use molecular container oral drug delivery excipient systems [START_REF] Gu | Macrocycles as drug-enhancing excipients in pharmaceutical formulations[END_REF] such as CB [START_REF] Machado | Ion Channel Blockers as Antimicrobial Agents, Efflux Inhibitors, and Enhancers of Macrophage Killing Activity against Drug Resistant Mycobacterium tuberculosis[END_REF] to enhance the efficacy of commonly used anti-tuberculosis drugs such as isoniazid, ethambutol and pyrazinamide. At pH 1.5, isoniazid binds CB [START_REF] Machado | Ion Channel Blockers as Antimicrobial Agents, Efflux Inhibitors, and Enhancers of Macrophage Killing Activity against Drug Resistant Mycobacterium tuberculosis[END_REF] with a binding constant of 5.6 × 10 5 M -1 , whilst pyrazinamide binds CB [START_REF] Machado | Ion Channel Blockers as Antimicrobial Agents, Efflux Inhibitors, and Enhancers of Macrophage Killing Activity against Drug Resistant Mycobacterium tuberculosis[END_REF] at pH 7 with a much smaller binding constant (4.8 × 10 3 M -1 ). [START_REF] Nj Wheate | Host-guest complexes of the antituberculosis drugs pyrazinamide and isoniazid with cucurbit[END_REF] Study objectives: (a) Examine whether the outer membrane channel protein and other membrane characteristics of M. tuberculosis could be target of various anti-tuberculosis drugs, (b) Examine whether CB [START_REF] Machado | Ion Channel Blockers as Antimicrobial Agents, Efflux Inhibitors, and Enhancers of Macrophage Killing Activity against Drug Resistant Mycobacterium tuberculosis[END_REF] can function as an excipient drug delivery container to enhance and target the anti-tuberculosis efficacy of isoniazid, ethambutol and pyrazinamide.

Results

(a) Analysis of outer membrane channels and antibiotic resistance of the CpnT mutants of M. bovis BCG Danilchanka [START_REF] Danilchanka | An outer membrane channel protein of Mycobacterium tuberculosis with exotoxin activity[END_REF] examined the outer membrane channel protein CpnT of M. tuberculosis and its role as a major drug susceptibility determinant for M. tuberculosis. Mutations in CpnT appear to be associated with increased drug resistance in M. tuberculosis clinical isolates. Table 1 shows the MICs for the antibiotic resistance of the cpnT mutants of M. bovis BCG from Danilchanka along with the excitation energies from TD DFT, the HOMO-LUMO gaps, the lipophilicity (ΔG lipo,CDS ) from n-octanol, and molecular volumes of the antibiotics calculated as per our previous study [71 of the inhibition of the E protein ion channel of SARS-CoV-2. The MICs for the 17 drugs were tested against the excitation energy of the first excited state, the HOMO-LUMO energy gap, and the molecular volume in n-octanol, since have previously found linear relationships for the antiviral inhibition of the E protein ion channel of SARS-CoV-2 and the excitation energy and the ground state HOMO-LUMO gap. [START_REF] Fong | Inhibition of SARS-CoV-2 envelope ion channel and the relationship with the membrane dipole potential[END_REF] Octanol was chosen as it is known to be a good surrogate for lipophilic behaviour of cell membranes, with mainly hydrophobic properties balanced with some hydrophilic behaviour. We have previously shown that octanol better represents a cell membrane environment where some water interaction can occur, whereas octane is a better representative of a more hydrophobic environment found in deep pockets where drug-protein environments exists with very little water interaction. [START_REF] Fong | Permeability of the blood-brain barrier: molecular mechanism of transport of drugs and physiologically important compounds[END_REF] The octanol/buffer partition coefficient is widely used method to predict the probability that molecules with molecular weights below 400-600 Da can be passively transported across a lipophilic membrane.

Extensive statistical testing using stepwise regression identified the following LFER relationships shown in eq 1-3 for 14 antibiotics. It was very clear that ampicillin, tetracycline and erythromycin A were consistent large outliers in all equations. It is not clear why these drugs are such outliers from the other 14 analyzed drugs used in eqs 1-3.

Eq 1 Antibiotic resistance of wild type M. bovis BCG MIC WT = 0.65ΔG It is clear from eqs 1-3 that the antibiotic resistance is primarily dependent upon the lipophilicity of the drugs. No dependence on the excitation energy or the HOMO-LUMO gap was found. The mutants cpnT::Tn/mspA and cpnT::Tn/cpnT show an increased sensitivity (ca 25%) to the lipophilicity of the drugs compared to the wild type. This is an important observation since mutations in CpnT appear to be associated with increased drug resistance in M. tuberculosis.

(b) Analysis of ion channel blockers acting as antimicrobial agents, efflux inhibitors, and enhancers of macrophage killing activity against drug resistant M. tuberculosis Macado's data [START_REF] Machado | Ion Channel Blockers as Antimicrobial Agents, Efflux Inhibitors, and Enhancers of Macrophage Killing Activity against Drug Resistant Mycobacterium tuberculosis[END_REF] for nine drugs (isoniazid, rifampicin, amikacin, ofloxacin, verapamil, thioridazine, chlorpromazine, flupenthixol, haloperidol) tested against nine resistant M. tuberculosis strains was analyzed using the same LFER methodology as described above in section (a). (see Table 2) Verapamil was a consistent statistical outlier and was omitted from all derived LFERs shown in Table 2. Verapamil has been shown to be a strong depolarizer of the mycobacterium membrane, resulting in a loss of membrane potential and bacterial death. [START_REF] Chen | The Mycobacterial Membrane: A Novel Target Space for Anti-tubercular Drugs[END_REF] In most cases strong statistical relationships were found with the exception of strains H37Rv and 69/11 in particular which are less significant. It is clear overall that the dominant molecular specifiers for the drugs that govern the MICs are the excitation energy of the first excited state, the HOMO-LUMO energy gap in the ground state, and the lipophilicity ΔG lipo,CDS in n-octanol as the surrogate for the cell membrane. For the LFERs that showed a strong statistical relationship (ie excluding the LFERs for H37Rv and 69/11) it can be concluded that MICs are negatively related to the excitation energy, positively related to the HOMO-LUMO gap, and negatively related to the lipophilicity as defined, (or positively related to the hydrophobicity). In some instances there strong dependencies on the molecular volume of the drugs, but the magnitude is small compared to the excitation energy, HOMO-LUMO or the lipophilicity.

There is generally a negative dependency between MICs and the excitation energy of the drugs, a positive dependency between MICs and innate reactivity of the drugs the HOMO-LUMO gap, and a negative dependency between the MICs and lipophilicity of the drugs.

Strains 269/03 and 294 of M. tuberculosis are similar to wild type and mutant M. bovis BCG (as per eqs 1-3) in being dependent on drug lipophilicity as the governing determinant.

(c) Analysis of CB [START_REF] Machado | Ion Channel Blockers as Antimicrobial Agents, Efflux Inhibitors, and Enhancers of Macrophage Killing Activity against Drug Resistant Mycobacterium tuberculosis[END_REF] as an excipient drug delivery container to enhance and target the antituberculosis efficacy of isoniazid, ethambutol and pyrazinamide

The results from (a) above for the mutants cpnT::Tn/mspA and cpnT::Tn/cpnT of M. bovis BCG clearly indicate that it is the lipophilicity of the antibiotics that govern their efficacy. So measures that can enhance the lipophilicity of isoniazid, ethambutol and pyrazinamide should increase their efficacy at the outer membrane of M. tuberculosis. An excipient molecular container like CB [START_REF] Machado | Ion Channel Blockers as Antimicrobial Agents, Efflux Inhibitors, and Enhancers of Macrophage Killing Activity against Drug Resistant Mycobacterium tuberculosis[END_REF] should increase the effective lipophilicity of isoniazid, ethambutol and pyrazinamide within the CB [START_REF] Machado | Ion Channel Blockers as Antimicrobial Agents, Efflux Inhibitors, and Enhancers of Macrophage Killing Activity against Drug Resistant Mycobacterium tuberculosis[END_REF] because of the shielding by the more lipophilic CB [START_REF] Machado | Ion Channel Blockers as Antimicrobial Agents, Efflux Inhibitors, and Enhancers of Macrophage Killing Activity against Drug Resistant Mycobacterium tuberculosis[END_REF] container compared to the naked drugs. A second advantage related to the shielding by the container compared to the naked drugs within the biological environment is the reduced metabolism wastage thereby delivering a higher payload at the target. In addition, inclusion complexes can increase the solubility of the guest drug. Not all molecular containers provide such an outer lipophilic shield and hydrophobic inner cavity as CB [START_REF] Machado | Ion Channel Blockers as Antimicrobial Agents, Efflux Inhibitors, and Enhancers of Macrophage Killing Activity against Drug Resistant Mycobacterium tuberculosis[END_REF] and related cucurbiturils, as other containers such as cyclodextrins have increased outer hydrophilicity by comparison.

Figure 1 and 2 shows the side and top views of the isoniazid@CB [START_REF] Machado | Ion Channel Blockers as Antimicrobial Agents, Efflux Inhibitors, and Enhancers of Macrophage Killing Activity against Drug Resistant Mycobacterium tuberculosis[END_REF],pyrazinamide@CB [START_REF] Machado | Ion Channel Blockers as Antimicrobial Agents, Efflux Inhibitors, and Enhancers of Macrophage Killing Activity against Drug Resistant Mycobacterium tuberculosis[END_REF], ethambutol@CB [START_REF] Machado | Ion Channel Blockers as Antimicrobial Agents, Efflux Inhibitors, and Enhancers of Macrophage Killing Activity against Drug Resistant Mycobacterium tuberculosis[END_REF], and electrostatic potential maps for ethambutol@CB [START_REF] Machado | Ion Channel Blockers as Antimicrobial Agents, Efflux Inhibitors, and Enhancers of Macrophage Killing Activity against Drug Resistant Mycobacterium tuberculosis[END_REF] in n-octanol. Table 3 shows Molecular specifiers for anti-tuberculosis drugs isoniazid, pyrazinamide and ethambutol in the free form or as complexes with CB [START_REF] Machado | Ion Channel Blockers as Antimicrobial Agents, Efflux Inhibitors, and Enhancers of Macrophage Killing Activity against Drug Resistant Mycobacterium tuberculosis[END_REF]. Also shown are the values for the reactive intermediate radical species of isoniazid, pyrazinoic acid the active species of the prodrug pyrazinamide. Three major outcomes are obvious.

Firstly, it is immediately clear that the antibiotics complexed with CB [START_REF] Machado | Ion Channel Blockers as Antimicrobial Agents, Efflux Inhibitors, and Enhancers of Macrophage Killing Activity against Drug Resistant Mycobacterium tuberculosis[END_REF] are much more lipophilic than the naked antibiotics as judged by ΔG lipo,CDS in n-octanol, as the surrogate for a lipophilic cell membrane. These values quantitatively rank the gains in lipophilicity.

Secondly, the reactivity or potency of the antibiotics when enclosed within CB [START_REF] Machado | Ion Channel Blockers as Antimicrobial Agents, Efflux Inhibitors, and Enhancers of Macrophage Killing Activity against Drug Resistant Mycobacterium tuberculosis[END_REF] is higher than the naked drugs, as judged by the HOMO-LUMO gap or the excitation energy in n-octanol, as the surrogate for a lipophilic cell membrane.

Thirdly, the binding energies of the inclusion complexes: isoniazid@CB [START_REF] Machado | Ion Channel Blockers as Antimicrobial Agents, Efflux Inhibitors, and Enhancers of Macrophage Killing Activity against Drug Resistant Mycobacterium tuberculosis[END_REF], pyrazinamide@CB [START_REF] Machado | Ion Channel Blockers as Antimicrobial Agents, Efflux Inhibitors, and Enhancers of Macrophage Killing Activity against Drug Resistant Mycobacterium tuberculosis[END_REF], and ethambutol@CB [START_REF] Machado | Ion Channel Blockers as Antimicrobial Agents, Efflux Inhibitors, and Enhancers of Macrophage Killing Activity against Drug Resistant Mycobacterium tuberculosis[END_REF] are higher in n-octanol than in water, which means that the dynamic equilibria that exists between the inclusion complexes and their components favours release of the antibiotic in a lipophilic environment (such as a cell membrane) rather than in an aqueous environment.

The binding energies of isoniazid@CB [START_REF] Machado | Ion Channel Blockers as Antimicrobial Agents, Efflux Inhibitors, and Enhancers of Macrophage Killing Activity against Drug Resistant Mycobacterium tuberculosis[END_REF] and the free radical intermediate isoniazid acyl radical@CB [START_REF] Machado | Ion Channel Blockers as Antimicrobial Agents, Efflux Inhibitors, and Enhancers of Macrophage Killing Activity against Drug Resistant Mycobacterium tuberculosis[END_REF] are the same in n-octanol, indicating that the formation of this intermediate if it occurred from the free isoniziad (from the dynamic equilibrium) or from the complexed isoniazid@CB [START_REF] Machado | Ion Channel Blockers as Antimicrobial Agents, Efflux Inhibitors, and Enhancers of Macrophage Killing Activity against Drug Resistant Mycobacterium tuberculosis[END_REF] species would equally likely to have similar antibiotic potencies as the parent isoniziad complex in the outer bacterial membrane. Figure 3 shows the reported reaction sequence for the antibiotic potency of isoniazid. [START_REF] Suarez | An oxyferrous heme/protein-based radical intermediate is catalytically competent in the catalase reaction of Mycobacterium tuberculosis catalase-peroxidase (KatG)[END_REF] Figure 3. Reaction mechanism for the antibiotic behaviour of isoniazid Pyrazinoic acid@CB [START_REF] Machado | Ion Channel Blockers as Antimicrobial Agents, Efflux Inhibitors, and Enhancers of Macrophage Killing Activity against Drug Resistant Mycobacterium tuberculosis[END_REF] may be slightly more stable than pyrazinamide@CB [START_REF] Machado | Ion Channel Blockers as Antimicrobial Agents, Efflux Inhibitors, and Enhancers of Macrophage Killing Activity against Drug Resistant Mycobacterium tuberculosis[END_REF] in n-octanol, suggesting that it may be possible to use the pyrazinoic acid@CB [START_REF] Machado | Ion Channel Blockers as Antimicrobial Agents, Efflux Inhibitors, and Enhancers of Macrophage Killing Activity against Drug Resistant Mycobacterium tuberculosis[END_REF] directly as a antibiotic agent, rather than pyazinamide. Figure 4 shows enzymatic formation of the active pyrazinoic acid from the prodrug pyazinamide. 

Discussion

This study and other literature studies strongly support the notion that the outer membrane of M. tuberculosis is the target for the many antibiotics, including isoniazid, pyrazinamide and ethambutol. Eqs 1-3 show that the antibiotic resistance of 14 drugs is primarily dependent upon the lipophilicity of the drugs for wt M. bovis BCG and the mutants cpnT::Tn/mspA and cpnT::Tn/cpnT. The outer membrane channel protein cpnT of M. tuberculosis is essential for persistence and toxicity of the pathogen in macrophages and promotes replication of M. tuberculosis in macrophages. Mutations in CpnT appear to be associated with increased drug resistance in M. tuberculosis.

Results for M. bovis BCG and the resistant strains of M. tuberculosis indicate that the three dominant factors governing drug efficacy are the excitation energy of the first excited state, the HOMO-LUMO gap, and the lipophilicity of the drugs, which was common to both bacterium studied. For the LFERs that showed a strong statistical relationship, it can be concluded that MICs are negatively related to the excitation energy, positively related to the HOMO-LUMO gap, and negatively related to the lipophilicity. The ion channel of resistant forms of these bacteria can be targeted by an appropriate selection of drugs using these three factors to design appropriate inhibitors or antibiotics.

Machado [START_REF] Machado | Ion Channel Blockers as Antimicrobial Agents, Efflux Inhibitors, and Enhancers of Macrophage Killing Activity against Drug Resistant Mycobacterium tuberculosis[END_REF] has shown that the ion channel blockers verapamil, thioridazine, chlorpromazine, flupenthixol and haloperidol exhibit synergistic activity when combined with the antibiotics izoniazid, rifampin, amikacin, capreomycin and ofloxacin. These inhibitors also act as efflux inhibitors, and efflux mechanisms are known to contribute to overall antibiotic resistance in M tuberculosis. The bactericidal action of the ion channel blockers is considered to be associated with their interference with the energy metabolism of the bacterium. Ion channel blockers can play a role as adjuvants in tuberculosis chemotherapy.

Examination of the use of the molecular container CB [START_REF] Machado | Ion Channel Blockers as Antimicrobial Agents, Efflux Inhibitors, and Enhancers of Macrophage Killing Activity against Drug Resistant Mycobacterium tuberculosis[END_REF] to form inclusion complexes of the type antibiotic@CB [START_REF] Machado | Ion Channel Blockers as Antimicrobial Agents, Efflux Inhibitors, and Enhancers of Macrophage Killing Activity against Drug Resistant Mycobacterium tuberculosis[END_REF] show that these formulations may be contenders to enhance the potencies of the commonly used M. tuberculosis antibiotics isoniazid, pyrazinamide and ethambutol. This is portrayed in Figure 5.

Figure 5. Schematic representation of inclusion complexes that can enhance the deliverability and potencies of current anti-tuberculosis antibiotics.

Conclusions

This study shows that the antibiotic resistance of 14 drugs is primarily dependent upon the lipophilicity of the drugs for wt M. bovis BCG and the mutants cpnT::Tn/mspA and cpnT::Tn/cpnT. The outer membrane channel protein CpnT of M. tuberculosis is essential for persistence and toxicity of the pathogen in macrophages, and promotes replication of M. tuberculosis in macrophages. Also it is known that mutations in CpnT appear to be associated with increased drug resistance in M. tuberculosis.

The results for M. bovis BCG and the resistant strains of M. tuberculosis indicate that the three dominant factors governing drug efficacy are the excitation energy of the first excited state, the HOMO-LUMO gap, and the lipophilicity of the drugs. It can be concluded that MICs are negatively related to the excitation energy, positively related to the HOMO-LUMO gap, and negatively related to the lipophilicity. The ion channels of resistant forms of these bacteria can be targeted by an appropriate selection of drugs using these three factors to design appropriate inhibitors or antibiotics. Ion channel inhibitors can act as synergistic adjuvants to tuberculosis antibiotics.

Based on the notion that the commonly used anti-tuberculosis drugs isoniazid, pyrazinamide and ethambutol target the outer membrane of M. tuberculosis, a study of the cucurbit [START_REF] Machado | Ion Channel Blockers as Antimicrobial Agents, Efflux Inhibitors, and Enhancers of Macrophage Killing Activity against Drug Resistant Mycobacterium tuberculosis[END_REF]uril inclusion complexes isoniazid@CB [START_REF] Machado | Ion Channel Blockers as Antimicrobial Agents, Efflux Inhibitors, and Enhancers of Macrophage Killing Activity against Drug Resistant Mycobacterium tuberculosis[END_REF], pyrazinamide@CB [START_REF] Machado | Ion Channel Blockers as Antimicrobial Agents, Efflux Inhibitors, and Enhancers of Macrophage Killing Activity against Drug Resistant Mycobacterium tuberculosis[END_REF], and ethambutol@CB [START_REF] Machado | Ion Channel Blockers as Antimicrobial Agents, Efflux Inhibitors, and Enhancers of Macrophage Killing Activity against Drug Resistant Mycobacterium tuberculosis[END_REF] shows that these complexes have enhanced lipophilicity over that for the naked antibiotics, as well as enhanced potency. Such properties may offer increased anti-tuberculosis potency compared to the naked antibiotics, as well as offer reduced metabolic degradation, oral administration and increased solubility of such drugs as routinely associated with inclusion complexes.

Ethambutol@CB [START_REF] Machado | Ion Channel Blockers as Antimicrobial Agents, Efflux Inhibitors, and Enhancers of Macrophage Killing Activity against Drug Resistant Mycobacterium tuberculosis[END_REF] is known to be as efficient in treating M. smegmatis infected macrophages as opposed to when it was delivered in the unbound form, suggesting that CB [START_REF] Machado | Ion Channel Blockers as Antimicrobial Agents, Efflux Inhibitors, and Enhancers of Macrophage Killing Activity against Drug Resistant Mycobacterium tuberculosis[END_REF]-bound drug molecules can be released from the container to find their intracellular target and to be effective in macrophages.

Studies of (a) isoniazid@CB [START_REF] Machado | Ion Channel Blockers as Antimicrobial Agents, Efflux Inhibitors, and Enhancers of Macrophage Killing Activity against Drug Resistant Mycobacterium tuberculosis[END_REF] and its free radical intermediate isoniazid acyl radical@CB [START_REF] Machado | Ion Channel Blockers as Antimicrobial Agents, Efflux Inhibitors, and Enhancers of Macrophage Killing Activity against Drug Resistant Mycobacterium tuberculosis[END_REF], (b) the prodrug pyrazinamide@CB [START_REF] Machado | Ion Channel Blockers as Antimicrobial Agents, Efflux Inhibitors, and Enhancers of Macrophage Killing Activity against Drug Resistant Mycobacterium tuberculosis[END_REF] and its active species pyrazinoic acid@CB [START_REF] Machado | Ion Channel Blockers as Antimicrobial Agents, Efflux Inhibitors, and Enhancers of Macrophage Killing Activity against Drug Resistant Mycobacterium tuberculosis[END_REF], indicate that these reactive intermediates may offer enhanced anti-tuberculosis activity over that for the normal inclusion complexes.

Materials and methods

All calculations were carried out using the Gaussian 09 package. Energy optimizations were at the DFT/B3LYP/6-31G(d) (6d, 7f) level of theory for all atoms in water, with the empirical dispersion correction GD3BJ. Selected optimizations at the DFT/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. Calculations were conducted using the IEFPCM/SMD solvent model in water and n-octanol. With the 6-31G* 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** 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* basis set (ie 6-31+G**) 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.

Binding energies for the cucurbit [START_REF] Machado | Ion Channel Blockers as Antimicrobial Agents, Efflux Inhibitors, and Enhancers of Macrophage Killing Activity against Drug Resistant Mycobacterium tuberculosis[END_REF]uril inclusion complexes: isoniazid@CB [START_REF] Machado | Ion Channel Blockers as Antimicrobial Agents, Efflux Inhibitors, and Enhancers of Macrophage Killing Activity against Drug Resistant Mycobacterium tuberculosis[END_REF], pyrazinamide@CB [START_REF] Machado | Ion Channel Blockers as Antimicrobial Agents, Efflux Inhibitors, and Enhancers of Macrophage Killing Activity against Drug Resistant Mycobacterium tuberculosis[END_REF], ethambutol@CB [START_REF] Machado | Ion Channel Blockers as Antimicrobial Agents, Efflux Inhibitors, and Enhancers of Macrophage Killing Activity against Drug Resistant Mycobacterium tuberculosis[END_REF], isoniazid radical@CB [START_REF] Machado | Ion Channel Blockers as Antimicrobial Agents, Efflux Inhibitors, and Enhancers of Macrophage Killing Activity against Drug Resistant Mycobacterium tuberculosis[END_REF], and pyrazinoic acid@CB [START_REF] Machado | Ion Channel Blockers as Antimicrobial Agents, Efflux Inhibitors, and Enhancers of Macrophage Killing Activity against Drug Resistant Mycobacterium tuberculosis[END_REF] were calculated using the DFT/B3LYP/6-311G(d,p) (6d, 7f) with the empirical dispersion correction GD3BJ and the CP BSSE correction in n-octanol and water. It is noted that the particular configurations shown in Figures 1 and2 are not unique as other configurations are possible with respect to how the ligands are orientated within the CB [START_REF] Machado | Ion Channel Blockers as Antimicrobial Agents, Efflux Inhibitors, and Enhancers of Macrophage Killing Activity against Drug Resistant Mycobacterium tuberculosis[END_REF] cavity, and how deeply the ligands are inserted into the cavity. The solvent also impacts the particular configurations of the complexes as occurs with the dynamic equilibia amongst the CB [START_REF] Machado | Ion Channel Blockers as Antimicrobial Agents, Efflux Inhibitors, and Enhancers of Macrophage Killing Activity against Drug Resistant Mycobacterium tuberculosis[END_REF], ligand and solvent species. [START_REF] Das | Applications of Cucurbiturils in Medicinal Chemistry and Chemical Biology[END_REF] It is noted that high computational accuracy for each species in different environments is not the focus of this study, but comparative differences between various species is the aim of the study. Experimental errors in inhibitory studies are substantially higher than those for calculated molecular specifiers. The LFER methodology has been previously described. [START_REF] Fong | The extravascular penetration of tirapazamine into tumours: a predictive model of the transport and efficacy of hypoxia cytotoxic analogues and the potential use of cucurbiturils to facilitate delivery[END_REF] Table 1. MICs (µg/ml) for the antibiotic resistance of the cpnT mutants of M. bovis BCG and calculated molecular specifiers of antibiotics in n-octanol. 
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 12 Figure 1. Left & Centre Left: isoniazid@CB[7], Right & Centre Right: pyrazinamide@CB[7]

  [START_REF] Zhang | The curious characteristics of pyrazinamide: a review[END_REF] 
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 4 Figure 4. Formation of active species pyrazinoic acid from pyrazinamide.

  

lipo,CDS -0.0045Mol Vol + 1.21

  

	Where R 2 = 0.596, SEE = 1.19, SE(ΔG lipoCDS ) = 0.16, SE(Mol Vol) = 0.003, F=8.13, Significance= 0.007. P-values for ΔG lipo,CDS
	= 0.002 and Mol Vol = 0.067
	Eq 2 Antibiotic resistance of cpnT::Tn/mspA mutation of M. bovis BCG
	MIC = 0.81ΔG lipo,CDS -0.056
	Where R 2 = 0.677, SEE = 1.63, SE(ΔG lipoCDS ) = 0.16, F=23.08, Significance= 0.0005.
	Eq 3 Antibiotic resistance of cpnT::Tn/cpnT mutation of M. bovis BCG
	MIC = 0.82ΔG lipo,CDS + 0.055
	Where R 2 = 0.703, SEE = 1.63, SE(ΔG lipoCDS ) = 0.16, F=23.72, Significance= 0.0006.

Table 2 . LFER analysis of MIC for nine drugs (isoniazid, rifampicin, amikacin, capreomycin, ofloxacin, thioridazine, chlorpromazine, flupenthixol, haloperidol) tested against nine resistant M. tuberculosis strains. [7]

 2 Verapamil was found to be a consistent large statistical outlier in all derived LFERs.

		Wild	cpnT::Tn/mspA	cpnT::Tn/cpnT	Excitation	HOMO-	ΔG lipo,CDS	Molec
		Type MIC	mutation MIC	mutation MIC	Energy octanol eV	LUMO octanol eV	octanol kcal/mol	Volume octanol cm 3 /mol
	Ampicillin	30	60	60	4.58	5.35	2.13	243
	Tetracycline	31.25	62.5	62.5	3.20	4.20	4.83	272
	Erythromycin A	16	32	16	3.91	5.14	-0.17	529
	Chloramphenicol	4	8	8	3.39	3.97	2.41	176
	4-Aminosalicylic Acid	2	2	2	4.51	4.90	3.06	106
	Ethambutol	0.125	0.125	0.125	7.03	8.04	-1.21	165
	Cycloserine	4	4	4	5.31	6.45	3.07	92
	Streptomycin	0.16	0.32	0.32	3.51	3.91	2.72	358
	Clarithromycin	0.125	0.5	0.25	4.00	4.66	2.31	571
	Rifampin	0.008	0.032	0.032	2.10	2.54	3.45	494
	Ciprofloxacin	1	2	2	3.49	4.00	0.15	233
	Ofloxacin	0.25	0.25	0.25	3.33	7.87	0.59	264
	Levofloxacin	0.125	0.125	0.125	3.34	3.87	0.59	199
	Moxifloxacin	0.5	0.5	0.5	3.40	3.91	-0.08	284
	Norfloxacin	1	2	2	3.53	4.04	0.81	222
	Vancomycin	5	10	10	3.87	4.05	10.11	783
	Isoniazid	0.25	0.25 Not determined	4.42	5.58	2.64	118

M.

tb strains Best fit LFER from general eqn: MIC=EE+HL+MV+ ΔG lipo,CDS +constant

  ΔG lipo,CDS =Lipophilicity (kcal/mol). See ref 18 for LFER methodology.

			Significance
			F
	H37Rv	78.3EE -64.7HL + 6.2	0.277
	H37Rv katG -142.8EE + 112.2 HL-0.3MV + 151.0	0.021
	82/09	-58.8EE + 265.0	0.147
	149/09	158.2HL + 1.5MV -1013.3	0.013
	286/09	-54.2EE + 31.0HL + 93.0	0.107
	69/11	-287.0HL + 192.0MV + 284.3	0.262
	29/12	157.9HL + 1.6MV -1019.1	0.009
	269/03	-4.2 ΔG lipo,CDS + 19.2	0.033
	294 -4.4 ΔG lipo,CDS + 18.2	0.029
	Footnotes: EE= First Excitation Energy (eV), HL=HOMO-LUMO gap (eV),
	MV=Molecular Volume (cm 3 /mol),	

Table 3 . Molecular specifiers for anti-tuberculosis drugs isoniazid, pyrazinamide and ethambutol as CB[7] complexes and naked species.

 3 

		Binding	Binding	Excitation	HOMO-	ΔG lipo,CDS	Molec
		Energy kcal/mol	Energy kcal/mol	Energy eV	LUMO eV	octanol kcal/mol	Volume cm 3 /mol
		water	octanol	octanol	octanol		octanol
	Isoniazid@CB7	-15.1	-11.34	4.282	4.98	-4.96	735
	Pyrazinamde@CB7	-21.72	-16.86	3.551	5.04	-3.82	821
	Ethambutol@CB7	-2.14	-2.29	4.906	5.43	-9.2	841
	Ethambutol Ion@CB7		-55.22	5.552	6.36	-8.79	803
	Isoniazid Radical@CB7		-11.34	2.283	4.37	-4.21	814
	Pyrazinoic Acid@CB7		-19.94	3.813	4.94	-3.79	851
	Pyrazinoic Acid@CB7*			3.809*	4.53*	9.12**	758*
	Water						
	Izoniazid			4.417	5.58	2.66	107
	Pyrazinamide			3.858	5.15	2.62	87
	Ethambutol			7.031	5.98	-1.21	185
	Izoniazid Radical			2.014	3.83	2.58	90
	Pyrazinoic Acid			3.758	4.99	2.82	88

Footnote: * values are in water, ** values are ΔG water,CDS