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Introduction

PARP (Poly (ADP-ribose) polymerase) is a protein family involved in a number of cellular processes such as DNA repair, genomic stability, and programmed cell death. PARP's main function is to detect and initiate an immediate cellular repair response to metabolic, chemical, oxidative stress, or radiation-induced single-strand DNA breaks. PARylation (protein poly ADPribosylation) is a widespread post-translational modification at DNA lesions catalyzed by PARPs. This modification regulates a number of biological processes particularly DNA damage response but also transcriptional regulation, apoptosis, and mitosis. PARP can function as a DNA damage sensor activated by DNA lesions, thereby forming PAR chains that serve as a docking platform for DNA repair factors. [1,[START_REF] Hegedus | Inputs and outputs of poly(ADP-ribosyl)ation: Relevance to oxidative stress[END_REF] PARP is a key facilitator of DNA damage repair and has a key role in tumorigenesis associated with dysfunctional DNA repair pathways. Transcript, protein, and enzyme activity of PARP is increased in breast cancer, ovarian cancer, hepatocellular cancer, colorectal cancer, and leukemia. Treating cancers by targeting PARP through increasing tumour sensitivity to chemotherapeutic agents and also by inducing "synthetic lethality" is now common in the clinic. PARP inhibitors have been shown to be successful in the treatment of various cancers, attributed to impaired DNA repair of cancerous cells. It has been shown that PARP inhibition specifically kills BRCA1 and BRCA2 mutant cells, demonstrating synthetic lethality of PARP inhibition with the homologous recombination defect. It is thought that inhibitor-inactivated PARP-1 is trapped on DNA, and that trapped {PARP-1:DNA} complexes are cytotoxic. In addition, it is thought that loss of PARylation impairs early recruitment of both BRCA1 and BRCA2 to DNA lesions, suggesting that the PARylation directly contributes to homologous recombination. [START_REF] Wh Hou | Poly-ADP ribosylation in DNA damage response and cancer therapy[END_REF][START_REF] Liu | The role of poly ADP-ribosylation in the first wave of DNA damage response[END_REF][START_REF] Lupo | Inhibition of poly(ADP-ribosyl)ation in cancer: Old and new paradigms revisited[END_REF][START_REF] Mangerich | How to kill tumor cells with inhibitors of poly(ADP-ribosyl)ation[END_REF][START_REF] Sisay | PARP inhibitors as potential therapeutic agents for various cancers: focus on niraparib and its first global approval for maintenance therapy of gynaecologic cancers[END_REF][START_REF] Murai | Trapping of PARP1 and PARP2 by clinical PARP inhibitors[END_REF][START_REF] Kn Dziadkowiec | PARP inhibitors: review of mechanisms of action and BRCA1/2 mutation targeting[END_REF] PARP inhibitors are clinically effective in a number of tumour types, including platinumsensitive epithelial ovarian cancer, breast cancer with mutation in BRCA-1 or BRCA-2, and prostate cancer. Olaparib is a PARP inhibitor which has been approved as a monotherapy for the treatment of patients with germline BRCA mutated advanced ovarian cancer who have been treated with three or more prior lines of chemotherapy. Olaparib has been approved in Europe for maintenance therapy in both germline and somatic BRCA-mutant platinum-sensitive ovarian cancer. Rucaparib has been approved for previously treated BRCA-mutant ovarian cancer. Niraparib, a PARP-1 and PARP-2 inhibitor, is approved for epithelial ovarian, fallopian tube, and primary peritoneal cancer.

PARPs are also involved in oxidative stress, cell death, and oxidative-stress-related diseases. Oxidative stress can cause DNA breaks which results in activation of the DNA nick sensor enzyme PARP-1. Normal PARP activation facilitates DNA repair, but extensive PARP activation induces mitochondrial transition and mitochondrial damage that culminates in cell death. Mitochondrial dysfunction is strongly associated with PARP-mediated apoptotic cell death. PARP inhibition converts necrosis to apoptosis. The majority of PARP activity is located in the nucleus, but some PARP activity is found in the cytoplasm. [START_REF] Bai | Biology of Poly(ADP-Ribose) Polymerases: The Factotums of Cell Maintenance[END_REF] Inhibition or depletion of PARP leads to not only an increase in DNA damage, but also an elevation in the levels of reactive oxygen species (ROS). Oxidative stress is also increased by PARP inhibition and mediates the antitumor effect. The antioxidant N-acetylcysteine (NAC) attenuated the induction of DNA damage and the proliferation by PARP inhibition. NADPH oxidases 1 and 4 were upregulated by PARP inhibition and were partially responsible for the induction of oxidative stress. Thus in addition to compromising the repair of DNA damage, PARP inhibition also exerts an extra antitumor effect by elevating oxidative stress in ovarian cancer cells. [START_REF] Hou | Increased oxidative stress mediates the antitumor effect of PARP inhibition in ovarian cancer[END_REF][START_REF] Mathews | PARP-1 Inhibition Prevents Oxidative and Nitrosative Stress-Induced Endothelial Cell Death via Transactivation of the VEGF Receptor 2[END_REF] Hypoxic cells with decreased homologous recombination (HR) protein expression showed increased clonogenic killing following chemical inhibition of PARP1. Selective cell killing of HR-defective hypoxic cells in vivo as a consequence of microenvironment-mediated "contextual synthetic lethality" has been demonstrated. [START_REF] Chan | Contextual Synthetic Lethality of Cancer Cell Kill Based on the Tumor Microenvironment[END_REF][START_REF] Leszczynska | Targeting Tumour Hypoxia with PARP Inhibitors: Contextual Synthetic Lethality[END_REF] PARP inhibitors can potentiate the effects of radiotherapy and chemotherapy in cancer cells. Inhibition of PARP activity can sensitize hypoxic cancer cells and the combination of ionizing radiation with PARP inhibitors can improve the therapeutic ratio of radiotherapy. [START_REF] Sk Liu | A novel poly(ADPribose) polymerase inhibitor, ABT-888, radiosensitizes malignant human cell lines under hypoxia[END_REF] Olaparib is a potent radiosensitizer for head and neck cancer therapy. [START_REF] Tinhofer | The PARP inhibitor olaparib (AZD2281) as potent radiosensitizer of head and neck cancer cells[END_REF] Hypoxia and ease of reaction with ionizing radiation are hallmarks of free radical drug formation in chemoradiotherapy regimes. Drug-induced oxidative stress is implicated as a mechanism of toxicity in numerous tissues and organ systems. [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 | Platinum based radiochemotherapies: Free radical mechanisms and radiotherapy sensitizer[END_REF][START_REF] Fong | Platinum anti-cancer drugs: Free radical mechanism of Pt-DNA adduct formation and anti-neoplastic effect[END_REF][START_REF] Fong | The role of free radicals in the effectiveness of anti-cancer chemotherapy in hypoxic ovarian cells and tumours[END_REF][START_REF] Fong | Role of stable free radicals in conjugated antioxidant and cytotoxicity treatment of triple negative breast cancer[END_REF][START_REF] Fong | Cucurbiturils as potential free radical chemoradiosensitizers for enhanced cisplatin treatment of cancers: a quantum mechanical study[END_REF][START_REF] Wardman | Electron transfer and oxidative stress as key factors in the design of drugs selectively active in hypoxia[END_REF] The metabolism of a drug may generate a reactive intermediate that can reduce molecular oxygen directly to generate ROS. [START_REF] Deavall | Drug-Induced Oxidative Stress and Toxicity[END_REF] Many currently prescribed antineoplastic drugs induce high levels of free radicals and OS, with patients showing ROS-induced lipid peroxidation in their plasma, have reduced blood levels of vitamin E, vitamin C and β-carotene, and decreased tissue glutathione levels. Many anticancer drugs are also capable of generating ROS such as superoxide, typically by redox cycling with oxygen in mitochondrial systems or in the endoplasmic reticulum. These drugs can be readily bioreduced by various enzymes, such as NADPH-cytochrome P450 reductases and FADH 2 etc. [START_REF] Ka Conklin | Chemotherapy-Associated Oxidative Stress: Impact on Chemotherapeutic Effectiveness[END_REF][START_REF] Sinha | Free radicals in anticancer drug pharmacology[END_REF][START_REF] Kappus | Overview of enzyme systems involved in bio-reduction of drugs and in redox cycling[END_REF][START_REF] Kovacic | Unifying mechanism for anticancer agents involving electron transfer and oxidative stress: clinical implications[END_REF][START_REF] Sainz | Radical Decisions in Cancer: Redox Control of Cell Growth and Death[END_REF][START_REF] Gorrini | Modulation of oxidative stress as an anticancer strategy[END_REF] Amongst the common antineoplastic drugs, the severity of oxidative stress varies from: (a) very high, anthracyclines: (b) moderately high, Pt-complexes, alkylating agents, epipodophyllotoxins (c) low, purines/pyrimidines, antimetabolites, taxanes, vinca alkaloids. [START_REF] Ka Conklin | Chemotherapy-Associated Oxidative Stress: Impact on Chemotherapeutic Effectiveness[END_REF][START_REF] Sinha | Free radicals in anticancer drug pharmacology[END_REF][START_REF] Kappus | Overview of enzyme systems involved in bio-reduction of drugs and in redox cycling[END_REF][START_REF] Kovacic | Unifying mechanism for anticancer agents involving electron transfer and oxidative stress: clinical implications[END_REF][START_REF] Sainz | Radical Decisions in Cancer: Redox Control of Cell Growth and Death[END_REF][START_REF] Gorrini | Modulation of oxidative stress as an anticancer strategy[END_REF][START_REF] Liu | Increased Oxidative Stress as a Selective Anticancer Therapy, Oxidative Medicine and Cellular Longevity[END_REF] PARP inhibitors also involve free radicals and oxidative stress in their chemotherapeutic regimes. [START_REF] Hou | Increased oxidative stress mediates the antitumor effect of PARP inhibition in ovarian cancer[END_REF][START_REF] Ga Czapski | Effect of poly(ADP-ribose) polymerase inhibitors on oxidative stress evoked hydroxyl radical level and macromolecules oxidation in cell free system of rat brain cortex[END_REF] Figure 1 schematically illustrates the various processes known to be involved in the inhibition of PARP-1 enzymes and PARylation and accompanying oxidative stress induced by PARP activation.

We have previously shown that an equation of the general form shown below, eq 1, applies to cell membrane transport processes for various drugs as well as drug-enzyme binding interactions. [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 | Drug discovery model using molecular orbital computations: tyrosine kinase inhibitors[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 | The effect of desolvation on the binding of inhibitors to HIV-1 protease and cyclin-dependent kinases: Causes of resistance[END_REF][START_REF] Fong | A novel predictive model for the anti-bacterial, anti-malarial and hERG cardiac QT prolongation properties of fluoroquinolones[END_REF][START_REF] Fong | Statins in therapy: Cellular transport, side effects, drug-drug interactions and cytotoxicity -the unrecognized role of lactones[END_REF][START_REF] Fong | Physiology of ionophore transport of potassium and sodium ions across cell membranes: Valinomycin and 18-Crown-6 Ether[END_REF][START_REF] Fong | Statins in therapy: Understanding their hydrophilicity, lipophilicity, binding to 3-hydroxy-3-methylglutaryl-CoA reductase, ability to cross the blood brain barrier and metabolic stability based on electrostatic molecular orbital studies[END_REF] 

Transport or Binding = ΔG desolv,CDS + ΔG lipo,CDS + Dipole Moment + Molecular Volume or Electron Affinity

This equation 1 uses the free energy of water desolvation (ΔG desolv,CDS ) and the lipophilicity free energy (ΔG lipo,CDS ) where CDS represents the non-electrostatic first solvation shell solvent properties, may be a better approximation of the cybotactic environment around the drug approaching or within the protein receptor pocket, or the cell membrane surface or the surface of a drug transporter, than the bulk water environment outside the receptor pocket or cell membrane surface. The CDS includes dispersion, cavitation, and covalent components of hydrogen bonding, hydrophobic effects. Desolvation of water from the drug (ΔG desolv,CDS ) before binding in the receptor pocket is required, and hydrophobic interactions between the drug and protein (ΔG lipo,CDS ) is a positive contribution to binding. ΔG lipo,CDS is calculated from the solvation energy in n-octane. In some biological processes, where biological redox processes may be occurring, and the influence of molecular volume is small, the electron affinity EA has been included in place of the molecular volume, MV. In other processes, the influence of some of the independent variables is small and can be eliminated to focus on the major determinants of biological activity.

We have recently used this model to develop a predictive model of the transport and efficacy of hypoxia specific cytotoxic analogues of tirapazmine and the effect on the extravascular penetration of tirapazamine into tumours. [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] It was found that the multiparameter model of the diffusion, antiproliferative assays IC 50 and aerobic and hypoxic clonogenic assays for a wide range of neutral and radical anion forms of tirapazamine (TPZ) analogues showed: (a) extravascular diffusion is governed by the desolvation, lipophilicity, dipole moment and molecular volume, similar to passive and facilitated permeation through the blood brain barrier and other cellular membranes, (b) hypoxic assay properties of the TPZ analogues showed dependencies on the electron affinity, as well as lipophilicity and dipole moment and desolvation, similar to other biological processes involving permeation of cellular membranes, including nuclear membranes, (c) aerobic assay properties were dependent almost exclusively on the electron affinity, consistent with electron transfer involving free radicals being the dominant species.

Results

The general equation ( 1) has been applied to the IC 50 and EC 50 data from the Table for the hexahydrobenzonaphthyridinone PARP inhibitors. All IC 50 and EC 50 data are from the same study and laboratory source [START_REF] Torrisi | Discovery and SAR of novel, potent and selective hexahydrobenzonaphthyridinone inhibitors of poly(ADP-ribose)polymerase-1 (PARP-1)[END_REF] (see Figure 2) to minimize experimental data error. NB: Raw MV values have been normalized by factor of 0.1, and raw EA values normalized by 10.0 to allow direct comparison of coefficients in the equations.

Since there is literature evidence [START_REF] Hou | Increased oxidative stress mediates the antitumor effect of PARP inhibition in ovarian cancer[END_REF][START_REF] Ka Conklin | Chemotherapy-Associated Oxidative Stress: Impact on Chemotherapeutic Effectiveness[END_REF][START_REF] Sinha | Free radicals in anticancer drug pharmacology[END_REF][START_REF] Kappus | Overview of enzyme systems involved in bio-reduction of drugs and in redox cycling[END_REF][START_REF] Kovacic | Unifying mechanism for anticancer agents involving electron transfer and oxidative stress: clinical implications[END_REF][START_REF] Sainz | Radical Decisions in Cancer: Redox Control of Cell Growth and Death[END_REF][START_REF] Gorrini | Modulation of oxidative stress as an anticancer strategy[END_REF][START_REF] Liu | Increased Oxidative Stress as a Selective Anticancer Therapy, Oxidative Medicine and Cellular Longevity[END_REF][START_REF] Ga Czapski | Effect of poly(ADP-ribose) polymerase inhibitors on oxidative stress evoked hydroxyl radical level and macromolecules oxidation in cell free system of rat brain cortex[END_REF] that the free radical form of various anticancer drugs involve the free radical form of the drug (as well as some PARP inhibitors) in their chemotherapy, the experimental data in the Table has been tested against the free radical form, as well as the neutral (or protonated) form of the drugs. Applying the general equation ( 1 However it is possible that PARylation in the HeLa cells may involve non-redox processes, and that inhibition occurs through the neutral or protonated at physiological pH levels. This is analysed in eq 3: Comparison of eq 3 with eq 4 shows that DM has greater influence for eq 3 for the in vitro hPARP-1 data, but otherwise the equations are very similar in terms of water desolvation, lipophilicity and molecular volumes of the inhibitors in the cellular environment compared to the in vitro environment.

EC

Discussion

Figure 1 illustrates the various processes involved in the inhibition of PARP-1 enzymes and PARylation of HeLa cells and the accompanying oxidative stress induced by PARP activation.

Oxidative stress is also increased by PARP inhibition and mediates the antitumor effect. The IC 50 data for the in vitro inhibition of the hPARP-1 enzyme can be taken as a close substitute of the inhibition of PARP-1 in cells (if membrane transport processes are comparatively insignificant), while the EC 50 data for the inhibition of the HeLa cells would include the inhibition of the PARP-1 enzyme preceding the inhibition of PARylation (and any membrane transport processes). It has been recently shown it is the kinetics of poly(ADP-ribosyl)ation, but not PARP-1 itself, that determines the cell fate in response to DNA damage in vitro and in vivo.

Thus the homeostasis and dynamics of PAR formation is critical to the cells and organisms fate in coping with acute DNA damage, whereas the full PARylation response is essential for organism survival under genotoxic stress. PARylation involves the PARP catalysed transfer of the ADP-ribose moiety from β-nicotinamide-adenine-dinucleotide (β-NAD + ) to acceptor amino acid residues of target proteins and the creation of long PAR chains. [START_REF] Schuhwerk | Kinetics of poly(ADPribosyl)ation, but not PARP1 itself, determines the cell fate in response to DNA damage in vitro and in vivo[END_REF] The EC 50 and IC 50 data of Torrisi [START_REF] Torrisi | Discovery and SAR of novel, potent and selective hexahydrobenzonaphthyridinone inhibitors of poly(ADP-ribose)polymerase-1 (PARP-1)[END_REF] for the hexahydrobenzonaphthyridinone PARP inhibitors are valuable since it allows comparison of the cellular processes involved in PARylation of HeLa cells with the in vitro inhibitor binding to the hPARP-1 enzyme. The IC 50 inhibitory data could involve the neutral or protonated forms of the hexahydrobenzonaphthyridinones, since many of the inhibitors are likely to be partially protonated at physiological pH levels. There is strong evidence from this study, and literature sources [START_REF] Bai | Biology of Poly(ADP-Ribose) Polymerases: The Factotums of Cell Maintenance[END_REF][START_REF] Hou | Increased oxidative stress mediates the antitumor effect of PARP inhibition in ovarian cancer[END_REF][START_REF] Mathews | PARP-1 Inhibition Prevents Oxidative and Nitrosative Stress-Induced Endothelial Cell Death via Transactivation of the VEGF Receptor 2[END_REF], that oxidative stress may be involved in PARylation processes, and that the anion radical form of the inhibitors could be involved in the EC 50 PARylation processes in the HeLa cells. These possibilities have been tested in the results for equations 2 -4 using the neutral, protonated or anion radical form of the neutral or protonated species of the inhibitors as shown in the Table . It is noted that the experimental conditions used by Torrisi [START_REF] Torrisi | Discovery and SAR of novel, potent and selective hexahydrobenzonaphthyridinone inhibitors of poly(ADP-ribose)polymerase-1 (PARP-1)[END_REF] for the PARylation of HeLa cells involved stimulation of DNA damage by hydrogen peroxide.

We have previously investigated PARP inhibitors using similar equations [START_REF] Fong | Predicting PARP inhibitory activity -A novel quantum mechanical based model[END_REF] to those in this study, including an investigation of the IC 50 values for more limited number of hexahydrobenzonaphthyridinones. It was also shown that the molecular docking scores [START_REF] Salmas | In silico investigation of PARP-1 catalytic domains in holo and apo states for the design of high-affinity PARP-1 inhibitors, Enzyme Inhib[END_REF] for a wide range of PARP-1 inhibitors were also well described by these equations. [START_REF] Fong | Predicting PARP inhibitory activity -A novel quantum mechanical based model[END_REF] 

Conclusions

A study of the in vitro inhibition of hPARP-1 enzyme and PARylation of HeLa cells by a wide range of PARP inhibitors has been conducted utilizing an established linear free energy methodology comprising the free energy of water desolvation and lipophilicity, dipole moment, molecular volume or electron affinity of the PARP inhibitors. It is shown that the IC 50 in vitro inhibition of the hPARP-1 enzyme is closely related to the EC 50 values for PARylation in HeLa cells. The electron affinity of the inhibitors is strongly related to the EC 50 values, suggesting that inhibitor free radicals are involved in oxidative stress processes and PARylation in HeLa cells.

Materials and Methods

All calculations were carried out using the Gaussian 09 package. Energy optimisations were at the DFT/B3LYP/6-31G(d,p) (6d, 7f) level of theory for all atoms. Selected optimisations at the DFT/B3LYP/6-311 + G(d,p) (6d, 7f) level of theory gave very similar results to those at the lower level. Optimized structures were checked to ensure energy minima were located, with no negative frequencies. Energy calculations were conducted at the DFT/B3LYP/6-311+G(d,p) (6d, 7f) level of theory with optimised geometries in water, using the IEFPCM/SMD solvent model. 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(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. HOMO and LUMO calculations included both delocalized and localized orbitals (NBO).

Electron affinities (AEA) in eV in water were calculated by the SCF difference between the optimised/relaxed neutral and optimised radical species method as previously described. [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] It has been shown that the B3LYP functional gives accurate electron affinities when tested against a large range of molecules, atoms, ions and radicals with an absolute maximum error of 0. 
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