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PARP poly-ADP ribose polymerase, PARPis poly-ADP ribose polymerase inhibitors, PD-1 programmed cell death protein 1 receptor, programmed death ligand PD-L1, HOMO highest occupied molecular orbital, LUMO lowest unoccupied molecular orbital, HOMO-1 second highest occupied molecular orbital, HL gap (HOMO-LUMO), LFER Linear Free Energy Relationship, ΔG desolv,CDS free energy of water desolvation of the cavitation dispersion solvent structure (CDS), ΔG lipo,CDS free energy of lipophilicity or hydrophobicity for the CDS, R 2 multiple correlation coefficient, F the F test of significance, SEE standards errors for the estimates, P-value probability value, SE(ΔG desolvation ) standard errors of ΔG desolvation , SE(ΔG desolv,CDS ) standard errors of ΔG desolv,CDS , SE(ΔG lipophilicity ), standard errors of ΔG lipophilicity , SE (Molecular Volume) standard errors for molecular volumes as calculated from "t" distribution statistics, TNBC Triple negative breast cancer, <PARPi> derivative of Olaparib

Introduction

A. PARP inhibitors

PARPs are a family of enzymes which repair damaged DNA. DNA repair by PARPs is important in normal cells, but also an important DNA repair mechanism in tumor cells. PARPs can repair the DNA damage that occurs during replication, ultraviolet radiation, chemotherapy and during radiotherapy in cancer treatment. PARP-1 is the most abundantly expressed enzyme (of 18 PARPs) which is involved involves in various therapeutic areas like inflammation, stroke, cardiac ischemia, cancer and diabetes.

PARP-1 is compromised of four main domains: the Amino-terminal DNA binding domain (DBD) consisting of two zinc fingers, a caspase-cleaved domain, the auto-modification domain (AMD), and the carboxy-terminal catalytic domain which contains the active site of PARP-1. The active catalytic site is comprised of the acceptor site (adenosine site) and the donor site (nicotinamide site). The ADP moiety of the poly(ADP-ribose) chain occupies the acceptor site and the donor site is occupied by NAD + . The donor site also comprises the nicotinamide-ribose binding site (NI), the phosphate binding site (PH), and the adenine-ribose binding site (AD) all of which bind to NAD + . The donor site is where PARP inhibitors (PARPis) which mimic NAD + bind to PARPs. [START_REF] Singh | A Review on PARP1 Inhibitors: Pharmacophore Modeling, Virtual and Biological Screening Studies to Identify Novel PARP1 Inhibitors[END_REF][START_REF] Jd Steffen | Structural implications for selective targeting of PARPs[END_REF][START_REF] Shen | Trapping Poly(ADP-Ribose) Polymerase[END_REF][START_REF] Ryan | Dissecting the molecular determinants of clinical PARP1 inhibitor selectivity for tankyrase1[END_REF][START_REF] Nv Malyuchenko | PARP1 Inhibitors: Antitumor Drug Design[END_REF][START_REF] Ms Murahari | Current Overview on the Usage of Poly(ADP-ribose)polymerase (PARP) Inhibitors in Treating Cancer[END_REF] It has been shown that catalytic inhibition is not the only mechanism by which PARP inhibitors (PARPis) exert cytotoxic effects. Selected PARPis may also trap PARP-1 and PARP-2 on damaged DNA by way of a poisonous allosteric effect. [START_REF] Shen | Trapping Poly(ADP-Ribose) Polymerase[END_REF][START_REF] Thomas | The evolving landscape of predictive biomarkers of response to PARP inhibitors[END_REF] The PARP enzyme-inhibitor complex "locks" onto damaged DNA and prevents DNA repair, replication, and transcription, leading to cell death. Veliparib, Rucaparib, Olaparib, Niraparib, and Talazoparib, have been shown to have increased PARP-trapping activity in that increasing order with Talazoparib the most potent. [START_REF] Thomas | The evolving landscape of predictive biomarkers of response to PARP inhibitors[END_REF] Talazoparib which is among the most active PARPis in use today represents a new type of tripartite chemical scaffold consisting of a core tricyclic group with stereospecific disubstituents, a 4-fluorophenyl group and a methyltriazole group.

Most known PARP-1 inhibitors are anchored in the nicotinamide pocket within the NAD +binding site. The core carboxamide moiety commonly shared in these PARPis, form critical hydrogen bonds with conserved Gly863 and Ser904 residues. Most non-selective PARPis such as nicotinamide, 3-aminobenzamide etc only interact with the NI site. More selective inhibitors often target the PH and AD sites as well as the NI site, and usually contain an aryl and a bicyclic ring system forming π-stacking interactions with conserved Tyr896 and Tyr907 residues. Located immediately adjacent to the nicotinamide pocket of PARP is a large hydrophobic pocket, the adenine-ribose-binding site (AD), which is another potential druggable subsite. Several PARPis (eg FR257517) have incorporated large hydrophobic group onto the nicotinamide pharmacore to increase binding. FR257517 is 10 times more selective for PARP-1 than PARP-2. [START_REF] Jd Steffen | Structural implications for selective targeting of PARPs[END_REF][START_REF] Shen | Trapping Poly(ADP-Ribose) Polymerase[END_REF][START_REF] Kinoshita | Inhibitor-induced structural change of the active site of human poly(ADP-ribose) polymerase[END_REF] Compared to Veliparib, Niraparib, Talazoparib, Olaparib is the largest PARP-1 inhibitor which extends into the hydrophobic AD binding pocket of PARP-1/TNKS-1. These 4 inhibitors all target the nicotinamide binding site of both enzymes. Hydrophobic interactions and ligand electrostatics have been shown to play a major role in inhibitor binding to PARP-1 and TNKS-1. [START_REF] Ryan | Dissecting the molecular determinants of clinical PARP1 inhibitor selectivity for tankyrase1[END_REF] The crystal structure of human recombinant PARP complexed with a potent inhibitor, FR257517, is known (IC 50 14 nM) see Figure 1 [START_REF] Kinoshita | Inhibitor-induced structural change of the active site of human poly(ADP-ribose) polymerase[END_REF]. The active site of PARP can be generally classified into two sites: the acceptor site (pink) and the donor site (blue). The acceptor site is occupied by the ADP moiety of the poly(ADP-ribose) chain. The donor site is occupied by NAD + , and can be classified into the three subsites consisting of the NI site, the PH site and the AD site. The inhibitor FR257517 in the new active site binds to the NI and AD sites, and the acceptor site and the PH site are unused. The inhibitor also forms a hydrophobic corn-shaped subsite. It is thought that the induced hydrophobic pocket increases the selectivity of the inhibitor towards PARP-1. [START_REF] Kinoshita | Inhibitor-induced structural change of the active site of human poly(ADP-ribose) polymerase[END_REF] Olaparib, which binds to the nicotinamide pocket via a phthalazinone core, also likely has both diacylpiperazine and cyclopropyl moieties reaching deeply into the hydrophobic adenine-ribose-binding AD pocket. It is thought that Rucaparib and Niraparib may also be directed toward the phosphate binding residues PH within the NAD + site. [START_REF] Shen | Trapping Poly(ADP-Ribose) Polymerase[END_REF] Cepeda 2006 [START_REF] Cepeda | Poly(ADP-Ribose) Polymerase-1 (PARP-1) Inhibitors in Cancer Chemotherapy[END_REF] outlined three basic structural requirements for potent PARP-1 inhibitors: (i) an electron-rich aromatic ring system, including a carboxamide group with at least one hydrogen on the amide nitrogen, (ii) a noncleavable bond in the 3 position relative to the carboxamide group, and (iii) the carboxamide moiety, which is normally free to rotate, should be restricted to adopt the cis-(or anti-) configuration required for hydrogen bonding with critical residues in the NAD + -binding site. However more recent work shows that the situation is now more complicated.

Small basic PARPis that target the nicotinamide NI site (such as 3-aminobenzamide) are very unselective across PARPs. Potent PARP-1 inhibitors with bulky side groups or molecular extensions typically are more selective against PARPs due to steric clashes with structural features outside of the NI site. It is noted that there are PARPis which do not contain the carboxamide moiety and do not mimic nicotinamide. [START_REF] Jd Steffen | Structural implications for selective targeting of PARPs[END_REF]\Nicotinamide and the structurally related but the more effective 3-aminobenzamide were identified as weak first generations PARPis. Nicotinamide is not always an inhibitor but often an enhancer of ADP-ribosylation when administered in vitro. Meta substituted benzamides were shown to be poor PARPis for various pharmacological and delivery reasons. [START_REF] Cepeda | Poly(ADP-Ribose) Polymerase-1 (PARP-1) Inhibitors in Cancer Chemotherapy[END_REF] Most compounds that inhibit PARP-1 have little preference for PARP-1 over PARP-2. However, substitution of the phenyl methyl moiety of FR257517 by a chlorine results in a 39 fold increase of inhibition of PARP-2 compared to PARP-1, whereas the inhibition of PARP-1 remains the same for both inhibitors. An isoquinolindione compound (BYK204165) was identified with a 100-fold PARP-2/PARP-1 selectivity. [START_REF] Jd Steffen | Structural implications for selective targeting of PARPs[END_REF] It was found that the PARP-2 inhibitor 5-benzoyloxyisoquinolin-1(2 H)-one had a PARP-2/PARP-1 selectivity index greater than 60. [START_REF] Pellicciari | On the way to selective PARP-2 inhibitors. Design, synthesis, and preliminary evaluation of a series of isoquinolinone derivatives[END_REF] B. PARP and PD-L1 inhibitors Programmed cell death protein 1 (PD-1) receptor and its programmed death ligand PD-L1 are involved in the key pathway of tumor immune escape, and immune checkpoint therapy targeting PD-1 and PD-L1 has been approved for the treatment of patients with certain types of malignancies. PD-1 and PDL1 are immune checkpoint proteins present on the surface of cells. Although PD-1 is a well-characterized receptor on T cells, the immune checkpoint receptor is also expressed on tumor-associated macrophages (TAM), a major immune component of the tumor microenvironment. PD-L1 is expressed on cancer cells and antigen-presenting cells. BMS-1 is an inhibitor of the PD-1/PD-L1 protein/protein interaction.

Ofori [START_REF] Ofori | Small-Molecule Poly(ADP-ribose) Polymerase and PD-L1 Inhibitor Conjugates as Dual-Action Anticancer Agents[END_REF] have studied some combined dual-action PARP-1/PD-L1 inhibitor conjugates as potential targeted anticancer agents, with synergistic apoptosis and cytotoxic efficacy 2-20-fold better than their individual agents in some cancer cell lines. Ofori showed that the combined inhibition of PARP1 and PD-1/PD-L1 using combined conjugate inhibitors 1,2 and 3 in Figure 2 was more effective therapeutically than the monotherapy of Olaparib a well known PARP inhibitor and BMS-001 a PD-L1 inhibitor. The conjugates demonstrated the cross-talk that exist between these pathways on the PARP1/PD-L1 axis. Cell surface PD-L1 was upregulated in a series of cancer cells, after treatment with Olaparib and <PARPi>, but were downregulated after treatment with BMS-001 and the conjugates 1-3. Conjugate 3 was found to significantly downregulate cell surface PD-L1 more than the reference PD-L1 inhibitor, BMS-001. Conjugate 3 was found to be the best candidate for PD-L1 inhibition.

The cancer cell lines examined by Ofori [START_REF] Ofori | Small-Molecule Poly(ADP-ribose) Polymerase and PD-L1 Inhibitor Conjugates as Dual-Action Anticancer Agents[END_REF] were: (a) MDA-MB-231 a triple negative breast cancer TNBC epithelial, human breast cancer cell line, (b) A2780 and OVCAR8 human ovarian carcinomas, (c) SK-OV-3 a human ovarian cancer cell line with epithelial-like morphology, (d) HCC1937 lymphoblasts from a primary ductal breast cancer carcinoma, and (e) H460 cells large cell lung cancer. It is noteworthy that PARP inhibition upregulates PD-L1 in MDA-MB-231 cells with conjugate 3 being the most effective inhibitor tested. Inhibition of the PD-1/PD-L1 axis at the cell surface is known to lead to immunosuppressive effects. Also since there is a well documented connection between TNBC and ovarian cancers, these conjugate results may have future therapeutic implications. [START_REF] Shimelis | Triple-Negative Breast Cancer Risk Genes Identified by Multigene Hereditary Cancer Panel Testing[END_REF] 

Results

A. PARP Inhibitors

We have previously examined PARP inhibitory activity and the role of free radicals in PARP inhibition of cervical carcinogenesis: PARylation of HeLa cells, and inhibition of hPARP-1 enzyme using quantum mechanical based linear free energy relationship models. [START_REF] Fong | Predicting PARP inhibitory activity -A novel quantum mechanical based model[END_REF][START_REF] Fong | Role of free radicals in PARP inhibition of cervical carcinogenesis: PARylation of HeLa cells, and inhibition of hPARP-1 enzyme[END_REF] The general LFER equation is:

= desol,CDS + lipophilicity + + + +
In this study, the six molecular specifiers of a range of PARPis have been tested unconstrained against inhibitory values or docking scores from literature sources [START_REF] Torrisi | Discovery and SAR of novel, potent and selective hexahydrobenzonaphthyridinone inhibitors of poly(ADP-ribose)polymerase-1 (PARP-1)[END_REF][START_REF] Re 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][START_REF] Wang | Synthesis, and Biological Evaluation of Novel PARP-1 Inhibitors Based on a 1H-Thieno[3,4-d]Imidazole-4-Carboxamide Scaffold[END_REF]. Previously LFER studies [START_REF] Fong | Predicting PARP inhibitory activity -A novel quantum mechanical based model[END_REF][START_REF] Fong | Role of free radicals in PARP inhibition of cervical carcinogenesis: PARylation of HeLa cells, and inhibition of hPARP-1 enzyme[END_REF] did not include testing against HOMO or LUMO, just desol,CDS , lipophilicity, dipole moment or molecular volume. The addition of HOMO and LUMO as molecular specifiers is particularly relevant where binding processes are occurring such as in inhibitor-protein binding as measured by inhibitory constants or docking energies.

IC 50 values for 24 hexahydrobenzonaphthyridinone inhibitors of PARP-1 from Torrisi [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 3. -.

(4) Parent R=H (7) R (8) R (9) R (11) R (15) R Parent (16) R (17) R (18) R (20) R (29) R (33) R (36) R (39) R (45) R (31) R (40) R (43) R (44) R (47) R (48) R (48) R
(4) (5) (6) (7) (8) (9) ( (1) (2) (3) 
) (11) (12) (13) ( 10 
) (1) ZINC43206370: 2-(4-(Piperidin-3-yl)phenyl)-2H-indazole-7-carboxamide (2) ZINC13860431: 3-(2,4-dioxo-7,8-dihydro-5H-thiopyrano[3,4-e]pyrimidin-1-yl)-N-[2-oxo-2-(4-pyrimidin-2-ylpiperazin-1 (3) ZINC53297239: 2-[2-[4-(1H-indazol-3-yl)piperazin-1-yl]ethylamino]-3H-quinazolin-4-one (4) ZINC03821234: KU-0058948, or 1-[5-[(3,4-dihydro-4-oxo-1-phthalazinyl)methyl]-2-fluorobenzoyl]hexahydro-1H-1,4-dia 14 
Where R 2 = 0.632, SEE = 2.27, SE(HOMO) = 0.317, P = 0.00068, F=20.58, Significance F = 0.00068

Or by including the lipophilicity as a dependent variable, gives Eq2(b):

50 = + . lipophilicity -. + .
Where R 2 = 0.760, SEE = 1.91, SE(ΔG lipophilicity ) = 0.018, P=0.034, SE(HOMO) = 0.28, P = 0.001, F=17.38, Significance F = 0.00039

It can be seen that eq 2(a) is equally as significant as eq 2(b).

Or by substituting the HOMO-LUMO instead of the HOMO, gives eq 2(c):

50 = . ( - ) -.
Where R 2 = 0.519, SEE = 2.60, SE(HOMO-LUMO) = 0.487, P = 0.00365, F=12.96, Significance F = 0.00365

The (HOMO-LUMO) variable in eq 2 (c) gives a slightly weaker relationship than eq 2(b) that is largely a result of a weaker relationship between lnIC 50 and LUMO (F signif 0.043) compared to lnIC 50 and HOMO (F signif 0.00068) Docking Score values for 14 PARP-1 inhibitors from Salmas [START_REF] Re 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] see Figure 4.

Eq 3(a) = . lipophilicity -.

-.

Where R 2 = 0.879, SEE = 0.816, SE(ΔG lipophilicity ) = 0.071, P=1.15E-6, SE(HOMO) = 0.119, P=0.035, F=40.04, Significance F = 8.93E-6

The strongest relationship is between the docking score and the lipophilicity of the inhibitors in eq 3(a).

Or examining the relationship with (HOMO-LUMO) gap gives eq 3(b):

= . ( - ) -.
Where R 2 = 0.267, SEE = 1.925, SE(HOMO-LUMO) = 0.360, P=0.058, F=4.366, Significance F = 0.058

The docking relationship with the HOMO-LUMO gap is dominated by the relationship with the HOMO, not the weaker relationship with the LUMO. The inhibitory relationship is mainly dependent on the HOMO of the inhibitors tested, with only a minor relationship with the lipophilicity. No relationships were found with desolvation energy, dipole moments, molecular volumes. The inhibitory relationship with lipophilicity and LUMO in eq 4(b) was much weaker than with lipophilicity and HOMO in eq 4(a) with the dependency on the LUMO being much weaker.

In Table 1, we examine in some detail, how the location and magnitude of the HOMO and LUMO of various individual PARP inhibitors determines the strength of the inhibitor-PARP binding. Table 2 similarly shows the frontier MOs of the PARP-PDL1 conjugates shown in Figure 2.

Discussion

A. PARP Inhibitors

The HOMOs of ligands can donate electrons to proteins during the complex formation, while LUMOs of ligands can accept electrons from the partner protein during complex formation.

The HOMOs of the binding site residues interact with the LUMO orbitals of piperazindiones ligand during complex formation in the topoisomerase II ATP pocket. [START_REF] Correa-Basurto | Docking and DFT studies to explore the topoisomerase II ATP pocket employing 3-substituted 2,6-Piperazindiones for drug design[END_REF]. In a study of glucagon receptor antagonists it was found that the presence of well separated HOMOs in the polar part and LUMOs in the hydrophobic part of antagonists resulted in favorable protein-ligand interactions. Hydrophobic and hydrogen bonding interactions were found to be main nonbonding interactions in docking studies of G-protein coupled glucagon receptor inhibitors. density. [START_REF] Venugopal | Effect of hydrophobic and hydrogen bonding interactions on the potency of ß-alanine analogs of G-protein coupled glucagon receptor inhibitors[END_REF] In an investigation of PARP-1/2 enzyme inhibition by benzimidazole analogues, it was found that the LUMOs favors π-π stacking interactions and HOMOs favor hydrogenbonding interactions in the ligands. Hydrogen bonding and π-π stacking interactions dominated the stability of the PARP-1/2 complexes studied, and van der Waals and nonpolar solvation energy were also important contributors. [START_REF] Venugopal | Theoretical insights into molecular mechanism and energy criteria of PARP-2 enzyme inhibition by benzimidazole analogues[END_REF] Halogen bonding and lipophilicity: The LELP index (log P divided by ligand efficiency), is a medicinal drug design rule of how log P and molecular size "manipulate" the affinity. All of these analyses imply that one of the key parameters is log P. There is a tendency of increased lipophilicity with bromine and iodine, this increase is typically moderate. The key to improve the strength of halogen bonding is to increase the σ-hole. [START_REF] Wilcken | Principles and Applications of Halogen Bonding in Medicinal Chemistry and Chemical Biology[END_REF] It is clear from eqs 1-4 above that there are indeed strong LFERs between inhibition and docking energies of PARP-1 which dominantly depend on either the LUMO or HOMO of various inhibitors and which is specific to the structural type of inhibitor. There is a wide structural diversity in the three classes of inhibitor studied (see Figures 345). The equations 1-4 show that there are often minor dependencies on inhibitor lipophilicity as well as would be expected given that there is the AD hydrophobic pockets in the PARP-1 binding site. These equations show that for some inhibitors it is the HOMO which donates electrons to the PARP-1 which is dominant rather than the donation of electrons from the PARP-1 to the inhibitors, whereas in other cases, the reverse is occurring. This behaviour is consistent with other similar literature binding studies. [START_REF] Correa-Basurto | Docking and DFT studies to explore the topoisomerase II ATP pocket employing 3-substituted 2,6-Piperazindiones for drug design[END_REF][START_REF] Venugopal | Effect of hydrophobic and hydrogen bonding interactions on the potency of ß-alanine analogs of G-protein coupled glucagon receptor inhibitors[END_REF][START_REF] Venugopal | Theoretical insights into molecular mechanism and energy criteria of PARP-2 enzyme inhibition by benzimidazole analogues[END_REF][START_REF] Wilcken | Principles and Applications of Halogen Bonding in Medicinal Chemistry and Chemical Biology[END_REF] In Figure 1, the x-ray structure of the PARPi FR257517 complexed in the active site of Cterminal catalytic domain (catPARP) shows the acceptor site and donor site occupied by NAD + comprised of subsites (NI plus PH plus hydrophobic AD). FR257517 binds to the NI and AD (hydrophobic) sites, and the acceptor site and the PH site are unused. The inhibitor also produces a hydrophobic corn-shaped subsite at the bottom of the active site wall. The location of the HOMO and LUMO of FR257517 are well separated and clearly shows that electron donation from the PARP site must occur to the LUMO of FR257517 located over the polar carboxamide region (probably via hydrogen bonding), and that electron donation from the HOMO of FR257517 to the LUMO of the PARP site which constitutes a hydrophobic interaction, probably via a π-π stacking interaction and halogen bonding via the fluorophenyl moiety. It is known that a clear separation of HOMO from LUMO increases the selectivity of inhibitors in binding sites.

[2,9,16-18] Substitution of the phenyl methyl moiety of FR257517 by a chlorine results in a 39 fold increase of inhibition of PARP-2 compared to PARP-1, whereas the inhibition of PARP-1 remains the same for both inhibitors. The locations of the LUMO and HOMO remain the same for the chloro analogue as the methyl analogue, but the LUMO of the chloro analogues is -0.53eV compared to -0.27eV for the methyl analogue, while the HOMO values are the same, and the molecular volumes are very similar ruling out steric effects (see Table 1). Clearly the increased selectivity for the chloro analogue is due to the LUMO of the inhibitor interacting with the HOMO of the PARP-2 active site.

It is interesting to compare the PARP-2 selectivity of the chloro analogue of FR257517 with other known drugs which exhibit PARP-2 selectivity over PARP-1 selectivity. The isoquinolindione compound (BYK204165) has a 100-fold PARP-2/PARP-1 selectivity. [START_REF] Jd Steffen | Structural implications for selective targeting of PARPs[END_REF] Also the PARP-2 inhibitor 5-benzoyloxyisoquinolin-1(2 H)-one has a PARP-2/PARP-1 selectivity index greater than 60. [START_REF] Pellicciari | On the way to selective PARP-2 inhibitors. Design, synthesis, and preliminary evaluation of a series of isoquinolinone derivatives[END_REF] Figure 6 shows the location of the HOMO and LUMO and Table 1 gives the molecular specifiers, particularly the LUMO values which are -1.52eV and -0.72eV for BYK204165 and 5-benzoyloxyisoquinolin-1(2 H)-one. It was shown in eq 1(a) and (b) that IC 50 of a series of hexahydrobenzonaphthyridinone inhibitors of PARP-1 are dominantly determined by the LUMOs of the inhibitors. A separate test of what are the molecular specifiers that govern inhibition by these PARPis is that the parent compound is active but the isomer which does not have a phenyl ring attached to a carbonyl group is completely inactive (Figure 7). Table 1 shows that the active parent has a LUMO -0.21eV whereas the inactive isomer has LUMO 0.48eV. The LUMO of the active parent is largely located on the carboxamide moiety, whereas the HOMO is largely located n the benzonapthyl group. In the inactive isomer, the HOMO and LUMO are similarly located.

Figure 7.Active parent of hexahydrobenzonaphthyridinone inhibitors of PARP-1, and inactive isomer of parent [13]

Active Parent

HOMO LUMO

Inactive Isomer HOMO LUMO Similarly 3-aminobenzamide which is a weak PARPi that targets the nicotinamide NI site is very unselective across PARPs, whereas 4-aminobenzamide has little inhibitory activity. Figure 8 shows that the LUMO of 3-aminobenzamide covers the benzamide group, whereas the HOMO does not, so there is some separation of the frontier orbitals. Both HOMO and LUMO cover all of 4-aminobenzamide with little separation. The eV values for both aminobenzamides are similar, so some separation of the location of LUMO and HOMO orbitals seems to be one determinant of efficacy. Figure 9 shows that the common feature of the five PARPis is that the LUMOs are generally predominantly located on the carboxamide moiety, and the HOMOs are not clearly separated from the LUMOs. This is consistent with electron donation from the PARP active site to the LUMO of these PARPis being the dominant binding process. Since it has been suggested above that selectivity of PARPis is probably determined by hydrophobic and some halogen bonding from the PARPis to the PARP site, an examination of the HOMO-1 orbitals (second highest MO) showed that Talazoparib, Olaparib and Niraparib have HOMO-1s which extend across the long side chains as well as the carboxamide moiety. It is possible that the HOMO-1 orbitals may play a secondary role after initial interaction between the PARPis and PARP active site, allowing enhanced hydrophobic and halogen bonding away from the carboxamide region. Table 1 shows that Niraparib has the lowest LUMO -1.06eV compared to Rucaparib, Talazoparib, Veliparib and Olaparib at -0.65, -0.55 and -0.44eV respectively. The protonated form of Talazoparib and Veliparib have lower LUMO values, by -0.42 and -0.20eV, suggesting the protonated form of Talazoparib could be more active in certain circumstances. It is thought that the solvation and conformational dynamics of the isolated ligands are not important, but the molecular weight, hydrophobicity and electrostatics of various PARP inhibitors were the primary determinants of their selectivity profile. [START_REF] Ryan | Dissecting the molecular determinants of clinical PARP1 inhibitor selectivity for tankyrase1[END_REF] These MO data do not simply align with the kinetic binding data [START_REF] Ryan | Dissecting the molecular determinants of clinical PARP1 inhibitor selectivity for tankyrase1[END_REF] which suggest Talazoparib has greater binding affinity than Olaparib, Veliparib and Niraparib, but the frontier MOs do give some fundamental insight into any protein-ligand recognition process. Niraparib is predicted to be the most active from its LUMO and the favorable HOMO-1 location. It has been reported that Niraparib is a selective inhibitor of PARP-1 and PARP-2, while Olaparib and Rucaparib are more potent inhibitors of PARP-1 but are less selective. [START_REF] Kl Bolton | The impact of poly ADP ribose polymerase (PARP) inhibitors on clonal hematopoiesis[END_REF] However it is also reported that Olaparib, Niraparib and Rucaparib have similar IC 50 values for PARP-1, but Niraparib is more selective for PARP-2. [START_REF] Valabrega | Differences in PARP Inhibitors for the Treatment of Ovarian Cancer: Mechanisms of Action, Pharmacology, Safety, and Efficacy[END_REF] As shown above, PARP selectivity can be dependent on lipophilicity, particularly where there is separation of the HOMOs and LUMOs.

Table 1 shows various molecular specifiers including desolvation, lipophilicity, molecular volume, HOMO, LUMO and (HOMO-LUMO), including protonated and neutral inhibitors.

Examination of protonated inhibitors and their HOMO or LUMO values gives valuable insight about electrostatic binding effects. Where there are well separated HOMO and LUMO as in FR257517, the gross lipophilicity (calculated from the CDS in n-octane, [START_REF] Fong | Predicting PARP inhibitory activity -A novel quantum mechanical based model[END_REF][START_REF] Fong | Role of free radicals in PARP inhibition of cervical carcinogenesis: PARylation of HeLa cells, and inhibition of hPARP-1 enzyme[END_REF]) can be an indicator of hydrophobicity of the side chains, (since these PARPis are all carboxamides with similar polar features) as in FR257517, Olaparib, Niraparib and Rucaparib and Talazoparib.

B. PARP and PD-L1 inhibitors

We have examined the frontier orbitals of the PARP inhibitors Olaparib, its derivative <PARPi> and BMS-001, and the conjugates formed by combining <PARPi> and BMS-001 in Table 2 and in Figure 10. This extends the results discussed above for FR257517, Olaparib, Niraparib and Rucaparib and Talazoparib where it was shown that the HOMOs and LUMOs were determinants of their PARP inhibitory efficacy and selectivity. Figure 10 shows that the LUMO resides on the polar carboxamide portion of the phthalizinone functional group of conjugate 3 (and conjugates 1 and 2 also) and so is the site which can accept electrons from the donor PARP or PD-L1 sites. Docking studies also show that the carboxamide site forms two hydrogen bonds with Arg865 and Tyr896 in the NI site of the PARP-1 catalytic domain. [START_REF] Ofori | Small-Molecule Poly(ADP-ribose) Polymerase and PD-L1 Inhibitor Conjugates as Dual-Action Anticancer Agents[END_REF] The donor HOMO of conjugate 3 (and conjugate 2) are located on the piperazine moiety derived from PARPi, the HOMO-1 is located on the piperidine carboxylic acid moiety derived from BMS-001, and the HOMO-2,-3 are located next to the HOMO-1, with the HOMO-4 located on the biphenyl moiety. Conjugate 1 differs from Conjugates 2 and 3 in that it does not have a heterocyclic piperazine moiety, but only a piperidine carboxylic acid moiety.

Conjugate 3 (and 2) can be protonated at the piperazine nitrogen, and conjugate 1 can be protonated at the piperidine carboxylic nitrogen under certain cellular acidic pH levels. It has been shown that these protonated sites do not locate the HOMOs, which then are located at the next highest location, mainly on the biphenyl moiety for the diprotonated conjugate 3. So protonation of these conjugates changes the inhibitory efficacy, by changing the location of the HOMOs and also changing the lipophilicity of the side chain.

As shown above, in the analysis of Veliparib, Rucaparib, Olaparib, Niraparib, and Talazoparib, the separation of the LUMOs from the HOMOs is an important factor, electron donation from the PARP active site to the LUMOs of the inhibitors (ie NI site) coupled with donation from the inhibitor HOMOs to the hydrophobic PARP sites (ie AD site), and lipophilicity of the PARP inhibitors (away from the polar carboxamide moiety) all contribute to enhanced efficacy.

Certainly the long side chain of conjugate 3 allows possible conformational variability such that the primary HOMO and the various secondary HOMO-1, HOMO-2, HOMO-3 etc can all be involved in binding interactions. Conjugate 3 also has an increased overall lipophilicity compared to conjugates 1 and 2 and is predicted to be the most effective conjugate. Ofori [START_REF] Ofori | Small-Molecule Poly(ADP-ribose) Polymerase and PD-L1 Inhibitor Conjugates as Dual-Action Anticancer Agents[END_REF] showed that conjugate 3 was the most effective conjugate against TNBC MDA-MB-231 and the ovarian cancer lines OVCAR8 and A2780.

Conclusions

A. PARP Inhibitors

It has been shown for a wide and structurally diverse range of PARPis that there are strong quantitative LFERs between inhibition and docking energies of PARP-1 which dominantly depend on either the LUMO or HOMO of various inhibitors, and which is specific to the structural type of inhibitor. For some inhibitors it is the HOMO which donates electrons to the PARP-1 site which is dominant rather than the donation of electrons from the PARP-1 to the inhibitors, whereas in other cases, the reverse is occurring. The LFERs show that there are often minor dependencies on inhibitor lipophilicity as well as would be expected given the AD hydrophobic pockets in the PARP-1 binding site.

The location and energies of the HOMO and LUMO are important determinants of inhibitory strength. Separation of the HOMO from the LUMO of some inhibitors improves inhibitory efficacy. The energy of LUMOs is an important indicator of inhibition as shown in hexahydrobenzonaphthyridinone inhibitors of PARP-1. The parent compound is active (LUMO -0.21eV) but the inactive isomer has LUMO 0.48eV. Of the commonly used PARPis, Niraparib has the lowest LUMO -1.06eV, whereas the highly selective PARP-1/PARP-2 inhibitor BYK204165 has a particularly low LUMO -1.52eV. It is shown that increased PARP-1/PARP-2 selectivity by the chloro-substituted analog of FR257517 compared to FR257517 is determined by a lower LUMO energy -0.53eV for the chloro analog compared to -0.27eV for the parent.

Side chain lipophilicity away from the polar carboxamide region has been shown to be important in inhibitory selectivity. The HOMO-1 as well as the HOMO may be an important hydrophobic consideration since Talazoparib, Olaparib and Niraparib have HOMO-1s which extend across the long side chains as well as the carboxamide moiety. It is possible that the HOMO-1 orbitals may play a secondary role after initial interaction between the PARPis and PARP active site, allowing enhanced hydrophobic and halogen bonding away from the carboxamide region.

Clinical efficacy is determined by other factors such as transport, metabolic properties etc and particularly the known PARP enzyme-inhibitor complex "locking" onto damaged DNA and preventing DNA repair, replication, and transcription, leading to cell death. Veliparib, Rucaparib, Olaparib, Niraparib, and Talazoparib, have been shown to have increased PARPtrapping activity in that increasing order with Talazoparib the most potent. [START_REF] Thomas | The evolving landscape of predictive biomarkers of response to PARP inhibitors[END_REF] The inherent reactivity (HL gap) of various PARPis gives an indication of likely off-target effects and metabolic properties.

B. PARP and PD-L1 inhibitors

In the second part of this study, it is shown that the molecular electronic structures of the conjugates 1,2 and 3 are effectively linear additions of the two components, BMS-001 and <PARPi>. The linkers have no effect electronically on the frontier orbitals. This is clear by examining the HOMOs and LUMOs. It is worth noting that BMS-001 has the HOMO located on the piperidine carboxylic moiety with the LUMO located on the biphenyl group, whereas in conjugate 3, the LUMO is located on the carboxamide moiety (derived from <PARPi>), and the HOMOs are located on the piperazine moiety (from the <PARPi>) or the piperidine carboxylic moiety (BMS-001 derived) side chain. The LUMO is always located on the carboxamide moiety in all three conjugates. This may imply that the synergistic effect for the conjugates, especially conjugate 3, originates from the LUMO on the carboxamide moiety (originating from the <PARPi>) plus the hydrophobic effect derived from the HOMOs (on moieties originating from the <PARPi> and BMS-001). It is possible that adjacent cross talk between the PARP and PD-L1 pathways may enhance the inhibition by the conjugates, especially conjugate 3, because both PARP and PD-L1 inhibitory activity are located on the same molecular agent.

Ofori [START_REF] Ofori | Small-Molecule Poly(ADP-ribose) Polymerase and PD-L1 Inhibitor Conjugates as Dual-Action Anticancer Agents[END_REF] showed that conjugate 3, the best conjugate candidate for PD-L1 inhibition, was found to significantly downregulate cell surface PD-L1 more than the reference PD-L1 inhibitor, BMS-001. As discussed earlier, selectively in the PARP-1/PARP-2 inhibitors is likely driven by the hydrophobic effect and HOMOs, so it may be that the synergistic PARP/PD-L1 effect found for these conjugates is similarly derived from hydrophobic effects exerted via the inhibitor HOMOs.

Materials and Methods

All calculations were carried out using the Gaussian 09 package. Energy optimizations were at the DFT/B3LYP/6-31G(d,p) (6d, 7f) level of theory for all atoms in water, and for calculating HOMO and LUMO values used in LFERs. [START_REF] Fong | Predicting PARP inhibitory activity -A novel quantum mechanical based model[END_REF][START_REF] Fong | Role of free radicals in PARP inhibition of cervical carcinogenesis: PARylation of HeLa cells, and inhibition of hPARP-1 enzyme[END_REF] Values derived in Table 1 and 2 were from TD-SCF DFT vertical calculations conducted at the CAM-B3LYP/6-31+G(d,p) (6d,7f) with the empirical dispersion GD3BJ correction for neutral and charged compounds with optimized geometries in water, using the IEFPCM/SMD solvent model.

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. The use of various literature values for docking energy and IC 50 to develop the multiple regression equations have much higher uncertainties than the calculated molecular properties. The statistical analyses include the multiple correlation coefficient R 2 , the F test of significance, standards errors for the estimates (SEE) and each of the variables SE(ΔG desol,CDS ), SE(ΔG lipophilicity,CDS ), SE(Molecular Volume), SE(HOMO), SE(LUMO) as calculated from "t" distribution P-value statistics. Residual analysis was used to identify outliers. ΔG desol,CDS , ΔG lipophilicity,CDS values were calculated in water and n-octane. 

Figure 1 .

 1 Figure 1. Structure of inhibitor FR257517 in the PARP binding site [8] showing LUMO located over the quinazolin-4(3H)-one carboxamide portion and the HOMO located over the 4-fluorophenyl)-5,6-dihydropyridin-1(2H)-yl)propyl side chain which interacts with the hydrophobic AD site and the new induced hydrophobic corn-shaped subsite.

Figure 2 .

 2 Figure 2. <PARPi> inhibitor (red) derived from Olaparib (black) and PD-L1 inhibitor BMS-001 (box green): Conjugates 1,2 and 3 which are composed of the <PARPi> derivative of Olaparib joined to the BMS-001 (boxed green) via linkers. Adapted from Ofori[START_REF] Ofori | Small-Molecule Poly(ADP-ribose) Polymerase and PD-L1 Inhibitor Conjugates as Dual-Action Anticancer Agents[END_REF] 

Figure 3 .

 3 Figure 3. Hexahydrobenzonaphthyridinone PARP-1 Inhibitors from Torrisi [13]

Figure 3

 3 Figure 3 Footnote: Numbering scheme of hexahydrobenzonaphthyridinone inhibitors refers to numbering scheme in Torrisi 2010 [29]. Compounds 4, 20,45, 40, 43, 44, 47 as both neutral and charged species.

Figure 4 .

 4 Figure 4. PARP Inhibitors from Salmas [14]

  5) ZINC34031449: 2-(1-propyl-4-piperidinyl)-1H-benzimidazole-7-carboxamide (6) ZINC28467935: 5-hydroxy-N-(3-morpholinopropyl)-11H-indeno[1,2-c]isoquinoline-9-sulfonamide (7) ZINC135362325: 8-fluoro-2,3,4,5-tetrahydro-1H-pyrido[4,3-c]isoquinolin-6-one (8) ZINC00150158: Benzoyleneurea (9) ZINC01590754: 3-Hydroxybenzamide (10) ZINC02041009: INN or 4-Oxo-2-(beta-chloroethyl)-2,3-dihydrobenzo-1,3-ox (11) ZINC08649468: 4-nitrophenanthridin-6-ol (12) ZINC1790819: 4-Hydroxyquinazoline (13) ZINC01512423: 6-keto-5H-phenanthridine-1-carboxylate (14) ZINC00152996: Benzamide Eq 2(a) 50 = -.

PARP- 1

 1 Inhibition by 21 1H-Thieno[3,4-d]Imidazole-4-Carboxamides, from Wang [15] see Figure 5. IC 50 values for 21 1H-Thieno[3,4-d]Imidazole-4-Carboxamide inhibitors from Wang [15] Eq 4(a) 50 = -. lipophilicity + . + . Where R 2 = 0.687, SEE = 0.756, SE(Lipophilicity) = 0.062, P=4.85E-5, SE(HOMO) = 1.070, P=0.0045, F=19.79, Significance F = 2.85E-05 or Eq 4(b) 50 = -. lipophilicity -.-.Where R 2 = 0.540, SEE = 0.917, SE(Lipophilicity) = 0.001, P=4.85E-5, SE(LUMO) = 0.159, P=0.261, F=10.56, Significance F = 0.0009

Figure 6 .Figure 6

 66 Figure 6. Location of HOMO and LUMO for BYK204165 and 5-benzoyloxyisoquinolin-1(2 H)-one

Figure 8 .

 8 Figure 8. HOMO and LUMO locations of 2-and 4-aminobenzamides

Figure 9 .

 9 Figure 9. HOMO, LUMO and HOMO-1 orbitals of Talazoparib, Olaparib, Veliparib, Niraparib and Rucaparib

Figure 10 .

 10 Figure 10. HOMOs and LUMOs of BMS-001, <PARPi>, conjugates 1-3

  

Table 1 . Molecular specifiers for PARP inhibitors

 1 

		ΔG desolv,CDS	ΔG lipo,CDS	Molec	HOMO	LUMO	HL gap
		Water	Lipophilicity	Volume			
		kcal/mol	kcal/mol	cm 3 /mol	eV	eV	eV
	Olaparib	9.01	-10.75	316	-8.079	-0.52	7.559
	Niraparib	4.66	-7.78	256	-7.561	-1.059	6.502
	Niraparib Ion	7.63	-8	266	-7.591	-1.122	6.469
	Rucaparib	5.38	-7.63	211	-6.868	-0.649	6.219
	Rucaparib Ion	8.1	-7.69	234	-6.995	-0.744	6.251
	Talazoparib	6.47	-7.11	213	-7.223	-0.545	6.678
	Talazoparib Ion	6.71	-6.32	214	-8.452	-0.973	7.479
	Veliparib	3.34	-5.2	180	-7.747	-0.436	7.311
	Veliparib Ion	5.95	-5.37	183	-8.132	-0.636	7.496
	Iniparib	6.87	-2.39	184	-4.61	-0.802	3.808
	Bnapth Active Parent*	1.44	-4.59	122	-8.101	-0.21	7.891
	Bnapth Protonated	4.3	-5.09	126	-8.197	-0.443	8.058
	Active Parent*						
	Bnapth Active Parent	-1.5	-4.89	132	-7.956	-0.145	7.811
	Tautomer*						
	Bnapth Protonated	1.46	-1.5	126	-8.34	-0.382	7.958
	Active Parent Tautomer*						
	Bnapth Inactive	2.13	-5.05	147	-7.528	0.482	8.009
	Parent*						
	3-Aminobenzamide	4.56	-2.15	126	-7.275	0.11	7.465
	4-Aminobenzamide	4.56	-2.18	94	-7.268	0.069	7.336
	Nicotinamide	2.74	-1.99	92	-8.929	-0.369	8.56
	BYK204165**	7.21	-7.26	168	-6.918	-1.519	5.398
	FR257517***	5.53	-10.99	328	-7.33	-0.267	7.063
	FR257517(Chloro)***	5	-10.99	306	-7.331	-0.528	6.811
	Benzoyloxyisoquinol.**	7.7	-8.37	204	-7.401	-0.722	6.679

Footnotes: * See Figure

7

: hexahydrobenzonaphthyridinone derivatives; ** See Figure

6

; ***See Figure

1;

Table 2 . Molecular specifiers for PARP/ PD-L1 inhibitors

 2 

	See Figure 2 for	ΔG desolv,CDS	ΔG lipo,CDS	Molec	HOMO	LUMO	HL gap
	structures	Water	Lipophilicity	Volume			
		kcal/mol	kcal/mol	cm 3 /mol	eV	eV	eV
	Olaparib	9.01	-10.75	316	-8.079	-0.52	7.559
	<PARPi>	6.4	-7.99	260	-7.116	-0.519	6.597
	<PARPi> Ion	8.47	-8.16	257	-8.143	-0.538	7.605
	Conjugate 1	14.6	-18.59	593	-7.356	-0.366	6.99
	Conjugate 2	13.75	-19.28	523	-7.378	-0.367	7.011
	Conjugate 2 Ion	17.32	-19.4	551	-7.472	-0.386	7.086
	Conjugate 3	16	-21.31	670	-7.259	-0.387	6.872
	Conjugate 3 Ion	19.41	-21.44	706	-7.293	-0.405	6.888
	Conjugate 3 DiIon	21.57	-21.49	687	-7.763	-0.414	7.349
	BMS-001	10.91	-11.22	344	-7.45	-0.218	7.232
	BMS-001 Ion	12.53	-11.23	356	-7.487	-0.038	7.449
	BMS-001 Zwitterion	12.17	-11.32	380	-7.47	-0.023	7.447