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Introduction

Dasatinib is a multi-tyrosine kinase inhibitor which inhibits cancer progression by blocking the activities of BCR-Abl, the Src Family Kinases (SFK), PDGFRβ, VEGFR and other kinases at nanomolar and below levels (IC 50 ). Dasatinib (Sprycel), is approved for the treatment of chronic myelogenous leukemia and acute lymphoblastic leukemia. It is also being investigated for the treatment of ovarian cancers.

The non-receptor tyrosine kinase family SFK plays critical roles in a variety of cellular signal transduction pathways, regulating processes such as cell division, motility, adhesion, angiogenesis, and survival. They are involved in many aspects of tumor progression, including proliferation, migration, invasiveness, resistance to apoptosis, and angiogenesis. PDGFRβ and VEGFR are tyrosine kinase receptor growth factors involved in ovarian tumour angiogenesis and metathesis. [START_REF] Konecny | Activity of the multikinase inhibitor dasatinib against ovarian cancer cells[END_REF][START_REF] Schmitt | Platelet-Derived Growth Factor Pathway Inhibitors in Ovarian Cancer[END_REF][ [START_REF] Konecny | Activity of the multikinase inhibitor dasatinib against ovarian cancer cells[END_REF][START_REF] Schmitt | Platelet-Derived Growth Factor Pathway Inhibitors in Ovarian Cancer[END_REF] The effects of dasatinib on proliferation, invasion, apoptosis, cell-cycle arrest, and kinase activity using a panel of 34 established human ovarian cancer cell lines has been reported. Dasatinib was shown to highly significantly inhibit invasion, induced cell apoptosis, and produce less cell-cycle arrest in about two thirds of the in vitro cell lines, but anti-proliferative effects of dasatinib were seen in all ovarian cancer cell lines tested. Additive and synergistic interactions were observed for dasatinib plus carboplatin or paclitaxel. [START_REF] Konecny | Activity of the multikinase inhibitor dasatinib against ovarian cancer cells[END_REF][ [START_REF] Konecny | Activity of the multikinase inhibitor dasatinib against ovarian cancer cells[END_REF]]. In a study of 119 patients with ovarian cancer, it was shown that Src pathway deregulation which related to a poorer prognosis was present in over half the patients. [START_REF] Dressman | An integrated genomic-based approach to individualized treatment of patients with advanced-stage ovarian cancer[END_REF] [START_REF] Dressman | An integrated genomic-based approach to individualized treatment of patients with advanced-stage ovarian cancer[END_REF] Combined treatment with dasatinib and paclitaxel markedly inhibited proliferation and promoted apoptosis of six ovarian cancer cell lines (including A2780), and in mice tumour xenographs. Dasatinib monotherapy was also effective against ovarian cancer cells. The anti-cancer activities of dasatinib were mediated by the Src pathway. [START_REF] Xiao | Dasatinib enhances antitumor activity of paclitaxel in ovarian cancer through Src signalling[END_REF] [START_REF] Xiao | Dasatinib enhances antitumor activity of paclitaxel in ovarian cancer through Src signalling[END_REF] Seventy-five phase II and III clinical trials of tyrosine kinase inhibitors (TKIs) in ovarian cancer patients have been reviewed. TKIs targeted mainly vascular endothelial growth factor receptor, epidermal growth factor receptor, platelet-derived growth factor receptor, and sarcoma tyrosine kinase (Src). However no over-riding conclusions about the integration of TKIs in ovarian cancer therapy could be reached. [START_REF] Ntanasis-Stathopoulos | The Emerging Role of Tyrosine Kinase Inhibitors in Ovarian Cancer Treatment: A Systematic Review[END_REF][Ntanasis-Stathopoulos 2016] A similar conclusion was reached after an examination of clinical trials in TKIs in epithelial ovarian cancer, where it was difficult to reach conclusions about the efficacy of TKIs versus conventional chemotherapy. Dasatinib administered with paclitaxel and carboplatin showed a promising effect (Phase 1), but dasatinib alone (Phase 2) showed no objective response. [START_REF] Morotti | Targeting tyrosine-kinases in ovarian cancer[END_REF] [START_REF] Morotti | Targeting tyrosine-kinases in ovarian cancer[END_REF] Tiwari 2017 [START_REF] Tiwari | Design, Synthesis, and Evaluation of Dasatinib-Amino Acid and Dasatinib-Fatty Acid Conjugates as Protein Tyrosine Kinase Inhibitors[END_REF] and Paunescu 2015 [START_REF] Paunescu | Improved Angiostatic Activity of Dasatinib by Modulation with Hydrophobic Chains[END_REF] have examined the effect of systematically altering the R moiety (see Figure 1) and increasing the lipophilicity of dasatinib and the effect on the inhibition of the ABL, Csk and Src kinases [START_REF] Tiwari | Design, Synthesis, and Evaluation of Dasatinib-Amino Acid and Dasatinib-Fatty Acid Conjugates as Protein Tyrosine Kinase Inhibitors[END_REF]). The effect on the cytoxicity and antiangiogenesis of A2780 ovarian cancer cells and ECRF24 immortalized endothelial cells were also examined. ( [START_REF] Paunescu | Improved Angiostatic Activity of Dasatinib by Modulation with Hydrophobic Chains[END_REF] Paunescu 2015) They have shown that modification of the R group alters the selectivity of dasatinib inhibition without necessarily reducing antiproliferative activity. Previous studies have shown that the antiproliferative behaviour of dasatinib changes when that part of the molecule (shown inside the dotted lines in Figure 1) that interacts with the ATP binding site is altered. [START_REF] Das | 2-aminothiazole as a novel kinase inhibitor template. Structure-activity relationship studies toward the discovery of N-(2-chloro-6-methylphenyl)-2[END_REF] [Das 2006] Dasatinib binds to the Src kinase in a manner where the hydroxyl group is located just outside the ATP-binding cleft, and extends from the binding pocket to the solvent exposed surface of the kinase. In the crystal structure of dasatinib with the ABL kinase, the hydroxyl group is shown to extend towards the solvent exposed kinase surface. [START_REF] Tokarski | The structure of Dasatinib (BMS-354825) bound to activated ABL kinase domain elucidates its inhibitory activity against imatinib-resistant ABL mutants[END_REF] [START_REF] Tokarski | The structure of Dasatinib (BMS-354825) bound to activated ABL kinase domain elucidates its inhibitory activity against imatinib-resistant ABL mutants[END_REF] Paunescu 2015 [START_REF] Paunescu | Improved Angiostatic Activity of Dasatinib by Modulation with Hydrophobic Chains[END_REF] examined the effect of modifying the aliphatic and perfluorinated side chain of the R group (see the Table for analogues). In particular they found that increasing the length of the lipophilic R moiety resulted in an increase of the angiostatic properties (using the chorioallantoic membrane (CAM) assay of the chicken embryo) of the analogues most likely resulting from an anti-proliferative effect rather than an inhibition of the motility of endothelial cells. As the size and lipophilicity of the R group increases, the compounds become less cytotoxic against A2780 ovarian cancer cells. A similar observation was observed by Tiwari 2017 [START_REF] Tiwari | Design, Synthesis, and Evaluation of Dasatinib-Amino Acid and Dasatinib-Fatty Acid Conjugates as Protein Tyrosine Kinase Inhibitors[END_REF] who found that when R was -O-C(=O)-(CH 2 ) n -CH 3 where n = 0, 6, 8, 10, 12, 14,16, 18, the analogues showed much reduced inhibitor potency against ABL, Csk and Src kinases as n increased. It was concluded that hydrophobicity or lipophilicity not size accounted for the reduced inhibitory potency.

There are now many approved fluorinated drugs (ca 20-25% of all drugs), since they offer many therapeutic advantages. [11,12][Bohm 2004[START_REF] Muller | Fluorine in Pharmaceuticals: Looking Beyond Intuition[END_REF]] While it was found from about 300 examples that the substitution of a H by a F atom often led to an increase of lipophilicity and an increase of logD by 0.25 log units, there were too many exceptions, particularly for aliphatic chains, for a general rule to apply. [START_REF] Bohm | Fluorine in Medicinal Chemistry[END_REF] [START_REF] Bohm | Fluorine in Medicinal Chemistry[END_REF]] Others have concluded that substitution of aliphatic chains leads to decreased lipophilicity and substitution of H atoms in aromatic groups leads to increased lipophilicity. [START_REF] Smart | Fluorine substituent effects (on bioactivity)[END_REF] [START_REF] Smart | Fluorine substituent effects (on bioactivity)[END_REF] The objective of this study is to ascertain what factors influence lipophilic modification of dasatinib potency in ovarian cancer cells and how such factors can be optimized to improve selectivity, anti-proliferative activity and anti-angiogenesis.

Results

We have previously developed a four parameter model that has been shown to apply to the transport and anti-cancer and metabolic efficacy of various drugs. The model, equation 1, is based on establishing linear free energy relationships between the four drug properties and various biological processes. Equation 1 has been previously applied to passive and facilitated diffusion of a wide range of drugs crossing the blood brain barrier, the active competitive transport of tyrosine kinase inhibitors by the hOCT3, OATP1A2 and OCT1 transporters, and cyclin-dependent kinase inhibitors and HIV-1 protease inhibitors. The model also applies to PARP inhibitors, the anti-bacterial and anti-malarial properties of fluoroquinolones, and active organic anion transporter drug membrane transport, and some competitive statin-CYP enzyme binding processes. There is strong independent evidence from the literature that ΔG desolvation , ΔG lipophilicity , the dipole moment and molecular volume are good inherent indicators of the transport or binding ability of drugs. [14-23][Fong 2015-17].

Equation 1:

Transport or Binding = ΔG desolvation + ΔG lipophilicity + Dipole Moment + Molecular Volume Or Transport or Binding = ΔG desolv,CDS + ΔG lipo,CDS + Dipole Moment + Molecular Volume

A modified form of equation 1 using 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 processes, the influence of some of the independent variables is small and can be eliminated to focus on the major determinants of biological activity.

The Table shows the It is noteworthy that eq 2(b) and 3(b) include both the aliphatic and perfluoroalkyl side chains as lipophilic moieties. The aliphatic side chains are more hydrophobic than the perfluoroalkyl side chains as expected, since C-F bonds are more polar than C-H bonds (see Table ).

Eq 2(b) and 3(b) suggest that desolvation and lipophilicity of the molecular processes that determine the cytotoxicity of the dasatinib analogues against the ovarian cancer cells are greater than the equivalents required for the endothelial cells. So that it is not just the lipophilicity of the R groups that determine cytotoxicity but the accompanying desolvation is also involved and has the greater effect.

A critical aspect of identifying what lipophilic factors determine cytoxicity and proliferation of the A2780 cells is the assumption that modification of the R group alters the selectivity of dasatinib inhibition without necessarily reducing antiproliferative activity. [7.8][ Tiwari 2017, Paunescu 2015,] The antiproliferative behaviour of dasatinib changes when that part of the molecule (shown inside the dotted lines in Figure 1) that interacts with the ATP binding site is altered. [START_REF] Das | 2-aminothiazole as a novel kinase inhibitor template. Structure-activity relationship studies toward the discovery of N-(2-chloro-6-methylphenyl)-2[END_REF][ Das 2006] The water solution optimized molecular configuration of the dasatinib portion of the dasatinib analogues has been shown in this study to be very similar to the x-ray configuration of dasatinib bound to the cSrc. [START_REF] Fong | Statins in therapy: Cellular transport, side effects, drug-drug interactions and cytotoxicity -the unrecognized role of lactones[END_REF] [START_REF] Getlik | Hybrid compound design to overcome the gatekeeper T338M mutation in cSrc[END_REF]] It is also shown that the substitution of the R group by alkyl and perfluoroalkyl groups does not alter the location of the HOMO and LUMO orbitals, which are always located on the aromatic rings of the dasatinib analogues including the portion shown in the dotted lines in the Figure 1 which is known to be strongly involved in kinase binding. [START_REF] Das | 2-aminothiazole as a novel kinase inhibitor template. Structure-activity relationship studies toward the discovery of N-(2-chloro-6-methylphenyl)-2[END_REF][START_REF] Getlik | Hybrid compound design to overcome the gatekeeper T338M mutation in cSrc[END_REF][ Das 2006[START_REF] Getlik | Hybrid compound design to overcome the gatekeeper T338M mutation in cSrc[END_REF]] Figures 2(a) and 2(b) shows the HOMO and LUMO of a perfluorinated alkyl analogue in water, which has a HOMO-LUMO gap energy of 0.148eV, and which can be compared to that of the parent dasatinib with a gap energy of 0.149eV. Other analogues in this study also show very similar gap energies indicating that variation of the R group will not affect binding to kinases. It is known that the HOMO and LUMO orbitals determine the ease of binding interaction of kinase inhibitors and BCR-ABL tyrosine kinase. [START_REF] Banavath | Identification of novel tyrosine kinase inhibitors for drug resistant T315I mutant BCR-ABL: a virtual screening and molecular dynamics simulations study[END_REF] [START_REF] Banavath | Identification of novel tyrosine kinase inhibitors for drug resistant T315I mutant BCR-ABL: a virtual screening and molecular dynamics simulations study[END_REF]]

Discussion

It has been demonstrated previously that the hydroxyl group can be modified without affecting the interaction of dasatinib with the ATP-binding site. Separately the hydroxyl group can actually be attached to chromatographic resins for affinity purification of dasatinib. clearly show that substitution of the R group by lipophilic groups will not affect binding to kinases.

Equations 2(a) and 2(b) show that it is mainly desolvation as well as the increasing lipophilicity that determines the cytoxicity and anti-proliferative effect as the size of the alkyl and perfluorinated chains increase in magnitude. As discussed above, there is conflicting conclusions regarding how the substitution of H atoms by F atoms influences the lipophilicity of alkyl groups. ]11-13][ [START_REF] Bohm | Fluorine in Medicinal Chemistry[END_REF][START_REF] Muller | Fluorine in Pharmaceuticals: Looking Beyond Intuition[END_REF][START_REF] Smart | Fluorine substituent effects (on bioactivity)[END_REF] This study shows that substituting F for H atoms in alkyl chains increases the lipophilicity (see the Table for CDS o values), and that water (de)solvation effects, as shown in eq 2(b) and 3(b), also need to be accounted for when addressing how F substitution affects enzyme binding. This study is unusual in that the effect of lipophilicity can be separated from the inhibitor-enzyme binding processes assuming the dasatinib analogue effect in the ovarian cancer cells can be ascribed to a dominant inhibitor-Src kinase interaction (vide infra).

Equations 2(b) and 3(b) are consistent with previous molecular dynamics studies of the binding of dasatinib to src-tyrosine kinase, where it has been shown that almost complete desolvation of the binding pocket occurs before complex formation does occur. [START_REF] Setny | How Can Hydrophobic Association Be Enthalpy Driven?[END_REF][START_REF] Mondal | Role of Desolvation in Thermodynamics and Kinetics of Ligand Binding to a Kinase[END_REF][START_REF] Shan | How Does a Drug Molecule Find its Target Binding Site?[END_REF][Setny 2010, Mondial 2014, Shan 2011] As the ligand approaches the protein pocket, complete dewetting of the pocket occurs (mainly enthalpy driven) even though the pocket could accommodate the first shell of hydration around the ligand. Disorganized water in the cavity can have more entropy than in the bulk solvent & its release eliminates water fluctuation within the pocket, while the release of water from the hydrophobic environment within pocket to bulk water results in a gain of enthalpy. These studies are consistent with the QM study of imatinib and nilotinib binding in the Bcr-ABL tyrosine kinase pocket, where the calculation of drug-protein binding energy included complete desolvation of the drug and the inner area of the protein pocket immediately surrounding the bound drug before binding with the protein. [START_REF] Fong | Binding energies of tyrosine kinase inhibitors: Error assessment of computational methods for imatinib and nilotinib binding[END_REF][START_REF] Fong | Drug discovery model using molecular orbital computations: tyrosine kinase inhibitors[END_REF][ Fong 2015Fong ,2016] ] These computational studies are supported by the analysis on a large set of proteins which showed that the average dielectric constant inside the protein is relatively low, about 6-7, and reaches a value of about 20-30 at the protein's surface. [START_REF] Li | Constant" of Proteins: Smooth Dielectric Function for Macromolecular Modeling and Its Implementation in DelPhi[END_REF] [START_REF] Li | Constant" of Proteins: Smooth Dielectric Function for Macromolecular Modeling and Its Implementation in DelPhi[END_REF]] Since bulk water has a dielectric constant of 78.3D, the environment surrounding an incoming drug changes from 78.3D in the bulk water solvent to ca. 20-30 at the opening of the protein pocket, to ca. 6-7 inside the pocket after binding. Thermodynamically, this transition must lead to energy intensive desolvation of the drug.

However there are other factors which determine cytoxicity or anti-proliferation of inhibitors besides kinase binding, particularly processes that affect cell membrane permeability. We have previously shown that equation 1 or variants of eq 1 are also applicable to active and passive cell membrane permeability, such as passage across the blood brain barrier. In particular desolvation is a critical factor, as well as lipophilicity, dipole moment and molecular volume. [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 | 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][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 | Physiology of ionophore transport of potassium and sodium ions across cell membranes: Valinomycin and 18-Crown-6 Ether[END_REF][START_REF] Fong | Binding energies of tyrosine kinase inhibitors: Error assessment of computational methods for imatinib and nilotinib binding[END_REF][START_REF] Fong | Drug discovery model using molecular orbital computations: tyrosine kinase inhibitors[END_REF][START_REF] Fong | Predicting PARP inhibitory activity -A novel quantum mechanical based model[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] [Fong 2015[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] Assuming that the cytoxicity and anti-proliferative effects of the inhibitors seen by Paunescu [START_REF] Paunescu | Improved Angiostatic Activity of Dasatinib by Modulation with Hydrophobic Chains[END_REF] is the summation of cell membrane transport processes as well as kinase binding, then eqs 2(a) and 2(b) can be taken as the summation of these processes as well. That is, inhibitor desolvation as well as lipophilicity are the dominant factors in inhibitor cell membrane permeability and kinase binding.

Tiwari 2017 [START_REF] Tiwari | Design, Synthesis, and Evaluation of Dasatinib-Amino Acid and Dasatinib-Fatty Acid Conjugates as Protein Tyrosine Kinase Inhibitors[END_REF] has shown that by increasing the length of the lipophilic R groups, the analogues showed much reduced inhibitor potency directly against the ABL, Csk and Src kinases. This direct inhibitor-enzyme effect is very similar to the decrease in inhibitor efficiency in ovarian cancer cells which occurs as the lipophilicity of the R group increases. Which kinases (including the tyrosine kinase receptor growth factors PDGFRβ and VEGFR) are involved in inhibiting ovarian cancer cells are not definitely known, but there is strong evidence that Src inhibition by a multi-kinase inhibitor like dasatinib is a major pathway. Paunescu 2015 [START_REF] Paunescu | Improved Angiostatic Activity of Dasatinib by Modulation with Hydrophobic Chains[END_REF] have shown that the Dasatinib analogues show anti-angiogenesis properties which are related to increased lipophilicity of the alkyl side chains and appeared to be a result of reduced proliferation rather than inhibition of mobility. Gotink 2010 [START_REF] Gotink | Anti-angiogenic tyrosine kinase inhibitors: what is their mechanism of action?[END_REF] has shown that although some TKIs promote angiogenesis mainly via the extracellular VEGF receptor, there are many TKIs that promote anti-angiogenesis, such as the approved TKIs suntinib, pazopanib, and sorafenib. These TKIs can inhibit VEGFR, PDGFRβ as well as other many other kinases in the intracellular domain. Type I kinase inhibitors (such as sunitinib) bind to the ATP binding site, while Type II kinase inhibitors (such as sorafenib) can directly compete with ATP by occupying the hydrophobic pocket which is directly adjacent to the ATP binding site. Some type II inhibitors are able to form a hydrogen bond directly to the ATP-binding site as well. Sorafenib blocks the phosphorylation of VEGFR, PDGFR, Raf, and KIT by using a hydrophobic pocket to indirectly compete with ATP. [START_REF] Johnson | Protein kinase inhibitors: contributions from structure to clinical compounds[END_REF] [START_REF] Johnson | Protein kinase inhibitors: contributions from structure to clinical compounds[END_REF] Tiwari 2017 [START_REF] Tiwari | Design, Synthesis, and Evaluation of Dasatinib-Amino Acid and Dasatinib-Fatty Acid Conjugates as Protein Tyrosine Kinase Inhibitors[END_REF] has shown that extending the R group of dasatinib in Figure 1 using lipophilic alkyl groups allows some interaction between the analogues bound in the Csk ATP binding site to extend to the nearby Csk substrate binding site and improve specificity. Dasatinib is known to bind to the Src kinase in a manner where the hydroxyl group is located just outside the ATPbinding cleft, and extends from the binding pocket to the solvent exposed surface of the kinase. [START_REF] Tokarski | The structure of Dasatinib (BMS-354825) bound to activated ABL kinase domain elucidates its inhibitory activity against imatinib-resistant ABL mutants[END_REF] [START_REF] Tokarski | The structure of Dasatinib (BMS-354825) bound to activated ABL kinase domain elucidates its inhibitory activity against imatinib-resistant ABL mutants[END_REF]] The QM analysis indicates that the lipophilic R side chains do not engage in binding in the ATP binding pocket.

The anti-angiogenesis results of Paunescu which were displayed by the dasatinib analogues with long hydrophobic chains are explainable by a Type II inhibitory mechanism where the hydrophobic side chains occupy the hydrophobic pocket adjacent to the ATP binding site, as well as binding to the ATP site as well. The hybrid-design concept using the DFG-out hydrophobic pocket where the high potency of Type I inhibitors is combined with the selectivity of Type II inhibitors is a current drug design thrust. [START_REF] Blanc | Type II Kinase Inhibitors: An Opportunity in Cancer for Rational Design[END_REF] [START_REF] Blanc | Type II Kinase Inhibitors: An Opportunity in Cancer for Rational Design[END_REF]] It is interesting to note that the most effective dasatinib analogue had a long perfluoroalkyl side chain which was more effective than the alkyl side chains. Eq 2(b) and 3(b) also demonstrate that perfluoroalkyl chains and akyl chains can be described by the same model, eq 1 and its derivative equations 2(b) and 3(b), which may be useful when designing drugs using lipophilicity as a key modulator.

Conclusions

It has been shown that the effect of varying the lipophilicity of dasatinib at the 4-(2hydroxyethyl)-1-piperazinyl)] position using long chain alkyl or perfluoroalkyl chains results in decreasing ovarian cancer cell cytoxicities which can be ascribed to increasing desolvation as well as hydrophobicity as the length of the chains increase during ligand-kinase binding. The desolvation effect is about 1.7 times as great as the hydrophobic effect based on the magnitudes of the coefficients in eq 2(b). Similar results are found for immortalized endothelial ECRF24 cells.

The hydrophobicity effects are independent of inhibitor-kinase binding as indicated by HOMO-LUMO analysis which shows that changing the alkyl and perfluoroalkyl side chains does not affect the location of the HOMOs or LUMOs nor the HOMO-LUMO energy gaps. The QM analysis is consistent with literature studies which indicate that hydroxyl group can be modified with lipophilic groups without affecting the interaction of dasatinib with the ATP-binding site.

The previously observed anti-angiogenesis properties of the dasatinib analogues with long chain alkyl or fluoroalkyl groups appear to be consistent with inhibitor behavior where the active binding area of the dasatinib analogues interact with the ATP binding site (Type I behavior), but the long alkyl and fluoroalkyl side chains can interact with the hydrophobic pocket which is directly adjacent to the ATP binding site (Type II behavior). There is potential to tailor and increase the anti-angiogenesis properties of dasatinib by altering the lipophilic perfluoroalkyl side chain at the 4-(2-hydroxyethyl)-1-piperazinyl)] position which may induce type II kinase inhibitor behaviour of the analogues instead of type I behaviour of the parent dasatinib.

Experimental

The cytotoxicity values IC 50 μM for the A2780 human ovarian cancer cell lines and the immortalized endothelial ECRF24 cell line ECRF24 were taken from Paunescu 2015 [START_REF] Paunescu | Improved Angiostatic Activity of Dasatinib by Modulation with Hydrophobic Chains[END_REF]. The A2780 human ovarian cancer cell line was established from tumour tissue from an untreated patient.

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. Selected optimizations at the DFT/B3LYP/6-311G(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/6-31G(d,p) (6d, 7f) level of theory with optimized 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] 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] [START_REF] 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][Rayne 2010, [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. HOMO and LUMO calculations included both delocalized and localized orbitals (NBO).

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 literature IC 50 values used to develop the multiple regression LFER equations have much higher experimental uncertainties than the QM 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 desolCDS ), SE(ΔG lipoCDS ), SE(Dipole Moment), SE (Molecular Volume), SE (AEA) as calculated from "t" distribution statistics. Residual analysis was used to identify outliers. 

  calculated values for ΔG desolv,CDS , ΔG lipo,CDS , Dipole Moment, Molecular Volume for the 15 dasatinib analogues where the lipophilic R group is varied with their cytotoxicities (IC 50 μM) for the ovarian cancer cell line A2780 and the immortalized endothelial ECRF24 cell line taken from Paunescu 2015. Ovarian Cancer A2780: Equation 2(a) IC 50 = -9.15ΔG desolv,CDS -5.62ΔG lipo,CDS -10.84Dipole Moment -0.11Volume -28.72 Where R 2 = 0.482, SEE = 42.46, SE(ΔG desolvCDS ) = 3.69, SE(ΔG lipoCDS ) = 4.34, SE(Dipole Moment) = 14.33, SE(Volume) = 0.24, F=2.10, Significance=0.164 Equation 2(b) IC 50 = -8.06ΔG desolv,CDS -4.81ΔG lipo,CDS -61.21 Where R 2 = 0.47, SEE = 40.77, SE(ΔG desolvCDS ) = 2.74, SE(ΔG lipoCDS ) = 3.82, F=2.95, Significance=0.085 Endothelial Cells ECRF24: Equation 3(a) IC 50 = -7.08ΔG desolv,CDS -4.61ΔG lipo,CDS -2.66Dipole Moment -0.11Volume -44.38 Where R 2 = 0.318, SEE = 45.72, SE(ΔG desolvCDS ) = 3.95, SE(ΔG lipoCDS ) = 4.36, SE(Dipole Moment) = 15.89, SE(Volume) = 0.23, F=1.05, Significance=0.433 Equation 3(b) IC 50 = -5.68ΔG desolv,CDS -3.42ΔG lipo,CDS -79.34 Where R 2 = 0.295, SEE = 42.05, SE(ΔG desolvCDS ) = 2.68, SE(ΔG lipoCDS ) = 2.70, F=2.31, Significance=0.145 Equations 2(a) and 3(a) show fairly poor correlations of IC50 with desolvation (ΔG desolv,CDS ), lipophilicity or hydrophobicity (ΔG lipo,CDS ), dipole moment and molecular volume for the ovarian cancer and endothelial cells. The standard errors for the dipole moment and volumes are large compared to the desolvation and lipophilicity, and stepwise correlations show that equations 2(b) and 3(b) are far better correlations than 2(a) and 3(a). It is noted that eq 2(b) is a stronger correlation than 3(b), but the standard errors (SE) are very similar.

  [7,26-29] [Tiwari 2017, Rix 2007, Zhou 2011, Shi 2012, Hantschel 2007] The HOMO-LUMO gaps of the analogues in the Table

  [1-5][Konecny 2009, Schmitt 2008, Dressman 2007, Xiao 2015, Ntanasis-Stathopoulos 2016].
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 1 Figure 1. Dasatinib and analogues of dasatinib where the R group has been altered. The part of dasatinib that interacts within the kinase active site is shown inside the dotted lines.
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 2 Figure 2(a). HOMO of perfluorinated analogue of dasatinib in water

  

Table R = (see Figure 1) A2780 IC50 μM ECRF24 IC50 μM CDS w kcal/mol CDS o kcal/mol DM D Volume cm 3 /mol

 R =O)CH 2 CH 2 CH 2 C(=O)O(CH 2 ) 7 CH 2 CH 2 (CF 2 ) 5 CF 3 =O)CH 2 CH 2 CH 2 C(=O)O(CH 2 ) 7 CH 2 CH 2 (CF 2 ) 7 CF 3 121 57 18.26 -14.14 6.33 536 -C(=O)CH 2 CH 2 CH 2 C(=O)O(CH 2 ) 7 CH 2 CH 2 (CF 2 ) 9 CF 3 >500 102 20.52 -13.51 6.31

	-H (Dasatinib)	8.7	5.7	3.24 -13.93 4.14	377
	-C(=O)CH 2 CH 2 C(=O)O(CH 2 ) 7 CH 3	10.6	7.8	10.09 -21.14 6.19	536
	-C(=O)CH 2 CH 2 C(=O)O(CH 2 ) 9 CH 3	22.5	30	10.66 -21.14 6.19	631
	-C(=O)CH 2 CH 2 C(=O)O(CH 2 ) 11 CH 3	45	27	11.24 -22.25 6.19	521
	-C(=O)CH 2 CH 2 C(=O)O(CH 2 ) 17 CH 3	108	105	12.95 -25.55 6.18	631
	-C(=O)CH 2 CH 2 C(=O)O(CH 2 ) 7 CH 2 CH 2 (CF 2 ) 5 CF 3	130	122	16.29	-14.3 4.33	526
	-C(=O)CH 2 CH 2 C(=O)O(CH 2 ) 7 CH 2 CH 2 (CF 2 ) 7 CF 3	118	96	18.58 -13.67 4.34	589
	-C(=O)CH 2 CH 2 C(=O)O(CH 2 ) 7 CH 2 CH 2 (CF 2 ) 9 CF 3	90	24	20.82 -13.04 4.22	583
	-C(=O)CH 2 CH 2 CH 2 C(=O)O(CH 2 ) 7 CH 3	12	18	10.35 -20.68 7.37	555
	-C(=O)CH 2 CH 2 CH 2 C(=O)O(CH 2 ) 9 CH 3	119	34	10.96 -21.77 7.37	616
	-C(=O)CH 2 CH 2 CH 2 C(=O)O(CH 2 ) 11 CH 3	53	135	11.52	-22.9 7.37	532
	-C(=O)CH 2 CH 2 CH 2 C(=O)O(CH 2 ) 17 CH 3	125	101	13.26 -26.21 7.37	499
	-C(28.3	500	15.95 -14.78	6.4	537
	-C(