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The binding of ligands to thrombin, trypsin and avidin: validation of a structure activity model
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It has been found that a previously described general structure activity model and its modified form can accurately describe the binding interactions of a series of inhibitors to thrombin, trypsin and avidin, particularly the nature of ligand (de/re)solvation processes immediately preceding actual ligand-protein binding. In particular, these structural activity relationships have been validated using literature QM/MM, MD, solvation, dipole spectroscopy and x-ray structural studies. The derived equations for the three enzymes give detailed information about the desolvation, hydrophobicity, dipole moment / induced dipole polarization, and molecular volumes of the various inhibitor series as they influence binding to the enzymes. For thrombin and trypsin where significant non-additivity and enthalpy-entropy compensation occur during ligand binding, it is shown that while the free energy of binding can give good correlations with the model, and strong correlations are separately found with the enthalpy and entropy of binding. The main difference is that the desolvation effects (ΔG desolv is positive) dominate the inhibitors-thrombin series, whereas the opposite effect of solvation or resolvation (ΔG desolv is negative) dominates the inhibitors-trypsin series. The observed difference is due to the different nature of the ligands structures in the two series of ligands. The dominance of the solvation contribution to the equations for thrombin and trypsin are consistent with MD studies which show ligand-protein binding is primarily driven by a competition between ligand and water not increased affinity with thrombin. The effect of ligand polarizability on binding is also in accord with MD studies where the polarizability of trypsin was turned on and off and also is known to be important in ligand-thrombin binding. Co-operativity and additivity effects can be demonstrated using the relatively simple general model which is in agreement with more sophisticated and intensive MD or MD/QM studies.

The model gives easily accessible information on (de/re)solvation as important factors influencing drug-protein interactions which is missing from most SAR or QSAR type studies [Cherkasov 2014] or available only from intensive MD studies. It is suggested that validation of structural activity relationships should be based on independent physio-chemical mechanistic evidence not statistical validation from numerous sources where the accuracy of experimental data is often non-homogeneous and statistically confounded. Objectives 1. Test the applicability of a previously developed general predictive structure activity model incorporating water desolvation, hydrophobicity, dipole moment/polarizability and molecular volume applied to the thermochemistry of various ligands binding to thrombin, trypsin and avidin, particularly where non-additivity and enthalpy-entropy compensation are known to occur with thrombin and trypsin 2. Validate the model using independent QM/MM, MD, experimental and x-ray structural literature results

Introduction

Predictive models of protein-ligand interactions can be considered to fall into three main categories: [START_REF] Cherkasov | QSAR Modeling: Where have you been? Where are you going to?[END_REF] ab initio quantum mechanical (QM), molecular mechanics (MM) using empirical force fields plus protein-ligand docking methodologies, and molecular dynamics (MD) studies using both QM and MM approaches combined with protein-ligand docking methodologies, all of which are computationally expensive [START_REF] Myszka | The ABRF-MIRG'02 study: assembly state, thermodynamic, and kinetic analysis of an enzyme/inhibitor interaction[END_REF] quantitative structure activity relationships (QSAR) using statistical validation methods of data from multiple studies, where the accuracy, precision and experimental biases of the data from multiple studies is unknown, and the descriptors used to derive the relationships are often empirical and represent partial or derived molecular properties which may be cross correlated as a result, and (c) semi-quantitative structure activity relationships (SAR) or linear free energy relationships (LFER) using limited data from a single study where experimental data accuracy and precision is known, and derived relationships are validated by using independently established chemical and physical properties of the whole molecular descriptors used to derive the SAR or LFER. However the downside of relying on a single experimental data source or data from the same laboratory for SAR studies is the usually limited number of data points.

Chersakov et al's review of QSAR has identified many challenges in QSAR modelling. In a long list in section 1.3, the last challenge "lack of mechanistic interpretation" seems to characterize the weakness of many QSAR studies. Chersakov [START_REF] Cherkasov | QSAR Modeling: Where have you been? Where are you going to?[END_REF] notes "that the following questions to be asked about possible mechanistic basis of a QSAR model: (i) Do the descriptors have any physicochemical interpretation that is consistent with a known mechanism? (ii) Can any literature references be cited in support of the purported mechanistic basis of the developed QSAR? If the responses to both questions are positive, one may have some confidence in the proposed mechanism of action". The availability of data mining from extensive literature data bases of many different biological activities, followed by statistical cross validation using data and training sets for prediction is now common. That is many QSAR studies are in the first instance statistically driven rather than mechanistically driven based on chemical and physical molecular evidence. Mechanistically driven studies focus on a particular biological process that is well defined and might use statistical models amongst other methods and supporting literature studies to elucidate mechanism. Comparison of studies of the same biological process from other sources can be used, however near identical experimental conditions are required to eliminate study to study experimental variability that introduces unknown data non-homogeneity and hence statistical biases. A 14 inter-laboratory round robin of isothermal titration calorimetry (ITC) for a standard 1:1 ligand-protein binding reaction, found that K a and ΔH measurements had a RMS error of ~24%, with reported enthalpies of binding spanning a 10.7 kcal/mol range. The reported standard errors of the thermodynamic parameters underestimated the true error by one to two orders of magnitude. [START_REF] Myszka | The ABRF-MIRG'02 study: assembly state, thermodynamic, and kinetic analysis of an enzyme/inhibitor interaction[END_REF][START_REF] Baranauskiene | Titration Calorimetry Standards and the Precision of Isothermal Titration Calorimetry Data[END_REF][START_REF] Tellinghuisen | Systematic errors in isothermal titration calorimetry: Concentrations and baselines[END_REF] [ [START_REF] Myszka | The ABRF-MIRG'02 study: assembly state, thermodynamic, and kinetic analysis of an enzyme/inhibitor interaction[END_REF][START_REF] Baranauskiene | Titration Calorimetry Standards and the Precision of Isothermal Titration Calorimetry Data[END_REF][START_REF] Tellinghuisen | Systematic errors in isothermal titration calorimetry: Concentrations and baselines[END_REF]] Similar difficulties with poor reproducibility and errors were found when comparing publicly available half maximal inhibitory concentration (IC 50 ) data. The standard deviation of public ChEMBL IC 50 data was significantly greater than the standard deviation of in-house intra-laboratory/inter-day IC 50 data. [START_REF] Kalliokoski | Comparability of Mixed IC 50 Data -A Statistical Analysis[END_REF] [START_REF] Kalliokoski | Comparability of Mixed IC 50 Data -A Statistical Analysis[END_REF]] In a study of various compounds (IC 50 ) on cancer cell lines, using three independent sample collections and several machine learning algorithms, it was found that for combinations of sample collections, algorithm, drug, and labelling for an identically generated null model, the predictability was poor. It was concluded that drug response studies should focus on sample collection and data quality, rather than statistical manipulation. [START_REF] Bayer | Prediction Errors in Learning Drug Response from Gene Expression Data -Influence of Labeling, Sample Size, and Machine Learning Algorithm[END_REF] [START_REF] Bayer | Prediction Errors in Learning Drug Response from Gene Expression Data -Influence of Labeling, Sample Size, and Machine Learning Algorithm[END_REF] So the application of some of the many ad hoc QSAR descriptors to a small number of biological interaction data which have much greater uncertainty than the descriptors is not a sound scientific basis. Kastritis 2007 [7] has discussed the problems with some QSAR and noted that the leave-one-out-cross-validation method for example has problems where there is strong data clustering, and tends to include unnecessary components in the model which are asymptotically incorrect, and underestimates the true predictive error.

A statistical analysis of the four popular drug-target interaction benchmark datasets in humans involving enzymes, ion channels, G-protein-coupled receptors (GPCRs) and nuclear receptors has shown that dataset bias leads to overly optimistic cross validation generalisation results. The bias arose because these datasets have been constructed in such a way that each drug compound and target protein has at least one interaction. Also some drug compound and/or targets had only a single interaction. [START_REF] Van Laarhoven | Biases of drug-target interaction network data[END_REF][van Laarhoven 2014] Using controlled numerical (including a closed form solution) experiments, it has been shown when the number of algorithms is large, the leave-one-out-cross-validation method ceases to be an effective estimate of generalization for the algorithm that has the best cross validation performance. This is because running a large number of algorithms effectively overfits in cross validation space. [START_REF] Rao | On the Dangers of Cross-Validation. An Experimental Evaluation[END_REF] [START_REF] Rao | On the Dangers of Cross-Validation. An Experimental Evaluation[END_REF] Another underlying foundation of many QSAR studies is that the binding free energy is additively composed of a number of independent components that can be ascribed to different specific parts of the system being studied eg number of hydrogen bonding donor or acceptors, polar and non-polar surface area, number of rotatable bonds, log P etc. Where non-additivity effects are present, QSAR methods fail, since free energy applies to the whole system. Nonadditivity and enthalpy-entropy compensation are known to occur with ligands binding to thrombin and trypsin. [START_REF] Baum | Non-additivity of Functional Group Contributions in Protein-Ligand Binding: A Comprehensive Study by Crystallography and Isothermal Titration Calorimetry[END_REF][START_REF] Baum | The well-tempered thrombin[END_REF][START_REF] Talhout | Understanding Binding Affinity: A Combined Isothermal Titration Calorimetry/Molecular Dynamics Study of the Binding of a Series of Hydrophobically Modified Benzamidinium Chloride Inhibitors to Trypsin[END_REF][START_REF] Talhout | Probing the effect of the amidinium group and the phenyl ring on the thermodynamics of binding of benzamidinium chloride to trypsin[END_REF] [Baum 2010[START_REF] Baum | The well-tempered thrombin[END_REF][START_REF] Talhout | Understanding Binding Affinity: A Combined Isothermal Titration Calorimetry/Molecular Dynamics Study of the Binding of a Series of Hydrophobically Modified Benzamidinium Chloride Inhibitors to Trypsin[END_REF][START_REF] Talhout | Probing the effect of the amidinium group and the phenyl ring on the thermodynamics of binding of benzamidinium chloride to trypsin[END_REF] 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 general model is based on establishing linear free energy relationships between the four drug properties and various biological processes. The equation 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 hydrophobicity , the dipole moment and molecular volume are good inherent indicators of the transport or binding ability of drugs. [14-21][Fong 2015-16].

General model

Transport or Binding = ΔG desolv,CDSw + ΔG hydrophob,CDSo + Dipole Moment w / Polarizability + Molecular Volume w

The model uses the free energy of water desolvation (ΔG desolv,CDS ) and the lipophilicity (or hydrophobicity) free energy (ΔG lipo,CDS ) where CDS represents the non-electrostatic first solvation shell solvent properties. The CDS 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, and is proportional to the solvent accessible surface area (SASA). The SASA is generally considered to be correlated with the hydrophobic free energy as it should depend on the number of water molecules that are released during complex formation, and hence it measures the gain in entropy derived from these water molecules that are displaced from polar groups. It is also noted that the relative SASA has been shown to be a measure of binding induced conformational change. [START_REF] Marsh | Relative solvent accessible surface area predicts protein conformational changes upon binding[END_REF] [START_REF] Marsh | Relative solvent accessible surface area predicts protein conformational changes upon binding[END_REF]] Partial desolvation or resolvation of water from the drug (ΔG desolv,CDSw ) before protein binding in the receptor pocket is required, and hydrophobic interactions between the drug and protein (ΔG hydrophob,CDS ) is a positive contribution to binding. ΔG hydrophob,CDSo is calculated from the solvation energy in noctane, and is a measure of van der Waals dispersion and cavity effects. The dipole moment in water can be replaced by the dipole polarizability where significant polarizability of the ligand can be induced by the binding protein. The calculation of isotropic polarizability of ligands via QM methods allows pre-binding conformational dispersion effects to be controlled whereas the averaged calculated dipole moment is strongly influenced by conformational aspects of the ligand. As polarizability increases, dispersion forces become stronger, and polarization affects dispersion through close proximity shape complementarity between the ligand and protein during binding. [START_REF] Chang | Chapter 13: Intermolecular Forces/ Ion-Induced Dipole and Dipole-Induced Dipole Interactions/ Dispersion, or London, Interactions[END_REF] [START_REF] Chang | Chapter 13: Intermolecular Forces/ Ion-Induced Dipole and Dipole-Induced Dipole Interactions/ Dispersion, or London, Interactions[END_REF]] In some biological processes, where oxidation or reduction may be occurring, and the influence of molecular volume is small, the ionization potential or reduction potential has been included in place of the molecular volume. 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. The major advantage of this particular structure activity model (over the many other similar models) is that the same model applies to transport processes such as active and passive passage of drugs through cell membranes, the binding of drugs to proteins, and some drug metabolic processes.

The binding of a series of ligands to thrombin, trypsin and avidin has been chosen as a test case of the general model since there are accurate single source ITC thermochemical binding data available and extensive independent QM/MM, MD, experimental and x-ray structure data that can be used to validate the structural activity relationships derived for these systems using the general model. The ITC binding data for ligands-thrombin and ligands-trypsin have well documented enthalpy-entropy compensations, and thrombin and trypsin have structurally similar binding aspects. The widely studied biotin-avidin complex is the strongest known non-covalent interaction between a protein and ligand and is essentially nonreversible. The model attempts to describe pre-organizational aspects of ligands including (de)solvation, hydrophobicity, polarizability / dipole moment and molecular volume immediately prior to the formation of ligand-protein complexes by seeking correlations with available binding free energies.

Protein pockets which allow ligand-protein binding can be classified into hydrophobic or hydrophilic binding pockets, an example of the former being the binding of small hydrophobic ligands to the major urinary protein (MUP) and a hydrophilic binding pocket example being the histamine binding protein (rRaHBP2) from R. appendiculatus. For histamine binding the entropy of binding is unfavourable because of a dominant unfavourable contribution arising from the loss of ligand degrees of freedom, plus with the sequestration of solvent water molecules into the binding pocket. However for the binding in MUP the desolvation of the protein binding pocket makes a minor contribution to the overall entropy of binding because that the pocket is substantially desolvated prior to binding. [START_REF] Syme | Comparison of Entropic Contributions to Binding in a "Hydrophilic" versus "Hydrophobic" Ligand-Protein Interaction[END_REF] [START_REF] Syme | Comparison of Entropic Contributions to Binding in a "Hydrophilic" versus "Hydrophobic" Ligand-Protein Interaction[END_REF] Recent MD studies using a waterswap technique have demonstrated the importance of water solvation dynamics in ligand binding to thrombin. That is, increases in binding affinity was driven by decreased affinity with bulk water (in the enzyme binding cavity), not increased affinity with thrombin. Hence ligand-protein binding should be seen as primarily driven by a competition between ligand and water in the active site. [START_REF] Woods | Rapid decomposition and visualisation of protein-ligand binding free energies by residue and by water[END_REF][START_REF] Snyder | Is it the shape of the cavity, or the shape of the water in the cavity?[END_REF][Woods 2013, Snyder 2013] Similar conclusions were reached using ligands with pyridine-type P1 side chains binding with thrombin, where the positively charged methylpyridinium derivatives suffered a large penalty of desolvation upon binding and a substantially less favourable enthalpy of binding.

[27][Biela 2012] It is clear that (de/re)solvation activities of the ligand and protein within the binding pocket are distinguishable from the (desolvation) of water molecules into or out of the binding pocket.

Results: Benzamidine and related inhibitors binding with Thrombin

Figure 1. Binding interactions amongst substituted benzamidines and related inhibitors and thrombin showing the S1, S2, S3/S4 pockets and key residues. Substituents R 1 , R 2 and X are given in Table 1. (adapted from Baum 2010) Table 1 shows the literature thermochemical data for the various inhibitors of thrombin and the calculated desolvation, hydrophobicity, dipole moment, dipole polarizability, and molecular volumes for the various inhibitors. Values for inhibitors UB45,UB46, UB49, UB50, 3c, 3e, 3l have been corrected for the heat of ionization associated with the release of 0.6 mol of protons by His57 and the uptake of the same amount by the buffer, as described in Baum 2010.

-ΔG CDSw (water desolvation) and ΔG CDSo (n-octane, hydrophobicity proxy) kcal/mol are the cavity dispersion solvent structure terms from the SMD solvent model for the inhibitors in water and n-octane Dipole moment (DM), molecular volume (cm 3 /mol), and isotropic polarizability (Bohr 3 ) are in water

Discussion: Benzamidine and related inhibitors binding with Thrombin

The serine protease thrombin has a crucial role in the blood coagulation cascade, and the antithrombotic inhibition of thrombin prevents the cleavage of fibrinogen to fibrin. Thrombin is a glycosylated trypsin-like serine protease. Baum et al [START_REF] Baum | Non-additivity of Functional Group Contributions in Protein-Ligand Binding: A Comprehensive Study by Crystallography and Isothermal Titration Calorimetry[END_REF][START_REF] Baum | The well-tempered thrombin[END_REF] have made a comprehensive study of a series of thrombin inhibitors using X-ray crystallography and thermodynamic data from isothermal titration calorimetry (ITC in buffer at pH 7.8) to examine various inhibitor protein-interactions in the S1-and S3/S4-pockets. The inhibitors were systematically substituted as shown in Figure 1 with (a) varying R 1 = -C(NH 2 )=NH (benzamidines) or m-ClC 6 H 4 CH 2 -with X = H for both, (b) R 2 = alkyl groups with X = H for all and (c) X = -NH 2 or -NHR and R 2 = H for all. The various interactions studied include (a) the salt bridge interaction between the anionic residue ASP189 to the positively charged amidine substituent, compared to the meta-chlorobenzyl group at R 1 , as well as the hydrogen bonding interactions between GLY219 and ALA190 with the amidine group in the S1 pocket (b) the hydrophobic interactions between the alkyl R2 substituents in the S3/S4-pocket (mainly with TRP215), and (c) the hydrogen bonding interaction between X = NH 2 or NHR to GLY216. The interactions in the S2 pocket (proline content TYR60A and TYP60D) are maintained constant. (see Figure 1) The hydrogen bonding interactions were considered to be dominated by enthalpy effects, whereas the hydrophobic bonding interactions, particularly in the S3 pocket which was considered to be completely desolvated, were dominated by entropy effects. [ Inspection of Table 4 shows the following correlations for the protonated benzamidine inhibitors binding with thrombin:

ΔG exptITC = 3.33ΔG desolv -0.87ΔG hydrophob -1.65Polariz w + 0.23Vol w (Eq 1) ΔG exptITC = 5.31ΔG desolv -0.25ΔG hydrophob -0.47DM w + 0.91Vol w (Eq 1a)

The correlations in eq 1 and 1a are equally strong, and eq 1 is consistent with the known negative relationship of the effect of dipole polarizability on binding, in agreement with the independent MD studies which incorporated a polarizable force field for trypsin which is closely related to thrombin. [START_REF] Jiao | Calculation of protein-ligand binding free energy by using a polarizable potential[END_REF][START_REF] Jiao | Trypsin-Ligand Binding Free Energies from Explicit and Implicit Solvent Simulations with Polarizable Potential[END_REF][START_REF] Duan | Large-scale molecular dynamics simulation: Effect of polarization on thrombin-ligand binding energy[END_REF][ [START_REF] Jiao | Calculation of protein-ligand binding free energy by using a polarizable potential[END_REF][START_REF] Baum | The well-tempered thrombin[END_REF][START_REF] Duan | Large-scale molecular dynamics simulation: Effect of polarization on thrombin-ligand binding energy[END_REF] There was no relationship between polarizability and dipole moment for the 21 inhibitors (R 2 0.001, F 0.02, significance 0.885. Correlations using polarizability in n-octane were slightly poorer than those for water, so detailed studies were conducted using water polarizabilities. The dominant factor in eqs 1 and 1a is the desolvation which is a composite of the inhibitor-thrombin interaction in the S1 and S3/S4 pockets for the inhibitor series. The magnitude of the coefficients for the four independent variables is proportional to the magnitude of the contribution of each factor to the binding energy, as these variables have been normalized to allow such comparisons.

(Table 4) The correlations using QM calculated polarizabilities are preferred (rather than dipole moments) since isotropic polarizabilities are independent of molecular orientation that influence calculated dipole moments (see experimental section).

Analysis of eq 1 into its components gives eq 2 and 3, which show that the major difference is that the enthalpy of binding has a larger overall desolvation contribution consistent with the hydrogen bonding interactions especially in S1 and near the S3/S4 where GLY216 hydrogen bonding occurs. The entropy driven interaction is consistent with a hydrophobic interaction between the R 2 groups and the S3/S4 pockets and shows a reduced desolvation influence as expected when solvation rearrangement occurs during binding. ΔH exptITC = 7.58ΔG desolv -7.23ΔG hydrophob -13.95Polariz w + 9.91Vol w (Eq 2) TΔS exptITC = 4.25ΔG desolv -6.36ΔG hydrophob -12.30Polariz w + 9.96Vol w (Eq 3)

The inhibitors can be subdivided into two series: (a) the X=NHR or NH 2 series which can hydrogen bond with the GLY216 near the S3/S4 pocket as well as engage in hydrophobic interactions between the R 2 groups with the S3/S4 pockets (n=14, eqs 4 and 4a from ITC and kinetic data respectively), or the X=H series where there is no hydrogen bonding capability, only hydrophobic interactions between the R 2 groups and the S3/S4 pocket (n=12, eq 5 from kinetic data only). ΔG exptITC = 5.23ΔG desolv -1.32ΔG hydrophob -2.09Polariz w + 1.75Vol w (Eq 4) ΔG exptKIN = 6.35ΔG desolv -1.60ΔG hydrophob -3.73Polariz w + 2.10Vol w (Eq 4a) ΔG exptKIN = 1.87ΔG desolv -0.87ΔG hydrophob -4.08Polariz w -0.37Vol w (Eq 5)

The eqs 4 and 4a for the GLY216 hydrogen bonding series show a much stronger desolvation rearrangement consistent with eq 2, whereas eq 5 shows that the desolvation rearrangement caused by hydrophobic bonding in the S3/S4 pocket requires less energy.

X-ray structures show that the S3 pocket hosts at least one water molecule in the uncomplexed thrombin which is also observed in the complex. A complex picture of mutually competing and partially compensating enthalpic and entropic effects has been previously shown to determine the non-additivity of free energy contributions to ligand binding to thrombin at the molecular level. It was concluded that protein-ligand docking studies must incorporate co-operative effects (or entropic effects) besides (de)solvation effects. [START_REF] Baum | Non-additivity of Functional Group Contributions in Protein-Ligand Binding: A Comprehensive Study by Crystallography and Isothermal Titration Calorimetry[END_REF][Baum 2010] When the adjacent hydrogen bond between X= NH 2 or NH(R) and GLY216 is present, the enhanced binding affinity per Å 2 of hydrophobic contact surface in the S3 pocket improves by 75% and 59% where R 1 is either a m-chlorobenzyl or benzamidine respectively, over the inhibitors lacking this hydrogen bond. This improvement of the binding affinity per Å 2 demonstrated co-operativity between the hydrophobic interaction and the hydrogen bond. [START_REF] Muley | Enhancement of Hydrophobic Interactions and Hydrogen Bond Strength by Cooperativity: Synthesis, Modeling, and Molecular Dynamics Simulations of a Congeneric Series of Thrombin Inhibitors[END_REF][Muley 2010] For the same two ligand series with thrombin, it has been shown by alchemical free energy calculations that the non-additive effects are partly due to variations in the strength of a hydrogen-bond between the X=NH 3 + ligands family and thrombin residue Gly216, but other partially compensating interactions occur across the entire binding site and no single interaction dictates the magnitude of the non-additive effects for all the analysed protein-ligand complexes. Interestingly, docking energies correlated poorly with binding energies, and failed to capture non-additive effects, but did show relationships within individual series. [START_REF] Calabro | Elucidation of Non-Additive effects in Protein-Ligand Binding Energies: Thrombin as a Case Study[END_REF][ [START_REF] Calabro | Elucidation of Non-Additive effects in Protein-Ligand Binding Energies: Thrombin as a Case Study[END_REF] It is interesting to observe that eqs 2 -5 are consistent with co-operativity and non-additivity effects in that they show interactions across the whole ligand (using molecular descriptors hydrophobicity, polarizability or dipole moment and molecular volume) and thrombin or the environment (water desolvation), but individual variations in each of these factors determines overall binding efficiency.

The importance of water desolvation is eqs 2-5 is confirmed by a MD study of benzamidines binding to thrombin using a waterswap technique, where water molecules around the ligand are swapped with water molecules surrounding the protein, disrupting solvation of the protein. The swapped water cluster is part of a seamless hydrogen bonding network between all of the water molecules in the active site. The ligand breaks this network. It was shown that where R 1 and R 2 were hydrophobic groups with X=H, 60-85% of the total binding free energy was waterswap binding free energy. That is, increases in binding affinity was driven by decreased affinity with bulk water, not increased affinity with thrombin. When R 1 was a positively charged amidine group (rather than a m-chlorobenzyl group) with the formation of a salt bridge between the amidine group and ASP189, these ligands were seen to displace water around the thrombin and form a direct interaction with ASP189, so resulting in a stronger binding affinity to each substituted ligand by ca. 2 kcal/mol. Hence ligand-protein binding should be seen as primarily driven by a competition between ligand and water in the active site. [START_REF] Woods | Rapid decomposition and visualisation of protein-ligand binding free energies by residue and by water[END_REF][Woods 2013] Similar conclusions were reached in studies using ligands with pyridine-type P1 side chains binding with thrombin, where the positively charged methylpyridinium derivatives suffered a large penalty of desolvation upon binding and a substantially less favourable enthalpy of binding. In addition to the ligand desolvation penalty, the hydration shell around ASP189 has to be overcome. In all uncharged pyridine derivatives, the solvation shell remained next to Asp189, partly mediating interactions between ligand and protein. 2.

Table 2 shows the literature thermochemical data for the various inhibitors of trypsin and the calculated desolvation, hydrophobicity, dipole moment, dipole polarizability, and molecular volumes for the various inhibitors. 

Discussion: Para-substituted Benzamidinium Chlorides binding with Trypsin

The binding of a series of p-alkylbenzamidinium chloride inhibitors to the serine protease trypsin showed small differences in relative binding affinity free energy but large compensating differences in enthalpy and entropy (ITC in buffer at pH 8.0). Binding affinity decreased with increased branching at the first carbon but increased with increasing the length of a linear alkyl substituent, suggesting that steric hindrance (around the S2 pocket) and hydrophobic interactions (S3/S4 pockets) play dominant roles in binding. Access to the binding site and dehydration of the binding site were also thought to be important. The backbone of trypsin was not affected by the changes to the para substituents. Hydrogen bonding between the amidinium group and trypsin in the S1 pocket was thought to be primarily enthalpy-driven whereas hydrophobic binding of the para-substituted phenyl ring in the S2/S4 pocket was considered to be primarily entropy-driven. A negative change in heat capacity upon binding and enthalpy-entropy compensation were observed, both being characteristic of hydrophobic interactions. [START_REF] Talhout | Understanding Binding Affinity: A Combined Isothermal Titration Calorimetry/Molecular Dynamics Study of the Binding of a Series of Hydrophobically Modified Benzamidinium Chloride Inhibitors to Trypsin[END_REF][START_REF] Talhout | Probing the effect of the amidinium group and the phenyl ring on the thermodynamics of binding of benzamidinium chloride to trypsin[END_REF][ [START_REF] Talhout | Understanding Binding Affinity: A Combined Isothermal Titration Calorimetry/Molecular Dynamics Study of the Binding of a Series of Hydrophobically Modified Benzamidinium Chloride Inhibitors to Trypsin[END_REF][START_REF] Talhout | Probing the effect of the amidinium group and the phenyl ring on the thermodynamics of binding of benzamidinium chloride to trypsin[END_REF] An extensive QM/MM study of the benzamidine derivatives with trypsin has shown that binding is largely favoured by van der Waals energy, but the solvation free energy was almost as large as the van der Waals energy. Ligands with relatively low solvent-accessible surface areas in the unbound state, possessed less favourable non-polar contributions to the solvation free energy.

[29][Grater 2005]

Binding of the positively charged benzamidinium ion with trypsin using MD with a force field incorporating electronic induced dipole polarizaability was considered crucial to an accurate determination of the binding energy, with electrostatic forces being the dominant binding interaction. The binding energy showed no dependency on dipole moment alone but did show a negative correlation with the polarizability. The polarizability works to diminish the effect of permanent electrostatics in driving the binding of the benzamidinium ion to trypsin, with an estimate of the free-energy change caused by the removal of the polarizability between the benzamidinium ion and water is about 4.5 kcal/mol, and -22.4 kcal/mol between the benzamidinium ion and trypsin. The effect of polarizability on the interaction of two charged entities is to screen the electrostatic interactions, similar to the dielectric effect of water screening charged interactions. Large changes in solvation free energies also were involved, masking the effect of the larger electrostatic interaction energy, so only relatively small changes in the free energy of binding were observed. [START_REF] Jiao | Calculation of protein-ligand binding free energy by using a polarizable potential[END_REF][START_REF] Jiao | Trypsin-Ligand Binding Free Energies from Explicit and Implicit Solvent Simulations with Polarizable Potential[END_REF][START_REF] Shi | Trypsin-Ligand Binding Free Energy Calculation with AMOEBA[END_REF] Cluster analysis of x-ray structures showed that thrombin and trypsin showed water in the binding sites were conserved and related to ligand specificity and were correlated with the number of hydrogen bonding interactions, the hydrophilicity, more neighbouring protein atoms and lower mobility. There were significant between thrombin and trypsin conserved water sites, particularly in hydrophobic buried regions and the solvent channel surrounding the Na + site in thrombin. [START_REF] Sanschragin | Cluster analysis of consensus water sites in thrombin and trypsin shows conservation between serine proteases and contributions to ligand specificity[END_REF][ [START_REF] Sanschragin | Cluster analysis of consensus water sites in thrombin and trypsin shows conservation between serine proteases and contributions to ligand specificity[END_REF]] Inspection of Table 4 shows these features in the correlations:

ΔG expt = -3.36ΔG desolv + 1.07ΔG hydrophob -3.54Polariz o + 3.21Vol w (Eq 6) The correlation for eq 4 is poor where large enthalpy and entropy compensations are clearly operating, but vastly improved and highly significant when separately correlated with ΔH expt and TΔS expt as shown in eqs 5 and 6: ΔH expt = -13.31ΔG desolv + 4.75ΔG hydrophob -4.78Polariz o + 7.06Vol w (Eq 7) TΔS expt = -10.14ΔG desolv + 3.81ΔG hydrophob -1.22Polariz o + 3.84Vol w (Eq 8)

Previous studies have shown that ΔH expt is related to the hydrophilicity of the S1 pocket and salt bridge between the positively charged amidinium moiety and the negatively charged ASP189 residue, as well as the hydrogen bonding between GLY219 and SER190 and the amidinium group. TΔS expt is dominated by interactions in the hydrophobic S3/S4 pocket. These equations are consistent with these findings since the TΔS expt correlation shows less solvation of the S3/S4 pocket (ΔG desolv coefficient -10.14) compared to the ΔH expt correlation which largely depends on sequestration of water into the S1 hydrophilic pocket (ΔG desolv coefficient -13.31). The coefficients for ΔG hydrophob are about equal within experimental error, but the coefficients for polarizability are much larger for the ΔH expt correlation in eq 5, compared to the eq 6, indicative of the charged salt bridge and hydrogen bonding interactions in the S1 pocket. It is noteworthy that the effect of dipole polarizability on binding is negative, in agreement with the independent MD studies which incorporated a polarizable force field for trypsin. [START_REF] Grater | Protein/Ligand Binding Free Energies Calculated with Quantum Mechanics/Molecular Mechanics[END_REF][START_REF] Jiao | Calculation of protein-ligand binding free energy by using a polarizable potential[END_REF][ [START_REF] Jiao | Calculation of protein-ligand binding free energy by using a polarizable potential[END_REF]Jiao , 2009] ] The corresponding equations substituting DM w for polarizability in octane are: ΔG expt = -3.01ΔG desolv + 2.29ΔG hydrophob -1.12DM w -0.53Vol w (Eq 9) ΔH expt = -10.83ΔG desolv + 6.25ΔG hydrophob + 0.43DM w + 2.64Vol w (Eq 10) TΔS expt = -8.03ΔG desolv + 4.09ΔG hydrophob + 1.54DM w + 3.08Vol w (Eq 11)

These correlations are slightly poorer than those using polarizability in octane (see Table 4), and it is noted that there is no significant correlation between DM w and polarizability in octane.

Discussion: Comparison of ligand binding between thrombin and trypsin

Thrombin and trypsin are closely related serine proteases, where a complex interplay of individual non-covalent interactions occurs during ligand binding, and results in cooperativity, enthalpy/entropy-compensation and polarizability effects. While the two enzymes are similar, the ligand series vary significantly: (a) the ligand series for thrombin has a longer structural backbone which can extend further into the S3/S4 pocket and particularly has hydrophobic R 2 groups which can into the S3/S4 hydrophobic pocket as well as X = NH 2 or NH(R) groups which can hydrogen bond with the GLY216 residue (b) the benzamidinium chlorides binding with trypsin are charged species with mainly hydrophobic para-substituents which are far shorter than the equivalent ligand series with thrombin.

Comparison of eqs 6-8 (for the benzamidinium chlorides binding with trypsin) and eqs 2-5 (for substituted benzamidine and related inhibitors binding to thrombin) show that the water desolvation term is the major highly significant difference. The main difference is that the desolvation effects (ΔG desolv is positive) dominate the inhibitors-thrombin series, whereas the opposite solvation or resolvation (ΔG desolv is negative) dominates the inhibitors-trypsin series.

Since thrombin and trypsin have similar features with respect to water conservation during binding interactions [38][Sanchragin 1998] the difference can be dominantly attributed to the nature of the thrombin inhibitors which have a longer hydrophilic/hydrophobic structure compared to the shorter structure of the p-hydrophobic substituted benzamidines used with trypsin. Both series have the common salt bridge formed between the benzamidinium ion and ASP189A. (see Figures 2 and3). It is also noted that hydrophobicity is a negative contributor to enthalpy and entropy in the ligand-thrombin interactions (eq 2 and 3) but a positive contribution to enthalpy and entropy in eq 7 and 8, reflecting the quite different nature of the two ligand series.

Eqs 2 and 3 for the thrombin series can be directly compared to eqs 7 and 8 for the trypsin series and show the larger effects of desolvation, hydrophobicity, polarizability and molecular size for the thrombin inhibitors which are consistent with the differences in structures of the two series. Co-operativity and additivity effects can be demonstrated using the relatively simple general model that are in agreement with more sophisticated and intensive MD or MD/QM studies. 

Results: Biotin analogues binding with Avidin

Results: Biotin and related inhibitors binding with Avidin

Table 3 shows the literature thermochemical data for the various biotin inhibitors of avidin and the calculated desolvation, hydrophobicity, dipole moment, dipole polarizability, and molecular volumes for the various inhibitors. Footnotes:

See Figure 3 for biotin analogues structures. Experimental binding data from [START_REF] Wang | What Determines the van der Waals Coefficient β in the LIE (Linear Interaction Energy) Method to Estimate Binding Free Energies Using Molecular Dynamics Simulations?[END_REF]Wang 1999(a) and [START_REF] Wang | Ranking ligand binding affinities with avidin: A molecular dynamics-based interaction energy study[END_REF]Wang 1999(b).

-ΔG CDSw (desolvation) and ΔG CDSo (hydrophobicity proxy) kcal/mol are the cavity dispersion solvent structure terms from the SMD solvent model for the inhibitors in water and n-octane Dipole moments (D) and molecular volumes (cm 3 /mol, scaled by 1/10 to allow comparison of regression coefficients) are in water. Isotropic polarizabilities (Bohr 3 ) are in n-octane and water (scaled by 1/10 to allow comparison of regression coefficients)

Discussion: Biotin and related inhibitors binding with Avidin

Avidin is a tetrameric biotin-binding which contains four identical subunits, each of which can bind to biotin (vitamin B 7 , vitamin H) with a high degree of affinity and specificity. The biotin-avidin complex is the strongest known non-covalent interaction (K d = 10 -15 M) between a protein and ligand. The complex formation between biotin and avidin is very rapid, and once formed, is essentially non-reversible, being unaffected by extremes of pH, temperature, organic solvents and other denaturing agents. Streptavidin is closely related to avidin, with a 30% sequence identity, but almost identical secondary, tertiary and quaternary structure. It has a lower affinity for biotin (K d ~ 10 -14 M). Avidin, in contrast to streptavidin, is glycosylated, positively charged, has pseudo-catalytic activity, and has a higher tendency for aggregation.

The biotin-avidin (and biotin-streptavidin) interaction has been widely studied, by x-ray structures, QM and MD studies. Kollman [START_REF] Miyamoto | Absolute and Relative Binding Free-Energy Calculations of the Interaction of Biotin and Its Analogs with Streptavidin Using Molecular-Dynamics Free-Energy Perturbation Approaches[END_REF][START_REF] Wang | What Determines the van der Waals Coefficient β in the LIE (Linear Interaction Energy) Method to Estimate Binding Free Energies Using Molecular Dynamics Simulations?[END_REF][START_REF] Wang | Ranking ligand binding affinities with avidin: A molecular dynamics-based interaction energy study[END_REF][ Miyamoto 1993, Wang 1999a, Wang 1999b] examined the binding amongst a series of biotin analogues and avidin using MD techniques, and suggested that the energy provided by hydrophobic van der Waals contacts, primarily of the four tryptophan residues that line the binding pocket, is greater than the electrostatic/hydrogen bonding free energy benefit. However these MD studies did not include polarizability effects between the avidin and biotin. DeChancie 2007 [START_REF] Dechancie | The Origins of Femtomolar Protein-ligand Binding: Hydrogenbond Cooperativity and Desolvation Energetics in the Biotin-(strept)avidin Binding Site[END_REF] carried out a detailed QM study of the biotin-(strept)avidin complex, and found that the ureido moiety of biotin in the bound state cooperatively and synergistically hydrogen bonds to five residues, three to the carbonyl oxygen and one for each -NH group. The charged aspartate residue provides the driving force for cooperativity in the complex by polarizing the urea moiety. Consistent with the x-ray structure of biotin-(strept)avidin complexes [START_REF] Pugliese | Three-dimensional structure of the tetragonal crystal form of egg-white avidin in its functional complex with biotin at 2.7 Å resolution[END_REF][Pugliese 1993], it was shown that biotin binds more strongly with avidin than streptavidin because the latter requires the expulsion of 6 water molecules from the binding pocket, whereas biotin-avidin binding does not requires expulsion of water molecules as the two molecules in the unliganded pocket are conserved ion the bound complex. Unliganded streptavidin has an open 3,4 flexible loop, allowing entry of water into the binding pocket, whereas unliganded avidin has a closed 3,4 loop which restricts entry and exit of water from the pocket.

[43] [START_REF] Pugliese | Three-dimensional structure of the tetragonal crystal form of egg-white avidin in its functional complex with biotin at 2.7 Å resolution[END_REF]] Biotin also binds avidin more strongly than it binds with streptavidin because its binding interaction with water is weaker. [START_REF] Dechancie | The Origins of Femtomolar Protein-ligand Binding: Hydrogenbond Cooperativity and Desolvation Energetics in the Biotin-(strept)avidin Binding Site[END_REF][DeChancie 2007] The importance of incorporating polarizability (using a QM fragmentation approach) in a MD study of biotinstreptavidin has been shown by demonstrating that co-operativity comes from both enthalpy and entropic contributions, with the former deriving from desolvation effects. [START_REF] Liu | The origin of the cooperativity in the streptavidin-biotin system: A computational investigation through molecular dynamics simulations[END_REF][Liu 2016] A similar QM/MM MD study of the biotin-streptavidin interaction using polarisable and nonpolarizable force fields showed that electrostatic polarization positively affects the electrostatic contribution to the binding interaction, i.e. failure to incorporate polarizability in the streptavidin force field leads to an underestimate of ligand-streptavidin binding energy. Inspection of Table 4 shows some unusual features in the correlations:

ΔG expt = 0.07ΔG desolv + 2.05ΔG hydrophob -0.26DM w + 0.23Vol w (Eq 12) ΔG expt = 1.11ΔG desolv + 8.28ΔG hydrophob + 1.42Polariz o + 0.65Vol w (Eq 13) ΔG expt = 0.43ΔG desolv + 3.91ΔG hydrophob + 0.90Polariz o -0.23DM w (Eq 14)

Equation 10 is the base equation and shows a dominant dependency on the hydrophobicity, an almost zero dependency on water desolvation, a negative dependency on the dipole moment, and a small effect of molecular volume for the biotin analogues. Since the QM, MD and dielectric spectroscopy studies show a strong dipole polarization of the ureido moiety of biotin by the avidin, eq 11 substitutes the dipole moment variable with the isotropic polarizability in octane. It is noted that there is no correlation (R 2 0.261) between the polarizability in octane (or water) and the dipole moment (in octane or water). It is also noted that using the polarizability in water (as opposed to that in octane) gives a slightly poorer correlation, but the polarizability in octane is preferred since the hydrophobic effect is dominant in these correlations. Eq 12 shows the correlation using polarizability in octane and dipole moment in water, eliminating the molecular volume variable. There are some unusual features in these equations:

Firstly, ΔG desolv is small and positive in all three equations, indicating that substantial desolvation does not occur during the binding interaction in the series. This result is consistent with the QM, MD and X-ray results where the unliganded avidin has two water molecules in the binding pocket, and conserves the two water molecules when biotin binds with avidin. However in the studied series 5 of the 14 analogues are charged carboxylates, which might be expected to require minor degree of desolvation during binding. Secondly in the series of biotin analogues, hydrophobicity is the dominant influence on binding. This is consistent with the MD studies of the series of analogues which included anionic analogues plus neutral analogues whose structures were varied with alkyl substituents, as shown in Figure 3. [39-41][ Miyamoto 1993, Wang 1999a, Wang 1999b] Thirdly the influence of polarizability and dipole moment are significant, which is consistent with a strong dipole on avidin inducing a polarization of the biotin analogues during binding. The driving force for the cooperativity in the hydrogen-bonding network comes from the charged D128 residue which polarizes the ureido moiety of biotin. [START_REF] Dechancie | The Origins of Femtomolar Protein-ligand Binding: Hydrogenbond Cooperativity and Desolvation Energetics in the Biotin-(strept)avidin Binding Site[END_REF][DeChancie 2007] The effect of polarizability in eq 13 and 14 is positive, which was not expected given the negative effects seen with the thrombin and trypsin ligands, but in accord with polarizability QM/MD studies. Fourthly, there is a consistent pattern for the three equations (which have similar strong statistical significance) which suggests that there is some binding dependence on all the tested independent variables. 

Conclusions

This study has applied the general equation to the binding interactions of a series of inhibitors to thrombin, trypsin and avidin. These systems have been extensively studied in the past, and accurate thermochemical binding data from ITC and kinetics are known, and extensive independent QM/MM, MD, experimental and x-ray structural characterizations have been previously documented. The binding of ligands to these enzymes is known to involve a complex interplay of individual non-covalent interactions and results in co-operativity, enthalpy/entropy-compensation and related solvation effects, and polarizability effects.

It has been found that the general model and its modified form can accurately describe the binding interactions of a series of inhibitors to thrombin, trypsin and avidin, particularly the nature of ligand (de/re)solvation processes immediately preceding actual ligand-protein binding. In particular, these structural activity relationships have been validated using literature QM/MM, MD, solvation, dipole spectroscopy and x-ray structural studies. The derived equations for the three enzymes give detailed information about the desolvation, hydrophobicity, dipole moment / induced dipole polarization, and molecular volumes of the various inhibitor series as they influence binding to the enzymes. For thrombin and trypsin where significant non-additivity and enthalpy-entropy compensation occur during ligand binding, it is shown that while the free energy of binding can give good correlations with the model, and strong correlations are separately found with the enthalpy and entropy of binding. The main difference is that the desolvation effects (ΔG desolv is positive) dominate the inhibitors-thrombin series, whereas the opposite effect of solvation or resolvation (ΔG desolv is negative) dominates the inhibitors-trypsin series. The observed difference is due to the different nature of the ligands structures in the two series of ligands. The dominance of the solvation contribution to the equations for thrombin and trypsin are consistent with MD studies which show ligand-protein binding is primarily driven by a competition between ligand and water not increased affinity with thrombin. The effect of ligand polarizability on binding is also in accord with MD studies where the polarizability of trypsin was turned on and off and also is known to be important in ligand-thrombin binding. Co-operativity and additivity effects can be demonstrated using the relatively simple general model which are in agreement with more sophisticated and intensive MD or MD/QM studies.

The model gives easily accessible information on (de/re)solvation as important factors influencing drug-protein interactions which is missing from most SAR or QSAR type studies [1] [Cherkasov 2014] or available only from intensive MD studies. It is suggested that validation of structural activity relationships should be based on independent physio-chemical mechanistic evidence not statistical validation from numerous sources where the accuracy of experimental data is often non-homogeneous and statistically confounded.

Experimental: Materials and methods

All calculations were carried out using the Gaussian 09 package. Energy optimisations were at the DFT/B3LYP/6-31+G(d,p) (6d, 7f) level of theory for all atoms in the trypsin and avidin series, and the DFT/B3LYP/6-31G(d,p) (6d, 7f) level for the thrombin series. 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] 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 (i.e. 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. For the benzamidine ion α was 135.2, 92.5 and 106.1 Bohr 3 in water, n-octane and in vacuo. Dipole moments, field independent basis, were in Debye calculated from the X,Y and Z axes. Isotropic dipole polarizabilities (under static conditions) α values in Bohr 3 in water and n-octane were calculated using Gaussian 09. For all three ligand series the polarizability values in water and n-octane were highly linearly related. To test the effect of conformation on ligand properties, ligand 4l from the thrombin series was rotated 90 o around the cyclopentyl-C(O) bond so severely rotating the hydrophobic benzyl-NH 2 moiety (see Figure 1). It was found that the polarizabilities in water, n-octane and in vacuo were virtually identical as expected. The averaged dipole moment changed from 22.9D in water to 45.0D upon rotation of the benzyl-NH 2 group to a less favourable (higher energy) conformation (by 33.2 kcal/mol electronic energy). The values of -ΔG CDSw and ΔG CDSo varied from -8.96 and -9.24 to -9.59 and -9.46 kcal/mol for the rotated conformation, relatively small changes for such a large conformational change. It was also found that where ligand 4l was rotated to a "pre-binding" conformation very similar to the actual isolated ligand conformation (ie stripped of the thrombin) from the x-ray structure PDB 2ZDA, then the values of -ΔG CDSw and ΔG CDSo were -9.43 and -9.31 kcal/mol for the "pre-binding" conformation (with a dipole moment 53.0 in water). These results are consistent with a previous study which showed that SMD solvation energies of a series HIV-1 protease inhibitors were quite insensitive to large conformational changes of the inhibitors compared to single optimised (lowest energy) structures. [START_REF] Kolář | Ligand Conformational and Solvation/Desolvation Free Energy in Protein-Ligand Complex Formation[END_REF][Kolar 2011] The B3LYP functional has been shown to describe dispersion mixed with polarization as well as those functionals specifically parameterized to treat dispersion. [START_REF] Roy | Comparison of some dispersioncorrected and traditional functional with CCSD(T) and MP2 ab initio methods: Dispersion, induction, and basis set superposition error[END_REF][ [START_REF] Roy | Comparison of some dispersioncorrected and traditional functional with CCSD(T) and MP2 ab initio methods: Dispersion, induction, and basis set superposition error[END_REF] It is noted that high computational accuracy for each species in different environments is not the focus of this study, but comparative differences between various species is the aim of the study. The literature values for ΔG expt , ΔH expt and TΔS expt used to develop the multiple regression LFER equations have much higher experimental 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 CDSw ), SE(ΔG CDSo ), SE(Dipole Moment), SE (Molecular Volume), SE (Polarizability) as calculated from "t" distribution statistics. Residual analysis was used to identify outliers. All experimental binding data were taken from single laboratory literature studies to minimize data errors. It is noted that the derived equations 1-14 are derived from limited experimental literature data for the three enzymes and are not highly robust in terms of the optimum number of data points for multiple regression analysis, the internal accuracy and precision of each of the three experimental data sets are high.

Figure 2 .

 2 Figure2. Binding interaction between para-substituted-benzamidinium chlorides and trypsin showing the S 1 , S 2 (Asp102, His57, Ser195), S 3 /S 4 pockets (left) and the salt bridge interaction between the charged amidinium group and the charged carboxylate of ASP189A, as well as the hydrogen bonding interactions with Ser 190A and Gly219A (right). The various para-substituted inhibitors are given in Table2.

Figure 3 .

 3 Figure 3. (a) Hydrogen and hydrophobic bonding interactions between biotin and avidin from 2AVI PDB x-ray structure (b) Biotin analogues used in biotin-avidin binding study.
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 45 [Wang 2015] Dielectric spectroscopy experiments performed on avidin and biotin-labelled BSA showed characteristics of aggregation. Experiments with avidin and biotin demonstrated shifts in dielectric relaxation of the avidin associated with changes in the dipole moment and size of the molecule due to biotin binding. It was also shown that avidin bound with biotin has a lower dipole moment than isolated avidin.[START_REF] Mellor | Dielectric spectroscopy of molecular interactions based on the avidin-biotin complex[END_REF][START_REF] Mellor | Dielectric spectroscopy of molecular interactions based on the avidin-biotin complex[END_REF]] The binding of biotin attached to a fluorescent probe with (strept)avidin has been shown to be dependent on the interfacial hydration shell surrounding the (strept)avidin protein and the conformational dynamics of the protein.[START_REF] Furstenberg | Site-Dependent Excited-State Dynamics of a Fluorescent Probe Bound to Avidin and Streptavidin[END_REF][START_REF] Furstenberg | Site-Dependent Excited-State Dynamics of a Fluorescent Probe Bound to Avidin and Streptavidin[END_REF] 

  

  

Table 1 . Binding of substituted benzamidine and related inhibitors to thrombin Expt Ref Substituted inhibitors ΔG exptITC (ΔG exptKIN ) ΔH expt -TΔS expt -ΔG CDSw Desolvn ΔG CDSo

 1 

		DM w Polariz w Molec
	Hydroph	Vol w

Footnotes: Expt ref refers to nomenclature used for ΔG exptITC (expt values from ITC), or (ΔG exptKIN ) (expt values from kinetics), ΔH expt and TΔS expt from ITC (kcal/mol) values in Baum 2009, 2010. See Figure 1 for structures.

  , with the amine moiety 7.3[START_REF] Baum | The well-tempered thrombin[END_REF][START_REF] Baum | The well-tempered thrombin[END_REF]] which indicates that under physiological conditions, the amidine group is protonated and the NH 2 and NH(R) groups are substantially protonated. The ITC experiments were conducted in Tris-HCl buffer at pH 7.8.[START_REF] Baum | Non-additivity of Functional Group Contributions in Protein-Ligand Binding: A Comprehensive Study by Crystallography and Isothermal Titration Calorimetry[END_REF][Baum 2010] 

10][

Baum 2010

] The pKa value for benzamidine is 11.4-11.6, 4-aminobenzamidine is 12.4

[START_REF] Sousa | Linear competitive inhibition of human tissue kallikrein by 4-aminobenzamidine and benzamidine and linear mixed inhibition by 4-nitroaniline and aniline[END_REF][START_REF] Talhout | Understanding Binding Affinity: A Combined Isothermal Titration Calorimetry/Molecular Dynamics Study of the Binding of a Series of Hydrophobically Modified Benzamidinium Chloride Inhibitors to Trypsin[END_REF]

[

[START_REF] Sousa | Linear competitive inhibition of human tissue kallikrein by 4-aminobenzamidine and benzamidine and linear mixed inhibition by 4-nitroaniline and aniline[END_REF][START_REF] Talhout | Understanding Binding Affinity: A Combined Isothermal Titration Calorimetry/Molecular Dynamics Study of the Binding of a Series of Hydrophobically Modified Benzamidinium Chloride Inhibitors to Trypsin[END_REF]

] and for compound 4l (table 1) the amidine pKa is 11.4

Table 2 . Binding of para-substituted-benzamidinium chlorides to trypsin

 2 ΔG expt , ΔH expt and TΔS expt kcal/mol from[START_REF] Talhout | Understanding Binding Affinity: A Combined Isothermal Titration Calorimetry/Molecular Dynamics Study of the Binding of a Series of Hydrophobically Modified Benzamidinium Chloride Inhibitors to Trypsin[END_REF][START_REF] Talhout | Probing the effect of the amidinium group and the phenyl ring on the thermodynamics of binding of benzamidinium chloride to trypsin[END_REF] -ΔG CDSw (desolvation) and ΔG CDSo (hydrophobicity proxy) kcal/mol are the cavity dispersion solvent structure terms from the SMD solvent model for the inhibitors in water and n-octane Dipole moment (D), molecular volume (cm 3 /mol) are in water, and isotropic polarizability is in n-octane (Bohr 3 )

	Dipole	Molecular	Polariz-
	Moment w	Volume w	ability o

Para

Substituent ΔG expt ΔH expt TΔS expt -ΔG CDSw ΔG CDSo

Table 3 . Binding of substituted biotins and related inhibitors to avidin

 3 

	Biotin Analogues	ΔG expt kcal/mol	-ΔG CDSw kcal/mol	ΔG CDSo kcal/mol	Dipole Moment w	Molec Vol w /10 Polariz o /10 Polariz w /10
	Biotin 1							
	Anion	-20.4	-5	-6.49	30.58	18.7	18.5	22.9
	2 Anion	-16.9	-3.65	-7.13	30.94	20	21.1	26.1
	3 Anion	-14.3	-2.99	-6.63	30.66	16.5	19.4	24
	4	-8.8	-7.79	-5.66	9.07	16.3	20.7	23.2
	5	-12.2	-8.26	-5.83	12	20.2	20.8	26.2
	6 Anion	-14	-5.41	-5.65	30.59	16.5	16.7	20.5
	7 Anion	-16.5	-5.44	-5.75	29.99	17.4	16.8	20.5
	8	-11.1	-3.41	-5.17	7.33	15.3	13.9	17.3
	9	-7.4	-1.46	-5.23	5.97	14.4	14.7	18.4
	10	-4.5	-1.25	-2.94	7.03	7.3	8.6	7.1
	11	-6.4	-2.42	-2.94	7.36	9.3	8.6	10.7
	12	-5	-4.65	-4.28	8.52	14	17	16.6

Table 4 . Binding correlations of thrombin, trypsin and avidin with various inhibitors

 4 See Tables 1-3 and Figures1-3for details of the binding proteins and inhibitors R 2 = (multiple correlation coefficient)2 , F test, F significance -ΔG CDSw (desolvation) and ΔG CDSo (hydrophobicity proxy) are the cavity dispersion solvent structure terms from the SMD solvent model for water and n-octane Dipole moment (D), molecular volume (cm 3 /mol), and isotropic polarizability (Bohr 3 ) are in octane or water (+/-) values are standard errors for the -ΔG CDSw in water, ΔG CDSo in n-octane, Dipole Moment in water, Molecular Volume in water, Isotropic Polarizability in n-octane or water * Molecular volumes scaled by 1/35 to allow direct comparison with -ΔG CDSw , ΔG CDSo & Vol values *# Polarizability in water scaled by 1/50 to allow direct comparison with -ΔG CDSw , ΔG CDSo & Vol values *## Dipole moment scaled by 1/3 to allow direct comparison with -ΔG CDSw , ΔG CDSo & Vol values ** Molecular volumes scaled by 1/30 to allow direct comparison with -ΔG CDSw , ΔG CDSo & DM values *** Polarizability in octane scaled by 1/20 to allow direct comparison with -ΔG CDSw , ΔG CDSo & DM values # Dipole Moments in water scaled by 1/3 to allow direct comparison with -ΔG CDSw , ΔG CDSo values ^ Molecular volumes and polarizabilities scaled by 1/10 to allow direct comparisons with -ΔG CDSw , ΔG CDSo & DM values Thrombin inhibitor seriesTable 1: substituted benzamidines and related inhibitors Trypsin inhibitor series Table 2: p-alkylbenzamidinium chlorides Avidin inhibitor series Table 3: Biotin analogues

	Series	R 2 , F,	-ΔG CDSw	ΔG CDSo	Dipole	Molecular	Constant Polariz-
		Signifi-	Desolv w	Hydrophobic o	Moment w	Volume w		ability w
		cance					
	Thrombin	0.654,	3.33	-0.87		0.23*	-7.07	-1.65*#
	X=H, NHR, R 1 =C(NH)=NH2 NH 2	0.0012 7.55,	(+/-1.23)	(+/-0.88)		(+/-0.70)		(+/-1.45)
	& m-ClC6H4						
	ΔG ITC						
	(n=21)						
	Thrombin	0.677,	7.58	-7.23		9.91*	-3.88	-13.95*#
	X=H, NHR, R 1 =C(NH)=NH2 NH 2	0.0007 8.37,	(+/-4.12)	(+/-2.98)		(+/-2.38)		(+/-4.85)
	& m-ClC6H4						
	ΔH ITC						
	(n=21)						
	Thrombin	0.581,	4.25	-6.36		9.66*	3.29	-12.3*#
	X=H, NHR, R 1 =C(NH)=NH2 NH 2	0.0053 5.55,	(+/-4.40)	(+/-3.19)		(+/-2.55)		(+/-5.2)
	& m-ClC6H4						
	TΔS ITC						
	(n=21)						
	Thrombin	0.820,	5.23	-1.32		1.75*	-3.98	-2.09*#
	X=NHR, NH 2 & m-ClC6H4 R 1 =C(NH)=NH2	0.0021 10.23,	(+/-1.30)	(+/-0.86)		(+/-0.88)		(+/-1.4)
	ΔG ITC						
	(n=14)						
	Thrombin	0.999,	-2.04	-3.46		-1.09*	-18.82	-7.58*#
	X=H & m-ClC6H4 R 1 =C(NH)=NH2	0.057 170.82,	(+/-0.33)	(+/-0.41)		(+/-0.11)		(+/-0.65)
	ΔG ITC						
	(n=6)						
	Thrombin	0.831,	4.94	-1.37		1.00*	16.65	-4.25*#
	X=H, NHR, R 1 =C(NH)=NH2 NH 2	0.00000 25.88,	(+/-1.17)	(+/-0.92)		(+/-0.70)		(+/-1.5)
	& m-ClC6H4						
	ΔG KINETIC						
	(n=26)						
	Thrombin	0.869,	6.35	-1.60		2.10*	12.04	-3.73*#
	X=NHR, NH 2 & m-ClC6H4 R 1 =C(NH)=NH2	0.0005 14.90,	(+/-1.54)	(+/-1.02)		(+/-1.01)		(+/-1.68)
	ΔG KINETIC						
	(n=14)						
	Thrombin	0.892,	1.87	-0.87		-0.37*	7.66	-4.08*#
	X=H & m-ClC6H4 R 1 =C(NH)=NH2	0.014 6.77,	(+/-1.64)	(+/-2.03)		(+/-0.98)		(+/-3.4)