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INTRODUCTION

Targeted covalent inhibitors (TCIs) hold significant promise for drug discovery research. Kinase inhibitors are the most common examples of TCIs. Kinase enzymes catalyze the transfer of a phosphate group of ATP to their substrates. They function as signaling biomolecules and are involved in a wide variety of diseases such as cancer and degenerative, cardiovascular, immunological, metabolic, inflammatory and infectious diseases. [START_REF] Ferguson | Kinase Inhibitors: The Road Ahead[END_REF] Thus, modulating kinase functions provides broad therapeutic opportunities.

Irreversible covalent inhibitors offer a number of potential advantages over the traditional reversible ligands such as prolonged residence time, increased potency and enabling modifications for rational design. [START_REF] Ferguson | Kinase Inhibitors: The Road Ahead[END_REF][START_REF] Mukherjee | Beyond Cysteine: Recent Developments in the Area of Targeted Covalent Inhibition[END_REF] Most studies commonly target cysteine (Cys) residues forming a covalent adduct and inactivating the enzyme. [START_REF] Luo | Mechanism-Based and Computational-Driven Covalent Drug Design[END_REF] However, mutations at the Cys side chains is a common resistance mechanism in cancer. Therefore, in last few years, there has been a growing interest to lysine (Lys) residues as alternative for targeted covalent inhibition. [START_REF] Jones | Reactive Chemical Probes: Beyond the Kinase Cysteinome[END_REF][START_REF] Hacker | Global Profiling of Lysine Reactivity and Ligandability in the Human Proteome[END_REF] Lys is widely allocated in many functional sites, including enzyme active sites and at protein-protein interfaces. [START_REF] Ferguson | Kinase Inhibitors: The Road Ahead[END_REF][START_REF] Mukherjee | Beyond Cysteine: Recent Developments in the Area of Targeted Covalent Inhibition[END_REF][START_REF] Hacker | Global Profiling of Lysine Reactivity and Ligandability in the Human Proteome[END_REF] Thus, it provides the diversity that is lacking for Cys. Furthermore, point mutation cannot occur at a functional Lys residue. However, covalent conjugation with Lys is less common since it is protonated and positively charged at physiological pH 7.4. Recently, Liu et al. (2019) [START_REF] Liu | Assessing Lysine and Cysteine Reactivities for Designing Targeted Covalent Kinase Inhibitors[END_REF] inquired if nucleophilic catalytic lysines are common in human kinome. They performed continuous constant pH molecular dynamics (CpHMD) simulations to calculate pK a values and identified several reactive catalytic lysines in human kinases. Catalytic lysines in kinases are known to stabilize the negatively charged phosphate groups of ATP [START_REF] Knight | Variability and the Modeling of Active Protein Kinases[END_REF] and kinase inhibitors usually compete with ATP for binding to the active site. [START_REF] Zhao | Broad-Spectrum Kinase Profiling in Live Cells with Lysine-Targeted Sulfonyl Fluoride Probes[END_REF] Phosphoinositide 3-kinase (PI3K) enzymes are important drug targets in oncology because they are involved in the important signaling pathway for many cellular functions such as growth control, metabolism and translation initiation. The inhibition of different isoforms of PI3K such as α, β, γ and δ by small molecules is an active research area for the treatment of various cancers. Several PI3K inhibitors are currently under investigation in clinical trials for the treatment of lymphocytic leukemia, follicular lymphoma, breast, thyroid, colorectal and lung cancer [START_REF] Goulielmaki | Pharmacological Inactivation of the PI3K P110δ Prevents Breast Tumour Progression by Targeting Cancer Cells and Macrophages Article[END_REF][START_REF] Hanna | PI3Kδ Inhibition Modulates Regulatory and Effector T-Cell Differentiation and Function in Chronic Lymphocytic Leukemia[END_REF][START_REF] Chen | PIK3CD Induces Cell Growth and Invasion by Activating AKT/GSK-3β/β-Catenin Signaling in Colorectal Cancer[END_REF] as well as the inflammatory conditions such as asthma, chronic obstructive pulmonary disease and rheumatoid arthritis. [START_REF] Ferguson | Kinase Inhibitors: The Road Ahead[END_REF][START_REF] Dalton | Selectively Targeting the Kinome-Conserved Lysine of PI3Kδ as a General Approach to Covalent Kinase Inhibition[END_REF] The fungal antibiotic wortmannin, its derivatives [START_REF] Walker | Structural Determinants of Phosphoinositide 3-Kinase Inhibition by Wortmannin, LY294002, Quercetin, Myricetin, and Staurosporine[END_REF] and several probes are known to form covalent adducts with the catalytic lysines in PI3K enzymes but are poorly selective. [START_REF] Castro-Falcón | Neolymphostin A Is a Covalent Phosphoinositide 3-Kinase (PI3K)/Mammalian Target of Rapamycin (MTOR) Dual Inhibitor That Employs an Unusual Electrophilic Vinylogous Ester[END_REF] Recently, Dalton et al. [START_REF] Dalton | Selectively Targeting the Kinome-Conserved Lysine of PI3Kδ as a General Approach to Covalent Kinase Inhibition[END_REF] have developed the first selective, irreversible inhibitors for phosphoinositide 3-kinase delta (PI3Kδ) enzyme that targets the catalytic Lys (Scheme 1) Substituting the sulfonamide group in the structure of a clinical drug 1 (GSK2292767), they designed new PI3Kδ inhibitors constituting ester groups as electrophilic warhead (Scheme 1) to target the conserved catalytic Lys779.

Protein liquid chromatography-mass spectrometry (LCMS) analysis revealed that the designed compounds 2-7 covalently inactivate PI3Kδ by amide bond formation to Lys779. Furthermore, X-Ray crystal structure of the PI3Kδ inhibited by p-F derivative 4 clearly confirmed a covalently bound adduct but a noncovalent enzyme-inhibitor complex was observed in the X-Ray structure of methyl ester 8. Further work by Fournier et al. [START_REF] Fournier | Acetylation of the Catalytic Lysine Inhibits Kinase Activity in PI3Kδ[END_REF] has confirmed that simple acetylation of Lys779 can selectively inhibit PI3Kδ activity.

The kinetic measurements of inactivation rates (k inact ) of covalent inhibitors 2-7 (Scheme 1) indicated that the electronics and expected chemical reactivities of the electrophilic esters have almost no effect on the rate of covalent bond formation. [START_REF] Dalton | Selectively Targeting the Kinome-Conserved Lysine of PI3Kδ as a General Approach to Covalent Kinase Inhibition[END_REF] The observed relative potency of these esters towards PI3Kδ therefore was attributed to the initial reversible binding steps of the inhibitors. Since k inact was almost constant and independent of the electrophilicity of the ester, it was assumed that the rate determining-step was not the first nucleophilic attack of the Lys779 amine group (zwitterion formation) but there might be another step in the mechanism. Thus, the mechanism shown in Figure 1 was proposed assuming that the rate-determining step is the proton loss from the tetrahedral zwitterion producing an anionic intermediate. Nevertheless, the exact mechanism requires clarification since many questions await answering: How is the proton removed from zwitterionic intermediate? Is there any basic residue involved in the proton loss from the zwitterion? What are the roles of active site residues? Is the formation of a tetrahedral neutral intermediate possible as well? Are the active site water molecules involved at any stage? A crucial question is why does compound 4 (as well as compounds 2-7) form a covalent bond with Lys779 while compound 8 does not? How does the stability of tetrahedral intermediates or the forward/reverse activation energies influence the fate (covalent/noncovalent binding) of the ligand? Is Lys779 nucleophilic enough to attack the ester group of the inhibitor? Scheme 1. Lysine-targeted covalent inhibitors of PI3Kδ forming an amide bond. [START_REF] Dalton | Selectively Targeting the Kinome-Conserved Lysine of PI3Kδ as a General Approach to Covalent Kinase Inhibition[END_REF] To the best of our knowledge, in the literature, there is no theoretical study on the covalent inactivation reaction mechanism for PI3K enzymes. Several in silico studies in the literature cover only molecular docking, QSAR and virtual screening studies, [START_REF] Castro-Falcón | Neolymphostin A Is a Covalent Phosphoinositide 3-Kinase (PI3K)/Mammalian Target of Rapamycin (MTOR) Dual Inhibitor That Employs an Unusual Electrophilic Vinylogous Ester[END_REF][START_REF] Zhou | Crystal Structure, Absolute Configuration and Antitumor Activity of the Enantiomers of 5-Bromo-2-Chloro-N-(1-Phenylethyl) Pyridine-3-Sulfonamide[END_REF][START_REF] Chen | Theoretical and Experimental Investigation of Thermodynamics and Kinetics of Thiol-Michael Addition Reactions: A Case Study of Reversible Fluorescent Probes for Glutathione Imaging in Single Cells[END_REF] and molecular dynamics (MD) simulations of PI3Kα and PI3Kγ isoforms, [START_REF] Sabbah | Binding Selectivity Studies of Phosphoinositide 3-Kinases Using Free Energy Calculations[END_REF][START_REF] Zhang | Catalytic Mechanism of Histone Acetyltransferase P300: From the Proton Transfer to Acetylation Reaction[END_REF] as well as of the PI3Kδ catalytic domain. [START_REF] Berndt | The P110δ Structure: Mechanisms for Selectivity and Potency of New PI(3)K Inhibitors[END_REF] On the other hand, several computational reports have focused on the mechanism of amide formation reactions between esters and amines, [START_REF] Antonczak | Ab Initio Analysis of Water-Assisted Reaction Mechanisms in Amide Hydrolysis[END_REF][START_REF] Antonczak | The Hydrolysis Mechanism of Formamide Revisited: Comparison between Ab Initio, Semiempirical and DFT Results[END_REF][START_REF] Antonczak | Modeling of Peptide Hydrolysis by Thermolysin. A Semiempirical and QM/MM Study[END_REF][START_REF] Antonczak | Insights in the Peptide Hydrolysis Mechanism by Thermolysin: A Theoretical QM/MM Study[END_REF][START_REF] Chalmet | Computer Simulation of Amide Bond Formation in Aqueous Solution[END_REF][START_REF] Gorb | The Mechanism of Formamide Hydrolysis in Water from Ab Initio Calculations and Simulations[END_REF] or on the closely related amide hydrolysis reaction. [START_REF] Antonczak | Ab Initio Analysis of Water-Assisted Reaction Mechanisms in Amide Hydrolysis[END_REF][START_REF] Antonczak | The Hydrolysis Mechanism of Formamide Revisited: Comparison between Ab Initio, Semiempirical and DFT Results[END_REF][START_REF] Antonczak | Modeling of Peptide Hydrolysis by Thermolysin. A Semiempirical and QM/MM Study[END_REF] Some studies were motivated by grasping the peptide bond formation under prebiotic conditions [START_REF] Antonczak | Ab Initio Analysis of Water-Assisted Reaction Mechanisms in Amide Hydrolysis[END_REF] but others related to organic synthetic [START_REF] Schreiner | Peptide Synthesis in Aqueous Environments: The Role of Extreme Conditions on Peptide Bond Formation and Peptide Hydrolysis[END_REF][START_REF] Maude | Effective Charge Development in the Transfer of the Acetyl Group between Nucleophiles in Acetonitrile Solution: Acetolysis and Butylaminolysis of Substituted Phenyl Esters[END_REF] or enzymatic processes. [START_REF] Beringer | Essential Mechanisms in the Catalysis of Peptide Bond Formation on the Ribosome[END_REF][START_REF] Abe | Peptide Bond Synthesis by a Mechanism Involving an Enzymatic Reaction and a Subsequent Chemical Reaction[END_REF][START_REF] Świderek | Peptide Bond Formation Mechanism Catalyzed by Ribosome[END_REF] All these works have contributed to understanding the amide bond formation mechanism and the associated kinetics, which may change significantly depending on specific derivatives and molecular environment. Moreover, as a first effort to clarify the inhibition mechanism of the catalytic Lys residue in PI3Kδ, we recently carried out a thorough computational investigation of the model reaction between methylamine with methyl, phenyl and p-NO 2 phenyl acetates in aqueous solution. Our study has emphasized the role of aromatic and aliphatic leaving groups and the effect of their electron withdrawing-donating ability. [START_REF] Fındık | Mechanistic Insights into Lysine-Targeting Covalent Inhibition through a Theoretical Study of Ester Aminolysis[END_REF] The scarcity of computational studies in the literature and the significance of PI3K inhibitors in cancer treatment have prompted us to apply quantum mechanical (QM) calculations using realistic enzyme models. Our aim is to enlighten the lysine-targeted covalent inhibition mechanism in Figure 1, providing answers for the questions mentioned above and chemical insights that can help the design of more effective covalent PI3K kinase inhibitors. We have explored the mechanisms of compounds 2, 4, 6 and 8 (Scheme 1) selected as representatives of covalent and noncovalent inhibitors. 

METHODOLOGY

The combined QM:QM ONIOM method of Morokuma and coworkers, [START_REF] Chung | The ONIOM Method and Its Applications[END_REF] together with a cluster model, have been used to study the reaction of several ester inhibitors with Lys779 residue in the catalytic site of the PI3Kδ enzyme. Potential covalent inhibition mechanisms have been investigated by modelling alternative pathways of the reaction.

The ONIOM method [START_REF] Chung | The ONIOM Method and Its Applications[END_REF] is a hybrid approach dividing the enzyme (or a big molecular system in general) in two fragments. The most significant atoms in the active site of the enzyme are described at a high theoretical level ("high layer", M06-2X/6-31+G(d,p) method [START_REF] Zhao | The M06 Suite of Density Functionals for Main Group Thermochemistry, Thermochemical Kinetics, Noncovalent Interactions, Excited States, and Transition Elements: Two New Functionals and Systematic Testing of Four M06-Class Functionals and 12 Other Function[END_REF] here) and the rest of the atoms with a less accurate method ("low layer", semi-empirical PM6 method [START_REF] Stewart | Application of the PM6 Method to Modeling Proteins[END_REF][START_REF] Stewart | Optimization of Parameters for Semiempirical Methods V: Modification of NDDO Approximations and Application to 70 Elements[END_REF] here). The ONIOM approach displays a good compromise between accuracy and cost and has been proven to be advantageous in locating all stationary points along the potential energy surface of large molecular systems. [START_REF] Chung | The ONIOM Method and Its Applications[END_REF] The M06-2X/6-31+G(d,p):PM6 ONIOM scheme has been chosen because it was successfully applied in our previous studies on monoamine oxidase, [START_REF] Akyüz | Computational Modeling of the Direct Hydride Transfer Mechanism for the MAO Catalyzed Oxidation of Phenethylamine and Benzylamine: ONIOM (QM/QM) Calculations[END_REF][START_REF] Cakir | ONIOM Calculations on Serotonin Degradation by Monoamine Oxidase B: Insight into the Oxidation Mechanism and Covalent Reversible Inhibition[END_REF] and many similar ONIOM (M06-2X:PM6) combinations are reported in the literature. [START_REF] Akyüz | Computational Modeling of the Direct Hydride Transfer Mechanism for the MAO Catalyzed Oxidation of Phenethylamine and Benzylamine: ONIOM (QM/QM) Calculations[END_REF][START_REF] Cakir | ONIOM Calculations on Serotonin Degradation by Monoamine Oxidase B: Insight into the Oxidation Mechanism and Covalent Reversible Inhibition[END_REF][START_REF] Kellie | Standard Role for a Conserved Aspartate or More Direct Involvement in Deglycosylation? An ONIOM and MD Investigation of Adenine-DNA Glycosylase[END_REF][START_REF] Deng | The Remote Arginine Promoting the Dehydrogenation of Glucose in Glucose Oxidase via a Proton-Coupled Double-Electron Transfer Mechanism[END_REF] The M06-2X functional accounts for dispersion and long range interactions, and it is highly recommended for the calculation of activation energy barriers. [START_REF] Zhao | The M06 Suite of Density Functionals for Main Group Thermochemistry, Thermochemical Kinetics, Noncovalent Interactions, Excited States, and Transition Elements: Two New Functionals and Systematic Testing of Four M06-Class Functionals and 12 Other Function[END_REF] Additionally, our benchmark study (Table S1) using small model molecules revealed that M06-2X/6-31+G(d,p) has similar performance as the post-Hartree-Fock MP2/6-31+G(d,p) method (signed error in Gibbs free energy of activation is only 0.42 kcal/mol).

The PI3Kδ-inhibitor cluster model to be studied with ONIOM was established in the following way. First, a 100 ns Molecular Dynamics (MD) simulation was carried out for an enzymeinhibitor system starting from the corresponding X-ray crystal structure. The crystal structure (pdb:6ez6) for the noncovalent inhibitor 8 complexed with PI3Kδ was chosen since it provides the full initial picture before reaction. The crystal structure with covalent inhibitor 4 (pdb: 6eyz) was not preferred because the leaving group of the ester is missing in this structure (presumably, it already dissociated from the enzyme after amide bond formation). The MD simulations also allowed us to explore the pK a values of the important amino acid residues, which is essential to describe the complex in the initial stage of the reaction (see below). The simulation procedure and structural analysis are explained in the Supporting Information (SI) in detail. Then, using some MD snapshots, we selected a cluster structure containing the important chemical groups, i.e. the active site residues surrounding the reaction center, the solvating water molecules (five in our case) and the inhibitor. For the sake of limiting the computational cost, the structure of the inhibitor was truncated at the pyridine ring bearing the ester functional group. The cluster model used is shown in Scheme 2. The cluster structure was divided into two layers for the ONIOM computations: the functional groups of Lys779, Ser754, Asp782, Asp787, and Asp911 residues, the inhibitor model, and the water molecules were chosen as high layer. Asp783, backbone of Leu784, backbones of Asp782, Asp911 and Ser754, backbone nitrogen of Gly781 and the four carbons in the alkyl chain of Lys779 were chosen as low layer. H atoms were used as link atoms to saturate the chemical bonds in the QM:QM frontier between the two layers. [START_REF] Chung | The ONIOM Method and Its Applications[END_REF][START_REF] Vreven | Combining Quantum Mechanics Methods with Molecular Mechanics Methods in ONIOM[END_REF][START_REF] Dapprich | A New ONIOM Implementation in Gaussian98. Part I. The Calculation of Energies, Gradients, Vibrational Frequencies and Electric Field Derivatives[END_REF] According to the well-established protocol of the quantum chemical cluster approach [START_REF] Himo | Recent Trends in Quantum Chemical Modeling of Enzymatic Reactions[END_REF] and our experience from previous studies, [START_REF] Akyüz | Computational Modeling of the Direct Hydride Transfer Mechanism for the MAO Catalyzed Oxidation of Phenethylamine and Benzylamine: ONIOM (QM/QM) Calculations[END_REF][START_REF] Cakir | ONIOM Calculations on Serotonin Degradation by Monoamine Oxidase B: Insight into the Oxidation Mechanism and Covalent Reversible Inhibition[END_REF] two carbon atoms of amino acid backbones, shown as asterisk in Scheme 2, were frozen to avoid unnatural changes of the atomic distances in the enzyme structure during optimizations. Fixing these coordinates also accounts for the steric restrictions imposed by the enzyme environment. The remaining geometric parameters were fully optimized. From the relaxed cluster structure with inhibitor 8, the cluster structure for other inhibitors (2, 4, 5 and 6) was built and fully optimized afterwards. In order to test the effect of using larger QM size on the reaction mechanism, we included almost full size of the inhibitor in the high layer and repeated the calculations for the p-NO 2 phenyl ester inhibitor. As illustrated and discussed in SI, we obtained very similar energy profile for both small and big high layers, and therefore we employed computationally affordable smaller system throughout the manuscript. Several reaction mechanisms were explored using these clusters, as described in the next section. Transition state structures were characterized by only one imaginary frequency in normal mode analysis and further supported by intrinsic reaction coordinate [START_REF] Fukui | The Path of Chemical Reactions -The IRC Approach[END_REF] (IRC) calculations. Remaining stationary structures (reactant complexes, intermediates and product complexes) were obtained by optimizing the final structures of the IRC output, and were characterized by frequency analysis. Thermodynamic corrections and Gibbs free energies were calculated at 25 °C and 1 atm. All calculations were performed using Gaussian 09 revision B.01. [START_REF] Frisch | Revision B.01[END_REF] 

RESULTS AND DISCUSSION

Formation of an activated reactant complex

As noted above, Lys residues, which are expected to be positively charged at physiological pH, must be deprotonated in the earliest stages of the covalent inhibition process. At the active site of PI3K, there are four aspartic acid (Asp) residues: Asp782, Asp783, Asp787 and Asp911. Our MD simulations show that three of them, Asp782, Asp787, and Asp911 form a H-bond network with the water molecules slightly above the reaction center (Figure S10 in SI).

Although the intrinsic pK a values of lysine and aspartic acid side chains are known to be 10.4 and 4.0, respectively, their apparent pK a values in proteins can be shifted depending on the protein microenvironment. [START_REF] Harris | Structural Basis of Perturbed PKa Values of Catalytic Groups in Enzyme Active Sites[END_REF] Therefore, we calculated the pK a values of Asp and Lys residues in our model from the MD simulation with the noncovalent inhibitor 8 (Figures S6 and S7 in SI). During the simulation, the pK a of Lys779 changes roughly between 10.5 and 11.5 indicating that (as expected) its amino group is protonated (Lys side chains are usually considered deprotonated when their pK a <7.8 [START_REF] Liu | Assessing Lysine and Cysteine Reactivities for Designing Targeted Covalent Kinase Inhibitors[END_REF] ). The pK a values of Asp782, Asp787 and Asp911 residues are found to be approximately 3, 5 and 4, respectively. Because an aspartate residue binds a proton at a pH close to its pK a , these three aspartates should be in the deprotonated carboxylate form at physiological pH. However, since Asp787 exhibits the largest pK a , it appears more prone to abstract a proton in comparison to the other Asp residues. In fact, using the ONIOM M06-2X/6-31+G(d,p):PM6 method, we calculated the free energy change for Lys779 deprotonation (i.e. proton transfer to one Asp residue) to be smaller for Asp787 (4.8 kcal/mol) than for Asp911 (7.8 kcal/mol) for inhibitor 8. Besides, all our efforts to calculate the energy of the systems with a protonated Asp782 residue ended up with the transfer of the proton back to Lys779, suggesting a relative basicity order Asp787>Asp911>Asp782. Thus, in order to gain the required nucleophilicity and react with the ester group of the inhibitor, Lys779 should preferentially donate its proton to Asp787. The inhibition mechanism proposed by Dalton et al. [START_REF] Dalton | Selectively Targeting the Kinome-Conserved Lysine of PI3Kδ as a General Approach to Covalent Kinase Inhibition[END_REF] in Figure 1 does not take into account the requirement for Lys deprotonation, although it is a well-known issue in lysine-targeted covalent inhibition of the enzymes. [START_REF] Pettinger | Lysine-Targeting Covalent Inhibitors[END_REF][START_REF] Cuesta | Lysine-Targeted Inhibitors and Chemoproteomic Probes[END_REF] Liu et al. [START_REF] Liu | Assessing Lysine and Cysteine Reactivities for Designing Targeted Covalent Kinase Inhibitors[END_REF] state that, to display nucleophilic reactivity, Lys residues in kinases should have pK a < 7.8. We propose that Lys779 is protonated in the initial step of the reaction of PI3Kδ with the inhibitor, and that proton transfer to Asp787 is a prerequisite for the reaction to take place, which requires about 4.8 kcal/mol. The two water molecules situated between Asp787 and Lys779 can act as proton shuttles to assist Lys deprotonation, as illustrated in Figure 2. The same deprotonation step was also examined for two covalent inhibitors to elucidate their influence. For this purpose, methyl group (R) was replaced with p-NO 2 phenyl (inhibitor 2) and p-F phenyl (inhibitor 4) groups. The free energy change from the ionized configuration (Lys779NH 3 + , Asp787COO -) to the neutral one (Lys779NH 2 , Asp787COOH) was found to be 5.0 and 5.5 kcal/mol energy for 2 and 4, respectively, suggesting that different R substituents have small or moderate effect on the deprotonation step of Lys779 residue. This endothermic process leads to an activated enzyme-inhibitor complex, which is expected to provoke several conformational alterations along with a reorganization of the H-bond network in the initial reactant complex (RC). Indeed, our calculations show a Lys conformational change in RC so that the nitrogen electron lone pair is now approximately directed towards the ester group. In addition, the ester group undergoes a small alteration with the carbonyl oxygen slightly pushed out of plane, which promotes the establishment of a new H-bond of this oxygen atom with a water molecule located between Asp787H and Asp911 (RC1 in Figure 3). These two changes are likely to promote the next stage of the reaction. 

Reaction mechanism: covalent vs noncovalent inhibitors

As suggested by calculations with simple model systems, [START_REF] Fındık | Mechanistic Insights into Lysine-Targeting Covalent Inhibition through a Theoretical Study of Ester Aminolysis[END_REF] four main mechanistic scenarios can be considered for the ester aminolysis reaction starting from RC. They are schematically represented in Figure 3 (Path A, Path B) and Figure 4 (Path C, Path D). The first step common to all mechanisms is the attack of the Lys-NH 2 group to the ester carbonyl carbon, giving rise to a tetrahedral zwitterionic intermediate (ZW). From ZW, the amidation occurs in a concerted manner in Path A (Figure 3); as the leaving group departs, Asp782 abstracts a proton from amine nitrogen via one water molecule acting as a proton shuttle. Therefore, Asp782 is protonated in the product state denoted as P(782H). Path B (Figure 3) is the stepwise version of Path A; abstraction of ZW amine proton by Asp782 takes place before the leaving group departure. Such a stepwise process affords the formation of a tetrahedral anionic intermediate IO(782H) (similar to the one proposed by Dalton et al. in Figure 1) where Asp782 is protonated. In Path C (Figure 4), the amine proton of ZW mi-grates to the negatively charged oxygen by means of two water molecules acting as shuttle, resulting in a neutral hemiaminal intermediate (NT). Then, the hemiaminal OH proton is transferred to Asp911 residue as the leaving group departs. Path D (Figure 4), is similar to Path C but the last step occurs in a stepwise manner; an ionic intermediate IO(911H) (as proposed by Dalton et al. in Figure 1) forms before the departure of the leaving group. We attempted to model similar mechanisms to Path C/D but with Asp782 abstracting the NT proton, and to Path A/B with Asp911 abstracting the ZW proton, but the related transition structures of these cases could not be located for the systems described below, and such alternative pathways are therefore discarded.

We first present the results obtained for two covalent inhibitors, p-NO 2 phenyl ester (2) and p-F phenyl ester (4), and for the noncovalent inhibitor methyl ester (8). Our calculations confirm that the four mechanisms A-D described above apply for the covalent inhibitors 2 and 4, whereas in the case of the non-covalent inhibitor 8, path D could not be located, and the last steps of Paths A-C are slightly different (Figure S12). Indeed, a neutral leaving group is found in this case (CH 3 OH) that is formed by capturing a proton during dissociation; otherwise, the leaving group (CH 3 O -) would be a highly unstable anion. This result is in line with our previous computational study on amine acetylation reactions in small model system. [START_REF] Fındık | Mechanistic Insights into Lysine-Targeting Covalent Inhibition through a Theoretical Study of Ester Aminolysis[END_REF] The Gibbs free energy profiles are drawn in Figures 5, 6 and7, for 2, 4 and 8 respectively. In these plots, RC2 represents the pre-reactive complex obtained from reverse IRC calculations, where the amine lone pair electrons are close to and directed towards the ester carbonyl carbon, whereas RC1 is a more stable RC structure obtained through full optimization after elongating the N(Lys)---C(carbonyl) distance to 4.0 Å. In all cases, relative free energies are given with respect to this most stable RC1 structure to ease the comparison.

The relative energies of TS1 and ZW1 for p-NO 2 phenyl, p-F phenyl and methyl ester inhibitors reveal that their stabilities decline as the electron-withdrawing character of the leaving groups decreases. Thus, methyl ester exhibits the least stable TS1 and ZW. In addition, the last steps for all 3 pathways for this ester have quite unstable transition states (TS2, TS4, TS6), which will prohibit the forward reaction (Figure 7). This result is consistent with the experimentally observed non-covalent behavior of this inhibitor candidate. In contrast, the reaction free energy profiles of p-NO 2 phenyl (Figure 5) and p-F phenyl esters (Figure 6) exhibit more stable transitions states (at least by 16 kcal/mol) and greater exergonicity in general for the four mechanisms with respect to the methyl ester free energy profile (Figure 7). According to these calculations, the aminolysis reaction with the phenyl esters (compounds 2 and 4) is likely to occur through either path A, B, C, or D in physiological conditions, and the theoretical results are therefore consistent with the experimental data showing that these esters can behave as covalent inhibitors.

Reaction mechanism: most favorable path involving covalent inhibitors

Inspection of the p-NO 2 phenyl ester energy profiles in Figure 5 reveals that Path A (yellow) appears as the most plausible one, as it exhibits the lowest energy transition state (TS2, 11.2 kcal/mol). The optimized structures along this pathway (RC1, TS1, ZW1, TS2, P1(782H), PC-A) are shown in Figure 8. Comparison of the different paths clearly shows that after ZW forms, direct dissociation of the leaving group to the product (Path A, and to a lower extent Path B) is preferred instead of forming a NT intermediate (Path C). This is in line with our previous study [START_REF] Fındık | Mechanistic Insights into Lysine-Targeting Covalent Inhibition through a Theoretical Study of Ester Aminolysis[END_REF] and quite reasonable since the leaving group is remarkably stabilized by the strong electron-withdrawing character of p-NO 2 substituent, which triggers the direct dissociation of ZW. In the case of p-F phenyl ester, the profile in Figure 6 shows that Path C (green), passing through TS5 (12.1 kcal/mol), which connects ZW to the NT intermediate, and TS6 (9.7 kcal/mol), appears as the most plausible one. 3-Dimensional views of the optimized structures along this path are given in Figure 9. The distinct behavior between p-F and p-NO 2 phenyl esters can be attributed to the much lower stability of the p-F phenolate leaving group rela-tive to p-NO 2 phenolate resulting from the direct dissociation of ZW in Path A.

Therefore, p-F phenyl ester favors a different route (Path C) along which the ZW proton is first transferred to the carbonyl oxygen to form the NT intermediate; subsequently, the leaving group dissociates and Asp911 abstracts this proton (TS6) as depicted in Fig- ure 9. The benefit of the formation of NT intermediate is that the migrating proton is now closer to the more basic Asp911 (Figure 4) which promotes the abstraction of this proton along with the departure of the p-F phenolate leaving group. In Paths A/B, the migrating proton is abstracted by the less basic Asp872 during leaving group dissociation; in the case of p-NO 2 phenyl ester, the lower basicity of Asp872 is compensated by the strong electronwithdrawing stabilization of p-NO 2 phenolate.

Reaction mechanism: electron-withdrawing vs electron-donating covalent inhibitors

The discrepancies in the most favorable paths for p-NO 2 (path A) and p-F (path C) derivatives indicate that different mechanisms can be in play for covalent inhibitors depending on their electronic properties. Both, the nitro and fluorine substituents can be considered as electron-withdrawing groups although the former is a much stronger one than the latter. These results prompted us to explore the free energy profiles for an electron-donating group, namely p-OCH 3 phenyl ester 6. For simplicity, only Path A and Path C have been considered in this case. As illustrated in Figure 10, Path C (green) involving NT intermediate is indeed predicted to be more favorable than Path A. Note, however, that p-OCH 3 phenyl ester acts in a slightly different manner than p-F phenyl ester: in this case the highest energy transition state along Path C is TS6 (14.2 kcal/mol) (instead of TS5 for p-F phenyl ester), which can be explained by the fact that TS6 is associated with the departure of the phenolate leaving group, and this anion is significantly destabilized by the electron-donating p-OCH 3 group. Finally, we wanted to check which mechanism dominates for compound 5, which will be interesting since it is a special moderate case with unsubstituted phenyl ester. Gibbs free energy profile of compound 5 for Path A and Path C in Figure 11 demonstrates that Path A is favored over Path C but with a smaller extend (by only 1.3 kcal/mol) when compared to p-NO 2 case. Ultimately, it behaves more likely to p-NO 2 phenyl than p-F phenyl case. Since there is no substituent in the phenyl group, this compound may illustrate the general tendency in phenolate esters. Thus, it is reasonable to assume that direct dissociation (Path A) is the preferred covalent inhibition mechanism in general as in our previous model study. [START_REF] Fındık | Mechanistic Insights into Lysine-Targeting Covalent Inhibition through a Theoretical Study of Ester Aminolysis[END_REF] Nevertheless, since Asp residues in the vicinity of the reaction center administer a delicate balance between Path A and Path C (as explained in previous section), the preferred mechanism may switch to Path C depending on the electronic nature of the substituent. Our results disclose that electron-donating substituents with π-conjugation (p-OCH 3 and p-F) to the phenyl ring drive the mechanism to Path C. Based on this theoretical study, an attempt can be made to classify the covalent inhibitors shown in Scheme 1 into three classes. belong to this class. The fluorine atom is usually considered as a weak electron-withdrawing substituent with some extent of elec-tron-donating ability via π-conjugation effect. Anomalous behavior of fluorine is documented in the literature with studies on photoelectron spectroscopy, proton affinities [START_REF] Carroll | Fluorine as a π Donor. Carbon 1s Photoelectron Spectroscopy and Proton Affinities of Fluorobenzenes[END_REF] and reactivity toward electrophilic aromatic substitution reactions. [START_REF] Rosenthal | The Anomalous Reactivity of Fluorobenzene in Electrophilic Aromatic Substitution and Related Phenomena[END_REF] These unexpected behavior of fluorine was ascribed to the fact that, at the para position, π-electron donating character of fluorine dominates its electron withdrawing character. Accordingly, our results confirm its π-electron donating character. Class 3: Phenyl esters bearing strong electron-donating groups. They should clearly prefer Path C because of an unfavorable dissociation step, and would exhibit higher activation barriers and lower kinetics than Class 1 and Class 2 inhibitors. The p-OCH 3 (compound 6) is an illustrative example of this class.

We need to point out that, since the energetic differences between different pathways are not large enough, it will be computationally difficult to observe the effect of the weak ewithdrawing/donating substituents on the mechanism. Therefore, for the remaining inhibitors (compound 3 and 7) we can assume that either Path A or C can be operating.

Though the whole enzymatic mechanism is certainly more complex than the reaction studied here, our results for p-NO 2 , p-F, p-H and p-OCH 3 qualitatively agree with the kinetic study reported by Dalton et al. [START_REF] Dalton | Selectively Targeting the Kinome-Conserved Lysine of PI3Kδ as a General Approach to Covalent Kinase Inhibition[END_REF] for PI3Kδ. Thus, the reactivity order predicted by the calculations p-NO 2 > p-F > p-H > p-OCH 3 is in perfect agreement with the experimental k inact /K I values reported by Dalton et al. [START_REF] Dalton | Selectively Targeting the Kinome-Conserved Lysine of PI3Kδ as a General Approach to Covalent Kinase Inhibition[END_REF] for p-NO 2 (1.9 x 10 5 s -1 M -1 ), p-F (2.1 x 10 4 s -1 M -1 ), p-H (1.7 x 10 4 s -1 M -1 ) and p-OCH 3 (3.1 x 10 3 s -1 M -1 ). Note that Dalton et al. proposed that K I involves the first reversible steps in Figure 1 (including ZW formation) while k inact is associated with the remaining steps (presumably with the rate-determining one), so that k inact /K I represents the overall inhibition process.

CONCLUSION

Lysine-targeted covalent inactivation of PI3Kδ enzyme by the ester inhibitors in Scheme 1 is a more complex mechanism than it appears in Figure 1. First of all, no single mechanism is valid for all the studied inhibitors. Instead, the most plausible covalent inhibition pathway and/or the rate-determining transition state alter according to the electron withdrawing/donating nature of the para substituent in the phenolate leaving groups because enzyme active site offers alternative paths with slightly more stable transition states for different p-substituted phenyl ester inhibitors. The fact that the energy difference between TSs of these paths is smaller than 3 kcal/mol (i.e. TS2 of p-NO 2 , TS2 of p-H, TS5 of p-F and TS6 of p-OCH 3 ) may account for the similar k inact values observed in the kinetic studies [START_REF] Dalton | Selectively Targeting the Kinome-Conserved Lysine of PI3Kδ as a General Approach to Covalent Kinase Inhibition[END_REF] .

Secondly, our results reveal that Asp787 plays active role in the deprotonation of Lys779 while slightly different basicity of Asp782 and Asp911 residues are particularly important in tuning the direction of the covalent inhibition paths by abstracting the proton either from the zwitterion in Paths A/B or from neutral intermediate in Paths C/D. The anionic intermediates IO(782H) in Path B and IO(911H) in Path D may account for the experimentally proposed ionic intermediate in Figure 1 but, the mechanisms involving them appear to be less plausible. As a result, we propose that inhibitors with sufficiently strong electron-withdrawing group proceed with direct departure of the leaving group whereas inhibitors having electron-donating substituent prefer the formation of NT intermediate before dissociation. Thirdly, we propose that, prior to the covalent bond formation, water-assisted proton transfer from Lys779 to Asp787 should occur to activate Lys for nucleophilic attack (Figure 2). Since Lys residues in protein systems are generally in protonated state, the requirement for Lys deprotonation in targeted covalent inhibition as well as in other enzymatic reactions is well-addressed in the literature. [START_REF] Luo | Mechanism-Based and Computational-Driven Covalent Drug Design[END_REF][START_REF] Cortopassi | Mechanisms of Histone Lysine-Modifying Enzymes: A Computational Perspective on the Role of the Protein Environment[END_REF][START_REF] Guo | Mechanism of Histone Methylation Catalyzed by Protein Lysine Methyltransferase SET7/9 and Origin of Product Specificity[END_REF] Our pK a predictions and ONIOM calculations verify that Asp787 is a good candidate for Lys779 deprotonation in PI3Kδ. Unfortunately, there is no experimental evidence for the role of Asp787 for this specific enzyme and we propose sitedirected mutagenesis of Asp787 for future experimental work. However, we think the mechanism in Figure 2 is a reasonable one because similar processes take place in many enzymatic reactions that carboxylate groups of aspartates and glutamate have active roles in proton transfers from Lys residues. [START_REF] Guo | Mechanism of Histone Methylation Catalyzed by Protein Lysine Methyltransferase SET7/9 and Origin of Product Specificity[END_REF][START_REF] Karsten | A Catalytic Triad Is Responsible for Acid-Base Chemistry in the Ascaris Suum NAD-Malic Enzyme[END_REF][START_REF] Saha | Mechanistic Interpretation of Tryptophan Fluorescence Quenching in the Time Courses of Glutamate Dehydrogenase Catalyzed Reactions[END_REF] Similar to our water-assisted mechanism, there are various examples of longrange proton transfers from protonated Lys/Lys-Schiff bases mediated by H-bonded network of water molecules and/or amino acid residues with hydroxyl groups. [START_REF] Zhang | Catalytic Mechanism of Histone Acetyltransferase P300: From the Proton Transfer to Acetylation Reaction[END_REF][START_REF] Sass | Structural Alterations for Proton Translocation in the M State of Wild-Type Bacteriorhodopsin[END_REF][START_REF] Rammelsberg | Bacteriorhodopsin's Intramolecular Proton-Release Pathway Consists of a Hydrogen-Bonded Network[END_REF][START_REF] Kipp | Enzyme-Dependent Lysine Deprotonation in EZH2 Catalysis[END_REF][START_REF] Zhang | Product Specificity and Mechanism of Protein Lysine Methyltransferases: Insights from the Histone Lysine Methyltransferase SET8[END_REF][START_REF] Hermann | Mechanisms of Antibiotic Resistance: QM/MM Modeling of the Acylation Reaction of a Class A β-Lactamase with Benzylpenicillin[END_REF] Especially, Lys-water-Glu motif of histone-Lys modifying enzymes is analogous to our case. [START_REF] Cortopassi | Mechanisms of Histone Lysine-Modifying Enzymes: A Computational Perspective on the Role of the Protein Environment[END_REF] It should be kept in mind that the quantum cluster approach used here employs the simplified description of the enzyme involving the residues and water molecules about 10Å from the ester functional group in the active site. Besides, the description of the process is based on a static vision neglecting the full dynamics of the protein system on the actual potential energy hypersurface. It is expected that the structural and conformational flexibility of enzymes also influence the calculated energies. [START_REF] Ribeiro | Enzymatic Flexibility and Reaction Rate: A QM/MM Study of HIV-1 Protease[END_REF][START_REF] Calixto | Conformational Diversity Induces Nanosecond-Timescale Chemical Disorder in the HIV-1 Protease Reaction Pathway[END_REF] Although QM/MM MD simulations account for the enzyme dynamics and achieve quite accurate energetics, they are very expensive and prohibitive for the complex systems requiring the examination of many alternative mechanisms. On the other hand, quantum chemical cluster approach is a known powerful tool in modeling enzymatic reactions since it allows optimization of the large number of intermediates and transition structures along reaction coordinates of various alternative mechanisms. General trends in their calcu-lated energies can discriminate between different reaction pathways and administer relatively fast evaluation of the most plausible mechanisms. [START_REF] Himo | Recent Trends in Quantum Chemical Modeling of Enzymatic Reactions[END_REF] Thus, our computational results provide a clear overview of four alternative reaction mechanisms of activated phenyl esters for the lysine-targeted covalent inactivation of PI3Kδ within its active site. Calculations can correctly discriminate the covalent and noncovalent inhibitors which might be a useful strategy for the screening of new potential PI3Kδ inhibitors. Refinement of the most favorable pathways from quantum cluster calculations will also facilitate the highly accurate QM/MM MD simulations which are our next goal.

Figure 1 .

 1 Figure 1. The mechanism proposed by Dalton et al. 12 for lysinetargeted covalent inhibition of PI3Kδ.

Scheme 2 .

 2 Scheme 2. The quantum chemical cluster structure used in this study to model the reaction between PI3Kand the inhibitor. Red parts represent the high layer (M06-2X/6-31+G(d,p)) and black parts the low layer (PM6) in the ONIOM partitioning scheme. Dashed line shows the reaction center. Frozen atoms are shown with asterisk.

Figure 2 .

 2 Figure 2. Proposed mechanism for the proton transfer between Lys779 and Asp787 via two water molecules. The inhibitor and Lys779 are located slightly below the H-bonding network.

Figure 3 .

 3 Figure 3. Mechanisms (Path A and B) modeled for covalent inhibitors (E=Enzyme). Path A (yellow): leaving group dissociation from ZW occurs in concerted manner with proton transfer to Asp782. Path B (blue): this is a stepwise version of Path A in which proton transfer occurs first forming an ionic intermediate IO(782H).

Figure 4 .

 4 Figure 4. Mechanisms (Path C and D) modeled for covalent inhibitors (E=Enzyme). Path C (green): dissociation of the neutral (NT) intermediate occurs in a concerted manner with proton transfer to Asp911. Mechanism D (red): this is a stepwise version of Path C in which Asp911 takes a proton from NT and ionic intermediate IO(911H) is formed.

Figure 5 .

 5 Figure 5. Gibbs free energy profile for the reaction of p-NO 2 phenyl ester (compound 2) with Lys779 in the active site of PI3Kδ calculated with the ONIOM (M06-2X/6-31+G(d,p):PM6) method for four different pathways. Energies are relative to the most stable reactant complex RC1. The first common step (ZW1 formation) is shown by the same color as the most plausible Path A (yellow). ZW1, ZW2, ZW3, ZW4 represent different conformations of the zwitterion intermediate obtained through IRC calculations from TS1, TS2, TS3, and TS5, respectively. NT1, NT2, NT3 represent different conformations of the neutral intermediate obtained through IRC calculations from TS5, TS6, TS7, respectively. IO1(782H) and IO2(782H) are anionic intermediates (Asp782 is protonated) obtained through IRC calculations from TS3 and TS4, respectively. P1(782H) and P2(782H) represent amide products (Asp782 is protonated), complexed with p-NO 2 phenolate ion, obtained through IRC calculations from TS2 and TS4. P1(911H) and P2(911H) represent amide products (Asp911 is protonated), complexed with p-NO 2 phenolate, obtained through IRC calculations from TS6 and TS8. PC-A and PC-C are the final product complex structures (amide + p-NO 2 phenol) of Path A/B and Path C/D.

Figure 6 .

 6 Figure 6. Gibbs free energy profile for the reaction of p-F phenyl ester (compound 4) with Lys779 in the active site of PI3Kδ calculated with the ONIOM (M06-2X/6-31+G(d,p):PM6) method for four different pathways. Energies are relative to the most stable reactant complex RC1. The first common step (ZW1 formation) is shown by the same color as the most plausible Path C (green). ZW2, ZW3, ZW4 represent different conformations of the zwitterion intermediate obtained through reverse IRC calculations from TS2, TS3, TS5, respectively. NT1, NT2, NT3 represent different conformations of the neutral intermediate obtained through IRC calculations from TS5, TS6, TS7, respectively. IO(782H) is the anionic intermediate where Asp782 is protonated. IO(911H) is the anionic intermediate where Asp911 is protonated. P1(782H) and P2(782H) represent amide products (Asp782 is protonated), complexed with p-F phenolate ion, obtained through IRC calculations from TS2 and TS4. P1(911H) and P2(911H) represent amide products (Asp911 is protonated), complexed with p-F phenolate, obtained through IRC calculations from TS6 and TS8. PC-A, PC-B and PC-C are the final product complex structures (amide + p-F phenol) of Path A, B and Path C/D.

Figure 7 .

 7 Figure 7. Gibbs free energy profile for the reaction of methyl ester (compound 8) with Lys779 in the active site of PI3Kδ calculated with the ONIOM (M06-2X/6-31+G(d,p):PM6) method for four different pathways. Energies are relative to the most stable reactant complex RC1. The first common step (ZW1 formation) is shown by the same color as the most plausible Path B (blue). ZW2, NT1, NT2 and IO(782H) represent different conformations of the zwitterion/neutral/anionic intermediates obtained through IRC calculations from TS2, TS5, TS6 and TS4. PC-A, PC-B and PC-C are the final product complex structures (amide + methanol) of Path A, B and C, respectively.

Figure 8 . 3 -

 83 Figure 8. 3-Dimensional views of the optimized structures along Path A of p-NO 2 phenyl ester reaction with Lys779 including the ZW formation step. The inhibitor and Lys779 are blurred because they are situated behind. Transparent parts are in low layer.

Class 1 :

 1 Phenyl esters having strong electron-withdrawing groups. They should proceed through Path A (fast dissociation of the leaving group) and display the lowest activation energies and most favorable kinetics. The p-NO 2 ester derivative (compound 2) can be considered as a prototypical example of this class.

  groups or unsubstituted phenyl. These esters should exhibit moderate dissociation tendency of the leaving group and could proceed through Path A or C depending on the actual substituent. They should display intermediate activation energies and reaction kinetics. Compounds 5 (p-H ) and 4 (p-F)

Figure 9 . 3 -

 93 Figure 9. 3-Dimensional views of the optimized structures along Path C of p-F phenyl ester reaction with Lys779. The inhibitor and Lys779 are blurred because they are situated behind. Transparent parts are in low layer.

Figure 10 .

 10 Figure 10. Gibbs free energy profile for the reaction of p-OCH 3 phenyl ester (compound 6) with Lys779 in the active site of PI3Kδ calculated with the ONIOM (M06-2X/6-31+G(d,p):PM6) method. Energies are relative to the most stable reactant complex RC1. Path A via Asp782 protonation and Path C via Asp911 protonation are compared. The first common step (ZW1 formation) is shown by the same color as the most plausible Path C (green).

Figure 11 .

 11 Figure 11. Gibbs free energy profile for the reaction of p-H phenyl ester (compound 5) with Lys779 in the active site of PI3Kδ calculated with the ONIOM (M06-2X/6-31+G(d,p):PM6) method. Energies are relative to the most stable reactant complex RC1. Path A via Asp782 protonation and Path C via Asp911 protonation are compared. The first common step (ZW1 formation) is shown by the same color as the most plausible Path A (orange).
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