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Dans leur environnement naturel, les biomolécules sont immergées dans l'eau, qui joue un rôle clé dans de nombreux processus biologiques. Réciproquement, les propriétés de l'eau dans la couche d'hydratation sont affectées par la présence de la biomolécule.

Dans cette thèse, nous combinons modèles théoriques et simulations numériques pour obtenir une description à l'échelle moléculaire des interactions entre une biomolécule et son environnement. Le manuscrit est structuré en deux parties, abordant deux aspects complémentaires de cette interaction complexe.

La première partie est consacrée à la perturbation induite par une biomolécule sur l'eau. Nous déterminons en quoi la couche d'hydratation diffère de l'eau bulk et identifions les facteurs moléculaires en jeu grâce au développement d'un modèle analytique. Nous comparons ensuite les couches d'hydratation d'une protéine antigel et d'une protéine modèle afin de déterminer si les propriétés de la couche d'hydratation peuvent expliquer l'activité antigel. Nous étudions enfin la dynamique d'hydratation d'un dodécamère d'ADN où la présence de molécules d'eau lentes a été suggérée. Nous obtenons une image résolue spatialement des propriétés de sa couche d'hydratation et y caractérisons les différentes sources d'hétérogénéité.

La deuxième partie s'intéresse au rôle de l'environnement sur la catalyse enzymatique. Nous étudions deux systèmes distincts, avec des questions différentes mais une même méthodologie. Nous examinons d'abord le rôle de résidus dans le site actif de la dihydrofolate réductase (DHFR) et obtenons une interprétation moléculaire de résultats expérimentaux récents. Enfin, nous nous intéressons au rôle de l'eau dans la catalyse enzymatique. En solvant organique, l'addition de petites quantités d'eau permet d'accélérer la réaction catalytique. Nous recherchons une description à l'échelle moléculaire de cet effet et examinons les différentes hypothèses suggérées.
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Abstract

Biomolecules do not function as static and isolated structures. They are immersed in an aqueous solvent, which plays a pivotal role in a wide range of biochemical processes. In addition, the properties of water molecules in the hydration shell are perturbed by the presence of the biomolecule.

In this thesis, we combine theoretical models and numerical simulations to provide a molecular description of the interplay between a biomolecule and its environment. The manuscript is structured in two parts, addressing two complementary aspects of this complex interaction.

In the first part we focus on the perturbation induced by a biomolecule on water molecules in its vicinity. We determine how much the hydration shell differs from bulk water and we identify the molecular factors at play through the development of an analytic model. We then compare the hydration shells of an antifreeze protein and of a typical protein, ubiquitin, and investigate whether the shell structure and dynamics can explain the antifreeze properties. We finally study the hydration dynamics of a DNA dodecamer where slow water dynamics was suggested. We obtain a spatially resolved picture of DNA hydration and investigate the sources of heterogeneity in the hydration shell.

In the second part we examine the role of the environment in the chemical step of enzyme catalysis. We focus on two distinct questions, in two different enzymatic systems, but relying on a common simulation methodology. We first examine the role of specific active site residues in catalysis by dihydrofolate reductase (DHFR) and we provide a molecular interpretation of recent experimental results. We finally study the role of water in enzyme catalysis. In the context of enzyme catalysis in organic solvents, addition of small amounts of water was shown to accelerate the chemical step. However, a molecular scale description of this effect is still missing, and we rigorously examine here the different hypotheses that have been suggested. 

General introduction to the thesis

The subject of this thesis is the complex interplay between a biomolecule and its environment.

Biomolecules are classically represented in biochemistry textbooks as static and isolated structures with a lot of emphasis put on the description of protein structures in terms of domains and primary and secondary structures (α-helices, β-sheets, etc.). Even if such a structural description is obviously necessary, it is now increasingly recognized that this over-simplified picture ignores at least one crucial aspect: in their biological environment, biomolecules are surrounded with water, which affects their structural and dynamical properties as well as their reactivity.

A number of reviews have already described the key biological processes in which the hydration shell of the biomolecule has been suggested to play an active role [START_REF] Rupley | Protein Hydration and Function[END_REF][START_REF] Pal | Dynamics of Water in Biological Recognition[END_REF][START_REF] Bagchi | Water Dynamics in the Hydration Layer Around Proteins and Micelles[END_REF][START_REF] Levy | Water Mediation in Protein Folding and Molecular Recognition[END_REF][START_REF] Ball | Water As an Active Constituent in Cell Biology[END_REF][START_REF] Fogarty | Biomolecular Hydration Dynamics: A Jump Model Perspective[END_REF], of which I will only provide here a few examples. Perhaps the most striking result which highlights the importance of the solvent for biomolecular activity is the series of pioneering experiments performed by Klibanov and coworkers who studied the behavior of enzymes in non-aqueous solvents [START_REF] Zaks | Enzyme-Catalyzed Processes in Organic Solvents[END_REF][START_REF] Zaks | The Effect of Water on Enzyme Action in Organic Media[END_REF][START_REF] Klibanov | Why Are Enzymes Less Active in Organic Solvents Than in Water?[END_REF]. A number of enzymes (lipases, proteases, esterases) are not denatured in anhydrous organic solvents and retain some catalytic activity, but with a very low catalytic rate compared to water. However, the addition of a monolayer of water was shown to lead to a marked increase in the activity [START_REF] Zaks | The Effect of Water on Enzyme Action in Organic Media[END_REF][START_REF] Zaks | Enzymatic Catalysis in Nonaqueous Solvents[END_REF]. This was interpreted as due to lubrication by water at the molecular scale [START_REF] Schmitke | The Mechanistic Dissection of the Plunge in Enzymatic Activity upon Transition from Water to Anhydrous Solvents[END_REF][START_REF] Klibanov | Improving Enzymes by Using Them in Organic Solvents[END_REF], even if a detailed molecular description of this effect is still missing. Water has also been suggested to be involved in protein folding [START_REF] Levy | Water Mediation in Protein Folding and Molecular Recognition[END_REF], where it would smooth the rough funneled landscape of protein folding and decrease the associated free-energy barrier. Hydration shell water molecules may more generally play a role in all molecular recognition processes, mediating ligand binding and protein-protein interactions [START_REF] Bagchi | Water Dynamics in the Hydration Layer Around Proteins and Micelles[END_REF][START_REF] Ball | Water As an Active Constituent in Cell Biology[END_REF]. For instance, the binding of anti-freeze proteins (AFPs) to ice surfaces (to prevent the growth of ice crystals in insect body fluids, and thus reduce their freezing point) has been extensively studied, and the role of ordered, "ice-like" water molecules in the hydration shell of the ice-binding face of the protein has been repeatedly suggested [START_REF] Smolin | Formation of Ice-like Water Structure on the Surface of an Antifreeze Protein[END_REF][START_REF] Meister | Observation of Ice-like Water Layers at an Aqueous Protein Surface[END_REF][START_REF] Nutt | Dual Function of the Hydration Layer Around an Antifreeze Protein Revealed by Atomistic Molecular Dynamics Simulations[END_REF]. Such biologically important processes as the intercalation of anti-cancer drugs in between DNA base pairs, replication and transcription also involve the displacement of water molecules in the DNA hydration shell [START_REF] Pal | Dynamics of Water in Biological Recognition[END_REF][START_REF] Bagchi | Water Dynamics in the Hydration Layer Around Proteins and Micelles[END_REF][START_REF] Levy | Water Mediation in Protein Folding and Molecular Recognition[END_REF][START_REF] Mukherjee | On the Molecular Mechanism of Drug Intercalation into DNA: A Simulation Study of the Intercalation Pathway, Free Energy, and DNA Structural Changes[END_REF]. On the way to understand what determines and influences the structure and function of biomolecules, it is thus fundamental to take into account the presence of the surrounding solvent, water.

12 General introduction to the thesis The object of this thesis is to study different aspects of the biomolecule-solvent interaction through the use of molecular dynamics simulations. It is divided in two parts. The first part (Chapters 1 to 4) is devoted to studying how much the individual properties (dynamics and structure) of water molecules in biomolecular hydration shells differ from those of bulk water. One would like to know how labile water molecules in hydration layer are, how structured they are, and overall whether these properties are homogeneous in the hydration shell. A first chapter (Chapter 1) reviews the current knowledge about biomolecular hydration dynamics, both from experiments and simulations, and presents the theoretical framework developed in the group to rationalize water reorientational dynamics. This introduction chapter will be followed by a methodology-oriented chapter (Chapter 2) where we extend the theoretical framework previously developed to account for the temperature dependence of water perturbation in hydrophobic hydration shells. The two following chapters focus on a biologically relevant system where the properties of the hydration shell were suggested to be important for the biomolecular function. Chapter 3 presents a detailed study of the hydration dynamics and structure of an anti-freeze protein, where the properties of the hydration shell are supposed to be crucial for the recognition of an ice crystal. The conclusions of Chapter 2 will be used to rationalize the temperature dependence of the perturbation. Chapter 4 then focuses on DNA hydration, where the key question that we address is the origin of the strong heterogeneity in the hydration shell.

In the second part of the thesis we study the other side of the interaction between a biomolecule and its environment: a biomolecule affects the properties of the solvent in its hydration shell, but in turn the solvent is suggested to play a role in the biomolecular function. We focus in this part on the role of the environment in enzyme catalysis. We have selected two paradigm systems where we study the impact of a change in solvent conditions on the chemical reaction. Changing solvent conditions means here not only varying the kind of solvent, its pH or its composition, but the enzyme itself can be regarded as a special solvent for the chemical reaction, which can be modified through mutations. After an introduction in Chapter 5 to enzyme catalysis and to the Empirical Valence Bond methodology, common to the two studies presented in part II of this thesis, Chapters 6 and 7 both examine on different systems how specific changes in the environment affect the catalytic chemical rate. The two chapters share a similar methodology and theoretical framework, but they focus on two different systems, each of high biological interest, with specific questions. Chapter 6 rationalizes recent experimental results on the effect of mutations of Dihydrofolate Reductase (DHFR), examining separately the effect of the mutations on each of the two steps, protonation and hydride transfer, of the catalysis. Chapter 7 eventually critically examines the suggested "lubricant" role of water in enzyme catalysis, and rationalizes the increase in Subtilisin Carlsberg activity in an organic solvent, hexane, upon addition of water. Some general conclusions eventually close this thesis.

Other side projects were carried out during my PhD, where we studied the perturbation of water dynamics in nanopores [START_REF] Fogarty | Origins of the Non-Exponential Reorientation Dynamics of Nanoconfined Water[END_REF], performed a comprehensive comparison of the picture provided by different order parameters of water local structure next to hydrophobes and upon cooling [START_REF] Duboué-Dijon | Characterization of the Local Structure in Liquid Water by Various Order Parameters[END_REF], and examined the structural change suggested to occur next to long chain alcohols at high temperature [START_REF] Duboué-Dijon | Temperature Dependence of Linear Alcohol Hydration Structure and Dynamics Studied by Molecular Dynamics Simulations[END_REF]. However, I chose here to concentrate on the main part of my work and focus on biomolecular hydration and reactivity.

Introduction to Part I: Biomolecular hydration shell dynamics

Given the key role assigned to biomolecular hydration shells in such important biological processes as enzymatic catalysis or drug intercalation in DNA, it is first fundamental to understand how much the individual properties (dynamical and structural) of water molecules in biomolecular hydration shells differ from those of bulk water. One would like to know how labile water molecules in the hydration layer are, how structured they are, and overall whether these properties are homogeneous in the hydration shell. In Part I of this thesis, we will thus focus on dynamical properties of biomolecular hydration shells, and especially study water reorientational dynamics. Hence, I will now briefly review how the reorientational dynamics of water in biomolecular hydration shells can be measured, and what picture is currently emerging from the different experiments and simulations. This chapter will end with an outline of the next three chapters, that form, together with this introduction chapter, the first part of the present thesis.

1.1 How to probe water dynamics in hydration shells?

Experimental techniques

Several experimental techniques can be used to probe water reorientational dynamics in biomolecular hydration shells. If all of them measure a slowdown in hydration shell water dynamics, different techniques lead to strikingly different pictures of the hydration shell, at least regarding two aspects. The first one is the extent of the hydration shell, that is the distance over which the behavior of water molecules is affected by the presence of the biomolecule, and the second much debated aspect is the amplitude of the slowdown. Therefore, it seems necessary to briefly review the most frequently used experimental techniques, insisting on the differences in the approaches they adopt and on their respective limitations, while technical details can be found elsewhere [1-3, 20, 21]. One can divide experimental techniques to probe water orientational dynamics into two groups. A first group of techniques probe the reorientation of individual water molecules. Among them, ultrafast infrared (IR) pump-probe spectroscopy is a very rich source of information because it makes it possible to follow water reorientation with a femtosecond (fs) time resolution through the anisotropy decay of the excitation of the OH/OD stretching mode, measured by combining the signals collected with parallel and perpendicular polarizations of the pump and probe pulses [START_REF] Bakker | Vibrational Spectroscopy As a Probe of Structure and Dynamics in Liquid Water[END_REF]. This was, for example, used to measure water reorientation in the hydration shell of small hydrophobic solutes, where the presence of nearly immobilized water molecules was suggested [START_REF] Rezus | Observation of Immobilized Water Molecules Around Hydrophobic Groups[END_REF]. However, this technique is limited to short-time decays (< 10 ps) because the anisotropy cannot be reliably measured for delays much longer than the vibrational lifetime.

Nuclear Magnetic Resonance (NMR), and especially one of its recent flavors Magnetic Relaxation Dispersion (MRD), probes water individual reorientation by measuring the frequency dependence of the longitudinal relaxation rate R 1 (ω). This technique provides a measure of the average water reorientation in the sample. The dynamics in the hydration shell is singled out using a simple two-state model: assuming that the kind of individual reorientational motions probed by NMR is only affected in the first hydration layer of the biomolecule (typically 3.5 -4 Å), a two-state model with a bulk-like population and a dynamically perturbed hydration shell can well describe the averaged reorientation, and makes it possible to single out the hydration shell contribution. MRD has been used to study a wide range of solutes, from small hydrophobic solutes [START_REF] Qvist | Thermal Signature of Hydrophobic Hydration Dynamics[END_REF], to proteins, including e.g. globular [START_REF] Mattea | 17 O Spin Relaxation in Deeply Supercooled Solutions[END_REF] and anti-freeze proteins [START_REF] Modig | High Water Mobility on the Ice-Binding Surface of a Hyperactive Antifreeze Protein[END_REF]. In all cases, the retardation of water dynamics in the hydration shell was found to be very moderate at room temperature, from a 1.5-fold retardation next to hydrophobic solutes to a 3 to 6-fold average slow down next to proteins. Hence, in contrast with the fs-IR experiments mentioned above, MRD did not find any immobilized water molecules in hydrophobic hydration shells and instead pictures a very mobile hydration layer, only moderately retarded with respect to bulk water molecules, with a perturbation limited to the first shell.

A second group of techniques do not probe single molecule motions, but are instead sensitive to collective motions. This is the case of THz spectroscopy, which probes lowerfrequency, more collective motions involving many water molecules and possibly also the biomolecule. THz experiments inferred a thickness of the hydration layer with perturbed water dynamics as large as 18 Å [START_REF] Born | The Terahertz Dance of Water with the Proteins: The Effect of Protein Flexibility on the Dynamical Hydration Shell of Ubiquitin[END_REF]. In addition to the fact that the collective motions probed by THz spectroscopy differ from the individual ones probed by NMR, which may explain the discrepancy between the results obtained with the two techniques, the models used in THz spectroscopy to single out hydration shell dynamics have recently been seriously questioned [START_REF] Halle | Reply to Comment on Hydration and Mobility of Trehalose in Aqueous Solution[END_REF]. Dielectric relaxation spectroscopy is also sensitive to collective motions, and measures the relaxation of the total dipole moment of the sample. The spectrum obtained in the frequency domain reveals the characteristic time scales of the processes involved in the relaxation of the dipole. The presence of a nanosecond timescale was traditionally explained by the very strong retardation of half the hydration shell water molecules, but more recent work [START_REF] Oleinikova | What Can Really Be Learned from Dielectric Spectroscopy of Protein Solutions? a Case Study of Ribonuclease A[END_REF] suggested that it originates from slow protein motions to which water dynamics would respond. Eventually, Time-Dependent Stokes-Shift (TDSS) experiments [START_REF] Pal | Dynamics of Water in Biological Recognition[END_REF] follow solvent reorganization after excitation of a chromophore through the time-evolution of the Stokes shift (difference between the absorption and emission wavelengths). The long timescales (20-200 ps) found in the TDSS decay [START_REF] Zhang | Mapping Hydration Dynamics Around a Protein Surface[END_REF] were interpreted as originating from slow water dynamics, possibly coupled with slow protein dynamics.

The different experiments available thus provide contrasted pictures of water dynamics in the hydration shell of biomolecules. Even putting aside experiments probing collective motions, which cannot be easily related to individual dynamics, a huge discrepancy remains between the different types of measurements: from a very labile, only slightly retarded hydration shell (NMR) to a very viscous, nearly frozen one (fs-IR). Moreover, all these experiments measure the average reorientation dynamics over the entire hydration shell and cannot readily provide a spatially resolved picture. Only few attempts have been made so far in this direction. A first one used TDSS with chromophores placed in different locations [START_REF] Zhang | Mapping Hydration Dynamics Around a Protein Surface[END_REF] but the signal does not only reflect local motions and can be sensitive to long-range rearrangements. A second one [START_REF] Nucci | Mapping the Hydration Dynamics of Ubiquitin[END_REF] used Nuclear Overhauser Effect (NOE) NMR to map the hydration dynamics of a small globular protein, ubiquitin, encapsulated in a reverse micelle, where it is not clear how the encapsulation may affect water dynamics.

Molecular dynamics simulations

In this context of conflicting experiments with a need for a spatially resolved picture of the hydration shell, classical molecular dynamics (MD) simulations provide a way to probe the dynamics of water in biomolecular hydration shells directly at the molecular level.

In classical molecular dynamics simulations, the system of interest is defined by an ensemble of atoms (typically a few tens of thousand for the systems studied in this thesis), interacting through an empirical potential, optimized to reproduce experimental properties, such as solvation enthalpies, dipole moments or results of electronic structure calculations. For a system composed of N atoms interacting through the potential U (r N ), propagating molecular dynamics trajectories consists in numerically solving Newton's equations of motion:

d 2 r i dt 2 = - 1 m i ∂U ∂r i
(r N ) .

(1.1)

MD simulations thus yield the trajectory of each atom in the system, with a typical length of a few tens up to a few hundreds of nanoseconds in the present work, and thus provide highly valuable dynamical and structural information at the molecular scale.

Early simulations of proteins with explicit solvent pictured a reduced mobility in the hydration shell with lower diffusion constants than in bulk water [START_REF] Brooks | Solvent Effects on Protein Motion and Protein Effects on Solvent Motion: Dynamics of the Active Site Region of Lysozyme[END_REF], and computed water residence times in the hydration shell ranging from a few ps next to apolar groups to over 50 ps next to charged groups [START_REF] García | Computation of the Mean Residence Time of Water in the Hydration Shells of Biomolecules[END_REF]. Several recent MD studies confirmed that water in the hydration shell is on average moderately retarded with respect to bulk water (3-7 times) [START_REF] Marchi | Water Rotational Relaxation and Diffusion in Hydrated Lysozyme[END_REF][START_REF] Sterpone | Magnitude and Molecular Origin of Water Slowdown Next to a Protein[END_REF], in agreement with NMR simulations.

Defining the hydration shell of a biomolecule is much easier in MD simulations than in experiments: a layer thickness can be defined, for example based on the probability to find a water molecule at a given distance of the protein surface. Water molecules lying within this cutoff of the protein are then considered to belong to the hydration shell. Such a geometric definition can be refined to account for the fact that the hydration shell is more contracted around polar and charged groups by defining site specific geometric criteria that involve site-dependent cutoff distances and angles [START_REF] Fogarty | Water Dynamics in Protein Hydration Shells: The Molecular Origins of the Dynamical Perturbation[END_REF], as will be done in the following work. Moreover, such a site-specific geometric definition makes it possible to map water dynamical properties on the biomolecule surface [START_REF] Fogarty | Water Dynamics in Protein Hydration Shells: The Molecular Origins of the Dynamical Perturbation[END_REF], thus providing a highly valuable spatially resolved information which is so far impossible to obtain experimentally.

The hydration shell being defined, water reorientation is followed through the second order time correlation function (TCF) of the molecular orientation C 2 (t):

C 2 (t) = P 2 [u(0) • u(t)] , (1.2) 
where P 2 is the 2 nd order Legendre polynomial [START_REF] Laage | Reorientation and Allied Dynamics in Water and Aqueous Solutions[END_REF]. For a given vector attached to the molecule, such as the water OH bond, this function measures how fast the water molecule looses the memory of its initial orientation. The integrated reorientation time τ reor 2 is then simply defined as the time integral of the reorientation TCF:

τ reor 2 = ∞ 0 C 2 (t)dt .
(1.3)

Restricted to water molecules initially lying in the hydration shell [resp. next to a protein site], it provides a good estimate of the characteristic reorientation time in the hydration shell [resp. next to a protein site]. We must note that this definition is not perfect because at long delays the water molecule may escape the hydration shell or move next to another protein site, which reduces the spatial resolution of the analysis. The slow down in water dynamics in the hydration shell of a solute with respect to the bulk is quantified through the retardation factor ρ reor , defined as the ratio between the reorientation time in the shell and that in the bulk:

ρ reor = τ shell 2 τ bulk 2 .
(1.4)

The reorientational TCF of bulk water, as presented in Fig. 1.1, clearly reveals the characteristic time scales of water reorientation: a very fast (< 200 fs) decay, followed by a longer time decay, with a picosecond time-scale. However, the underlying mechanism for water reorientation was determined only about 10 years ago, and I will now summarize the key points of this mechanism. 2) for a water OH bond at room temperature determined through molecular dynamics simulations. For each time regime, the key reorientation mechanisms are indicated. Reproduced from Ref. [START_REF] Laage | Reorientation and Allied Dynamics in Water and Aqueous Solutions[END_REF]. [START_REF] Laage | On the Molecular Mechanism of Water Reorientation[END_REF] for a detailed description. Reproduced from Ref. [START_REF] Laage | Reorientation and Allied Dynamics in Water and Aqueous Solutions[END_REF].

1.2 Water reorientation mechanism: Extended Jump Model

1.2.

Bulk water reorientation mechanism

The very fast decay (< 200 fs) of the reorientation TCF in bulk water displayed Fig. 1.1 is due to librations, that is to say fast fluctuations of each OH bond around its optimal linear hydrogen bond (H-bond) geometry with the H-bond acceptor. The longer time decay (> ps) of the TCF in bulk water had been described for a long time by the Debye rotational diffusion picture [START_REF] Debye | Polar Molecules[END_REF], in which water reorientation occurs through very small angular steps. However Laage and Hynes suggested in 2006 a completely new molecular picture of water reorientation [START_REF] Laage | A Molecular Jump Mechanism of Water Reorientation[END_REF], based on molecular simulations and analytic modeling. This new mechanism was subsequently evidenced for water in aqueous salt solutions by 2D-IR experiments [START_REF] Moilanen | Ion-Water Hydrogen-Bond Switching Observed with 2D IR Vibrational Echo Chemical Exchange Spectroscopy[END_REF][START_REF] Ji | Large Angular Jump Mechanism Observed for Hydrogen Bond Exchange in Aqueous Perchlorate Solution[END_REF] and has now become the new standard description for water reorientation. In this new picture, water reorientation proceeds through large amplitude angular jumps, very different from the small angular steps of the Debye rotational diffusion picture, which occur when a water molecule exchanges H-bond acceptors (Fig. 1.2). The jump can be modeled as a chemical reaction: in the reactant state, the water is initially H-bonded to its initial oxygen acceptor O a . For this OH bond to reorient, a new H-bond acceptor oxygen O b has to penetrate the first hydration shell, and when the initial and final oxygen H-bond acceptors are equidistant from the rotating water oxygen O * , the water OH bond suddenly executes a large-amplitude jump from one acceptor to the other, forming at the transition state a bifurcated H-bond. The H-bond with the new partner eventually stabilizes, while the initial partner leaves. The consequences of these angular jumps in the orientation TCF have been determined using Ivanov's jump model [START_REF] Ivanov | Theory of Rotational Brownian Motion[END_REF]: assuming the jumps have a constant amplitude and occur with a frequency 1 τ jump , the 2 nd order reorientation time due to the jumps, τ jump , is given by:

τ jump 2 = τ jump {1 - 1 5 
sin [(n + 1/2)∆θ] sin(∆θ/2) } -1 , (

where ∆θ 68 • is the jump amplitude and τ jump 3.3 ps (at 300 K) is the microscopically defined jump time. This simple description is incomplete because it assumes the molecular orientation to be fixed between two successive jumps, which is not true on the picosecond timescale because of the reorientation of the intact HB through a tumbling motion of the local molecular frame, associated with a characteristic time τ f rame

2

. The jump and frame contributions then need to be combined within an extended jump model (EJM) and the overall reorientation time is given by:

1 τ EJM 2 = 1 τ jump 2 + 1 τ f rame 2 . (1.6) 
The overall jump time was shown to be dominated by the faster jump contribution at room temperature in bulk water (τ f rame 2 5.6 ps), [START_REF] Laage | On the Molecular Mechanism of Water Reorientation[END_REF] and next to a variety of solutes [START_REF] Laage | Why Water Reorientation Slows Without Iceberg Formation Around Hydrophobic Solutes[END_REF] including proteins [START_REF] Fogarty | Water Dynamics in Protein Hydration Shells: The Molecular Origins of the Dynamical Perturbation[END_REF]. It means that the reorientation time is mainly determined by the jump time. Jump kinetics can be followed via the cross time-correlation function between stable states I (initial) and F (final) [START_REF] Laage | On the Molecular Mechanism of Water Reorientation[END_REF] C jump (t) = n I (0)n F (t) (1.7) where n X = 1 if the OH bond is in its stable state X (i.e. forming a stable H-bond with its initial or final acceptor respectively), and 0 otherwise. This TCF is computed with absorbing boundary conditions in the final state in order to exclusively consider the first jump out of the initial state [START_REF] Laage | On the Molecular Mechanism of Water Reorientation[END_REF]. The jump correlation function (Fig. 1.3) is purely monoexponential in bulk water at room temperature, and no longer exhibits the very fast initial decay that was present in the reorientation TCF and was due to librations, which are on purpose not captured in the stable state picture used for the jump TCF calculation. The jump time is obtained by a numerical integration of the 1 -C jump (t) function. One advantage of jump times over reorientation times for the analysis of water dynamics next to biomolecules is that the definition of jump times is more local: a water molecule initially lying next to a given protein site has to jump to end up next to another protein site. Hence, using jump times to study water dynamics provides a highly spatially-resolved determination of water dynamics.

Hydrophobic solutes: transition-state excluded volume (TSEV) factor

This simple model works very well in bulk water but needs to be extended to account for the presence of a solute. Before studying complex biologically relevant solutes as proteins, with a strong topographical and chemical surface heterogeneity, even the influence of a small hydrophobic solute on water dynamics has been the subject of a long ongoing debate. Following the initial picture of a "microscopic iceberg" forming around a hydrophobic solute suggested by Franck and Evans [START_REF] Frank | Free Volume and Entropy in Condensed Systems III. Entropy in Binary Liquid Mixtures; Partial Molal Entropy in Dilute Solutions; Structure and Thermodynamics in Aqueous Electrolytes[END_REF] on the basis of thermodynamic considerations, fs-IR experiments inferred the presence of immobilized water molecules next to a paradigm hydrophobic solute [START_REF] Rezus | Observation of Immobilized Water Molecules Around Hydrophobic Groups[END_REF]. In contrast, NMR experiments found a very modest slowdown (2-3-fold) of water dynamics in the hydration shell of several hydrophobic solutes [START_REF] Qvist | Thermal Signature of Hydrophobic Hydration Dynamics[END_REF]. These seemingly contradictory results can be reconciled within the EJM framework in terms of a transition-state excluded-volume (TSEV) effect for the H-bond exchange, without any water immobilization: the approach of a new H-bond acceptor is hindered by the presence of the hydrophobic solute, inducing an excluded volume. This effect can be rationalized by considering the fraction f of the ring representing the possible TS locations that overlap with the solute excluded volume (Fig. 1.4). This leads to a TSEV slowdown factor ρ V :

ρ V = τ hydrophobe jump τ bulk jump = 1 1 -f . (1.8) 
This TSEV description correctly reproduces the moderate (ρ V 1.4) retardation in water dynamics next to small convex hydrophobic solutes, as obtained both from MD simulations and NMR experiments. The apparent contradiction between NMR and fs-IR simulations was shown to be due to the high solute concentration used in fs-IR experiments, that led to very high fractions of excluded volume and much slower dynamics in the hydration shell [START_REF] Laage | Why Water Reorientation Slows Without Iceberg Formation Around Hydrophobic Solutes[END_REF].

Hydrophilic solutes: transition-state hydrogen-bond (TSHB) factor

In the case of hydrophilic solutes, the TSEV factor alone cannot explain the effect of the solute on water dynamics. For example, while the TSEV model can only explain a slowdown in water dynamics, some ions accelerate water dynamics, whereas others slow it down [START_REF] Marcus | Effect of Ions on the Structure of Water: Structure Making and Breaking[END_REF]. Hydrophilic solutes can be divided in two groups: those which can donate a H-bond to water molecules and those accepting a H-bond from water molecules. For H-bond donor solutes, the reorientation dynamics of a neighboring water OH bond stems solely from an excluded-volume effect, as already observed for hydrophobic solutes, and water reorientation is only moderately slowed down. Next to a solute that can accept H-bonds from water, the initial H-bond is formed with the solute itself, rather than with another water molecule (Fig. 1.5). One thus has to take into account the free energy cost ∆G ‡ to elongate the Hbond between water and the H-bond acceptor from its equilibrium length, R eq , to the TS one, R ‡ : ∆G ‡ = G(R ‡ ) -G(R eq ), as compared to the free energy cost to elongate a water-water H-bond [START_REF] Laage | Reorientation and Allied Dynamics in Water and Aqueous Solutions[END_REF]. This translates to an additional factor

ρ HB = e β∆G ‡ water-solute e β∆G ‡ water-water , ( 1.9) 
which leads to a slowdown in water dynamics if the initial H-bond is stronger than a waterwater H-bond, and an acceleration if it is weaker [START_REF] Sterpone | Magnitude and Molecular Origin of Water Slowdown Next to a Protein[END_REF].

Eventually, the TSEV and TSHB can be combined to give a predictive model for the jump time next to any solute,

τ jump = ρ V • ρ HB • τ bulk jump , (1.10)
which was shown to provide a quasi quantitative description of water slowdown in the hydration shell of a protein [START_REF] Sterpone | Magnitude and Molecular Origin of Water Slowdown Next to a Protein[END_REF]. If ρ HB is low enough (if the H-bond with the solute acceptor is weak enough), it can overcompensate ρ V to lead to an acceleration of the dynamics next to the solute.

1.3. Outline

Biomolecular hydration shells: spatial heterogeneity

In bulk water or in dilute aqueous solutions of small solutes, the average reorientation TCF is usually mono exponential after the fast initial sub-picosecond decay (Fig. 1.1). In contrast, the average reorientation TCF for water molecules in the hydration shell of a protein is highly non monoexponential [START_REF] Fogarty | Water Dynamics in Protein Hydration Shells: The Molecular Origins of the Dynamical Perturbation[END_REF], as illustrated in Fig. 1.6. This non monoexponential decay was shown to originate from an underlying distribution of reorientation times (Fig. 1.6) due to the chemical and topological heterogeneity of the surface [START_REF] Fogarty | Water Dynamics in Protein Hydration Shells: The Molecular Origins of the Dynamical Perturbation[END_REF]: water molecules lying next to different groups in different environments exhibit distinct reorientation behaviors. This was rationalized within the framework of the jump model previously developed and in all cases, the average retardation was found to be moderate (around 2-4), in very good agreement with NMR experiments [START_REF] Modig | Dynamics of Protein and Peptide Hydration[END_REF]. 

Outline

All the results and models described so far pertained to the room temperature situation, where the models developed provide a quantitative description of water reorientation dynamics. However, recent NMR experiments measured a non-monotonic temperature dependence of the retardation next to hydrophobic solutes [START_REF] Qvist | Thermal Signature of Hydrophobic Hydration Dynamics[END_REF] and proteins [START_REF] Mattea | 17 O Spin Relaxation in Deeply Supercooled Solutions[END_REF]. This could not be explained by any of the previous models, putting into question their relevance and renewing the debate about the molecular origin of the perturbation, as will be detailed in Chapter 2. Water dynamics in protein hydration shells at supercooled temperature has a limited biological relevance, but it is a stringent test of the accuracy of the theoretical models developed to describe the perturbation of water dynamics next to biomolecules. Hence, we describe in Chapter 2 the development of a new theoretical model to account for the temperature dependence of water dynamics next to a paradigm hydrophobic solute.

In the following two chapters, we then focus on biologically relevant systems, where hydration shell water dynamics is debated. We start in Chapter 3 with the detailed study of hydration structure and dynamics of an anti-freeze protein over a broad range of temperatures. The conclusions of the model developed in Chapter 2 are used to rationalize the behavior of this complex system, and a similar study is performed for comparison purposes on a paradigm globular protein, ubiquitin, in order to clearly point out the specificity of the anti-freeze system. We then conclude this part on hydration dynamics in Chapter 4, with a comprehensive description of water dynamics in DNA hydration shell. We particularly focus on the complex behavior of water in the minor groove and identify the different sources of heterogeneity in such an environment.

Temperature dependence of hydrophobic hydration dynamics

Introduction

The behavior of water molecules next to hydrophobic groups governs a wide range of fundamental biochemical processes, including e.g. protein folding, protein-ligand binding, and the assembling of lipid membranes [START_REF] Ball | Water As an Active Constituent in Cell Biology[END_REF]. Yet, despite numerous experimental and theoretical studies, the dynamical properties of these interfacial water molecules are still debated. At room temperature, all experimental measurements and numerical simulations show a slowdown in water reorientation dynamics in hydrophobic hydration shells relative to the bulk, but no consensus has been found regarding the magnitude of this retardation factor. Estimates range from a moderate approximately two-fold slowdown in NMR [START_REF] Qvist | Thermal Signature of Hydrophobic Hydration Dynamics[END_REF] and simulation studies [START_REF] Laage | Why Water Reorientation Slows Without Iceberg Formation Around Hydrophobic Solutes[END_REF][START_REF] Zichi | Solvent Molecular Dynamics in Regions of Hydrophobic Hydration[END_REF][START_REF] Rossato | Aqueous Solvation of Methane from First Principles[END_REF] to an immobilization of some hydration shell water molecules inferred from ultrafast infrared spectroscopy [START_REF] Rezus | Observation of Immobilized Water Molecules Around Hydrophobic Groups[END_REF][START_REF] Bakulin | Hydrophobic Molecules Slow down the Hydrogen-Bond Dynamics of Water[END_REF]. Two opposing molecular interpretations of this slowdown have been suggested. The first explanation involves an excluded volume effect [START_REF] Laage | Why Water Reorientation Slows Without Iceberg Formation Around Hydrophobic Solutes[END_REF], as described in Chapter 1, which leads to a moderate slowdown in dilute solutions but a pronounced water retardation in concentrated solutions. In another picture, the slowdown is large and concentration independent, and arises from a collective frustration of the hydration shell structural dynamics [START_REF] Rezus | Observation of Immobilized Water Molecules Around Hydrophobic Groups[END_REF][START_REF] Bakulin | Hydrophobic Molecules Slow down the Hydrogen-Bond Dynamics of Water[END_REF].

However, none of these descriptions can explain recent NMR results [START_REF] Qvist | Thermal Signature of Hydrophobic Hydration Dynamics[END_REF] on a series of small and mostly hydrophobic solutes where the retardation factor in water reorientation dynamics was found to change in a non-monotonic fashion with temperature [START_REF] Qvist | Thermal Signature of Hydrophobic Hydration Dynamics[END_REF] (Fig. 2.1). Intriguingly, extrapolating these results at very low temperature suggests that the dynamical perturbation induced by hydrophobic solutes would even disappear and the rotational dynamics of water within those hydration shells would become as fast as in the bulk (Fig. 2.1). None of the existing descriptions of hydrophobic hydration dynamics can describe this behavior. For example, the excluded volume effect developed for solutions at room temperature [START_REF] Laage | Why Water Reorientation Slows Without Iceberg Formation Around Hydrophobic Solutes[END_REF] has an entropic origin and thus cannot explain the observed changes with temperature. Within the collective frustration picture, the activation energy for water reorientation was suggested to be higher in the shell than in the bulk [START_REF] Tielrooij | Influence of Concentration and Temperature on the Dynamics of Water in the Hydrophobic Hydration Shell of Tetramethylurea[END_REF], which would lead to a monotonic increase in the retardation factor upon cooling, in clear contradiction with the NMR results. ) determined by NMR [START_REF] Qvist | Thermal Signature of Hydrophobic Hydration Dynamics[END_REF] in the hydration shell of a series of solutes (N-acetyl-leucine-N'-methylamide (NALMA), N-acetylglycine-N'-methylamide (NAGMA), tetramethylurea (TMU) and trimethylamine-N-oxide (TMAO)) in D 2 O (crosses) at different temperatures, together with the ratio (dashes) of the fits to the shell and bulk reorientation times vs. temperature [START_REF] Qvist | Thermal Signature of Hydrophobic Hydration Dynamics[END_REF]. b) Perturbation factor in the hydration shell of TMAO in H 2 O from our simulations, together with the ratio (dashes) of the fits to the shell and bulk reorientation times vs. temperature.

A first qualitative interpretation of the NMR results invoked [START_REF] Qvist | Thermal Signature of Hydrophobic Hydration Dynamics[END_REF] the limited changes induced by temperature in the local arrangements of water molecules within the shell relative to those in the bulk, due to the constraints imposed by the solute interface. However, it is not clear how this can explain the non-monotonic behavior of the perturbation. Furthermore, several important questions raised by these experiments still need to be solved, including whether the molecular origin of the perturbation and its entropic or enthalpic character change with temperature.

Here, we employ molecular dynamics (MD) simulations and analytic modeling to design a new model capable of properly describing the evolution of hydrophobic hydration dynamics over a broad temperature range spanning the supercooled and liquid domains. This model is then used to clearly identify the molecular factors at play (e.g. enthalpic vs. entropic, local structure vs. excluded volume) and their respective importance. As detailed below, this model builds upon the entropic excluded-volume factor initially developed at room temperature [START_REF] Laage | Why Water Reorientation Slows Without Iceberg Formation Around Hydrophobic Solutes[END_REF] and combines it with an additional factor arising from local structural fluctuations. The paradigm hydrophobic solute we have selected is trimethylamine-N-oxide (TMAO) whose hydration dynamics has been extensively studied at room temperature with a range of techniques including NMR [START_REF] Qvist | Thermal Signature of Hydrophobic Hydration Dynamics[END_REF], ultrafast infrared [START_REF] Rezus | Observation of Immobilized Water Molecules Around Hydrophobic Groups[END_REF][START_REF] Bakulin | Hydrophobic Molecules Slow down the Hydrogen-Bond Dynamics of Water[END_REF] and optical Kerr-effect [START_REF] Mazur | Aqueous Solvation of Amphiphilic Solutes: Concentration and Temperature Dependent Study of the Ultrafast Polarisability Relaxation Dynamics[END_REF] spectroscopies together with MD simulations [START_REF] Laage | Why Water Reorientation Slows Without Iceberg Formation Around Hydrophobic Solutes[END_REF][START_REF] Stirnemann | Water Hydrogen Bond Dynamics in Aqueous Solutions of Amphiphiles[END_REF][START_REF] Stirnemann | Dynamics of Water in Concentrated Solutions of Amphiphiles: Key Roles of Local Structure and Aggregation[END_REF], and for which the temperature-dependent retardation factor was recently determined by NMR [START_REF] Qvist | Thermal Signature of Hydrophobic Hydration Dynamics[END_REF].

Methodology

Simulations

Classical molecular dynamics simulations are performed for a series of dilute TMAO aqueous solutions at different temperatures. We use the TIP4P/2005 water model [START_REF] Abascal | A General Purpose Model for the Condensed Phases of Water: TIP4P/2005[END_REF] which provides one of the best available descriptions of the water phase diagram and which was verified to properly describe water reorientation dynamics over the supercooled and liquid temperature range (see Ref. [START_REF] Stirnemann | Communication: On the Origin of the Non-Arrhenius Behavior in Water Reorientation Dynamics[END_REF] and [START_REF] Duboué-Dijon | Temperature Dependence of Hydrophobic Hydration Dynamics: From Retardation to Acceleration[END_REF]). To describe TMAO, we employ a specific rigid force field [START_REF] Paul | The Influence of Urea and Trimethylamine-N-Oxide on Hydrophobic Interactions[END_REF] which has been shown to provide a good description of water dynamics within its hydration shell [START_REF] Laage | Why Water Reorientation Slows Without Iceberg Formation Around Hydrophobic Solutes[END_REF]. Each simulation box contains a single TMAO solute with 490 water molecules, corresponding to a molality of approximately 0.1 mol/kg. At each temperature, the system is first equilibrated for at least 500 ps in the NPT ensemble using a Langevin thermostat and a Langevin barostat. It is then equilibrated for 500 ps in the NVT ensemble with a Langevin thermostat before a final equilibration in the NVE ensemble for at least 500 ps and the production run with a 1 fs timestep. The lengths of the production runs are respectively 70 ns at 218 K, 50 ns at 231 K, 40 ns at 244 K, 50 ns at 249 K, and 3 ns at 264 K, 278 K, 285 K, 300 K and 350 K. The simulations are performed with NAMD [START_REF] Phillips | Scalable Molecular Dynamics with NAMD[END_REF], with periodic boundary conditions and a Particle Mesh Ewald treatment of long-range electrostatic interactions. An 11 Å cutoff was applied to non-bonded interactions with a switching function between 9 and 11 Å. While neat liquid water is not stable below approximately 231 K [60], we simulated the solution at 218 K because the presence of the solute is known to decrease the homogeneous nucleation temperature [START_REF] Koop | Water Activity As the Determinant for Homogeneous Ice Nucleation in Aqueous Solutions[END_REF] and because the TIP4P/2005 water model was shown to yield a shifted phase diagram, resulting in a stable supercooled liquid at this temperature [START_REF] Abascal | Line and the Liquid-Liquid Critical Point for the TIP4P/2005 Water Model[END_REF]. The error bars indicated in the following plots correspond to the standard deviations calculated by dividing each trajectory in 5 independent blocks (except at 218 K where 4 blocks are used).

H-bond exchange free energy barrier

H-bond exchanges in water occur through jumps (see Chapter 1) which can be treated as chemical reactions whose rate constant is determined by the free energy barrier ∆G ‡ to reach the transition state. The barrier essentially results from the free energy costs for the elongation of the H-bond with the initial acceptor and the approach of the final acceptor to the transition state configuration [START_REF] Laage | On the Molecular Mechanism of Water Reorientation[END_REF][START_REF] Stirnemann | Communication: On the Origin of the Non-Arrhenius Behavior in Water Reorientation Dynamics[END_REF]. These two contributions can be approximated from the oxygen-oxygen radial distribution function [START_REF] Stirnemann | Communication: On the Origin of the Non-Arrhenius Behavior in Water Reorientation Dynamics[END_REF]: the potential of mean force w(r) along the distance between water oxygen atoms is first computed from the oxygen-oxygen radial distribution function (rdf) g OO (r) as

w(r) = -k B T ln [g OO (r)] , (2.1) 
where k B is the Boltzmann constant. For water molecules in the bulk, the free energy barrier is then calculated as

∆G ‡ = w(r ‡ ) -w(r 1 ) + w(r ‡ ) -w(r 2 ) = k B T ln g OO (r 1 ) g OO (r ‡ ) g OO (r 2 ) g OO (r ‡ ) , (2.2) 
where r 1 and r 2 are the positions of the first and second shells in the rdf, and r ‡ is the OO distance at the jump transition state [START_REF] Stirnemann | Communication: On the Origin of the Non-Arrhenius Behavior in Water Reorientation Dynamics[END_REF].

For water molecules within the solute hydration shell, the rdf must be corrected for the fraction of the space which is not accessible to water molecules because of the presence of the solute. We therefore define an excluded-volume corrected rdf [START_REF] Fogarty | Reorientational Dynamics of Water Confined in Zeolites[END_REF],

g OO (r) = g OO (r)/x(r) , (2.3) 
where x(r) is the fraction of the spherical shell, of radius r and centered on a water oxygen site within the solute hydration layer, which is not blocked by the solute sites. The solute sites are defined as hard spheres centered on each TMAO heavy atom and their radius is the minimum approach distance between the site and a water oxygen atom. x(r) is evaluated numerically from the simulation by discretizing each spherical shell of radius r centered on each water molecule within the TMAO hydration layer into 150 uniformly distributed points on the surface of the spherical shell and determining whether each point overlaps with a solute site.

Results

Temperature dependence of perturbation from simulations

We focus on the hydrophobic solute impact on the reorientation dynamics of water molecules within its hydration layer, and the solute influence on water dynamics is measured through the perturbation factor

ρ = τ shell 2 /τ bulk 2 (2.4)
where τ shell,bulk 2 are integrated characteristic times of the reorientational TCF as presented in Chapter 1, and are defined according to the initial location of the considered water oxygen, respectively in the solute first hydration shell and in the bulk (the hydration shell of TMAO methyl groups is defined to include all water molecules whose oxygen atom lies within 4.5 Å from the carbon atom, but no closer than 3.0 Å from the TMAO oxygen site).

The perturbation factor computed for water molecules in the vicinity of TMAO displays a pronounced non-monotonic change with temperature, similar to the behavior found by NMR [START_REF] Qvist | Thermal Signature of Hydrophobic Hydration Dynamics[END_REF] (Fig. 2.1). When the temperature is progressively decreased below 350 K, ρ first increases moderately to reach a maximum value of approximately 1.5 around 245 K; then, when the temperature is reduced further, ρ drops very rapidly and approaches unity, which implies that the shell water molecules reorient almost as fast as the bulk at these temperatures. The simulations properly reproduce the behavior seen in the NMR experiments.

The differences in the specific values of the maximum perturbation and of its temperature between experiments and simulations are expected to arise from multiple factors. These include the sensitivity of the experimental perturbation factor to the number of water molecules assumed to be affected [START_REF] Qvist | Thermal Signature of Hydrophobic Hydration Dynamics[END_REF], the shift in the water model melting temperature compared to the real liquid (252 K [55] vs. 273 K), and most importantly the different water isotopes used in the experiments and in the simulations: the water reorientation time temperature dependence differs between normal and heavy water [START_REF] Qvist | Thermal Signature of Hydrophobic Hydration Dynamics[END_REF][START_REF] Qvist | Rotational Dynamics in Supercooled Water from Nuclear Spin Relaxation and Molecular Simulations[END_REF], and while the NMR experiments [START_REF] Qvist | Thermal Signature of Hydrophobic Hydration Dynamics[END_REF] had been done in heavy water, we chose to perform our study in H 2 O. This is motivated by the greater relevance of normal water, especially in biochemical contexts, and by the fact that the employed TIP4P/2005 force field was parameterized for H 2 O and not for D 2 O (a simple change in the hydrogen masses would not be adequate since nuclear quantum effects, which are increasingly important at low temperature, are treated in an effective fashion in such classical force fields).

In order to explain the changes in the perturbation factor with temperature, one must understand why the shell and bulk water reorientation times respond differently to a change in temperature. As previously recognized [START_REF] Qvist | Thermal Signature of Hydrophobic Hydration Dynamics[END_REF], upon cooling both times display a pronounced non-Arrhenius behavior [START_REF] Duboué-Dijon | Temperature Dependence of Hydrophobic Hydration Dynamics: From Retardation to Acceleration[END_REF][START_REF] Truhlar | Convex Arrhenius Plots and Their Interpretation[END_REF]. In the bulk, a quantitative connection [START_REF] Stirnemann | Communication: On the Origin of the Non-Arrhenius Behavior in Water Reorientation Dynamics[END_REF] was recently established in our group between this increase in the reorientation activation energy and the progressive structuring of water at low temperature, as described now. Because the H-bond jumps through which water reorientation proceeds require a rearrangement of the neighboring molecules, they are less likely when the local structure surrounding the water molecule which jumps is already well organized and less easily disrupted [START_REF] Stirnemann | Communication: On the Origin of the Non-Arrhenius Behavior in Water Reorientation Dynamics[END_REF]. Upon cooling, the average local structure surrounding a water molecule becomes more tetrahedral and approaches the ideal ice structure, and this structural shift induces an increase in the average free energy barrier for jumps, and thus a non-Arrhenius behavior [START_REF] Qvist | Thermal Signature of Hydrophobic Hydration Dynamics[END_REF][START_REF] Stirnemann | Communication: On the Origin of the Non-Arrhenius Behavior in Water Reorientation Dynamics[END_REF].

In the shell, the average reorientation perturbation factor is dominated by the perturbation due to methyl groups. Figure 2.2 shows that the non-Arrhenius behavior of the reorientation time averaged over the entire TMAO hydration shell is dominated by the contribution from water molecules lying next to the methyl groups, simply because their relative fraction is much greater than that of the water molecules located next to the hydrophilic moiety of the solute. We therefore need to describe the changes in the local water structure next to hydrophobic groups when the temperature is varied.

Excluded volume with local structural fluctuations

We now present a new model for the hydrophobic dynamical perturbation factor which explicitly accounts for these structural fluctuations and for their different temperature dependences in the shell and in the bulk. Our starting point is the excluded volume picture which has been developed in the group to describe hydrophobic hydration dynamics at room temperature [START_REF] Laage | Why Water Reorientation Slows Without Iceberg Formation Around Hydrophobic Solutes[END_REF], as presented in Chapter 1. A quantitative connection was suggested between the slowdown factor and the local excluded-volume fraction f , expressed in the excluded volume retardation factor ρ V (Eq. 1.8). To describe the local structural fluctuations, many local order parameters are available, including e.g. the tetrahedral order parameter [START_REF] Errington | Relationship Between Structural Order and the Anomalies of Liquid Water[END_REF] and the local density. We showed in a detailed comparison of available order parameters that the asphericity of the Voronoi polyhedron associated with a water molecule was better suited to study water reorientation dynamics and has the key advantage of being free from any arbitrary parameter choice (see Ref. [START_REF] Duboué-Dijon | Characterization of the Local Structure in Liquid Water by Various Order Parameters[END_REF] for more details). The Voronoi polyhedron associated with a water molecule consists in the ensemble of points that are closer to this oxygen than to any other heavy atom. The asphericity is then defined [START_REF] Ruocco | Analysis of the Network Topology in Liquid Water and Hydrogen Sulphide by Computer Simulation[END_REF] as η = A 3 / 36πV 2 , where A and V are the polyhedron area and volume. It reports on the polyhedron shape and η increases from 1 for a sphere to 3.31 for a regular tetrahedron.

The asphericity allows us to assess the impact of different local structures on the jump kinetics. Jumps can be treated as chemical reactions whose rate constant is determined by a free energy barrier ∆G ‡ to reach the transition state and which essentially results from the free energy costs for the elongation of the H-bond with the initial acceptor and the approach of the final acceptor to the transition state configuration [START_REF] Laage | On the Molecular Mechanism of Water Reorientation[END_REF][START_REF] Stirnemann | Communication: On the Origin of the Non-Arrhenius Behavior in Water Reorientation Dynamics[END_REF]. These two contributions can be approximated from the oxygen-oxygen radial distribution function [START_REF] Stirnemann | Communication: On the Origin of the Non-Arrhenius Behavior in Water Reorientation Dynamics[END_REF]. Following the procedure described in the Methodology section, we determined ∆G ‡ for different local structures η and at different temperatures, both in the bulk and in the shell. Figure 2.3a shows that ∆G ‡ is very sensitive to the local structure and increases quasi-linearly with η: jumps are slower in more tetrahedral environments, where the formation of the fivecoordinated transition-state structure [START_REF] Laage | On the Molecular Mechanism of Water Reorientation[END_REF] is more difficult. The slopes of ∆G ‡ vs. η are slightly different in the shell and in the bulk, but both of them are found to be almost independent of temperature. This therefore suggests that the change in ∆G ‡ with η is mostly enthalpic. We will use this approximation in what follows and express the jump enthalpic barrier as a linear function of η: ∆H ‡ = ∆H ‡ 0 + αη. Using a Transition State Theory description, at any time along the trajectory, the instantaneous jump rate constant k jump for a water hydroxyl group can be determined exclusively from the knowledge of the excluded volume fraction f (which induces an entropic slowdown) and of the local arrangement of neighboring water molecules (which causes an enthalpic perturbation), measured through the Voronoi asphericity η,

k jump (η, f ) = k 0 exp -∆H(η) ‡ /k B T + ∆S(f ) ‡ /k B = k 0 (1 -f ) exp -∆H ‡ 0 + αη /k B T .
(2.5)

The (1 -f ) factor arises from the entropic excluded volume effect and is equal to 1 in a bulk environment [START_REF] Laage | Why Water Reorientation Slows Without Iceberg Formation Around Hydrophobic Solutes[END_REF] and to 0.77 in the TMAO hydration shell. The other factor in Eq. 2.5 governs the changes of k jump with η. The slopes of ∆H ‡ along η are determined from Fig. 2.3a, α = 6.0 kcal/mol in the shell and α = 5.0 kcal/mol in the bulk. The k 0 and ∆H ‡ 0 values respectively influence the absolute magnitude of the jump rate constant and its average temperature dependence. Using the same approach as in Ref. [START_REF] Stirnemann | Communication: On the Origin of the Non-Arrhenius Behavior in Water Reorientation Dynamics[END_REF], fitting the temperature dependence of the jump times (Fig. 2.2) yields the following values: ∆H ‡ 0 = -5.14 kcal/mol in the shell and -3.58 kcal/mol in the bulk, and k 0 = 567 ps -1 . We note that in Eq. 2.5, the temperature dependence of k jump is Arrhenius for a given local structure η, and the non-Arrhenius behavior found for the average jump time in Fig. 2 The dynamical heterogeneity is thus small, especially at high temperature, and jumps can be considered to occur at a rate constant which is averaged over the structural distribution. This implies that Eq. 2.6 can be simplified as

τ jump = ∞ 0 dtS(t) = ∞ 0 dt exp - t 0 dt k jump η(t ), f (t ) . ( 2 
τ jump 1/ k jump (η, f ) , (2.7) 
where ... denotes an average over the distribution of structures.

We have applied Eqs. 2.6-2.7 to the calculation of H-bond jump times in the bulk and in the TMAO hydration shell over the 218-350 K temperature range, numerically calculating jump times from the only knowledge of the instantaneous local structure and the average excluded volume. The resulting jump perturbation factors ρ jump = τ shell jump /τ bulk jump properly

Results

reproduce the non-monotonic temperature dependence and the sudden drop at low temperature (Fig. 2.3b). This clearly demonstrates that the changes in ρ arise from the different responses to changing temperature of the local structural fluctuations in the bulk and in the shell, and more specifically of the respective distributions of asphericities.

Interpretation of the temperature dependence of the perturbation factor

Since our model properly reproduces the non-monotonic changes of the dynamical perturbation with temperature, we now use it to identify which molecular factors govern this temperature dependence. In particular, we will elucidate whether the change in the magnitude of the perturbation with temperature implies a change in the origin of the perturbation, e.g. entropic vs. enthalpic. We first show how our model disentangles the entropic and enthalpic contributions to the perturbation factor and establishes their respective importances. Our simulations show that the excluded volume factor is approximately independent of η for water molecules within the TMAO hydration shell. Using Eqs. 2.5 and 2.7, the jump perturbation factor can thus be expressed as a product of an entropic excluded volume factor ρ V with an enthalpic structural factor ρ S ,

ρ jump k jump bulk k jump shell 1 1 -f exp -∆H ‡ /(k B T ) bulk exp [-∆H ‡ /(k B T )] shell = ρ V ρ S . (2.8) 
Figure 2.5 shows these respective contributions. In contrast with what could have been expected from the marked temperature dependence of the perturbation factor, the perturbation is mostly of entropic origin. The entropic excluded volume factor ρ V brings a dominant temperature-independent contribution, while the ρ S factor that arises from the different distributions of local structures in the shell and in the bulk is a minor contribution but explains the entire temperature dependence of the perturbation factor. Our model clearly demonstrates that the similarity between the average water jump times in the shell and in the bulk at the lowest investigated temperature certainly does not imply that the solute does not perturb its hydration shell dynamics. The perturbation factor approaches unity because at this very low temperature, the acceleration of the shell relative to the bulk due to the more disordered shell structure ρ S is almost sufficient to compensate the temperature-independent slowdown ρ V induced by the solute excluded-volume effect.

A detailed analysis of the temperature-induced changes in local water structures, in the shell and in the bulk can be found in Ref. [START_REF] Duboué-Dijon | Temperature Dependence of Hydrophobic Hydration Dynamics: From Retardation to Acceleration[END_REF]. We only present here the key conclusions, which will be applied in the next chapter to biologically relevant systems. The non-monotonic temperature dependence of the perturbation factor measured by NMR was suggested [START_REF] Qvist | Thermal Signature of Hydrophobic Hydration Dynamics[END_REF] to arise from the geometrical constraints imposed by the solute: while the bulk local structure becomes more tetrahedral when temperature is reduced, the change would be more limited in the shell. We have therefore computed the distributions of asphericities in the shell and in the bulk for increasing temperature (Fig. 2.6). At low temperature, the bulk distribution is indeed shifted towards more tetrahedral structures relative to the shell distribution, but Chapter 2. Temperature dependence of hydrophobic hydration dynamics Jump perturbation factor Figure 2.5 -Jump perturbation factor ρ jump computed from our simulations (black), together with its contributions due to the entropic excluded volume factor ρ V (red) and to changes in the local structure ρ S (blue) Eq. 2.8.

the magnitude of the shift is small compared to the width of the distributions. At higher temperature (above 249 K), the measured relative shifts between shell and bulk distributions are extremely small so that the two distributions are very similar. This finding is in contrast with the suggestion of Ref. [START_REF] Qvist | Thermal Signature of Hydrophobic Hydration Dynamics[END_REF].

As anticipated in Ref. [START_REF] Qvist | Thermal Signature of Hydrophobic Hydration Dynamics[END_REF], the sudden drop in ρ upon cooling below approximately 250 K arises mostly from the greater shift towards local tetrahedral structures in the bulk relative to the shell, where the solute interface hinders these rearrangements. A decrease in temperature thus retards more significantly the jump dynamics in the bulk than in the shell and the perturbation factor ρ jump decreases. In contrast, the moderate reduction in ρ upon heating above 250 K cannot be directly due to a greater destructuring of the bulk relative to the shell, since this would lead to an acceleration in the bulk dynamics and to an increase in ρ with temperature.

Validity of the excluded-volume picture at room temperature

We now focus on the room temperature situation, because of its particular relevance for biochemical hydration.

Significantly, we find that the observed slowdown in water dynamics cannot be explained by an enhanced tetrahedral order in the shell at room temperature, in contrast with prior suggestions [START_REF] Galamba | Water's Structure Around Hydrophobic Solutes and the Iceberg Model[END_REF]. The great similarity between the shell and bulk structural distributions leads to a negligible structural perturbation factor ρ S , and the perturbation factor ρ jump 1.40 is essentially determined by the excluded volume contribution ρ V 1.30, while the structural factor brings a minor contribution ρ S 1.05. An explicit consideration of local structural fluctuations is only required in the supercooled domain. A recent study suggested that electrostatic many-body correlations [START_REF] Godec | Physical Origin Underlying the Entropy Loss upon Hydrophobic Hydration[END_REF] could be the main cause of hydrophobic dynamical perturbation, but the employed Monte Carlo approach precluded any explicit dynamical study and H-bond jumps were assumed to be caused by electrostatic fluctuations, while the electric field experienced by a water hydrogen atom had been shown not to be correlated with the jump probability [START_REF] Laage | On the Molecular Mechanism of Water Reorientation[END_REF]. Our present work clearly establishes that while the excluded volume model relies on a very simplified picture, it provides at room temperature a physically correct description of hydrophobic hydration dynamics and yields a semi-quantitative prediction of the dynamical perturbation factor in the hydration shell.

Concluding remarks

In conclusion, we have extended the simple excluded-volume picture to describe the perturbation induced by a hydrophobic solute on water dynamics over a broad temperature range covering the liquid and supercooled domains. We have shown that the temperatureindependent entropic excluded-volume factor brings the dominant perturbation at all temperatures investigated here. The temperature dependence of the perturbation factor does not originates from a change in the reorientation mechanism but arises from the different responses of the shell and bulk local structures to a change in temperature. We showed that the drop in the perturbation factor found upon cooling in the supercooled domain arises from the greater structuring of the bulk relative to the shell due to the constraints imposed by the solute interface, thus providing a quantitative and explicit description of the suggestion in Ref. [START_REF] Qvist | Thermal Signature of Hydrophobic Hydration Dynamics[END_REF]. This additional structural factor is negligible at room temperature, where the excluded volume factor is a very good description of the perturbation. This new model should prove useful to investigate the effects of structural fluctuations on water dynamics in a wide range of contexts. These include the role of the interface flexibility (e.g. liquid-air [START_REF] Ni | Slow Hydrogen-Bond Switching Dynamics at the Water Surface Revealed by Theoretical Two-Dimensional Sum-Frequency Spectroscopy[END_REF] and water-organic solvent [START_REF] Chowdhary | Hydrogen Bond Dynamics at the Water/Hydrocarbon Interface[END_REF] interfaces) on water dynamics, and the impact on water dynamics of the recently suggested structural transformation in the hydration shell of long-chain linear alcohols at high temperature [START_REF] Davis | Water Structural Transformation at Molecular Hydrophobic Interfaces[END_REF].

In the following chapter, we will use the conclusions of this study of a small model system to investigate in detail the hydration dynamics of an anti-freeze protein. We will focus on its behavior with decreasing temperature, which is relevant to understand its anti-freeze action, and we will compare it with a paradigm globular non-anti-freeze protein, ubiquitin.

Hydration shell dynamics around a hyperactive antifreeze protein and ubiquitin

Introduction

Anti-freeze proteins (AFPs) are produced by organisms living in very cold conditions to protect themselves by lowering the water freezing point [START_REF] Yeh | Antifreeze Proteins: Structures and Mechanisms of Function[END_REF]. They form a family of systems where the behavior at low temperature of the enzyme and of its hydration shell is relevant to apprehend the origin of the anti-freeze activity. It is thus fundamental in these systems to understand the change in hydration shell properties from room temperature down to supercooled conditions. How an AFP inhibits the growth of ice is still debated [START_REF] Yeh | Antifreeze Proteins: Structures and Mechanisms of Function[END_REF][START_REF] Wen | A Model for Binding of an Antifreeze Polypeptide to Ice[END_REF][START_REF] Chao | A Diminished Role for Hydrogen Bonds in Antifreeze Protein Binding to Ice[END_REF][START_REF] Chao | Binding of an Oligopeptide to a Specific Plane of Ice[END_REF][START_REF] Haymet | Winter Flounder Antifreeze Proteins: Synthesis and Ice Growth Inhibition of Analogues That Probe the Relative Importance of Hydrophobic and Hydrogen-Bonding Interactions[END_REF][START_REF] Madura | Molecular Recognition and Binding of Thermal Hysteresis Proteins to Ice[END_REF][START_REF] Pertaya | Fluorescence Microscopy Evidence for Quasi-Permanent Attachment of Antifreeze Proteins to Ice Surfaces[END_REF][START_REF] Nada | Growth Inhibition Mechanism of an Ice-Water Interface by a Mutant of Winter Flounder Antifreeze Protein: A Molecular Dynamics Study[END_REF][START_REF] Nada | Antifreeze Proteins: Computer Simulation Studies on the Mechanism of Ice Growth Inhibition[END_REF][START_REF] Celik | Microfluidic Experiments Reveal That Antifreeze Proteins Bound to Ice Crystals Suffice to Prevent Their Growth[END_REF][START_REF] Ebbinghaus | Functional Importance of Short-Range Binding and Long-Range Solvent Interactions in Helical Antifreeze Peptides[END_REF][START_REF] Wang | Arginine, a Key Residue for the Enhancing Ability of an Antifreeze Protein of the Beetle Dendroides Canadensis[END_REF][START_REF] Sharp | Water in the Half Shell: Structure of Water, Focusing on Angular Structure and Solvation[END_REF], but one possible mechanism which is gaining an increasing support proposes [START_REF] Pertaya | Fluorescence Microscopy Evidence for Quasi-Permanent Attachment of Antifreeze Proteins to Ice Surfaces[END_REF][START_REF] Celik | Microfluidic Experiments Reveal That Antifreeze Proteins Bound to Ice Crystals Suffice to Prevent Their Growth[END_REF][START_REF] Raymond | Adsorption Inhibition As a Mechanism of Freezing Resistance in Polar Fishes[END_REF] that the AFPs strongly bind to ice crystals and hinder their further growth by imposing a curvature to the ice interface [START_REF] Nistor | Interface-Limited Growth of Heterogeneously Nucleated Ice in Supercooled Water[END_REF] which lowers the freezing point through a Gibbs-Thomson effect [START_REF] Yeh | Antifreeze Proteins: Structures and Mechanisms of Function[END_REF]. The mechanism of ice-binding and the role of water molecules lying next to the ice-binding face is widely debated [START_REF] Smolin | Formation of Ice-like Water Structure on the Surface of an Antifreeze Protein[END_REF][START_REF] Nutt | Dual Function of the Hydration Layer Around an Antifreeze Protein Revealed by Atomistic Molecular Dynamics Simulations[END_REF][START_REF] Midya | Hydration Behavior at the Ice-Binding Surface of the Tenebrio Molitor Antifreeze Protein[END_REF][START_REF] Kuffel | Unusual Structural Properties of Water Within the Hydration Shell of Hyperactive Antifreeze Protein[END_REF][START_REF] Garnham | Anchored Clathrate Waters Bind Antifreeze Proteins to Ice[END_REF]. Hence the goal of this study is to perform a detailed study of the hydration dynamics of an insect hyperactive antifreeze protein, focusing on the dynamical and structural properties of water molecules lying next to its ice-binding face. To clearly separate the features that are specific to AFPs from those common to all proteins, we first characterize the hydration dynamics of a paradigm globular protein, ubiquitin, and compare it with the AFP hydration behavior. The goal of our study is two-fold.

Our first objective is to establish how the protein-induced perturbation of the hydration shell changes with temperature and to determine the respective enthalpic and entropic contributions to the distribution of water reorientation times within a typical protein hydration shell. Recent studies conducted in the group showed [START_REF] Sterpone | Magnitude and Molecular Origin of Water Slowdown Next to a Protein[END_REF][START_REF] Fogarty | Water Dynamics in Protein Hydration Shells: The Molecular Origins of the Dynamical Perturbation[END_REF] that, at room temperature, proteins induce on average a moderate slowdown in the reorientation of water molecules in their vicinity but that this dynamical perturbation is extremely heterogeneous throughout the hydration shell. Based on the extended jump model analysis previously developed [START_REF] Fogarty | Biomolecular Hydration Dynamics: A Jump Model Perspective[END_REF][START_REF] Laage | Reorientation and Allied Dynamics in Water and Aqueous Solutions[END_REF][START_REF] Laage | Water Jump Reorientation: From Theoretical Prediction to Experimental Observation[END_REF] and presented in Chapter 1, the dominant factor that governs this perturbation was suggested [START_REF] Sterpone | Magnitude and Molecular Origin of Water Slowdown Next to a Protein[END_REF][START_REF] Fogarty | Water Dynamics in Protein Hydration Shells: The Molecular Origins of the Dynamical Perturbation[END_REF] to be the topography of the protein exposed surface, thus an entropic factor. Chapter 3. Hydration shell dynamics around a hyperactive antifreeze protein and ubiquitin Here we examine this further and study the temperature dependence of protein hydration dynamics. In particular, we investigate whether the changes in the average dynamical perturbation with temperature are caused by a few specific water molecules or rather by the entire hydration shell.

Our second goal is to establish to which extent the hydration shell dynamics around a hyperactive AFP differs from that around a typical protein with no antifreeze activity like ubiquitin. While recent work in the group showed [START_REF] Fogarty | Water Dynamics in Protein Hydration Shells: The Molecular Origins of the Dynamical Perturbation[END_REF] that at room temperature the distribution of water reorientation times within the hydration shell is extremely similar for four globular proteins with different sizes, functions and secondary structures, the perturbation induced by an AFP is expected to be markedly different because of its peculiar impact on the thermodynamics of water. In the present study, we specifically examine two points for which no consensus has been found yet, respectively the presence of ice-like water molecules next to the ice-binding face of an AFP [START_REF] Smolin | Formation of Ice-like Water Structure on the Surface of an Antifreeze Protein[END_REF][START_REF] Nutt | Dual Function of the Hydration Layer Around an Antifreeze Protein Revealed by Atomistic Molecular Dynamics Simulations[END_REF][START_REF] Midya | Hydration Behavior at the Ice-Binding Surface of the Tenebrio Molitor Antifreeze Protein[END_REF][START_REF] Kuffel | Unusual Structural Properties of Water Within the Hydration Shell of Hyperactive Antifreeze Protein[END_REF][START_REF] Garnham | Anchored Clathrate Waters Bind Antifreeze Proteins to Ice[END_REF] and the spatial extent [START_REF] Modig | High Water Mobility on the Ice-Binding Surface of a Hyperactive Antifreeze Protein[END_REF][START_REF] Midya | Hydration Behavior at the Ice-Binding Surface of the Tenebrio Molitor Antifreeze Protein[END_REF][START_REF] Meister | Long-Range Protein-Water Dynamics in Hyperactive Insect Antifreeze Proteins[END_REF] of the AFP-induced perturbation of its hydration shell.

The outline of this chapter is as follows. First, we provide a brief description of the simulations and of the theoretical framework used for the analysis. Next, we describe the hydration dynamics of ubiquitin, including its changes with temperature. The following section then contrasts these results with those obtained for a hyperactive AFP.

Methodology

Simulation details. We performed classical molecular dynamics simulations of two proteins in aqueous solution, respectively ubiquitin, a small globular protein, and the spruce budworm Choristoneura fumiferana antifreeze protein (Cf AFP). We ran a series of simulations at different temperatures in the 230-300 K temperature range. Trajectories were propagated at 5 different temperatures (respectively 298 K, 280 K, 260 K, 240 K and 230 K) for the ubiquitin solution, and at 3 temperatures (300 K, 260 K, 235 K) for the antifreeze protein solution. The initial protein configurations were obtained from the crystallographic structures with PDB codes 1UBQ [START_REF] Vijay-Kumar | Structure of Ubiquitin Refined at 1.8 Å Resolution[END_REF] (ubiquitin) and 1L0S [START_REF] Leinala | Crystal Structure of β-Helical Antifreeze Protein Points to a General Ice Binding Model[END_REF] (Cf AFP), where the crystallographic water molecules have been retained. The PDB structure of Cf AFP contains four AFP monomers and we selected the first one (chain A) along with the water molecules that are closer to chain A than to any other chain and no farther than 7 Å from chain A, as described in the PDB file. Using the VMD Protein Builder plugin [START_REF] Humphrey | Visual Molecular Dynamics[END_REF], the two missing residues in Cf AFP (ASP1 and GLY2) and missing hydrogens were added, the iodinated tyrosine 26 was changed into standard tyrosine, and the Y33F mutation was reverted. This Cf AFP structure includes 4 disulfide bonds involving cysteines 4-17, 25-37, 62-85 and 67-80. Each protein was explicitely solvated in a box containing respectively 4982 and 5078 water molecules for ubiquitin and Cf AFP, corresponding to effective concentrations of approximately 10 mM. Two chloride ions were added to the Cf AFP system to neutralize the total charge within the simulation box. The proteins were described by the CHARMM22 forcefield with CMAP corrections [START_REF] Mackerell | All-Atom Empirical Potential for Molecular Modeling and Dynamics Studies of Proteins[END_REF], and the TIP4P/2005 force-field [START_REF] Abascal | A General Purpose Model for the Condensed Phases of Water: TIP4P/2005[END_REF] was used for water molecules. This water model provides one of the best available descriptions of the water phase diagram and was verified to properly describe water reorientation dynamics over the supercooled and liquid temperature range [START_REF] Stirnemann | Communication: On the Origin of the Non-Arrhenius Behavior in Water Reorientation Dynamics[END_REF][START_REF] Duboué-Dijon | Temperature Dependence of Hydrophobic Hydration Dynamics: From Retardation to Acceleration[END_REF]. Simulations were performed using NAMD [START_REF] Phillips | Scalable Molecular Dynamics with NAMD[END_REF] with periodic boundary conditions and a Particle Mesh Ewald treatment [START_REF] Darden | Particle Mesh Ewald: An Nlog(N) Method for Ewald Sums in Large Systems[END_REF] of long-range electrostatic interactions. An 11 Å cutoff was applied to nonbonded interactions with a switching function between 9 and 11 Å. Bonds between hydrogen and heavy atoms were constrained using the SHAKE and SETTLE algorithms [START_REF] Miyamoto | An Analytical Version of the SHAKE and RATTLE Algorithm for Rigid Water Models[END_REF]. Simulations with pressure control used the Nosé-Hoover Langevin piston with a piston period of 100 fs and a damping time scale of 50 fs. Simulations with temperature control used the Langevin thermostat with a damping frequency of 0.1 ps -1 . Each system is equilibrated first in the NPT ensemble for at least 250 ps until the box volume is equilibrated, then in the NVT ensemble for 1 ns, before a final equilibration in the NVE ensemble for at least 500 ps. Finally, production runs are conducted in the NVE ensemble with a 1 fs timestep. The lengths of the production runs are respectively 7 ns at 298 K and 280 K, 30 ns at 260 K, 20 ns at 240 K and 27 ns at 230 K for the ubiquitin system, and respectively 15 ns at 298 K, and 20 ns at 260 K and 235 K for the Cf AFP solutions.

Site-resolved analysis of water dynamics. Following a methodology previously developed in the group [START_REF] Fogarty | Water Dynamics in Protein Hydration Shells: The Molecular Origins of the Dynamical Perturbation[END_REF], we perform a site-resolved analysis of water dynamics by assigning each water molecule within the hydration shell to a surface site using geometric criteria. Typical criteria for the assignment of an OH group to a surface site (and therefore to the hydration shell) are R CO < 4.5 Å for a hydrophobic site and R DA < 3.5 Å, R AH < 2.5 Å, and θ HDA < 30 • for a H-bond donor or acceptor site, where C is a protein carbon atom, O is a water oxygen atom, A is a H-bond acceptor atom, D is a H-bond donor atom, and H is a hydrogen atom either from the protein or from water. In this approach, the thickness of the first layer is determined for each surface site, which properly accounts for the roughness of the protein surface and avoids ambiguities resulting from the uniform thickness assumption used in prior simulation studies [START_REF] Nutt | Dual Function of the Hydration Layer Around an Antifreeze Protein Revealed by Atomistic Molecular Dynamics Simulations[END_REF][START_REF] Kuffel | Unusual Structural Properties of Water Within the Hydration Shell of Hyperactive Antifreeze Protein[END_REF]. This definition of the hydration shell counts on average 356 ± 9 water molecules in the hydration shell of ubiquitin, and 359 ± 10 water molecules in that of Cf AFP. We can distinguish the perturbations induced by hydrophobic, H-bond donor and H-bond acceptor sites, and study water reorientation next to each protein site. The reorientation retardation factor ρ reor with respect to the bulk next to each site is defined as

ρ reor = τ shell reor τ bulk reor . (3.1) 
Bulk properties are obtained by selecting water molecules that are further than 8 Å from any protein atom.

Analysis of water local structure. We characterize water dynamics using the Voronoi asphericity, as presented in Chapter 2, which we showed to be the most adapted to study water reorientation dynamics [START_REF] Duboué-Dijon | Characterization of the Local Structure in Liquid Water by Various Order Parameters[END_REF]. To verify that our results are not sensitive to our choice of order parameter, we have repeated some of our analyses with another probe of the local structure, the tetrahedral order parameter q whose average value varies from 0 for an ideal gas to 1 for a perfect tetrahedral network. In neat water, it focuses on the four nearest water oxygen neighbors and is defined as [START_REF] Errington | Relationship Between Structural Order and the Anomalies of Liquid Water[END_REF] q = 1 -3 8

3 j=1 4 k=j+1 cos ψ jk + 1 3 2 , (3.2) 
where ψ jk is the angle formed by the lines joining the oxygen atom of the water molecule under consideration and its nearest neighbor oxygen atoms j and k. We showed that in the protein hydration shell, the tetrahedral order parameter should be defined by considering both water and protein nearest neighbors [START_REF] Duboué-Dijon | Comparative Study of Hydration Shell Dynamics Around a Hyperactive Antifreeze Protein and Around Ubiquitin[END_REF].

OD stretch frequency distributions. Water vibrational stretch frequencies are calculated using an empirical relationship between the vibrational frequency and the projection of the electric field experienced by the water hydrogen atom along the OH direction [START_REF] Schmidt | Are Water Simulation Models Consistent with Steady-State and Ultrafast Vibrational Spectroscopy Experiments?[END_REF]. This approach does not consider the intra and intermolecular couplings between stretch modes and would thus correspond to an experiment probing the OD stretch of a dilute HOD in H 2 O. Since frequency maps are available for the SPC/E water model but not for the TIP4P/2005 model, we calculate the electric field in each configuration by transforming each TIP4P/2005 water molecule into a SPC/E molecule, keeping the oxygen atom fixed and moving the two hydrogen atoms while conserving the molecular plane and the dipole moment orientation, following the approach successfully used in Ref. [START_REF] Schmidt | Are Water Simulation Models Consistent with Steady-State and Ultrafast Vibrational Spectroscopy Experiments?[END_REF]. To determine the electric field experienced by bulk-like water molecules, we consider water molecules further than 15 Å from the protein and compute the electric field due to all water molecules within a 15 Å cut-off. For water molecules in the protein hydration shell, we compute the electric field due to the entire protein, the two Cl -counterions and all water molecules within 15 Å.

Hydration dynamics of ubiquitin

The paradigm protein that we chose as a reference to study the temperature dependence of protein hydration shell dynamics is ubiquitin. This small regulatory globular protein tags other proteins for destruction, and the dynamical properties of its hydration shell have already been studied both experimentally (see e.g. Refs. [START_REF] Mattea | 17 O Spin Relaxation in Deeply Supercooled Solutions[END_REF][START_REF] Born | The Terahertz Dance of Water with the Proteins: The Effect of Protein Flexibility on the Dynamical Hydration Shell of Ubiquitin[END_REF][START_REF] Nucci | Mapping the Hydration Dynamics of Ubiquitin[END_REF]) and by computer simulations (see e.g. Refs. [START_REF] Fogarty | Water Dynamics in Protein Hydration Shells: The Molecular Origins of the Dynamical Perturbation[END_REF][START_REF] Tian | Simulations of the Confinement of Ubiquitin in Self-Assembled Reverse Micelles[END_REF]). Here our goal is to determine which molecular factors govern the changes of the protein-induced dynamical perturbation with temperature and the respective contributions of enthalpic and entropic factors to the heterogeneous hydration dynamics at the protein interface.

Average water reorientation dynamics in the hydration shell

We have first calculated the average water reorientation retardation factor in the ubiquitin hydration shell at a series of temperatures between 230 K and 298 K. Figure 3.1 shows that our results are in very good agreement with the experimental data obtained by NMR [START_REF] Mattea | 17 O Spin Relaxation in Deeply Supercooled Solutions[END_REF] for the same system. Our calculations thus first confirm that the perturbation induced by ubiquitin on the dynamics of water molecules within its hydration layer is quite limited, with a moderate slowdown of approximately 4 at room temperature with respect to bulk dynamics. Second, our computed retardation factors exhibit the same non-monotonic temperature dependence as observed in the experiments [START_REF] Mattea | 17 O Spin Relaxation in Deeply Supercooled Solutions[END_REF], including a maximum at 260 K. Our results for the 90 % and 50 % fastest water molecules within the hydration shell are also in fair agreement with the experimental data [START_REF] Mattea | 17 O Spin Relaxation in Deeply Supercooled Solutions[END_REF].

Hydration dynamics distributions and mapping

With respect to previous experimental measurements of the average perturbation factor [START_REF] Mattea | 17 O Spin Relaxation in Deeply Supercooled Solutions[END_REF], the novel insight provided by our simulation approach is the specific determination of the contributions of each individual protein site to this global average. Figure 3.2 shows that the average perturbation arises from a broad distribution of slowdown factors. This was recently shown to result mostly from the large heterogeneity in local topographies at the protein exposed surface, with a minor contribution from the varying strengths of the water-protein interaction energies [START_REF] Sterpone | Magnitude and Molecular Origin of Water Slowdown Next to a Protein[END_REF][START_REF] Fogarty | Water Dynamics in Protein Hydration Shells: The Molecular Origins of the Dynamical Perturbation[END_REF]. Our present results reveal that the shape of the slowdown factor distribution is almost independent of temperature and is similar to what was recently determined for a series of proteins with different sizes, functions and secondary structures [START_REF] Fogarty | Water Dynamics in Protein Hydration Shells: The Molecular Origins of the Dynamical Perturbation[END_REF]. These distributions all exhibit a peak at moderate values ( 2-3) of the retardation factor, with a long tail that extends up to 200-fold retardation factors relative to bulk dynamics. This tail is approximately consistent with the power-law dependence assumed in NMR studies (Fig. 3.2) [START_REF] Mattea | 17 O Spin Relaxation in Deeply Supercooled Solutions[END_REF][START_REF] Modig | High Water Mobility on the Ice-Binding Surface of a Hyperactive Antifreeze Protein[END_REF]. However, our computed distributions deviate markedly from a power law both at small retardation factor values, where they do not diverge, and at large values, where they vanish for retardation factors of approximately 200. Even for the slowest sites, our simulations predict that water reorientation is faster than protein tumbling, estimated to be approximately 3.5 ns (corresponding to a retardation factor larger than 1000) at room temperature from exponential fits of the orientational TCF for three protein axes. This would imply that all water molecules reorient much faster than the protein itself. However, two magnetic relaxation dispersion studies [START_REF] Denisov | Protein Hydration Dynamics in Aqueous Solution: A Comparison of Bovine Pancreatic Trypsin Inhibitor and Ubiquitin by Oxygen-17 Spin Relaxation Dispersion[END_REF][START_REF] Persson | Nanosecond to Microsecond Protein Dynamics Probed by Magnetic Relaxation Dispersion of Buried Water Molecules[END_REF] have found at least one water molecule that is rotationally immobile on the time scale of protein tumbling and tentatively located that water molecule in a pocket next to the Lys27, Leu43 and Leu50 residues. While force field imperfections probably explain why our simulations yield a faster reorientation time for that water molecule, our calculations do confirm that the slowest hydration site of ubiquitin is in that same pocket, as discussed below.

Our simulations provide a detailed mapping of the retardation factor on the protein exposed surface (Fig. 3.3). We note that recent NMR NOE experiments have been performed to obtain such a map for ubiquitin encapsulated in reverse micelles [START_REF] Nucci | Mapping the Hydration Dynamics of Ubiquitin[END_REF][START_REF] Nucci | Site-Resolved Measurement of Water-Protein Interactions by Solution NMR[END_REF]. However, in these environments the water dynamical perturbation may be due at least as much to the confining environment as to the protein, and the determination of water dynamical retardation factors from NOE data was shown to be prone to interpretation artifacts [START_REF] Halle | Cross-Relaxation Between Macromolecular and Solvent Spins: The Role of Long-Range Dipole Couplings[END_REF]. A water retardation map around proteins in aqueous solution is thus still only accessible via simulations. Our mapping reveals the locations of the slow and fast hydration sites and how specific protein domains affect hydration dynamics. At room temperature, most of the surface is only moderately retarded, with retardation factors below 4.

If we specifically focus on the 10 % slowest water molecules (Fig. 3.4), we find that these sites are distributed around the protein, including next to the outer surface of the β-sheet and at the interface between the β-sheet and the α-helix as suggested by NMR experiments in reverse micelles [START_REF] Nucci | Site-Resolved Measurement of Water-Protein Interactions by Solution NMR[END_REF]. However, the clustering of slow sites that had been observed in these experiments [START_REF] Nucci | Mapping the Hydration Dynamics of Ubiquitin[END_REF][START_REF] Nucci | Site-Resolved Measurement of Water-Protein Interactions by Solution NMR[END_REF] is not found in aqueous solution and may have been due to a confinement effect [START_REF] Tian | Simulations of the Confinement of Ubiquitin in Self-Assembled Reverse Micelles[END_REF]. Hydration dynamics has often been suggested to be anomalously fast or slow next to functionally important sites and this possible correlation can be investigated with our analysis. Next to the key hydrophobic patch (Ile44, Leu8 and Val70) that mediates the interactions with ubiquitin binding domains, it had been suggested [START_REF] Nucci | Mapping the Hydration Dynamics of Ubiquitin[END_REF] that a small water entropy and slow water dynamics would lead to a favorable entropy gain upon dehydration during binding. However, our simulations do not reveal any particular slowdown of water dynamics (see Figs. 3.3-3.4). In contrast, a large concentration of slow hydration sites is found next to the Lys27 residue, which is the least exposed Lys residue and presents very little reactivity [START_REF] Vijay-Kumar | Structure of Ubiquitin Refined at 1.8 Å Resolution[END_REF][START_REF] Jabusch | Localization of Lysines Acetylated in Ubiquitin Reacted with p-Nitrophenyl Acetate[END_REF]. Sites that are well exposed to the solvent, including e.g. the Cterminus sites, exhibit fast hydration dynamics. Our hydration dynamics map thus shows that hydration dynamics is not correlated with the functional importance of a given protein site but rather depends mostly on the protein local topography.

Temperature dependence of the dynamical perturbation

We now examine how the dynamical perturbation induced by ubiquitin on its hydration layer changes with temperature.

Our simulations show that the perturbation factor ρ reor averaged over the entire hydration shell exhibits a non-monotonic change with temperature, in agreement with the NMR results [START_REF] Mattea | 17 O Spin Relaxation in Deeply Supercooled Solutions[END_REF] (Fig. 3.1). However, we insist that the amplitude of these changes is very small with respect to the large width of the ρ reor distribution over the hydration layer (Fig. 3.2). These ρ reor distributions are found to be fairly insensitive to a temperature change (Fig. 3.2), which is also reflected in the mappings of the dynamical perturbation on the protein surface, that are little affected by temperature (Fig. 3.3). At every temperature, the slowest hydration sites remain in the same clefts and pockets, while solvent-exposed sites always exhibit faster dynamics. The quasi temperature invariance of the perturbation factor distribution therefore clearly supports the recent suggestion that the dynamical perturbation induced by proteins on their hydration layer is essentially of entropic origin [START_REF] Sterpone | Magnitude and Molecular Origin of Water Slowdown Next to a Protein[END_REF][START_REF] Fogarty | Water Dynamics in Protein Hydration Shells: The Molecular Origins of the Dynamical Perturbation[END_REF]. It is governed by the shape of the protein exposed surface: more confined sites hinder the H-bond rearrangements, thus slowing down the water dynamics [START_REF] Sterpone | Magnitude and Molecular Origin of Water Slowdown Next to a Protein[END_REF][START_REF] Fogarty | Water Dynamics in Protein Hydration Shells: The Molecular Origins of the Dynamical Perturbation[END_REF].

However, the small non-monotonic change of the average slowdown factor with temperature (Fig. 3.1) shows that additional factors contribute to the perturbation and we now analyze our simulations to determine their molecular origin.

Since water reorientation times are mostly determined by the local topography of the protein exposed surface [START_REF] Sterpone | Magnitude and Molecular Origin of Water Slowdown Next to a Protein[END_REF][START_REF] Fogarty | Water Dynamics in Protein Hydration Shells: The Molecular Origins of the Dynamical Perturbation[END_REF], a first possibility is that the variations in ρ reor with temperature could result from protein conformational changes. However, a close examination of the ubiquitin topography over the considered temperature range does not reveal any conformational rearrangement. As shown in prior work, the topographical effect is due to the protein-induced excluded volume which hinders the H-bond jump exchanges of water [START_REF] Sterpone | Magnitude and Molecular Origin of Water Slowdown Next to a Protein[END_REF][START_REF] Fogarty | Water Dynamics in Protein Hydration Shells: The Molecular Origins of the Dynamical Perturbation[END_REF]. Our computed distributions of this excluded-volume factor at every temperature (Fig. 3.5b) are temperature independent, thus establishing unambiguously that the temperature dependence of the hydration shell dynamical perturbation does not arise from protein conformational changes.

While very slow water molecules represent a small fraction of the hydration layer, they bring an important contribution to the average perturbation factor. As shown in Fig. 3.5a, the 5 % slowest water molecules account for 25 % of the average retardation factor for the entire shell. Since the magnitude of the average retardation factor is dominated by a few very slow water molecules, another possibility is that the non-monotonic temperature dependence could be induced by these water molecules. However, the average retardation factors respectively calculated over the 90 % and 50 % fastest water molecules within the shell both exhibit the same temperature dependence (Fig. 3.1), consistently with the experimental results [START_REF] Mattea | 17 O Spin Relaxation in Deeply Supercooled Solutions[END_REF]. This shows that the non-monotonic behavior is common to both slow and fast hydration sites.

Since the protein exposed surface is chemically heterogeneous and includes various hydrophobic, H-bond donor and H-bond acceptor residues, we now study whether the nonmonotonic behavior is common to all chemical site types or rather due to some specific groups. Figure 3.6 presents the ρ reor factors averaged over each type of protein surface site. We first note that, consistently with the results of prior studies [START_REF] Sterpone | Magnitude and Molecular Origin of Water Slowdown Next to a Protein[END_REF][START_REF] Fogarty | Water Dynamics in Protein Hydration Shells: The Molecular Origins of the Dynamical Perturbation[END_REF], the slowdown ρ reor is much larger next to H-bond acceptor sites than next to H-bond donor and hydrophobic groups. H-bond donors perturb the reorientation dynamics of water much less than H-bond acceptors because they only act on the water oxygen around which the angular jump occurs, and the resulting torque influence on the OH reorientation is negligible [START_REF] Sterpone | Magnitude and Molecular Origin of Water Slowdown Next to a Protein[END_REF]. The H-bond strength then matters very little and H-bond donors, like hydrophobic groups, perturb water dynamics mainly by an excluded-volume effect (see Chapter 1). In contrast, for protein Hbond acceptor sites forming stronger H-bonds with water, the induced extra free energy cost for the water molecule under consideration to stretch the initial water-protein H-bond and execute a jump exchange of H-bond acceptors was shown to lead to a slower reorientation than in the bulk [START_REF] Laage | Reorientation and Allied Dynamics in Water and Aqueous Solutions[END_REF][START_REF] Sterpone | Water Hydrogen-Bond Dynamics Around Amino Acids: The Key Role of Hydrophilic Hydrogen-Bond Acceptor Groups[END_REF]. While the ρ reor amplitudes are different for the three types of sites, Fig. 3.6 shows that the temperature dependence is similar and non-monotonic in all cases, with a maximum close to 260 K. This suggests that the underlying mechanism responsible for the temperature dependence is not specific to a given chemical site type. The same temperature dependence was found for the hydration shell dynamics of a series of proteins [START_REF] Mattea | 17 O Spin Relaxation in Deeply Supercooled Solutions[END_REF][START_REF] Qvist | Time Scales of Water Dynamics at Biological Interfaces: Peptides, Proteins and Cells[END_REF] and of small hydrophilic [START_REF] Winther | Hydration and Mobility of Trehalose in Aqueous Solution[END_REF] and hydrophobic [START_REF] Qvist | Thermal Signature of Hydrophobic Hydration Dynamics[END_REF] solutes in prior NMR studies and in MD simulations [START_REF] Duboué-Dijon | Temperature Dependence of Hydrophobic Hydration Dynamics: From Retardation to Acceleration[END_REF], which points to a common origin.

In Chapter 2, we presented an analytic model which rigorously establishes that the small changes in the dynamical perturbation next to a small hydrophobic solute with temperature originate from the different temperature responses of the local water structure in the hydration shell and in the bulk. While the distributions of local tetrahedral orders experienced by water molecules are broad both in the shell and in the bulk, a small shift exists between these distributions and it changes slightly with temperature. In agreement with prior suggestion [START_REF] Qvist | Thermal Signature of Hydrophobic Hydration Dynamics[END_REF], we demonstrated that the drop in ρ reor upon cooling in the supercooled temperature range results from the constraints imposed by the solute interface on the water local structure, which prevents it from becoming as tetrahedral as the bulk. While the protein surface is much more heterogeneous than the surface of a small amphiphilic molecule like TMAO, the same effect is at play for all types of chemical groups and these local structural effects explain the small non-monotonic temperature dependence of the slowdown factor for all sites. We will return to these structural aspects in Section 3.4.3. For H-bond acceptor sites, an additional temperature effect comes from the enthalpy of the water-protein H-bond which may be different from that of a water-water H-bond. For example, a strong H-bond acceptor protein site induces a monotonic increase of ρ reor with decreasing temperature. However, our simulations suggest that this effect remains moderate for most sites.

Hydration Dynamics of Cf AFP

We now turn to the study of hydration dynamics around an antifreeze protein. Different types of AFPs have been identified [START_REF] Graham | Hyperactive Antifreeze Protein from Beetles[END_REF][START_REF] Fletcher | Antifreeze Proteins of Teleost Fishes[END_REF][START_REF] Duman | Antifreeze and Ice Nucleator Proteins in Terrestrial Arthropods[END_REF] and we focus here on the spruce budworm Cf AFP which belongs to the insect AFP family. This AFP has a β-helical structure [START_REF] Leinala | Crystal Structure of β-Helical Antifreeze Protein Points to a General Ice Binding Model[END_REF] and is antifreeze hyperactive, i.e. the difference between the melting and freezing temperatures of water in the presence of the AFP is large [START_REF] Nada | Antifreeze Proteins: Computer Simulation Studies on the Mechanism of Ice Growth Inhibition[END_REF]. The impact of AFPs on the structure and dynamics of water molecules in the vicinity of their ice-binding face have been extensively studied [13, 13, 15, 26, 83, 88-90, 92, 113-116] in order to elucidate how AFPs can selectively and strongly bind to specific ice crystal faces [START_REF] Sicheri | Ice-Binding Structure and Mechanism of an Antifreeze Protein from Winter Flounder[END_REF][START_REF] Jia | Antifreeze Proteins: An Unusual Receptor-Ligand Interaction[END_REF][START_REF] Daley | The Role of Side Chain Conformational Flexibility in Surface Recognition by Tenebrio Molitor Antifreeze Protein[END_REF].

We focus here on the dynamical and structural properties of the Cf AFP hydration shell compared to those of our paradigm protein system, ubiquitin. In particular, we study the magnitude and spatial extent of the perturbation induced by Cf AFP and we examine whether the enhanced hydration shell structure around Cf AFP is reflected by a difference in the hydration dynamics. 

Average retardation factor in the Cf AFP hydration shell

We first computed the distribution of water reorientation perturbation factors ρ reor in the Cf AFP hydration shell. Figure 3.7a shows that at 298 K, the distribution is very similar to that determined for ubiquitin in Sec. 3.3.2 and for other proteins in prior work [START_REF] Fogarty | Water Dynamics in Protein Hydration Shells: The Molecular Origins of the Dynamical Perturbation[END_REF]: it exhibits a peak at moderate slowdown factor values (below 3), and a long tail at larger ρ reor values.

The computed average perturbation factor (Fig. 3.7b) shows that the Cf AFP hydration shell is labile, with a very limited retardation factor (2.6 at 298 K). Similar conclusions had already been reached in a recent NMR study [START_REF] Modig | High Water Mobility on the Ice-Binding Surface of a Hyperactive Antifreeze Protein[END_REF] of a different hyperactive AFP, TmAFP.

While TmAFP and Cf AFP are structurally similar, the groove on the ice-binding surface is wider in TmAFP, which probably allows water molecules to penetrate in more confined locations where they are more retarded, and which would explain why the retardation factor is larger for TmAFP than for Cf AFP, as suggested in Ref [START_REF] Modig | High Water Mobility on the Ice-Binding Surface of a Hyperactive Antifreeze Protein[END_REF]. The Cf AFP average shell retardation factor displays a non-monotonic temperature dependence very similar to what we have found for ubiquitin (Fig. 3.1), with a maximum close to 260 K. Our results are therefore in good agreement with what had been found for TmAFP [START_REF] Modig | High Water Mobility on the Ice-Binding Surface of a Hyperactive Antifreeze Protein[END_REF] and confirm that the average hydration shell dynamics of a hyperactive AFP is very similar to that of a non ice-binding protein like ubiquitin.

Site-resolved analysis of Cf AFP hydration dynamics

We now specifically focus on the dynamics of water next to the ice-binding surface of Cf AFP. The ice-binding surface has been identified by NMR and mutations experiments [START_REF] Graether | β-Helix Structure and Ice-Binding Properties of a Hyperactive Antifreeze Protein from an Insect[END_REF] and is characterized by its very flat topography, with 9 Thr residues forming two parallel rows on the surface (Fig. 3.8). The slowdown factors in Fig. 3.7b first show that, over the considered 235 K-300 K temperature range, the dynamics of water is always slower next to the ice-binding surface than in the entire Cf AFP hydration shell. Our results further show that, while at room temperature the difference in the slowdown factors is small (ρ reor = 2.8 and 2.6 respectively), the dynamics next to the ice-binding face slows down much more rapidly upon cooling than in the entire shell, and exhibits a monotonic increase instead of a turn-over, reaching a value of ρ reor 5 at 235 K vs ρ reor 3 for the entire shell (if ρ reor next to the ice-binding face drops at lower temperatures, the location of the maximum is therefore shifted by more than 30 K compared to non-ice-binding proteins).

The impact of the Cf AFP ice-binding surface on water dynamics is further analyzed via the site-resolved map of the water reorientation retardation factor ρ reor presented in Fig. 3.9. As for ubiquitin (Fig. 3.3), the slowest water molecules are found next to strong H-bond acceptor sites and in confined environments within pockets and grooves at the protein surface. The comparison of the ice-binding face with the other two faces of Cf AFP and with ubiquitin (Fig. 3.3) shows that the former exhibits a large density of slow sites, regularly arranged in two parallel rows defined by the Thr residues. We note that the four Thr hydroxyl H-bond acceptor sites sandwiched between the two rows of Thr residues are remarkably slow and all belong to the 5 % slowest sites on the surface (Fig. 3.10).

Local structural order

The main difference between hydration shell dynamics next to the Cf AFP ice-binding surface and next to the other Cf AFP faces and ubiquitin is not only the magnitude of the induced slowdown but also their different temperature dependences (Fig. 3.7b). Since we showed in Chapter 2 that the ρ reor temperature dependence is governed by the small differences between A more quantitative analysis of the local structural order is provided by Figs. 3.12a-b that present the asphericity distributions in the bulk, in the entire hydration shell of Cf AFP, and next to its ice-binding face, together with the temperature dependence of the average asphericity for these different environments. We first insist that these distributions are very broad. Therefore, at any temperature, the bulk and shell distributions largely overlap and their shifts with temperature and between the different environments are small compared to their widths.

At any temperature, all protein hydration shell sites are on average less structured than the bulk, due to the constraints induced by the protein interface. For the hydration sites next to the Cf AFP non-ice-binding faces, we find that the average asphericity is almost identical to that of the ubiquitin hydration shell, which strongly suggests that the relative destructuring in the shell is not specific to the AFP non ice-binding faces, and is rather a very general effect of protein surfaces. While this result differs from a prior simulation work [START_REF] Nutt | Dual Function of the Hydration Layer Around an Antifreeze Protein Revealed by Atomistic Molecular Dynamics Simulations[END_REF], it is in perfect agreement with a solid-state NMR study [START_REF] Siemer | Protein-Ice Interaction of an Antifreeze Protein Observed with Solid-State NMR[END_REF] which had concluded that both ubiquitin and the non ice-binding faces of an AFP led to a more disordered water structure. Concerning the water molecules next to the ice-binding face, our results show that at every temperature they are more tetrahedral and more bulk-like than those next to non-ice-binding faces. These conclusions at room temperature are in agreement with a prior simulation study [START_REF] Smolin | Formation of Ice-like Water Structure on the Surface of an Antifreeze Protein[END_REF] but differ from those of another simulation study [START_REF] Nutt | Dual Function of the Hydration Layer Around an Antifreeze Protein Revealed by Atomistic Molecular Dynamics Simulations[END_REF], probably because of a solvation shell definition that includes part of the second shell as suggested in Ref. [START_REF] Modig | High Water Mobility on the Ice-Binding Surface of a Hyperactive Antifreeze Protein[END_REF].

We have repeated our study with a different probe of water local structure, the tetrahedral order parameter [START_REF] Errington | Relationship Between Structural Order and the Anomalies of Liquid Water[END_REF], and as shown in Fig. 3.12c, the results obtained are very similar. This therefore confirms that our conclusions are robust and independent of the chosen local order parameter.

As expected, the local structures in all environments become more tetrahedral with decreasing temperature, i.e. they increasingly resemble an "ice-like" arrangement. However, this popular analogy with the ice structure [START_REF] Smolin | Formation of Ice-like Water Structure on the Surface of an Antifreeze Protein[END_REF][START_REF] Nutt | Dual Function of the Hydration Layer Around an Antifreeze Protein Revealed by Atomistic Molecular Dynamics Simulations[END_REF][START_REF] Midya | Hydration Behavior at the Ice-Binding Surface of the Tenebrio Molitor Antifreeze Protein[END_REF][START_REF] Kuffel | Unusual Structural Properties of Water Within the Hydration Shell of Hyperactive Antifreeze Protein[END_REF][START_REF] Garnham | Anchored Clathrate Waters Bind Antifreeze Proteins to Ice[END_REF][START_REF] Yang | Hydrophobic Tendency of Polar Group Hydration As a Major Force in Type I Antifreeze Protein Recognition[END_REF] is misleading. First, we insist that all these structures remain far from the ideal ice-like ordering, as shown by the zero probability to find a water molecule in a perfect ice-like arrangement (η=2.25) (see Fig. 3.12a). Second, our results show that the shell structure is always less tetrahedral than the bulk and that, as recently suggested [START_REF] Midya | Hydration Behavior at the Ice-Binding Surface of the Tenebrio Molitor Antifreeze Protein[END_REF], cooling amplifies this difference: due to the constraints imposed by the protein interface, hydration shell sites shift much less than the bulk towards more tetrahedral structures. Third, our computed radial distribution functions show that next to the ice-binding face the probability to find water molecules in an interstitial configuration between hydration shells remains typical of a liquid and is much higher than in ice (Fig. 3.13). While our simulations find that, as suggested by X-ray diffraction studies (see e.g. [START_REF] Garnham | Anchored Clathrate Waters Bind Antifreeze Proteins to Ice[END_REF][START_REF] Sun | An Antifreeze Protein Folds with an Interior Network of More Than 400 Semi-Clathrate Waters[END_REF]), the hydration shell next to the ice-binding face has a well-defined structure due to the Thr residues, our results thus unambiguously show that the ice-binding face of Cf AFP is not ice-like. The model [START_REF] Duboué-Dijon | Temperature Dependence of Hydrophobic Hydration Dynamics: From Retardation to Acceleration[END_REF] developed in Chapter 2 explains why these differences in local structures induce different temperature dependences of the hydration dynamics next to the ice-binding face and next to the rest of the protein. The drop in the slowdown factor upon cooling at supercooled temperatures occurs when the bulk becomes much more tetrahedral and thus slower than the shell which is constrained by the protein interface. Next to the ice-binding face, the structure is more bulk-like than next to the rest of the protein, so the drop is shifted to lower temperature and is not visible in the temperature range studied here. These results provide additional support for our model and confirm that the dynamical perturbation in the shell is essentially entropic due to excluded-volume effects, with an additional temperaturedependent contribution arising from the difference in local structures in the shell and in the bulk. 

Short-ranged structural perturbation

The spatial extent of the structural perturbation induced by the ice-binding face is still a matter of debate. While NMR [START_REF] Modig | High Water Mobility on the Ice-Binding Surface of a Hyperactive Antifreeze Protein[END_REF] has concluded that the perturbation is short-ranged and mostly limited to the first shell, simulation [START_REF] Midya | Hydration Behavior at the Ice-Binding Surface of the Tenebrio Molitor Antifreeze Protein[END_REF] and THz spectroscopy [START_REF] Meister | Long-Range Protein-Water Dynamics in Hyperactive Insect Antifreeze Proteins[END_REF] studies have suggested that the perturbation extends up to 20 Å from the protein surface and plays a key role in the antifreeze activity of AFP. Our results in Fig. 3.14 show that the enhanced structuring induced by the ice-binding face is short ranged, in agreement with the NMR study [START_REF] Modig | High Water Mobility on the Ice-Binding Surface of a Hyperactive Antifreeze Protein[END_REF]. The tetrahedral order measured by the Voronoi asphericity is compared at a given distance respectively from a water molecule lying in the interfacial layer next to the ice-binding face and from a water molecule in the bulk (a direct comparison with the average bulk structure would be misleading because of layering effects). The values in the vicinity of the ice-binding face and in the bulk are already almost indiscernible in the first shell of the interfacial water, i.e. in the second hydration shell of the protein. The variance with the conclusions of another recent simulation study [START_REF] Midya | Hydration Behavior at the Ice-Binding Surface of the Tenebrio Molitor Antifreeze Protein[END_REF] most probably arises from the different definitions used for the hydration shell. We further note that we probe here the structure of individual water molecules, which is a much more local observable than the collective vibrational mode probed in the THz spectroscopy study [START_REF] Meister | Long-Range Protein-Water Dynamics in Hyperactive Insect Antifreeze Proteins[END_REF] which observes a longer range effect. 

Water-Cf AFP H-bond strength

In order to prevent the ice growth, an AFP must strongly adsorb on the surface of ice crystals [START_REF] Nistor | Interface-Limited Growth of Heterogeneously Nucleated Ice in Supercooled Water[END_REF][START_REF] Garnham | Anchored Clathrate Waters Bind Antifreeze Proteins to Ice[END_REF]. However, the origin of this strong binding has been largely debated and different mechanisms have been suggested, including a hydrophobic interaction [START_REF] Chao | A Diminished Role for Hydrogen Bonds in Antifreeze Protein Binding to Ice[END_REF][START_REF] Baardsnes | New Ice-Binding Face for Type I Antifreeze Protein[END_REF] and the formation of H-bonds between AFP and ice [START_REF] Garnham | Anchored Clathrate Waters Bind Antifreeze Proteins to Ice[END_REF][START_REF] Devries | Structure of a Peptide Antifreeze and Mechanism of Adsorption to Ice[END_REF]. A recent structural study of a hyperactive AFP [START_REF] Garnham | Anchored Clathrate Waters Bind Antifreeze Proteins to Ice[END_REF] suggested that the strong binding results from a combination of hydrophobic effects inducing an ice-like clathrate-structured hydration shell together with strong H-bonds which anchor this preorganized hydration shell on the ice-binding protein surface.

Our results confirm prior studies [START_REF] Midya | Hydration Behavior at the Ice-Binding Surface of the Tenebrio Molitor Antifreeze Protein[END_REF][START_REF] Garnham | Anchored Clathrate Waters Bind Antifreeze Proteins to Ice[END_REF] and show the presence of an array of water molecules positioned by the Thr residues on the ice-binding face. However, such a patterning is not sufficient to induce an antifreeze activity and a strong interaction between the icebinding face and water is necessary. We calculated the free energy of the H-bonds between water and the Thr H-bond acceptor oxygen atoms. Our results in Fig. 3.15 show that the water-Thr H-bonds within the ice-binding face are stronger than water-water H-bonds and than H-bonds between water and Thr residues outside of the ice-binding face, but weaker than H-bonds between water and negatively charged H-bond acceptors like an Asp carboxylate group.

The enthalpic contribution to these strong H-bonds can be approximately probed by the electrostatic interaction between each Thr residue and its water H-bond partner. Experimen-tally, the electric field experienced by a water hydroxyl group can be determined to a good approximation by the OH stretch vibrational frequency [START_REF] Gruenbaum | Robustness of Frequency, Transition Dipole, and Coupling Maps for Water Vibrational Spectroscopy[END_REF]. Using the approach described in Sec. 3.2, we have therefore calculated the distribution of vibrational stretch frequencies for water hydroxyl groups located respectively in the bulk, in the entire Cf AFP hydration shell and next to the ice-binding face Thr groups at 300 K, 260 K and 235 K. Figure 3.16 shows that the three distributions are very similar. The absence of any red-shift of the frequency distribution in the ice-binding shell shows that the water-Thr H-bonds have an interaction enthalpy similar to that of other water-water and water-protein H-bonds in the bulk and in the shell. This further shows that water molecules next to the ice-binding face are not 'ice-like' since ice-like structures would result in a pronounced frequency redshift [START_REF] Tainter | Structure and OH-Stretch Spectroscopy of Lowand High-Density Amorphous Ices[END_REF]. This result is not inconsistent with the reduced local structure in the shell relative to the bulk that was found with both the asphericity and tetrahedral order parameters in Fig. 3.12. While in ice both the local tetrahedral order and the hydrogen-bond strength increase concomitantly with respect to liquid water, these two quantities are not necessarily correlated. In a recent study [START_REF] Duboué-Dijon | Characterization of the Local Structure in Liquid Water by Various Order Parameters[END_REF], we showed that there is no one-to-one correlation between the water vibrational frequency (probed by the local electric field) and the structure of the solvation shell surrounding a water molecule (measured by the asphericity). The water hydroxyl vibrational frequency probes only one apex of the tetrahedron while the asphericity and tetrahedral order parameters report on the structure of the entire solvation shell.

The large free energy of the Thr-water H-bonds shown in Fig. 3.15 is therefore due to an entropic factor. This entropic factor arises from the steric confinement of these H-bonds within the cleft formed by the two rows of Thr residues on the ice-binding face (see Fig. 3.8). We recently characterized in detail the impact of such entropic enhancement of the H-bond strength on the slowdown of water dynamics for water molecules within superficial pockets at a solid interface [START_REF] Fogarty | Origins of the Non-Exponential Reorientation Dynamics of Nanoconfined Water[END_REF]. The same ideas apply here for water molecules trapped within cavities at protein interfaces.

Concluding remarks

We have combined molecular dynamics simulations and analytic modeling to study ubiquitin and Cf AFP hydration dynamics over the 230-300 K temperature range. We have shown that the large heterogeneity in water reorientation dynamics within the first hydration shell is mainly due to an entropic factor determined by the topography of the exposed protein surface. The average perturbation factor remains moderate over the considered temperature range. Our results do not reveal any particular clustering of slow or fast hydration sites and do not show any correlation between hydration dynamics and the functional importance of the residues. The distribution of slowdown factors changes only very little with temperature. The decrease in the average perturbation factor at supercooled temperatures that had been observed by NMR [START_REF] Mattea | 17 O Spin Relaxation in Deeply Supercooled Solutions[END_REF] is properly reproduced by our simulations. In agreement with prior suggestion [START_REF] Mattea | 17 O Spin Relaxation in Deeply Supercooled Solutions[END_REF], our simulations provide a quantitative connection between this temperature dependence and the greater structuring in the bulk than in the shell, which is constrained by the protein interface. Our analysis further shows that the structural difference between the shell and the bulk that is required to observe such temperature dependence of the retardation factor is very small, and that this picture is thus consistent with the approximately similar H-bond strengths in the shell and in the bulk. In addition, we demonstrate that this behavior is not due to a few dominant hydration sites but is a general feature of all sites.

Our results on the hyperactive insect antifreeze protein Cf AFP show that the hydration dynamics around the non-ice-binding faces is extremely similar to that of a typical globular protein like ubiquitin. Next to the ice-binding face, the local structure of water is more tetrahedral than in the rest of the shell, but less than in the bulk and the probability to find water molecules in an interstitial configuration between two hydration shells is still high. The common analogy with an 'ice-like' structure is therefore not justified. Our detailed analysis of the interplay between local structure and dynamics, based on the model presented in Chapter 2, shows that the moderately enhanced structure next to the ice-binding face induces a greater slowdown in the water reorientation dynamics than in the rest of the Cf AFP hydration shell and explains why the dynamical perturbation exhibits a monotonic increase upon cooling from 300 K to 235 K instead of the maximum observed for typical protein hydration shells. Our analysis further shows that the structural perturbation induced by Cf AFP is short-ranged but that the Thr residues of the Cf AFP ice-binding face form strong H-bonds with water, due to a steric effect induced by the cleft between the two rows of Thr residues which hold in place the H-bond. Our study thus provides an additional contribution to the current efforts aiming at understanding the mechanism of antifreeze activity.

Heterogeneous water dynamics in DNA hydration shell

Introduction

While protein hydration dynamics has received a lot of attention and is increasingly well understood, as illustrated in the previous chapter, the equivalent nucleic acid field remains relatively little studied so far, despite its biological relevance. The study of DNA hydration dynamics is indeed key to understand such important processes as protein-DNA recognition, or DNA-drug binding. For example, the specific intercalation of a number of anticancer drugs between base pairs in the minor groove of the DNA helix [START_REF] Mukherjee | On the Molecular Mechanism of Drug Intercalation into DNA: A Simulation Study of the Intercalation Pathway, Free Energy, and DNA Structural Changes[END_REF][START_REF] Morávek | Protein and Drug Interactions in the Minor Groove of DNA[END_REF] involves the displacement of water molecules hydrating the minor groove. It makes it crucial to be able to correctly describe hydration dynamics in this very confined environment, where water reorientation was suggested to be remarkably slow [START_REF] Denisov | Kinetics of DNA Hydration[END_REF][START_REF] Pal | Water at DNA Surfaces: Ultrafast Dynamics in Minor Groove Recognition[END_REF][START_REF] Pal | Exploring DNA Groove Water Dynamics Through Hydrogen Bond Lifetime and Orientational Relaxation[END_REF][START_REF] Liepinsh | NMR Observation of Individual Molecules of Hydration Water Bound to DNA Duplexes: Direct Evidence for a Spine of Hydration Water Present in Aqueous Solution[END_REF].

Several techniques have been employed to probe nucleic acid hydration dynamics, including e.g. time-dependent Stokes shift (TDSS) experiments [START_REF] Pal | Water at DNA Surfaces: Ultrafast Dynamics in Minor Groove Recognition[END_REF][START_REF] Pal | Site-and Sequence-Selective Ultrafast Hydration of DNA[END_REF][START_REF] Andreatta | Power-Law Solvation Dynamics in DNA over Six Decades in Time[END_REF], NMR in the form of both nuclear Overhauser effect (NOE) and magnetic relaxation dispersion (MRD) experiments [START_REF] Denisov | Kinetics of DNA Hydration[END_REF][START_REF] Liepinsh | NMR Observation of Individual Molecules of Hydration Water Bound to DNA Duplexes: Direct Evidence for a Spine of Hydration Water Present in Aqueous Solution[END_REF][START_REF] Halle | Water and Monovalent Ions in the Minor Groove of B-DNA Oligonucleotides As Seen by NMR[END_REF][START_REF] Phan | Determination of the Residence Time of Water Molecules Hydrating B'-DNA and B-DNA, by One-Dimensional Zero-Enhancement Nuclear Overhauser Effect Spectroscopy[END_REF], together with molecular dynamics simulations [START_REF] Pal | Exploring DNA Groove Water Dynamics Through Hydrogen Bond Lifetime and Orientational Relaxation[END_REF][START_REF] Chuprina | Molecular Dynamics Simulation of the Hydration Shell of a B-DNA Decamer Reveals Two Main Types of Minor-Groove Hydration Depending on Groove Width[END_REF][START_REF] Duan | Molecular Dynamics Simulation Study of DNA Dodecamer D (CGCGAATTCGCG) in Solution: Conformation and Hydration[END_REF][START_REF] Bonvin | Water Molecules in DNA Recognition II: A Molecular Dynamics View of the Structure and Hydration of the Trp Operator[END_REF][START_REF] Pal | Multiple Time Scales in Solvation Dynamics of DNA in Aqueous Solution: The Role of Water, Counterions, and Cross-Correlations[END_REF][START_REF] Furse | The Dynamics of Water at DNA Interfaces: Computational Studies of Hoechst 33258 Bound to DNA[END_REF][START_REF] Sen | Dynamics of Water and Ions Near DNA: Comparison of Simulation to Time-Resolved Stokes-Shift Experiments[END_REF][START_REF] Furse | Molecular Dynamics Simulations of DNA Solvation Dynamics[END_REF]. MRD experiments on a DNA dodecamer containing an A-tract (i.e. a succession of AT base pairs) highlighted the presence of five highly ordered water molecules with long residence times, around 200 ps at room temperature [START_REF] Denisov | Kinetics of DNA Hydration[END_REF]. These slow water molecules were tentatively located in the DNA minor groove, despite the lack of spatial resolution of the method. TDSS studies have led to conflicting interpretations, particularly regarding the origin of the measured long-time component, which ranges from 20 ps in a first study [START_REF] Pal | Water at DNA Surfaces: Ultrafast Dynamics in Minor Groove Recognition[END_REF][START_REF] Pal | Site-and Sequence-Selective Ultrafast Hydration of DNA[END_REF] to a continuum of timescales up to 40 ns in another [START_REF] Andreatta | Power-Law Solvation Dynamics in DNA over Six Decades in Time[END_REF]. This slow decay was initially assigned to ordered water molecules strongly bound to DNA [START_REF] Pal | Water at DNA Surfaces: Ultrafast Dynamics in Minor Groove Recognition[END_REF], while others connected it to slow DNA conformational motions induced by the synthetic chromophore inserted for the measurements [START_REF] Furse | Molecular Dynamics Simulations of DNA Solvation Dynamics[END_REF]. Hence, it is so far not clear whether there are very slow water molecules in the DNA hydration shell, nor where the measured slow decay comes from. There is thus a strong need for a spatially resolved picture of DNA hydration, which is so far only accessible through molecular dynamics (MD) simulations. Here, we use classical MD simulations to study the hydration dynamics of a DNA dodecamer containing an A-tract, i.e. a series of consecutive A-T base pairs. The outline of this chapter is as follows. After a brief description of the system and simulation setup, we first provide a systematic determination of the distribution of water reorientational dynamics within the hydration layer, and map these results onto the DNA exposed surface. We show that water dynamics in the DNA hydration shell is highly heterogeneous, with a strong spatial heterogeneity due to the heterogeneous surface topography and chemical nature. We further demonstrate that the reorientational dynamics of water molecules in the DNA hydration shell is mostly governed by large angular jumps of OH bonds from their initial acceptor to a water oxygen atom. We then concentrate on the origin of the slow component in water reorientational relaxation, and show that it mainly originates from water hydrogen-bonded to acceptor sites on DNA bases located in the minor groove. We demonstrate that, for water molecules in the A-tract part of the minor groove, water dynamics is modulated by slow DNA conformational motions, which leads to an additional dynamical heterogeneity within the hydration layer.

Methods

System preparation

We study water reorientational dynamics in the hydration shell of a dodecamer of B-DNA. We use the Dickerson-Drew dodecamer [START_REF] Drew | Structure of a B-DNA Dodecamer: III. Geometry of Hydration[END_REF] d(CGCGAATTCGCG) 2 , obtained from the PDB structure 1BNA, and described using the AMBER99 force field [START_REF] Wang | How Well Does a Restrained Electrostatic Potential (RESP) Model Perform in Calculating Conformational Energies of Organic and Biological Molecules?[END_REF] with parmbsc0 corrections [START_REF] Pérez | Refinement of the AMBER Force Field for Nucleic Acids: Improving the Description of α/γ Conformers[END_REF], shown to be better than CHARMM27 at reproducing the spine of hydration seen in experiments [START_REF] Zhu | Molecular Dynamics Study of the Role of the Spine of Hydration in DNA A-Tracts in Determining Nucleosome Occupancy[END_REF]. The dodecamer was solvated in a box of 8756 water molecules described using the SPC/E model, which has been shown to correctly reproduce water dynamics at room temperature [START_REF] Laage | On the Molecular Mechanism of Water Reorientation[END_REF]. The system also contains 22 sodium ions for electroneutrality, i.e. the minimum salt concentration necessary to neutralize the charge of all phosphate groups. The ions are modeled using standard AMBER parameters [START_REF] Wang | How Well Does a Restrained Electrostatic Potential (RESP) Model Perform in Calculating Conformational Energies of Organic and Biological Molecules?[END_REF].

Molecular dynamics simulations were carried out using NAMD [START_REF] Phillips | Scalable Molecular Dynamics with NAMD[END_REF], with periodic boundary conditions and a 1 fs timestep. Long-range electrostatic interactions were treated using the Particle Mesh Ewald method. Non-bonded interactions were brought smoothly to zero using a switching function from 10 Å to the cutoff of 12 Å. Bonds between hydrogen and heavy atoms were constrained using the SHAKE and SETTLE algorithms [START_REF] Miyamoto | An Analytical Version of the SHAKE and RATTLE Algorithm for Rigid Water Models[END_REF]. After 5 ps of minimisation and heating to 300 K in steps of 30 K every 30 ps, the system was equilibrated for a total of 1 ns in the NPT ensemble and 1.5 ns in the NVT ensemble. This was followed by a 20 ns equilibration run in the NVT ensemble using the Langevin thermostat with a damping coefficient of 0.1 ps -1 . After these equilibration steps, two independent 200 ns simulations were performed in the NVE ensemble to avoid any possible interference of a thermostat with the dynamics, and coordinates were output every 500 fs. The detailed analysis of water dynamics in the minor groove used the entire 2*200 ns simulation, while other analyses were performed using only the first 200 ns.

Water dynamics analysis

To perform a spatially resolved analysis of water dynamics in the DNA hydration shell, the hydration shell was defined and decomposed with a site resolution, in the same spirit as what was done for proteins in Chapter 3. The dodecamer surface was broken down into hydrogenbond (H-bond) acceptor, H-bond donor and hydrophobic sites. The hydration shell was defined as containing all OH groups that were H-bonded to or within hydrophobic cutoff of the dodecamer surface, and each OH group was assigned to a given surface site at the time origin of each time correlation function calculated. Individual hydrophobic distance, H-bond distance and angle criteria were determined for each dodecamer site from radial distribution functions between water oxygen or hydrogen atoms and the relevant dodecamer atom. Typical criteria are R CO < 4.5 Åfor a hydrophobic site, and R DA < 3.5 Å, R AH < 2.5 Å, and θ HDA < 30 • , for a H-bond donor or acceptor site, where C is a dodecamer carbon atom, O is a water oxygen atom, and A is a H-bond acceptor atom, D a H-bond donor atom and H a hydrogen atom either in the dodecamer or in water. Where the assignment of an OH group proved ambiguous, sites were given the priority acceptor > donor > hydrophobe, as this has been shown to be the order of greatest influence on water reorientational dynamics [START_REF] Sterpone | Magnitude and Molecular Origin of Water Slowdown Next to a Protein[END_REF]. We consider only the dynamics of the first hydration shell in our analysis, because the perturbation induced by a biomolecule has been shown to fall off rapidly with distance from the surface [START_REF] Marchi | Water Rotational Relaxation and Diffusion in Hydrated Lysozyme[END_REF][START_REF] Rossky | Solvation. a Molecular Dynamics Study of a Dipeptide in Water[END_REF][START_REF] Abseher | The Influence of a Protein on Water Dynamics in Its Vicinity Investigated by Molecular Dynamics Simulation[END_REF].

Groove width analysis

Analysis of conformational fluctuations in the dodecamer involved the calculation of the local minor groove width for H-bond acceptor sites on DNA bases in the minor groove. Many parameters have been suggested to measure the different types of DNA local deformations, including measures of the minor groove width [START_REF] El Hassan | Two Distinct Modes of Protein-Induced Bending in DNA[END_REF][START_REF] Suzuki | An In-The-Groove View of DNA Structures in Complexes with Proteins[END_REF][START_REF] Laughton | The Mechanics of Minor Groove Width Variation in DNA, and Its Implications for the Accommodation of Ligands[END_REF]. We chose here to use a very local definition based on the distance between O4' atoms in the ribose rings, with an offset of three bases (Fig. 4.1). The two acceptor sites lying face to face in the minor groove are thus assigned the same minor groove width, based of the distance between the two O4' atoms flanking this pair (Fig. 4.1). Note that these two sites facing each other in the minor groove do not belong to the same base pair because the axis of the minor groove is tilted with respect to the base plane. Nine such O4'-O4' distances as therefore defined along the DNA sequence to measure the local minor groove width. 

Orientational dynamics in the hydration shell: spatial heterogeneity

Heterogeneity in hydration dynamics

Water reorientation is probed by following the OH-bond vector, using the reorientational time-correlation function (TCF), as presented in Chapter 1. Figure 4.2 shows the reorientational TCF averaged over water molecules initially lying in the hydration shell of the dodecamer. On a logarithmic scale, a monoexponential decay would appear as a straight line. The orientational TCF is therefore highly non-monoexponential, indicating a high degree of heterogeneity in hydration shell dynamics. For other biomolecules such as proteins (Chapter 3), such a heterogeneous hydration dynamics was shown to arise from an underlying distribution of reorientation times [START_REF] Fogarty | Water Dynamics in Protein Hydration Shells: The Molecular Origins of the Dynamical Perturbation[END_REF], and to originate from the topographically and chemically heterogeneous nature of the biomolecular surface [START_REF] Sterpone | Magnitude and Molecular Origin of Water Slowdown Next to a Protein[END_REF].

Spatial heterogeneity

We therefore calculate individual reorientational TCFs for the subset of water molecules assigned to each site according to the geometric criteria presented in the methodology section 4.2.2. We obtain the reorientation time τ reor for each site by numerical integration of the site-resolved TCFs. 17 ps, and a long-time tail stretching out to a maximum value of ∼100 ps. Most of the hydration shell is thus only moderately retarded with respect to bulk water, even if a small fraction of water molecules experience much more pronounced slowdowns, with reorientation times over 20 ps.

In order to specify what kind of DNA sites are responsible for each of these characteristic features, Figs. 4.3c-d show the same distribution decomposed by type of DNA site. We divide DNA sites into several categories, hydrophobic sites, H-bond donor and H-bond acceptor sites, which were previously shown on protein systems to be relevant for the analysis of water dynamics [START_REF] Fogarty | Water Dynamics in Protein Hydration Shells: The Molecular Origins of the Dynamical Perturbation[END_REF]. The main peak of the distribution is mostly due to water molecules next to hydrophobic surface sites (carbon atoms along the sugar backbone and on the DNA bases), as well as water molecules accepting H-bonds from DNA H-bond donor sites (-NH 2 groups of the DNA bases). The secondary, longer-time peak (τ reor > 9 ps) is mainly due to OH groups initially H-bonded to acceptor sites, and is dominated by the phosphate backbone. Finally, OH groups initially H-bonded to acceptors on DNA bases in the major groove have τ reor values in the range 7 to 16 ps, while the very slowest OH groups (30 < τ reor < 100 ps) are those initially H-bonded to acceptor sites on DNA bases in the minor groove.

The mapping of τ reor onto the dodecamer surface (Fig. 4.4) clearly shows that most of the hydration shell is only moderately retarded, while the sites with the slowest reorientational dynamics are located in the narrowest part of the minor groove (the A-tract). Such a detailed mapping of DNA hydration dynamics is obtained for the first time and is consistent with previous experimental [START_REF] Johannesson | Minor Groove Hydration of DNA in Solution: Dependence on Base Composition and Sequence[END_REF] and simulation studies [START_REF] Pal | Exploring DNA Groove Water Dynamics Through Hydrogen Bond Lifetime and Orientational Relaxation[END_REF][START_REF] Saha | Distribution of Residence Time of Water Around DNA Base Pairs: Governing Factors and the Origin of Heterogeneity[END_REF], which found especially slow dynamics in the minor groove with a single line of very ordered water molecules with long residence times. This so-called "spine of hydration" [START_REF] Chuprina | Molecular Dynamics Simulation of the Hydration Shell of a B-DNA Decamer Reveals Two Main Types of Minor-Groove Hydration Depending on Groove Width[END_REF][START_REF] Duan | Molecular Dynamics Simulation Study of DNA Dodecamer D (CGCGAATTCGCG) in Solution: Conformation and Hydration[END_REF][START_REF] Drew | Structure of a B-DNA Dodecamer: III. Geometry of Hydration[END_REF] is especially well defined in the narrowest parts of the minor groove, especially in A-tracts.

Mechanism for reorientation

Having obtained a detailed picture of water reorientation in the DNA hydration shell, we now need to characterize the reorientation mechanism to be able to further analyze the origins of the perturbation. We want to check that the jump mechanism presented in Chapter 1, previously found in bulk water [START_REF] Laage | A Molecular Jump Mechanism of Water Reorientation[END_REF], and in several environments including salt solutions [START_REF] Stirnemann | Mechanisms of Acceleration and Retardation of Water Dynamics by Ions[END_REF], nanopores [START_REF] Fogarty | Origins of the Non-Exponential Reorientation Dynamics of Nanoconfined Water[END_REF], and protein hydration shells [START_REF] Sterpone | Magnitude and Molecular Origin of Water Slowdown Next to a Protein[END_REF] is still the main mechanism for water reorientation in DNA hydration shells.

In the vicinity of the dodecamer surface, the final H-bond acceptor in these angular jumps can be either the oxygen of another water molecule ("jumps to water") or a H-bond acceptor on the dodecamer surface ("jumps to DNA"). We calculate the average reorientational time correlation function for water molecules in the dodecamer hydration shell, and compare it to the time correlation function corresponding only to water molecules which do not jump to water [resp. DNA] during the time interval (Fig. 4.5). We show that if we follow water reorientation exclusively during intervals when it does not jump to a water acceptor, the decay of the TCF is very slow, and plateaus at long times, which proves that jumps to DNA can only lead to partial reorientation. If only jumps to water are allowed, the decay for the entire hydration shell is very similar to the global reorientation TCF, without any long time plateau. It thus shows that the main mechanism for water reorientation in the hydration shell is again jumps to water molecules, whereas jumps to DNA acceptors only allow partial reorientation. Jump correlation functions, as defined in Eq. 1.7, are calculated with a site-resolution, in the same way as used for reorientational TCF, and an integrated jump time is thus assigned to each DNA site. Fig. 4.6 shows the probability distribution of jump times τ jump , which exhibits the same characteristic features as the τ reor distribution (Fig. 4.3). This is consistent with the fact that large-amplitude angular jumps remain the dominant pathway for water reorientation in the dodecamer hydration shell. τ jump is the characteristic time to jump to any acceptor (water or DNA) but, given the predominant role of jumps to water molecules for water reorientation, we are interested more specifically in the time to jump to water acceptors, which we can extract from our simulations as explained below.

Given the possibility for a water OH bond to jump either to a water or to a DNA acceptor, the rate constant of the jump process at each site k jump is then the sum of the rate constants associated with jumps to water, k jump,H The slowest τ jump values are on the order of 60 ps, shorter than the slow component in the reorientational relaxation. However, the distribution of times for jumps to water acceptors τ jump,H 2 O exhibits a long tail between 60 and 115 ps (Fig. 4.6), which corresponds to the timescale of the reorientational slow component. Overall, the distribution of times for jumps to water is extremely similar to the distribution of reorientation times, with the same characteristic features, and here again the slowest water molecules are H-bonded to acceptor sites on DNA bases in the minor groove.

Hence, this detailed site-resolved study of water dynamics around a DNA dodecamer brings important new insights. On average, water is only very moderately slowed in the DNA hydration shell, with a reorientation time of around 4 ps, which corresponds to a slowdown factor of 2 to 3 with respect to bulk water. However, we find a strong spatial heterogeneity in the hydration shell, with slightly slower water reorientation next to H-bond acceptor sites as phosphate groups (τ reor between 9 and 16 ps ), and a much slower reorientation for water molecules H-bonded to acceptor sites in the narrowest part of the minor groove, the A-tract. However, this slow timescale remains much below the ns timescale.

The rest of this chapter will be devoted to the detailed study of the behavior of water molecules H-bonded to DNA acceptor sites in the A-tract, which are responsible for the slow component in water reorientation. We will focus on jump times rather than on reorientation times because, as already discussed in Chapter 1, the definition of jump times is better spatially resolved and thus makes it possible to obtain details at the site level, without longtime "contamination" of the correlation function coming from neighboring sites.

Dynamical heterogeneity in the minor groove

Temporal heterogeneity

The heterogeneity was shown so far to arise from different reorientation times corresponding to different locations on the DNA surface. In this purely spatial heterogeneity picture, each DNA site is assigned a single jump time, and the jump correlation function for water molecules next to a given site is thus expected to follow a monoexponential decay. This is verified for solvent-exposed hydrophobic sites (Fig. 4.7) where the decay of the jump correlation function, as defined in Eq. 1.7, can be very well approximated with a single exponential. However, the jump correlation functions associated with acceptor sites in the minor groove, where water reorientation is very slow, are highly non-monoexponential. This is illustrated in Fig. 4.7 for one of the two acceptor sites located in the middle of the A-tract. This reveals an additional source of heterogeneity in the hydration shell, in addition to the spatial heterogeneity previously described. Even for a subensemble of water molecules next to a given DNA site, the decay of the jump TCF is not always monoexponential, which means that the jump rate constant for water molecules in this specific location is not unique. We will call this additional source of heterogeneity a "temporal" heterogeneity by contrast with the "spatial" heterogeneity discussed above. Quantifying the amount of temporal heterogeneity on each site is equivalent to measuring the non monoexponential character of each siteresolved jump correlation function. An intuitive way to do it may be to use monoexponential fits at short and long delays, and to measure how different the two corresponding timescales are. However, such a procedure highly depends on the time interval chosen for the fits and, given the very different jump times in the hydration shell, the two fitting intervals used to evaluate the non exponential character of each jump TCF would need to be adjusted for each site. All this makes the implementation of such an apparently simple procedure very impractical. An alternative way to quantify the non-monoexponentiality of each site-resolved jump TCF would be to fit them with stretched exponentials or power laws. However, such fits suppose a special form for the underlying jump times distribution, which we do not know a priori. Recent work by Halle and coworkers [START_REF] Qvist | Structural Dynamics of Supercooled Water from Quasielastic Neutron Scattering and Molecular Simulations[END_REF] suggests an elegant alternative way to measure the amount of temporal heterogeneity. It is based on the study of the distribution of waiting times, i.e. time intervals between two successive jumps. In the case of a unique jump rate, the waiting time distribution is exponential:

ψ(τ ) = 1 τ w exp(- τ τ w ) . (4.2)
Measuring the amount of non mono-exponentiality of the jump TCF is then equivalent to measuring how much the waiting time distribution deviates from an exponential behavior. This can be done by comparing the first and second moments of the distribution. We define the mean waiting time τ w as the first moment of the waiting time distribution, (4.4)

τ w = ∞ 0 dτ τ ψ(τ ) . ( 4 
In the case of a single jump rate constant, the waiting time distribution is exponential, and τ p = τ w . One can thus use as a measure of temporal heterogeneity at each site the parameter δ defined as

δ = τ p τ w -1 = τ 2 2 τ 2 -1 , ( 4.5) 
which gives δ = 0 in absence of temporal heterogeneity. How much δ deviates from zero provides a measure of the amount of temporal heterogeneity. δ can be straightforwardly calculated for each site in the DNA hydration shell from the waiting time distribution at each individual DNA site. We thus obtain for each site the temporal heterogeneity parameter δ, which we map onto the DNA surface (Fig. 4.8). This site-resolved map of the temporal heterogeneity strikingly shows that, while the temporal heterogeneity is small next to solvent well-exposed sites, it is especially strong in the central part of the minor groove, at the same sites where water dynamics is remarkably slow. Hence, from now on, we focus exclusively on those H-bond acceptor sites in the A-tract part of the minor groove, as represented in Fig. 4.9, and investigate the origin of the strong temporal heterogeneity on these sites. slower when the minor groove is narrower. The rate constant for jumps to water is therefore seen to depend sensitively on the groove width. 39 We conclude that the slow fluctuation in the local groove width experienced by a water molecule initially H-bonded to an acceptor in the minor groove leads to a fluctuation in the rate constant for jumps to water, which is the source of the non-monoexponentiality in the site-resolved jump tcfs, which is in turn a sign of dynamical heterogeneity. The dynamics of these water molecules confined in the minor groove is thus governed by the slow conformational dynamics of DNA. 

Concluding remarks

Hydration structure and kinetics in the A-tract

Several studies [START_REF] Drew | Structure of a B-DNA Dodecamer: III. Geometry of Hydration[END_REF][START_REF] Yonetani | Sequence Dependencies of DNA Deformability and Hydration in the Minor Groove[END_REF] showed that the hydration structure in narrow minor grooves consists in a single line of water molecules, often referred to as the "spine of hydration". Water molecules in the spine of hydration are described as "bridging" or doubly H-bonded to the two acceptor sites that face each other in the minor groove [START_REF] Yonetani | Sequence Dependencies of DNA Deformability and Hydration in the Minor Groove[END_REF]. We examine here more closely the H-bond structure of water molecules in the A-tract. Most of the time, in the A-tract, the water molecule is indeed encountered in a "bridge" state, but it can also adopt a "nonbridge" conformation, where one hydrogen is H-bonded to a base acceptor site, and the other is H-bonded to a water molecule. We determine the fraction of "bridge" and "non-bridge" conformations along the DNA sequence (Fig. 4.10). As expected, bridge states are dominant in the A-tract, where the groove is the narrowest, whereas "non-bridge" conformations are dominant outside the A-tract. This is fully consistent with X-rays experiments, which found a very structured hydration layer in the A-tract with a single line of water molecules, while MD simulations showed that two water molecules can be accommodated on the floor of wider minor grooves [START_REF] Yonetani | Sequence Dependencies of DNA Deformability and Hydration in the Minor Groove[END_REF]. We further show that at a given site, the H-bond pattern depends on the instantaneous groove width (Fig. 4.10): even in the central part of the A-tract, the proportion of non-bridge states increases markedly for instantaneous conformations with a wider groove.

Hence, on one given acceptor site in the A-tract, two different H-bonding patterns are observed, corresponding to two different water sub-populations. In such a constrained environment as the minor groove, those two binding modes could correspond to different microenvironments, leading to different jump dynamics, which may explain the observed temporal heterogeneity. We now focus exclusively on the pair of symmetric thymine oxygen sites in the center of the DNA dodecamer (red balls in Fig. 4.1). These two sites do not belong to the same base pair, but are facing each other in the minor groove because the axis of the minor groove is tilted with respect to the base pair plane. We focus on these sites because they are among the most retarded in the hydration shell and the ones with the highest temporal heterogeneity, and in addition their symmetric position with respect to the extremities of the DNA dodecamer makes them equivalent and somehow simplifies the following analysis.
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To investigate the dynamics of "bridge" and "non-bridge" states, we need to extract from our simulations the characteristic jump time for water molecules in a "bridge" and in a "nonbridge" conformation. We call "bridge" state a conformation where the water molecule has one hydrogen, labeled H1, H-bonded to the site considered, and the other hydrogen (labeled H2) H-bonded to another DNA base acceptor site, on the opposite strand of DNA. The other possibility for a water molecule is to be singly H-bonded to DNA, with H1 H-bonded to the site considered, and the second hydrogen, H2, H-bonded to a water molecule. We will call this state a "non-bridge" state. In this picture, summarized with the kinetic scheme presented in Fig. 4.11a, the rate constant for H1 to jump to either water or DNA depends on the H-bonded partner of H2. Note that the exchange between "bridge" and "non-bridge" conformations is possible through jumps of H2 to a water molecule.

To obtain the characteristic time to jump from a "bridge" state, we define the "bridge" and "non-bridge" conformations as stable states, and we then consider that a jump occurs from a stable state whenever H1 or H2 jumps. This is different from what has been done so far, where the jump condition was put only on the hydrogen assigned to the DNA site, H1. The jump correlation function now calculated thus corresponds to the jump from a "bridge" state of any of the two hydrogens. The overall k bridge rate constant is then the sum of the individual rate constants for H1 or H2 to jump from a "bridge" state to a water or a DNA acceptor. The situation is similar starting from a "non bridge" state. We can then extract the rate constants for all the different processes from the populations of each stable state, in the same way as what was done in section 4.3.3 to calculate specifically jump times to water. The calculated rate constants for each process are summarized in Fig. 4.11. Our results show that a jump of H1 (the hydrogen H-bonded to the DNA site we focus on) from a "bridge" state is approximately 5 times slower than from a "non-bridge" state. Two sub-populations with quite different dynamics can thus be associated with the same site, which may explain at least part of the observed temporal heterogeneity. However, solving the kinetic scheme shows that the decay from the "bridge" state completely dominates the overall decay, leading to a quasi monoexponential jump TCF (Fig. 4.12). Interestingly, the decay of the global jump TCF from a bridge state exhibits the same non-exponential character as the overall decay for this site (Fig. 4.13). We will then from now concentrate on the origin of the strongly nonmonoexponential decay from the "bridge" population, which is very similar to the overall decay for the site, but simpler to study in detail. 

Minor groove fluctuations: dynamical heterogeneity

We thus focus on the origin of the non monoexponential decay of the "bridge" stable population in the central part of the A-tract. This way we make sure that we only deal with one population H-bonded to one DNA site, rather than with 2 interconverting populations with different dynamics.

In such a very confined environment as the central A-tract part of the minor groove, we find that the jump dynamics is modulated by minor groove fluctuations. Indeed, the minor groove geometry is not rigid but fluctuates. This is shown in Fig. 4.14 and Table 4.1, where we follow groove conformational fluctuations through the groove width as defined in the methodology section 4.2.3. The groove is much wider at the extremities of the DNA sequence and is the narrowest in the central A-tract, as expected. However, the distribution of groove widths remains broad even in the A-tract, ranging from almost 5 Å to 11 Å which shows that very different conformations are sampled in the course of the simulation. The jump dynamics is affected by the DNA conformational fluctuations: when the groove is very narrow, the approach of a new partner is hindered, and reorientation is very slow (the steric excluded volume factor was shown to play a dominant role for reorientation of water in biomolecular hydration shells [START_REF] Fogarty | Origins of the Non-Exponential Reorientation Dynamics of Nanoconfined Water[END_REF][START_REF] Sterpone | Magnitude and Molecular Origin of Water Slowdown Next to a Protein[END_REF]); in contrast, reorientation is much faster in wide minor grooves, with smaller steric hindrance and greater water access. This is demonstrated in Fig. 4.15, where the site jump correlation function is calculated depending on the initial value of the groove width. The wider the groove is initially, the faster the decay of the jump TCF is. Hence, the jump rate constant is modulated by the groove width fluctuations, so the rate constant is not really constant but instead fluctuates in time. This may give rise to the observed temporal heterogeneity, depending on the relative timescales of the jump and conformational fluctuations. In a first limit (analogous to the equilibrium solvation picture [START_REF] Burghardt | Environmental Effects on a Conical Intersection: A Model Study[END_REF][START_REF] Garca-Meseguer | Studying the Role of Protein Dynamics in an SN2 Enzyme Reaction Using Free-Energy Surfaces and Solvent Coordinates[END_REF][160]), if the groove fluctuations were very fast compared to the jump time, the jump would simply occur with an averaged rate constant, corresponding to an averaged environment. This situation would not lead to any observable heterogeneity. In another limit, if groove fluctuations were very slow with respect to the jumps (frozen environment limit), each jump would occur in a fixed environment. This situation would lead to a multi exponential decay due to the static distribution of rate constants, and such a heterogeneity can be called a "static" heterogeneity. Between these two simple limits lies the intermediate case where groove fluctuations occur on the same time scale as the jump time. This intermediate regime leads to what can be called a truly dynamical heterogeneity or dynamical disorder [START_REF] Zwanzig | Rate Processes with Dynamical Disorder[END_REF].

Minor Groove

To assess the time scale of minor groove width fluctuations, we compute the autocorrelation function C ww (t) (Eq. 4.6) of the minor groove width w(t) in the A-tract region of the DNA sequence:

C ww (t) = δw(0)δw(t) δw(0) 2 where δw(t) = w(t) -w . (4.6) 
Figure 4.16 compares the decay of the auto-correlation function of the groove width with that of the jump correlation function. It clearly shows that the groove width autocorrelation function has significantly decayed by the time the jump decay is completed. There is no clear timescale separation. We are thus here in the intermediate regime described above, where fluctuations of the groove occur on the same time scale than the jump event. The decay of the minor groove width auto-correlation function is non exponential, and a biexponential fit reveals two characteristic time scales: a first decay around 30 ps, and a slower one around 250 ps, which is to be compared with the 46 ps jump time to any acceptor for this site.

Dynamical heterogeneity model

We showed that the dynamical heterogeneity found in the minor groove sites originates from the modulation of the jump rate constant by fluctuations of the minor groove width. We now build a simple model to qualitatively demonstrate that this dynamical heterogeneity can explain the pronounced non exponential character of the jump correlation function (Fig. 4.17b).

From the initial decay of the jump TCF for different initial groove widths, we obtain a numerical estimate of the k(w) dependence, that we approximate with a linear fit shown in Fig. 4.17a. This enables us to numerically compute the jump survival probability S(t), that is the probability not to have jumped after a delay t, knowing only the groove width time evolution:

S(t) = exp - t 0 k(w(s))ds . (4.7) 
The jump survival probability is the same object as the jump correlation function, simply computed in a different way. It can thus be directly compared with the jump TCF obtained from MD simulations (Fig. 4.17). The agreement is only qualitative but our model does capture a large fraction of the heterogeneity, with a strongly non-exponential correlation function obtained within the model. This result further confirms that the dynamical heterogeneity coming from the jump rate constant modulation by groove fluctuations plays an important role in the A-tract and is responsible for the strong non monoexponential character of the jump TCF.

Concluding remarks

This work presents a detailed analysis of water dynamics in the DNA hydration shell, which provides important new insights. We obtain for the first time a fully spatially resolved mapping of water dynamics in the DNA hydration shell, which shows a strong spatial heterogeneity: while most of the hydration shell is only moderately retarded with respect to bulk water (factor 2-3), a small number of very slow water molecules with reorientation times between 30 and 100 ps (slowdown factor 20-60) are found in the minor groove. They correspond to water molecules H-bonded to DNA acceptor sites on bases in the A-tract part of the minor groove. This finding is in line with previous experimental [START_REF] Johannesson | Minor Groove Hydration of DNA in Solution: Dependence on Base Composition and Sequence[END_REF] and computational [START_REF] Pal | Exploring DNA Groove Water Dynamics Through Hydrogen Bond Lifetime and Orientational Relaxation[END_REF][START_REF] Saha | Distribution of Residence Time of Water Around DNA Base Pairs: Governing Factors and the Origin of Heterogeneity[END_REF] studies which found slow water dynamics in the minor groove, and echoes the so-called "spine of hydration" experimentally measured in A-tracts [START_REF] Drew | Structure of a B-DNA Dodecamer: III. Geometry of Hydration[END_REF]. In addition, we show that water reorientation occurs through the same mechanism as already determined in protein hydration shells [START_REF] Sterpone | Magnitude and Molecular Origin of Water Slowdown Next to a Protein[END_REF][START_REF] Fogarty | Water Dynamics in Protein Hydration Shells: The Molecular Origins of the Dynamical Perturbation[END_REF] and is dominated by large angular jumps to water acceptors. While such a spatial heterogeneity has been previously described, albeit with lower spatial resolution, we reveal here a new additional source of heterogeneity, which is especially strong for water molecules H-bonded to DNA acceptor sites inside the A-tract. Even at the site level, the dynamics is heterogeneous, with a non-monoexponential decay of the site jump TCF, which is the signature of a broad distribution of jump rate constants at a given site. This additional heterogeneity is due to minor groove conformational fluctuations, which modulate the jump rate constant. We build a simplified model to describe this dynamical heterogeneity. A simple, intuitive picture of its origin is that water molecules are trapped in narrow grooves and need to wait for the groove to open in order to reorient.

Future extension of this work would be to look at how this picture may change when using realistic physiological ionic concentrations. The question is complex, since ions may affect directly water dynamics and modulate the groove properties [START_REF] Shui | Structure of the Potassium Form of CGCGAATTCGCG: DNA Deformation by Electrostatic Collapse Around Inorganic Cations[END_REF] which would indirectly affect water dynamics. Moreover, previous studies showed [START_REF] Várnai | DNA and Its Counterions: A Molecular Dynamics Study[END_REF][START_REF] Lavery | Analyzing Ion Distributions Around DNA[END_REF] that different ions (sodium, potassium, calcium) interact differently with DNA double strands, so that they may have distinct effects on hydration properties. This interesting question will be addressed in future work.

Introduction to part II: Environmental effects in enzyme catalysis

Context of the study

Enzyme catalysis: controversies and challenges

The first part of this thesis was devoted to describing how water dynamics is affected by the presence of biomolecules, proteins in Chapter 3 and DNA in Chapter 4. In both cases we showed that the theoretical framework which we have developed provides a full understanding of the molecular origin of the perturbation, and we determined the different heterogeneity sources in hydration shell dynamics. As announced in the General Introduction of this thesis, we now focus on the other aspect of the biomolecule-solvent interaction and we study how the solvent, and more generally the environment, plays a role in the biomolecular function.

In the context of this thesis, "environment" not only means solvent conditions (pH, type of solvent), but also the non-reactive part of the enzyme, which can be viewed as a special solvent for the catalytic reaction. A description of enzyme catalyzed processes requires at least three steps. [165] The first step is the formation of the enzyme-substrate complex ES, associated with a binding constant K S . It is followed by the chemical step per se, where the substrate is converted into the product with a catalytic rate constant k cat , before the final product release step, associated with an equilibrium constant K P (Fig. 5.1). The physical steps of the catalysis, substrate binding and product release, can be affected by the solvent properties (e.g. polarity, viscosity) and by mutations affecting the binding site. However, we focus here exclusively on the chemical step of the catalysis, and on how it is affected by changes in the environment.

The role of the environment in enzyme catalysis has been repeatedly pointed out, starting with the pioneering work of Linus Pauling [START_REF] Pauling | Nature of Forces Between Large Molecules of Biological Interest[END_REF] who explained the dramatic rate enhancements observed in enzyme catalysis compared to the same reaction in water by shape complementarity between the enzyme and the transition state structure of the substrate. Subsequent .1 -Schematic scheme presenting the key steps of enzyme catalysis: substrate (S) binding to the enzyme (E) to form the enzyme-substrate complex ES, chemical step leading to the formation of the enzyme-product complex (EP) and final product (P) release, with associated equilibrium and rate constants.

developments led to the idea that the enzyme provides a "pre-organized" environment which stabilizes the transition state more than the reactants, thus lowering the barrier for the reaction, and increasing the reaction rate relative to that found in solution [START_REF] Kamerlin | At the Dawn of the 21st Century: Is Dynamics the Missing Link for Understanding Enzyme Catalysis?[END_REF][START_REF] Garcia-Viloca | How Enzymes Work: Analysis by Modern Rate Theory and Computer Simulations[END_REF]. However, in recent years an alternative theory has gained popularity, the so-called dynamical proposal, which explains enzymatic catalysis via specific dynamical effects. "Dynamical" does not merely refers to enzyme motions, but must be understood as out-of-equilibrium vibrations coupled to motion along the reaction coordinate [START_REF] Antoniou | Internal Enzyme Motions As a Source of Catalytic Activity: Rate-Promoting Vibrations and Hydrogen Tunneling[END_REF][START_REF] Schwartz | Enzymatic Transition States and Dynamic Motion in Barrier Crossing[END_REF][START_REF] Klinman | Dynamically Achieved Active Site Precision in Enzyme Catalysis[END_REF]. Even if it is now increasingly recognized that, if they do exist, truly dynamical effects play only a minor role in enzyme catalysis [160,[START_REF] Kamerlin | At the Dawn of the 21st Century: Is Dynamics the Missing Link for Understanding Enzyme Catalysis?[END_REF], the issue is still controversial. The role of the solvent in enzymatic catalysis is also striking since enzymes were shown to function in organic solvents and ionic liquids for exemple, with a solvent-dependent activity and specificity [START_REF] Wescott | Solvent Variation Inverts Substrate Specificity of an Enzyme[END_REF][START_REF] Wescott | The Solvent Dependence of Enzyme Specificity[END_REF][START_REF] Carrea | Role of Solvents in the Control of Enzyme Selectivity in Organic Media[END_REF][START_REF] Halling | Biocatalysis in Low-Water Media: Understanding Effects of Reaction Conditions[END_REF].

Hence, the details of enzymes functioning are still not fully understood, despite the biotechnological relevance of the question: the rational design of artificial enzymes, tuning of their specificity and selectivity, and their use in non-natural environments such as ionic liquids or organic solvents would greatly benefit from a better knowledge of the details of enzyme catalysis. For example, being able to predict the outcome of mutations or change in solvent conditions would avoid having to proceed through long and expensive random mutations experiments [START_REF] Chen | Tuning the Activity of an Enzyme for Unusual Environments: Sequential Random Mutagenesis of Subtilisin E for Catalysis in Dimethylformamide[END_REF], or trial and error procedures to optimize reaction conditions.

Transition-State Theory

Transition State Theory (TST) offers a framework to rationalize different environmental effects in enzyme catalysis, by defining the different terms entering in the chemical rate constant. We now offer a brief description of its main concepts. The key assumptions of conventional TST are that (i) once the system has passed the TS dividing surface between R and P, it does not turn back to reform the reactants before forming a stable product i.e. no dynamical recrossing, (ii) the reactant molecules obey the Maxwell-Boltzmann distribution, and the transition state (activated complex) and the reactants are in equilibrium, (iii) motion along the reaction coordinate at the transition state can be separated from other motions of the activated complex, and (iv) nuclear quantum effects in the reaction coordinate at the TS can be ignored [177][START_REF] Steinfeld | Chemical Kinetics and Dynamics[END_REF][START_REF] Truhlar | Current Status of Transition-State Theory[END_REF]. The thermodynamic formulation of TST yields the following expression for the rate constant:

k T ST = k B T h e - ∆G ‡ k B T , (5.1) 
where k T ST is the rate constant predicted in the TST framework and ∆G ‡ is the free energy of activation. TST can be extended to cover systems where some of its assumptions break down, giving

k = γk T ST (5.2)
where k is the rate constant after correction by γ, the generalized transmission coefficient. It can be further decomposed into three contributions :

γ = κΓg (5.3)
where κ quantifies recrossing, which reduces the rate constant, Γ quantifies quantum tunneling, which increases the rate constant, and g quantifies non equilibrium contributions, which can either reduce or increase the rate constant [START_REF] Garcia-Viloca | How Enzymes Work: Analysis by Modern Rate Theory and Computer Simulations[END_REF]. Within this theoretical framework, a change in the chemical rate constant, following for instance a change in the environment as we study here, can originate either from a change in the free energy barrier ∆G ‡ , or from a variation in any of the contributions of the transmission coefficient. The idea that enzymes catalyze reactions by lowering the free energy barrier ∆G ‡ is a long-standing one, and there are many enzymes for which the existence of such an effect has been demonstrated via both simulation and experiment [START_REF] Garcia-Viloca | How Enzymes Work: Analysis by Modern Rate Theory and Computer Simulations[END_REF][START_REF] Cui | Quantum Mechanical/molecular Mechanical Studies of the Triosephosphate Isomerase-Catalyzed Reaction: Verification of Methodology and Analysis of Reaction Mechanisms[END_REF][START_REF] Kienhöfer | Selective Stabilization of the Chorismate Mutase Transition State by a Positively Charged Hydrogen Bond Donor[END_REF][START_REF] Ridder | A Quantum Mechanical/molecular Mechanical Study of the Hydroxylation of Phenol and Halogenated Derivatives by Phenol Hydroxylase[END_REF][START_REF] Alhambra | Walden-Inversion-Enforced Transition-State Stabilization in a Protein Tyrosine Phosphatase[END_REF]. This idea has been recently challenged by the proposed major role of dynamical effects [START_REF] Antoniou | Internal Enzyme Motions As a Source of Catalytic Activity: Rate-Promoting Vibrations and Hydrogen Tunneling[END_REF][START_REF] Schwartz | Enzymatic Transition States and Dynamic Motion in Barrier Crossing[END_REF][START_REF] Bhabha | A Dynamic Knockout Reveals That Conformational Fluctuations Influence the Chemical Step of Enzyme Catalysis[END_REF], already mentioned above, which would in the framework of TST be captured by the transmission coefficient accounting for recrossing κ and the correction for non-equilibrium effects g. Hence, TST provides a very useful theoretical framework to identify the origin of a change in the catalytic chemical rate constant. We will use it in the rest of this work to rationalize the role of environmental effects in two different systems.

Outline

Our goal here is not to answer the (too) broad question of how enzymes work, which has already been the subject of a number of studies [START_REF] Garcia-Viloca | How Enzymes Work: Analysis by Modern Rate Theory and Computer Simulations[END_REF][START_REF] Villa | Energetics and Dynamics of Enzymatic Reactions[END_REF][START_REF] Shurki | How Much Do Enzymes Really Gain by Restraining Their Reacting Fragments?[END_REF], but to examine how specific changes in the environment affect the chemical step of catalysis. We chose two model systems and two different types of environmental effects to address this question. Each study is in itself biotechnologically relevant, but they have in common the same methodology and both aim at rationalizing environmental effects on the catalysis.

The methodology used for these studies will be presented in the next section, and each study will then be treated independently in the following two chapters. Chapter 6 will focus on how specific active site mutations affect the catalytic rate constant of the paradigm enzyme DiHydroFolate Reductase (DHFR). This choice was motivated by a recent experimental study that highlighted unexpected changes in the rate constant of the chemical step and its pHdependence. The chemical step involves both a protonation step and a hydride transfer and our goal will be to rationalize the effect of mutations on each step of the mechanism, thus providing further insight on the catalytic mechanism of DHFR and on the role of the enzymatic environment in this much studied multi-step catalytic reaction. In Chapter 7 we will examine the role of water in enzyme catalysis in organic solvents. In these systems, small amounts of water have been shown to increase the catalytic rate, and a molecular scale "lubricant" effect of water was suggested. Our goal will then be to rationalize these observations and examine at the molecular scale the notion of "lubricant" effect.

Computational approach

Enzyme catalysis involves bond-breaking and -forming and thus cannot be described using a purely classical molecular dynamics methodology, as used so far in this thesis. The standard approach is to use a so-called QM/MM (Quantum Mechanics/Molecular Mechanics) approach, where the reactive part of the system (usually the substrate and key enzymatic residues) is treated at a quantum level (for the electrons) while the rest of the system, including the remaining part of the enzyme, ions and solvent, is described with a classical force field [START_REF] Senn | MM Studies of Enzymes[END_REF].

However, due to the explicit treatment at an electronic quantum level of a part of the system, QM/MM methods remain computationally too expensive to allow for comprehensive sampling of the conformational space, whereas more and more studies underline the importance to properly sample the enzyme different conformations [START_REF] Masgrau | The Importance of Ensemble Averaging in Enzyme Kinetics[END_REF][START_REF] Zhang | Influence of Structural Fluctuation on Enzyme Reaction Energy Barriers in Combined Quantum Mechanical/molecular Mechanical Studies[END_REF][START_REF] Świderek | Role of Solvent on Non-Enzymatic Peptide Bond Formation Mechanisms and Kinetic Isotope Effects[END_REF][191]. The two systems we want to study were previously shown to require proper sampling of the enzyme conformations for an accurate description of the reaction: an ensemble of conformational substates associated with different free-energy barriers was evidenced in DHFR [191], while previous work on Subtilisin Carlsberg performed in our group showed that the free-energy barrier depends on the enzyme conformation [START_REF] Domin | A Coupled Valence-Bond State Molecular Dynamics Description of an Enzyme-Catalyzed Reaction in a Non-Aqueous Organic Solvent[END_REF]. Hence we need to adopt a methodology that allows both a sufficient sampling of the enzyme conformation and a description of the reactive event.

One solution is the Empirical Valence Bond (EVB) approach, developed by Warshel and coworkers [193,[START_REF] Kamerlin | The EVB As a Quantitative Tool for Formulating Simulations and Analyzing Biological and Chemical Reactions[END_REF]. The EVB methodology is a valence bond approach to chemical reactions, that describes the reactive event by mixing two or more diabatic states, which correspond to the reactants and products together with any reaction intermediate. Each diabatic state, referred to as a VB state, is described by a classical molecular mechanics force field. In the work presented in the following two chapters, we only need a two VB state description, so the subsequent discussion concentrates on a 2-state description. For such a system the EVB Hamiltonian can be written as

H = V 11 V 12 V 12 V 22 + ∆ , (5.4) 
where V ii is the potential energy of VB state i, ∆ is a constant offset between the two states, and V 12 is the electronic coupling between the two VB states. The adiabatic groundstate energy V g is the lowest eigenvalue of the Hamiltonian (Fig 5 .2). Since the potential energy of each VB state is described by a classical force field, EVB calculations are only typically twice as expensive as standard classical MD. The coupling between the two states can be either constant, as in this work, or described with Gaussian or exponential functions of the reaction coordinate [START_REF] Warshel | A Computer Modeling of Chemical Reactions in Enzymes and Solution[END_REF][START_REF] Bentzien | Hybrid Ab Initio Quantum Mechanics/molecular Mechanics Calculations of Free Energy Surfaces for Enzymatic Reactions: The Nucleophilic Attack in Subtilisin[END_REF][START_REF] Agarwal | Nuclear Quantum Effects and Enzyme Dynamics in Dihydrofolate Reductase Catalysis[END_REF]. Bonds which are broken or created in the course of the reaction are described with Morse potentials. All the parameters entering in the EVB description can be determined based on experimental or ab-initio data [START_REF] Warshel | A Computer Modeling of Chemical Reactions in Enzymes and Solution[END_REF]. The EVB methodology has been applied to a great number of systems, where it proved very useful to examine the effect of mutations or of a change from aqueous to enzymatic environments on the chemical step rate constant [START_REF] Kamerlin | The EVB As a Quantitative Tool for Formulating Simulations and Analyzing Biological and Chemical Reactions[END_REF][START_REF] Warshel | Evaluation of Catalytic Free Energies in Genetically Modified Proteins[END_REF][START_REF] Watney | Effect of Mutation on Enzyme Motion in Dihydrofolate Reductase[END_REF][START_REF] Wong | Impact of Distal Mutations on the Network of Coupled Motions Correlated to Hydride Transfer in Dihydrofolate Reductase[END_REF].

In the present study, we use the EVB methodology to determine the free-energy profiles for enzymatic reactions along the reaction coordinate. Reaction coordinates are often chosen primarily based on chemical intuition as simple geometric coordinates describing the reactive process, but the definition of a good reaction coordinate, which captures the important changes all along the reaction path, is not always easy. Within the EVB framework, a natural choice is the collective reaction coordinate defined as the instantaneous potential energy gap between the two VB states [START_REF] Warshel | A Computer Modeling of Chemical Reactions in Enzymes and Solution[END_REF] 

∆E = V 11 -V 22 (Fig 5.
2). ∆E is negative in the reactant state, where VB1 is stabilized with respect to VB2, and positive in the product state. Contrary to purely geometric coordinates, such as the antisymmetric combination of the distances of the transferred hydrogen atom to the donor and acceptor atoms in the case of a hydride transfer, ∆E is not only sensitive to changes in the geometry of the reactants but also captures the environment (or "solvent") rearrangements in the course of the reaction. The environment indeed modulates the relative position of the 2 VB potentials. These slow rearrangements of the environment can form a major component of the reaction coordinate, analogous to the central role played by the solvent coordinate in Marcus theory of electron transfer [START_REF] Marcus | Electron Transfer Reactions in Chemistry. Theory and Experiment[END_REF].

As the free-energy barriers of the processes studied in this work are typically around 15 kcal/mol, well above thermal fluctuations, crossing the barrier is a rare event and obtaining the free-energy profiles along the reaction coordinate ∆E requires the use of accelerated sampling techniques in order to sample the high energy configurations associated with the reactive event. We adopt here the Mapping Potential approach [START_REF] Warshel | Evaluation of Catalytic Free Energies in Genetically Modified Proteins[END_REF]: the EVB system is progressively switched from a pure reactant to a pure product state using the mapping potential V λ defined as:

V λ = (1 -λ)V 11 + λV 22 , (5.5) 
where λ is a parameter that is changed gradually, with a number of so-called "windows", from λ = 0 to describe a pure reactant to λ = 1 for a pure product. λ = 0.5 approximately corresponds to the sampling of transition state geometries. This combination of EVB description and mapping potential approach was shown to accurately describe solvent polarization at the transition state, while the more widely used umbrella sampling on a geometric reaction coordinate does not force solvent reorganization and can possibly lead to an incorrect solvent polarization at the transition state [START_REF] Muller | Ab Initio Calculations of Free Energy Barriers for Chemical Reactions in Solution[END_REF]. The mapping potential is assumed to provide proper sampling of the phase space along the reaction coordinate but the actual free-energy is then calculated with the full EVB Hamiltonian, including coupling. The free-energy profile is reconstructed from the data obtained from all the windows generated with different λ values using a home-made implementation of a WHAM (Weighted Histogram Analysis Method) [START_REF] Kumar | The Weighted Histogram Analysis Method for Free-Energy Calculations on Biomolecules. I. the Method[END_REF]-like approach including the determination of error bars, which is done following the ideas developed by Hummer and coworkers in Ref. [START_REF] Zhu | Convergence and Error Estimation in Free Energy Calculations Using the Weighted Histogram Analysis Method[END_REF].

Role of active site residues in DHFR catalysis

Introduction

In this chapter, we will study the effect of mutations on the mechanism and kinetics of a paradigm enzyme, Dihydrofolate Reductase, to gain further insight into the role of nonreactive active site residues for catalysis.

6.1.1 DHFR: a paradigm system.

Dihydrofolate reductase (DHFR) is an enzyme found in every organism, including human, where it catalyzes the reduction of 7,8-dihydrofolate (H 2 F) into 5,6,7,8-tetrahydrofolate (H 4 F) using the cofactor NADPH as a hydride donor (see Fig. 6.1). Tetrahydrofolate is required for DNA and amino acids biosynthesis, and DHFR catalyzes the only biological pathway for its production. This enzyme is thus the target of a number of anticancer drugs, such as methotrexate (MTX), trimethoprim, and pyrimethamine. In this context, DHFR, and especially DHFR from Escherichia coli, ecDHFR, which we focus on in this work, has become a paradigm system for studies of enzyme catalysis, both experimental (see for example Refs [START_REF] Filman | Crystal Structures of Escherichia Coli and Lactobacillus Casei Dihydrofolate Reductase Refined at 1.7 Å Resolution. II. Environment of Bound NADPH and Implications for Catalysis[END_REF][START_REF] Howell | Functional Role of Aspartic Acid-27 in Dihydrofolate Reductase Revealed by Mutagenesis[END_REF][START_REF] Fierke | Construction and Evaluation of the Kinetic Scheme Associated with Dihydrofolate Reductase from Escherichia Coli[END_REF][START_REF] Benkovic | Insights into Enzyme Function from Studies on Mutants of Dihydrofolate Reductase[END_REF][START_REF] Brown | Long-Range Structural Effects in a Second-Site Revertant of a Mutant Dihydrofolate Reductase[END_REF][START_REF] Chen | Determination by Raman Spectroscopy of the pKa of N5 of Dihydrofolate Bound to Dihydrofolate Reductase: Mechanistic Implications[END_REF][START_REF] Sawaya | Loop and Subdomain Movements in the Mechanism of Escherichia Coli Dihydrofolate Reductase: Crystallographic Evidence[END_REF][START_REF] Deng | Structure of Dihydrofolate When Bound to Dihydrofolate Reductase[END_REF][START_REF] Loveridge | Evidence That a Dynamic Knockout in Escherichia Coli Dihydrofolate Reductase Does Not Affect the Chemical Step of Catalysis[END_REF][START_REF] Luk | Unraveling the Role of Protein Dynamics in Dihydrofolate Reductase Catalysis[END_REF]) and theoretical (see for example Refs [191,[START_REF] Watney | Effect of Mutation on Enzyme Motion in Dihydrofolate Reductase[END_REF][START_REF] Agarwal | Network of Coupled Promoting Motions in Enzyme Catalysis[END_REF][START_REF] Rod | How Dihydrofolate Reductase Facilitates Protonation of Dihydrofolate[END_REF][START_REF] Garcia-Viloca | Importance of Substrate and Cofactor Polarization in the Active Site of Dihydrofolate Reductase[END_REF][START_REF] Ferrer | Catalytic Mechanism of Dihydrofolate Reductase Enzyme. a Combined Quantum-Mechanical/Molecular-Mechanical Characterization of the N5 Protonation Step[END_REF][START_REF] Greatbanks | Enzyme Polarization of Substrates of Dihydrofolate Reductase by Different Theoretical Methods[END_REF][START_REF] Liu | The Catalytic Effect of Dihydrofolate Reductase and Its Mutants Is Determined by Reorganization Energies[END_REF][START_REF] Boekelheide | Dynamics and Dissipation in Enzyme Catalysis[END_REF]). Thanks to detailed kinetic studies, the overall multi-step mechanism of ecDHFR is now well described [START_REF] Fierke | Construction and Evaluation of the Kinetic Scheme Associated with Dihydrofolate Reductase from Escherichia Coli[END_REF][START_REF] Stone | Kinetic Mechanism of the Reaction Catalyzed by Dihydrofolate Reductase from Escherichia Coli[END_REF][START_REF] Brown | Exploring the Molecular Mechanism of Dihydrofolate Reductase[END_REF], including a full picture for the order of ligand and cofactor binding before the chemical step, and order of product and oxydized cofactor release after the reduction. At pH = 6.5, the rate-limiting step is not the chemical step but the product release [START_REF] Fierke | Construction and Evaluation of the Kinetic Scheme Associated with Dihydrofolate Reductase from Escherichia Coli[END_REF]. Hence the rate constant k cat measured in steady-state experiments is not the rate of the chemical step, which we are interested in here. However, pre-steady state experiments performed under single turnover conditions give access specifically to the rate of the chemical step, thus providing highly valuable data to understand DHFR catalysis.

The flexible M20 loop (see Fig. 6.2) was shown to adopt different conformations along the catalytic cycle [START_REF] Sawaya | Loop and Subdomain Movements in the Mechanism of Escherichia Coli Dihydrofolate Reductase: Crystallographic Evidence[END_REF], and its motion might be involved in the rate-limiting step, the product release [START_REF] Falzone | Dynamics of a Flexible Loop in Dihydrofolate Reductase from Escherichia Coli and Its Implication for Catalysis[END_REF], and could modulate the substrate pKa [START_REF] Rod | How Dihydrofolate Reductase Facilitates Protonation of Dihydrofolate[END_REF][START_REF] Khavrutskii | Conformational Change of the Methionine 20 Loop of Escherichia Coli Dihydrofolate Reductase Modulates pKa of the Bound Dihydrofolate[END_REF]. In the Michaelis complex, the M20 loop was shown to be in a "closed" conformation [START_REF] Sawaya | Loop and Subdomain Movements in the Mechanism of Escherichia Coli Dihydrofolate Reductase: Crystallographic Evidence[END_REF], where it is stacked against the cofactor and substrate pterin ring. The chemical step thus occurs in a "closed" 92 Chapter 6. Role of active site residues in DHFR catalysis conformation, and this conformation will be used in the entire following work.The chemical step of the catalysis is the reduction of dihydrofolate into tetrahydrofolate. It involves both protonation of the substrate at N 5 (PT step) and hydride transfer (HT) from the cofactor NADPH to the C 6 atom of the substrate (Fig. 6.1). The now generally agreed picture is that protonation of the substrate occurs first through a fast equilibrium, and is followed by a slower hydride transfer step, [START_REF] Deng | Structure of Dihydrofolate When Bound to Dihydrofolate Reductase[END_REF][START_REF] Morrison | Mechanism of the Reaction Catalyzed by Dihydrofolate Reductase from Escherichia Coli: pH and Deuterium Isotope Effects with NADPH As the Variable Substrate[END_REF][START_REF] Garcia-Viloca | Reaction-Path Energetics and Kinetics of the Hydride Transfer Reaction Catalyzed by Dihydrofolate Reductase[END_REF], whose rate constant will be herein called k HT . The entire reduction process is thus usually described with the kinetic scheme presented in Fig. 6.3, and we will call k obs the apparent rate constant for the overall chemical step, as obtained in pre-steady state experiments. A long standing question is how the substrate can be protonated at N 5 given its solution pKa of 2.6, and given that the only ionizable residue in the active site, Asp27, is more than From the ternary complex made of the enzyme (E), unprotonated substrate (H 2 F) and cofactor (NADPH), a fast protonation equlibrium leads to a ternary complex with protonated substrate H 3 F + . This first step is followed by hydride transfer from the cofactor to the substrate to form the product H 4 F together with oxidized cofactor NADP + in ternary complex with the enzyme.

6 Å away from N 5 [START_REF] Bystroff | Crystal Structures of Escherichia Coli Dihydrofolate Reductase: The NADP + Holoenzyme and the Folate•NADP + Ternary Complex. Substrate Binding and a Model for the Transition State[END_REF] (see Fig. 6.2). Several suggestions have been made, including the proton originating from the Asp27 residue and being transferred to the N 5 site through a chain of water molecules [START_REF] Howell | Functional Role of Aspartic Acid-27 in Dihydrofolate Reductase Revealed by Mutagenesis[END_REF][START_REF] Ferrer | Catalytic Mechanism of Dihydrofolate Reductase Enzyme. a Combined Quantum-Mechanical/Molecular-Mechanical Characterization of the N5 Protonation Step[END_REF][START_REF] Bystroff | Crystal Structures of Escherichia Coli Dihydrofolate Reductase: The NADP + Holoenzyme and the Folate•NADP + Ternary Complex. Substrate Binding and a Model for the Transition State[END_REF], possibly also involving a tautomeric form of the keto part of the substrate [START_REF] Bystroff | Crystal Structures of Escherichia Coli Dihydrofolate Reductase: The NADP + Holoenzyme and the Folate•NADP + Ternary Complex. Substrate Binding and a Model for the Transition State[END_REF][START_REF] Lee | Crystal Structures of Escherichia Coli Dihydrofolate Reductase Complexed with 5-Formyltetrahydrofolate (folinic Acid) in Two Space Groups: Evidence for Enolization of Pteridine O4[END_REF][START_REF] Cannon | Electrostatic Characterization of Enzyme Complexes: Evaluation of the Mechanism of Catalysis of Dihydrofolate Reductase[END_REF]. However, the pKa of N 5 was suggested through Raman experiments [START_REF] Chen | Determination by Raman Spectroscopy of the pKa of N5 of Dihydrofolate Bound to Dihydrofolate Reductase: Mechanistic Implications[END_REF][START_REF] Deng | Structure of Dihydrofolate When Bound to Dihydrofolate Reductase[END_REF] to increase by 4 units with respect to its bulk value (2.6) and reach a value of 6.5 in the enzyme active site. The Asp27 residue was found to be always deprotonated in the active site, with a pKa lower than 5 [START_REF] Deng | Structure of Dihydrofolate When Bound to Dihydrofolate Reductase[END_REF][START_REF] Wan | Toward Resolving the Catalytic Mechanism of Dihydrofolate Reductase Using Neutron and Ultrahigh-Resolution X-Ray Crystallography[END_REF]. Hence, the now most commonly admitted picture is that the substrate is directly protonated by solvent water molecules, that may have transient access to N 5 , as suggested in several MD simulations [START_REF] Rod | How Dihydrofolate Reductase Facilitates Protonation of Dihydrofolate[END_REF][START_REF] Shrimpton | Role of Water in the Catalytic Cycle of E. Coli Dihydrofolate Reductase[END_REF] and in a recent X-ray study [START_REF] Wan | Toward Resolving the Catalytic Mechanism of Dihydrofolate Reductase Using Neutron and Ultrahigh-Resolution X-Ray Crystallography[END_REF].

Recent experiments and open questions

In this work, we study the effect of some active site mutations on the HT rate constant and on PT equilibrium to provide a molecular interpretation of recent experiments and decompose the overall effect of mutations into their effect on individual steps of the catalysis. Indeed, in spite of the large number of both experimental and theoretical studies on DHFR catalysis, important questions still remain. Among them, the functional role of aspartate 27 (Asp27), a deprotonated aspartate that is directly H-bonded to the substrate (see Fig. 6.2), and of tyrosine 100 (Tyr100), whose OH group is lying in the vicinity of the hydride transfer site, is still not totally clear. Early mutation studies [START_REF] Howell | Functional Role of Aspartic Acid-27 in Dihydrofolate Reductase Revealed by Mutagenesis[END_REF] explored the role of Asp27 by mutating it to a serine or asparagine. They suggested that Asp27 is needed for the protonation step but not for the hydride transfer. A more recent theoretical study [START_REF] Khavrutskii | Conformational Change of the Methionine 20 Loop of Escherichia Coli Dihydrofolate Reductase Modulates pKa of the Bound Dihydrofolate[END_REF] computed the pKa of the N 5 atom of the substrate, and showed that it was indeed raised by more than 4 units with respect to its bulk value, thus confirming experimental results [START_REF] Deng | Structure of Dihydrofolate When Bound to Dihydrofolate Reductase[END_REF], and the raise in N 5 pKa was suggested to originate from the substrate being enclosed in a hydrophobic pocket together with the negatively charged Asp27 [START_REF] Khavrutskii | Conformational Change of the Methionine 20 Loop of Escherichia Coli Dihydrofolate Reductase Modulates pKa of the Bound Dihydrofolate[END_REF]. It thus implies an electrostatic role for Asp27 to favor the protonation step.

A very recent study [START_REF] Liu | Escherichia Coli Dihydrofolate Reductase Catalyzed Proton and Hydride Transfers: Temporal Order and the Roles of Asp27 and Tyr100[END_REF] explored the role of Asp27 and Tyr100 in DHFR catalysis through mutation experiments, replacing Asp27 with a Serine in the D27S mutant, and Tyr100 with a Phenylalanine in the Y100F mutant. The double mutant was also included in the study. The overall rate constant for the chemical step (PT + HT), k obs , was measured as function of pH (Fig. 6.4). Strikingly, at every pH, the overall rate constant is lower in mutant systems than in the wild-type (WT) enzyme: the decrease in the rate is small in Y100F (less than one order of magnitude), but much more pronounced in the other two mutants, with a fall by more than 3 orders of magnitude. Moreover, whereas the log(k obs ) vs. pH profile exhibits a sigmoidal shape in the WT enzyme with a plateau both at low and at high pH, the profiles are linear for all the mutants in the range of pH explored.

A change in k obs can be due to a change in the protonation step (PT) or in the hydride transfer (HT) step, and individual contributions of each step cannot be accessed experimentally. Hence our goal here is to rationalize the effects of the mutations and understand what causes these pronounced changes in the log(k obs ) vs. pH profiles. The overall PT+HT chemical step is classically described with the simple kinetic scheme presented above (Fig. 6.

3).

Using the pre-equilibrium hypothesis and in conditions where substrates saturate the enzyme so that the amount of free enzyme in solution is negligible, the catalytic rate can be expressed as a function of the total amount of enzyme in solution E tot , as

v cat = k obs E tot . (6.1)
The observed rate constant, k obs , is expressed as a function of pH as:

k obs = k HT 1 + 10 (pH-pKa) , (6.2) 
where k HT is the rate constant for the hydride transfer to protonated dihydrofolate H 3 F + , as defined in Fig 6 .3. From Eq. 6.2, the apparent rate constant obviously depends both on the rate constant for the hydride transfer and on the pKa of the substrate at N 5 . From this expression, log(k obs ) is expected to plateau at low pH to log(k HT ), and to decrease linearly with a slope of -1 at high pH.

The unexpected plateau at high pH in the WT system was recently suggested to occur due to the deprotonation of the Y100 residue which would shift the substrate pKa upwards [START_REF] Liu | Escherichia Coli Dihydrofolate Reductase Catalyzed Proton and Hydride Transfers: Temporal Order and the Roles of Asp27 and Tyr100[END_REF]. The same study suggested synergistic roles of Asp27 and Tyr100 in facilitating the PT and HT steps, and also mentioned that those two residues would play a role in constraining the WT system to have a narrow donor-acceptor distance distribution for the HT. It is not clear however from the experimental data what causes the change in shape and magnitude of the log(k obs ) vs pH profiles in the mutant systems.

Hence, our goal is to disentangle the influence of each mutation on the protonation and hydride transfer steps. We thus compute the change in pKa and in the HT free-energy barrier in each mutant. This allows us to obtain a comprehensive picture of the effect of each mutation, and leads to a better understanding of the DHFR catalytic mechanism.

Methodology

System Preparation

Initial coordinates for heavy atoms of the enzyme dihydrofolate reductase (DHFR), protonated dihydrofolate (H 3 F + ) and the reduced cofactor NADPH were taken from the pdb structure 1RX2 [START_REF] Sawaya | Loop and Subdomain Movements in the Mechanism of Escherichia Coli Dihydrofolate Reductase: Crystallographic Evidence[END_REF], together with the positions of 153 crystal water molecules. The protein was described by the AMBERFF99SB [START_REF] Hornak | Comparison of Multiple Amber Force Fields and Development of Improved Protein Backbone Parameters[END_REF], force field and the parameters for the cofactor [START_REF] Holmberg | Redesign of the Coenzyme Specificity in L-Lactate Dehydrogenase from Bacillus Stearothermophilus Using Site-Directed Mutagenesis and Media Engineering[END_REF] and protonated dihydrofolate H 3 F + [START_REF] Liu | Functional Significance of Evolving Protein Sequence in Dihydrofolate Reductase from Bacteria to Humans[END_REF] were taken from the literature. The 3-point model TIP3P [START_REF] Jorgensen | Quantum and Statistical Mechanical Studies of Liquids. 10. Transferable Intermolecular Potential Functions for Water, Alcohols, and Ethers. Application to Liquid Water[END_REF] was used for water molecules. His45 was protonated at the epsilon position, while all the other histidines were kept doubly protonated. As suggested in an earlier work [START_REF] Khavrutskii | Conformational Change of the Methionine 20 Loop of Escherichia Coli Dihydrofolate Reductase Modulates pKa of the Bound Dihydrofolate[END_REF], the side chain of residue 102 was rotated to ensure proper coordination of NADPH. The cofactor and H 3 F + were built in by aligning their heavy atoms to the corresponding atoms of the crystal structure.

Preparation and initial equilibration of the system were performed using the NAMD software [START_REF] Phillips | Scalable Molecular Dynamics with NAMD[END_REF]. The position of the atoms of the substrate and cofactor were first minimized for 2000 steps with all the other atoms kept fixed. The system was then solvated in a box of 9893 water molecules using the solvate plugin in VMD [START_REF] Humphrey | Visual Molecular Dynamics[END_REF] and water positions were minimized with other atoms kept fixed before a 5 ps NPT equilibration. Finally, 12 Na + ions were added with the VMD Addions [START_REF] Humphrey | Visual Molecular Dynamics[END_REF] plugin to neutralize the simulation box. The entire system was then minimized for 2000 steps, before a 50 ps equilibration of solvent molecules and ions at 50 K, all other atoms being kept fixed. After another 1000 minimization steps, the full system was gradually heated from 50 K to 300 K by increments of 50 K, with a 50 ps equilibration at each temperature in the NPT ensemble. The system was eventually equilibrated for 4 ns in NPT, and the average box size (69.11 Å) was used for all subsequent NVT simulations.

For simulations performed to mimic a "high pH" environment, we started from the previously equilibrated Y100F mutant system and deprotonated all the residues with pKa lower than 11: this included all the cysteines, histidines, lysines and tyrosines, and 15 additional sodium ions were added to neutralize the simulation box. Parameters for unprotonated tyrosine were taken from the literature [START_REF] Lee | The pH-Induced Release of Iron from Transferrin Investigated with a Continuum Electrostatic Model[END_REF]. The system was then equilibrated for 3 ns.

EVB simulations

After these initial classical MD equilibration steps, coordinates and topologies for the two VB states were transferred to the AMBER software which is used for all subsequent Empirical Valence Bond (EVB) simulations. EVB simulations are run in the NVT ensemble, using a Langevin thermostat with a collision frequency of 0.1 ps -1 , with periodic boundary conditions and a Particle Mesh Ewald treatment of long range electrostatic interactions with a cutoff of 13 Å.

The hydride transfer step is described using the EVB methodology, as presented in Chapter 5. Following the parametrization developed by Hammes-Schiffer and coworkers [START_REF] Agarwal | Nuclear Quantum Effects and Enzyme Dynamics in Dihydrofolate Reductase Catalysis[END_REF][START_REF] Liu | Functional Significance of Evolving Protein Sequence in Dihydrofolate Reductase from Bacteria to Humans[END_REF], the hydride transfer is described using 2 VB states: the reactant state, VB1, consists in protonated dihydrofolate H 3 F + together with the NADPH cofactor, while the product state, VB2, is made of tetrahydrofolate H 4 F and oxydized NADP + (see Fig. 6.1). The electronic potential energy groundstate is then obtained by diagonalizing the EVB Hamiltonian:

H = V 11 V 12 V 12 V 22 + ∆ , (6.3) 
where diagonal elements are the purely classical force fields corresponding to each VB state, with the donor-hydride and acceptor-hydride harmonic bonds replaced by Morse potentials as described in previous work by Hammes-Schiffer and coworkers [START_REF] Liu | Functional Significance of Evolving Protein Sequence in Dihydrofolate Reductase from Bacteria to Humans[END_REF]. Non-bonded interactions between donor [resp. acceptor] carbon and hydride are excluded in the product [resp. reactant] state. EVB coupling and offset are directly taken from Ref. [START_REF] Liu | Functional Significance of Evolving Protein Sequence in Dihydrofolate Reductase from Bacteria to Humans[END_REF]: V 12 = 44.15 kcal/mol and ∆ = -60.86 kcal/mol. The free energy profile of the hydride transfer for the different mutants is then calculated using the instantaneous potential energy gap between the two VB states ∆E as the reaction coordinate. Sampling along this coordinate is achieved using Warshel's mapping potential approach, V λ = (1 -λ)V 11 + λV 22 , as presented in Chapter 5.

From the equilibrated reactant configuration, whose preparation is described above, we generate a transition state (TS) geometry, by progressively varying λ from 0 to 0.5, by increments of 0.05, allowing 20 ps for equilibration in one window before starting the following one. The system is then equilibrated for 3 ns at λ = 0.5, followed by 8 independent 250 ps equilibrations with different initial velocities. From each of these equilibrated configurations, a free-energy profile is generated using 36 windows, λ thus covering the range from 0.075 to 0.95 by increments of 0.025. Starting from the λ = 0.5 window in both directions, the system is equilibrated for 15 ps in each window before starting the following one, and this equilibration is followed by a 100 ps production run. The data obtained from those 8 independent free-energy profiles are then concatenated to generate the final free-energy profile using a WHAM-like approach [START_REF] Kumar | The Weighted Histogram Analysis Method for Free-Energy Calculations on Biomolecules. I. the Method[END_REF] that enables evaluation of the error bars [START_REF] Domin | A Coupled Valence-Bond State Molecular Dynamics Description of an Enzyme-Catalyzed Reaction in a Non-Aqueous Organic Solvent[END_REF][START_REF] Zhu | Convergence and Error Estimation in Free Energy Calculations Using the Weighted Histogram Analysis Method[END_REF].

pKa shifts calculations

Computing pKa of ionizable residues in biological systems is a challenge that has triggered a lot of methodological developments (see for example Refs. [START_REF] Yang | On the Calculation of pKas in Proteins[END_REF][START_REF] Gibas | Explicit Solvent Models in Protein pKa Calculations[END_REF][START_REF] Sham | Consistent Calculations of pKa's of Ionizable Residues in Proteins: Semi-Microscopic and Microscopic Approaches[END_REF][START_REF] Simonson | Proton Binding to Proteins: pKa Calculations with Explicit and Implicit Solvent Models[END_REF]). Evaluation of the pKa change from aqueous solution to protein environment, or from wild type (WT) protein to mutant, requires to compute the free-energy for deprotonation ∆G deprot of protonated dihydrofolate, H 3 F + , in each environment. The pKa change from WT to mutant protein Chapter 6. Role of active site residues in DHFR catalysis environment is then given by the simple formula:

∆pKa mutant-W T = 1 ln(10) ∆∆G mutant-W T k B T , (6.4) 
where ∆∆G mutant-W T = ∆G mutant deprot -∆G W T deprot . (6.5)

The pKa shift from bulk to protein environment can be expressed in a similar way. The computation of pKa shifts thus requires evaluating the free-energy difference between protonated and unprotonated substrate states in the different environments.

We thus adopt here the Free-energy Perturbation-Molecular Dynamics (FEP-MD) methodology, which was shown to achieve quantitative calculation of pKa shifts from bulk to protein environment, including for buried residues [START_REF] Simonson | Proton Binding to Proteins: pKa Calculations with Explicit and Implicit Solvent Models[END_REF]. In Free-Energy Perturbation techniques (see Ref. [START_REF] Chipot | Free Energy Calculations: Theory and Applications in Chemistry and Biology[END_REF] for a general review on the subject), the free-energy difference between two states a and b is expressed as

∆A a-→b = - 1 β ln exp [-β (H b -H a )] a , (6.6) 
where H a and H b are the Hamiltonians describing the states a and b, and • • • a denotes an ensemble average over configurations of the initial state a. This expression suffers from acute sampling problems whenever the free-energy difference between the two states a and b is higher than k B T [START_REF] Chipot | Free Energy Calculations: Theory and Applications in Chemistry and Biology[END_REF]. In practice, the transformation from a to b is divided in a number of transformations between non-physical intermediate steps connecting a and b. The pathway is characterized with the general parameter λ that progressively turns the system from a to b. Equation 6.6 can thus be rewritten under the form:

∆A a-→b = - 1 β N i ln exp [-β (H(λ i+1 ) -H(λ i ))] i , (6.7) 
where N is the number of windows between the initial and final states.

In such an alchemical transformation, where a system is progressively changed into another (here the protonated dihydrofolate H 3 F + is progressively turned into its unprotonated form H 2 F), the overall Hamiltonian can be divided in three parts: H 0 is the Hamiltonian of the atoms that do not change during the alchemical transformation (cofactor, protein, solvent, ions and a part of the substrate), H a the Hamiltonian of the changing atoms in the protonated state, and H b their Hamiltonian in the unprotonated state. In the dual topology framework as implemented in NAMD [START_REF] Phillips | Scalable Molecular Dynamics with NAMD[END_REF] which we use here, the initial and final states of the system coexist throughout the simulation and both interact with the environment, but do not see each other. The total system is then described by a hybrid hamiltonian H(λ), where the general parameter λ enables us to progressively drive the system from the protonated to the unprotonated state:

H(λ) = H 0 + (1 -λ)H a + λH b . (6.8)
Protonated and unprotonated dihydrofolate are described by a force field taken from the litterature [START_REF] Liu | Escherichia Coli Dihydrofolate Reductase Catalyzed Proton and Hydride Transfers: Temporal Order and the Roles of Asp27 and Tyr100[END_REF], with a few modifications to make it suitable for dual topology calculations: the N1 and C2 atoms of dihydrofolate are kept unchanged between the two states, and the change in the charge of those two atoms (only -0.06 e) in the unprotonated state is spread equally between its two neighboring atoms (N3 and C8A). The system is driven from the protonated to the unprotonated state using 40 λ windows, λ evolving by increments of 0.025, and soft core potentials are used to avoid the so-called "end-point catastrophes" that appear when reaching λ = 0 and λ = 1 [START_REF] Chipot | Free Energy Calculations: Theory and Applications in Chemistry and Biology[END_REF], because one part of the system suddenly starts or stops interacting with the surroundings. The used of soft-core potentials enables to progressively turn on and off electrostatic and Van der Waals interactions, thus avoiding endpoint catastrophes [START_REF] Chipot | Free Energy Calculations: Theory and Applications in Chemistry and Biology[END_REF]. Each system was first equlibrated for 2 ns at λ = 0 before starting the free-energy calculations. Each window is equilibrated for 25 ps before starting the new one, and this equilibration is followed by a production run of at least 500 ps in each window. During this production run only, small harmonic cartesian restraints with a 0.05 kcal/Å 2 force constant are applied to the protein backbone and heavy atoms of the substrate and cofactor, to avoid the conformation of the system moving away from the "closed" state in those very long simulations, since we want to calculate the pKa in the "closed" reactive state. The calculation is performed in both directions (deprotonation and protonation) to assess the error bar on our result.

To compute the pKa shift from the bulk to WT protein environment, an additional simulation of the substrate in bulk water is needed. We solvate the protonated substrate in a pre-equilibrated box of 9261 TIP3P water molecules, equilibrating it for 100 ps in NPT. The average box size is then used for all the following NVT simulations. The system is further equilibrated in the NVT ensemble at λ = 0 for 250 ps, before the actual free-energy calculation, which follows the same procedure as described above.

Results

Hydride transfer step

We start with studying the effects of the mutations on the hydride transfer rate. We observe no conformational change in the mutants, and the hydride transfer geometry changes very little, with a very small increase (around 0.02 Å) of the average donor-acceptor distances in the mutants (Table 6.1). The mutations studied here thus do not impact significantly the position of the substrate in the active site nor the enzyme conformation. Fig. 6.5 shows the computed free-energy profiles along the collective reaction coordinate for the hydride transfer ∆E, as defined in the methodology section 6.2.2. The correspond-100 Chapter 6. Role of active site residues in DHFR catalysis ing free-energy barriers for the hydride transfer ∆G ‡ are summarized in Table 6.2. The free-energy profiles for the WT and Y100F systems are very similar, with equal free-energy barriers within the error bars of our calculations: the replacement of polar tyrosine by apolar phenylalanine does not preferentially destabilize the reactant or product VB state. In contrast, ∆G ‡ is much lower for the D27S mutant, with a free-energy barrier of only 9.7 kcal/mol, 4 kcal/mol lower than for the WT system. In addition to this marked decrease in the barrier, the hydride transfer step is also much more exothermic. This can be explained by considering that, in this mutant, the negatively charged Asp27 has been replaced by a neutral serine. Since the reactant state is protonated at the pterin ring, it is thus stabilized by the negatively charged residue Asp27, and replacing Asp27 by the neutral Ser residue destabilizes the reactant VB state with respect to the product VB state, and thus lowers the barrier while making the reaction more exothermic. Further replacement of Tyr100 by a phenylalanine in the double mutant D27S-Y100F increases back the barrier by around 1.5 kcal/mol. Hence, while removing Asp27 accelerates the hydride transfer rate, further removal of Tyr100 slows it down. Note that the effects of the mutations are not additive: mutating Tyr100 from the WT while keeping the Asp27 has almost no influence on the barrier, whereas mutating Tyr100 from the D27S mutant raises it.

Protonation step

To obtain a full picture of the impact of mutations on the chemical step (PT+HT) in DHFR, we now need to study how the pKa of the substrate at N 5 is affected by mutations in the 6.3. Results
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WT Y100F D27S Y100F-D27S Y100F-high pH ∆G ‡ (kcal/mol) 13.7 (0.4) 13.6 (0.4) 9.7 (0.4) 11.3 (0.4) 14.0 (0.4) Table 6.2 -Free-energy barrier for the hydride transfer step from a protonated dihydrofolate in the wild type ec-DHFR and in the mutants Y100F, D27S and Y100F-D27S. The standard deviation on the free-energy barrier, obtained as detailed in the methodology section, is given in parenthesis.

active site. It is known from experiments and previous simulations that the substrate pKa is raised from its bulk value (2.6) to approximately 6.5 in the WT enzyme [START_REF] Deng | Structure of Dihydrofolate When Bound to Dihydrofolate Reductase[END_REF]. It is important first to check that our methodology is able to capture, at least qualitatively, such a large pKa shift.

We compute, following the methodology described in section 6.2.3, the free-energy for deprotonation of the substrate in the bulk and in the WT enzyme, which gives us access to the pKa shift between the two environments. The results, presented in Table 6.3, show that our methodology correctly reproduces the sharp increase in the pKa of N 5 in the enzyme active site: we compute an increase by more than 6 units, to be compared to the 4 pKa unit increase measured experimentally. Hence our results are in qualitative agreement with experimental data, which shows that we can use this methodology to further study the impact of mutations. Given the great difficulty to calculate quantitative pKa shifts in biomolecules [START_REF] Simonson | Proton Binding to Proteins: pKa Calculations with Explicit and Implicit Solvent Models[END_REF], qualitative agreement is sufficient for our purpose, and we do not aim at quantitative predictions. Previous calculations of the N 5 pKa of dihydrofolate in DHFR [START_REF] Khavrutskii | Conformational Change of the Methionine 20 Loop of Escherichia Coli Dihydrofolate Reductase Modulates pKa of the Bound Dihydrofolate[END_REF] had reached even better agreement with experiments. However, this agreement might be fortuitous, since the force field used in this study exhibits a spurious long range charge delocalization in H 3 F + , probably due to the level of DFT used for charge determination [START_REF] Greatbanks | Enzyme Polarization of Substrates of Dihydrofolate Reductase by Different Theoretical Methods[END_REF][START_REF] Greatbanks | Comparison of Enzyme Polarization of Ligands and Charge-Transfer Effects for Dihydrofolate Reductase Using Point-Charge Embedded Ab Initio Quantum Mechanical and Linear-Scaling Semiempirical Quantum Mechanical Methods[END_REF], and thus we chose to use a more recently developed force field, which does not suffer from the same artifacts.

Our methodology being now validated, we study the pKa shift of N 5 in the different mutants. Table 6.3 summarizes the results and lists the computed H 3 F + deprotonation freeenergies and the corresponding pKa shifts with respect to the WT system. Most interestingly, both mutations shift the pKa downwards: the Y100F mutant shifts the pKa by less than 1 unit, while the D27S mutant has a more dramatic effect, shifting the pKa downwards by more than 5 units, thus strongly disfavoring the protonation step compared to the WT. Hence, Tyr100 and Asp27 both contribute to the elevated pKa value in the wild type environment, with a very strong effect of the negatively charged Asp27. It stabilizes the positive charge on the pterin ring of protonated dihydrofolate, thus increasing the substrate pKa at N 5 . The effect of Tyr100 is much smaller, and probably due to its polar side chain.

It clearly appears that the N 5 pKa has an unusually high value in the DHFR active site, thus favoring a direct substrate protonation by the solvent. However, the presence of a water molecule close to N 5 had never been detected experimentally in structures with the M20 loop in the closed form [START_REF] Sawaya | Loop and Subdomain Movements in the Mechanism of Escherichia Coli Dihydrofolate Reductase: Crystallographic Evidence[END_REF][START_REF] Howell | Construction of an Altered Proton Donation Mechanism in Escherichia Coli Dihydrofolate Reductase[END_REF], until a very recent work suggesting transient access of water through movement of the Met20 side chain [START_REF] Wan | Toward Resolving the Catalytic Mechanism of Dihydrofolate Reductase Using Neutron and Ultrahigh-Resolution X-Ray Crystallography[END_REF]. In our simulations of the Michaelis complex (M20 loop closed) with protonated dihydrofolate, we find that N little access to water and the entrance of water is shielded by the Met20 residue, but when simulations are performed with unprotonated dihydrofolate, the Met20 moves away and let water access to N 5 , which is then solvated. This is shown in the radial distribution functions between N 5 and water oxygens (Fig. 6.6a) calculated both in the case of a protonated or unprotonated substrate. In the substrate unprotonated state, the N 5 site is clearly hydrated, with water oxygens as close as 2.5 Å. The difference in water accessibility to N 5 between the protonated and unprotonated form of dihydrofolate is due to the different interaction between the Met20 sulfur atom and N 5 : in the protonated form, the Met20(S)-N 5 distance distribution (Fig. 6.6b) ranges from 3 Å to less than 5 Å, approximately centered just below 4 Å which is typical of a NH• • • S hydrogen bond and dispersion interactions between S and N 5 , while with unprotonated substrate the side chain moves away (N-S distances always larger than 4.5 Å up to more than 6.5 Å). Such a behavior had already been noticed in previous simulations with a very different force field both for the protein and the substrate [START_REF] Khavrutskii | Conformational Change of the Methionine 20 Loop of Escherichia Coli Dihydrofolate Reductase Modulates pKa of the Bound Dihydrofolate[END_REF], so this observation seems to be robust. The origin of the proton is therefore confirmed: since the bound substrate N 5 has access to water when it is not protonated, the proton most probably comes directly from the solvent, and there is no longer need for alternative more complex mechanisms.

Overall picture

We previously showed in Eq. 6.2 how the overall observed rate constant for the chemical step (PT+HT) can be expressed as a function of the substrate pKa and of the hydride transfer rate constant from a protonated substrate. In the work presented above, we computed the pKa shifts upon mutation and the free-energy barrier for the different systems. In the framework of Transition State Theory presented in Chap. 5 the rate constant of the hydride transfer step can be expressed as: Hence a change in the hydride transfer free energy for hydride transfer in a mutant yields the following change in the rate constant:

k HT = k B T h exp - ∆G ‡ k B T . ( 6 
k mutant HT = k W T HT exp - ∆∆G ‡ mutant-W T k B T . ( 6.10) 
We now combine our results on the protonation and the hydride transfer step to compute the corresponding log(k obs ) vs. pH profiles for the different mutants. We use the experimental value for the hydride transfer rate constant in the WT, k W T HT = 950 ps -1 , and from Eq. 6.10 and the results of our free-energy barrier calculations (Table 6.2) we deduce the corresponding hydride transfer rate constant in mutant systems. In the same spirit, we take the experimental value for N 5 pKa (6.5) as a reference and use the computed pKa shifts (Table 6.3) to obtain pKa values for the mutants. Eventually, for each mutants to obtain the log(k obs ) vs. pH profiles with Eq. 6.2, using the mutant pKa and k HT calculated before. Fig. 6.7 compares the computed log(k obs ) vs. pH profiles with available experimental data [START_REF] Liu | Escherichia Coli Dihydrofolate Reductase Catalyzed Proton and Hydride Transfers: Temporal Order and the Roles of Asp27 and Tyr100[END_REF]. There is a very good qualitative agreement between our computations and experimental data, as we correctly capture the relative order for the observed rate constants in the different mutants. In addition, we can now provide a molecular description of the effects of mutations on different contributions to the observed rate constant k obs . While the observed slower k obs in Y100F was previously interpreted as a slower hydride transfer [START_REF] Liu | Escherichia Coli Dihydrofolate Reductase Catalyzed Proton and Hydride Transfers: Temporal Order and the Roles of Asp27 and Tyr100[END_REF], our separate studies of the impact of mutations on the protonation and the hydride transfer steps rather demonstrate that it comes from a pKa decrease, and that the hydride transfer rate is not affected. More surprisingly, the marked slowdown observed in the D27S mutant is due to a large decrease of the substrate pKa only partially compensated by an increase in the hydride transfer rate. This explains why no plateau can be observed at low pH values within the experimentally accessible pH range for the D27S and double mutants: the pH where the plateau starts is determined by the substrate pKa. In these two systems the pKa is much lower than in the WT system, and thus the plateau at low pH is no longer observed 104 Chapter 6. Role of active site residues in DHFR catalysis given the experimental range of pH. The change in the shape of the log(k obs ) vs. pH profiles thus does not imply any change in the mechanism but originates from a lower pKa of the substrate in the mutant enzyme.

A last question pertains to the slope of the log(k obs ) vs pH profiles for the Y100F and D27S mutants, which deviates from the -1 slope predicted by the widely used kinetic scheme (Eq. 6.2). This was suggested [START_REF] Liu | Escherichia Coli Dihydrofolate Reductase Catalyzed Proton and Hydride Transfers: Temporal Order and the Roles of Asp27 and Tyr100[END_REF] to be due to concurrent pathways, that were not clearly identified. This unexpected slope could be explained by a change in either the pKa of N 5 or the hydride transfer rate constant at higher pH. We selected the Y100F mutant to test this hypothesis, because for this system the slope clearly deviates from unity, and the Tyr100 residue has been mutated into a phenylalanine, so that its deprotonation at high pH cannot interfere. The protonation state used so far corresponds to a pH slightly below 7. We performed additional calculations using a different protonation state, designed to be representative of a high pH environment (all the residues with pKa lower than 11 were deprotonated, as described in the Methodology section). None of these residues is directly inside the active site, but the deprotonation could influence the chemical step through long range electrostatic interactions or through enzyme conformational changes. As shown in Tables 6.2 and 6.3, the pKa computed at high pH does not change with respect to the neutral pH value within the error bars of our determination, and the hydride transfer freeenergy barrier increases by 0.4 units, which is still not far outside our error bars. So the computed shifts are extremely small, and the change in the free-energy barrier, if real, is not in the right direction to explain the slope: we would expect a lower barrier at high pH to explain the experimental slope. Hence the present study so far cannot explain the unusual slope of the mutants profiles. One possible explanation, which we are still investigating, is that the simulations were too short to capture a relevant conformational change.

Despite some still unresolved questions, this study brought important new insights on DHFR catalysis, bringing a molecular description of recent experimental results and analyzing the effect of mutations on each step of the mechanism.

Concluding remarks

This study sheds new light on recent experimental data, and provides deeper insight into DHFR catalysis. This paradigm enzyme is used as a model system to examine, for example, the presence of dynamical effects in enzyme catalysis. As such studies require the use of a good reaction coordinate, it is crucial to have a correct and comprehensive description of the underlying mechanism.

Whereas the experimentally measured chemical rate constant is the overall rate constant for the protonation and hydride transfer events, our approach singles out the effect of the mutations on each step of the mechanism, bringing unexpected results. While Asp27 and Tyr100 had been suggested to have a synergistic role to facilitate the protonation and hydride transfer, we show that both residues contribute to the elevated substrate pKa, and that if Tyr100 has almost no influence on the HT, the overall favorable role of the Asp27 comes from a compensation between two opposite large effects: a large decrease in the HT rate constant, over-compensated by a huge pKa shift to higher value, thus favoring the protonation step through an electrostatic effect. Moreover, we demonstrate that the change in the shape of the measured log(k obs ) vs. pH profiles does not imply any mechanistic change and that it can be perfectly explained by the lower pKa value in the mutants. Hence this study points out the importance to look at each individual step for a better understanding of DHFR catalysis and the impact of mutations. A recent study of the temperature-dependence of the kinetic isotope effects (KIE) in DHFR catalysis [START_REF] Liu | Escherichia Coli Dihydrofolate Reductase Catalyzed Proton and Hydride Transfers: Temporal Order and the Roles of Asp27 and Tyr100[END_REF] suggested that temperature dependence observed in the mutants could stem from a modification of the donor-acceptor distance. Hence the present study could be interestingly complemented by looking at KIEs, and see how their temperature dependence could be rationalized, using a theoretical framework which is currently under development in the group.

Enzyme catalysis in organic solvents: role of water

Introduction

Non-aqueous enzymology

Enzymes are far more efficient and selective catalysts than any synthetic one. Their immense catalytic power is thus already exploited in a high number of industrial processes, for instance in asymmetric transformations entering in the synthesis of enantiopure pharmaceuticals [START_REF] Zaks | Industrial Biocatalysis[END_REF]. However, the use of enzymes in biotechnological processes suffers from several limitations, including the low solubility of large organic molecules in water and high amounts of hydrolysis and side reactions in the aqueous medium [START_REF] Klibanov | Improving Enzymes by Using Them in Organic Solvents[END_REF]. These limitations can be largely circumvented by replacing the water medium by an organic solvent.

Even if such a replacement is counter-intuitive, because enzymes naturally work in water, several studies demonstrated that enzymes maintain a reasonable catalytic power in organic solvents [START_REF] Zaks | Enzyme-Catalyzed Processes in Organic Solvents[END_REF][START_REF] Klibanov | Improving Enzymes by Using Them in Organic Solvents[END_REF][START_REF] Dastoli | Reactivity of Active Sites of Chymotrypsin Suspended in an Organic Medium[END_REF][START_REF] Dastoli | Catalysis by Xanthine Oxidase Suspended in Organic Media[END_REF], and non-aqueous enzymology is a fast growing field [START_REF] Klibanov | Why Are Enzymes Less Active in Organic Solvents Than in Water?[END_REF]. In addition to avoiding unwanted side reactions and facilitating product recovery, the use of organic solvents was shown to enable the catalysis of new reactions [START_REF] Zaks | Enzyme-Catalyzed Processes in Organic Solvents[END_REF][START_REF] Klibanov | Improving Enzymes by Using Them in Organic Solvents[END_REF] and to increase enzyme stability [START_REF] Zaks | Enzymatic Catalysis in Organic Media at 100 Degrees C[END_REF]. Moreover, the specifity and enantio-, stereo-and chemioselectivity of enzymes were shown to be solvent dependent [START_REF] Wescott | Solvent Variation Inverts Substrate Specificity of an Enzyme[END_REF][START_REF] Wescott | The Solvent Dependence of Enzyme Specificity[END_REF][START_REF] Carrea | Role of Solvents in the Control of Enzyme Selectivity in Organic Media[END_REF][START_REF] Gaertner | Kinetics and Specificity of Serine Proteases in Peptide Synthesis Catalyzed in Organic Solvents[END_REF][START_REF] Fitzpatrick | How Can the Solvent Affect Enzyme Enantioselectivity?[END_REF][START_REF] Carrea | Properties and Synthetic Applications of Enzymes in Organic Solvents[END_REF], opening the way for an easy tuning of the enzymatic behavior. However, this field is limited by the reduced catalytic activity of enzymes in dry organic solvents, which is, for the serine proteases subtilisin and α-chymotrpsin, typically 10 3 to 10 5 times lower than in water [START_REF] Zaks | The Effect of Water on Enzyme Action in Organic Media[END_REF][START_REF] Klibanov | Why Are Enzymes Less Active in Organic Solvents Than in Water?[END_REF].

Several strategies are used to recover part of the lost activity, including vigorous shaking to overcome mass-transfer limitations, and the use of hydrophobic solvents and lyoprotectants to avoid denaturation [START_REF] Klibanov | Why Are Enzymes Less Active in Organic Solvents Than in Water?[END_REF]. Most interestingly, the addition of small amounts of water (less than one hydration layer) in dry organic solvents was shown to dramatically enhance the enzymatic activity, by increasing the rate of the chemical step k cat [START_REF] Zaks | The Effect of Water on Enzyme Action in Organic Media[END_REF][START_REF] Dordick | Designing Enzymes for Use in Organic Solvents[END_REF][START_REF] Affleck | Enzymatic Catalysis and Dynamics in Low-Water Environments[END_REF][START_REF] Hudson | Active-Site Motions and Polarity Enhance Catalytic Turnover of Hydrated Subtilisin Dissolved in Organic Solvents[END_REF]. Because the addition of water was shown to be correlated with an increased enzyme flexibility [START_REF] Poole | Hydration-Induced Conformational and Flexibility Changes in Lysozyme at Low Water Content[END_REF][START_REF] Wedberg | Protein Dynamics in Organic Media at Varying Water Activity Studied by Molecular Dynamics Simulation[END_REF][START_REF] Partridge | Activity and Mobility of Subtilisin in Low Water Organic Media: Hydration Is More Important Than Solvent Dielectric[END_REF][START_REF] Lousa | A Molecular Perspective on Nonaqueous Biocatalysis: Contributions from Simulation Studies[END_REF], the effect of water was suggested to be that of a lubricant at the molecular scale [START_REF] Zaks | The Effect of Water on Enzyme Action in Organic Media[END_REF][START_REF] Klibanov | Why Are Enzymes Less Active in Organic Solvents Than in Water?[END_REF], giving enzymes the flexibility needed for catalysis. However, a molecular description of this effect 107 is still missing, and other studies suggested it to be instead due to the change of polarity in the active site [START_REF] Affleck | Enzymatic Catalysis and Dynamics in Low-Water Environments[END_REF][START_REF] Wangikar | Protein and Solvent Engineering of Subtilisin BPN' in Nearly Anhydrous Organic Media[END_REF].

Enzymes in organic solvents are much studied experimentally because of the biotechnological relevance of such systems, but they also form a model of choice to examine the role of water, and more generally of solvent conditions, in enzyme catalysis. To investigate the role of water on the chemical step of catalysis, one would like to study systems in the absence of water and follow how the addition of water affects the chemical step. This is exactly the possibility offered by non-aqueous enzymatic systems, and we use it in this work to obtain a molecular-scale description of the suggested lubricant effect of water on the chemical step. The question is not whether addition of water in organic solvents increases the enzyme flexibility, but if and how an increased flexibility affects the rate of the chemical step. Several experimental [START_REF] Affleck | Enzymatic Catalysis and Dynamics in Low-Water Environments[END_REF][START_REF] Partridge | Activity and Mobility of Subtilisin in Low Water Organic Media: Hydration Is More Important Than Solvent Dielectric[END_REF][START_REF] Clark | Characteristics of Nearly Dry Enzymes in Organic Solvents: Implications for Biocatalysis in the Absence of Water[END_REF] and theoretical [START_REF] Filman | Crystal Structures of Escherichia Coli and Lactobacillus Casei Dihydrofolate Reductase Refined at 1.7 Å Resolution. II. Environment of Bound NADPH and Implications for Catalysis[END_REF][START_REF] Wedberg | Protein Dynamics in Organic Media at Varying Water Activity Studied by Molecular Dynamics Simulation[END_REF] studies, including work performed by other people in our group [START_REF] Marino | The Role of Hydration Level on the Flexibility of Subtilisin Carlsberg in Organic Solvent[END_REF], found indeed a small increase in protein flexibility when adding small amounts of water to a dry organic phase. However, this increase in flexibility mainly affects solvent exposed loops and side chains, and not the residues involved in the chemical step. It is thus not clear how an enhanced flexibility may accelerate the chemical reaction.

Subtilisin Carlsberg: a model system.

We selected as a model system the enzyme subtilisin Carlsberg, which belongs, together with trypsin, chymotrypsin and subtilisin BPN' notably, to the serine proteases family: these enzymes naturally catalyze the hydrolysis of peptide and ester bonds and are characterized by the presence of three important residues, the so-called "catalytic triad", including a reactive serine [263]. Among this family, the subtilisin family has been extensively studied in experimental and theoretical works, both in water [START_REF] Warshel | Evaluation of Catalytic Free Energies in Genetically Modified Proteins[END_REF][START_REF] Bryan | Site-Directed Mutagenesis and the Role of the Oxyanion Hole in Subtilisin[END_REF][START_REF] Warshel | How Do Serine Proteases Really Work?[END_REF][START_REF] Carter | Functional Interaction Among Catalytic Residues in Subtilisin BPN[END_REF][START_REF] Bonneau | Alteration of the Specificity of Subtilisin BPN' by Site-Directed Mutagenesis in Its S1 and S1' Binding Sites[END_REF] and in organic solvents [START_REF] Fitzpatrick | How Can the Solvent Affect Enzyme Enantioselectivity?[END_REF][START_REF] Hudson | Active-Site Motions and Polarity Enhance Catalytic Turnover of Hydrated Subtilisin Dissolved in Organic Solvents[END_REF][START_REF] Wangikar | Protein and Solvent Engineering of Subtilisin BPN' in Nearly Anhydrous Organic Media[END_REF][START_REF] Kanerva | Analysis of Enzyme Action in Organic Solvents[END_REF][START_REF] Adams | Kinetic Isotope Effect Investigation of Enzyme Mechanisms in Organic Solvents[END_REF][START_REF] Chatterjee | Determination of Equilibrium and Individual Rate Constants for Subtilisin-Catalyzed Transesterification in Anhydrous Environments[END_REF][START_REF] Fitzpatrick | Enzyme Crystal Structure in a Neat Organic Solvent[END_REF][START_REF] Michels | Dipole Formation and Solvent Electrostriction in Subtilisin Catalysis[END_REF][START_REF] Stoll | Differences in Binding Modes of Enantiomers of 1-Acetamido Boronic Acid Based Protease Inhibitors: Crystal Structures of γ-Chymotrypsin and Subtilisin Carlsberg Complexes[END_REF][START_REF] Colombo | Rationalization of the Enantioselectivity of Subtilisin in DMF[END_REF][START_REF] Yang | Hydration of Enzyme in Nonaqueous Media Is Consistent with Solvent Dependence of Its Activity[END_REF], turning subtilisin Carlsberg into a paradigm system for nonaqueous enzymology. In organic solvents, subtilisin catalyzes transesterification reactions and the rate constant of the chemical step k cat was shown to increase with water thermodynamic activity when starting from a dry organic hydrophobic solvent such as isooctane (Fig. 7.1).

To study the origin of this increased enzymatic activity following addition of small amounts of water, we first need to clearly identify the step of the mechanism which is affected. The transesterification mechanism is indeed a multi-step process, which involves three catalytic residues, Aspartate 32 (Asp32), Histidine 64 (His64) and Serine 221 (Ser221) known as the catalytic triad (Fig. 7.2), and proceeds as follows. The first step is the nucleophilic attack of the alcohol function of the reactive serine onto the ester carbon of the substrate, to lead to the formation of a tetrahedral intermediate (Fig. 7.3), which later rearranges into the acyl-enzyme intermediate. This acyl-enzyme intermediate formation is followed by nucleophilic attack of the alcohol used for the transesterification, to lead to the final reaction products through a second tetrahedral intermediate. The rate-limiting step of this mechanism is usually believed, from both simulations and experiments on different serine proteases [START_REF] Bonneau | Alteration of the Specificity of Subtilisin BPN' by Site-Directed Mutagenesis in Its S1 and S1' Binding Sites[END_REF][START_REF] Daggett | Catalytic Pathway of Serine Proteases: Classical and Quantum Mechanical Calculations[END_REF][START_REF] Ishida | Theoretical Perspectives on the Reaction Mechanism of Serine Proteases: The Reaction Free Energy Profiles of the Acylation Process[END_REF], to be the formation of the first tetrahedral intermediate, even if the rate limiting step was elsewhere suggested to change with solvent conditions [START_REF] Chatterjee | Determination of Equilibrium and Individual Rate Constants for Subtilisin-Catalyzed Transesterification in Anhydrous Environments[END_REF]. We will therefore focus in this study on the first step of the transesterification mechanism, the formation of the first tetrahedral intermediate. This first step consists in the nucleophilic attack of the serine 221 oxygen on the ester carbon of the substrate. We chose as a model substrate the N-acetyl-L-phenylalanine-ethyl-ester (APEE, Fig. 7.2), because it is the substrate used in the study by Clark and coworkers [START_REF] Hudson | Active-Site Motions and Polarity Enhance Catalytic Turnover of Hydrated Subtilisin Dissolved in Organic Solvents[END_REF] which measured the increase of k cat with water activity for Subtilisin Carlsberg in isooctane. During this step, a proton transfer occurs from the Ser221 OH group to the His 64 nitrogen atom (Fig. 7.4). Early theoretical studies of subtilisin [START_REF] Bentzien | Hybrid Ab Initio Quantum Mechanics/molecular Mechanics Calculations of Free Energy Surfaces for Enzymatic Reactions: The Nucleophilic Attack in Subtilisin[END_REF] transfer occurred before the nucleophilic attack in a rapid protonation equilibrium, whereas a more recent QMMM study on another serine protease, trypsin, suggested on the contrary the proton transfer to be concerted with the nucleophilic attack [START_REF] Ishida | Theoretical Perspectives on the Reaction Mechanism of Serine Proteases: The Reaction Free Energy Profiles of the Acylation Process[END_REF]. Hence, a QMMM study was conducted by other group members to assess the concerted vs. sequential nature of the mechanism of the formation of the tetrahedral intermediate. This study showed unequivocally that for subtilisin Carlsberg in a low water environment (one hydration layer), the proton transfer step is concerted with the nucleophilic attack [START_REF] Domin | A Coupled Valence-Bond State Molecular Dynamics Description of an Enzyme-Catalyzed Reaction in a Non-Aqueous Organic Solvent[END_REF]. Hence, the formation of the tetrahedral intermediate occurs in a single step, with concerted proton transfer and nucleophilic attack. The Asp32 remains deprotonated during the entire reaction, as shown in an early study that proved wrong the previously suggested "double proton transfer" mechanism, which implied proton transfer from His64 to Asp32. The formation of the tetrahedral intermediate is summarized in Fig. 7.4.

In the framework of Transition State Theory, introduced in Chapter 5, the 11-fold increase in the rate constant k cat following water addition can originate either from a 1.5-2 kcal/mol decrease in the activation free energy ∆G ‡ or from a sharp 11-fold increase in the generalized transmission coefficient γ (or some combination of both effects). Since in the present case the proton transfer does not involve tunneling [START_REF] Domin | A Coupled Valence-Bond State Molecular Dynamics Description of an Enzyme-Catalyzed Reaction in a Non-Aqueous Organic Solvent[END_REF], the change in transmission coefficient would have to come entirely from the factor accounting for recrossing events, κ, which we will call transmission coefficient in the following work.

The outline of this chapter is as follows. First, we provide a brief description of the system preparation and simulations details. Next, we evaluate the activation free-energy ∆G ‡ for the formation of the tetrahedral intermediate at different water activities (hydration levels) using the EVB methodology presented in Chapter 5. Since no significant effect of the hydration level on ∆G ‡ is found, we then evaluate for each hydration level the transmission coefficient, which could be affected by an increase in enzyme flexibility. We will see that we cannot find any lubricant effect of water on the chemical step of the catalysis and we further provide an alternative explanation for the experimental observations.

Methodology

System preparation

The coordinates of the protein, Subtilisin Carlsberg (SC), were taken from the cristallographic structure with PDB ID 1VSB [START_REF] Stoll | Differences in Binding Modes of Enantiomers of 1-Acetamido Boronic Acid Based Protease Inhibitors: Crystal Structures of γ-Chymotrypsin and Subtilisin Carlsberg Complexes[END_REF]. The bound inhibitor L-para-chlorophenyl-1-acetamido boronic acid was replaced with the substrate, L-phenylalanine-N-acetyl-ethyl-ester (APEE). The coordinates of the inhibitor were used to place the substrate in the active site. The titrable residues, Asp, Glu, Lys and Arg were kept in their standard ionic state at pH=7 and the histidines were all taken to be neutral. This resulted in a total charge of -1e. Experimental studies [START_REF] Hudson | Active-Site Motions and Polarity Enhance Catalytic Turnover of Hydrated Subtilisin Dissolved in Organic Solvents[END_REF] reported the use of the surfactant dioctyl sodium sulfosuccinate, also known as Aerosol OT (AOT), to extract the enzyme from the aqueous phase and avoid suspension of aggregated enzymes to obtain instead an actual solution of solubilized enzymes. Proteins are then present as single molecules in organic solutions with the positively charged amino acid residues ion paired with the negatively charged AOT headgroups. [START_REF] Paradkar | Mechanism of Extraction of Chymotrypsin into Isooctane at Very Low Concentrations of Aerosol OT in the Absence of Reversed Micelles[END_REF] Six AOT molecules were thus added next to the positively charges residues at the protein surface, avoiding the charged residues that were otherwise engaged in salt bridge interactions. 7 sodium ions were added to neutralize the overall charge of the system. A total number of 856 water molecules, including the crystallographic water molecules, were required to hydrate the protein with a monolayer of water. The whole system was further solvated in a cubic box with 1671 hexane molecules.

The enzyme was described with the CHARMM27 forcefield with CMAP corrections [START_REF] Mackerell | All-Atom Empirical Potential for Molecular Modeling and Dynamics Studies of Proteins[END_REF][START_REF] Mackerell | Extending the Treatment of Backbone Energetics in Protein Force Fields: Limitations of Gas-Phase Quantum Mechanics in Reproducing Protein Conformational Distributions in Molecular Dynamics Simulations[END_REF], and the SPCE force field was used for water molecules [START_REF] Berendsen | The Missing Term in Effective Pair Potentials[END_REF]. We start our equilibration procedure with our system in the product state, which is supposedly very close to the initial geometry with the covalently bound inhibitor. In the product state, the substrate is in the form of the tetrahedral intermediate produced by the nucleophilic attack of the serine OH, whereas His64 is in its standard doubly protonated form. The parameters for AOT [START_REF] Abel | Molecular Modeling and Simulations of AOT-Water Reverse Micelles in Isooctane: Structural and Dynamic Properties[END_REF] were taken from the litterature while parameters and charges for the tetrahedral intermediate were designed based on existing fragments in the CHARMM force field and previous parametrisation of such a tetrahedral intermediate [START_REF] Otte | Force-Field Parameters for the Simulation of Tetrahedral Intermediates of Serine Hydrolases[END_REF]. They are summarized in Table 7.1, using the atom labels defined in Fig. 7.5. Atoms of Ser221 that are not explicitly assigned new charges for the tetrahedral intermediate bear the same charge as in the standard CHARMM serine residue. We chose hexane as a model hydrophobic solvent, which is expected to behave similarly to isooctane, used in the experiments. To reduce the computational cost and since hexane molecules are simply here as a model of a hydrophobic phase, they are described by a united atom forcefield designed to be compatible with the CHARMM all atom force field for proteins [START_REF] Hénin | United-Atom Acyl Chains for CHARMM Phospholipids[END_REF].

EVB description

Classical molecular dynamics simulations cannot describe chemical reactions involving bondbreaking or bond-forming. To be able to compute the free-energy barrier for the formation of the tetrahedral intermediate as a function of the hydration level, we thus use the Empirical Valence Bond (EVB) method, presented in details in Chapter 5.

Since the proton transfer and nucleophilic attack leading to the formation of the tetrahedral intermediate occur in a concerted fashion [START_REF] Domin | A Coupled Valence-Bond State Molecular Dynamics Description of an Enzyme-Catalyzed Reaction in a Non-Aqueous Organic Solvent[END_REF], two VB states should be sufficient to describe the reaction. The reactant VB state (VB1) consists in the δ-singly protonated histidine 64 and standard serine 221, both described by the standard CHARMM force fields for these residues, and in the APEE substrate, whose charges are given in Table 7.1. In the product state (VB2), after the proton transfer and nucleophilic attack, His64 is doubly protonated, and the serine and APEE are now covalently bonded to form the tetrahedral intermediate (see Fig. 7.4 and Table 7.1). Determination of the EVB parameters was performed by other group members, and I will thus only give here the final relevant numbers, together with a short summary of the methodology used for parametrization.

The bonds formed and broken during the reaction process are modeled with Morse potentials of the following form:

V M orse (r) = D e 1 -e -α(r-r 0 ) 2 , (7.1) 
where D e is the dissociation energy, r the bond length and r 0 its equilibrium value, and α controls the width of the potential. These coefficients were obtained from fits on high-level ab initio potential energy scans along each bond in the gaz phase [START_REF] Domin | A Coupled Valence-Bond State Molecular Dynamics Description of an Enzyme-Catalyzed Reaction in a Non-Aqueous Organic Solvent[END_REF]. Final parameters for the Morse potentials are provided in Table 7.2. In the absence of experimental data for the free-energy barrier and reaction free-energy for the formation of the tetrahedral intermediate, the coupling and offset entering in the EVB Hamiltonian were parametrized against ab initio calculations [START_REF] Domin | A Coupled Valence-Bond State Molecular Dynamics Description of an Enzyme-Catalyzed Reaction in a Non-Aqueous Organic Solvent[END_REF]: a series of approximately 500 reactant, transition state and product snapshots was first generated using the mapping potential approach (Eq. 5.5) which does not require prior knowledge of the coupling and offset, with λ values respectively of 0.05, 0.5 and 0.95. For each snapshot, the QM/MM (BMK/6-31+G**), V 11 and V 22 potential energies were calculated, and the difference between reactant to product (or TS) free-energy difference obtained at the QM/MM and EVB levels was then minimized with respect to the coupling and offset parameters. This ensures a proper description at the EVB level of of the reaction free-energy ∆G and free-energy barrier ∆G ‡ . The final set of parameters for our EVB Hamiltonian is summarized in Table 7.2.

Equilibration procedure

Simulations are carried out with the sander module of the Amber12 molecular dynamics package [START_REF] Case | AMBER 12[END_REF]. All simulations, unless explicitly stated, are performed at 300 K using a Langevin thermostat with a collision frequency of 0.1 ps -1 and a time step of 1 fs. Bonds between hydrogen and heavy atoms are constrained using the SHAKE and SETTLE algorithms [START_REF] Miyamoto | An Analytical Version of the SHAKE and RATTLE Algorithm for Rigid Water Models[END_REF][START_REF] Ryckaert | Special Geometrical Constraints in the Molecular Dynamics of Chain Molecules[END_REF]. Periodic boundary conditions are used together with a Particle Mesh Ewald treatment [START_REF] Darden | Particle Mesh Ewald: An Nlog(N) Method for Ewald Sums in Large Systems[END_REF] of long-range electrostatic interactions, and a 16 Å cutoff for non-bonded interactions. Table 7.2 -Set of parameters of the EVB description, including the coupling V 12 and the offset ∆, as defined in Eq. 5.4.

The system is initially equilibrated for 1.5 ns in the NPT ensemble in the pure product state V 22 , and the average volume is then used for the following NVT equilibrations. Using the mapping potential procedure, the system is rapidly converted from a pure product to a 50 % mixture of the two VB states, which represents the transition state. The system is then equilibrated at λ = 0.5 during 2 ns. During this equilibration and subsequent calculations, the protein backbone atoms, the sulfur atom of AOT molecules and the sodium ions are restrained with respect to their initial cartesian coordinates, using a soft 0.05 kcal mol -1 Å -2 force constant. Without these small restraints, due to the limited size of the box, the AOT and sodium ions tend to gather to form reverse micelles on the side of the box. Such a behavior is not relevant with respect to the experiments, since the experimental surfactant concentration is below the critical micelle concentration (CMC), and surfactants are usually supposed to remain ion-paired with the positively charged residues [START_REF] Paradkar | Mechanism of Extraction of Chymotrypsin into Isooctane at Very Low Concentrations of Aerosol OT in the Absence of Reversed Micelles[END_REF]. Moreover, very long unconstrained simulations at different hydration levels were performed in the frame of a previous study on enzyme flexibility [START_REF] Marino | The Role of Hydration Level on the Flexibility of Subtilisin Carlsberg in Organic Solvent[END_REF], and they showed that no conformational change of the backbone occurred at low hydration level, in line with experimental data [START_REF] Fitzpatrick | Enzyme Crystal Structure in a Neat Organic Solvent[END_REF]. This suggests that the use of soft restraints on the backbone atoms exclusively (and not the side chains) should not affect much the system nor hide a potentially important conformational change.

To generate uncorrelated starting points for the calculation of the free-energy profiles, two different conformations are taken from the last equilibration run, and from each conformation 4 additional 1 ns NVT equilibrations are performed with different initial velocities. From each of the 8 different transition-state starting points thus generated, λ is progressively varied in the direction of reactants and products by increments of δλ = 0.025, for a total of 36 windows. The λ values used to generate the free-energy profiles associated with each of the 8 starting points are slightly shifted, which increases the total number of distinct windows and decreases the error bar on ∆G ‡ . Each λ window is equilibrated during 10 ps before starting the next one and a 50 ps production run is added in each window. We eventually concatenate data coming from the 288 windows generated from the 8 different initial geometries to build the overall free-energy profile using a WHAM-like procedure. At each hydration level, the final free-energy profile thus aggregates more than 14 ns of sampling.

Hydration levels

Since the aim of this work is to examine the effect of the addition of small amounts of water on the catalytic activity of subtilisin Carlsberg, we prepare four systems at different hydration levels. The system containing a monolayer of water, whose preparation is described above, is from now on designated as the 100% hydration level (H100). The other hydration levels and the corresponding number of water molecules are given in Table 7.3. From a NMR experiment [START_REF] Parker | Measuring Enzyme Hydration in Nonpolar Organic Solvents Using NMR[END_REF] which provided, as a function of water thermodynamic activity, an estimate for the amount of water molecules "bound" to the enzyme in the subtilisin Carlsberg hydration shell and not dispersed in the solvent hexane, we can estimate that our simulations cover the entire range of water activities, from 1 for the most hydrated system (856 water molecules), down to almost 0 for the low-hydration system (40 water molecules).

Hydration level 100% 50% 10% 5%

Number of water molecules 856 400 80 40

Table 7.3 -Number of water molecules in the system at the four hydration levels.

Each hydration level is prepared from its preceding higher hydration level after allowing around 3 ns equilibration of the entire system. Preparation of lower hydration levels requires removing a number of water molecules. This is done based on the B-factor (which is a measure of the mean square displacement) of water molecules, calculated using the ptraj module in Amber. We select for deletion the most mobile water molecules (high B-factor) but avoid deleting any water molecule directly inside the active site. Each system is initially subjected to at least 1 ns of equilibration in the NPT ensemble using a pure product state (standard MD run). During this equilibration run, all the heavy atoms of the protein, substrate, AOT and ions were kept fixed, and only water and hexane molecules are allowed to move. The average box size from this NPT equilibration is used for the subsequent NVT simulations. The same equilibration procedure described above for the 100 % hydration level is then used for the lower hydration systems. The generation of free-energy profiles is still in progress, and Fig. 7.6 shows preliminary results obtained with 144 windows, for an overall production length of 7.2 ns at each hydration level. The free-energy profiles for the reaction at each hydration level are extremely similar, with the same free-energy barrier within the error bars of our calculations (Table 7.4). At this point, we can rule out the decrease by 1.5-2 kcal/mol of the activation free-energy which would be 7.3. How does water affect the chemical rate constant? 117 necessary to account for the full acceleration of the chemical step observed experimentally upon hydration. However, given our error bars, we cannot completely exclude a slightly smaller shift of around 1 kcal/mol (even if the current free-energy profiles clearly do not suggest this), so additional calculations are under progress to add more windows to our freeenergy profiles, which would further reduce the error bars and allow us to completely rule out any significant change of ∆G ‡ with the hydration level. 

How does water affect the chemical rate constant?

Free-energy (kcal/mol) Hydration level 100% 10% 5% ∆G ‡ (kcal/mol) 17.5 ± 0.5 17.4 ± 0.5 17.2 ± 0.5 Table 7.4 -Activation free-energy ∆G ‡ for the chemical step in Subtilisin Carlsberg at three hydration levels, together with the associated error bar.

As far as we can say in the current state of our work, the hydration level does not seem to have any significant effect on the reaction free-energy barrier. The change in solvent polarity associated with the addition of water does not stabilize the transition state, contrary to prior suggestions [START_REF] Affleck | Enzymatic Catalysis and Dynamics in Low-Water Environments[END_REF]. Hence, we now want to investigate the effect of the hydration level on the transmission coefficient κ (Eq. 5.3).

Hydration level and transmission coefficient κ

Transition-State Theory, as presented in Chap. 5, provides an expression of the rate constant assuming that all the systems that cross the dividing surface when going from reactants and products are converted into a stable product, and originate from a stable reactant. It ignores the so-called recrossing events, where the system transiently crosses the dividing surface before returning to the reactant region without forming a stable product, or initially comes from a product state (see Fig. 7.8a). Hence, the transmission coefficient κ aims at correcting the TST estimate for the rate constant, taking into account the existence of recrossing events. The lower κ is, the higher the fraction of recrossing events is. κ = 1 in the absence of recrossing and in this case k = k T ST , provided that there is no tunneling nor out-of-equilibrium effects (see Chap. 5). A low κ value can be due to a poor definition of the reaction coordinate, but even in the limit of the best reaction coordinate κ would not equal to 1 because of the friction acting on the reaction coordinate, which is a truly dynamical effect [160,[START_REF] Grote | The Stable States Picture of Chemical Reactions. II. Rate Constants for Condensed and Gas Phase Reaction Models[END_REF]. A change in κ would be one way to define the suggested "lubricant" effect at the molecular scale.

To evaluate numerically the value of the transmission coefficient in our systems, we select, from the mapping potential windows generated with λ 0.5 values, 300 snapshots associated with reaction coordinate values around the TS region: -20 kcal/mol < ∆E < 20 kcal/mol. From each snapshot, we run trajectories in the NVE ensemble with 100 different random initial velocity sets, taken from a canonical distribution at 300 K. We do not use any thermostat and remove all the constraints used in previous simulations to avoid perturbing the dynamics of the system, which is crucial for the estimate of the transmission coefficient. For each conformation and for each initial velocity, we perform two short 300 fs runs on the EVB groundstate: one using a set +v of initial velocities, and the other one using opposite velocities -v, which is analogous to running trajectories forward and backward in time. At the end of each trajectory, we determine the state in which the system has stabilized, reactant or product.

From the ensemble of 200 trajectories obtained for each conformation, we can first perform a so-called "committor" analysis to characterize the transition state. The committor coefficient associated with one conformation is the fraction of trajectories (among the 200 generated with different velocities) which fall on the reactant side. The committor distribution is shown in Fig. 7.7a for the highest hydration level as a function of the reaction coordinate ∆E, where each dot corresponds to one conformation. A transition state is characterized by a committor of 0.5: half of the trajectories with random initial velocities end up in the reactant, and half end up in the product. Fitting the committor distribution with a switch function clearly locates the transition state: the committor equals 0.5 around ∆E = 1 kcal/mol. Note that, as expected, the committor goes to 1 (all the trajectories fall in the reactant well) for negative values of ∆E, and goes to 0 (all the trajectories fall on the product side) for positive values of ∆E.

Having characterized the transition state, we can further evaluate the transmission coefficient κ, defined as the fraction of reactive trajectories:

κ = N reactive N reactive + N non-reactive , (7.2) 
where for each initial conformation, the fraction of reactive trajectories is calculated as the fraction of initial velocity sets for which the two trajectories propagated forward and backward in time end up in different wells: one on the reactant side, and the other on the product side. The transmission coefficient distribution, plotted in Fig. 7.7b for the 100 % hydration level, can be fitted with a Gaussian function (assuming a parabolic behavior) and is peaked around ∆E 1.5 kcal/mol. κ is defined at each hydration level as the maximum of the fit function, and the Student 95 % confidence interval is obtained by performing the determination on 4 independent blocks. The resulting transmission coefficient at each hydration level is plotted in Fig. 7.8b. In all cases κ 0.6 which demonstrates that ∆E is a fairly good reaction coordinate. Strikingly, κ is not sensitive to the hydration level, and no large increase in κ, comparable to the 10-fold increase expected from experiments, is found. Hence, addition of water does not reduce significantly reduce the friction on the reaction coordinate. There is no molecular scale lubricant effect on the chemical step.

Existence of a stable non-productive bound state at low hydration

So far, we have shown that the increase in enzymatic activity with addition of water is neither due to an increase in the TS relative electrostatic stabilization, nor to a reduced friction at the TS. We now propose an alternative explanation for the experimentally observed trend, that involves the existence of a stable non-productive bound state at low hydration. The following study has been led by another group member, and I will present here a summary of her work. Indeed, long MD runs in a pure reactant state at low hydration revealed the existence of an alternative bound state structure, which differs from the reactive Michaelis complex which we had considered so far by an increased C(APEE)-O(Ser221) distance. This distance is the one relevant for the nucleophilic attack. We thus investigated the nature of this additional bound state, and its existence and relative free-energy with respect to the reactive Michaelis complex at each hydration level. We computed the free-energy profile along the C-O distance at each hydration level. The free-energy profiles were generated using Umbrella Chapter 7. Enzyme catalysis in organic solvents: role of water A recrossing event occurs when the system temporarily crosses the transition state surface before falling back into the reactant well, or when a system initially coming from the products well crosses the dividing surface before falling back in a product state. Such recrossing events are ignored in the TST framework. b) Transmission coefficient κ at each hydration level.

Sampling [START_REF] Torrie | Nonphysical Sampling Distributions in Monte Carlo Free-Energy Estimation: Umbrella Sampling[END_REF] on the C-O distance. This enhanced sampling method constrains the system to explore high energy conformations which are only rarely sampled in a conventional MD run, by applying a harmonic biasing potential on the distance of interest. In our case, Umbrella Sampling windows were spaced equally from 3 Å to 6 Å by increments of 0.5 Å. The unbiased free-energy profile is then reconstructed using the weighted histogram analysis method (WHAM) [START_REF] Kumar | The Weighted Histogram Analysis Method for Free-Energy Calculations on Biomolecules. I. the Method[END_REF]. To ensure proper sampling of the various arrangements of the APEE substrate in the enzyme pocket in each window, Hamiltonian Replica Exchange was used in its REST2 version as implemented in GROMACS [START_REF] Wang | Replica Exchange with Solute Scaling: A More Efficient Version of Replica Exchange with Solute Tempering (REST2)[END_REF][START_REF] Bussi | Hamiltonian Replica Exchange in GROMACS: A Flexible Implementation[END_REF]. The idea is to used different replicas (4 in our case) where the substrate Hamiltonian is scaled down to 0.5 to ensure proper sampling of its different conformations.

The computed free-energy profiles (Fig. 7.9) show that at the highest hydration level (100 %) the most stable bound state is the reactive Michaelis complex, with short C-O distances (around 3.2 Å). This reactive state corresponds to the reactant state obtained in our free-energy profiles for the reaction, and the previously computed free-energy barrier ∆G ‡ corresponds to the barrier to reach the transition-state from this reactive state, associated with a short C-O distance. However, at lower hydration we find another bound state, associated with a C-O distance larger than 4.5 Å. The lower the hydration is, the more stable this non-productive state is, so that at 5 % hydration the non-productive state is approximately 2 kcal/mol more stable than the reactive Michaelis complex. Hence, the experimentally determined rate constant at low hydration corresponds to the rate constant to reach the transition state starting from the non-productive state, and not from the Michaelis complex. The computed 2 kcal/mol stabilization of the non-productive state with respect to the Michaelis complex is in perfect agreement with experimental data [START_REF] Hudson | Active-Site Motions and Polarity Enhance Catalytic Turnover of Hydrated Subtilisin Dissolved in Organic Solvents[END_REF], where the observed variation of the rate constant upon hydration would correspond to a 1.5-2 kcal/mol variation in the overall free-energy barrier. The next step of the study is to describe at the molecular level this non-productive state and to understand why it is favored at low hydration. Figs. 7.10a,b show pictures of the enzyme active site at the two extreme hydration levels. At 100 %, the first solvent layer is entirely composed of water molecules, that hydrate the entire active site. At 5 %, only a pool of water remains on the side of the active site close to charged residues, while hexane molecules are solvating the rest of the active site, and are directly in contact with the solute side-chain. Figs. 7.10c,d provide pictures of typical conformation of the substrate in the active site, representative of the most stable bound state at each hydration level. At 100 %, the most stable bound state is the reactive Michaelis complex, and the side chain of the substrate is lying in a shallow hydrophobic pocket at the surface of the enzyme. At 5 %, the conformation of the side chain in the most stable state is completely different, and it now points toward the hexane solvent, which slightly pulls out the substrate and favors elongated C-O bonds. This non productive conformation is probably entropically stabilized. In contrast, it is not favorable for the hydrophobic side chain to remain exposed to water at high hydration level, where is lies in a shallow hydrophobic pocket on the protein surface, in the reactive conformation.

Concluding remarks

In this work, we examined at the molecular level the role of water in enzyme catalysis. Using the transesterification reaction catalyzed by Subtilisin Carlsberg in hexane, we explored how different amounts of water added to the hexane solvents accelerate the chemical reaction, as measured experimentally. Using molecular dynamics simulations with an Empirical Valence Bond description of the chemical reaction, we critically examined the suggested molecular scale "lubricant" effect of water. If indeed addition of small amounts of water increases the flexibility of the solvent-exposed side chains of the enzyme, this enhanced flexibility does not affect the chemical step of the catalysis: the computed transmission coefficient, which quantifies dynamical effects in the reaction rate constant, does not change with the hydration level. Water does not act as a lubricant for the chemical step. We showed that water does not act either through electrostatic polarization of the transition state: the free-energy barrier ∆G ‡ to drive the Michaelis complex to the Transition State is not sensitive to the hydration level.

We eventually suggested a very different effect of the hydration level. At low hydration, the substrate is directly in contact with the hydrophobic solvent, which stabilizes a non-productive bound state with respect to the reactive Michaelis complex. In this non-7.4. Concluding remarks 123 productive state, the substrate hydrophobic side chains points toward the hydrophobic solvent and slightly pulls out the substrate from the active site, favoring conformation with larger C(APEE)-O(Ser221) distance, making this conformation unsuitable for the nucleophilic attack.

This picture is very different from the lubricant effect suggested so far, and could be used to rationalize so far unexplained results, such as the effect mutations obtained through directed evolution that were shown to accelerate catalysis in organic solvent [START_REF] You | Directed Evolution of Subtilisin E in Bacillus Subtilis to Enhance Total Activity in Aqueous Dimethylformamide[END_REF], or the effect of high ionic concentrations. It was indeed shown [START_REF] Eppler | Water Dynamics and Salt-Activation of Enzymes in Organic Media: Mechanistic Implications Revealed by NMR Spectroscopy[END_REF] that addition of high concentrations of ions in the organic phase accelerates the catalytic rate. Since such high concentrations of salt increase the viscosity of the medium, this result could not be explained with the lubricant description of the role of the solvent. Our new picture of the role of water in this system could bring new light on this puzzling result.

Another prospect for future work will be to test the absence of any lubricant effect in a totally different system. Since experimental data on DHFR catalysis in several organic solvents, including glycerol [START_REF] Loveridge | Solvent Effects on Catalysis by Escherichia Coli Dihydrofolate Reductase[END_REF], are available, we will take advantage of our knowledge of this system and of the work already done on DHFR in aqueous solution to test the generality of our present study.

126 General conclusions will be to consider the effect of physiological ion concentrations and of different types of ionic buffers on biomolecular hydration dynamics. Different modes of action will have to be considered, e.g. a direct interaction between the ions and the hydration shell, and an indirect action through a modulation of the biomolecule conformation and fluctuations. The role of water in protein-protein recognition events or in drug intercalation in DNA will also deserve further investigation, because even if the dynamics of water around a biomolecule is now well understood, it is still not clear if and how water plays a specific mediating role in such recognition events.

In the second part of this thesis we shifted our perspective and focused on the role of the environment in enzyme catalysis. We studied how different changes in the environment (e.g. replacing the aqueous solvent by an organic solvent, performing mutations in the enzymatic active site) affect the chemical step of the catalysis, using the Empirical Valence Bond methodology to describe the chemical reaction.

We first studied the effect of mutations in DHFR catalysis, and provided a molecular interpretation of recent experimental results [START_REF] Liu | Escherichia Coli Dihydrofolate Reductase Catalyzed Proton and Hydride Transfers: Temporal Order and the Roles of Asp27 and Tyr100[END_REF]. We examined the effect of mutations on the proton and hydride transfer reactions involved in the catalysis. We confirmed the role of the Asp27 and Tyr100 residues in increasing the substrate pKa to facilitate its protonation. We highlighted unexpected compensation of opposite effects of the Asp27 residue on the two steps of the catalysis. This study will be further extended to investigate the dramatic difference in the temperature dependence of kinetic isotopic effects in the wild-type and mutants enzymes [START_REF] Liu | Escherichia Coli Dihydrofolate Reductase Catalyzed Proton and Hydride Transfers: Temporal Order and the Roles of Asp27 and Tyr100[END_REF] and relate the available experimental results to the molecular changes in the active-site structure and possibly in the mechanism.

Finally, we examined the role of water in enzyme catalysis. Experimental studies on Subtilisin Carlsberg catalysis in organic solvents showed that addition of small amounts of water increases the catalytic rate, and suggested a lubricant role for water. Through calculations of the free-energy barrier and transmission coefficient at different hydration levels, we showed that the small increase in enzyme flexibility does not affect the chemical rate constant. We could not find any molecular scale lubricant effect on the chemical step, and could also exclude a polarity effect stabilizing the transition state. We showed that the decrease in the rate constant at low hydration is explained by the stabilization of a bound non-productive state, the hydrophobic solvent favoring solvation of the hydrophobic side chain that slightly changes the preferred substrate orientation in the active site. This new picture may be used in future work to rationalize different experimental results in organic solvents, including the locations of mutations in directed evolution experiments [START_REF] You | Directed Evolution of Subtilisin E in Bacillus Subtilis to Enhance Total Activity in Aqueous Dimethylformamide[END_REF] and the activating role of salt on enzyme catalysis in organic solvents [START_REF] Eppler | Water Dynamics and Salt-Activation of Enzymes in Organic Media: Mechanistic Implications Revealed by NMR Spectroscopy[END_REF]. Future work will be devoted to a generalization of our new picture to other enzymes. A natural choice will be DHFR, since we have already acquired some expertise on this system, and experiments suggest that the catalytic rate constant is affected by the presence of lyoprotectants like glycerol [START_REF] Loveridge | Solvent Effects on Catalysis by Escherichia Coli Dihydrofolate Reductase[END_REF], with implications for protein storage and preservation.

To conclude, we showed through a series of case studies how the solvent properties are affected by the presence of biomolecules, and conversely how biochemical reactions sensitively Résumé de la thèse

Introduction

Le sujet de cette thèse est l'étude de l'interaction complexe entre une biomolécule et son environnement. Dans le contexte de leur action biologique, les biomolécules ne sont pas isolées, mais plongées dans un solvant, l'eau, qui affecte non seulement leurs propriétés dynamiques et structurales mais également leur réactivité.

De nombreuses études suggèrent que la présence d'eau joue un rôle clé dans différents processus biologiques [START_REF] Rupley | Protein Hydration and Function[END_REF][START_REF] Pal | Dynamics of Water in Biological Recognition[END_REF][START_REF] Bagchi | Water Dynamics in the Hydration Layer Around Proteins and Micelles[END_REF][START_REF] Levy | Water Mediation in Protein Folding and Molecular Recognition[END_REF][START_REF] Ball | Water As an Active Constituent in Cell Biology[END_REF][START_REF] Fogarty | Biomolecular Hydration Dynamics: A Jump Model Perspective[END_REF]. Le résultat qui, peut-être, illustre le plus clairement l'importance du solvant sur l'activité de biomolécules a été obtenu par Klibanov et collaborateurs, dans le cadre de l'étude d'enzymes en milieu non-aqueux. Bien qu'un certain nombre d'enzymes conservent une activité catalytique en solvant organique, leur activité est significativement réduite par rapport à un milieu aqueux [START_REF] Klibanov | Why Are Enzymes Less Active in Organic Solvents Than in Water?[END_REF]. Remarquablement, l'ajout d'une petite quantité d'eau permet cependant d'accroître significativement l'activité enzymatique [START_REF] Zaks | The Effect of Water on Enzyme Action in Organic Media[END_REF][START_REF] Zaks | Enzymatic Catalysis in Nonaqueous Solvents[END_REF]. L'eau agirait comme "lubrifiant" [START_REF] Schmitke | The Mechanistic Dissection of the Plunge in Enzymatic Activity upon Transition from Water to Anhydrous Solvents[END_REF][START_REF] Klibanov | Improving Enzymes by Using Them in Organic Solvents[END_REF] pour la réaction catalytique, même si aucune description précise de cet effet à l'échelle moléculaire n'a encore été proposée. L'eau interviendrait également dans le cadre du repliement de protéines, où elle réduirait l'enthalpie libre associée au repliement en lissant la surface d'énergie libre associée [START_REF] Levy | Water Mediation in Protein Folding and Molecular Recognition[END_REF]. Plus généralement, les molécules d'eau de la couche d'hydratation de biomolécules pourraient être impliquées dans tous les processus de reconnaissance moléculaire [START_REF] Bagchi | Water Dynamics in the Hydration Layer Around Proteins and Micelles[END_REF][START_REF] Ball | Water As an Active Constituent in Cell Biology[END_REF]. Ainsi, dans le contexte de l'attachement de protéines antigels à la surface de cristaux de glace pour empêcher la cristallisation des fluides cellulaires à basse température, le rôle de molécules d'eau très ordonnées, de "type glace", présentes sur la face de la protéine qui se lie au cristal de glace, a été suggéré à de nombreuses reprises [START_REF] Smolin | Formation of Ice-like Water Structure on the Surface of an Antifreeze Protein[END_REF][START_REF] Meister | Observation of Ice-like Water Layers at an Aqueous Protein Surface[END_REF][START_REF] Nutt | Dual Function of the Hydration Layer Around an Antifreeze Protein Revealed by Atomistic Molecular Dynamics Simulations[END_REF]. Des processus aussi fondamentaux que la réplication, la transcription de l'ADN ou encore l'intercalation de médicaments anti-cancéreux entre deux paires de bases mettent en jeu le déplacement de molécules d'eau dans la couche d'hydratation [START_REF] Pal | Dynamics of Water in Biological Recognition[END_REF][START_REF] Bagchi | Water Dynamics in the Hydration Layer Around Proteins and Micelles[END_REF][START_REF] Levy | Water Mediation in Protein Folding and Molecular Recognition[END_REF][START_REF] Mukherjee | On the Molecular Mechanism of Drug Intercalation into DNA: A Simulation Study of the Intercalation Pathway, Free Energy, and DNA Structural Changes[END_REF]. Il est donc fondamental de prendre en compte la présence du solvant, l'eau, pour comprendre ce qui détermine la structure et la fonction des biomolécules.

L'objectif de cette thèse est d'étudier par une combinaison de simulations de dynamique moléculaire et de modèles théoriques différents aspects de l'interaction entre une biomolécule et son solvant. Cette thèse est divisée en deux parties. La première s'intéresse à l'influence d'une biomolécule sur les propriétés, notamment dynamiques, du solvant. Il s'agit de 130 Chapter 8. Résumé de la thèse comprendre à quel point les propriétés des molécules d'eau dans la couche d'hydratation d'une biomolécule diffèrent de celles de l'eau pure, loin de toute interface, qu'on appellera par la suite eau "bulk". Nous nous intéressons en particulier à l'amplitude et l'étendue spatiale de la perturbation, ainsi qu'au degré et à l'origine de l'hétérogénéité des propriétés de la couche d'hydratation. Dans une seconde partie, nous étudions, réciproquement, comment l'environnement et, notamment, les conditions de solvant, affectent la fonction biochimique de biomolécules. Nous nous intéressons plus particulièrement à la catalyse enzymatique, et étudions à travers deux systèmes modèles l'effet de deux types de perturbations de l'environnement, mutations et changement de solvant, sur l'activité enzymatique.

Dynamique de l'eau dans la couche d'hydratation de biomolécules

Dans cette première partie, nous étudions les propriétés de l'eau dans la couche d'hydratation de biomolécules. Nous faisons tout d'abord un rapide panorama des connaissances expérimentales et théoriques sur le sujet, et montrons quels aspects sont encore aujourd'hui largement débattus, avant de présenter le modèle théorique développé dans l'équipe pour rationaliser la dynamique de réorientation d'une molécule d'eau. Nous développons ensuite les principaux résultats obtenus.

Introduction à la partie I

La dynamique d'hydratation de biomolécules: un sujet très controversé.

Différentes techniques expérimentales sont utilisées pour sonder la dynamique de l'eau autour d'une biomolécule. Si toutes mettent en évidence un ralentissement de la dynamique de réorientation de l'eau dans la couche d'hydratation [START_REF] Fogarty | Biomolecular Hydration Dynamics: A Jump Model Perspective[END_REF], les conclusions des différentes études diffèrent significativement sur au moins deux points, l'étendue spatiale de la perturbation et l'amplitude du ralentissement.

La spectroscopie pompe-sonde infrarouge (IR) ultrarapide permette de suivre la réorientation de molécules d'eau individuelles avec une résolution femtoseconde (fs) [START_REF] Bakker | Vibrational Spectroscopy As a Probe of Structure and Dynamics in Liquid Water[END_REF]. Elle est limitée toutefois à l'étude de processus rapides (< 10 ps) par la durée de vie de l'état vibrationnel excité. De telles expériences, réalisées sur des solutions de petits solutés hydrophobes, ont suggéré la présence de molécules d'eau quasi immobiles dans la couche d'hydratation [START_REF] Rezus | Observation of Immobilized Water Molecules Around Hydrophobic Groups[END_REF]. Au contraire, des expériences de Résonance Magnétique Nucléaire (RMN), elles aussi sensibles à la réorientation de molécules d'eau individuelles, ont montré que la dynamique de l'eau n'était que modérément retardée dans la couche d'hydratation de solutés hydrophobes (facteur de retard 1.5) [START_REF] Qvist | Thermal Signature of Hydrophobic Hydration Dynamics[END_REF] tout comme de protéines (facteur de retard 3-6) [START_REF] Mattea | 17 O Spin Relaxation in Deeply Supercooled Solutions[END_REF][START_REF] Modig | High Water Mobility on the Ice-Binding Surface of a Hyperactive Antifreeze Protein[END_REF]. Les expériences RMN donnent ainsi l'image d'une couche d'hydratation très mobile, faiblement perturbée, dont les propriétés ne sont affectées par la présence d'un soluté qu'à courte distance.

Cette courte portée de la perturbation est contestée par des résultats obtenus par spectroscopie THz, qui suggèrent une perturbation de la dynamique de l'eau jusqu'à 18 Å de la surface de la protéine [START_REF] Born | The Terahertz Dance of Water with the Proteins: The Effect of Protein Flexibility on the Dynamical Hydration Shell of Ubiquitin[END_REF]. Cependant, la spectroscopie THz est sensible à des déplacements collectifs et basses fréquences, différents de ceux mesurés par les techniques précédentes, ce qui peut expliquer la contradiction apparente entre les différentes techniques. De plus, la méthode d'analyse des résultats de spectroscopie THz pour obtenir spécifiquement la contribution de la couche d'hydratation a été récemment fortement critiquée [START_REF] Halle | Reply to Comment on Hydration and Mobility of Trehalose in Aqueous Solution[END_REF]. Enfin, les expériences de suivi temporel du déplacement de Stokes (TDSS) [START_REF] Pal | Dynamics of Water in Biological Recognition[END_REF] suivent la réorganisation du solvant après excitation d'un chromophore dans des biomolécules. Elles ont mis en évidence des temps caractéristiques lents (20-200 ps), qui ont été interprétés comme signe de la présence de molécules d'eau très lentes dans la couche d'hydratation, possiblement couplées à des mouvements lents de la protéine [START_REF] Zhang | Mapping Hydration Dynamics Around a Protein Surface[END_REF].

Différentes techniques expérimentales donnent donc des descriptions très différentes de la couche d'hydratation de biomolécules. De plus, ces techniques ne peuvent pas, à ce jour, obtenir une image résolue spatialement des propriétés mesurées. Dans ce contexte, les simulations de dynamique moléculaire classiques (MD) nous donnent les moyens de sonder la dynamique de l'eau directement à l'échelle moléculaire, avec une grande résolution spatiale et temporelle.

De premières simulations de biomolécules en solvant explicite ont mis en évidence une mobilité réduite dans la couche d'hydratation comparée au bulk [START_REF] Brooks | Solvent Effects on Protein Motion and Protein Effects on Solvent Motion: Dynamics of the Active Site Region of Lysozyme[END_REF], ce qui a été confirmé par plusieurs travaux plus récents qui ont montré un retard très modéré (facteur 3-7) de la dynamique de réorientation dans la couche d'hydratation [START_REF] Marchi | Water Rotational Relaxation and Diffusion in Hydrated Lysozyme[END_REF][START_REF] Sterpone | Magnitude and Molecular Origin of Water Slowdown Next to a Protein[END_REF], en accord avec les expériences RMN. Dans une simulation, la couche d'hydratation peut être facilement définie en utilisant des critères géométriques (distances, angles), qui attribuent chaque molécule d'eau de la couche d'hydratation à un site spécifique de la biomolécule [START_REF] Fogarty | Water Dynamics in Protein Hydration Shells: The Molecular Origins of the Dynamical Perturbation[END_REF]. Cela nous permet d'obtenir une image spatialement résolue des propriétés de la couche d'hydratation. La réorientation des molécules d'eau initialement situées dans la couche d'hydratation est ensuite suivie par la fonction de corrélation temporelle au second ordre de l'orientation moléculaire C 2 (t) [START_REF] Laage | Reorientation and Allied Dynamics in Water and Aqueous Solutions[END_REF] : 

C 2 (t) = P 2 [u(0) • u(t)] , (8.1 
τ reor 2 = ∞ 0 C 2 (t)dt . (8.2)
Le ralentissement de la dynamique de l'eau dans la couche d'hydratation est caractérisé par le facteur de retard ρ reor , défini comme le rapport du temps de réorientation dans la 

ρ reor = τ shell 2 τ bulk 2 . ( 8.3) 
La fonction de corrélation C 2 (t) calculée pour l'eau bulk révèle les temps caractéristiques de réorientation de l'eau: un premier déclin très rapide (< 200 fs) est suivi par un déclin plus lent, de l'ordre de la picoseconde. Le modèle de saut [START_REF] Laage | A Molecular Jump Mechanism of Water Reorientation[END_REF] développé dans l'équipe permet de comprendre le mécanisme de réorientation sous-jacent et d'expliciter l'origine de ces différents temps caractéristiques. Nous allons donc en résumer les principales caractéristiques.

Modèle de saut

Le rapide déclin initial est dû aux librations, c'est-à-dire aux mouvements angulaires de chaque liaison OH autour de sa géométrie de liaison hydrogène (liaison H) optimale. Le déclin plus lent a longtemps été décrit par le modèle de Debye, de petites réorientations angulaires successives dans un régime diffusionnel [START_REF] Debye | Polar Molecules[END_REF]. Cette image a été complètement remise en question par le modèle de saut proposé par Laage et Hynes [START_REF] Laage | A Molecular Jump Mechanism of Water Reorientation[END_REF], qui ont montré que la réorientation de l'eau procède par des sauts de grande amplitude qui se produisent lorsqu'une liaison OH change d'accepteur de liaison H (Fig. 8.1).

Le temps de réorientation dû aux sauts τ jump 2 est obtenu à partir du temps de saut défini à l'échelle microscopique τ jump via le modèle de saut d'Ivanov [START_REF] Ivanov | Theory of Rotational Brownian Motion[END_REF]. À cette réorientation par sauts s'ajoute la réorientation de la molécule d'eau entre deux sauts, dont le temps caractéristique, τ f rame 2 , est généralement beaucoup plus lent que le temps de saut de telle sorte que le saut constitue le principal mécanisme de réorientation dans l'eau bulk. La cinétique de saut est suivie par la fonction de corrélation temporelle croisée C jump (t) entre les états stables initial (I) et final (F): De précédents travaux utilisant les concepts et outils présentés ci-dessus ont montré que la dynamique de l'eau dans la couche d'hydratation de protéines est très hétérogène, et que cette hétérogénéité est due à une distribution sous-jacente de temps de réorientation. À chaque site de la protéine correspond un temps caractéristique de réorientation de l'eau. La grande hétérogénéité observée est due à l'hétérogénéité topographique et chimique de la surface de la protéine [START_REF] Fogarty | Water Dynamics in Protein Hydration Shells: The Molecular Origins of the Dynamical Perturbation[END_REF].

C jump (t) = n I (0)n F (t) ( 

Résultats

Étant donnés les résultats contradictoires obtenus expérimentalement et la résolution spatiale limitée des mesures, nous avons combiné simulation de dynamique moléculaire et modélisation analytique pour étudier différents systèmes où la dynamique d'hydratation est supposée jouer une rôle important pour l'activité biologique.

Dans un premier temps, suite à des travaux RMN faisant apparaître une dépendance en température surprenante de la dynamique d'hydratation, nous avons travaillé sur un système modèle, le petit soluté amphiphile TMAO (oxyde de triméthylamine), et étendu le modèle de saut afin d'expliquer l'origine de cette dépendance en température. Nous avons ensuite étudié la dynamique d'hydratation de biomolécules, à commencer par une protéine antigel, Cf AFP, pour laquelle nous avons obtenu une description détaillée et résolue spatialement de la dynamique et de la structure de sa couche d'hydratation. Nous avons en particulier cherché à clarifier quelles caractéristiques de la couche d'hydratation de la protéine antigel étaient spécifiques, et peut-être nécessaires à l'action antigel de la protéine. Enfin, nous avons étudié la dynamique d'hydratation de l'ADN, où nous avons analysé l'origine de la composante lente dans la réorientation et avons mis en évidence les différentes sources d'hétérogénéité dans la couche d'hydratation.

Dépendance en température de la dynamique d'hydratation.

L'amplitude du retard dans la dynamique de l'eau autour de solutés hydrophobes est un sujet controversé, les images données par différentes mesures expérimentales allant d'une immobilisation de plusieurs molécules d'eau [START_REF] Rezus | Observation of Immobilized Water Molecules Around Hydrophobic Groups[END_REF][START_REF] Bakulin | Hydrophobic Molecules Slow down the Hydrogen-Bond Dynamics of Water[END_REF] par spectroscopie IR ultrarapide à un retard très modéré (< 2) par RMN [START_REF] Qvist | Thermal Signature of Hydrophobic Hydration Dynamics[END_REF]. Le modèle de volume exclu développé dans l'équipe offre une interprétation de ce retard à l'échelle moléculaire et se trouve en accord quantitatif avec les données RMN. Cependant, de récentes expériences RMN [START_REF] Qvist | Thermal Signature of Hydrophobic Hydration Dynamics[END_REF] ont mis en évidence une dépendance non-monotone très surprenante du facteur de retard avec la température, allant jusqu'à suggérer qu'à très basse température le retard pourrait laisser place à une accélération (Fig. 8.2). Une telle dépendance en température ne peut être expliquée par aucun des modèles théoriques suggérés jusqu'ici, le modèle de volume exclu, purement entropique, ne prévoyant pas de changement avec la température, et la représentation d'une frustration collective [START_REF] Tielrooij | Influence of Concentration and Temperature on the Dynamics of Water in the Hydrophobic Hydration Shell of Tetramethylurea[END_REF] ne pouvant décrire qu'une augmentation monotone du retard avec une baisse de température. Dans une première tentative d'explication [START_REF] Qvist | Thermal Signature of Hydrophobic Hydration Dynamics[END_REF], la dépendance en température du retard serait due aux contraintes imposées par l'interface hydrophobe. Cependant, il n'est pas évident de voir comment ces contraintes peuvent expliquer le caractère non-monotone des mesures. Nous avons donc, en combinant simulations de dynamique moléculaire classiques et modélisation analytique, étendu le modèle de saut pour décrire correctement la dépendance en température de la perturbation sur une large gamme de températures allant de la température ambiante au domaine du liquide surfondu. La figure 8.2 montre que nos simulations reproduisent correctement la dépendance en température expérimentale [START_REF] Qvist | Thermal Signature of Hydrophobic Hydration Dynamics[END_REF], le facteur de retard ρ présentant un maximum autour de 250 K et une chute marquée à plus basse température. A très basse température, ρ s'approche de 1, ce qui signifie que la dynamique dans la couche d'hydratation est quasiment aussi rapide que dans le bulk.

Nous proposons un modèle analytique pour identifier l'origine de cette dépendance en température, basé sur le modèle de saut précédemment développé dans l'équipe. L'idée est de traduire le fait que la constante de vitesse de saut dépend de la structure locale du liquide : plus l'eau est localement structurée, tétraédrique, plus le saut est lent car il n'y a pas de nouvel accepteur de liaison H disponible. Au contraire, plus la structure est désordonnée, plus le saut est favorable. Une relation linéaire est obtenue entre la barrière d'énergie libre associée au saut et la structure locale du liquide, mesurée par l'asphéricité de Voronoi η [START_REF] Ruocco | Analysis of the Network Topology in Liquid Water and Hydrogen Sulphide by Computer Simulation[END_REF].

Dans le cadre de la théorie de l'état de transition, nous pouvons définir une constante de vitesse de saut instantanée, qui dépend de la structure locale instantanée via la barrière d'énergie libre associée au saut.Le temps de saut peut ensuite être obtenu numériquement à partir de la seule donnée de la structure locale au cours du temps. Ce modèle reproduit correctement la dépendance en température du facteur de retard (Fig. 8.2), ce qui prouve que le comportement non-monotone provient des variations de structure locale dans la couche et dans le bulk avec la température. Ce modèle peut être simplifiée pour exprimer le facteur de retard comme un produit de deux termes : le facteur de volume exclu ρ V , indépendant de la température, et un facteur de structure ρ S :

ρ(T ) = ρ V • ρ S (T ) . (8.5) 
Nous démontrons que la chute du facteur de retard à basse température est causée par la chute du facteur de structure, qui peut compenser entièrement le facteur de volume exclu.

Cette chute s'explique par les contraintes imposées par l'interface avec le soluté qui, à basse température, empêchent la structure de l'eau dans la couche de devenir aussi fortement tétraédrique que dans le bulk, comme le montrent les distributions d'asphéricité présentées Fig. 8.3. Notons pour finir que le facteur de structure, bien qu'expliquant la dépendance en température, est très proche de 1 à température ambiante où il peut être négligé, et que le facteur de volume exclu est une très bonne approximation pour décrire la perturbation induite par un soluté hydrophobe à température ambiante. Dynamique de l'eau dans la couche d'hydratation d'une protéine antigel et de l'ubiquitine.

Les protéines antigel sont produites par des organismes vivant en milieu froid afin d'éviter la cristallisation de leurs fluides cellulaires en abaissant le point de cristallisation de l'eau. Elles constituent une famille de systèmes pour lesquels le comportement à très basse température de la protéine et de sa couche d'hydratation est pertinent pour comprendre l'origine de l'activité antigel. En effet, les protéines antigel retarderaient la cristallisation d'un liquide en se liant fortement aux premiers cristaux de glace [START_REF] Pertaya | Fluorescence Microscopy Evidence for Quasi-Permanent Attachment of Antifreeze Proteins to Ice Surfaces[END_REF][START_REF] Celik | Microfluidic Experiments Reveal That Antifreeze Proteins Bound to Ice Crystals Suffice to Prevent Their Growth[END_REF][START_REF] Raymond | Adsorption Inhibition As a Mechanism of Freezing Resistance in Polar Fishes[END_REF], empêchant ainsi leur croissance, mais le mécanisme de reconnaissance d'un cristal de glace par la protéine antigel ainsi que le rôle éventuel de molécules d'eau sur la face qui se lie à la glace est toujours débattu [START_REF] Smolin | Formation of Ice-like Water Structure on the Surface of an Antifreeze Protein[END_REF][START_REF] Nutt | Dual Function of the Hydration Layer Around an Antifreeze Protein Revealed by Atomistic Molecular Dynamics Simulations[END_REF][START_REF] Midya | Hydration Behavior at the Ice-Binding Surface of the Tenebrio Molitor Antifreeze Protein[END_REF][START_REF] Kuffel | Unusual Structural Properties of Water Within the Hydration Shell of Hyperactive Antifreeze Protein[END_REF][START_REF] Garnham | Anchored Clathrate Waters Bind Antifreeze Proteins to Ice[END_REF]. Nous cherchons donc ici à obtenir une description détaillée des propriétés dynamiques et structurales de l'eau dans la couche d'hydratation d'une protéine antigel, Cf AFP, et de leur dépendance en température. Nous comparons ces résultats à ceux obtenus pour une protéine globulaire modèle, l'ubiquitine, qui ne présente pas de propriétés antigel. Cela nous permet d'identifier clairement les propriétés de le couche d'hydratation spécifiques à la protéine antigel.

De longues simulations de dynamique moléculaire des deux systèmes, Cf AFP et ubiquitine, explicitement solvatés à différentes températures dans la gamme 230-300 K sont utilisées dans cette étude. Nous avons choisi une définition géométrique de la couche d'hydratation qui attribue chaque molécule d'eau de la couche d'hydratation à un site de la protéine, et permet donc d'obtenir une description spatialement résolue de la dynamique d'hydratation [START_REF] Fogarty | Water Dynamics in Protein Hydration Shells: The Molecular Origins of the Dynamical Perturbation[END_REF].

Nous commençons par l'étude d'un système modèle, l'ubiquitine, et montrons que nos simulations reproduisent extrêmement bien la facteur de retard mesuré par RMN [START_REF] Mattea | 17 O Spin Relaxation in Deeply Supercooled Solutions[END_REF] et sa dépendance en température (Fig. 8.4). Nos résultats ne révèlent aucune corrélation entre l'importance fonctionnelle de certains résidus et la dynamique de l'eau près de ces derniers. Nous montrons que la perturbation de la dynamique de l'eau dans la couche d'hydratation est principalement d'origine entropique. Sa dépendance en température, non-monotone, est commune à tous les types de sites, et n'est due ni à quelques molécules d'eau très lentes, ni à des changements de conformation de la protéine. Cette dépendance en température est donc très probablement due à des variations avec la température différentes de la structure locale de l'eau dans la couche et dans le bulk, comme mis en évidence précédemment pour un petit soluté hydrophobe [START_REF] Duboué-Dijon | Temperature Dependence of Hydrophobic Hydration Dynamics: From Retardation to Acceleration[END_REF].

L'étude de la dynamique de l'eau autour de la protéine antigel Cf AFP met en évidence une distribution de temps de réorientation dans la couche d'hydratation très similaire à celle observée pour l'ubiquitine (Fig. 8.5). La dynamique de l'eau est en moyenne très modérément retardée dans la couche d'hydratation, avec un facteur de retard moyen à 300 K inférieur à 3. Cependant, la protéine antigel présente une dépendance en température du facteur de retard différente de la protéine modèle, avec un accroissement monotone du retard à basse température. La résolution spatiale de notre étude nous permet d'identifier les sites de la protéine près desquels la dynamique de l'eau est particulièrement lente : il s'agit des sites accepteurs de liaison H situés entre les deux rangées de thréonines sur la face qui se lie à la glace. Cette face de la protéine antigel présente également une structure de l'eau, mesurée par l'asphéricité de Voronoi η, plus importante que sur les autres faces (Fig. 8.6 and 8.7). Cependant, les molécules d'eau sur la face qui se lie à la glace sont loin d'avoir une structure de type glace, contrairement à ce qui a été suggéré à plusieurs reprises [START_REF] Smolin | Formation of Ice-like Water Structure on the Surface of an Antifreeze Protein[END_REF][START_REF] Nutt | Dual Function of the Hydration Layer Around an Antifreeze Protein Revealed by Atomistic Molecular Dynamics Simulations[END_REF][START_REF] Midya | Hydration Behavior at the Ice-Binding Surface of the Tenebrio Molitor Antifreeze Protein[END_REF][START_REF] Kuffel | Unusual Structural Properties of Water Within the Hydration Shell of Hyperactive Antifreeze Protein[END_REF][START_REF] Garnham | Anchored Clathrate Waters Bind Antifreeze Proteins to Ice[END_REF][START_REF] Yang | Hydrophobic Tendency of Polar Group Hydration As a Major Force in Type I Antifreeze Protein Recognition[END_REF], puisque l'on observe une forte probabilité de trouver des molécules d'eau interstitielles, et que la structure Chapter 8. Résumé de la thèse de ces molécules d'eau reste moins prononcée que celle de l'eau bulk à la même température. Par ailleurs, la destructuration relative de l'eau sur les deux autres faces n'est pas spécifique à la protéine antigel, contrairement à de précédentes suggestions [START_REF] Nutt | Dual Function of the Hydration Layer Around an Antifreeze Protein Revealed by Atomistic Molecular Dynamics Simulations[END_REF], et est extrêmement similaire à la structure de l'eau dans la couche d'hydratation de l'ubiquitine (Fig. 8.7). Enfin, nous montrons que la perturbation des propriétés dynamiques et structurales de l'eau près de la face qui se lie à la glace est de courte portée, mais que les résidus thréonines de cette face forment des liaisons H fortes avec l'eau, d'origine entropiques. Cette étude met donc en évidence les propriétés spécifiques de la couche d'hydratation d'une protéine antigel à travers une comparaison rigoureuse avec une protéine modèle. Une définition extrêmement précise de la couche d'hydratation est utilisée et permet d'étudier spécifiquement les propriétés de la face qui se lie à la glace et identifier l'emplacement des molécules d'eau lentes et structurées à sa surface. Nous avons ainsi pu obtenir des informations non accessibles expérimentalement, et contribuer à une meilleure compréhension du mode d'action de ces systèmes.

Hétérogénéité de la dynamique de l'eau dans la couche d'hydratation de l'ADN.

L'étude de la dynamique d'hydratation de l'ADN est fondamentale pour la compréhension de processus tels que l'intercalation spécifiques de molécules anticancéreuses dans le petit sillon de l'ADN [START_REF] Mukherjee | On the Molecular Mechanism of Drug Intercalation into DNA: A Simulation Study of the Intercalation Pathway, Free Energy, and DNA Structural Changes[END_REF][START_REF] Morávek | Protein and Drug Interactions in the Minor Groove of DNA[END_REF], où la dynamique de l'eau, mesurée par RMN ou TDSS, serait particulièrement lente [START_REF] Denisov | Kinetics of DNA Hydration[END_REF][START_REF] Pal | Water at DNA Surfaces: Ultrafast Dynamics in Minor Groove Recognition[END_REF][START_REF] Pal | Exploring DNA Groove Water Dynamics Through Hydrogen Bond Lifetime and Orientational Relaxation[END_REF][START_REF] Liepinsh | NMR Observation of Individual Molecules of Hydration Water Bound to DNA Duplexes: Direct Evidence for a Spine of Hydration Water Present in Aqueous Solution[END_REF]. Ce sujet est extrêmement controversé, car les expériences de TDSS ont donné lieu à différentes interprétations, certaines attribuant le lent déclin mesuré à des molécules d'eau lentes dans la couche d'hydratation [START_REF] Pal | Water at DNA Surfaces: Ultrafast Dynamics in Minor Groove Recognition[END_REF], tandis que d'autres l'attribuent à des mouvement lents de l'ADN lui-même [START_REF] Furse | Molecular Dynamics Simulations of DNA Solvation Dynamics[END_REF]. Là encore, une plus grande résolution spatiale est nécessaire pour examiner spécifiquement la dynamique de l'eau dans le petit sillon de l'ADN. Nous utilisons ici des simulations de dynamique moléculaire pour étudier la réorientation de l'eau dans la couche d'hydratation de l'ADN. La fonction de corrélation de réorientation moyennée sur l'ensemble de la couche est extrêmement non-monoexponentielle (Fig. 8.8a), ce qui traduit la présence d'une importante hétérogénéité. Nous mettons en évidence une distribution sous-jacente de temps de réorientation, un temps de réorientation spécifique étant attribué à chaque site de l'ADN (Fig. 8.8b). Le principal pic de cette distribution correspond à des molécules d'eau légèrement ralenties (facteur 2-3 par rapport au bulk), tandis les molécules d'eau en liaison H avec les groupes phosphates ont un ralentissement un peu plus prononcé, mais toujours modéré. Enfin, la distribution présente une longue queue s'étend jusqu'à des temps caractéristiques de quasiment 100 ps. Cette composante lente est attribuée aux molécules d'eau en liaison H avec des sites accepteurs situés sur les bases de l'ADN dans le petit sillon.

Cette hétérogénéité spatiale est représentée graphiquement Fig. 8.9, qui présente une cartographie de la dynamique de réorientation à la surface de l'ADN. Tandis que les sites exposés au solvant présentent une dynamique de l'eau rapide, la dynamique est particulièrement lente pour les molécules d'eau situées dans la partie centrale du petit sillon. Cette partie correspond à un "A-tract", c'est à dire à une succession de paires de bases AT, et constitue la partie la plus étroite du petit sillon. Une cartographie aussi précise de la dynamique de l'eau autour d'un dodécamère d'ADN est obtenue ici pour la première fois. Ces résultats sont en parfait accord avec de précédentes études expérimentales [START_REF] Johannesson | Minor Groove Hydration of DNA in Solution: Dependence on Base Composition and Sequence[END_REF] et théoriques [START_REF] Pal | Exploring DNA Groove Water Dynamics Through Hydrogen Bond Lifetime and Orientational Relaxation[END_REF][START_REF] Saha | Distribution of Residence Time of Water Around DNA Base Pairs: Governing Factors and the Origin of Heterogeneity[END_REF], qui suggéraient une dynamique lente dans le petit sillon, et font écho à la chaîne ordonnée de molécule d'eau, "l'épine dorsale", observée dans le petit sillon [START_REF] Drew | Structure of a B-DNA Dodecamer: III. Geometry of Hydration[END_REF]. Nous montrons également que les sauts vers des molécules d'eau constituent le mécanisme dominant pour la réorientation de l'eau dans la couche d'hydratation de l'ADN. Si la seule source d'hétérogénéité dans la couche d'hydratation était l'hétérogénéité spatiale mise en évidence jusqu'ici, la dynamique de saut autour de chaque site de l'ADN serait mono-exponentielle. C'est bien le cas pour des sites hydrophobes largement exposés au solvant, mais la fonction de corrélation de saut pour les sites accepteurs de liaison H dans le 8.2. Dynamique de l'eau dans la couche d'hydratation de biomolécules 141 petit sillon est extrêmement non mono-exponentielle (Fig. 8.10a), ce qui marque la présence d'une autre source d'hétérogénéité sur ces sites. Nous avons quantifié cette hétérogénéité "temporelle" (par opposition à l'hétérogénéité spatiale) sur chaque site à travers le paramètre δ [START_REF] Qvist | Structural Dynamics of Supercooled Water from Quasielastic Neutron Scattering and Molecular Simulations[END_REF], qui est cartographié Fig. 8.10b à la surface de l'ADN. L'hétérogénéité temporelle est particulièrement forte dans la partie centrale du petit sillon, au niveau des sites qui présentent également la dynamique la plus lente de réorientation de l'eau. Le reste de ce travail est donc consacré à l'étude de l'origine de l'hétérogénéité temporelle pour les sites accepteurs du petit sillon. Nous montrons qu'au niveau de ces sites les molécules d'eau peuvent se trouver dans deux conformations différentes, "en pont" entre deux sites accepteurs de l'ADN, ou bien formant une seule liaison H avec l'ADN et la seconde avec une molécule d'eau. Ces deux populations présentent des dynamiques différentes, la réorientation des molécules d'eau en pont étant significativement plus lente. Cependant, le déclin global est complètement dominé par la dynamique de saut de ces molécules pontantes, majoritaires dans la partie centrale du petit sillon, qui présente la même hétérogénéité dynamique que le déclin global. Le reste de ce travail se concentre donc exclusivement à l'étude de la dynamique de saut des molécules en conformation pont.

Ice

Nous montrons que l'hétérogénéité temporelle dans les sites du petit sillon est causée par les fluctuations de la conformation locale du petit sillon. En effet, la dynamique de saut dépend de la largeur initiale du petit sillon (Fig. 8.11a) : plus le petit sillon est étroit, plus la dynamique de réorientation est lente. Cette modulation de la dynamique de saut par les fluctuations de conformation du petit sillon donne lieu à une hétérogénéité dynamique, car les fluctuations du sillon se produisent à la même échelle de temps que le saut. Un modèle 142 Chapter 8. Résumé de la thèse simplifié est développé pour modéliser cet effet, et permet bien de reproduire l'hétérogénéité mesurée (Fig. 8.11b). Cette étude de la dynamique d'hydratation de l'ADN nous a permis de mettre en évidence deux types d'hétérogénéité dans la couche d'hydratation. Tout d'abord une hétérogénéité spatiale, due à la diversité de la topographie locale et de la nature chimique de la surface, à laquelle s'ajoute sur chaque site une hétérogénéité dynamique, particulièrement forte dans le petit sillon, où elle est due aux fluctuations conformationnelles du sillon qui modulent la dynamique de l'eau au cours du temps. Une question supplémentaire, qui sera traitée dans des travaux futurs, est l'impact de concentrations physiologiques d'ions sur la dynamique d'hydratation. En effet, la présence de fortes concentrations d'ions peut affecter directement la dynamique de l'eau, ou bien modifier la conformation de l'ADN et indirectement la dynamique de la couche d'hydratation. Les effets dépendent probablement à la fois de la concentration en ions, mais également de la nature des ions présents.

Effets de l'environnement sur la catalyse enzymatique

Dans la première partie de cette thèse, nous avons étudié la perturbation de la dynamique de l'eau induite par la présence d'une biomolécule, et nous avons montré que la combinaison de modèles théoriques et de simulations numériques utilisée permet d'identifier l'origine moléculaire de la perturbation. Nous nous intéressons dans la seconde partie au rôle joué, réciproquement, par l'environnement sur la fonction biologique. Le terme environnement est employé ici dans un sens large, et désigne non seulement le solvant mais aussi l'enzyme elle-même, qui peut être vue comme un solvant particulier pour la catalyse. Nous étudions ici le rôle de l'environnement uniquement sur l'étape chimique de la catalyse enzymatique.

Introduction à la partie II

La catalyse enzymatique : un sujet controversé Le rôle de l'environnement dans la catalyse enzymatique est largement débattu. Évoqué par Linus Pauling en termes de complémentarité de formes entre l'enzyme et l'état de transition [START_REF] Pauling | Nature of Forces Between Large Molecules of Biological Interest[END_REF], le mode d'action de l'enzyme, qui permet d'accélérer de façon extrêmement importante la réaction qu'elle catalyse, est souvent décrit en terme de pré-organisation électrostatique de l'environnement, afin de stabiliser l'état de transition [START_REF] Kamerlin | At the Dawn of the 21st Century: Is Dynamics the Missing Link for Understanding Enzyme Catalysis?[END_REF][START_REF] Garcia-Viloca | How Enzymes Work: Analysis by Modern Rate Theory and Computer Simulations[END_REF]. Cependant, des études récentes ont suggéré le rôle d'effets dynamiques, c'est-à-dire non pas de simples mouvements de l'enzyme, mais de vibrations hors-équilibre couplées à la coordonnée de réaction [START_REF] Antoniou | Internal Enzyme Motions As a Source of Catalytic Activity: Rate-Promoting Vibrations and Hydrogen Tunneling[END_REF][START_REF] Schwartz | Enzymatic Transition States and Dynamic Motion in Barrier Crossing[END_REF][START_REF] Klinman | Dynamically Achieved Active Site Precision in Enzyme Catalysis[END_REF]. Le rôle du solvant en catalyse enzymatique est par ailleurs illustré par le fait que les enzymes peuvent fonctionner en solvant organique par exemple, et que leur activité et sélectivité sont modulées par les conditions de solvant [START_REF] Zaks | Enzymatic Catalysis in Nonaqueous Solvents[END_REF][START_REF] Wescott | Solvent Variation Inverts Substrate Specificity of an Enzyme[END_REF].

La théorie de l'état de transition (TST) offre un cadre théorique pour rationaliser les effets de l'environnement sur la catalyse enzymatique. Au prix de différentes hypothèses, notamment celles de non-recroisement et d'un passage classique de la barrière [177][START_REF] Steinfeld | Chemical Kinetics and Dynamics[END_REF][START_REF] Truhlar | Current Status of Transition-State Theory[END_REF], la TST donne l'expression suivante pour la constante de vitesse de la réaction k T ST en fonction de la barrière d'enthalpie libre pour la réaction, ∆G ‡ :

k T ST = k B T h e - ∆G ‡ k B T . (8.6) 
Cette expression peut être corrigée par l'ajout d'un préfacteur pour prendre en compte les cas où les hypothèses de la TST ne sont pas vérifiées :

k = κΓg • k T ST , (8.7) 
où κ, le coefficient de transmission, quantifie le recroisement, Γ quantifie l'effet tunnel au passage de la barrière, et g mesure les effets hors-équilibre. Dans ce cadre, une variation de la constante de vitesse suite à une modification de l'environnement (mutation, changement de solvant) peut être due à une variation de la barrière d'enthalpie libre pour la réaction, ou à un changement du coefficient de transmission κ, en supposant les effets quantiques et hors équilibre négligeables. Dans cette étude, nous examinons comment des modifications spécifiques de l'environnement affectent l'étape chimique de la catalyse enzymatique. Nous utilisons deux systèmes modèles, chacun présentant des questions spécifiques, mais qui seront traitées avec une méthodologie similaire. Dans un premier temps nous étudions l'effet de mutations de résidus du site actif sur la catalyse par l'enzyme modèle Dihydrofolate Réductase (DHFR). Nous rationalisons à l'échelle moléculaire des résultats expérimentaux récents [START_REF] Liu | Escherichia Coli Dihydrofolate Reductase Catalyzed Proton and Hydride Transfers: Temporal Order and the Roles of Asp27 and Tyr100[END_REF] en isolant clairement l'impact des mutations sur chaque étape de la catalyse, protonation et transfert d'hydrure. Nous nous intéressons ensuite au rôle de l'eau dans la catalyse enzymatique. Pour cela, nous utilisons des résultats de catalyse en solvant organique faisant apparaître une accélération de la réaction chimique suite à l'ajout de petites quantités d'eau. Nous obtenons une description à l'échelle moléculaire de cet effet, qui avait été à l'origine décrit comme un effet de "lubrifiant" moléculaire.

Méthode "Empirical Valence Bond"

Des liaisons sont formées et rompues au cours de l'étape catalytique, ce qui ne peut être décrit par la méthode de dynamique moléculaire classique utilisée jusqu'ici. Nous choisissons pour cette étude des effets de l'environnement d'utiliser l'approche de liaison de valence Empirical Valence Bond (EVB), développée par Warshel et collaborateurs [START_REF] Kamerlin | The EVB As a Quantitative Tool for Formulating Simulations and Analyzing Biological and Chemical Reactions[END_REF], qui permet la description de l'étape chimique tout en étant suffisamment peu coûteuse en temps de calcul pour permettre un échantillonnage correct des conformations de l'environnement, cruciales pour notre étude. Dans le cadre d'un traitement EVB, la réaction est décrite par le mélange d'au moins deux états diabatiques, correspondant aux réactifs, produits et intermédiaires de la réaction. Chaque état diabatique, appelé état VB, est décrit par un champ de forces classique, où un potentiel de Morse est utilisé pour décrire les liaisons formées ou rompues. Pour la description à deux états VB utilisée dans ce travail, l'Hamiltonien s'écrit 

H = V 11 V 12 V 12 V 22 + ∆ , ( 8.8 

Résultats

Rôle de résidus dans le site actif de la DHFR.

La Dihydrofolate Réductase (DHFR) catalyse la réduction du dihydrofolate (H 2 F) en tétrahydrofolate (H 4 F), le cofacteur NADPH servant de donneur d'hydrure. Cible de nombreux médicaments anticancéreux, la DHFR est devenu un système modèle pour l'étude de la catalyse enzymatique [191,[START_REF] Watney | Effect of Mutation on Enzyme Motion in Dihydrofolate Reductase[END_REF][START_REF] Filman | Crystal Structures of Escherichia Coli and Lactobacillus Casei Dihydrofolate Reductase Refined at 1.7 Å Resolution. II. Environment of Bound NADPH and Implications for Catalysis[END_REF][START_REF] Howell | Functional Role of Aspartic Acid-27 in Dihydrofolate Reductase Revealed by Mutagenesis[END_REF][START_REF] Fierke | Construction and Evaluation of the Kinetic Scheme Associated with Dihydrofolate Reductase from Escherichia Coli[END_REF][START_REF] Benkovic | Insights into Enzyme Function from Studies on Mutants of Dihydrofolate Reductase[END_REF][START_REF] Brown | Long-Range Structural Effects in a Second-Site Revertant of a Mutant Dihydrofolate Reductase[END_REF][START_REF] Agarwal | Network of Coupled Promoting Motions in Enzyme Catalysis[END_REF][START_REF] Rod | How Dihydrofolate Reductase Facilitates Protonation of Dihydrofolate[END_REF][START_REF] Garcia-Viloca | Importance of Substrate and Cofactor Polarization in the Active Site of Dihydrofolate Reductase[END_REF][START_REF] Ferrer | Catalytic Mechanism of Dihydrofolate Reductase Enzyme. a Combined Quantum-Mechanical/Molecular-Mechanical Characterization of the N5 Protonation Step[END_REF][START_REF] Greatbanks | Enzyme Polarization of Substrates of Dihydrofolate Reductase by Different Theoretical Methods[END_REF]. À pH = 6.5, l'étape cinétiquement déterminante de la catalyse n'est pas la réaction chimique mais la libération du produit. Cependant, des expériences en régime pré-stationnaire permettent d'avoir accès à la cinétique de l'étape chimique. La transformation chimique met en jeu deux étapes : la protonation du substrat sur son site N 5 , suivie du transfert d'hydrure du cofacteur au substrat protoné H 3 F + , associé à la constante de vitesse k HT . La protonation est habituellement considérée comme un pré-équilibre rapide (Fig. 8.13). Le déroulement de l'étape de protonation a été longtemps débattu, car le pKa de N 5 n'est que de 2.5 en solution aqueuse et qu'aucun résidu déprotonable n'est présent à proximité dans le site actif [START_REF] Bystroff | Crystal Structures of Escherichia Coli Dihydrofolate Reductase: The NADP + Holoenzyme and the Folate•NADP + Ternary Complex. Substrate Binding and a Model for the Transition State[END_REF]. Cependant, des expériences de spectroscopie Raman ont permis de mesurer le pKa de N 5 dans le site actif de la DHFR, où il est augmenté de plus de 4 unités pour atteindre un pKa de 6.5. Le substrat est donc probablement protoné directement par le solvant dans le site actif, même si l'accessibilité de N 5 au solvant est l'objet de débats [START_REF] Sawaya | Loop and Subdomain Movements in the Mechanism of Escherichia Coli Dihydrofolate Reductase: Crystallographic Evidence[END_REF][START_REF] Wan | Toward Resolving the Catalytic Mechanism of Dihydrofolate Reductase Using Neutron and Ultrahigh-Resolution X-Ray Crystallography[END_REF][START_REF] Howell | Construction of an Altered Proton Donation Mechanism in Escherichia Coli Dihydrofolate Reductase[END_REF]. De travaux expérimentaux récents [START_REF] Liu | Escherichia Coli Dihydrofolate Reductase Catalyzed Proton and Hydride Transfers: Temporal Order and the Roles of Asp27 and Tyr100[END_REF] se sont penchés sur le rôle fonctionnel de deux résidus dans le site actif : Asp27, un aspartate déprotoné directement en liaison H avec le substrat, et Tyr100, dont le groupe OH se situe à proximité du site de transfert d'hydrure. Cette étude a été menée par des expériences de mutations, où Asp27 a été remplacé par une sérine dans le mutant D27S, et Tyr100 a été remplacé par une phénylalanine dans le mutant Y100F. Le double mutant a été également étudié. La dépendance en pH de la constante globale de l'étape chimique (protonation et transfert d'hydrure) k obs a été obtenue pour les différents mutants. La constante de vitesse mesurée est systématiquement plus faible pour les mutants que pour l'enzyme sauvage (WT), et le profil log(k obs ) vs. pH, sigmoïdal pour le WT, devient linéaire chez les mutants (Fig. 8.14).

Dans ce travail nous cherchons à rationaliser ces expériences en isolant l'effet de chaque mutation sur chacune des deux étapes de la transformation, protonation et transfert d'hydrure. Pour cela, nous calculons la variation de pKa et de barrière pour le transfert d'hydrure pour chaque mutant par rapport à l'enzyme sauvage.

La barrière d'énergie libre pour le transfert d'hydrure est obtenue pour chaque mutant et les résultats sont résumés Table 8.1. Si aucun changement significatif de la barrière n'est observé pour le mutant Y100F par rapport à l'enzyme sauvage, le mutant D27S présente lui une forte diminution de la barrière, de 4 kcal/mol. Le résidu Asp27 chargé négativement est remplacé dans le mutant D27S par une sérine neutre, donc la mutation déstabilise le réactif (substrat positivement chargé), ce qui explique la diminution de la barrière calculée. WT Y100F D27S Y100F-D27S Y100F-high pH ∆G ‡ (kcal/mol) 13.7 (0.4) 13.6 (0.4) 9.7 (0.4) 11.3 (0.4) 14.0 (0.4) La variation du pKa sur le site N 5 du substrat est obtenue via la variation d'énergie libre de déprotonation du substrat entre les différents environnements. Ce calcul d'énergie libre nécessite l'emploi de méthodes d'accélération d'échantillonnage, et nous employons ici la méthode de perturbation d'énergie libre-dynamique moléculaire (FEP-MD), qui permet de prendre en compte les variations de conformation de l'environnement au cours de la déprotonation [START_REF] Simonson | Proton Binding to Proteins: pKa Calculations with Explicit and Implicit Solvent Models[END_REF]. Les résultats sont résumés Table 8 Tout d'abord, il faut noter que nos simulations reproduisent qualitativement l'augmentation marquée du pKa entre le milieu aqueux et le site actif de l'enzyme sauvage (6.5 unités contre 4 expérimentalement). Nous parvenons donc correctement à décrire l'effet du site actif de l'enzyme sur le pKa. Nos simulations montrent une légère diminution de pKa (moins d'une unité) pour le mutant Y100F, et une très forte diminution du pKa pour le mutant D27S (5 unités). Les résidus Asp27 et Tyr100 contribuent donc tous deux à la valeur élevée du pKa de N 5 dans le site actif de l'enzyme, avec un effet particulièrement marqué de Asp27. Nos résultats confirment donc le rôle de Asp27 et Tyr100, qui contribuent à élever la valeur du pKa du substrat dans le site actif ainsi que l'origine probable du proton : le site N 5 étant accessible à l'eau dans la forme non protonée du substrat, le proton vient très probablement directement du solvant. Nous combinons enfin tous nos résultats pour calculer les profils log(k obs ) vs. pH et les comparer aux données expérimentales (Fig. 8.14). Nous obtenons un très bon accord avec les données expérimentales, et notre étude permet donc de rationaliser ces observations en identifiant l'effet de chaque mutation sur les deux étapes de la transformation chimique. De façon inattendue, le fort ralentissement de l'étape chimique dans le mutant D27S résulte de la compensation de deux effets importants, d'une part l'accélération du transfert d'hydrure et d'autre part la forte diminution du pKa. Nous montrons que le changement d'allure des profils log(k obs ) vs. pH n'est pas dû à un changement de mécanisme mais s'explique très bien par une valeur de pKa plus faible dans les mutants.

Nous envisageons, dans de futurs travaux, d'utiliser nos simulations pour étudier l'origine de la dépendance en température des effets cinétiques isotopiques dans les mutants, qui on été suggérés être dus à une variation de la distance donneur-accepteur avec la température [START_REF] Liu | Functional Significance of Evolving Protein Sequence in Dihydrofolate Reductase from Bacteria to Humans[END_REF].

Catalyse enzymatique en solvant organique : rôle de l'eau.

Après avoir étudié l'impact de mutations de résidus dans le site actif sur la catalyse, nous nous intéressons au rôle du solvant, et en particulier au rôle de l'eau dans la catalyse enzymatique. Les expériences de catalyse enzymatique en solvant organique nous fournissent un cadre pour réaliser cette étude, puisqu'elles nous permettent d'examiner le comportement d'enzyme en l'absence d'eau, et de suivre la variation d'activité catalytique suite à l'ajout de petites quantités d'eau. Les avantages de l'utilisation d'enzymes en solvant organique sont nombreux : de nombreuses enzymes conservent une activité enzymatique en solvant organique, et l'absence d'eau permet d'éviter des réactions parasites, de catalyser de nouvelles réactions, et d'améliorer la solubilité des réactifs [START_REF] Zaks | Enzyme-Catalyzed Processes in Organic Solvents[END_REF][START_REF] Klibanov | Improving Enzymes by Using Them in Organic Solvents[END_REF][START_REF] Zaks | Enzymatic Catalysis in Organic Media at 100 Degrees C[END_REF]. Cependant, l'activité catalytique est généralement plus faible en milieu organique qu'en milieu aqueux, mais différentes stratégies ont été utilisée pour accélérer la réaction en solvant organique. Il a ainsi été montré [START_REF] Zaks | The Effect of Water on Enzyme Action in Organic Media[END_REF][START_REF] Dordick | Designing Enzymes for Use in Organic Solvents[END_REF][START_REF] Affleck | Enzymatic Catalysis and Dynamics in Low-Water Environments[END_REF][START_REF] Hudson | Active-Site Motions and Polarity Enhance Catalytic Turnover of Hydrated Subtilisin Dissolved in Organic Solvents[END_REF] que l'ajout de petites quantités d'eau permet d'accélérer significativement la vitesse de réaction : ainsi sur la Subtilisine Carlsberg dans l'isooctane, l'activité enzymatique a été multipliée par 11 suite à l'ajout d'eau (Fig. 8.15) [START_REF] Hudson | Active-Site Motions and Polarity Enhance Catalytic Turnover of Hydrated Subtilisin Dissolved in Organic Solvents[END_REF]. L'eau a été suggérée jouer un rôle de "lubrifiant" pour la transformation chimique, mais aucune description détaillée de ce phénomène à l'échelle moléculaire n'a été obtenue. Le but de cette étude est donc d'obtenir à l'échelle moléculaire une description du rôle de "lubrifiant" de l'eau sur l'étape chimique de la catalyse enzymatique. La question n'est pas de savoir si l'enzyme est plus flexible par ajout d'eau. De précédentes études [205, l'équipe pour cette réaction [START_REF] Domin | A Coupled Valence-Bond State Molecular Dynamics Description of an Enzyme-Catalyzed Reaction in a Non-Aqueous Organic Solvent[END_REF] nous permet d'obtenir le profil d'énergie libre de la réaction à différent taux d'hydratation : 100 %, correspondant à une monocouche d'eau, 10 % et 5 %. Nos résultats préliminaires montrent que les profils sont extrêmement similaires à tous les taux d'hydratation (Fig. 8.17a), avec une barrière d'énergie libre pour la réaction ∆G ‡ indépendante de la quantité d'eau. Nous évaluons également numériquement le facteur de transmission κ en dénombrant le nombre de trajectoires réactives sur un ensemble de centaines de trajectoires lancées de l'état de transition avec des vitesses aléatoires. Là encore, aucune évolution significative de κ n'est observée avec le taux d'hydratation (Fig. 8.17b). Notre étude ne met donc en évidence aucun effet "lubrifiant" de l'eau sur la réaction chimique. Un travail complémentaire, mené par un autre membre de l'équipe, a montré que la variation de la constance de vitesse de la réaction chimique mesurée avec le taux d'hydratation était expliquée parfaitement par l'existence d'un état lié du complexe enzyme-substrat non réactif. Cet état non réactif est favorisé à bas taux d'hydratation, car la chaîne latérale, qui est alors en contact direct avec le solvant organique, change de conformation pour être entièrement solvatée par l'hexane, alors qu'elle se trouve dans le complexe de Michaelis contre une partie plutôt hydrophobe de la surface de l'enzyme. A bas taux d'hydratation, cette conformation non productive est 2 kcal/mol plus stable que le complexe de Michaelis, ce qui explique parfaitement les données expérimentales.

Cette nouvelle explication du rôle de l'eau, très différente de l'effet lubrifiant précédemment suggéré, pourrait nous permettre d'expliquer d'autres résultats expérimentaux, comme l'accélération de la catalyse suite à l'ajout d'ions [START_REF] Eppler | Water Dynamics and Salt-Activation of Enzymes in Organic Media: Mechanistic Implications Revealed by NMR Spectroscopy[END_REF], ou encore la localisation de mutations dans des expériences d'évolution dirigée [START_REF] You | Directed Evolution of Subtilisin E in Bacillus Subtilis to Enhance Total Activity in Aqueous Dimethylformamide[END_REF]. L'absence de rôle de lubrifiant sera également vérifiée dans un travail à venir dans un autre système. La DHFR, sujet de l'étude précédente, semble être un choix naturel, puisque des données expérimentales en solvant glycérol sont disponibles, et que nous bénéficions de l'expérience déjà acquise sur ce système.

Conclusion

Au cours de cette thèse nous avons élucidé différents aspects de l'interaction entre une biomolécule et son environnement en utilisant des simulations de dynamique moléculaire.

Dans la première partie, nous avons déterminé comment la présence d'une biomolécule altère les propriétés structurales et dynamiques de l'eau dans sa couche d'hydratation. Nous avons tout d'abord établi que la perturbation de la dynamique de réorientation et des liaisons H est en moyenne modérée, avec un facteur de retard proche de 4 pour la réorientation. Nous avons montré que ce retard est principalement d'origine entropique et dû à un effet de volume exclu lié à la topographie de la surface, confirmant de précédentes études [START_REF] Fogarty | Water Dynamics in Protein Hydration Shells: The Molecular Origins of the Dynamical Perturbation[END_REF]. Nous avons également montré que la légère dépendance en température de la perturbation provient de toutes petites différences dans les changements de structure locale avec la température entre le bulk et la couche d'hydratation, mais que cet effet est négligeable à température ambiante.

Utilisant des outils d'analyse développés dans l'équipe, nous avons obtenu une cartographie à haute résolution spatiale de la dynamique de réorientation de l'eau autour de différentes biomolécules. Dans le cas d'une protéine antigel, nous avons montré que les propriétés de la couche d'hydratation en dehors de la face qui se lie à la glace sont similaires à celle de protéines non antigel. Près de la face qui se lie à la glace, la structure locale est plus tétraédrique, et la réorientation plus lente que près des autres faces. Cependant la couche d'hydratation est loin d'une structure de "type glace". De fortes liaisons hydrogènes, dues à un facteur entropique, sont mises en évidence entre la face qui se lie à la glace de la protéine antigel et l'eau. Ces résultats sont importants pour comprendre l'origine de l'activité antigel et comment la protéine reste adsorbée sur un cristal de glace.

Nous avons ensuite réalisé une étude détaillée de la dynamique de l'eau dans la couche d'hydratation de l'ADN, où nous avons révélé une forte hétérogénéité spatiale. La majorité de la couche d'hydratation est modérément retardée, mais quelques molécules d'eau présentent des facteurs de retard élevé (∼ 50) par rapport au bulk. Cette composante lente provient de molécules d'eau en liaison H avec des accepteurs de liaison H situés sur des bases de l'ADN dans le petit sillon. Nous avons identifié et quantifié une source additionnelle d'hétérogénéité au niveau de chaque site, particulièrement forte dans le petit sillon, qui provient de fluctuations de la conformation de l'ADN qui modulent la constante de vitesse de saut. Notre travail fournit une image extensive et à grande résolution spatiale de la dynamique d'hydratation de biomolécules, soulignant les déterminants moléculaires de la perturbation et le rôle de fluctuations conformationnelles.

De futures extensions de ce travail consisteront à accroître la complexité des conditions de solvant pour représenter de façon plus réaliste des environnements biologiques. Un premier pas serait de considérer l'effet de concentrations physiologiques d'ions sur la dynamique d'hydratation. Le rôle de l'eau dans les événements de reconnaissance protéine-protéine ou dans l'intercalation de médicaments dans l'ADN nécessitera des études plus approfondies, car même si la dynamique d'hydratation est maintenant bien comprise, il n'est à ce jour pas clair si, ni comment, l'eau joue un rôle spécifique de médiateur dans de tels processus de reconnaissance.

Dans la seconde partie de cette thèse, nous avons changé de perspective pour nous intéresser au rôle de l'environnement dans la catalyse enzymatique. Nous avons étudié comment différents changements de l'environnement (changement de solvant et mutations) affectent l'étape chimique de la catalyse, en utilisant la méthodologie "Empirical Valence Bond" pour décrire la réaction chimique.

Nous avons commencé par étudier l'effet de mutations sur la catalyse par la DHFR et avons obtenu une interprétation moléculaire de récents résultats expérimentaux [START_REF] Liu | Escherichia Coli Dihydrofolate Reductase Catalyzed Proton and Hydride Transfers: Temporal Order and the Roles of Asp27 and Tyr100[END_REF]. Nous avons examiné l'effet des mutations sur chaque étape de la catalyse, protonation et transfert d'hydrure, en déterminant les variations de pKa et de barrière pour le transfert d'hydrure dans les mutants. Nous avons ainsi montré que Asp27 et Tyr100 contribuent tous deux à la valeur élevée du substrat dans le site actif, et que, de façon surprenante, le ralentissement global de la réaction dans le mutant D27S provient en réalité de la compensation de deux effets contraire, accélération du transfert d'hydrure et abaissement du pKa. Cette étude sera étendue pour interpréter la différence de dépendance en température des effets cinétiques isotopiques entre l'enzyme sauvage et les mutants.

Pour finir, nous avons étudié le rôle de l'eau dans la catalyse enzymatique. Des expériences ont mis en évidence une accélération de la catalyse en solvant organique suite à l'ajout de petites quantités d'eau. En combinant calculs de barrière d'énergie libre pour la réaction et évaluation du facteur de transmission à différents degrés d'hydratation, nous avons montré que la faible augmentation de la flexibilité n'affecte pas la constante de vitesse de la réaction. Nous n'avons trouvé aucun effet de lubrifiant sur l'étape chimique et avons pu exclure une stabilisation de l'état de transition due à un changement de polarité. Nous avons montré que la diminution de la constante de vitesse à bas taux d'hydratation s'explique par la stabilisation d'un état lié non productif, le solvant hydrophobe solvatant d'une chaîne latérale hydrophobe du substrat, ce qui favorise une orientation légèrement différente dans le site actif. Cette nouvelle représentation pourra être utilisée dans des travaux futurs pour rationaliser différents résultats expérimentaux, notamment la localisation de mutations dans des expériences d'évolution dirigée [START_REF] You | Directed Evolution of Subtilisin E in Bacillus Subtilis to Enhance Total Activity in Aqueous Dimethylformamide[END_REF] et l'accélération induite par l'ajout de sels dans des solvants organiques [START_REF] Eppler | Water Dynamics and Salt-Activation of Enzymes in Organic Media: Mechanistic Implications Revealed by NMR Spectroscopy[END_REF]. Des travaux complémentaires seront également menés pour généraliser notre nouvelle image à d'autres enzymes. Un choix naturel serait la DHFR, sur laquelle nous avons déjà une certaine expérience, et pour laquelle des expériences suggèrent que la constante de vitesse est affectée par la présence de lyoprotecteurs comme le glycérol.

Pour conclure, nous avons montré à travers une séries d'études comment les propriétés du solvant sont affectées par la présence de biomolécules, et réciproquement, comment les réactions biochimiques dépendent des détails moléculaires de leur environnement. Notre travail illustre comment la combinaison de modèles théoriques et de simulations numériques peut fournir un cadre rigoureux pour suggérer une interprétation moléculaire de phénomènes biochimiques complexes.

3. 1

 1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.2 Methodology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.3 Hydration dynamics of ubiquitin . . . . . . . . . . . . . . . . . . . . . . 3.3.1 Average water reorientation dynamics in the hydration shell . . . . . . . . 3.3.2 Hydration dynamics distributions and mapping . . . . . . . . . . . . . . . 3.3.3 Temperature dependence of the dynamical perturbation . . . . . . . . . . .

18 Chapter 1 .

 181 Introduction to Part I: Biomolecular hydration shell dynamics

2 Figure 1 . 1 -

 211 Figure 1.1 -Second-rank orientation time-correlation function C 2 (t) (Eq. 1.2) for a water OH bond at room temperature determined through molecular dynamics simulations. For each time regime, the key reorientation mechanisms are indicated. Reproduced from Ref.[START_REF] Laage | Reorientation and Allied Dynamics in Water and Aqueous Solutions[END_REF].
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 12 Figure 1.2 -Schematic jump reorientation mechanism. See Ref.[START_REF] Laage | On the Molecular Mechanism of Water Reorientation[END_REF] for a detailed description. Reproduced from Ref.[START_REF] Laage | Reorientation and Allied Dynamics in Water and Aqueous Solutions[END_REF].
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 213 Figure 1.3 -Jump correlation function in bulk water (TIP4P/2005) at 298 K.

Figure 1 . 4 -

 14 Figure 1.4 -Transition-state excluded-volume (TSEV) model: definition of the excluded-volume fraction. Considering a stable H-bond within the hydration shell (red dashed line), possible TS locations for the new H-bond acceptor lie on a ring defined by the distance R ‡ to the reorienting water and the jump angle θ. The fraction f of this ring overlapping with the solutes is represented in pink, and the complementary accessible fraction is shown in green. Reproduced from Ref. [37].
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 23 Figure 2.3: Initial and transition state configurations for a jump where the reorienting water molecule is initially H-bonded to an idealised Hbond accepting solute. The definition of R eq and R = in the transition state H-bond slowdown factor is shown.
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 15 Figure 1.5 -Initial and transition state configurations for a jump where the reorienting water molecule is initially H-bonded to an idealized H-bond accepting solute. The definition of R eq and R ‡ used to define the transition state H-bond slowdown factor is shown.
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 16 Figure 1.6 -a) Reorientation time-correlation function C 2 (t) for bulk water (black) and for water molecules initially in the hydration shell of a protein, ubiquitin (red), at 298 K (water model TIP4P/2005). b) Underlying distribution of reorientation times in the ubiquitin hydration shell, on a log-log scale.
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 30221 Figure2.1 -a) Water reorientation dynamical perturbation factor ρ (Eq. 2.4) determined by NMR[START_REF] Qvist | Thermal Signature of Hydrophobic Hydration Dynamics[END_REF] in the hydration shell of a series of solutes (N-acetyl-leucine-N'-methylamide (NALMA), N-acetylglycine-N'-methylamide (NAGMA), tetramethylurea (TMU) and trimethylamine-N-oxide (TMAO)) in D 2 O (crosses) at different temperatures, together with the ratio (dashes) of the fits to the shell and bulk reorientation times vs. temperature[START_REF] Qvist | Thermal Signature of Hydrophobic Hydration Dynamics[END_REF]. b) Perturbation factor in the hydration shell of TMAO in H 2 O from our simulations, together with the ratio (dashes) of the fits to the shell and bulk reorientation times vs. temperature.
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 22 Figure 2.2 -Arrhenius plot of the water OH reorientation time temperature dependence for a water molecule initially in the bulk (red), in the TMAO hydration shell (green) and in the hydration shell of TMAO methyl groups (black).
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 26 Figure 2.6 -Voronoi asphericity η probability distributions at 218 K, 231 K, 249 K and 350 K, both in the hydration shell of TMAO methyl groups (solid lines) and in the bulk (dashes), together with their difference (dots).

Figure 3 . 1 -

 31 Figure 3.1 -Temperature dependence of the reorientation retardation factor ρ reor (Eq. 3.1) from our MD simulations (dots) and from NMR experiments[START_REF] Mattea | 17 O Spin Relaxation in Deeply Supercooled Solutions[END_REF] (solid lines) respectively averaged over water molecules initially present in the entire ubiquitin hydration shell (black), and averaged over the 90 % fastest (red) and the 50 % fastest (green) water molecules within the hydration shell.
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 32 Figure 3.2 -(a) Reorientation retardation factor distributions in the hydration shell of ubiquitin at 298 K, 280 K, 260 K, 240 K and 230 K. (b) Same distributions on a log scale.
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 33 Figure 3.3 -Mapping of the water reorientation retardation factor at the surface of ubiquitin with two different views and and the corresponding secondary structures respectively at 298 K (panel A), 260 K (panel B) and 230 K (panel C). The hydrophobic patch is circled in green.
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 34 Figure 3.4 -Mapping of the ubiquitin surface sites where the 10 % slowest water molecules in the hydration shell are located at 298 K. The protein backbone is represented by a light blue ribbon and the selected protein sites are shown as spheres colored according to their chemical nature, respectively H-bond oxygen acceptors (red), H-bond hydrogen donors (white) and hydrophobic carbon atoms (light blue). Two key residues are highlighted, respectively Lys27 (dark blue) and Val70 (green) in the center of the hydrophobic patch.
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 35 Figure 3.5 -a) Water reorientation retardation factor ρ reor (x) averaged over the x % fastest water molecules in the shell. b) TSEV factor distributions at 298 K, 280 K, 260 K, 240 K and 230 K. The respective average TSEV values are 1.67, 1.67, 1.67, 1.68 and 1.70.
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 436 Figure 3.6 -Temperature dependence of the reorientation retardation factor ρ reor (Eq. 3.1) in the entire ubiquitin hydration shell (black), and respectively next to hydrophobic sites (red), H-bond donor sites (green) and H-bond acceptor sites (blue). Lines are only guides to the eye.
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 37 Figure 3.7 -a) Comparaison of the water reorientation retardation factor ρ reor distributions in the hydration shells of CfAFP at 300 K (black) and of ubiquitin at 298 K (purple). b) Temperature dependence of the reorientation retardation factor respectively averaged over the entire hydration shell of CfAFP (black) and specifically over the CfAFP ice-binding face (red). Lines are only guides to the eye.
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 38 Figure 3.8 -Structure of CfAFP, with the two rows of Thr residues on the ice-binding face represented explicitly. Typical positions of water molecules sandwiched between the two rows of threonines are represented in orange.
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 9310 Figure 3.10 -Mapping of the CfAFP ice-binding surface sites where the 5 % slowest water molecules are located at 300 K (panel a) and at 235 K (panel b). The color code is the same as in Fig. 3.4. Thr residues are represented in small balls and sticks.
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 7311 Figure 3.11 -Mapping of the Voronoi asphericity on the three sides of CfAFP at 300 K (a), and on the ice-binding surface at 260 K (b) and 235 K (c).

Figure 3 .

 3 Figure3.12 -a) Voronoi asphericity distributions in the bulk (solid lines), in the entire CfAFP hydration shell (dashed lines) and next to the ice-binding face (dotted lines), at 300 K, 260 K and 235 K. b) Temperature dependence of the mean asphericity in the bulk (black), in the non ice-binding part of the CfAFP hydration shell (red), next to the CfAFP ice-binding face (green), and in the ubiquitin hydration shell (red dotted line). c) Temperature dependence of the mean tetrahedral order parameter q in the bulk (black), in the entire CfAFP hydration shell (red) and next to the CfAFP ice-binding face (green).
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 313 Figure 3.13 -Radial distribution functions at 300 K between water oxygen atoms, respectively around a central oxygen atom in the bulk (black), in the hydration shell of CfAFP (red) and next to the ice-binding face of CfAFP (green). The raw distributions are shown in dashes while the distributions corrected for the protein excluded volume are shown in solid lines.
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 314 Figure3.14 -Average asphericity of water Voronoi cells along the radial distance to a water oxygen atom lying respectively in the bulk (solid lines) and in the ice-binding face first hydration shell (dashed lines) at 300 K, 260 K and 235 K. Next to the ice-binding face of CfAFP, the average is restricted to water molecules lying in a 3-Å radius cylinder whose axis is perpendicular to the ice-binding surface.
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 315 Figure3.15 -Potential of mean force corrected for excluded volume effects between a water oxygen atom and a threonine OH oxygen that lies in between the two ranks of threonines (red), a bulk water oxygen (black), a threonine OH oxygen outside of the CfAFP ice-binding face (blue), and a CfAFP aspartate carboxylate group oxygen (green).
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 316 Figure 3.16 -Distributions of the OD stretch vibrational frequencies for water molecules respectively lying in the entire hydration shell (solid lines), next to the ice-binding face (dots) and in the rest of the hydration shell (dashes) of CfAFP at 300 K, 260 K and 235 K.
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 644 Heterogeneous water dynamics in DNA hydration shell
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 41 Figure 4.1 -Definition of the minor groove width. (a) For the acceptor sites (red balls) labeled A and B on the DNA bases, the local groove width is defined as the ribose O4'-O4' distance indicated by a green arrow. (b) Same definition represented on a 2D unfolded view of the DNA double strand.
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 42 Figure 4.2 -Reorientation time-correlation function C 2 (t) for water molecules initially in the hydration shell of the dodecamer
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 43 Figure 4.3 -(a) Probability distribution of the reorientational relxation time τ reor on a linear scale (b) and on a log-log scale. (c) Same distribution decomposed by type of DNA site on a linear scale (d) and on a log-log scale.

Figure 4 . 4 -

 44 Figure 4.4 -Mapping of the reorientational relaxation time τ reor onto the DNA surface.

  2 O and jumps to dodecamer surface sites k jump,DN A . The time constants τ jump , τ jump,H 2 O and τ jump,DN A are defined as the inverse of the corresponding rate constants. The time constants τ jump,H 2 O and τ jump,DN A can be obtained from the jump time to any acceptor τ jump and the equilibrium populations of stable
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 446 Figure 4.6 -(a) Probability distribution of τ jump , τ jump,H2O and τ jump,DN A (b) Decomposition of the probability distribution of τ jump,H2O according to site type. .
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 47 Figure 4.7 -Site-resolved jump TCF, as defined in Eq. 1.7, (solid lines) for water molecules initially H-bonded to one of the two acceptor sites at the center of the minor groove (black) and for a solventexposed hydrophobic site (green), together with exponential fits (dashed lines) on a 0-5 ps interval.
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 348 Figure 4.8 -Mapping of the temporal heterogeneity parameter δ (Eq. 4.5) on the surface of the DNA dodecamer.
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 4 DNA hydration dynamics: detailed mapping and coupling with DNA conformational dynamics

Figure 4 .

 4 Figure 4.11: H-bond acceptor sites on DNA bases in the minor groove

  Here, we have shown that the slow component on the order of 80 ps in DNA hydration shell reorientational relaxation is due to water molecules initially H-bonded to acceptors on DNA bases in the minor groove, which reorient only partially via jumps to neighbouring acceptor sites. Complete reorientational relaxation necessitates a jump to a water oxygen atom, and we have furthermore demonstrated the rate constant for Minor groove Major groove T-A base pair
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 49 Figure 4.9 -H-bond acceptor sites located on DNA bases in the minor groove, for one A-T base pair of the A-tract.

Figure 4 .

 4 Figure 4.10 -a) Fraction of bridge state for each site along one DNA strand. Only sites where a groove width can be defined are considered. b) Fraction of bridge state for each site along one DNA strand depending on the groove width.
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 4 Figure 4.11 -a) Kinetic scheme describing the existence of two states, bridge and not-bridge, with different dynamics. b) Same kinetic scheme with calculated values for each rate constant
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 412 Figure 4.12 -Jump time correlation function for water molecules H-bonded to the central acceptor site in the minor groove directly computed from the MD (black) or reconstructed from the model kinetic scheme (red) taking into account the existence of the two subpopulations "bridge" and "not bridge" at this site. Mono-exponential fits at short delays are shown in dashed lines.
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 413 Figure 4.13 -Jump time correlation function water molecules H-bonded to the central acceptor site in the minor groove for the entire site population (black) and for the stable "bridge" population (orange), together with exponential fits on the 0-5ps interval (dashes).

Fig. 4 .

 4 [START_REF] Meister | Observation of Ice-like Water Layers at an Aqueous Protein Surface[END_REF], along the DNA sequence.

Figure 4 .

 4 Figure 4.14 -a) 3D representation of the DNA dodecamer. Red balls correspond to acceptor sites in the central part of the A-tract. The green line shows how the groove width is defined for these sites. The pink arrow indicates the order of groove width numbering, used in panel b. b) Distribution of the minor groove width for each distance defined along the DNA sequence.
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 415 Figure 4.15 -Jump correlation function for the stable "bridge" population at the central acceptor site of the DNA sequence, depending on the initial value of the local minor groove width.
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 416 Figure 4.16 -Autocorrelation of the minor groove width at the center of the dodecamer (red) compared with the jump TCF for the central acceptor site (black).

Figure 4 .

 4 Figure 4.17 -a) Jump rate constant as a function of the initial value of the groove width for the acceptor site at the center of the DNA sequence, together with the linear fit used in the model. b) Jump TCF directly computed from the MD simulations (black) and obtained with the dynamical heterogeneity model (Eq. 4.7) (blue).
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 8655 Figure 5.1 -Schematic scheme presenting the key steps of enzyme catalysis: substrate (S) binding to the enzyme (E) to form the enzyme-substrate complex ES, chemical step leading to the formation of the enzyme-product complex (EP) and final product (P) release, with associated equilibrium and rate constants.
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 61 Figure 6.1 -Schematic mechanism of the chemical step in DHFR catalysis.
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 62 Figure 6.2 -a)DHFR Michaelis complex with protonated dihydrofolate and NADPH positioned the active site. The M20 loop is colored in orange. b) Position of the key residues examined in this work inside the active site, with substrate and cofactor being sketched in transparent balls.
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 63 Figure 6.3 -Kinetic scheme used to describe the chemical step of DHFR catalysis. From the ternary complex made of the enzyme (E), unprotonated substrate (H 2 F) and cofactor (NADPH), a fast protonation equlibrium leads to a ternary complex with protonated substrate H 3 F + . This first step is followed by hydride transfer from the cofactor to the substrate to form the product H 4 F together with oxidized cofactor NADP + in ternary complex with the enzyme.

Figure 6 . 4 -

 64 Figure 6.4 -log(k obs ) vs. pH as obtained from pre-steady state measurements, taken from Ref. [234].

Figure 6 . 5 -

 65 Figure 6.5 -Free-energy profiles along the collective reaction coordinate for hydride transfer ∆E, as defined in the methodology section 6.2.2, for the WT enzyme (black), and mutant systems Y100F (red), D27S (green) and Y100F-D27S (blue).

Figure 6 . 6 -

 66 Figure 6.6 -A) Radial distribution function between substrate N 5 and water oxygen atoms with the substrate in its protonated (red) and unprotonated (blue) form. B) N 5 -S(Met20) distances distributions, with protonated or unprotonated dihydrofolate.
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 67 Figure 6.7 -Exerimental log(k obs ) vs. pH profiles for the different mutants (crosses) taken from Ref. [234], compared with the calculated log(k obs ) vs. pH profiles.
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 171 Figure 7.1 -Rate constant of the chemical transesterification step catalyzed by Subtilisin Carlsberg in isooctane as a function of water thermodynamic activity. Data taken from Ref [255].

Figure 7 . 2 -

 72 Figure 7.2 -a) Active site of subtilisin Carlsberg: catalytic triad. b) Chemical formula of the substrate APEE (N-acetyl-L-phenylalanine-ethyl-ester).

Figure 7 . 3 -

 73 Figure 7.3 -Acyl-enzyme mechanism in the case of a transesterification reaction. The reaction step studied here (formation of the first tetrahedral intermediate) is enclosed in a box. Throughout the text, products refers to the products of this first step.

Figure 7 . 4 -

 74 Figure 7.4 -First reaction step in the transesterification of APEE by subtilisin Carlsberg. It involves a proton transfer from Ser221 to His64, and a nucleophilic attack of the Ser221 oxygen onto the ester carbon of the substrate, APEE.

Figure 7 . 5 -

 75 Figure 7.5 -N-acetyl-L-phenylalanine-ethylester (APEE) and tetrahedral intermediate structures, with definition of the atom labels used inTable 7.1. Tetrahedral intermediate atoms already present in APEE are assigned the same atom names.

V 11 O 22 O

 1122 (Ser221) -H P T Morse potential: D e = 173.3 kcal mol -1 , α =1.75 Å -1 , r 0 = 0.972 Å Excluded non-bonded interactions: N(His64)-H P T , O(Ser221)-C(APEE) V (Ser221) -C(APEE) Morse potential: D e = 63.998 kcal mol -1 , α =1.715 Å -1 , r 0 = 1.515 Å N(His64) -H P T Morse potential: D e = 174.3 kcal mol -1 , α =1.72 Å -1 , r 0 = 1.032 Å Excluded non-bonded interactions: O(Ser221)-H P T V 12 = 29.0 kcal mol -1 ∆ = 83.0 kcal mol -1
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 31 Hydration level and activation free-energy ∆G ‡ .
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 76 Figure 7.6 -Free-energy profiles for the reaction catalyzed by Subtilisin Carlsberg in hexane along the collective reaction coordinate ∆E as a function of the hydration level: 100% (blue), 10% (green) and 5% (orange).
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 377 Figure 7.7 -a) Committor values for 300 snapshots around the TS, plotted as a function of the collective reaction coordinate ∆E and fitted with a switch function (plain line). b) Transmission coefficient calculated for 300 snapshots around the TS, fitted with a Gaussian function.

Figure 7 . 8 -

 78 Figure 7.8 -a) Schematic representation of the notion of reactive trajectories (top panel) and recrossing events. A recrossing event occurs when the system temporarily crosses the transition state surface before falling back into the reactant well, or when a system initially coming from the products well crosses the dividing surface before falling back in a product state. Such recrossing events are ignored in the TST framework. b) Transmission coefficient κ at each hydration level.

Figure 7 . 9 -

 79 Figure 7.9 -Free-energy profiles along the C(APEE)-O(Ser221) distance, relevant for the nucleophilic attack, at three different hydration levels.

Figure 7 . 10 -

 710 Figure 7.10 -Graphical surface representation of the substrate bound in the enzyme active site, together with the first solvent layer at 100 % (a) and 5 % (b) hydration, the system having the same orientation in the two panels. Zoom on the substrate most stable conformation in the active site at 100 % (c) and 5 % (d) hydration. Both panels picture the active site with a same orientation. The hydrophobic side chain is circled in black.

Figure 8 . 1 -

 81 Figure 8.1 -Représentation schématique du mécanisme de réorientation par saut [37].

Figure 8 . 2 -

 82 Figure 8.2 -a) Facteur de retard ρ (Eq. 8.3) déterminé par RMN[START_REF] Qvist | Thermal Signature of Hydrophobic Hydration Dynamics[END_REF] dans la couche d'hydratation d'une série de solutés (N-acetyl-leucine-N'-methylamide (NALMA), N-acetyl-glycine-N'-methylamide (NAGMA), tetramethylurea (TMU) et oxyde de triméthylamine (TMAO)) dans D 2 O (croix) à différentes températures. Le ratio des ajustements de la dépendance en température des temps de réorientations dans la couche et dans le bulk est donné en pointillés[START_REF] Qvist | Thermal Signature of Hydrophobic Hydration Dynamics[END_REF]. b) Facteur de retard dans la couche d'hydratation de TMAO dans H 2 O obtenu dans nos simulations. Le ratio des ajustements de la dépendance en température des temps de réorientations dans la couche et dans le bulk est donné en pointillés.

Figure 8 . 3 -

 83 Figure 8.3 -Distributions d'asphéricité de Voronoi η à 218 K, 231 K, 249 K et 350 K, pour la couche d'hydratation des groupements méthyles de TMAO (traits pleins) et dans le bulk (tirets), ainsi que leur différence (pointillés).
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 284 Figure 8.4 -Dépendance en température du facteur de retard ρ reor (Eq. 8.3) obtenu d'après nos simulations MD (points) et d'après les expériences RMN [25] (traits pleins) moyenné sur l'ensemble des molécules d'eau initiallement situées dans l'ensemble couche d'hydratation de l'ubiquitine (noir), moyenné sur les 90% (rouges) et les 50% (vert) des molécules d'eau les plus rapides de la couche d'hydratation.

Figure 8 . 5 -

 85 Figure 8.5 -a) Comparaison des distribution de facteur de retard ρ reor dans la couche d'hydratation de CfAFP à 300 K (black) et de l'ubiquitine à 298 K (violet). b) Dépendance en température du facteur de retard moyenné sur l'intégralité de la couche d'hydratation de CfAFP (noir) et moyenné uniquement sur la face qui se lie à la glace de CfAFP (rouge).
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 786 Figure 8.6 -Cartographie de l'aphéricité de Voronoi η sur les trois faces de la protéine antigel CfAFP à 300 K (a), et sur la face qui se lie à la glace à 260 K (b) et 235 K (c).

FIG. 10 .

 10 FIG.10. Mapping of the Voronoi asphericity Eq. 5 on the three sides of Cf AFP at 300 K (A), and on the ice-binding surface at 260 K (B) and 235 K (C).

  . 5 on the three sides of Cf AFP at 300 K (A), a 260 K (B) and 235 K (C).

Figure 8 . 9 -

 89 Figure 8.9 -Cartographie du temps de réorientation τ reor sur la surface de l'ADN.

Figure 8 .

 8 Figure 8.10 -a) Fonction de corrélation de saut (traits pleins) associée aux molécules d'eau initialement en liaison H avec un des sites accepteurs au centre du petit sillon (noir) et initialement situées près d'un site hydrophobe exposé au solvant (vert). Les ajustements monoexponentiels sur un intervalle 0-5 ps sont représentés traits pointillés. b) Cartographie du paramètre d'hétérogénéité dynamique δ sur la surface de l'ADN. L'hétérogénéité croît avec δ.

Figure 8 .

 8 Figure 8.11 -a) Fonction de corrélation de saut pour la population de molécules d'eau en conformation "pont" stable sur le site accepteur situé au milieu du petit sillon, représentée pour plusieurs valeurs initiales de la largeur locale du petit sillon. b) Comparaison de la fonction de corrélation de saut obtenue directement par la MD (noir) et en utilisant le modèle d'hétérogénéité dynamique (bleu).
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 814 Figure 8.14 -Profils log(k obs ) vs. pH obtenus expérimentalement [234] pour les différents mutants (croix), et les mêmes profils log(k obs ) vs. pH calculés dans cette étude.

1 )Figure 8 . 15 -

 1815 Figure 8.15 -Constante de vitesse pour la réaction de transestérification catalysée par la Subtilisine Carlsberg dans l'isooctane, en fonction de l'activité thermodynamique de l'eau. Données extraites de la Ref[START_REF] Hudson | Active-Site Motions and Polarity Enhance Catalytic Turnover of Hydrated Subtilisin Dissolved in Organic Solvents[END_REF].
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 816 Figure 8.16 -Première étape de la transestérification du substrat APEE par la Subtilisine Carlsberg. Cette étape implique un transfert de proton de la Ser221 à His64, et l'attaque nucléophile de la Ser221 sur le carbone de la fonction ester du substrat.

Figure 8 .

 8 Figure 8.17 -a) Profils d'enthalpie libre selon la coordonnée de réaction ∆E pour la formation de l'intermédiaire tétraédrique catalysée par la Subtilisine Carlsberg dans l'hexane à différents taux d'hydratation, 100 % (bleu), 10 % (vert) et 5 % (orange). b) Facteur de transmission κ en fonction du taux d'hydratation pour le même système.

  Figure 2.3 -a) Approximate change in the H-bond jump free energy barrier ∆G ‡ as a function of the water molecule Voronoi asphericity at 231 K (blue), 249 K (green), 285 K (orange) and 350 K (red),
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both in the hydration shell of TMAO methyl groups (circles) and in the bulk (crosses), together with the linear fits in the shell (dashes) and in the bulk (solid line). b) Jump perturbation factor directly computed from our simulations (blue), from the full model Eq. 2.6 (red) and from the simplified model Eq. 2.7 (green).

Table 4 . 1 -

 41 Average value and standard deviation of each minor groove width, numbered with the same convention as in

  Potential energy of two diabatic VB states with the adiabatic ground state Vg, as a function of some reaction coordinate. Definition of the instantaneous potential energy gap ∆E.
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Table 6 . 1 -

 61 Average donor-acceptor distance on reactant geometries obtains from long runs on the EVB groundstate in the WT enzyme and the different mutants. Half-width of the Student 95 % confidence interval calculated on 4 blocks is given in parenthesis.

Table 6 . 3 -

 63 Free-energy of deprotonation of protonated dihydrofolate in bulk, inside the active site of the wild type ec-DHFR and in the mutants Y100F, D27S and Y100F-D27S, together with the corresponding shifts in pKa values. Free-energies obtained from simulations run in both directions (forward and backward) are given together with the average (avg).

	5 has indeed very

Table 7

 7 .1. Tetrahedral intermediate atoms already present in APEE are assigned the same atom names.

Table 7 .

 7 

	7.2. Methodology

1 -Charges of the APEE substrate and of the tetrahedral intermediate used in the present simulations.

  ) où P 2 est le polynôme de Legendre du second ordre. Pour un vecteur donné u attaché à la molécule, par exemple un vecteur OH de la molécule d'eau, cette fonction mesure la vitesse à laquelle la molécule d'eau perd la mémoire de son orientation initiale. Le temps de réorientation τ reor

	2	est alors simplement défini comme l'intégrale de la fonction de corrélation
	C 2 (t) :	

  8.4) où n X = 1 si la liaison OH est dans l'état stable X (i.e. formant une liaison H stable avec son accepteur initial ou final), et 0 sinon. Le temps de saut est obtenu par intégration numérique de la fonction de corrélation temporelle de saut.Ce modèle doit être étendu pour décrire le ralentissement observé près de solutés. Des études menées précédemment dans l'équipe ont montré que le ralentissement de la dynamique dans la couche d'hydratation d'une protéine peut être quasi-quantitativement décrit par la 8.2. Dynamique de l'eau dans la couche d'hydratation de biomolécules 133 combinaison de deux facteurs. Le premier est un facteur de volume exclu ρ V , qui mesure la fraction d'espace bloquée par la présence du soluté, et traduit la gêne stérique pour l'arrivée du nouvel accepteur nécessaire pour le saut. Ce facteur reproduit correctement le facteur de retard modéré (ρ V 1.4) près de solutés hydrophobes. Le second facteur ρ HB , spécifique aux solutés accepteurs de liaison hydrogène, prend en compte la force de la liaison H initiale avec le soluté.

  Dépendance en température de l'asphéricité moyenne dans le bulk (noir), sur les faces de CfAFP qui ne se lient pas à la glace (rouge), près de la face qui se lie à la face de CfAFP (vert), et dans la couche d'hydratation de l'ubiquitine (pointillés rouges).

	8.2. Dynamique de l'eau dans la couche d'hydratation de biomolécules	139
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  Figure 8.8 -a) Fonction de corrélation temporelle de réorientation C 2 (t) pour les molécules d'eau initialement situées dans la couche d'hydratation du dodécamère d'ADN. b) Distribution des temps de réorientations dans la couche d'hydratation de l'ADN, divisée par type de sites de l'ADN: accepteurs de liaisons H, donneurs, et hydrophobes.
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  ) où V ii est l'énergie potentielle de l'état VB i, ∆ est la différence d'énergie entre les deux états VB en phase gazeuse et V 12 est le couplage entre les deux états. L'énergie de l'état fondamental V g est la valeur propre de l'Hamiltonien de plus basse énergie. Les paramètres de l'Hamiltonien sont déterminés par ajustement de données expérimentales ou de calculs ab initio. Dans le cadre d'une description EVB, la coordonnée de réaction définie naturellement est la différence d'énergie instantanée entre les deux états VB: ∆E = V 11 -V 22 (Fig.8.12). C'est une coordonnée de réaction collective sensible à la fois au changement de géométrie des réactifs et aux réarrangements de l'environnement, qui module la position relative des deux potentiels VB. Figure 8.12 -Énergie potentielle des deux états VB diabatiques, et de l'état adiabatique fondamental V g , en fonction d'une coordonnée de réaction. Définition de la différence d'énergie potentielle instantanée entre les deux états VB ∆E. Schéma cinétique utilisé pour décrire l'étape chimique de la catalyse par la DHFR. À partir du complexe ternaire constitué de l'enzyme (E), du substrat non protoné (H 2 F) et du cofacteur (NADPH), un équilibre rapide de protonation conduit au complexe ternaire avec un substrat protoné H 3 F + . Cette premier étape est suivie par un transfert d'hydrure du cofacteur au substrat pour former le produit H 4 F et le cofacteur oxydé NADP + en complexe ternaire avec l'enzyme.
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Table 8 .

 8 1 -Barrière d'enthalpie libre pour l'étape de transfert d'hydrure dans l'enzyme sauvage (WT) et dans les mutants Y100F, D27S et Y100F-D27S. L'erreur la barrière est donnée entre parenthèses.

Table 8 . 2 -

 82 .2. Enthalpie libre de déprotonation du dihydrofolate protoné dans l'eau bulk, et dans le site actif de l'enzyme sauvage ecDHFR et des mutants Y100F, D27S et Y100F-D27S avec les valeurs correspondantes de variation du pKa. Les résultats des simulations réalisées dans les deux directions déprotonation (forward) et protonation (backward) sont données ainsi que leur moyenne (avg).

		bulk WT Y100F D27S Y100F-D27S Y100F-high pH
	∆G deprot f orward (kcal mol -1 ) 55.7 64.9	63.9	57.5	58.5	63.2
	∆G deprot backward (kcal mol -1 ) 55.6 64.3 ∆G deprot avg (kcal mol -1 ) 55.65 64.6	63.2 63.6	57.5 57.5	55.2 56.85	63.5 63.4
	∆pKa W T -bulk	+6.5			
	∆pKa mutant-W T		-0.7	-5.2	-5.7	-0.9

depend on the molecular details of the environment. Our work illustrates how the combination of theoretical models and numerical simulations can provide a rigorous framework to suggest a molecular interpretation for complex biochemical phenomena.

[START_REF] Affleck | Enzymatic Catalysis and Dynamics in Low-Water Environments[END_REF][START_REF] Wedberg | Protein Dynamics in Organic Media at Varying Water Activity Studied by Molecular Dynamics Simulation[END_REF][START_REF] Partridge | Activity and Mobility of Subtilisin in Low Water Organic Media: Hydration Is More Important Than Solvent Dielectric[END_REF][START_REF] Clark | Characteristics of Nearly Dry Enzymes in Organic Solvents: Implications for Biocatalysis in the Absence of Water[END_REF], y compris menées dans l'équipe[START_REF] Marino | The Role of Hydration Level on the Flexibility of Subtilisin Carlsberg in Organic Solvent[END_REF], ont en effet montré une faible augmentation de la flexibilité de l'enzyme suite à l'ajout d'eau. Cependant, cette faible augmentation de flexibilité ne touche pas les résidus impliqués dans la catalyse[START_REF] Marino | The Role of Hydration Level on the Flexibility of Subtilisin Carlsberg in Organic Solvent[END_REF], et l'origine de l'accélération de l'étape chimique n'est donc pas clairement identifiée.Nous avons pour cette étude choisi l'enzyme utilisée dans l'expérience[START_REF] Hudson | Active-Site Motions and Polarity Enhance Catalytic Turnover of Hydrated Subtilisin Dissolved in Organic Solvents[END_REF], Subtilisine Carlsberg (SC) dans l'hexane comme modèle de solvant hydrophobe. La SC catalyse en solvant organique une transestérification dont l'étape cinétiquement déterminante est la formation du premier intermédiaire tétraédrique (Fig.8.16). Cette étape implique un transfert de proton qui a lieu de façon concertée avec l'attaque nucléophile de la sérine221 sur le substrat[START_REF] Domin | A Coupled Valence-Bond State Molecular Dynamics Description of an Enzyme-Catalyzed Reaction in a Non-Aqueous Organic Solvent[END_REF].Dans le cadre de la théorie de l'état de transition, l'augmentation de la constante de vitesse peut provenir d'une diminution de la barrière ( 1.5 -2 kcal/mol) ou d'une augmentation du facteur de transmission κ (facteur 10). Le modèle EVB paramétré dans
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General conclusions

In this thesis, we have elucidated several key aspects of the interplay between a biomolecule and its environment using molecular dynamics simulations.

In the first part, we determined how the presence of a biomolecule alters the structural and dynamical properties of water in the hydration layer.

We first established that the average dynamical perturbation is only moderate, with an average retardation factor relative to the bulk close to 4 for reorientation and hydrogen-bond dynamics. We showed that this slowdown is mainly of entropic origin and due to an excludedvolume effect related to the interfacial topography, thus confirming prior works [START_REF] Sterpone | Magnitude and Molecular Origin of Water Slowdown Next to a Protein[END_REF][START_REF] Fogarty | Water Dynamics in Protein Hydration Shells: The Molecular Origins of the Dynamical Perturbation[END_REF]. We further demonstrated that the limited temperature dependence of the perturbation stems from subtle differences in the temperature-induced changes in water structure between bulk and hydration shell environments, but that this effect is negligible at room temperature.

Using analysis tools developed in the group, we obtained a high spatial resolution mapping of water reorientation around different biomolecules, thus bringing important new insights regarding the hydration structure and dynamics in specific locations at biomolecular surfaces. In the case of an antifreeze protein, we showed that outside the ice-binding face, the dynamical perturbation is moderate (in agreement with NMR results [START_REF] Modig | High Water Mobility on the Ice-Binding Surface of a Hyperactive Antifreeze Protein[END_REF]) and does not differ from the slowdown found for other globular proteins. Next to the ice-binding face, the local tetrahedral order in the hydration shell is found to be enhanced and the reorientation and hydrogen-bond dynamics of water is slower compared to other protein sites. However, the hydration shell is clearly far from ice-like. We showed that the strong hydrogen-bonds between the antifreeze protein ice-binding face and water are due to an entropic factor. These findings are important to understand the antifreeze activity and how the protein remains adsorbed on ice crystals.

We then performed a detailed study of DNA hydration dynamics, where we revealed a strong spatial heterogeneity in the hydration shell. While most of the hydration shell is only moderately retarded, some water molecules exhibit a retardation factor as high as 50 relative to the bulk. This slow timescale originates from water molecules H-bonded to Hbond acceptors located on DNA bases in the minor groove. We found and quantified a new additional source of heterogeneity on each site, that is especially strong in the A-tract part of the minor groove. This dynamical heterogeneity stems from DNA conformational fluctuations which modulate the jump rate constant. Our work thus provides a comprehensive, highly resolved picture of biomolecular hydration dynamics, underlining the molecular determinants of the perturbation and the role of biomolecular conformational motions.

Future extensions of our work will be devoted to increasing the complexity of the solvent conditions in order to mimic more closely biologically-relevant environments. A first step