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Protein Preferential Solvation in Water:Glycerol Mixtures

For proteins in solvent mixtures, the relative abundances of each solvent in their solvation shell have a critical impact on their properties. Preferential solvation of a series of proteins in water-glycerol mixtures is studied here over a broad range of solvent compositions via classical molecular dynamics simulations. Our simulation results reveal that the dierences between shell and bulk compositions exhibit dramatic changes with solvent composition, temperature and protein nature. In contrast with the simple and widely used picture where glycerol is completely excluded from the protein interface, we show that for aqueous solutions with less than 50% glycerol in volume, protein solvation shells have approximately the same composition as the bulk solvent and proteins are in direct contact with glycerol. We further demonstrate that at high glycerol concentration, glycerol depletion from the solvation shell is due to an entropic factor arising from the reduced accessibility of bulky glycerol molecules in protein cavities. The resulting molecular picture is important to understand protein activity and cryopreservation in mixed aqueous solvents.

Introduction

Adding cosolvents to aqueous protein solutions can dramatically change the structural stability [START_REF] Timashe | The Control of Protein Stability and Association by Weak Interactions with Water: How Do Solvents Aect These Processes?[END_REF][START_REF] Canchi | Cosolvent Eects on Protein Stability[END_REF] and biochemical activity [START_REF] Loveridge | Solvent Eects on Catalysis by Escherichia Coli Dihydrofolate Reductase[END_REF] of proteins. While some cosolvents denature proteins, others help to preserve their structure. Typical denaturants include for example urea, while protectants include e.g. polyols like glycerol and sugars like trehalose, which are widely used for lyoprotection and cryopreservation. [START_REF] Timashe | The Control of Protein Stability and Association by Weak Interactions with Water: How Do Solvents Aect These Processes?[END_REF][START_REF] Hubálek | Protectants Used in the Cryopreservation of Microorganisms[END_REF][START_REF] Morris | The High Viscosity Encountered during Freezing in Glycerol Solutions: Eects on Cryopreservation[END_REF] A broad range of water-cosolvent binary mixtures have been studied, [START_REF] Marcus | Solvent Mixtures: Properties and Selective Solvation[END_REF] and their structure, dynamics and phase diagram have been characterized (see e.g. refs 714). It was for example shown that concentrated water:glycerol mixtures form a homogeneous glass at low temperatures, thus avoiding cell-damaging crystallization. [START_REF] Bachler | Glass Polymorphism in GlycerolWater Mixtures: II. Experimental Studies[END_REF] However, the study of ternary mixtures including water, cosolvent and protein is more challenging. Despite recent advances (see e.g. [START_REF] Van Der Vegt | The hydrophobic eect and the role of cosolvents[END_REF] ), their properties thus remain com-parably less well understood and a comprehensive molecular picture of protein (and more generally, polymer) (de-)stabilization by cosolvents has so far remained elusive.

In order to elucidate how proteins are aected by cosolvents, a central question is to determine the cosolvent abundance at the protein exposed interface. Depending on the competition between protein-cosolvent and protein-water interactions, the protein solvation layer may be either enriched or depleted in cosolvent with respect to the bulk solvent. A number of experimental techniques including e.g. densimetry, [START_REF] Gekko | Mechanism of Protein Stabilization by Glycerol: Preferential Hydration in Glycerol-Water Mixtures[END_REF] osmometry, [START_REF] Courtenay | Vapor Pressure Osmometry Studies of OsmolyteProtein Interactions: Implications for the Action of Osmoprotectants in Vivo and for the Interpretation of Osmotic Stress Experiments in Vitro[END_REF] calorimetry, [START_REF] Ravindra | Pressure Perturbation Calorimetry: A New Technique Provides Surprising Results on the Eects of Co-Solvents on Protein Solvation and Unfolding Behaviour[END_REF][START_REF] Spinozzi | Microcalorimetric Study of Thermal Unfolding of Lysozyme in Water/Glycerol Mixtures: An Analysis by Solvent Exchange Model[END_REF] neutron scattering [START_REF] Lehmann | Neutron Small-Angle Scattering Studies of Ribonuclease in Mixed Aqueous Solutions and Determination of the Preferentially Bound Water[END_REF][START_REF] Sinibaldi | Preferential Hydration of Lysozyme in Water/Glycerol Mixtures: A Small-Angle Neutron Scattering Study[END_REF] and dielectric relaxation [START_REF] Betting | Spectroscopic Evidence for the Preferential Hydration of RNase A in Glycerol-Water Mixtures: Dielectric Relaxation Studies[END_REF] have thus been employed for a range of cosolvents in order to determine whether proteins are preferentially solvated by water or by the cosolvent. However, connecting these measurements to a microscopic picture of the solvation layer is not straightforward, and often relies on approximate models. [START_REF] Schellman | The Thermodynamics of Solvent Exchange[END_REF] In addition, the key protein and cosolvent features which govern preferential solvation, including e.g. cosolvent size and protein-cosolvent interaction, [START_REF] Schellman | Protein Stability in Mixed Solvents: A Balance of Contact Interaction and Excluded Volume[END_REF] remain to be clearly identied.

In this work we focus on protein preferential solvation in water/glycerol mixtures, due to their great importance in cryopreservation. [START_REF] Hubálek | Protectants Used in the Cryopreservation of Microorganisms[END_REF][START_REF] Morris | The High Viscosity Encountered during Freezing in Glycerol Solutions: Eects on Cryopreservation[END_REF] The broad range of prior experimental and theoretical studies in these mixtures have concluded that proteins are preferentially solvated by water, and suggested that glycerol is disfavored or even excluded from the protein vicinity. [START_REF] Lehmann | Neutron Small-Angle Scattering Studies of Ribonuclease in Mixed Aqueous Solutions and Determination of the Preferentially Bound Water[END_REF][START_REF] Sinibaldi | Preferential Hydration of Lysozyme in Water/Glycerol Mixtures: A Small-Angle Neutron Scattering Study[END_REF]2527 While steric exclusion arguments due to the large glycerol molecular size have been commonly used to justify this exclusion, experiments suggested that an additional, chemically specic interaction is also involved. [START_REF] Gekko | Mechanism of Protein Stabilization by Glycerol: Preferential Hydration in Glycerol-Water Mixtures[END_REF] Both factors should dramatically vary over the protein surface and the solvation layer composition is expected to exhibit a pronounced heterogeneity reecting the great variety of shapes and chemical natures of protein exposed sites. [START_REF] Vagenende | Quantitative Characterization of Local Protein Solvation to Predict Solvent Eects on Protein Structure[END_REF][START_REF] Arthur | Heterogeneous Preferential Solvation of Water and Triuoroethanol in Homologous Lysozymes[END_REF] In order to gain a molecular picture of the protein solvation layer in aqueous solvent mixtures, we use molecular dynamics (MD) simulations, which were shown to be a powerful and incisive tool to study preferential solvation. Signicant advances in the understanding of protein/water/glycerol mixtures were made in a series of MD simulations. [START_REF] Vagenende | Quantitative Characterization of Local Protein Solvation to Predict Solvent Eects on Protein Structure[END_REF]3032 These stud-ies showed that distinct protein sites have dierent anities for each solvent, and suggested a connection between preferential hydration and the orientation of glycerol molecules at the protein interface. However, a number of key questions remain unresolved, including e.g. how far the protein aects the solvent composition, how much preferential solvation varies among typical globular proteins, how much it changes with the bulk solvent composition and with temperature. These questions are critical to obtain a global molecular picture of preferential hydration, and we address them in the present work.

The outline of the remainder of this paper is the following. We rst introduce the preferential hydration coecient denition, describe its connection to the microscopic solution structure accessible via molecular dynamics simulations and suggest several extensions to overcome some of its limitations. We then describe our simulation methodology and discuss the critical points of convergence and force-eld sensitivity for these simulations. The next sections examine the popular solvent-cosolvent exchange model, widely employed to interpret experiments, and compare our simulation results with available experimental data to validate our simulation methodology. We then successively study how preferential hydration is aected by the glycerol concentration, by the protein nature and by temperature, in order to establish a molecular picture of the key features determining the protein solvation shell composition in solvent mixtures. We nally oer some concluding remarks.

Preferential interaction coecient

In this section, we provide a brief introduction to the preferential interaction coecient, its thermodynamic denition, its connection with microscopic protein solvation structure and its calculation from MD simulations. We then discuss some of its limitations, suggest several extensions, and illustrate their application to a typical protein/water/glycerol system.

Thermodynamic denition

The preferential interaction coecient provides a measure of a protein's relative anities with water and a cosolvent. Its most widely used thermodynamic denition probes the change in protein chemical potential caused by adding cosolvent to an aqueous solution. For a protein (P) in a mixture of water (W) and co-solvent (here glycerol, G), the preferential interaction coecient is dened as [START_REF] Canchi | Cosolvent Eects on Protein Stability[END_REF]3337 

Γ GP = - ∂µ P ∂µ G T,m W ,m G = ∂m G ∂m P T,µ W ,µ G , (1) 
where m i and µ i are respectively the molality and chemical potential of component i. While other denitions involving e.g. molar concentrations and molar fractions have been used, the present molality-based denition oers more intuitive interpretations [START_REF] Smith | Equilibrium Dialysis Data and the Relationships between Preferential Interaction Parameters for Biological Systems in Terms of KirkwoodBu Integrals[END_REF][START_REF] Shulgin | A Protein Molecule in an Aqueous Mixed Solvent: Fluctuation Theory Outlook[END_REF] and more direct connections to experiments. [START_REF] Casassa | Thermodynamic Analysis of Multicomponent Solutions[END_REF][START_REF] Timashe | Protein-Solvent Preferential Interactions, Protein Hydration, and the Modulation of Biochemical Reactions by Solvent Components[END_REF] This thermodynamic denition can be connected to the local solvent structure surrounding the protein solute in the limit of an innitely dilute protein, 3741

Γ • GP = lim m P →0 ∂m G ∂m P T,µ W ,µ G = ρ G G P G -G P W (2)
where ρ G is the glycerol number density and G ij are the Kirkwood-Bu integrals 42

G ij = ∞ 0 g ij (r) -1 4πr 2 dr (3) 
with g ij (r) the radial distribution function between molecules i and j.

composition. Γ GP quanties the excess number of cosolvent molecules within the protein solvation shell with respect to the expected number if the shell had the same composition as the bulk. Γ GP can be equivalently expressed as [START_REF] Vagenende | Molecular Anatomy of Preferential Interaction Coecients by Elucidating Protein Solvation in Mixed Solvents: Methodology and Application for Lysozyme in Aqueous Glycerol[END_REF][START_REF] Record | Interpretation of Preferential Interaction Coecients of Nonelectrolytes and of Electrolyte Ions in Terms of a Two-Domain Model[END_REF] 

Γ GP = n shell G - n bulk G n bulk W * n shell W ( 4 
)
where n shell,bulk The Γ GP formulation in Eq 4 is particularly amenable to MD studies, since it involves terms which can be directly determined from simulations. A large number of MD studies have thus used an approach based on a variant of this formulation [START_REF] Vagenende | Quantitative Characterization of Local Protein Solvation to Predict Solvent Eects on Protein Structure[END_REF][START_REF] Vagenende | Mechanisms of Protein Stabilization and Prevention of Protein Aggregation by Glycerol[END_REF][START_REF] Vagenende | Molecular Anatomy of Preferential Interaction Coecients by Elucidating Protein Solvation in Mixed Solvents: Methodology and Application for Lysozyme in Aqueous Glycerol[END_REF]4449 to investigate preferential solvation.

Assessment of typical approximations

The practical implementation of Γ GP calculations in molecular dynamics simulations usually involves a number of approximations. We now systematically review the validity of the three most critical ones.

First, a key point lies in the shell and bulk domain denitions. In the thermodynamic formulation Eqs 2-3, the Kirkwood-Bu integrals run over solvent locations up to innitely large distances from the protein. These integrals converge when the solvent reaches the average bulk composition, and the shell boundary r shell in the two-domain model is thus the distance where the protein's inuence on solvent composition disappears. We stress that because the volume element in Eq 3 increases with increasing distance, the solvation shell thickness may be larger than simply estimated by determining where the distribution function g ij (r) seems to reach a plateau. Prior simulation studies proposed to use a shell thickness corresponding to the end of the protein second solvation layer, and a range of values between 5 and 8 Å have been used. [START_REF] Vagenende | Quantitative Characterization of Local Protein Solvation to Predict Solvent Eects on Protein Structure[END_REF]3032,4449 However, as we will show below, these distances are often too short for the solvent to reach the bulk composition. To compare our simulated Γ GP values with experimental measurements, we will employ the largest possible radius given our simulation box size; we will use a 14Å distance, where the solvent has typically reached the bulk composition, and which leads to similar numbers of shell and bulk solvent molecules and thus oers the best precision on the composition of both regions.

A second related point pertains to the spatial resolution when studying the solvent composition at increasing distances from the protein surface. Typical MD studies consider the solvent molecules' centers of mass when determining the composition within a given radius from the protein. It follows that the resolution cannot exceed the size of the largest solvent molecules and misleading results can be obtained for mixtures with large cosolvent molecules.

For example, as shown in Fig 1, for large glycerol cosolvent molecules in direct contact with the protein surface, their centers of mass cannot reach the short distances found for the smaller water molecules, and this denition incorrectly overestimates the amount of water within the rst layer. To circumvent this diculty, in the following we count the numbers of solvent heavy atoms (see SI); adequate normalization by the number of heavy atoms in each molecule is used and for distances larger than the molecular sizes, one recovers the same limit as when centers of mass are considered (a similar approach was recently reported for the calculation of Kirkwood-Bu integrals [START_REF] Petris | Thermodynamic Analysis of N-HexaneEthanol Binary Mixtures Using the KirkwoodBu Theory[END_REF] ).

Finally, we note that prior simulations approximated the Γ GP denition in Eq 4 by

Γ GP n shell G - n bulk G n bulk W * n shell W , (5) 
where one considers the average of a product and ratio of instantaneous numbers of solvent 

Molar fraction dierence

Although Γ GP has several attractive features, including being experimentally accessible and thermodynamically well dened, connecting its value to intuitive molecular aspects remains dicult. One of the reasons is that Γ GP is an extensive quantity, which implies that cosolvent anities of proteins with dierent sizes cannot be easily compared: for example, similar Γ GP values can be obtained for small, strongly preferentially hydrated proteins and for large, weakly hydrated ones. Equation 4 can be rearranged as (see SI-1)

Γ GP = n shell G + n shell W * x shell G -x bulk G 1 -x bulk G , (6) 
where

x shell,bulk G = n shell,bulk G / n shell,bulk G + n shell,bulk
W are the shell and bulk glycerol molar fractions (similarly, in the following, x G will designate the overall glycerol fraction in the solution). Equation 6shows that Γ GP increases proportionally to the overall number of solvent molecules in the shell n shell

G + n shell W .
Prior quantitative analyses of preferential interaction coecients have thus for example considered a normalization by the protein solvent accessible surface area. [START_REF] Courtenay | Vapor Pressure Osmometry Studies of OsmolyteProtein Interactions: Implications for the Action of Osmoprotectants in Vivo and for the Interpretation of Osmotic Stress Experiments in Vitro[END_REF] In order to obtain a more intuitive description of the solvent shell composition, in the following we will complement the Γ GP calculations with the determination of the dierence in glycerol molar fractions in the shell and in the bulk, In what follows we will adopt two dierent r shell values for these two quantities. For the experimentally-accessible thermodynamic Γ GP which includes long-range eects induced by the protein on the solvent composition we will use r shell =14Å, as mentioned above. In contrast, to provide a molecular characterization of the rst solvent shell in contact with the protein, we will consider ∆x shell G with r shell =6Å, corresponding approximately to the rst layer of glycerol molecules (a similar 5.9 Å value was obtained by analyzing neutron scattering results in ref [START_REF] Sinibaldi | Preferential Hydration of Lysozyme in Water/Glycerol Mixtures: A Small-Angle Neutron Scattering Study[END_REF] ).

∆x shell G = x shell G -x bulk G . (7) 

Paradigm case of lysozyme in water:glycerol

We now illustrate these dierent considerations for a typical lysozyme protein in a water:glycerol x G = 0.20 mixture and show how the preferential interaction coecient is determined by the local solvent structure and composition (simulation details will be provided in the next section). = -0.20. This is caused by the vanishing fraction of glycerol centers of mass at such short distances. However, we found that on average 18.9 glycerol heavy atoms and 41.8 water heavy atoms are within 2Å of the protein surface, i.e. 31% of the shell heavy atoms belong to glycerol molecules (to be contrasted with the overall x G = 0.20 water:glycerol composition where 60% of the heavy atoms belong to glycerol molecules). Thus, this shows that our heavy-atom based approach provides a more faithful picture of the local solvent composition, and that simplied representations where the protein surface is completely depleted in glycerol are seriously misleading.

We now turn to the preferential interaction coecient Γ GP reported in Fig 2 -(c). Its changes with the shell thickness r shell follow those in the shell composition ∆x shell G . Γ GP displays a local minimum at 3 Å and a local maximum at 6 Å , in agreement with prior simulations of proteins in water:glycerol mixtures. [START_REF] Baynes | Proteins in Mixed Solvents: A Molecular-Level Perspective[END_REF][START_REF] Vagenende | Molecular Anatomy of Preferential Interaction Coecients by Elucidating Protein Solvation in Mixed Solvents: Methodology and Application for Lysozyme in Aqueous Glycerol[END_REF] The shift in the locations of these extrema with respect to those discussed for ∆x shell and Γ GP are found to converge for r shell >12Å, which justies our choice to use r shell = 14 Å for comparisons of Γ GP with experimental measurements. We already note that the large dispersion between Γ GP results obtained from dierent independent trajectories shown in Fig 2-(c) stresses the need for careful convergence studies, that will be described further.

Simulation methodology Systems

We performed MD simulations of dilute protein solutions in a series of water:glycerol mixtures with dierent proportions. The list of simulated systems and their compositions are given in Table 1. Proteins were described with the Charmm27 force-eld [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 water with the TIP3P potential. [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] Glycerol was described with a force-eld successfully used in prior simulation studies [START_REF] Vagenende | Quantitative Characterization of Local Protein Solvation to Predict Solvent Eects on Protein Structure[END_REF]3032 of proteins in water:glycerol mixtures, that was derived from a carbohydrate potential [START_REF] Ha | A Revised Potential-Energy Surface for Molecular Mechanics Studies of Carbohydrates[END_REF] and made consistent with Charmm27. [START_REF] Reiling | Force Field Parameters for Carbohydrates[END_REF] For DHFR, the folate substrate and the NADPH cofactor were described with parameters from the literature. [START_REF] Holmberg | Redesign of the Coenzyme Specicity in L-Lactate Dehydrogenase from Bacillus Stearothermophilus Using Site-Directed Mutagenesis and Media Engineering[END_REF][START_REF] Liu | Functional Signicance of Evolving Protein Sequence in Dihydrofolate Reductase from Bacteria to Humans[END_REF] Additional simulations were performed to determine the protein and glycerol force-eld impact on the results, and the Amber99SB 57 protein force-eld and the GAFF [START_REF] Wang | Development and Testing of a General Amber Force Field[END_REF] glycerol potential were used. In contrast with prior MD studies, [START_REF] Vagenende | Quantitative Characterization of Local Protein Solvation to Predict Solvent Eects on Protein Structure[END_REF][START_REF] Vagenende | Mechanisms of Protein Stabilization and Prevention of Protein Aggregation by Glycerol[END_REF][START_REF] Vagenende | Molecular Anatomy of Preferential Interaction Coecients by Elucidating Protein Solvation in Mixed Solvents: Methodology and Application for Lysozyme in Aqueous Glycerol[END_REF] no constraints were applied to the proteins during simulations. Simulations employed periodic boundary conditions with a Particle Mesh Ewald (PME) [START_REF] Darden | Particle Mesh Ewald: An Nlog(N) Method for Ewald Sums in Large Systems[END_REF] treatment of long range electrostatic interactions. A cut-o was used for real space electrostatic interactions (8.5 Å with Charmm27 and 8.0 Å with Amber99SB) and Lennard-Jones interactions (smooth switching between 7.5 and 8.5 Å for Charmm27 and truncation at 8.0 Å for Amber99SB). Covalent bonds containing a hydrogen atom were constrained with the LINCS algorithm. [START_REF] Hess | A Linear Constraint Solver for Molecular Simulations[END_REF][START_REF] Hess | A Parallel Linear Constraint Solver for Molecular Simulation[END_REF] The systems were solvated in rhombic dodecahedron boxes with a distance of at least 9.0 Å between protein and box edges. The number of glycerol molecules to be included in each system was determined iteratively to obtain the desired glycerol molar fraction (x G ). To facilitate the placement of glycerol and water molecules at the largest x G value (0.88), the distance between the protein and the box edges was set to at least 12.0 Å and the pre-determined number of glycerol and water molecules were inserted in the box. The box size was then allowed to decrease during an extra 50 ns NPT equilibration.

The minimal number of ions was nally added to neutralize the system (8 chloride ions for lysozyme, 4 chloride ions for RNase A and 12 sodium ions for DHFR).

The equilibration of each system included an initial energy minimization, followed by a progressive temperature increase from 100 to 300 K in 200 ps, then a 50 ps trajectory at 300 K under NPT conditions with the velocity-rescale thermostat [START_REF] Bussi | Canonical Sampling through Velocity Rescaling[END_REF] and Berendsen barostat [START_REF] Berendsen | Molecular Dynamics with Coupling to an External Bath[END_REF] and a nal NPT equilibration (without any constraint on the protein atoms) with the same thermostat and the Parrinello-Rahman barostat. [START_REF] Parrinello | Polymorphic Transitions in Single Crystals: A New Molecular Dynamics Method[END_REF] The length of this nal equilibration changed with the molar fraction, ranging from 50 ns for x G 0.60 to 200 ns for x G = 0.75 and x G = 0.88 (see below and SI). Production runs of 100 ns were then performed with the velocity-rescale thermostat [START_REF] Bussi | Canonical Sampling through Velocity Rescaling[END_REF] and the Parrinello-Rahman barostat, [START_REF] Parrinello | Polymorphic Transitions in Single Crystals: A New Molecular Dynamics Method[END_REF] saving data every 10 ps.

Convergence considerations are discussed further. For each system composition, 10 independent trajectories were generated from 10 dierent initial congurations and velocities. For lysozyme with a 10% glycerol molar fraction, an additional set of 10 independent trajectories was generated, together with two independent 1000 ns trajectories, in order to examine the convergence of our results. In total, more than 30 µs of simulations were performed.

Convergence

Typical MD simulations of such mixtures converge slowly, mostly due to two factors. First, the viscosity of water:glycerol solutions increases dramatically with the glycerol fraction, [START_REF] Segur | Viscosity of Glycerol and Its Aqueous Solutions[END_REF] thus slowing down the structural relaxation. Slow relaxation from the initial, random and out-of-equilibrium distribution of solvent molecules leads to a monotonic drift in the calculated Γ GP for increasing trajectory lengths. [START_REF] Vagenende | Molecular Anatomy of Preferential Interaction Coecients by Elucidating Protein Solvation in Mixed Solvents: Methodology and Application for Lysozyme in Aqueous Glycerol[END_REF] An additional factor arises at very low (co-

)solvent molar fractions, because of the small number of (co-)solvent molecules sampling the simulation box. Prior simulation studies [START_REF] Vagenende | Quantitative Characterization of Local Protein Solvation to Predict Solvent Eects on Protein Structure[END_REF] suggested that convergence is reached after 100 ns for a single continuous trajectory at intermediate glycerol molar fractions (4 M, x G = 0.09).

However, Fig 2-(c) shows that the computed Γ GP value remains very dependent on the starting conformation for such trajectory lengths (Γ GP (14Å) ranges from -2 to -16 for individual simulations).

In the present work, we adopted the following strategy to obtain converged values. First, for each system, 10 independent starting points were prepared, thus providing adequate congurational sampling independently of the slow structural relaxation time. Second, each trajectory was propagated for at least 100 ns, and stopped either when condence intervals on two successive 50 ns-blocks overlap (Figure 3, x G = 0.20), or when the average Γ GP exhibits non-monotonic variations on three successive 50 ns blocks (Figure 3, x G = 0.05).

In each case, only the last 100 ns were considered for the analysis. Thus, in the following all averages are performed over 10 independent 100 ns simulations. We veried that such a trajectory length is much larger than the typical solvation shell composition relaxation time (see SI). Reported error bars are the Student 95% condence interval, calculated from 2 ns independent blocks. Comparisons with a single long simulation are provided in SI.

Impact of force-eld

We now examine the sensitivity of our preferential hydration results on the chosen empirical potentials. We compared two dierent popular potentials for the lysozyme protein and the glycerol molecules, while water was consistently described with the TIP3P parameters.

For the protein, we contrasted the Charmm27 potential 51 used throughout our study with Amber99SB; [START_REF] Hornak | Comparison of Multiple Amber Force Fields and Development of Improved Protein Backbone Parameters[END_REF] for glycerol, we compared the Charmm-derived force eld used in our study with the default GAFF force eld which was used in several preferential hydration simulations in water/glycerol mixtures. [START_REF] Daschakraborty | How Do Glycerol and Dimethyl Sulphoxide Aect Local Tetrahedral Structure of Water around a Nonpolar Solute at Low Temperature? Importance of Preferential Interaction[END_REF][START_REF] Dubey | Inuence of Glycerol on the Cooling Eect of Pair Hydrophobicity in Water: Relevance to Proteins' Stabilization at Low Temperature[END_REF] This led to the following three force-eld combinations for the protein/glycerol/water components: setup 1 with Charmm27/Charmm/TIP3P, setup 2 with Amber99SB/Charmm/TIP3P and setup 3 with Amber99SB/GAFF/TIP3P.

The ∆x shell G and Γ GP values for the three combinations are presented in Figure 4 and reveal two major eects. First, the preferential hydration behavior is found to be robust vis-a-vis a change of protein force eld, even when Charmm and Amber force elds are combined for the protein and glycerol components. The protein behavior is almost identical with the two force elds. The protein RMSD, radius of gyration and solvent accessible surface area dier by 0.7%, -0.3% and 0.7% between setups 1 and 2; while the ∆x shell G values are practically the same, the slightly more pronounced dierence among the Γ GP values probably arises from the slight protein volume increase which also causes the solvent accessible surface area small +0.7% increase. Second, and in contrast to the protein potential, the glycerol force eld is critical. Our results show that while the Charmm-derived glycerol force eld indicates a protein preferential hydration, the GAFF potential leads to a preferential protein solvation by glycerol, in contradiction with the general consensus obtained from experiments. [START_REF] Gekko | Mechanism of Protein Stabilization by Glycerol: Preferential Hydration in Glycerol-Water Mixtures[END_REF][START_REF] Courtenay | Vapor Pressure Osmometry Studies of OsmolyteProtein Interactions: Implications for the Action of Osmoprotectants in Vivo and for the Interpretation of Osmotic Stress Experiments in Vitro[END_REF]2022 This dramatic dierence probably arises from the dierent Lennard-Jones non-bonding parameters of the glycerol carbons: is 0.08 kJ/mol with the Charmm-derived force eld and 0.46 kJ/mol with GAFF. Thus, GAFF glycerol is more attracted towards the protein. This leads to a net increase of the solvent accessible surface area (+3.1%), whereas RMSD and radius of gyration are not aected by the change of solvent force eld (+0.1% and +0.2% respectively). We note that a Amber-based glycerol potential [START_REF] Blieck | Molecular Dynamics Simulations of Glycerol Glass-Forming Liquid[END_REF] was shown [START_REF] Akinkunmi | Eects of Temperature on the Thermodynamic and Dynamical Properties of Glycerol-Water Mixtures: A Computer Simulation Study of Three Dierent Force Fields[END_REF] to provide a good description of the thermodynamical and dynamical properties in water-glycerol binary mixtures; however, it uses the same value as GAFF for glycerol carbons, and in the presence of a protein, one would expect it to lead to the same problematic behavior as GAFF.

Our results thus call for a careful examination of protein/glycerol/water simulation results obtained with the GAFF glycerol force eld. The sensitivity of simulation results to the cosolvent force eld has already been observed in other studies. 7476 We will show further that the chosen Charmm-derived force eld combination yields results in good agreement with experiments and is thus appropriate for our present purposes.

Test of solvent-cosolvent exchange model

Before we present a comparison between our simulation results and available experimental measurements, we pause to examine the popular solvent-cosolvent exchange model, [START_REF] Schellman | The Thermodynamics of Solvent Exchange[END_REF] which is very often used to connect experimental results [START_REF] Sinibaldi | Preferential Hydration of Lysozyme in Water/Glycerol Mixtures: A Small-Angle Neutron Scattering Study[END_REF] to a molecular interpretation of the protein solvation shell composition. The central assumption in this model is that water and cosolvent molecules undergo exchanges between the shell and bulk domains in a 1:1 We therefore computed the average number of solvent molecules within 6 Å from the lysozyme protein for dierent solvent compositions. The results presented in Figure 5-(a) clearly show that the main approximation of the solvent exchange model is not satised.

First, the number of solvent molecules within this xed solvation shell changes dramatically with solvent composition, ranging from 280 at x G = 0.88 to 1050 at x G = 0.01 (we note that the ratio between these numbers is close to that of the solvent and cosolvent molar volumes). Second, for a given solvent composition, the number of solvent molecules within the shell exhibits large uctuations (3% average standard deviation, i.e. ≈ 25 molecules at

x bulk G ≤ 0.10). These results further support the need to consider ∆x shell

G

to analyze the shell composition, and not only Γ GP which uctuates with the number of solvent molecules in the shell.

However, our simulations reveal that while the number of solvent molecules in the shell exhibits large uctuations, the volume of the shell changes very little. Figure 5-( 

Comparison with available experimental results

We now provide a detailed comparison between our simulation results and a series of experimental measurements of protein preferential hydration in water/glycerol mixtures (since we showed that the solvent exchange model approximations are not satised, we will not include experimental results relying on this model). We start with the thermodynamic Γ GP value. Figure 6-(a) shows that for three typical systems, involving dierent proteins and dierent solvent compositions, respectively lysozyme in a x bulk G = 0.06 solution, 77 lysozyme in a x bulk G =0.50 solution, [START_REF] Sinibaldi | Preferential Hydration of Lysozyme in Water/Glycerol Mixtures: A Small-Angle Neutron Scattering Study[END_REF] and RNaseA in a x bulk G = 0.14 solution, [START_REF] Gekko | Mechanism of Protein Stabilization by Glycerol: Preferential Hydration in Glycerol-Water Mixtures[END_REF] the simulation results exhibit a very good correlation with the experimental values (our simulated solvent compositions were very similar to the experimental ones with respectively x bulk G =0.06, 0.50 and 0.20). While simulations slightly underestimate Γ GP , the trend is correctly reproduced over a broad range of Γ GP values. for dierent bulk solvent compositions from our simulations (triangles) and from experiments [START_REF] Sinibaldi | Preferential Hydration of Lysozyme in Water/Glycerol Mixtures: A Small-Angle Neutron Scattering Study[END_REF] (squares), assuming r shell = 6Å. Our simulation result with the glycerol GAFF force eld (dot) is shown to incorrectly predict a glycerol enrichment in the solvation shell. In both panels, the dotted line provides the y=x reference.

Comparing the solvation shell composition obtained in the simulations with experimental determinations is not straightforward, since many experimental techniques do not directly probe the solvent composition and simplifying assumptions are required to obtain a molecular interpretation. An extensive characterization of lysozyme solvation in water:glycerol mixtures was obtained via neutron scattering experiments. [START_REF] Sinibaldi | Preferential Hydration of Lysozyme in Water/Glycerol Mixtures: A Small-Angle Neutron Scattering Study[END_REF] We thus compare our simulation results of x shell G and x bulk G with their determination, using similar shell thickness values (5.9 Å in ref 21 and 6.0Å in our analysis) and the same protein concentration (typically 90 g/L in our simulations, see Table 1, and in the experiments). Figure 6-(b) shows that our simulated values of x G are in very good agreement with the experimental data. (In contrast, we note that the GAFF glycerol force eld leads to a marked preferential protein solvation by glycerol at x bulk G =0.2, and thus to a behavior opposite to the preferential hydration determined both experimentally and with our reference set of simulations at x bulk G =0.4.) A recent study based on wide-angle X-ray scattering and small-angle neutron scattering [START_REF] Hirai | Direct Evidence for the Eect of Glycerol on Protein Hydration and Thermal Structural Transition[END_REF] suggested that a change in solvation behavior occurs at a glycerol concentration of 40% v/v (x G = 0.14). Our simulations do not show such change in this range of compositions. The contrast may come from the models used to analyze the experimental data, especially the assumption of glycerol non-penetration into the protein solvation shell at low x G , while our simulations show that glycerol is always present within the rst solvation shell.

Impacts of protein nature and solvent composition on preferential hydration

Now that the validity of our simulation approach has been conrmed, we analyze our simulation results to propose a molecular picture of protein preferential hydration and of its changes with solvent composition and protein nature.

Glycerol concentration

We rst examine how preferential hydration changes with glycerol concentration. The dependence of Γ GP on the solvent composition is known experimentally but has so far not been investigated in simulations. Γ GP and ∆x shell G are reported in Fig 7 for lysozyme in aqueous glycerol solutions ranging from dilute x G =0.01 to concentrated x G =0.88. Protein preferential hydration is shown to dramatically change with solvent composition. While Γ GP is usually considered to be proportional to the glycerol molality, [START_REF] Courtenay | Vapor Pressure Osmometry Studies of OsmolyteProtein Interactions: Implications for the Action of Osmoprotectants in Vivo and for the Interpretation of Osmotic Stress Experiments in Vitro[END_REF][START_REF] Baynes | Proteins in Mixed Solvents: A Molecular-Level Perspective[END_REF] our results reveal that this is only veried on a narrow range of concentrations and that the situation is far more complex. Three main composition regimes can be identied.

First, for 0 ≤ x G ≤ 0.2 (i.e. less than 50% glycerol in volume), both Γ GP and ∆x shell G remain very close to 0, indicating that there is no preferential solvation by either component of the mixture (|∆x shell G (6Å)| < 0.005). In this composition range, glycerol is not repelled from the protein interface. At very low glycerol fractions (x G =0.01), our results even suggest a slight protein preferential solvation by glycerol (Γ GP (14Å) = +0.46 ± 0.33), which is in stark contrast with the traditional picture of glycerol depletion.

Next, for 0.2 ≤ x G ≤ 0.75, both Γ GP and ∆x shell G exhibit a strong decrease with increasing glycerol fraction. As the glycerol concentration increases, glycerol molecules are increasingly disfavored in the protein solvation shell. This can be qualitatively explained by the dierent molecular sizes of water and glycerol and by the progressive saturation of the protein solvation shell in bulky glycerol molecules, while smaller water molecules can still access tighter binding sites.

Finally, Γ GP and ∆x shell G reach an extremum at x G = 0.75 and increase (decrease in absolute value) for increasing x G values. By denition, ∆x G decays to 0 in pure glycerol at

x bulk G = 1, which explains the presence of the extremum. The location of the extremum in our simulations is consistent with neutron scattering experiments [START_REF] Sinibaldi | Preferential Hydration of Lysozyme in Water/Glycerol Mixtures: A Small-Angle Neutron Scattering Study[END_REF] which suggested that it occurs for x G > 0.6.

Protein nature

We now study how much the solvent shell composition is aected by the protein nature.

We therefore compare the protein solvation shell compositions for three dierent globular proteins lysozyme, RNaseA and DHFR at the same glycerol molar fraction x G = 0.20 (this solvent composition was for example recently used in experimental studies of enzymatic reactivity in water:glycerol mixtures 3 ). Figure 8-(a) reveals that the preferential interaction coecient always exhibits similar variations with increasing shell thickness r shell for all 3

proteins, but that the Γ GP magnitude strongly changes with the protein nature. As shown above, Γ GP scales with the solvation shell size, which is here very dierent for the three proteins (657 solvent molecules for lysozyme, 707 for RNaseA and 812 for DHFR at 6 Å of the protein). However, the Γ GP dierences between the series of proteins cannot be solely explained by their dierent sizes. In a complementary analysis, we examine the dierence in glycerol and water molar fractions in the protein vicinity, in order to focus on the dierences in solvation shell compositions independently of the shell sizes. The extent of glycerol depletion in the protein solvation shell is found to be dierent for the 3 selected proteins (Figure 8-(b)). This shows that preferential interaction depends on characteristic protein features, possibly involving their shape and the nature of the solvent exposed groups. Prior suggestions included hydrophobicity and hydrophilicity considerations [START_REF] Baynes | Proteins in Mixed Solvents: A Molecular-Level Perspective[END_REF][START_REF] Vagenende | Mechanisms of Protein Stabilization and Prevention of Protein Aggregation by Glycerol[END_REF] and side-chain motions. 28 However, the reported Γ GP and ∆x shell G values are averaged over the protein solvation shell, while the protein exposed surfaces are extremely heterogeneous, both in their topography and in their local polarities, and a local analysis is required. To gain a better molecular understanding of preferential solvation, the following section will thus focus on the correlation between the protein exposed sites' properties and local preferential solvation. 

Local preferential solvation: charge and accessibility

To determine the impact of each protein exposed group on the local solvent composition, we have determined the local Γ GP and ∆x shell G values next to each solvent-exposed protein site, for the three selected protein systems.

We rst examine the role of the residue's charge. Figure 9-(a) shows that no signicant dierences are observed between the distributions of Γ GP for neutral, positively charged and negatively charged residues. In contrast, ∆x shell G values (Figure 9-(b)) suggest that glycerol depletion is less pronounced next to positively and negatively charged residues than next to neutral residues (however, the small fraction of charged residues causes a large uncertainty).

We now turn to protein local topography's eects on preferential solvation. Figure 10 reveals that regions with the most negative ∆x shell G values (i.e. with the largest glycerol depletion) are found in cavities, while protuberances typically yield ∆x shell G values closer to 0 or positive. This suggests that the protein exposed surface topography plays an important role in the biomolecule's preferential solvation. Glycerol being bulkier than water, its penetration in tight cavities is hindered. A more quantitative measure of the local protein topography is provided by the solvent accessible surface area (SASA). Table 2 reports the correlations between each protein exposed residue's SASA and the local ∆x shell G (resp. Γ GP ). Our results show that Γ GP becomes more negative when the SASA decreases, consistent with the accessibility argument (see Figure S5 and Figure S6 in SI). However, this correlation remains very moderate, since Γ GP is also sensitive to the solvation shell size. The local shell composition ∆x shell G is more strongly correlated to the local SASA: glycerol is more depleted in less accessible sites. This correlation is enhanced when the solvent mixture is enriched in glycerol, probably due to a progressive saturation of accessible glycerol binding sites at the protein surface. The importance of these steric considerations for preferential solvation was already discussed [START_REF] Bhat | Steric Exclusion Is the Principal Source of the Preferential Hydration of Proteins in the Presence of Polyethylene Glycols[END_REF] in the context of very large cosolvents including e.g. polyethylene glycol, where steric repulsion was suggested to be the main source of protein preferential hydration. We stress that for the opposite situation of small cosolvent molecules, one would expect this accessibility argument to lead to a reduced depletion, or even a preferential solvation by the cosolvent; this has been experimentally observed e.g. for mixtures of water and acetonitrile. 79 The correlation between local solvent composition and protein surface topography suggests that preferential solvation has an important entropic contribution. We therefore extended our study to a series of temperatures, and considered lysozyme at two glycerol molar fractions, x G = 0.05 and 0.20, at 275 K, 300 K, 325 K and 350 K. This is to our knowledge the rst temperature-dependent simulation study of protein preferential solvation. Figure 11 shows that glycerol depletion within the protein solvation shell is enhanced with increasing temperature.

In order to determine the enthalpic and entropic contributions to Γ GP , we show in the SI that Equation 6 can be expressed as

Γ GP = n shell G + n shell W (1 -K) , (8) 
where K is the ratio between the shellbulk partition coecients for a water molecule and for any solvent particle. When both water and glycerol have the same partition ratio, K=1

and Γ=0 (prior studies [START_REF] Baynes | Proteins in Mixed Solvents: A Molecular-Level Perspective[END_REF] suggested a connection between Γ GP and a dierent equilibrium constant which did not satisfy this condition). In each solvation shell site, the average free energy dierence ∆G site that governs the site preferential hydration temperature dependence is thus

∆G site = -k B T ln 1 - Γ GP n shell G + n shell W (9)
and for moderate preferential hydration coecients (Γ GP / n shell G + n shell W 1), the total free energy that determines Γ GP is approximately

∆G tot k B T Γ GP . (10) 
The plots shown in the SI provide approximate determinations of the entropic and entropic contributions to Γ GP . At x G = 0.05, our simulations yield ∆H tot = 6. This picture also explains why at higher temperature, when the importance of the entropic term is enhanced with respect to that of the enthalpic one, correlations between ∆x shell G (and Γ GP ) and the entropic SASA factor are larger (for ∆x shell G , R is respectively 0.61 and 0.65 at

x G = 0.05 and 0.20; for Γ GP , R is respectively 0.37 and 0.49). Finally, we point out that this analysis implies that preferential protein glyceration can be expected at low molar fractions and at low temperature, which is potentially important for cryopreservation. We also note that a transition from cosolvent depletion to attraction when the concentration is changed was already found experimentally. 80 

Conclusion

In this work, we have studied the preferential solvation of proteins in solution mixtures of water and glycerol using theoretical models and molecular dynamics simulations.

We have rst assessed the usual approximations employed in such simulation studies, examined the validity of typical biochemical force elds, established an improved simulation procedure to obtain converged results, and validated our approach with direct comparisons to experiments. We have further shown that the widely used solvent-cosolvent shell exchange picture is too simplied for cases where solvent and cosolvent molecular volumes are very dierent, and we have suggested that the constant shell volume model should be preferred.

Our simulations show that the composition of the solvation layer next to a protein can signicantly dier from that of the bulk solvent, as well established in the literature. However, our results reveal that these dierences between the shell and bulk compositions exhibit dramatic changes with solvent composition, temperature and protein nature. Our simulations show that for aqueous solutions with less than 50% glycerol in volume, protein solvation shells have approximately the same composition as the bulk solvent. This implies that in contrast to the widely used and simplied image representing the rst protein solvation layer as totally depleted in glycerol (or other cosolvent), there is a large number of glycerol molecules in direct contact with the protein. Such concentrations are typically those used in cryopreservation applications; [START_REF] Hubálek | Protectants Used in the Cryopreservation of Microorganisms[END_REF] our results thus show that the way in which these mixtures protect proteins is not by encasing them within a neat water layer. In addition, our results

show that the protein interface's impact on the solvent composition goes much further than the rst solvation layer and typically extends up to 10 Å from the protein surface.

Further, the molecular picture provided by our simulations shows that the local solvent composition depends on the local protein features, and thus reect the great heterogeneity of the protein exposed surface. Our results show that a major factor aecting the local solvent composition in glycerol/water mixtures is entropic and arises from the solvent-exposed protein surface topography: larger glycerol molecules are preferentially excluded from cavities and buried sites which remain accessible to smaller water molecules.

Our present results suggest that for other cosolvent whose molecular volume is much larger than that of water, accessibility and entropy should play a key role in determining preferential solvation. In contrast, other cosolvents such as urea and guanidinium whose size is closer to that of water molecules are more likely to be found in the protein's cavities.

Moreover, while glycerol interacts with proteins via hydroxyl groups which are similar to the water OH groups, other cosolvents which are more polar or charged are expected to exhibit larger favorable enthalpic protein interactions, and thus to be more likely to reside in the protein solvation shell.

  While both Γ GP and ∆x shell G report on the solvent shell composition, a key advantage of ∆x shell G is that it allows comparisons of the shell and bulk compositions independently of the solvation shell size. As for Γ GP , ∆x shell G depends on the chosen shell thickness r shell .
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 22 Figure 2: (a) Dierence in glycerol molar fractions between 1 Å-thick layers at distance r from the protein surface and the bulk for a lysozyme protein in a water:glycerol mixture at x bulk G = 0.20. (b) Dierence of molar fractions and (c) preferential interaction coecient between lysozyme and glycerol for increasing solvation shell thickness r shell in a x G = 0.20 aqueous solution. Results from 10 independent 100 ns replicas are shown in gray and the average value is shown in red. Error bars represent the Student 95% condence interval, calculated from averages over 2 ns independent blocks from all trajectories.
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  in Fig 2-(b) arises from the growing solvation shell size with increasing r shell . Both ∆x shell G

Figure 3 :

 3 Figure 3: Comparisons of Γ GP (R) calculated on successive time blocks for two solvent compositions (x G = 0.05 and x G = 0.20).
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 4 Figure 4: Comparisons of (a) ∆x shell G and (b) Γ GP for lysozyme in a water/glycerol mixture with x G = 0.20 for dierent protein/glycerol/water force eld combinations.
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 5 Figure 5: Test of the assumptions in the solvent exchange model, (a) Number of molecules in the rst shell, (b) Volume of the rst shell.
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 6 Figure 6: (a) Comparison between experimental 16,21,77 and simulated values of Γ GP . (b) Shell composition x shellG

Figure 7 :

 7 Figure 7: Inuence of bulk glycerol molar fraction on the dierence of molar fractions ∆x shell G

Figure 8 :

 8 Figure 8: (a) Preferential interaction coecient Γ GP for dierent proteins at x G = 0.20, (b) dierence in molar fractions ∆x shellG . All proteins were described with the Amber99SB force eld.

Figure 9 :

 9 Figure 9: Local Γ GP (a) and ∆x shell G (b) next to each individual residue, classied according to the residue charge, for x G = 0.20. Average values are represented by horizontal lines and standard deviation by shaded boxes.

Figure 10 :

 10 Figure 10: Color map of site-resolved ∆x shell G within 6Å and in a x G = 0.20 mixture throughout the solvent exposed surfaces of lysozyme (left), RNase A (middle) and DHFR (right, with the dihydrofolate substrate and NADPH cofactor in green).
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 5 kcal/mol, T ∆S tot (300K) = 6.9 kcal/mol and T ∆S tot (350K) = 7.8 kcal/mol; in the more concentrated glycerol solution x G = 0.20, these values change to ∆H tot = 21.7 kcal/mol, T ∆S tot (300K) = 27.1 kcal/mol and T ∆S tot (350K) = 30.3 kcal/mol. These results therefore rst show that the enthalpic contribution due to the dierent protein-water and protein-glycerol interaction energies favors the presence of glycerol within the solvation shell. The second important point is that the entropic accessibility term leads to glycerol depletion next to the protein.The contributions of the enthalpic and entropic terms strongly change with solvent composition. At low glycerol fraction, preferential solvation is governed by both enthalpic and entropic contributions; in contrast, at larger glycerol fractions, the relative importance of entropy becomes more pronounced. This is consistent with the increasing correlation between the entropic SASA factor and ∆x shell G when the overall glycerol molar fraction increases.

Figure 11 :

 11 Figure 11: Temperature inuence on (a) the dierence of molar fractions and (b) the preferential interaction coecient for lysozyme at two glycerol molar fractions (x G = 0.05 and 0.20).

  are the numbers of glycerol (G) and water (W) molecules in the protein local solvation domain and in the bulk, and ... are ensemble averages. Γ GP is positive (resp. negative) when the protein solvation domain is enriched (resp. depleted) in glycerol

	G,W

compared to the bulk. Typical denaturants usually exhibit positive preferential interaction coecient values, while protectants lead to negative values, corresponding to a preferential hydration.

[START_REF] Canchi | Cosolvent Eects on Protein Stability[END_REF] 

Table 1 :

 1 List of simulated systems with overall glycerol molar fraction x G , total numbers of water and glycerol molecules N W/G , water:glycerol volume fraction (estimated from molar fractions and experimental molar volumes[START_REF] Lide | CRC Handbook of Chemistry and Physics[END_REF] ), overall glycerol concentration in solution, and protein concentration.

	Protein	x G	N W	N G water:glycerol	[Gly]	[protein]
					(v/v)	(mol/L)	(g/L)
	Lysozyme 0.01 7828	80	96:4	0.5	90
	Lysozyme 0.05 6425 340	82:18	2.4	93
	Lysozyme 0.10 5231 590	69:31	4.3	94
	Lysozyme 0.20 3722 930	49:51	6.9	94
	Lysozyme 0.30 2738 1180	36:64	8.8	93
	Lysozyme 0.40 2080 1380	27:73	10.1	90
	Lysozyme 0.50 1575 1570	20:80	11.1	87
	Lysozyme 0.60 1172 1770	14:86	11.8	82
	Lysozyme 0.75 681 2095	8:92	12.6	75
	Lysozyme 0.88 343 2500	3:97	13.3	65
	RNase A 0.20 4522 1150	49:51	6.9	74
	DHFR	0.20 3135 790	49:51	6.9	135
	Simulation procedure				
	All MD simulations were performed with Gromacs 5.1.2.	
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Crystallographic structures were used as starting protein congurations (2LYM for hen egg-white lysozyme, 1FS3 for ribonuclease A, 1RX2 for dihydrofolate reductase), keeping the crystallographic water molecules.

Table 2 :

 2 Pearson correlation coecients (R) between solvent accessible surface area (1.4 Å probe radius) and preferential interaction coecient Γ GP and difference of molar fractions ∆x shell G , for three selected proteins and in a series of solvent mixtures.

	(vs SASA)	Protein x G	Lysozyme 0.01 0.05 0.20 0.40 0.60 0.75 0.88	RNaseA DHFR 0.20 0.20
	∆x shell G	R	0.28 0.45 0.65 0.69 0.71 0.69 0.61	0.58	0.51
	Γ GP	R	0.11 0.23 0.42 0.49 0.45 0.50 0.43	0.41	0.30

Microscopic pictureAn intuitive interpretation of Γ GP was suggested with a two-domain model,[START_REF] Inoue | Preferential and Absolute Interactions of Solvent Components with Proteins in Mixed Solvent Systems[END_REF] where the solvent is separated in two regions: i) the local region surrounding the protein solute and whose composition is aected by the solute, and ii) the more remote region with the bulk
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Molecular-level descriptions of protein solvation shells provided by molecular simulations will be a valuable guide for an improved understanding of protein's functioning [START_REF] Loveridge | Solvent Eects on Catalysis by Escherichia Coli Dihydrofolate Reductase[END_REF][START_REF] Loveridge | Solvent Eects on Environmentally Coupled Hydrogen Tunnelling during Catalysis by Dihydrofolate Reductase from Thermotoga Maritima[END_REF] and preservation 4 in water-cosolvent solutions.

Supporting Information

We provide in Supporting Information additional details regarding the derivation of Eq. 6, the heavy-atom based denitions of Γ GP and ∆x shell G , a comparison between two approaches to compute Γ GP , the convergence of simulations, the inuence of individual residues, the calculation of the shell volume and the impact of temperature.
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