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Introduction

For understanding numerous biological functions involving proteins, it is necessary to consider them in buffer-saline aqueous solutions and at relatively high protein concentrations, of the order of 100 mg/mL [START_REF] Brown | Total cell protein-concentration as an evolutionary constraint on the metabolic control distribution in cells[END_REF][START_REF] Zimmerman | Macromolecular crowding -biochemical, biophysical, and physiological consequences[END_REF][START_REF] Garidel | Highconcentration protein formulations: How high is high?[END_REF]. In such systems, protein molecules interact with water, buffer ions, salt ions and other additives. The chemical nature of the different salts (NaCl, NaI, etc.) matters, since they affect aqueous protein solutions, including their stability, differently. Ion-specific effects on protein solutions are ranked in the Hofmeister series, however the order within the series depends on the identity of the protein, experimental conditions, and the property measured [START_REF] Zhang | Specific ion effects on the water solubility of macromolecules: Pnipam and the hofmeister series[END_REF][START_REF] Zhang | The inverse and direct hofmeister series for lysozyme[END_REF][START_REF] Nostro | Hofmeister phenomena: An update on ion specificity in biology[END_REF][START_REF] Kunz | Specific ion effects in colloidal and biological systems[END_REF][START_REF] Collins | Why continuum electrostatics theories cannot explain biological structure, polyelectrolytes or ionic strength effects in ion-protein interactions[END_REF][START_REF] Salis | Models and mechanisms of hofmeister effects in electrolyte solutions, and colloid and protein systems revisited[END_REF][START_REF] Malikova | On the crossroads of current polyelectrolyte theory and counterion-specific effects[END_REF]. Protein-ion and protein-protein interactions are water-mediated, hence the knowledge about the behavior of water molecules in these solutions is important. Native protein structure in aqueous solutions is very fluid, with a large range of structural fluctuations on a remarkably short time scale. The energies holding a particular fold are remarkably small: these may be 5-8 kcal/mol which is only an order of magnitude larger than kcal/mol. Water molecules play a crucial role in the restructuring of proteins in solution and indeed in their biological activity, e.g. [START_REF] Schirò | Translational diffusion of hydration water correlates with functional motions in folded and intrinsically disordered proteins[END_REF][START_REF] Ball | Water is an active matrix of life for cell and molecular biology[END_REF]. Among the many different processes involving water at the protein surface, we focus here on the surface water dynamics and proton exchange, as observed by NMR relaxometry, and look at the influence of surface ions.

NMR relaxation has been largely applied for studying molecular dynamics in protein solutions [START_REF] Bryant | Dynamical deductions from nuclear magnetic-resonance relaxation measurements at the water-protein interface[END_REF][START_REF] Kimmich | Fluctuations, exchange processes, and water diffusion in aqueous protein systems[END_REF][START_REF] Fischer | Protein NMR relaxation: theory, applications and outlook[END_REF][START_REF] Sheppard | Experimental approaches for nmr studies of side-chain dynamics in high-molecular-weight proteins[END_REF][START_REF] Salvi | Atomic resolution conformational dynamics of intrinsically disordered proteins from nmr spin relaxation[END_REF][START_REF] Parigi | Unveiling protein dynamics in solution with field-cycling nmr relaxometry[END_REF][START_REF] Schanda | Studying dynamics by magic-angle spinning solid-state nmr spectroscopy: Principles and applications to biomolecules[END_REF]. In particular nuclear magnetic spin-lattice relaxation dispersion (NMRD) that concerns the magnetic field or Larmor frequency dependence of the longitudinal relaxation rate, , offers unique opportunities for studying water dynamics at the transiently mobile protein surfaces across multiple time-scales (ps to μs) [START_REF] Bryant | The dynamics of water-protein interactions[END_REF][START_REF] Halle | Magnetic relaxation dispersion studies of biomolecular solutions[END_REF][START_REF] Persson | Nanosecond to microsecond protein dynamics probed by magnetic relaxation dispersion of buried water molecules[END_REF][START_REF] Persson | Transient Access to the Protein Interior: Simulation versus NMR[END_REF][START_REF] Grebenkov | Dimensionality of diffusive exploration at the protein interface in solution[END_REF][START_REF] Korb | Multiscale nuclear magnetic relaxation dispersion of complex liquids in bulk and confinement[END_REF][START_REF] Janc | Multiscale Water Dynamics on Protein Surfaces: Protein-Specific Response to Surface Ions[END_REF]. These experiments allow extensive exploration of the fluctuations to which nuclear spin relaxation is sensitive [START_REF] Kimmich | Field-cycling NMR Relaxometry, New Developments in NMR[END_REF]. The main interest of this technique lies in decreasing the Larmor frequency in order to explore correspondingly longer correlation times. In the low frequency range (10 kHz to 10 MHz), slow motion of water molecules trapped on the protein surface (trapped on a timescale longer than the protein rotational correlation time) is dominating the signal [START_REF] Bryant | The dynamics of water-protein interactions[END_REF][START_REF] Halle | Magnetic relaxation dispersion studies of biomolecular solutions[END_REF][START_REF] Persson | Nanosecond to microsecond protein dynamics probed by magnetic relaxation dispersion of buried water molecules[END_REF][START_REF] Persson | Transient Access to the Protein Interior: Simulation versus NMR[END_REF][START_REF] Diakova | Water and Backbone Dynamics in a Hydrated Protein[END_REF][START_REF] Korb | Extreme-values statistics and dynamics of water at protein interfaces[END_REF][START_REF] Janc | Multiscale Water Dynamics on Protein Surfaces: Protein-Specific Response to Surface Ions[END_REF], while in the high frequency range (20 MHz to 300 MHz), water molecules diffusing fast on the protein surface (slowed down by a factor of less than 5 compared to bulk water diffusion) prevail in the measured signal. The latter water molecules undergo translational diffusion or https://doi.org/10.1016/j.molliq.2022.120451 0167-7322/© 20XX Note: Low-resolution images were used to create this PDF. The original images will be used in the final composition.
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jumps at the fluctuating protein surface and eventually transfer to the bulk water phase [START_REF] Grebenkov | Dimensionality of diffusive exploration at the protein interface in solution[END_REF][START_REF] Bryant | Dynamics of water in and around proteins characterized by H spinlattice relaxometry[END_REF][START_REF] Korb | Multiscale nuclear magnetic relaxation dispersion of complex liquids in bulk and confinement[END_REF][START_REF] Janc | Multiscale Water Dynamics on Protein Surfaces: Protein-Specific Response to Surface Ions[END_REF].

NMR is also a very efficient tool to explore chemical exchange. Among the various available methods, the use of Carr-Purcell-Meiboom-Gill (CPMG) relaxation dispersion [START_REF] Baldwin | NMR spectroscopy brings invisible protein states into focus[END_REF][START_REF] Palmer | Chemical exchange in biomacromolecules: Past, present, and future[END_REF][START_REF] Walinda | Resolving biomolecular motion and interactions by and relaxation dispersion NMR[END_REF] gives a valuable insight into the exchange processes between labile protein-protons and water-protons. In this type of experiments, the evolution of the observed transverse relaxation rate, , as a function of the frequency of refocusing pulses, where is the echo delay, is measured. The populations, the rates of exchange and the chemical shifts can be determined from such data. Current use and interest for this technique is more focused on site-specific exchange, especially with proton exchange detected using relaxation dispersion [START_REF] Loria | A Relaxation-Compensated Carr-Purcell-Meiboom-Gill Sequence for Characterizing Chemical Exchange by NMR Spectroscopy[END_REF][START_REF] Hansen | An Improved 15 N Relaxation Dispersion Experiment for the Measurement of Millisecond Time-Scale Dynamics in Proteins[END_REF][START_REF] Baldwin | NMR spectroscopy brings invisible protein states into focus[END_REF][START_REF] Palmer | Chemical exchange in biomacromolecules: Past, present, and future[END_REF][START_REF] Walinda | Resolving biomolecular motion and interactions by and relaxation dispersion NMR[END_REF], but the global question of the observed relaxation of the solvent in complex media in the presence of chemical exchange is still of interest in protein solutions or gels [START_REF] Hills | The effects of proteins on the proton N.M.R. transverse relaxation times of water I. Native bovine serum albumin[END_REF][START_REF] Hills | The effects of proteins on the proton N.M.R. transverse relaxation time of water II. Protein aggregation[END_REF][START_REF] Gottwald | Diffusion, relaxation, and chemical exchange in casein gels: a nuclear magnetic resonance study[END_REF][START_REF] Janc | Ion-specificity and surface water dynamics in protein solutions[END_REF][START_REF] Li | Quantitative theory for the transverse relaxation time of blood water[END_REF], micellar solutions [START_REF] Szutkowski | Proton Chemical Exchange in Aqueous Solutions of Dodecylammonium Chloride: Effects of Micellar Aggregation[END_REF] or food related substances [START_REF] Gottwald | Diffusion, relaxation, and chemical exchange in casein gels: a nuclear magnetic resonance study[END_REF][START_REF] Fabri | Water relaxation in sugar solutions[END_REF][START_REF] Leforestier | Impact of chemical exchange on transverse relaxation at low and moderate magnetic field strengths for sugar solutions representative of fruit tissues analyzed by simulation and MRI experiments[END_REF].

In this contribution we provide a global model for the longitudinal and transverse NMR relaxation rates for protein solutions. This model is tested on two well-known globular proteins, lysozyme (LZM) and bovine serum albumin (BSA), both in the presence and absence of salt ions. Our model incorporates both the surface water dynamics and proton exchange processes at the protein surfaces and is applicable over a wide protein concentration range. Contrary to previous studies, where fitting is done for one or the other relaxation rate and usually over a narrower frequency range [START_REF] Parigi | Unveiling protein dynamics in solution with field-cycling nmr relaxometry[END_REF][START_REF] Denisov | Hydrogen Exchange Rates in Proteins from Water H Transverse Magnetic Relaxation[END_REF][START_REF] Sunde | Slow Internal Protein Dynamics from Water 1H Magnetic Relaxation Dispersion[END_REF], our model aims at providing an overall unified picture.

Materials and methods

Chemicals and solution preparation.

Hen egg-white lysozyme (LZM, kDa) was purchased from Merck Milipore (lot number: K46535581 514), and bovine serum albumin (BSA, free of fatty acids, purity by agarose gel electrophoresis, 66.5 kDa) was purchased from Sigma Aldrich (lot number: SLBM9552V). 100 acetic acid, 1 M NaOH, NaCl and NaI were supplied by Merck. All solutions were prepared with Mili Q water and filtered through 0.45 μm Minisart Sartorious filters. Buffer (NaCH 3 COO -/CH 3 COOH) concentration was 20 mM with pH value of 4.0. pH was measured by Iskra pH meter model MA5740 (Ljubljana, Slovenia), using a combined glass electrode InLab 423 by Mettler Toledo (Schwerzenbach, Switzerland). Protein powder was then diluted in acetate buffer and dialyzed against the same buffer which was replaced by a fresh one three times in 24 h using dialysis cassettes with M w cutoff 3.5 kDa. After dialysis protein solutions were concentrated with spin-column concentrators with M w cutoff 10 kDa for LZM and 50 kDa for BSA. The concentration of both proteins was determined by UV-vis spectrophotometer (Varian Cary 100 Bio) at 280 nm where extinction coefficient for LZM is mL mg -1 cm -1 and for BSA 0.667 mL mg -1 cm -1 . Protein-buffer and salt-buffer solutions were mixed together in a desired ratio just before every measurement. Isoionic point, pI, of LZM is and of BSA . At apparent pH value of 4.0 LZM and BSA have positive net charge which is in both cases approximately + 10 (see supplementary materials). The concentration of both proteins is 160 mg/mL. The absence of protein aggregation in the solutions used had been already checked by dynamic light scattering measurements (see supplementary materials).

NMR measurements

The NMR relaxation rates were measured using three NMR relaxometers in order to cover a wide frequency range: HTS-110 3T cryogenfree superconducting magnet Stelar® relaxometer (128 MHz-10 MHz), Minispec Bruker® (19.66 MHz) and fast field cycling relaxometer Spin-master (Stelar®) (30 MHz-0.01 MHz). The protein solutions were conditioned in 10 mm diameter tubes for Spinmaster and Minispec relaxometers (sample volume mL) and in 5 mm diameter tubes for 3T relaxometer (volume sample mL). For all the measurements, the samples were thermostated at 30 during the experiment by air flux on the spinmaster and the HTS-110 relaxometers and by water flux around the probe for the Minispec relaxometer.

measurement Proton longitudinal relaxation time (

) was measured in LZM and BSA solutions using Spinmaster. For frequency range between 12 MHz and 30 MHz non-polarized (NP) sequence was used while below 12 MHz spins were pre-polarized for 2 s with magnetic field ( ) of 20 MHz [START_REF] Anoardo | Fast-field-cycling NMR: Applications and instrumentation[END_REF]. Free-induction decay (FID) followed by a single 90°excitation pulse [START_REF] Salis | Models and mechanisms of hofmeister effects in electrolyte solutions, and colloid and protein systems revisited[END_REF] was recorded at 16.3 MHz (

). The switching time between different frequencies was 3 ms. The determination of was made using 64 logarithmically spaced increments of evolution ( ) and a relaxation delay of 10 s. Between 30 MHz and 110 MHz, 3 T relaxometer was employed.

was measured using the inversion-recovery pulse sequence, with 16 logarithmically spaced increments of evolution ( ) and a relaxation delay of 10-15 s. The magnetization curves followed a monoexponential variation with evolution time ( ).

measurement Transverse relaxation time, (

), was measured using Minispec and HTS-110 3T relaxometers. In both cases, the Carr-Purcell-Meiboom-Gill (CPMG) pulse sequence was used with the following parameters: recycle delay , delay between echoes , number of echoes and 8 scans. The phase cycles used were the standard ones available on both relaxometers. When dependence on was of interest, values of varied between 100 μs up to 5 ms. The magnetization curves followed a monoexponential variation with evolution time ( ).

Theory

Surface relaxation due to motion of water molecules

The nuclear spin-relaxation model for the longitudinal relaxation rate, , developed recently in Ref. [START_REF] Janc | Multiscale Water Dynamics on Protein Surfaces: Protein-Specific Response to Surface Ions[END_REF] considers both long lived ("embedded") and short-lived ("transiently diffusing") water molecules on the protein surface.

is thus modeled by a sum of contributions from the "embedded" and "surface" water molecules represented respectively by a slow and fast dynamical contribution weighted by the fraction of water transiently present at the protein surface, . This ratio depends on the roughness of the protein surface and it is crucial for the explanation of the salt-specific effects [START_REF] Janc | Multiscale Water Dynamics on Protein Surfaces: Protein-Specific Response to Surface Ions[END_REF]. In addition, to encompass both low and high concentrations of protein solutions, is composed of two groups of water molecules: water undergoing "single surface exploration (sse)" and "double surface exploration", their respective numbers being represented by and respectively [START_REF] Janc | Multiscale Water Dynamics on Protein Surfaces: Protein-Specific Response to Surface Ions[END_REF]. "Single surface exploration" corresponds to water molecules exploring the surface of a single protein molecules within the time window of the NMR relaxometry experiment, while "double surface exploration" corresponds to water molecules exploring the surface of two neighbouring proteins; cases with greater numbers of explored protein surfaces being much less probable, they are neglected. Within this model, the expression for the overall and is:

(1)
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where is the Larmor frequency and are the relaxation rates of bulk water which are constant in the frequency range studied here. For each slow and fast surface relaxation process, the relaxation rates are expressed as a linear combination of the corresponding spectral densities, averaged over the distribution chosen for describing the diversity of correlation times sampled by the bound-state water population:

(2) [START_REF] Garidel | Highconcentration protein formulations: How high is high?[END_REF] where x corresponds to either "slow" or "fast" and i to either "sse" or "dse".

Slow surface relaxation

In the low frequency range (below 10 MHz) of the NMRD profiles, we have applied the theory of the extreme value statistics of rare events [START_REF] Gumbel | Statistics of Extremes[END_REF]. This model considers that "embedded" water molecules make rare transitions between two local and unequal wells of depth E and characterized by a normalized probability distribution of the free energy landscape around the different activation energies (see Fig. 1) [START_REF] Janc | Multiscale Water Dynamics on Protein Surfaces: Protein-Specific Response to Surface Ions[END_REF][START_REF] Korb | Extreme-values statistics and dynamics of water at protein interfaces[END_REF].

We have considered a conservation relation between the free energy landscape and the correlation time-scale . In other words, the deeper the well, the longer the correlation time. In such cases, a water molecule experiences two environments that may be characterized by different magnitudes of proton dipolar coupling constants, and it contributes to relaxation only if it exchanges with another water molecule trapped in a neighbouring well with a different depth. Such modelling of water binding sites leads to a large distribution of waiting times needed for a water molecule to change wells ( and , where the is set to ps [START_REF] Korb | Extreme-values statistics and dynamics of water at protein interfaces[END_REF]). This distribution has a Pareto form (see Fig. 1) and is characterized by the exponent In this modelling, the spectral density function has been averaged over two normalized Pareto distribution functions and , chosen for describing the diversity of correlation times sampled by the bound-state water population. The range of fast water surface dynamics where takes mainly into account the short values of . On the contrary, the range of slow water surface dynamics where takes into account the very long tail of the distribution of waiting times needed for a water molecule to jump between the two neighbouring wells (refer to Fig. 1).

The two successive wells are assigned activation energies and where = 4.7 kcal/mol is the diffusion barrier for bulk unbound water, and and correspond to the depths of the two successive wells (Fig. 1). Overall, the two parameters that we shall extract from the fitting of the slow relaxation process is the upper bound of the energy well depth, , and the upper bound of the waiting time, . In Eqs. 2 and 3, .

The calculations detailed in Ref. [START_REF] Janc | Multiscale Water Dynamics on Protein Surfaces: Protein-Specific Response to Surface Ions[END_REF][START_REF] Korb | Extreme-values statistics and dynamics of water at protein interfaces[END_REF] lead to the following spectral densities : where the frequency dependence of the hypergeometric function can be calculated numerically by a series which tends to 1 when or by an asymptotic expression when .

Fast surface relaxation

In the high frequency range MHz), the source of longitudinal relaxation comes from the modulation of the dipole-dipole interaction between the protein protons and water diffusing transiently at the surface of protein. Calculations detailed in Ref. [START_REF] Janc | Multiscale Water Dynamics on Protein Surfaces: Protein-Specific Response to Surface Ions[END_REF] give , where is the surface density of proton spins and nm is the diameter of water molecules. The fast surface spectral density is: [START_REF] Zhang | The inverse and direct hofmeister series for lysozyme[END_REF] In Eq. 5, the ratio where and are the translational correlation time and time of residence at the protein surface, respectively. This ratio ( ) thus corresponds to the average number of molecular steps on the protein surface. In case of "double surface exploration", we have considered a picture where a spherical entity with a radius twice the single protein radius is explored. As the number of surface steps is proportional to the surface of the explored entity, this leads to = 4 .

Chemical exchange as the additional contribution to the transverse relaxation rate

The full theory for the transverse relaxation rate, , needs an additional contribution coming from the chemical exchange between proton nuclei from exchangeable groups on the protein surface and water molecules [START_REF] Luz | Nuclear Magnetic Resonance Study of the Protolysis of Trimethylammonium Ion in Aqueous Solution-Order of the Reaction with Respect to Solvent[END_REF][START_REF] Carver | A general two-site solution for the chemical exchange produced dependence of upon the Carr-Purcell pulse separation[END_REF][START_REF] Davis | Direct Measurements of the Dissociation-Rate Constant for Inhibitor-Enzyme Complexes via the and (CPMG) Methods[END_REF][START_REF] Denisov | Hydrogen Exchange Rates in Proteins from Water H Transverse Magnetic Relaxation[END_REF]]. An example of chemical exchange between protein protons and water protons is given by the equilibrium reaction between amine protons and water proton:

with the exchange time. The most complete expression for chemical exchange has been derived by Carver and Richards [START_REF] Carver | A general two-site solution for the chemical exchange produced dependence of upon the Carr-Purcell pulse separation[END_REF] and is valid for all the different conditions of chemical exchange (fast and slow).

However, under the fast exchange conditions:

and , where refers to the difference of chemical shifts between the two exchangeable sites represent the corresponding transverse relaxation rates in the protein and bulk environments, the Carver-Richards [START_REF] Carver | A general two-site solution for the chemical exchange produced dependence of upon the Carr-Purcell pulse separation[END_REF] expression reduces to the Luz-Meiboom [START_REF] Luz | Nuclear Magnetic Resonance Study of the Protolysis of Trimethylammonium Ion in Aqueous Solution-Order of the Reaction with Respect to Solvent[END_REF] equation, as shown by [START_REF] Li | Quantitative theory for the transverse relaxation time of blood water[END_REF]. Such an approximation was used by [START_REF] Gottwald | Diffusion, relaxation, and chemical exchange in casein gels: a nuclear magnetic resonance study[END_REF] in the study of proton exchange in casein gels. The best fits obtained with our theory (see Figs. 2 and4) lead to an exchange rate about 8000-10000 s -1 and and 3.2 ppm for LZM and BSA, respectively. It turns out that s -1 and s -1 for albumin proteins [START_REF] Hills | The effects of proteins on the proton N.M.R. transverse relaxation times of water I. Native bovine serum albumin[END_REF][START_REF] Janc | Ion-specificity and surface water dynamics in protein solutions[END_REF][START_REF] Li | Quantitative theory for the transverse relaxation time of blood water[END_REF], and thus . All these values thus validate the fast exchange conditions. In the expression of , an additional term appears featuring as the echo delay of the CPMG -sequence and the exchange time : [START_REF] Nostro | Hofmeister phenomena: An update on ion specificity in biology[END_REF] where are the relative populations in the exchangeable sites taking part in the proton exchange, as estimated from the protein structures and the given protein concentration, in agreement with previous evaluations [START_REF] Hills | The effects of proteins on the proton N.M.R. transverse relaxation times of water I. Native bovine serum albumin[END_REF]. The first three terms 6) with the fitting parameters as summarized in Table 1 and coinciding with Ref. [START_REF] Janc | Multiscale Water Dynamics on Protein Surfaces: Protein-Specific Response to Surface Ions[END_REF] for the first three terms in and . In addition ms (LZM) and 0.13 ms (BSA) for . Conditions: , pH and mg mL -1 , M. and 3.2 ppm for LZM and BS.A, respectively.
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of Eq. 6 are the bulk, slow and fast surface relaxation terms given in ( 1)

-( 5) and they are decreasing as a function of frequency. However, the fourth (proton exchange) term yields an increase proportional to the square of the magnetic field as will be discussed in the results section.

To summarize the pertinent parameters of the overall model used for and : (a) the slow surface relaxation, , yields the characteristic exponent of the Pareto distribution, , and the upper bound of the energy well depth (from which is calculated the upper bound of the waiting time,

); (b) the fast surface relaxation, , gives the average number of molecular steps on the protein surface (A); and (c) the proton chemical exchange term, only contained in , yields the proton exchange time, .

Results and discussion

Global modelling of and

In Fig. 2, we display the effect of NaI addition on both and relaxation profiles for BSA and LZM protein solutions. The most notable feature is the change in the low frequency plateau which changes in opposite directions for the two proteins: salt addition causes an increase in this plateau for LZM and a decrease of the plateau for BSA. On the contrary, the characteristic increase of at high frequencies, originating in the chemical proton exchange contribution, seems hardly affected.

The theoretical curves describing both the and profiles in Fig. 2 are built from the unified model described in the theory section, in which surface water diffusion (slow and fast) features in both and and an additional component based on proton exchange is present for . The parameters corresponding to the theoretical curves in Fig. 2 and Fig. 3 are summarized in Table 1. Concerning the low frequency data, our model accounts for the shifts in the low frequency plateau in terms of the changes in the transient surface protein roughness, as well as the surface residence time of water molecules, as salt ions adsorb onto the protein surface. Importantly, these changes are specific to each of the two proteins, which have a different "bare" surface roughness to start with. In the model, the surface roughness is represented by the surface fractal dimension, , which in turn determines the number of surface water molecules, i.e. the value of the terms (see Table 1 for the overview of fitting parameters). The notion of different bare surface roughness for LZM and BSA is indeed supported by calculation of the surface fractal dimension from the atomic structure of the protein as taken from the Protein Data Bank. The values of bare are found 2.04 for LZM and 2.34 for BSA, these are almost equivalent to the values found in our model (2.07 and 2.36 for LZM and BSA respectively) [START_REF] Janc | Multiscale Water Dynamics on Protein Surfaces: Protein-Specific Response to Surface Ions[END_REF].

We reiterate that the slow and fast surface water diffusion terms are fitted here with a single set of parameters for both and profiles. Using our theoretical model, the relaxation can be decoupled into the surface relaxation terms and the proton exchange term, as is shown in Fig. 3. The surface relaxation terms give a very slowly decaying plateau in this high frequency range, onto which is added the fast quadratic increase due to proton exchange between labile protein-protons and water-protons at the protein surface.

In Fig. 4, we zoom onto the frequency dependence of the transverse relaxation rate between 20 and 130 MHz, dominated by the quadratic increase, and show the effect of NaI salt in the case of the two proteins. While the low-frequency trend of relaxation rate increase/decrease for LZM/BSA solutions on addition of salt is still visible here, it is much weaker. Importantly, the characteristic shape of the quadratic increase is not affected: the curves with and without salt for a given protein are parallel to each other, offset by a given value. This suggests that the difference observed between solutions without and with salt are linked to the background value, i.e. the contribution related to the surface relaxation terms (depicted in Fig. 3). The impact of pH on and for solutions of small protein bovine pancreatic trypsin inhibitor (BPTI) has been studied in detail by [START_REF] Denisov | Hydrogen Exchange Rates in Proteins from Water H Transverse Magnetic Relaxation[END_REF], this time only in the high frequency range (2-600 MHz). On , the impact is important as the pH modulates the chemical labile group with which the proton exchange occurs (see next section), while it is quite weak on . Our experiments, spanning a wider frequency range, allow to exhibit clearly the low frequency plateau, in addition to the high-frequency behaviour.

Exchange time

Our theoretical model allows us to calculate the changes in to be observed, should the presence of ions at the protein surface modify significantly the proton exchange time. Fig. 5 gives an overview of Larmor frequencies between 10 kHz and 110 MHz. Symbols represent experimental measurements, while the continuous lines represent our theoretical model: ( 1)-( 6) with the fitting parameters as summarized in Table 1 and coinciding with Ref. [START_REF] Janc | Multiscale Water Dynamics on Protein Surfaces: Protein-Specific Response to Surface Ions[END_REF] for the first three terms in and ms (LZM) and 0.13 ms (BSA), ms for for the last, proton exchange term. °C, pH = 4.0 and mg/mL for LZM and BSA, M. and ppm for LZM and BS.A, respectively.
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these effects. The left panel in Fig. 5 shows that for proton exchange times on the μs to ms timescale, significant increase in is indeed observed only at high frequencies, above 20 MHz. The right panel of Fig. 5 is an alternative representation of the same phenomenon, where we compare the expected profiles as a function of frequency for different proton exchange times, . Note that the position of the minimum in the overall profile is a clear indication of changes in . The optimal proton exchange time describing the experimental data (BSA no salt case) in Fig. 5 is 0.13 ms. Returning now to the data in Fig. 4, we conclude that the same describes equally well all 4 curves presented. Especially the absence of an x-shift of the minimum in corroborates this. In conclusion, proton exchange times seem to be insensitive to the addition of salt for the case of BSA and LZM at the salt concentration studied (0.1 M).

The majority of echangeable protons in the protein structure come from amide residues, the second most important family are the hydroxide residues [START_REF] Hills | The effects of proteins on the proton N.M.R. transverse relaxation times of water I. Native bovine serum albumin[END_REF]. The effects of salts on amide proton exchange were studied on neutral and charged model compounds and on proteins. In the case of uncharged polyalanine, NaCl had no effect on proton exchange rates, whereas in the case of polylysine (cationic polyelectrolyte with high charge density), a marked sensitivity to NaCl concentration was observed. Counterion competition and electrostatic screening were shown to increase the rate of acid-catalyzed exchange and decrease the rate of base-catalyzed exchange [START_REF] Kim | Influence of charge on the rate of amide proton exchange[END_REF]. For various dipeptides and polypeptides, [START_REF] Bai | Primary structure effects on peptide group hydrogen exchange[END_REF] studied the influence of potassium chloride on the hydrogen exchange of peptide bond hydrogens with water protons. They demonstrated that the presence of 0.5 M KCl changed the proton exchange rate of charged residues by only about 30 % and the salt effects on uncharged molecules were even smaller. Note that the current NMRD data interpreted with the presented model are not sufficiently sensitive to distinguish such variations.

It has also been shown that the proton exchange rates for individual amino acids depend on the position of the amino acid in the secondary structure of the BSA protein and its water accessibility [START_REF] Xu | Variable delay multi-pulse train for fast chemical exchange saturation transfer and relayed-nuclear overhauser enhancement mri[END_REF]. The influence of salt ions can also be strongly site dependent [START_REF] Christoffersen | Salt Effects on the Amide Hydrogen Exchange of Bovine Pancreatic Trypsin Inhibitor[END_REF][START_REF] Tadeo | Anion modulation of the H/ H exchange rates in backbone amide protons monitored by NMR spectroscopy[END_REF]. It has also been shown that the exchange rates of amide protons belonging to charged amino acid residues may depend not only on the salt concentration but also on the nature of the salt [START_REF] Tadeo | Anion modulation of the H/ H exchange rates in backbone amide protons monitored by NMR spectroscopy[END_REF]. In addition, in the case of nonspecific ion binding, the adsorbed salt ions can affect the exchange rates of individual protons [START_REF] Laurents | Ribonuclease sa conformational stability studied by nmr-monitored hydrogen exchange[END_REF][START_REF] Brorsson | GuHCl and NaCldependent Hydrogen Exchange in MerP Reveals a Well-defined Core with an Unusual Exchange Pattern[END_REF]. Of particular interest here is the study of [START_REF] Tadeo | Anion modulation of the H/ H exchange rates in backbone amide protons monitored by NMR spectroscopy[END_REF], which investigated anion-specific effects on the proton exchange dynamics of the IgG-binding domain of protein L (64 residues). A clear Hofmeister effect was observed: thiocyanate increased the average exchange rate, whereas chloride and sulfate ions decreased the exchange rates. A linear relationship was established between the natural logarithm of the exchange rate and the salt concentration. The addition of 0.1 M sodium thiocyanate would increase the average exchange rate by about 1.43 compared to the salt-free rate, while 0.1 M sodium chloride would decrease it by 1.15. Considering that the iodide anion used in this work is intermediate between the chloride and thiocyanate ions in the anionic Hofmeister series, one might suspect that it would have a relatively small effect on the average proton exchange rate. Such observation indeed holds for the both BSA and LZM protein in this study.

Overall, many studies on the effect of salts on proton exchange in proteins have found a very small to negligible overall effect on proton exchange rates [START_REF] Christoffersen | Salt Effects on the Amide Hydrogen Exchange of Bovine Pancreatic Trypsin Inhibitor[END_REF]. In addition, [START_REF] Smith | Hydrogen exchange of disordered proteins in Escherichia coli[END_REF] used NMR experiments to measure the proton exchange rates of two intrinsically disordered proteins in buffer solution and in Escherichia coli [START_REF] Smith | Hydrogen exchange of disordered proteins in Escherichia coli[END_REF]. The exchange rates were similar in vitro and in cells and were close to rates predicted from data on small, unstructured peptides. These authors showed that weak inter- for different frequencies for LZM and BSA solutions as a function of the reciprocal CPMG echo time, , in the absence or presence of NaI and NaCl salts. Symbols represent experimental measurements, while the continuous lines represent our theoretical models using ( 1)-( 6) with the same fitting parameters as those in Fig. 2 and Ref. [START_REF] Janc | Multiscale Water Dynamics on Protein Surfaces: Protein-Specific Response to Surface Ions[END_REF]. The modelled data with/without NaI and NaCl salts differs only in the parameter of the fractal dimension, , related to the protein surface roughness. See text for more detail.

actions between proteins and macromolecules in cells do not necessarily affect the intrinsic rates of proton exchange.

Last, we have compared our theoretical model with the observed dependencies of with the reciprocal CPMG echo time, , for different frequencies and for LZM and BSA solutions in the absence and presence of salts (Fig. 6). As expected, the evolution of with indicates a partial refocalisation at long echo times due to the chemical exchange of protons. As indicated by [START_REF] Hills | The effects of proteins on the proton N.M.R. transverse relaxation times of water I. Native bovine serum albumin[END_REF], these curves can be difficult to analyse due to the number of adjustable parameters. In the present case, this difficulty is partially overcome with the combination of other NMR measurements and the use of multiple Larmor frequencies to explore the dependence on . Symbols represent the experi-ments while the continuous lines represent our model with the same fitting parameters as stated previously and an exchange time ms, and ppm for LZM and BSA, respectively. In Fig. 6 the limiting constant values obtained for in the slow pulsing limit, , are visible for the case of 20 MHz (for both LZM and BSA). This constant limit agrees with our previous observations for other buffers and conditions of pH [START_REF] Janc | Ion-specificity and surface water dynamics in protein solutions[END_REF]. These limits are shifted to lower values of when increasing the Larmor frequency and thus are not visible in Fig. 6. As expected from the [START_REF] Luz | Nuclear Magnetic Resonance Study of the Protolysis of Trimethylammonium Ion in Aqueous Solution-Order of the Reaction with Respect to Solvent[END_REF] formula, the higher the Larmor frequency the higher the dispersion between the limiting values of the observed at low and

C O R R E C T E D P R O O F
high pulsing rate. This is in line with the quadratic increase of with seen Fig. 4. The effect of the nature of salt is well described by the value of as for (see blue arrows for the trend). A change of the limiting values is observed with a negligible effect on the exchange time as seen by the vertical shift of the curve with different salts. This confirms the discussion of the weak effect of salt on proton exchange.

Conclusion

The experimental data presented here exhibit contrasting salt effects in and relaxation profiles in solutions of two wellknown globular proteins, lysozyme and BSA. We have constructed a unified model of surface water diffusion and proton exchange to account simultaneously for the observed longitudinal and transverse relaxation rates in these protein solutions. The most notable effect of salt (0.1 M) in these proteins solutions concerns the slow surface water dynamics, related to rare water molecules bound in energy wells on the protein surface. The contrasting trends in the level of the low frequency plateau are linked to the changes in the individual protein surface roughness. A remnant (baseline) of these changes is still evident in the high frequency region, where data are collected. The dominant quadratic increase of with at high frequencies allows finding the proton exchange time between labile protein-protons and waterprotons at the protein surface. This proton exchange time seems to be very similar for the two proteins and, unlike the low frequency relaxation linked to surface water dynamics, is insensitive to the addition of salts at the salt concentration studied here (0.1 M). This finding is in accordance with literature, where significantly higher salt concentrations are necessary to affect the proton exchange times.

This work suggests that NMRD dispersion curves, especially their low frequency behaviour, could be a sensitive measure of the number of water molecules bound in deep wells on the protein surface. If such water molecules are necessary for the proper functioning of the protein, NMRD could effectively assess the "healthy" state of the protein, by evaluating their number and dynamics. The correlation with the changes in the secondary (and higher order) protein structure (i.e. denaturation) could be interesting. A comparison with results of molecular dynamics (MD) simulations is tempting. However, in a simple (unbiased) form, MD might not be the most appropriate, given that the slow component of the surface diffusion in our model describes rare events, with the waiting time to change wells approaching 100s of ns.

Fig. 1 .

 1 Fig. 1. (a) Schematic diagram of the transiently rugged free energy landscape, consisting of a very large number of potential binding sites for water in the interfacial domain. Here represents the thermal fluctuations in a range of free energy around the two minima and . and indicate different magnitudes of dipolar coupling constants of two binding sites. We choose kHz and kHz in the fits of the NMR relaxation data. W and are transition rates between connected wells that can be related to the various correlation times by considering activated dynamics. (b) Calculated time dependence of the normalized Pareto distribution with the reduced time scale for two different values and . We display in dashed horizontal lines the time range of the fast and slow surface water dynamics.

Fig. 2 .

 2 Fig. 2. NMRD and for LZM (top) and BSA (bottom) solutions as a function of Larmor frequencies between 10 kHz and 130 MHz. Symbols represent experimental measurements, while the continuous lines represent our theoretical model: (1)-(6) with the fitting parameters as summarized in Table1and coinciding with Ref.[START_REF] Janc | Multiscale Water Dynamics on Protein Surfaces: Protein-Specific Response to Surface Ions[END_REF] for the first three terms in and . In addition ms (LZM) and 0.13 ms (BSA) for . Conditions: ,

Fig. 3 .

 3 Fig. 3. for LZM (top) and BSA (bottom) solutions as a function of Larmor frequencies between 20 and 130 MHz. Symbols represent experimental measurements, while the continuous lines represent our theoretical model. The red continuous line represents only the contribution of the surface relaxation due to water motions, while the black/brown line is obtained when adding the chemical exchange process.

Fig. 4 .

 4 Fig. 4. NMRD for LZM (bottom) and BSA (top) solutions as a function ofLarmor frequencies between 10 kHz and 110 MHz. Symbols represent experimental measurements, while the continuous lines represent our theoretical model: (1)-(6) with the fitting parameters as summarized in Table1and coinciding with Ref.[START_REF] Janc | Multiscale Water Dynamics on Protein Surfaces: Protein-Specific Response to Surface Ions[END_REF] for the first three terms in and

Fig. 5 .

 5 Fig. 5. (left) Theoretical curves of as a function of the proton exchange time ( ) at different frequencies (MHz) as indicated. (right) The overall profile as a function of frequency for different as indicated. Experimental data points (BSA, no salt case, black squares) are superimposed onto the modelled curves. For all modelled curves shown, all fitting parameters other than are identical to those in Fig. 2 and Ref. [.26].

  

Table 1 and

 1 

	oretical curves in Fig. 2. Note that addition, ms (LZM) and 0.13 ms (BSA), and	for all cases. In ms for .
	System			
		(sse,dse)		(sse,dse)
			(kcal mol -1 )	(ns)
	LZM: No salt NaI BSA: No salt NaI	2.07 0.18, 0.008 2.16 0.21, 0.009 2.38 0.41, 0.004 2.30 0.34, 0.003	1000 3500 10000 7.3, 7.4 5.9, 6.5 6.7, 7.2 3000 7.1, 7.2	39, 106 148, 316 385, 469 286, 338

fitting parameters for LZM and BSA, corresponding to the the-

Acknowledgements

The authors are grateful to R. G. Bryant for discussions. The authors acknowledge the financial support of CNRS (PICS LINKPE Projet International de Coopération Scientifique), the P1-0201 and J1-1708 research grants of the Slovenian Research Agency (ARRS), and the COST (European Cooperation in Science and Technology) Action CA15209 EURELAX (Euro-pean Network on NMR Relaxometry). M.L. acknowledges the support of the NIH grant RM1-GM135136. T.G. acknowledges the financial support from Czech Science Foundation, No. GF20-05789L. The authors are grateful for the access to the NMR relaxometry platform RELAXOME of Fédération de Chimie et Matériaux de Paris-Centre (FR2482) funded by Région Ile de France, Sorbonne University, and CNRS.

Declaration of Competing Interest

The authors declare that they have no known competing financial interests or personal relationships that could have appeared to influence the work reported in this paper.

Appendix A. Supplementary material

Supplementary data associated with this article can be found, in the online version, at https://doi.org/10.1016/j.molliq.2022.120451.