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Introduction

Knowledge about the interactions in very concentrated solutions of proteins, namely up to a few hundred grams per liter, is of high relevance in various fields, such as the living cell physiology, food transformation (foams, powders, membrane filtration...), pharmacology and drug delivery, or diseases implying phase transition of proteins [1][2][3][4][5][6][7] . Predictive models, relying mostly on the knowledge originated from colloidal physics, have been proposed for the behavior of concentrated proteins [8][9][10] . However, they fail to catch the complexity and the variability of the protein molecules, related to the combination of their different levels of structure with the distinct physicochemical properties of the amino-acid residues.

Osmotic pressure measurements enable to probe protein-protein, protein-ion or protein-solvent interactions. Data about globular proteins have been established in the past [11][12][13][14] , however the highest concentrations that were obtained were never high enough to enable the system to go out of a dilute or semi-dilute range. In this work we report results obtained through osmotic stress [15][16][17][18][19][20][21][22][23] as a concentration technique. This method makes it possible to control the osmotic pressure over a wide range of volume fractions (spanning from the dilute phase to phases where interactions play a prominent role, up to the solid phase) and to reach the same concentration state by different pathways, while keeping constant salt activity.

We study lysozyme, a globular protein that has been well characterized since its discovery in 1922. Numerous studies have been conducted on lysozyme, in particular its self-interaction characteristics when concentrated or submitted to changes in the physicochemical conditions 9,[24][25][26][27][28][29][30][31][32][33][34][35] . Specifically, lysozyme has been shown, as other non-protein colloids, to exhibit a combination of long-range repulsive, and short-range attractive interactions, which leads to the formation of equilibrium clusters 24,25 .

In the present work, we aim to bring answers to the following questions:

• Do the diagrams relating osmotic pressure Π to volume fraction φ enable us to identify transitions of the system during concentration?

• If we tune the interactions, do the diagrams reflect the changes? Is it in a predictable way?

• What are the positions of the (φ , Π) lines with respect to theoretical models for simple colloids?

• Are the (φ , Π) diagrams that we obtain for lysozyme the experimental reference for true equations of state (EOS)?

2 Materials and methods Sample preparation. Lysozyme hydrochloride powder (lysozyme purity higher than 98 %, as determined by reversed-phase high-performance liquid chromatography (HPLC)) was a gift from LIOT (Annezin, France). Stock solutions were prepared by solubilizing protein in 18 MΩ resistivity Milli-Q water (Merck Millipore, Darmstadt, Germany) and were kept at 4 • C.

Osmotic stress technique.

The osmotic stress experiments were performed according to the procedure described by Bouchoux et al. 20 The osmotic stress technique is based on osmosis: the disequilibrium of chemical potentials between the interior of the dialysis bag, containing the protein solution, and the surrounding medium of controlled osmotic pressure causes a water flow from the high to the low chemical potential compartments. When the high chemical potential side is the protein solution, the latter is concentrated until equilibrium is reached. We used four types of bis-tris propane-HCl buffers: pH 7 and 20 mM, 35 mM and 150 mM ionic strength, and pH 9 and 20 mM ionic strength. Lysozyme net charges of +8.3 e and +6.3 e at pH 7 and pH 9, respectively, were predicted from its three-dimensional structure (PDB ID: 2VB1 36 ) using PROPKA 37,38 (see also Fig. S1,ESI). Each buffer contained 0.2 g/L thimerosal (Sigma, Saint Louis, USA) in order to avoid bacterial development. The bis-tris propane total concentration was chosen to account for an ionic strength of 20 mM, depending on the pH: 11.3 mM at pH 7 and 40 mM at pH 9. Ionic strengths of 35 mM and 150 mM were obtained by adding NaCl. Thimerosal, bis-tris propane (1,3-Bis[tris(hydroxymethyl)methylamino]propane) and NaCl were bought from Sigma-Aldrich (Saint-Louis, USA).

Polymer solutions were prepared directly in 500 mL glass bottles, by mixing the desired amount of polyethylene glycol (PEG) 20 000 (Sigma-Aldrich, Saint-Louis, USA) and buffer at 20 • C. To relate PEG 20 000 concentrations and osmotic pressures, we used the single-parameter phenomenological equation of state of PEG established by Cohen et al. 39 , assuming a prefactor α = 0.44, a monomer mass M m = 44 Da and a specific partial volume V = 0.825 mL/g for PEG 20 000:

ΠN 9/5 = RT M m V C C * N + α C C * N 9/4 ( 1 
)
where N is the number of monomers per PEG molecule. The concentration C * N is defined by:

C * N = N -4/5 V (2) 
Polymer solutions were kept at 20 • C during the whole experiments. We used a SpectraPor Dialysis Membrane, with a 6-8 kDa molecular mass cutoff and a 6.4 mm diameter (SpectrumLabs, Rancho Dominguez, USA) for the dialysis bags. Such a mass cutoff allows free exchange of ions and water, but not that of proteins and PEG 20 000. For each bag, a 10 cm length of dialysis membrane was cut and rinsed in Milli Q water. The bag was then filled with a protein stock solution of low concentration (50 g/L for osmotic pressures higher than 0.39 bar, 10 g/L at pressures of 0.05 bar and 0.12 bar) and immersed in the polymer solution.

Due to the water efflux, the volume of the dialysis bags decreased. Dialysis bags were frequently taken out of the polymer solution, rinsed carefully with deionized water in order to avoid contamination of the protein solution with PEG 20 000, then opened and re-filled with the low-concentration protein solution. The already stressed, concentrated solution and the new, dilute one were then homogenized, and the bag was put back in the polymer solution.

As the rise in concentration of the solution inside the bags can be very important, especially for solutions subject to high osmotic pressures, the solutions subject to pressures higher than 1.16 bar were first equilibrated to 1.16 bar for one week. The solutions subject to pressures lower than 1.16 bar were directly put to their final osmotic pressure. After one week, all the bags were transferred into new polymer solutions, of their final osmotic pressure. They were kept in these solutions for two weeks, during which they were frequently refilled, in order to obtain a weight of protein solution that was sufficient to make a dry content analysis (more than 1 g). At the end of the two weeks, the bags were considered of sufficient volume and were no more re-filled. However, during the two weeks, some water flowed out of the bags and diluted the polymer solution, which decreased slightly the external osmotic pressure. Thus, the bags were finally transferred in new polymer solutions of the desired osmotic pressure, and kept without re-filling for one more week. At the end of these four weeks, the protein solution was considered to be in equilibrium with the surrounding polymer solution.

For decompression experiments, the protein solution was first equilibrated at the desired final osmotic pressure following the procedure described above. Then, the dialysis bag was put in a polymer solution of higher osmotic pressure for a week, without re-filling it. Finally, the bag was put back in a polymer solution inducing the same osmotic pressure as initially. In the following, we shall refer to this compressiondecompression cycle as "two-way compression".

Dry content measurement.

This technique was used to determine the concentration of protein in the concentrated solutions obtained by osmotic pressure.

We used stainless steel cupels (diameter 60 mm, height 25 mm), with a removable lid. In each cupel, we put 25 g of Fontainebleau sand. The cupels and small glass rods were put in an oven at 102 • C for 2 h minimum, with the lid open, in order to eliminate remaining water. The cupels and rods were then left to cool at room temperature in a dessicator containing recently dehydrated silica gel, under vacuum, for minimum 45 min.

After cooling, each cupel was weighed (precision of 0.1 mg) with its lid closed and a glass rod. Each bag was rinsed, then opened and the protein solution was quickly put in a cupel. The total (cupel, lid, sample and glass rod) was then weighed. The sample was mixed with the Fontainebleau sand with the glass rod, which was left inside the cupel. The cupel (lid open) was then put in an oven at 102 • C overnight.

The day after, each cupel with its glass rod (lid closed) was left to cool at room temperature in a dessicator containing recently dehydrated silica gel for minimum 45 min. After cooling, each cupel was weighed (precision of 0.1 mg) with its lid closed.

Dry content weights were corrected for sodium chloride and bis-tris propane weights. Conversion from weights to volume fractions was performed considering that lysozyme had a specific partial volume of 0.712 mL/g 40 .

Dynamic vapor sorption (DVS).

Desorption isotherm of a 50 g/L lysozyme solution was obtained with a dynamic vapor sorption analyzer DVS (Surface Measurement Systems Ltd., London, UK) equipped with a Cahn microbalance. The experiments were carried out at constant temperature (20 • C) and relative humidity values of 5 %, 60 % and 90 %, to reach water activity values of 0.05, 0.6 and 0.9, respectively, at the equilibrium.

The water activity was converted to osmotic pressure using the formula:

Π = - RT v a ln(a w ) (3) 
with Π the osmotic pressure (in Pa), R the universal gas constant, T the temperature, v a the molar volume of water and a w the water activity.

Results

Osmotic pressure profiles of lysozyme in a pH 7, I = 20 mM buffer

Fig. 1 presents the measured values of the protein volume fraction (horizontal axis) according to the osmotic pressures applied to the solution of lysozyme in a buffer at pH 7, and ionic strength 20 mM. In these conditions the net charge per protein is +8.3 e (see Materials and methods). As a comparison, we plotted the van't Hoff law of ideal gases, Π = ρk B T , where ρ is the number density and k B the Boltzmann constant, and the Carnahan-Starling EOS 41 , Π = ρk B T 1+φ +φ 2 -φ 3

(1-φ ) 3 , where φ is the volume fraction, which describes a hard sphere gas 15 , using the lysozyme molecular weight (14 313 Da) 42 and partial specific volume (0.712 mL/g) 40 so that the volume and mass of the equivalent spheres are equal to those of the proteins. The radius of the equivalent spheres is 1.59 nm.

The data demonstrate that osmotic stress makes it possible to cover three decades in osmotic pressures and two decades in volume fractions. At very high pressures, our data for pH 7 and ionic strength 35 mM match the results obtained by Rickard et al. through single particle sorption 29 and our own dynamic vapor sorption (DVS) results. It is noteworthy that, in contrast with osmotic stress, DVS and Rickard's microparticle technique concentrate all solutes, including salts, so that the ionic strength may vary.

The osmotic pressure profile can be divided into three parts: a dilute regime, up to φ = 0.1; a transition regime, ranging from φ = 0.1 to 0.5, where the slope of the curve decreases until a plateau, characterized experimentally by a large step in volume fraction (almost two-fold increase); then a concentrated regime, above φ = 0.5, where the pressure increases steeply with volume fraction. The use of the van't Hoff and Carnahan-Starling models is generally restricted to fluid, dilute systems 43 . In our case, in the dilute regime, the pressures of the lysozyme solutions are approximately twice as large as the Carnahan-Starling model or a van't Hoff perfect gas system. In the discussion, section 4, we shall present a model that explains the origin of this excess pressure. The 10 g/L and 50 g/L (φ = 0.0071 and 0.0356, respectively) stock solutions are clear, transparent liquids that flow easily. Samples obtained by osmotic compression have the same aspect as the stock solutions from 0.05 bar (Fig. 2A) to 0.12 bar. When the solutions are concentrated further, they become increasingly dense but remain transparent, with some white, fluffy aggregates visible at the bottom of the bag (Fig. 2B and2C). For pressures above 2.26 bar, namely above the "large volume fraction step" (see section 3.1), the samples become white and solid (Fig. 2D and2E). If a sample is compressed to 0.05 bar, then 39.75 bar, and finally de-compressed to 0.05 bar without any mechanical treatment, the solid re-dissolves spontaneously and completely, and becomes as clear and liquid as the original sample compressed at 0.05 bar, without any insoluble part remaining (Fig. 2F). This morphological reversibility needs to be confirmed from a thermodynamic point of view, as addressed in the following section.

Thermodynamic reversibility of the compression

We designed several experiments in order to verify that the same points on the osmotic pressure profile can be attained through different paths.

We performed osmotic compressions at 0.05 bar, 1.16 bar and 7.40 bar at pH 7 and I = 20 mM. After equilibrium was reached, we immersed the dialysis bags in a PEG solution at a 39.75 bar osmotic pressure.

After a new equilibrium, we brought each bag back to its initial osmotic pressure ("two-way compression").

As shown on Fig. 1, for 3 cycles with different final osmotic pressures, we found that the final volume fractions were similar for samples obtained through one-way compression and through two-way compression.

We performed additional experiments at pH 7, I = 35 mM and pH 7, I = 150 mM (see Fig. S2 andS3, ESI), and we also changed the pathways of the cycles: for pH 7 and I = 35 mM (Fig. S3, ESI), each sample was compressed to a different osmotic pressure and were then decompressed to the same osmotic pressure (0.57 bar). The results confirm that, on both sides of the "large volume fraction step", one-way and two-way compressions are equivalent.

Influence of pH and ionic strength

In another set of osmotic stress experiments, we reduced the net charge of the protein to Z = +6.3 e (see Materials and methods) by using a pH 9, I = 20 mM bis-tris propane buffer. Alternatively, we kept pH at 7 but adjusted the ionic strength to 35 mM and 150 mM by adding NaCl. Fig. 3 presents the (φ , Π) diagrams obtained for each condition, compared with the (φ , Π) diagram obtained at pH 7, I = 20 mM.

Increasing pH at constant ionic strength or increasing the ionic strength at constant pH causes a shift of the experimental curve towards lower osmotic pressures in the dilute and the transition regimes. However, in the concentrated regime, the volume fraction is the same for all the conditions. Whatever pH and ionic strength, the evolution of the solutions morphology follows the same pattern as for pH 7, I = 20 mM, showing in particular solidification for concentrations above the "large volume fraction step".

Discussion

The results presented above demonstrate that the use of osmotic stress applied through a dialysis equilibrium makes it possible to cover a vol- ume fraction / osmotic pressure range that joins, at high concentrations, the data obtained through vapor sorption 29 (Fig. 1). The lowest concentrations that we have studied match the lysozyme concentration in egg white and the highest ones reach those commonly met in industrial processes.

The first aim of this section is to show that the reported (φ , Π) diagrams, unambiguously relating the volume fraction to the osmotic pressure of lysozyme solutions at chosen ionic conditions, constitute the reference experimental counterpart of equations of state (EOS) for lysozyme solutions. We shall then address the nature of the transition regime and its relationship to the volume fractions of the concentrated regime, by considering the nature of the interactions between solutes in the ionic conditions that are imposed by the outer stressing solution.

The (φ , Π) diagrams are reference experimental data for equations of state

The first argument comes from the thermodynamic reversibility of the transformations of the system. Preliminary observations of the morphology gave us a clue about this reversibility, as the samples get back to their liquid, clear form when decompressed to low osmotic pressures, even after having been strongly compressed at 39.75 bar. Focusing on the (φ , Π) diagrams reveals that compressing a lysozyme solution to 39.75 bar and decompressing it back to a lower pressure is equivalent to a one-way compression to the lowest pressure, for ionic strengths ranging from 20 mM to 150 mM at pH 7. The analysis of the pH 7, I = 20 mM samples by Fourier transform infrared spectroscopy (FTIR) clearly showed that the system was composed of the same structural entities, regardless of the volume fraction or the pathway (Fig. S4,ESI). All these features proved that the state of the solution reversibly depends on the pressure, volume fraction and physicochemical conditions, and not on the compression history.

Considering the above, in addition to the fact that the diagrams originate from several data sets and batches of protein, we can state that we established the reference experimental data for equations of state (EOS) of lysozyme solutions, for ionic strengths up to 150 mM.

Nature of the transition regime

Since our data points identify equilibrium states of the system, the existence of a plateau, where the chemical potential of water remains nearly constant over a large range of volume fraction, must reflect the existence of a phase transition.

Small angle X-ray scattering (SAXS) data obtained in the concentrated regime reveal lysozyme crystallization, as shown by Bragg peaks, in all ionic conditions up to I = 150 mM. As an example, the structure factors of lysozyme solutions in a pH 7, I = 20 mM buffer compressed at 1.16 bar and 39.75 bar are presented on Fig. S5,ESI. We therefore propose that the phase transition evidenced by the (φ , Π) diagrams is caused by crystallization of the protein. This hypothesis is consistent with the solubilities determined by Retailleau et al. 44 for lysozyme at pH 6.5 and different NaCl concentrations (φ = 0.25, 0.15 and 0.10 for 0 mM, 50 mM and 100 mM NaCl, respectively).

We interpret the SAXS spectra as powder diffraction spectra. The major crystalline form is tetragonal, of the P 4 3 2 1 2 space group, as found in numerous crystallographic structures of lysozyme (see e.g., 1HEL 45 ). Fitting the lattice parameters allows us to estimate the volume fraction of protein in the crystal. As shown in Fig. 1, the values that result from the fit are quite consistent with the volume fractions of the samples in concentrated regime, indicating that all of the lysozyme was crystallized in these samples. The volume fraction variations between the points shown on the diagram are related to slight changes in the P 4 3 2 1 2 lattice parameters.

Rickard et al. 29 found higher osmotic pressures at volume fraction φ = 0.52 and did not mention crystallization. This is easily explained by the kinetics of concentration in that case. Indeed, the dehydration method used by Rickard et al. causes a rapid concentration of the lysozyme solution, leading to a glassy state within the compressed droplets. Therefore the crystals do not nucleate, and the (φ , Π) diagram follows a liquid-like tendency, parallel to the Carnahan-Starling model, instead of following the bend caused by crystallization in our slow equilibrium experiments. The ratio of osmotic pressures of the glassy and crystal states (×10) is comparable with the solubility ratios commonly found for amorphous and crystalline solids.

The question then arises of the smoothness of the change of slope at the beginning of the transition regime. Indeed, as soon as the nuclei of the crystal have reached the critical size, crystallization should occur without any barrier. Therefore the concentration in the liquid protein phase would remain constant as the chemical potential of lysozyme must be the same in the liquid and crystallized phases. Accordingly, the data would then show an angular profile at the leading edge of the plateau, instead of the smooth pretransition bending shown in Figs. 1 and3.

The existence of an intermediate regime of sub-critical nuclei, or equilibrium clusters 24,25 , could explain the pre-transition bending, as the concentration range where the equilibrium clusters have been observed (φ = 0.12 -0.23) is consistent with most of the transition regime of the (φ , Π) diagram, and the conditions are quite close to ours 25 : low ionic strength, pH 7.8 instead of 7, and same temperature 25 • C). In the next section, we will however show that the pre-transitional bending can also be explained quantitatively by the effects of ionic screening and van der Waals forces.

Interactions between proteins

Since the structure of lysozyme molecules remains the same through the whole range of pressures and volume fractions, it becomes interesting to compare the osmotic pressures of their solutions with those from dispersions of monodisperse spherical particles. A first observation is that the Carnahan-Starling equation of state provides a surprisingly good fit to the data over 4 decades in pressures, and even at concentrations where the virial equation of state with only 2-body interactions is not expected to hold (Fig. 1). Here we show that deviations from the Carnahan-Starling equation can be partly accounted for by taking into account the ionic interactions between proteins, and their interactions due to van der Waals forces.

To explain the impact of ionic conditions on osmotic pressures in the dilute regime, with the simple hypotheses that lysozyme molecules are spheres with a uniform surface charge density and following a meanfield approach, we developed a generalized van der Waals (GVDW) model (see the full development in Supporting Information) leading to the expression of the osmotic pressure as a function of an effective pair potential:

β Π v φ = 1 + φ + φ 2 -φ 3 (1 -φ ) 3 + 2π φ v ∞ 2a β w(r)r 2 dr (4) 
where β = 1/k B T is the reciprocal of the thermal energy, Π is the osmotic pressure, v is the protein molecular volume, φ is the volume fraction, a is the molecular hard-core radius, r the intermolecular centerto-center distance and w is an effective pair potential.

In order to account for the shift of the experimental osmotic pressures upon changes in pH or ionic strength, we describe the contribution of screened ionic repulsions to the pair potential by a Debye-Hückel potential,

β w DH (r) = Z 2 L B (1 + κa) 2 e -κ(r-2a) r ( 5 
)
where Z is the molecular charge, L B is the Bjerrum length. κ is the reciprocal of the screening length and, if the protein counterions are taken into account, κ is defined by:

κ 2 = 4πL B N A (2C S + ZC P ) (6) 
where N A is the Avogadro constant, C S is the pair concentration of monovalent salt and C P is the protein molar concentration. The contribution of short-ranged van der Waals forces to the effective pair potential is accounted for by a Hamaker potential,

β w H (r) = - A H 6 2a 2 r 2 -4a 2 + 2a 2 r 2 + ln r 2 -4a 2 r 2 (7) 
for r > 2a, infinity otherwise, where A H is the Hamaker constant (in k B T units). The total pair potential can be written as w(r) = w DH (r) + w H (r), and the expression of osmotic pressure given by Eq. 4 then can be fitted to the experimental data, through numerical integration of its interaction term, using the Hamaker constant A H as the only adjustable parameter (the lower integration limit was increased by 0.02 nm to avoid divergence).

We fit this model in the packing fraction region below the crystallization, with a global A H , common to all pH and ionic strength conditions. The protein charge Z was fixed to the theoretical net charge of the protein for the considered pH. Results are shown in Fig. 4, where the model is drawn on the experimental points used for the fitting. In spite of large approximations (lysozyme figured as a spherical molecule with uniform surface charge density, mean-field model assuming a step-shaped pair correlation function), our single-parameter GVDW model accounts strikingly well for the shape of the experimental data in the low-concentration range, as well as for their tendency to shift upon changes in the ionic conditions.

As regards the shape of the (φ , Π) diagrams, especially the downward bending observed below the crystallization plateau, it is important to point out that the counterions of the proteins strongly screen the electrostatic interactions, especially at high protein volume fractions, and that it is necessary to take this contribution into account in order to reproduce the shape of the data in the dilute and transition regime (see Fig. S6, ESI, for an example at pH 7 and ionic strength 20 mM). The increase of the concentration of these counterions, and thus of the effective ionic strength, with volume fraction may be a cause of the existence of equilibrium clusters in a concentration range that is consistent with the transition regime of the (φ , Π) curve. Indeed, the bending of the curve occurs when the counterions concentration is sufficient to decrease significantly the repulsions between proteins and thus favor the attractions, giving rise to a new balance of interactions. Moreover, the aggregation number of the equilibrium clusters has been shown to be related to changes that favor attractions over repulsions, such as a decrease of the temperature or an increase of the salt concentration, but also to the increase in volume fraction 24,25 . This latter point could be explained by the increase in counterion concentration, which has a major effect in screening ionic repulsions, as explained above. This screening of ionic repulsions may cause an increase in the size of equilibrium clusters size, until the repulsions are so low that a barrier no longer exists to lysozyme self-association. At this point the association of lysozyme into equilibrium clusters is preempted by crystallization.

The fitted model still fails to describe quantitatively the strength of ionic repulsions at low ionic strength, and also the strength of attractions at high ionic strength.

The discrepancy between the experimental data and the model could be due to the simplicity of the assumptions of our model (uniformly charged spherical particles). It could also be due to specific interactions of salt ions with protein residues, which are the subject of a very active debate [46][47][48][49][50] . In particular, deviations of the effective net charge from the predicted one may be caused by added salt due to ionic strength effects but also to specific ion effects [51][52][53] .

Conclusion

Our results show complete experimental osmotic pressures vs. volume fraction for the aqueous solutions of a protein. Each point of these curves illustrates an equilibrium state of the lysozyme solution. Relationships between osmotic pressure and concentration in solu-tions of lysozyme and a few other proteins have already been described [11][12][13][14]20,54,55 , but our experiments span much wider ranges of osmotic pressure and concentration. As a consequence, all the states classically described for protein solutions have been explored, from the ideally dilute solution to the solid state, for which the solidus line, usually extrapolated from the density of crystals, is poorly described in phase diagrams 56 . Moreover, these data highlight the crystallization transition, and its displacement towards lower volume fractions caused by the decrease of the range and strength of the electrostatic interactions. The crystallization transition shown by our data is consistent with the solubility data available in the literature 44 , and with a crystal space group well known for lysozyme 45 .

Simple colloidal models, without interactions other than steric, such as the Carnahan-Starling model, do not reproduce any of our data series. However, for all our experimental data, the low packing fraction region up to the crystallization event is correctly described by the combination of a steric repulsion (Carnahan-Starling model), van der Waals forces and a screened electrostatic repulsion as described by the classical Debye-Hückel potential, provided that the contribution from the counterions of the proteins to the screening is taken into account. Quantitative agreement between this model and the experimental data would probably require to take into account the shape and charge distribution of the molecules. The possible specific interactions between ions and protein residues 51,[57][58][START_REF] Zhang | Protein-Protein Interactions -Computational and Experimental Tools[END_REF] could also make the electrical charge of the protein deviate from theoretical predictions based of the pK a of the aminoacids.

The mechanisms involved in our description of the dilute part of the osmotic pressure vs. volume fraction of lysozyme, i.e., the balance between short-range attraction and long-range repulsion have been described for colloids [START_REF] Groenewold | [END_REF] and lysozyme 24 and may be applicable to other proteins. However, some features of our experimental data are related to specific properties of lysozyme, like its ability to crystallize in the physicochemical conditions we used. Indeed, the plateau reflecting the crystallization transition has not yet been observed for other globular proteins, such as ovalbumin 12 or BSA 11 . This may be due to the smaller range of concentration, but more likely to the experimental conditions (pH, ionic strength, nature of salts, kinetics of concentration, temperature) that, depending on the protein, favor behaviors other than crystallization when the solutions are highly concentrated. The high concentration part of the osmotic pressure vs. volume fraction curve is then probably also controlled by other protein properties, such as anisotropy of shape and charge density. The determination of the contribution of these structural specificities in the equations of state of proteins is still to be explored.

Figure 1 :

 1 Figure 1: (φ , Π) diagram of lysozyme in a pH 7, I = 20 mM bis-tris propane buffer, obtained by one-way compression (filled blue circles), or by compression to 39.75 bar followed by decompression to different pressures ("two-way compression", empty black circles): the arrows symbolize the decompression part of the two-way compression experiments. The solid line represents the Carnahan-Starling model, the dashed black line represents the van't Hoff model. Data from Rickard et al.29 obtained by bulk vapor desorption are represented by green triangles. Our data from dynamic vapor sorption (DVS, empty blue circles) were obtained using lysozyme solutions initially at pH 7 and 35 mM ionic strength, but DVS does not keep concentrations constant. Crystal densities extracted from SAXS data (see discussion, section 4.2) are represented by orange diamonds.

3. 2 Figure 2 :

 22 Figure 2: Photographs of dialysis bags containing lysozyme at pH 7 and 20 mM ionic strength, submitted to different osmotic pressures: 0.05 bar (A), 0.39 bar (B), 1.16 bar (C), 2.30 bar (D) and 39.75 bar (E). Photograph (F) shows the bag after compressing the solution from 0.05 bar to 39.75 bar, then decompressing it back to 0.05 bar.

Figure 3 :

 3 Figure 3: (φ , Π) diagrams of lysozyme for several physicochemical conditions. Conditions presented are: pH 7, ionic strength I = 20 mM (grey empty circles); pH 7, I = 35 mM (dark blue circles); pH 7, I = 150 mM (light blue circles) and pH 9, I = 20 mM (red squares). The solid line represents the Carnahan-Starling model, the dashed line represents the van't Hoff model.

Figure 4 :

 4 Figure 4: Fit of the generalized van der Waals model to the experimental osmotic pressures of lysozyme in the dilute region. The model (solid lines) was fitted simultaneously to the 4 plotted series of experimental data, using Z/e values of 8.3 and 6.3 at pH 7 (circles) and pH 9 (squares), respectively. The corresponding fitted value of the Hamaker constant is 3.76 k B T . Conditions are pH 7, I = 20 mM (dark blue), pH 7, I = 35 mM (medium blue), pH 7, I = 150 mM (light blue) and pH 9, I = 20 mM (red). The model lines are plotted only in the volume fraction range used for the fit. The dashed line represents the Carnahan-Starling model.
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