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Human Serum Albumin binding Ibuprofen: A 3D description of the unfolding pathway in urea

Small angle X-ray scattering (SAXS) technique, supported by light scattering measurements and spectroscopic data (circular dichroism and fluorescence) allowed us to restore the 3D structure at low resolution of defatted human serum albumin (HSA) in interaction with ibuprofen. The data were carried out on a set of HSA solutions with urea concentrations between 0.00 and 9.00 M. The Singular Value Decomposition method, applied to the complete SAXS data set allowed us to distinguish three different states in solution. In particular a native conformation N (at 0.00 M urea), an intermediate I1 (at 6.05 M urea) and an unfolded structure U (at 9.00 M urea) were recognized. The low resolution structures of these states were obtained by exploiting both ab initio and rigid body fitting methods. In particular, for the protein without denaturant, a conformation recently described (Leggio & al., PCCP, 2008, 10, 6741-6750), very similar to the crystallographic heart shape, with only a slight reciprocal movement of the three domains, was confirmed. The I1 structure was instead characterized by only a closed domain (domain III) and finally, the recovered structure of the U state revealed the characteristic feature of a completely open state. A direct comparison with the free HSA pointed out that the presence of the ibuprofen provokes a shift of the equilibrium towards higher urea concentrations without changing the unfolding sequence. The work represents a type of analysis which could be exploited in future investigations on proteins in solution, in the binding of drugs or endogenous compounds and in the pharmacokinetic properties as well as in the study of allosteric effects, cooperation or anticooperation mechanisms.

Introduction

Human Serum Albumin (HSA), the most prominent protein in plasma, is best known for its extraordinary capacity of binding a wide variety of compounds that may be available in quantities well beyond their solubility in plasma. For example, albumin is the main transport vehicle for fatty acids (FA) to and from the tissues, by increasing their effective solubility from < 1µM to millimolar values. [START_REF] Goodman | The interaction of human serum in albumin with long-chain fatty acid anions[END_REF] The high concentration in the circulatory system (about 42 g/L) and the capability to store a big amount of drugs, metabolites and fatty acids assign to the HSA a really important role in the pharmacokinetic behavior of many compounds, affecting their efficacy and delivery rate.

Many studies on the HSA binding properties [START_REF] Sudlow | The Characterization of Two Specific Drug Binding Sites on Human Serum Albumin[END_REF][START_REF] Sudlow | Further Characterization of Specific Drug Binding Sites on Human Serum Albumin[END_REF][START_REF] Sjöholm | Binding of drugs to human serum albumins[END_REF][START_REF] Sollene | Characterization of a specific drug binding site of human serum albumin. Means. Characterization of a specific drug binding site of human serum albumin[END_REF][START_REF] Ozeki | Effects of drug binding on the esterase activity of human serum albumin: inhibition modes and binding sites of anionic drugs[END_REF][START_REF] Kurono | Effects of drug bindings on the esteraselike activity of human serum albumin. VII. Subdivision of R-type drugs inhibiting the activity towards p-nitrophenyl acetate[END_REF] have shown that the hydrophobic subdomains IIA and IIIA represent the principal binding regions on HSA.

According to the Sudlow's nomenclature, dicarboxylic acids and/or bulky heterocyclic molecules with a negative charge localized in the middle of the molecule, bind to Sudlow's site I (located in subdomain IIA). The site must be large because ligands as big as bilirubin can be bound, and because several examples of independent binding of two different compounds to the site have been found. [START_REF] Kragh-Hansen | Relations between high-affinity binding sites for L-tryptophan, diazepam, salicylate and Phenol Red on human serum albumin[END_REF][START_REF] Kragh-Hansen | Relations between high-affinity binding sites of markers for binding regions on human serum albumin[END_REF][START_REF] Kragh-Hansen | Evidence for a large and flexible region of human serum albumin possessing high affinity binding sites for salicylate, warfarin, and other ligands[END_REF][START_REF] Yamasaki | Characterization of site I on human serum albumin: concept about the structure of a drug binding site[END_REF] Sudlow's site II (located in subdomain IIIA) is preferred by aromatic carboxylic acids with a negatively charged acidic group at one end of the molecule away from a hydrophobic center (e.g., nonsteroidal anti-inflammatory drugs). Site II is composed of all six helices of subdomain IIIA and it is topologically similar to site I but it seems to be smaller, or more narrow, than site I, because apparently no large ligands (e.g., bilirubin, hemin, hematin, or other porphyrins) bind to it. It also appears to be less flexible, because binding often is strongly affected by stereoselectivity. For example the ibuprofen, a chiral nonsteroidal anti-inflammatory agent, considered as stereotypical ligand for Sudlow's site II, presents an affinity that is 2.3 times bigger for the R-ibuprofen than for S-ibuprofen. [START_REF] Itoh | Stereoselectivity and enantiomer-enantiomer interactions in the binding of ibuprofen to human serum albumin[END_REF][START_REF] Jin | Row Protein binding study of S-ibuprofen using highperformance frontal analysis[END_REF] Besides the two principal binding sites there is a multiplicity of different points of attack for the fatty acids and other drugs, that can also be controlled by allosteric conformational changes. [START_REF] Nicoletti | Ibuprofen Induces an Allosteric Conformational Transition in the Heme Complex of Human Serum Albumin with Significant Effects on Heme Ligation[END_REF] Among
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M A N U S C R I P T the exogenous and endogenous compounds which bind the albumin, it is very interesting to classify the drugs that protect the protein against the denaturation. Within the wide variety of substances that had been studied, a particular attention is focused on the nonsteroidal anti-inflammatory drugs (NSAIDs).

So far, essentially turbidimetric and HPLC measurements have been carried out to understand and to quantify the stabilization properties of various compounds. Saso et al. [START_REF] Saso | Abnormal glycosylation of hemopexin in arthritic rats can be blocked by bindarit[END_REF][START_REF] Saso | Inhibition of Protein Denaturation by Fatty Acids, Bile Salts and Other Natural Substances: A New Hypothesis for the Mechanism of Action of Fish Oil in Rheumatic Diseases[END_REF] reported the stabilization activity of numerous drugs, studying the variation of absorbance (turbidimetric method) or the aggregation (HPLC technique) of HSA:ligand solutions in heat-induced denaturation conditions. These works show that FA, NSAIDs and a surfactant, the sodium dodecyl sulfate, are the more active compounds.

A recent fast-field-cycling 1H-NMR relaxometric study [START_REF] Fanali | Effect of prototypic drugs ibuprofen and warfarin on global chaotropic unfolding of human serum heme-albumin: A fast-field-cycling 1 H-NMR relaxometric study[END_REF] shows that, in both urea-and GdnHClinduced unfolding processes, the anti-inflammatory drug ibuprofen is able to dramatically stabilize the Normal isomer of the heme-HSA. Moreover, it has been proposed that the unfolding of domain I always follows the unfolding of domain II. [START_REF] Santra | Unfolding pathways of human serum albumin: Evidence for sequential unfolding and folding of its three domains[END_REF][START_REF] Rezaei-Tavirani | Conformational Study of Human Serum Albumin in Pre-denaturation Temperatures by Differential Scanning Calorimetry, Circular Dichroism and UV Spectroscopy[END_REF] Although ibuprofen is a stereotypical Sudlow's site II ligand, it also binds to a cleft close to the warfarin site at the interface between subdomains IIA and IIB. [START_REF] Ghuman | Structural basis of the drug-binding specificity of human serum albumin[END_REF] The main aim of this work was to investigate the influence of the ibuprofen on the urea-induced denaturation of the protein and to point out its possible stabilizing activity. We performed a study on the HSA:ibuprofen complex at various urea concentrations and we compared it with the free HSA denaturation in the same conditions. [START_REF] Leggio | Urea-Induced Denaturation Process on Defatted Human Serum Albumin and in the Presence of Palmitic Acid[END_REF] The comparison, besides establishing the ibuprofen stabilization activity, can help us in the definition of the domain opening sequence in the structure reconstruction, thus further clarifying the albumin unfolding mechanism.
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Experimental section

Sample preparation

Delipidated human serum albumin (>96 %, type A1887), obtained from Sigma, was dissolved in 10 mM phosphate buffer at pH 7.2 with the addition of 11 mM sodium azide. The albumin was magnetically gently stirred for about 12 hours and then filtered with a nucleopore filter with a diameter of 100 nm. Ibuprofen, type I1892 purchased from Sigma, dissolved in phosphate buffer at pH 7.2, was added to the HSA solution, before the denaturant agent, with a stechiometric ratio ligand:HSA 10:1 (HSAIbu). After about 5 hours, HSAIbu samples with urea, obtained from Riedel-Hahn, were prepared by adding the solid denaturant agent to the solutions. After about 10 hours the solutions were filtered again (diameter of 30 nm) and were analyzed in less than a week.

For the fluorescence and circular dichroism (CD) measurements the HSA concentration was less than 1g/L (15 µM). For the dynamic light scattering (DLS) and Small angle X-ray scattering (SAXS) measurements, the protein concentration reached 4 g/L (60 µM). Protein concentration was determined spectrophotometrically using ε 280 = 35700 M -1 cm -1 . [START_REF] Pace | How to measure and predict the molar absorption coefficient of a protein[END_REF] Bidistilled water was used in the preparation of buffer. All experiments were conducted at room temperature (25 °C).

Spectroscopic measurements

The absorbance measurements were performed with a Cary 1E UV-VIS spectrophotometer and a Thermo Scientific NanoDrop 1000 UV-VIS spectrophotometer. Unfolding of the protein was monitored both by fluorescence and CD techniques. The fluorescence studies were performed using a Cary Eclipse spectrofluorometer. A quartz cuvette of 1 cm path length was used and the intrinsic fluorescence was measured by exciting the protein solution at λ ex = 280 and 295 nm with a band-pass of both excitation and emission monochromators of 5 nm. The CD spectra (four averaged acquisitions)

were recorded in a JASCO J-750 spectropolarimeter at 25 °C using a bandwidth of 2 nm. A 0.1 mm
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path length was used for the far-UV spectra and a 10 mm cuvette was used for the near-UV region. The secondary structure was monitored by calculating with the equation proposed by Chen [START_REF] Chen | Determination of the secondary structures of proteins by circular dichroism and optical rotatory dispersion[END_REF] the percentage of α-helix considering the value of the Mean Residue Ellipticity (MRE) at 222 nm (deg cm 2 dmol -1 ).

DLS measurements

In the DLS experiments, the intensity-intensity autocorrelation function is measured and related to the normalized electric field autocorrelation function g 1 (τ) by the Siegert relation. The g 1 (τ) analysis through the cumulant expansion, allows the determination of the so called apparent diffusion coefficient D app , from the first cumulant value. For very diluted samples (no particle interactions), the hydrodynamic radius R h of the scattering particle can be calculated from the D app value, by the Stokes Einstein equation. Moreover, a g 1 (τ) analysis by CONTIN can be performed to verify multimodal distributions of the particle sizes. This confirms that the protein remains monomeric in solution under the experimental conditions used for carrying out the SAXS experiments.

The measurements were performed using a Brookhaven instrument constituted by a BI-2030AT digital correlator with 136 channels, and a BI-200SM goniometer. The light source was a Uniphase solid-state laser system model 4601 operating at 532 nm. The solutions were filtered by means of a Brookhaven ultrafiltration unit (BIUU1) for flow-through cells, the volume of the flow cell being about 1.0 cm 3 . The samples were placed in the cell for at least 30 min prior the measurement to permit the thermal equilibration. Their temperature was kept constant within 0.5 °C by a circulating water bath.

Measures performed in the range 30°-150° showed that the data were not affected by the collecting angle. The reported data refer to a scattering angle of 90°.
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SAXS measurements

SAXS data were collected at the X33 beam line of the European Molecular Biology Laboratory (EMBL), Hamburg outstation at the storage ring DORIS III of the Deutsches Elektronen Synchrotron (DESY) synchrotron [START_REF] Roessle | Upgrade of the small-angle x-ray scattering beamline X33 at the European Molecular Biology Laboratory[END_REF] and analyzed according to standard procedures. [START_REF] Konarev | ATSAS 2.1, a program package for small-angle scattering data analysis[END_REF] Solutions with protein concentrations from 1.0 to 3.0 mg/ml were measured at 25 °C for 3 min exposure time on an image plate detector (MAR345; MarResearch, Norderstedt, Germany). The sample-detector distance of 2.4 m covered the range of momentum transfer 0.01 < q < 0.45 Å -1 (q=4π sin (θ)/λ, where 2θ is the scattering angle and λ = 0.15 nm is the X-ray wavelength). Repetitive exposures of the same protein solution indicated no changes in the scattering patterns, i.e., no measurable radiation damage of the protein samples. The data were normalized to the intensity of the transmitted beam and the scattering of the buffer was subtracted. All the data processing steps were performed with the program package PRIMUS. [START_REF] Konarev | PRIMUS: a Windows PC-based system for small-angle scattering data analysis[END_REF] The molecular mass of each sample was estimated by comparing the extrapolated forward scattering I(0) with that of a reference solution made of human serum albumin at pH 7.2.

In house SAXS measurements were carried out in thermostatted (25.0 ± 0.1 °C) quartz capillary of 1 mm by using a Kratky compact camera, containing a slit collimation system, equipped with a NaI scintillation counter. Ni-filtered Cu Kα radiation (λ=1.5418 Å) was used. Scattering curves were recorded within the range 0.01 < q < 0.5 Å -1 . The moving slit method was employed to measure the intensity of the primary beam. The collimated scattering intensities were put on an absolute scale, subtracted for the solvent and the capillary contributions, and then expressed in electron units, eu (electrons 2 Å -3 ) per centimeter primary-beam length. [START_REF] Stabinger | New Technique for the Measurement of the Absolute Intensity of X-Ray Small Angle Scattering, The Moving Slit Method[END_REF][START_REF] Glatter | Small Angle X-ray Scattering[END_REF] In terms of total scattering cross section of an ensemble of particles, 1 eu corresponds to 7.94056 • 10 -2 cm -1 . [START_REF] Orthaber | SAXS experiments on absolute scale with Kratky systems using water as a secondary standard[END_REF] The Indirect Fourier Transform method developed in the ITP program was used for interpreting the spectra. [START_REF] Glatter | A new method for the evaluation of small-angle scattering data[END_REF] For very dilute samples (no particle interactions) the scattered intensity, I(q), can be related to the pair distribution function p(r) of the single scattering particle according with the equation
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On the basis of this equation, the Indirect Fourier Transform Method, allows the extraction of the p(r) function from the desmeared scattering pattern. The p(r) function is strongly dependent on the shape and size of the scattering particles and vanishes at the maximum particle size D max . Furthermore, it permits the determination of the electronic radius of gyration R g . 30

Singular Value Decomposition

We employed the Singular Value Decomposition (SVD) method to determine the minimum number of structural states present in the HSAIbu unfolding process. The method is based on a theorem of linear algebra for which any M x N matrix A (with M ≥ N) can be written as the product of a column-orthogonal matrix U, an N x N diagonal matrix with non-negative elements (w j ) called single values, and the transpose of an N x N orthogonal matrix V. [START_REF] Press | Numerical Recipes: The Art of Scientific Computing[END_REF] A=UWV T (2)

Each column of the matrix A is constructed entering the N I(q)q 2 profiles (each corresponding to one of the N urea solutions). According to the SVD analysis, the entire set of scattering curves (with a number of scattering vectors q equal to M) can be represented by the product of a complete set of bases (orthogonal matrix U) and the correspondent weight (WV T ). In this way any scattering pattern, corresponding to a t urea concentration can be approximated:

) ( ) ( ) ( ) ( ) , ( 1 1 t b q u t v w q u t q I L j j j L j j j j ∑ ∑ = = = = (3)
where L represents the minimum number of the bases u necessary to adequately reproduce the complete set of scattering intensities and the b j (t) is the jth basis coefficient at the urea concentration t. [START_REF] Chen | A lysozyme folding intermediate revealed by solution x-ray scattering[END_REF] 

A C C E P T E D M A N U S C R I P T

In particular, for L=3, since the scattering intensity is additive, any I(q,t) (and also any I(q)q 2 profile) can be expressed as:

2 2 2 2 ) ( ) ( ) ( ) ( ) ( ) ( ) , ( q t I t f q t I t f q t I t f q t q I U U I I N N + + = (4)
where the suffixes N, I and U indicate the Native, the Intermediate and the Unfolded states, respectively and f N (t)+f I (t)+f U (t)=1. By applying the Equation 3we can calculate the b j (t) coefficients

U U I I N N calc b t f b t f b t f b , 1 , 1 , 1 , 1 ) ( ) ( ) ( + + = (5a) U U I I N N calc b t f b t f b t f b , 2 , 2 , 2 , 2 ) ( ) ( ) ( + + = (5b) U U I I N N calc b t f b t f b t f b , 3 , 3 , 3 , 3 ) ( ) ( ) ( + + = (5c)
The b j,I and the Native, Intermediate and Unfolded fractions at each t urea concentration could be evaluated minimizing the equation ( )

2 1 1 , 2 ) ( ) ( ∑∑ = = - = N t L j calc j j t b t b χ (6)
In the case of a two states process (L=2) only the Native and the Unfolded forms are present and the percentage of Native form at each t urea concentration could be estimated as

U N U U j N j U j j N X X X t X b b b t b t f - - = - - = ) ( ) ( ) ( , , , (7) 
This function, in a single step mechanism, can be applied to several parameters that own the additive property (X) as: R g 2 , R h -1 , mean residue ellipticity at 222 nm and at 268 nm (MRE 222 , MRE 268 ) and fluorescence intensity at λ ex = 280 nm and λ em = 340 nm ( F340 280 ).

For a three step process, the ratio (X(t)-X U )/(X N -X U ) does not represent the f N (t) function and, for this reason, a different trend of this ratio, for the various parameters, could be an evidence of the presence in solution of at least an intermediate.
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The equations 3-6 can be also applied to the curves obtained by other techniques (for example CD and fluorescence). A different value of the minimum number of structural states present in the unfolding process can be due or to an unlike denaturation mechanism (the loss of the secondary structure can be different from the tertiary one) or to a less resolution properties (for example the near-CD vs. the SAXS spectra).

Three-dimensional restored structures

Thanks to modern methods of data analysis, low-resolution 3D electron density maps from 1D SAXS data can be reliably reconstructed. Two complementary methods, developed in the programs GA_STRUCT and BUNCH, were used to obtain 3D structural information on the partially unfolded conformations that albumin presents in denaturant conditions.

The shape reconstruction method applied in the GA_STRUCT code is described in detail in the reference 33. Briefly, starting from an aggregate of spheres, related to the expected volume and the D max of the scattering particle, the p(r) is calculated by means of a Monte Carlo method. A fitting parameter is determined from the calculated (Fourier transform) I(q) and the experimental one. A linear minimization is performed using a genetic algorithm which improves 50 models by means of mating, mutation and extinction operations. At the end, all models are docked and on the basis of a docking score, from the 70% of models with the highest total docking score a consensus envelope is constructed. It is important to stress that the volume of the consensus envelope constitutes an index of the conformational flexibility. As a matter of fact, in the case of a particle which presents a degree of conformational flexibility, this volume is correlated with the spatial region ensemble occupied by more similar models as shape and dimension. Therefore, its value will increase, exceeding the expected volume of a single frozen conformation. [START_REF] Heller | Influence of multiple well defined conformations on small-angle scattering of proteins in solution[END_REF] The analysis of the SAXS intensity profiles may use more information such as high resolution structures of whole domains or fragments and plausible hypothesis on the position and extension of the flexible regions. In this context, using the program BUNCH one starts with a known crystallographic structure which is divided in rigid domains connected by "dummy residues" chains. [START_REF] Petoukhov | Global Rigid Body Modeling of Macromolecular Complexes against Small-Angle Scattering Data[END_REF] The dummy residues represent protein fragments which are substituted by a flexible chain of interconnected amino acid residues. A simulated annealing protocol is used to find the optimal positions and orientations of the rigid domains and the probable conformations of the dummy residues chains, to simultaneously fit the experimental scattering data. In this procedure, the basic rules of the conformational analysis are fulfilled. For the rigid domains with known structure, the scattering patterns I(q) are calculated with the code CRYSOL. [START_REF] Svergun | CRYSOL -a Program to Evaluate X-ray Solution Scattering of Biological Macromolecules from Atomic Coordinates[END_REF] The intensities corresponding to the portions with unknown structure represented as dummy residues are calculated using spherical harmonics.

In our case, the fragmentation was performed by dividing each HSA domain into three rigid moieties. The fragments were selected taking into account that the unfolding mechanism maintains intact the 17 sulfur-sulfur bridges. [START_REF] Takeda | Comment on the misunderstanding of the BSA-SDS complex model: concern about publications of an impractical model[END_REF] In Figure 1 are visible the rigid and flexible fragments of HSA atomic structure employed in our calculations. [START_REF] Ghuman | Structural basis of the drug-binding specificity of human serum albumin[END_REF] The coordinates [PDB entry 2BXG.pdb] were obtained from the Protein Data Bank. [START_REF] Berman | The Protein Data Bank[END_REF] To check the results consistency, the agreement between the structures obtained with GA_STRUCT and BUNCH was evaluated. For this purpose, the docking of the 3D structures was done with the program SUPCOMB. From a visual examination and from the calculated overlap goodness factor (NSD), a comparison between the two shapes was made. [START_REF] Kozin | A software system for rigid body modeling of solution scattering data[END_REF] 

SAXS and DLS data correlation

Starting from the structures obtained with BUNCH and using the HYDROPRO code, the hydrodynamic radii are calculated and compared with those estimated by DLS measurements. [START_REF] García De La Torre | Calculation of Hydrodynamic Properties of Globular Proteins from Their Atomic-Level Structure[END_REF] The HYDROPRO code computes the hydrodynamic properties of rigid macromolecules starting from an
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atomic-level structure, as specified by the atomic coordinates taken from a PDB file supplied by the user. The output gives a proper hydrodynamic model designed by the program itself. The procedure builds a primary hydrodynamic model by replacing non-hydrogen atoms with spherical elements of some fixed radius. The resulting particle, consisting of overlapping spheres, is in turn represented by a shell model treated as described in the work of Carrasco and García de la Torre. [START_REF] Carrasco | Hydrodynamic Properties of Rigid Particles: Comparison of Different Modeling and Computational Procedures[END_REF] The authors suggest an atomic element radius varying in the range of 2-5 Å (we use 3 Å).

Results and discussion

The denaturation processes, induced by urea, of the HSA defatted (HSA) and of the albumin completely bound with palmitate (HSAPalm) had been described in another work. [START_REF] Leggio | Urea-Induced Denaturation Process on Defatted Human Serum Albumin and in the Presence of Palmitic Acid[END_REF] A very detailed analysis of SAXS, DLS, CD and fluorescence was carried out. In particular, the SVD analysis and the three-dimensional reconstructions allowed the determination of number, percentage and low resolution structures of the conformers involved in the unfolding process. In this work we compare the data obtained for the HSA urea denaturation process with that obtained for the HSA:ibuprofen system (HSAIbu). It is expected that differences in the opening process can be identified and related to the HSA stability enhancement induced by the drug binding.

Spectroscopic Data

By increasing the denaturant concentration, in comparison with HSA, both the CD (near-UV From the ratio trends we can observe that a significant static quenching occurs in the case of the HSA in the native form. Indeed, upon binding of the ibuprofen, this static quenching is removed, leading to the observed fluorescence enhancement. Between about 3.00 and 5.50 M urea concentration, the stabilization induced by the ibuprofen gets a noticeable decrease of this ratio, while adding further urea, the differences between the HSAIbu and HSA intensities become negligible. An inspection of the λ max behavior (Figure 2, lower panel) shows that the fluorescence spectra of HSAIbu present an initial blue shift up to about 6.00 M urea and then, a noticeable red shift. Nevertheless, in this case, a direct comparison between HSAIbu and HSA [START_REF] González-Jiménez | Urea-Induced Denaturation of Human Serum Albumin Labeled with Acrylodan[END_REF] does not show differences, pointing out that the ibuprofen binding has no influence in the spectrum shapes. Generally, the shift of the λ max is due to a polarity variation of the Trp environment. In particular, the red shift is often associated to an increase of the solvent/environment polarity. On the contrary, a hydrophobic surroundings induces a blue shift.

Therefore, the final red shift of the HSAIbu spectra highlights a protein unfolding involving a greater exposition of the fluorophores to the solvent. Conversely, the initial blue shift seems to be more difficult to explain. Effectively, many works [START_REF] Itri | Effect of Urea on Bovine Serum Albumin in Aqueous and Reverse Micelle Environments Investigated by Small Angle X-Ray Scattering, Fluorescence and Circular Dichroism[END_REF][START_REF] Caballero-Herrera | Effect of urea on peptide conformation in water: molecular dynamics and experimental characterization[END_REF][START_REF] Smith | Characterization of the denaturation of human αlactalbumin in urea by molecular dynamics simulations[END_REF][START_REF] Hua | Urea denaturation by stronger dispersion interactions with proteins than water implies a 2-stage unfolding[END_REF] support the "direct interaction mechanism", whereby the urea interacts with the protein backbone, via hydrogen bond, other electrostatic interactions and van der Waals attractions. The direct solvent interactions with the fluorophores can induce important variations in the fluorescence spectra.

The CD data are reported in Figure 3 and4. In Figure 3 obtain a greater stability because of the ibuprofen binding. In Figure 4, the HSAIbu α-helix amount is reported and compared to that of the HSA system. We can note that in the case of the HSAIbu system, the percentage remains unchanged until about 3.90 M and then begins to decrease until 9.00 M urea.

Between 3.00 and 5.35 M urea, the CD data reveal the stabilization effect of the bounded antiinflammatory agent.

SAXS Data

The SAXS intensities were first directly examined by looking at the I(q)q 2 vs. q graphics, known as Kratky plot. [START_REF] Kratky | A comparison of X-ray small-angle scattering results to crystal structure analysis and other physical techniques in the field of biological macromolecules[END_REF] In Figure 5, the Kratky plots and the p(r) functions estimated by ITP, relative to the HSAIbu solutions, are shown. The Kratky plot is considered a standard to determine the unfolding process. [START_REF] Glatter | Small Angle X-ray Scattering[END_REF][START_REF] Segel | A small-angle X-ray scattering study of the ensemble of unfolded states of cytochrome c[END_REF][START_REF] Segel | Characterization of transient intermediates in lysozyme folding with time-resolved small-angle X-ray scattering[END_REF] The characteristic peak for a native globular protein decreases when partially folded states are present and tends to a typical flat shape for a fully denaturated structure (random coil). The spectra analysis permits to clearly characterize the stabilizing action of the ibuprofen. In particular, the reported curves show that, until about 3.90 M urea there are no significant structural changes. This phenomenon is testified by a first sensitive decrease of the I(q)q 2 maximum. Afterwards, the maximum tends to vanish at the highest denaturant concentration, thus indicating that the protein reaches a quite unfolded state.

Some details on the protein structures, as a function of denaturant concentration, can be inferred by inspecting the p(r) functions (Figure 5). Also in this case, we can observe that the first significantly shape changes occur above 3.90 M of urea concentration. Moreover, at the subsequent concentrations, until about 6.00 M urea, the curves preserve the maximum positions and sketch a queue essentially in the final part. Very probably this indicates the presence of at least two conformers: a protein fraction keeps partly a globular structure, as in the closed form, while, as we will see later, a significant fraction of partially open conformers is present (with the SAXS analysis it is possible to reliably detect
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conformers present in solution with a fraction > 10%). At higher denaturant concentrations, the p(r)'s become quite different with an important shift of both the maximum positions and the D max values.

Some general aspects on the protein unfolding in the HSAIbu system can be inferred from the SAXS results summarized in Table 1. In particular, both the R g and D max values together with the R h ones point out that the protein sizes remain almost constant up to a limit value, beyond which there is a gradual expansion. Among the studied denaturant concentrations, the limit value is 3.90 M. This threshold, that we have recognized also in the spectroscopic data analysis, is higher than the ones reported for the defatted HSA (2.50 M urea concentration). [START_REF] Leggio | Urea-Induced Denaturation Process on Defatted Human Serum Albumin and in the Presence of Palmitic Acid[END_REF] This suggests that the presence of the ligand induces a strong stability against the urea denaturation effect. It is interesting to note that at 9.00 M urea the R g and D max values of HSAIbu are quite smaller than the HSA ones (R g =70.1 Å and D max =195 Å, see reference 21). This difference of the two unfolding states will be studied in detail with the SVD analysis.

SVD Analysis

The minimum number of structural states present in the unfolding pathway of the HSAIbu system has been determined by employing the SVD method in the analysis of the I(q)q 2 SAXS profiles.

In this case the SVD analysis allowed us to distinguish three different states (L=3) performing the study on the complete set of solutions. In particular, by using the equations 3-6, it was possible to obtain the values of the fractional populations of the states f N (t), f I1 (t) and f U (t) at all urea concentrations (see Figure 6). In the two steps process we can distinguish: a native conformation N (at 0.00 M urea), an intermediate I1 (at 6.05 M urea) and an unfolded structure U (at 9.00 M urea). By means of the b j,I1 and the Native, Intermediate and Unfolded fractions at each t urea concentration, a good reproduction of the relative Kratky plots, presented in Figure 7, was obtained. By using these fractions it was possible to
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, F340 280 at each urea concentration. In this case the experimental and the calculated values, shown in Figure 8, turned out to be very similar.

The experimental values of MRE 222 , MRE 268 , R g 2 , R h -1 , F340 280 were also analyzed by using the Nick Pace's approach to obtain an estimation of the protein conformational stability. The method had permitted to draw the free energy change in absence of urea ∆G H 2 O for the transition N↔I. The free energy value obtained by Muzammil et al. [START_REF] Muzammil | Anion-induced stabilization of human serum albumin prevents the formation of intermediate during denaturation[END_REF] for the HSA N↔I transition is slightly smaller. This suggests that the ibuprofen stabilizes the HSA conformation. The results have been added as supporting information. [START_REF] Pace | Denaturation and analysis of urea and guanidine hydrochloride denaturation curves[END_REF] The SVD method has also been carried out by introducing the I(q) profiles in the A matrix.

Within an error of 10%, the resulting f(t) fractions are consistent with the analysis performed on the I(q)q 2 SAXS profiles (see Figure SI1). However, we exploited the I(q)q 2 patterns because conformational variations of molecules with the HSA dimensions, mainly affect the SAXS intensity in the intermediate region (0.1 < q < 0.2 Å -1 ). While a Kratky plot of a globular protein presents a q 2 dependence, the partially or completed unfolded forms show an increase with a q dependence. [START_REF] Glatter | Small Angle X-ray Scattering[END_REF][START_REF] Segel | A small-angle X-ray scattering study of the ensemble of unfolded states of cytochrome c[END_REF] In any case, the SVD analysis allows us to characterize in a good way the three structural shapes present in the investigated urea concentration range. In principle, this method could be also applied to the curves obtained by other techniques (for example CD and fluorescence). In particular, we carried out the SVD analysis by considering the CD data. Although the presence of intermediates could be provided also by the near-UV CD data, in this particular instance, probably due in part to the weak signals, the results had been demonstrated unreliable. As a matter of fact, it had not allowed us to distinguish the presence of three states, but a single step denaturation process was pointed out in the complete urea range (data not shown). The same result was achieved by analyzing the far-UV CD data, that provide information about the changes in the protein secondary structure (data not shown).

The SVD results confirm that the CD data are less diagnostic than the SAXS ones. In fact, a single step process can be excluded if we compare the f N (t) function values calculated by applying the
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Equation 7 to MRE 222 , MRE 268 , R g 2 , R h -1 and F340 280 (see Figure 9). The different patterns, corresponding to the various experimental data, require the presence of a multistep process during the protein unfolding.

Three-dimensional restored structures

The I(q) patterns obtained with the SVD analysis allowed us to get more detailed information on the structures present in solution at various urea concentrations. Indeed, the opening mechanism can be obtained by analyzing the N, I1 and U relative spectra with the GA_STRUCT and BUNCH codes.

The three-dimensional structures calculated with BUNCH are reported in Figure 10. For these three albumin conformers, recovered structures obtained with the GA_STRUCT program are also drawn together with their superimposition with the BUNCH structures.

In particular, for the protein without denaturant, a structure very similar to the crystallographic heart shape is reported, with only a slight separation of the three domains. [START_REF] Leggio | About the albumin structure in solution: cigar Expanded form versus heart Normal shape[END_REF][START_REF] Galantini | Human Serum Albumin Unfolding: A Small-Angle X-ray Scattering and Light Scattering Study[END_REF][START_REF] Zhang | Protein Interactions Studied by SAXS: Effect of Ionic Strength and Protein Concentration for BSA in Aqueous Solutions[END_REF] The structure of the confirmed by an intense growth of the GA_STRUCT volume (407000 Å 3 at 9.00 M urea vs. 81000 Å 3 at 0.00 M urea). As reported by Heller, [START_REF] Heller | Influence of multiple well defined conformations on small-angle scattering of proteins in solution[END_REF] it is the evidence of a huge conformational mobility, proper of an unfolded protein in solution.

Comparing these results with the free HSA ones, [START_REF] Leggio | Urea-Induced Denaturation Process on Defatted Human Serum Albumin and in the Presence of Palmitic Acid[END_REF] it is clear that the ibuprofen binding stabilization effect occurs already at low urea concentrations. In the HSAIbu denaturation process, at about 3.00 M of urea, still we note the absence of an intermediate. On the contrary, in the HSA unfolding process, an intermediate which presents the domain I open, has been detected. [START_REF] Leggio | Urea-Induced Denaturation Process on Defatted Human Serum Albumin and in the Presence of Palmitic Acid[END_REF] The HSAIbu complex remains practically in a complete globular form until about 3.90 M urea. Further addition of denaturant leads to a progressive presence of an intermediate I1 with a structure which presents the I and II domains open.

Therefore, at 6.05 M the I1 intermediate of the HSAIbu has the same open domains of the second intermediate state, named I2, present in the HSA unfolding pathway. Effectively, there is a good agreement between the SAXS pattern of the HSAIbu solution at urea 6.05 M and that of the HSA solution at urea 5.35 M (see Figure 11). So, if we exchange in the HSA SVD analysis the I2 scattering profile with the HSAIbu solution at urea 6.05 M (it contains 100% of intermediate), we observe there are not significant variations of the HSA SVD results and the population fractions are preserved.

Moreover, in Figure 11 the similarities between these two SAXS intensities are also evidenced by reporting a superimposition of the two structures obtained by applying the BUNCH analysis. This can be considered a further confirmation that the presence of ibuprofen does not change dramatically the unfolding HSA mechanism, but it provokes a shift of the equilibrium towards higher urea concentrations. As a matter of fact, at higher urea concentrations, a fraction of the HSAIbu begins to be completely open. From the urea concentration of 7.60 M, only an unfolded protein structure is present in solution. Worthy of note is the fact that also at 9.00 M of urea, even if the three domains are opened, the dimensional parameters are lower than in the case of HSA without ligand. This is confirmed if we introduce in the HSAIbu SVD analysis also the HSA at 9.00 M urea as Unfolded state. We obtain a good fit considering again only three states and the same fraction of N and I1 until the I1 intermediate

A C C E P T E D M A N U S C R I P T

(that corresponds even in this case with the solution at 6.05 M of urea). For the higher urea concentrations, the fractions differ from the previous up to a maximum of 0.2. In particular, the HSAIbu solutions at urea 7.60 and 9.00 M contain 80% of the U conformation.

So we can conclude that the conformation of the HSAIbu at urea 9.00 M, that we defined as the Unfolded state, actually is less expanded. Therefore, as we put in evidence for the HSA-palmitic acid complex, the presence of the ligand seems to stabilize the protein also at very high urea concentrations. [START_REF] Leggio | Urea-Induced Denaturation Process on Defatted Human Serum Albumin and in the Presence of Palmitic Acid[END_REF] 

Comparison between SAXS and DLS

DLS measurements allow us to observe the effect of the denaturation induced by urea monitoring the increase of the hydrodynamic radius with the urea addition. The hydrodynamic radii are summarized in Table 1. In the samples without denaturant, the values of HSA do not show significant changes when the ibuprofen is added, and an R h value, in agreement with that reported in literature for free albumins, is observed. [START_REF] Caballero-Herrera | Effect of urea on peptide conformation in water: molecular dynamics and experimental characterization[END_REF][START_REF] Leggio | About the albumin structure in solution: cigar Expanded form versus heart Normal shape[END_REF][START_REF] Galantini | Human Serum Albumin Unfolding: A Small-Angle X-ray Scattering and Light Scattering Study[END_REF] Starting from this value, by increasing the denaturant concentration, an increment of the protein size is observed.

A stabilizing effect is shown by the interaction of the albumins with ibuprofen. As a matter of fact, the increase of the R h values for the samples in presence of the anti-inflammatory drug is smoother than in the corresponding free of drug ones. Moreover, R h values for the protein-ibuprofen complexes almost equal to the native protein value are preserved up to about 5.00 M denaturant. By means of the structures obtained with BUNCH and by using the HYDROPRO code, 41 the hydrodynamic radii have been calculated for each conformer. In particular, the calculated R h values are 37.0, 46.5 and 54.0 ± 1.5

Å for the N, I1 and U HSAIbu forms, respectively. Taking into account the composition determined with the SVD method (Figure 6), the hydrodynamic radius in each sample R hc was estimated as a function of the hydrodynamic radii of the conformers R hi and the corresponding fractions in the sample

f i , as 56 1 1 - -      = ∑ hi i i h R f R (8)
and compared with the experimental ones in Figure 12. At higher urea concentrations some differences are detected between the experimental and the calculated R h . These inconsistencies are probably due to an error in the experimental data which is determined by a difficulty in separating the protein and the solvent contributions to the scattering intensity autocorrelation function.

Conclusions

Many spectroscopic studies were undertaken to identify the albumin unfolding pathways in chemical denaturant conditions and the increasing stability induced by the presence of exogenous and endogenous compounds. Studies on the stabilization induced by different chemical agents are of considerable importance. [START_REF] Nicoletti | Ibuprofen Induces an Allosteric Conformational Transition in the Heme Complex of Human Serum Albumin with Significant Effects on Heme Ligation[END_REF][START_REF] Saso | Abnormal glycosylation of hemopexin in arthritic rats can be blocked by bindarit[END_REF][START_REF] Saso | Inhibition of Protein Denaturation by Fatty Acids, Bile Salts and Other Natural Substances: A New Hypothesis for the Mechanism of Action of Fish Oil in Rheumatic Diseases[END_REF][START_REF] Fanali | Effect of prototypic drugs ibuprofen and warfarin on global chaotropic unfolding of human serum heme-albumin: A fast-field-cycling 1 H-NMR relaxometric study[END_REF][START_REF] Leggio | Urea-Induced Denaturation Process on Defatted Human Serum Albumin and in the Presence of Palmitic Acid[END_REF][START_REF] Sulkowska | Effect of urea on serum albumin complex with antithyroid drugs: fluorescence study[END_REF][START_REF] Chakrabarty | Binding Interaction of a Biological Photosensitizer with Serum Albumins: A Biophysical Study[END_REF][START_REF] Cheema | Human serum albumin unfolding pathway upon drug binding: A thermodynamic and spectroscopic description[END_REF] We performed a study on the stabilization effect of a NSAID, the ibuprofen. To verify the protective action of the ibuprofen, an analysis with SAXS, DLS, CD and fluorescence techniques was carried out on a set of solutions with urea concentrations between 0.00 and 9.00 M.

By comparing the interpretation of the spectroscopic and the scattering data of the HSAIbu system with the results obtained for the free HSA defatted solutions [START_REF] Leggio | Urea-Induced Denaturation Process on Defatted Human Serum Albumin and in the Presence of Palmitic Acid[END_REF] it was clear that in the case of the HSAIbu, the unfolding process takes place later on the denaturant concentration scale. Indeed, we observed that the HSA binding ibuprofen molecules remained in the native form up to a limit urea concentration of 3.90 M. This limit value is higher than the one reported for HSA (2.50 M). This was confirmed also by the analysis performed with the SVD method, applied both to the I(q)q 2 and I(q) This result could be questionable in view of the fact that the two ibuprofen specific binding sites involve, in order of binding constants, the domains III and II, [START_REF] Ghuman | Structural basis of the drug-binding specificity of human serum albumin[END_REF] and not the domain I. However, at our HSA:Ibu ratio (1:10) other molecules could have a cooperative effect inducing the stabilization of the domain I up to higher urea concentrations than in the case of defatted albumin.

The HSAIbu remained practically in a complete globular form until about 3.90 M urea. We could hypothesize that the presence of the specific ligands did not change drammatically the unfolding mechanism in urea, but it provoked a significant shift of the equilibrium towards higher urea concentrations. This hypothesis was confirmed by both ab initio and rigid body fitting methods, which highlighted a stepwise evolution of the protein structure toward open conformations. The greater instability of the domain I was in agreement with the hypothesis of a "direct interaction mechanism" whereby the urea interacted directly with the protein backbone. As a matter of fact, the HSA is characterized by a gradient of charge from the I to the III domain, so the bigger presence of charged or polar residues in the I domain made it more subjected to the electrostatic interactions with the urea by the hydrogen bonds formation. Also in a recent work of Chen et al., even if in this case a "direct interaction mechanism" was not accepted, it was reported that the urea molecules affect the hydrogen bonding of interfacial water molecules, altering in this way, the solvation of the proteins. A visualization of the different interaction between the bovine serum albumin and the urea by changing the protein charge surface was reported. [START_REF] Chen | Urea orientation at protein surfaces[END_REF] 
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Finally, the SAXS technique, supported by light scattering measurements and spectroscopic data allowed us to restore the 3D structure at low resolution and to visualize the unfolding mechanism also in presence of a ligand.

This study not only suggests that the HSA stability is enhanced upon binding with the NSAID molecules, but adds information of a structural nature on the mechanism of stabilisation. Note that the study of the ligand effect on the conformational stability of HSA, as well as the determination of the urea-induced unfolding pathway, necessitate only of the knowledge of the HSA crystallographic structure. By combining the structural reconstruction methods with the SVD analysis, the opening sequence in the presence of the ligand-effect can be determined, giving a low-resolution structure of the intermediates. The results would allow the identification of the ligand binding sites. This type of analysis could be exploited in future investigations on proteins in solution, in the binding of drugs or endogenous compounds and in the pharmacokinetic properties. It could be possible to investigate the modification of the protein structure involved in cobinding mechanisms, discriminating potentially among the different cobinding types: independent, cooperative, anticooperative and competitive. 

  and far-UV) and the fluorescence HSAIbu spectra show a delay in the unfolding process. A comparison of the emission intensity values at λ em = 340 nm of the HSAIbu and HSA solutions 21 , normalized for the HSA concentration, are shown in Figure 2 together with the wavelength values λ max corresponding to the maximum intensities. The fluorescence intensities of the HSAIbu solutions remain practically unchanged until 3.90 M and then begin to rapidly decrease up to about 6.00 M. In the inset of Figure 2, A C C E P T E D M A N U S C R I P T the ratio between the HSA (see ref. 21) and HSAIbu fluorescence intensities is reported.

  the far-UV and near-UV spectra are shown. In the insets, the ratios MRE 222 (HSA)/MRE 222 (HSAIbu) for the far-UV and MRE 268 (HSA)/MRE 268 (HSAIbu) for the near-UV data are reported. The ratios for MRE 268 values point out an ibuprofen stabilization effect in the urea concentration range between 3.00 M and 5.00 M, similarly to the fluorescence spectra ratios. Instead, the values related to the far-UV spectra, indicate a more pronounced stabilization that gets on until about 6.00 M urea. So the secondary structure seems to A C C E P T E D M A N U S C R I P T

  intermediate I1 is instead characterized by only a closed domain (domain III). In detail, the extension of the two open domains gives rise to a maximum particle size of about 145 Å, in a good agreement with the D max obtained from the p(r) function. Attempts of BUNCH minimizations keeping closed the domain II or the domain I have been performed. They give rise to calculated patterns with bad agreement indexes, 1.25 and 1.35 times higher, respectively. On the other hand, as shown in Figure 2, the drastic decrease of the F340 295 at 6.05 M, excludes the presence of a conformer with the domain II closed at this urea concentration. Finally, the recovered structure representing the Unfolded state at 9.00 M urea reveals the characteristic feature of a completely open state. The presence of an extended conformation is

A

  C C E P T E D M A N U S C R I P TSAXS profiles. It allowed us to point out that the HSAIbu opening is a two step process involving a native N (at 0.00 M urea), an intermediate I1 (at 6.05 M urea) and an unfolded U (at 9.00 M urea) state, and to get their low resolution structures. It was not observable an intermediate with only the domain I open, that was present in the beginning of the HSA unfolding process, at about 3.00 M of urea.

61

 61 

Figure 1

 1 Figure Captions

Figure 2 .
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 6 Figure 6. The fractional populations f N (t) (open circle), f I1 (t) (square) and f U (t) (diamond) estimated by
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 9 Figure 9. f N (t) functions (calculated by applying the Equation 7) for MRE 222 and MRE 268 , R g 2 , R h -1 and
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TableTable 1 .

 1 Radius of gyration R g , hydrodynamic radius R h and maximum distance D max (expressed in Å) of the HSAIbu at different urea concentrations.The experimental errors for R g, R h and D max are from 1% to 3%, 3% and 5% respectively.

	Urea (M) R g	R h	D max
	0.00	31.1	36.5	85.
	1.80	32.5	36.1	85.
	3.00	35.0	36.0	100.
	3.90	33.0	38.3	100.
	4.35	37.0	39.0	120.
	4.80	43.0	39.2	135.
	5.35	42.5	41.8	130.
	6.05	48.6	50.0	150.
	6.65	51.9	52.2	140.
	7.60	58.8	56.0	160.
	9.00	58.7	58.0	170.
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