N

N

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

Luciano Galantini, Claudia Leggio, Peter V. Konarev, Nicolae V. Pavel

» To cite this version:

Luciano Galantini, Claudia Leggio, Peter V. Konarev, Nicolae V. Pavel. Human Serum Albumin binding
Ibuprofen: A 3D description of the unfolding pathway in urea. Biophysical Chemistry, 2010, 147 (3), pp.111.
{10.1016/j.bpc.2010.01.002). <hal-00618976)

HAL Id: hal-00618976
https://hal.science/hal-00618976v1

Submitted on 5 Sep 2011

HAL is a multi-disciplinary open access archive L’archive ouverte pluridisciplinaire HAL, est des-
for the deposit and dissemination of scientific re- tinée au dépoét et a la diffusion de documents scien-
search documents, whether they are published or not. tifiques de niveau recherche, publiés ou non, émanant
The documents may come from teaching and research  des établissements d’enseignement et de recherche
institutions in France or abroad, or from public or pri- francais ou étrangers, des laboratoires publics ou
vate research centers. privés.

Au‘to':'lizition
HAL Authorization


https://hal.science/hal-00618976v1
https://about.hal.science/hal-authorisation-v1/
https://about.hal.science/hal-authorisation-v1/
https://hal.archives-ouvertes.fr

Accepted Manuscript BIOPHYSICAL
CHEMISTRY

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

Luciano Galantini, Claudia Leggio, Peter V. Konarev, Nicolae V. Pavel

PIl: S0301-4622(10)00003-7

DOI: doi: 10.1016/).bpc.2010.01.002
Reference: BIOCHE 5332

To appear in: Biophysical Chemistry

Received date: 9 November 2009
Revised date: 8 January 2010
Accepted date: 10 January 2010

Please cite this article as: Luciano Galantini, Claudia Leggio, Peter V. Konarev, Nicolae
V. Pavel, Human Serum Albumin binding Ibuprofen: A 3D description of the unfolding
pathway in urea, Biophysical Chemistry (2010), doi: 10.1016/j.bpc.2010.01.002

This is a PDF file of an unedited manuscript that has been accepted for publication.
As a service to our customers we are providing this early version of the manuscript.
The manuscript will undergo copyediting, typesetting, and review of the resulting proof
before it is published in its final form. Please note that during the production process
errors may be discovered which could affect the content, and all legal disclaimers that
apply to the journal pertain.


http://dx.doi.org/10.1016/j.bpc.2010.01.002
http://dx.doi.org/10.1016/j.bpc.2010.01.002

Human Serum Albumin binding lbuprofen: a 3D dedaripof the

unfolding pathway in urea.

Luciano Galantini® Claudia Leggio®’, Peter V. Konarev®, and Nicolae V. Pavel®

% Dipartimento di Chimica, Sapienza Universita dinikg P.O. Box 34-Roma 62, Piazzale A. Moro 5,

[-00185 Roma, Italy, and INFM CRS-SOFT, c/o Sapé&bniversita di Roma, Roma, Italy
® European Molecular Biology Laboratory, Hamburg Sation, D-22603 Hamburg, Germany.

E-mail addresses of the authors: l.galantini@cagpuc.leggio@caspur.it, konarev@EMBL-

Hamburg.de, v.pavel@caspur.it

" To whom correspondence should be addressed: @laedugio, Dipartimento di Chimica, Sapienza
Universita di Roma, P.O. Box 34-Roma 62, P.le Ard/5, 1-00185 Rome, Italy; telephone +39 06

4991 3714, fax +39 06 490631; e-mail: c.leggio@uagp



Abstract

Small angle X-ray scattering (SAXS) technique, supgd by light scattering measurements and
spectroscopic data (circular dichroism and fluoeese) allowed us to restore the 3D structure at low
resolution of defatted human serum albumin (HSA)interaction with ibuprofen. The data were
carried out on a set of HSA solutions with ureacamrations between 0.00 and 9.00 M. The Singular
Value Decomposition method, applied to the comp&A&XS data set allowed us to distinguish three
different states in solution. In particular a natsonformation N (at 0.00 M urea), an intermediate
(at 6.05 M urea) and an unfolded structure U (B0 urea) were recognized. The low resolution
structures of these states were obtained by ekgidiiothab initio and rigid body fitting methods. In
particular, for the protein without denaturant,aamformation recently described (Leggio & al., PCCP,
2008, 10, 6741-6750), very similar to the crysigiéphic heart shape, with only a slight reciprocal
movement of the three domains, was confirmed. Thstructure was instead characterized by only a
closed domain (domain Ill) and finally, the recae structure of the U state revealed the charatiteri
feature of a completely open state. A direct consparwith the free HSA pointed out that the presenc
of the ibuprofen provokes a shift of the equilibniutowards higher urea concentrations without
changing the unfolding sequence. The work represanype of analysis which could be exploited in
future investigations on proteins in solution, lire tbinding of drugs or endogenous compounds and in
the pharmacokinetic properties as well as in thedystof allosteric effects, cooperation or

anticooperation mechanisms.



Introduction

Human Serum Albumin (HSA), the most prominent @iotin plasma, is best known for its
extraordinary capacity of binding a wide varietyooimpounds that may be available in quantities well
beyond their solubility in plasma. For example,uafiin is the main transport vehicle for fatty acids
(FA) to and from the tissues, by increasing théfeative solubility from < 1M to millimolar values:
The high concentration in the circulatory systetvo(a 42 g/L) and the capability to store a big antou
of drugs, metabolites and fatty acids assign toHBA a really important role in the pharmacokinetic
behavior of many compounds, affecting their efficand delivery rate.

Many studies on the HSA binding propertiéfiave shown that the hydrophobic subdomains
[IA and IlIA represent the principal binding regoon HSA.

According to the Sudlow’s nomenclature, dicarbaxyacids and/or bulky heterocyclic
molecules with a negative charge localized in thddie of the molecule, bind to Sudlow’s site |
(located in subdomain 1lA). The site must be labgeause ligands as big as bilirubin can be bound,
and because several examples of independent binflimgp different compounds to the site have been
found®** Sudlow’s site Il (located in subdomain IlIA) isgferred by aromatic carboxylic acids with a
negatively charged acidic group at one end of tbkecule away from a hydrophobic center (e.g., non-
steroidal anti-inflammatory drugs). Site 1l is comspd of all six helices of subdomain IlIA and it is
topologically similar to site | but it seems to $mmaller, or more narrow, than site |, because ayligr
no large ligands (e.g., bilirubin, hemin, hematin,other porphyrins) bind to it. It also appearsto
less flexible, because binding often is strongfe@ed by stereoselectivity. For example the ibtgp
a chiral nonsteroidal anti-inflammatory agent, ¢desed as stereotypical ligand for Sudlow’s site Il
presents an affinity that is 2.3 times bigger fer R-ibuprofen than for S-ibuproféf®

Besides the two principal binding sites there mudtiplicity of different points of attack for the

fatty acids and other drugs, that can also be obhedr by allosteric conformational changés#Among



the exogenous and endogenous compounds whichheraldumin, it is very interesting to classify the
drugs that protect the protein against the dentbm.aWithin the wide variety of substances thatl ha
been studied, a particular attention is focusedhennonsteroidal anti-inflammatory drugs (NSAIDs).
So far, essentially turbidimetric and HPLC measwets have been carried out to understand and to
quantify the stabilization properties of variousmgmunds. Saso et &° reported the stabilization
activity of numerous drugs, studying the variatioh absorbance (turbidimetric method) or the
aggregation (HPLC technique) of HSA:ligand solusiom heat-induced denaturation conditions. These
works show that FA, NSAIDs and a surfactant, thdiso dodecyl sulfate, are the more active
compounds.

A recent fast-field-cycling 1H-NMR relaxomietstudy’ shows that, in both urea- and GdnHCI-
induced unfolding processes, the anti-inflammattmyg ibuprofen is able to dramatically stabilize th
Normal isomer of the heme-HSA. Moreover, it hasrbpeoposed that the unfolding of domain |
always follows the unfolding of domain‘fi:'® Although ibuprofen is a stereotypical Sudlow’sesit
ligand, it also binds to a cleft close to the warfasite at the interface between subdomains 114 an
11B.%°

The main aim of this work was to investigtte influence of the ibuprofen on the urea-induced
denaturation of the protein and to point out itsgible stabilizing activity. We performed a study o
the HSA:ibuprofen complex at various urea concéioina and we compared it with the free HSA
denaturation in the same conditidhg.he comparison, besides establishing the ibuprstehilization
activity, can help us in the definition of the damapening sequence in the structure reconstruction

thus further clarifying the albumin unfolding meaksm.



Experimental section
Sample preparation

Delipidated human serum albumin (>96 %, type A188bained from Sigma, was dissolved
in 10 mM phosphate buffer at pH 7.2 with the additof 11 mM sodium azide. The albumin was
magnetically gently stirred for about 12 hours #meh filtered with a nucleopore filter with a diatee
of 100 nm. Ibuprofen, type 11892 purchased frorm&igdissolved in phosphate buffer at pH 7.2, was
added to the HSA solution, before the denaturaehtagvith a stechiometric ratio ligand:HSA 10:1
(HSAIbu). After about 5 hours, HSAlbu samples witiea, obtained from Riedel-Hahn, were prepared
by adding the solid denaturant agent to the solatié\fter about 10 hours the solutions were filtere
again (diameter of 30 nm) and were analyzed intlems a week.

For the fluorescence and circular dichroi€D) measurements the HSA concentration was
less than 1g/L (15 pM). For the dynamic light smatly (DLS) and Small angle X-ray scattering
(SAXS) measurements, the protein concentrationhehel g/L (60 uM). Protein concentration was
determined spectrophotometrically using, = 35700 M'cm 2% Bidistilled water was used in the

preparation of buffer. All experiments were con@wlcat room temperature (25 °C).

Spectr oscopic measur ements
The absorbance measurements were performed witdmalE UV-VIS spectrophotometer and
a Thermo Scientific NanoDrop 1000 UV-VIS spectraimoeter. Unfolding of the protein was
monitored both by fluorescence and CD techniqués. fluorescence studies were performed using a
Cary Eclipse spectrofluorometer. A quartz cuvettel cm path length was used and the intrinsic
fluorescence was measured by exciting the protdirtien atle= 280 and 295 nm with a band-pass of
both excitation and emission monochromators of 5 Tihe CD spectra (four averaged acquisitions)

were recorded in a JASCO J-750 spectropolarimet@b&C using a bandwidth of 2 nm. A 0.1 mm



path length was used for the far-UV spectra an@ et cuvette was used for the near-UV region. The
secondary structure was monitored by calculatirth wie equation proposed by Chéthe percentage

of a-helix considering the value of the Mean Residuipfitity (MRE) at 222 nm (deg cfrdmor?).

DL S measurements

In the DLS experiments, the intensity-intensitycaatrrelation function is measured and related
to the normalized electric field autocorrelatiomdtion g;(z) by the Siegert relation. Thg(z) analysis
through the cumulant expansion, allows the deteatiun of the so called apparent diffusion
coefficientDayp, from the first cumulant value. For very diluteghsples (no particle interactions), the
hydrodynamic radiu®, of the scattering particle can be calculated fromDap, value, by the Stokes
Einstein equation. Moreover, @(z) analysis by CONTIN can be performed to verify nmtidal
distributions of the particle sizes. This confirthat the protein remains monomeric in solution unde
the experimental conditions used for carrying bet $AXS experiments.

The measurements were performed using a Brookhaggnment constituted by a BI-2030AT
digital correlator with 136 channels, and a BIl-2PDD§oniometer. The light source was a Uniphase
solid-state laser system model 4601 operating atrB8. The solutions were filtered by means of a
Brookhaven ultrafiltration unit (BIUU1) for flow-tlough cells, the volume of the flow cell being abou
1.0 cn?. The samples were placed in the cell for at |&@smin prior the measurement to permit the
thermal equilibration. Their temperature was kemtstant within 0.5 °C by a circulating water bath.
Measures performed in the range 30°-150° showedttigadata were not affected by the collecting

angle. The reported data refer to a scatteringeamigd0°.



SAXS measur ements

SAXS data were collected at the X33 beam line efEhropean Molecular Biology Laboratory
(EMBL), Hamburg outstation at the storage ring DORIl of the Deutsches Elektronen Synchrotron
(DESY) synchrotroff and analyzed according to standard proceddréolutions with protein
concentrations from 1.0 to 3.0 mg/ml were measate®5 °C for 3 min exposure time on an image
plate detector (MAR345; MarResearch, Norderstedtn@@ny). The sample-detector distance of 2.4 m
covered the range of momentum transfer 0.@<<0.45 A™* (g=4x sin (6)/4, where 2 is the scattering
angle andl = 0.15 nm is the X-ray wavelength). Repetitive esgpes of the same protein solution
indicated no changes in the scattering patteres, mo measurable radiation damage of the protein
samples. The data were normalized to the intemditye transmitted beam and the scattering of the
buffer was subtracted. All the data processing sstepere performed with the program package
PRIMUS?® The molecular mass of each sample was estimatedroparing the extrapolated forward
scatterind (0) with that of a reference solution made of humanrsealbumin at pH 7.2.

In house SAXS measurements were carried out imibstatted (25.0 + 0.1 °C) quartz capillary
of 1 mm by using a Kratky compact camera, contgimirslit collimation system, equipped with a Nal
scintillation counter. Ni-filtered Cu & radiation {=1.5418 A) was used. Scattering curves were
recorded within the range 0.01c< 0.5 A% The moving slit method was employed to measuee th
intensity of the primary beam. The collimated sratig intensities were put on an absolute scale,
subtracted for the solvent and the capillary cobotions, and then expressed in electron units, eu
(electron$ A™%) per centimeter primary-beam lengftf® In terms of total scattering cross section of an
ensemble of particles, 1 eu corresponds to 7.94056 cm *.2°

The Indirect Fourier Transform method developethenITP program was used for interpreting
the spectrd’ For very dilute samples (no particle interactiott® scattered intensity(q), can be

related to the pair distribution functigr) of the single scattering particle according witl gguation



@) = [ p(r) =g
o @ (1)

On the basis of this equation, the Indirect Faufiansform Method, allows the extraction of
the p(r) function from the desmeared scattering pattere.p(t) function is strongly dependent on the
shape and size of the scattering particles andkiasiat the maximum particle sRg.x. Furthermore,

it permits the determination of the electronic vedof gyratiori'-\’@,.30

2.5 Singular Value Decomposition

We employed the Singular Value Decomposition (SVilBthod to determine the minimum
number of structural states present in the HSAMfelding process. The method is based on a theorem
of linear algebra for which any M x N matrix A (WitM > N) can be written as the product of a
column-orthogonal matrix U, an N x N diagonal mattith non-negative elements;j called single
values, and the transpose of an N x N orthogonaixma. **

A=UWVT (2)

Each column of the matrix A is constructed entetmgyN1(g)q? profiles (each corresponding to one
of the N urea solutions). According to the SVD &sa, the entire set of scattering curves (with a
number of scattering vectogsequal to M) can be represented by the productooiaplete set of bases
(orthogonal matrix U) and the correspondent weiMV'). In this way any scattering pattern,
corresponding to iurea concentration can be approximated:

L L
(@ t) = Y u; @w,v, () =D u, ()b, (1)
®3)
where L represents the minimum number of the basesecessary to adequately reproduce the

complete set of scattering intensities andlfi§ is thejth basis coefficient at the urea concentration

t32



In particular, forL=3, since the scattering intensity is additive, Kayt) (and also an{(q)q’ profile)

can be expressed as:
I(a,)g” = fy (1 @®a” + f, O, 09 + f, O, (0’ @

where the suffixes N, | and U indicate the Natitee Intermediate and the Unfolded states,
respectively and\(t)+fi(t)+fu(t)=1. By applying the Equation 3 we can calculatelkft§ coefficients

b:l.,calc = fy (t)bl,N +f, (t)b:LI + f, (t)blu

(5a)
b2,calc = fN (t)bZN + fl (t)bZI + fU (t)bZU (5b)
By e = fr (DD + f (1)by, + f, (1)byy (5¢)

The b, and the Native, Intermediate and Unfolded fractiah eaclt urea concentration could be

evaluated minimizing the equation

N L 2
)(2 = ZZ(bj (t) - bj calc (t)) (6)
t=1 j=1
In the case of a two states procdss2) only the Native and the Unfolded forms are pnésnd the
percentage of Native form at eaadlwrea concentration could be estimated as
bj (t)_bj,u _ X(t)—XU @
bj,N_bj,U XN_XU

fy ()=

This function, in a single step mechanism, cangdg@ied to several parameters that own the additive
property (X) asRy’, Ry, mean residue ellipticity at 222 nm and at 268 (MRE,2,, MREzsg) and
fluorescence intensity at,= 280 nm anden= 340 nm ( F34£).

For a three step process, the rd@)-X,)/(Xn-Xy) does not represent thigt) function and, for this
reason, a different trend of this ratio, for theimas parameters, could be an evidence of the pcese

in solution of at least an intermediate.



The equations 3-6 can be also applied to the susbéained by other techniques (for example
CD and fluorescence). A different value of the mmam number of structural states present in the
unfolding process can be due or to an unlike deatatumn mechanism (the loss of the secondary
structure can be different from the tertiary onejooa less resolution properties (for examplertbar-

CD vs. the SAXS spectra).

2.6 Three-dimensional restored structures

Thanks to modern methods of data analysis, lowhuésn 3D electron density maps from 1D
SAXS data can be reliably reconstructed. Two complgary methods, developed in the programs
GA_STRUCT and BUNCH, were used to obtain 3D stmattinformation on the partially unfolded
conformations that albumin presents in denaturandlitions.

The shape reconstruction method applied in the &ARUCT code is described in detalil in the
reference 33. Briefly, starting from an aggregdtesmheres, related to the expected volume and the
Dmax Of the scattering particle, th#r) is calculated by means of a Monte Carlo methodittig
parameter is determined from the calculated (Fotnadmsform)i(q) and the experimental one. A linear
minimization is performed using a genetic algorittuimich improves 50 models by means of mating,
mutation and extinction operations. At the end,natidels are docked and on the basis of a docking
score, from the 70% of models with the highest |tatacking score a consensus envelope is
constructed. It is important to stress that thaeiva of the consensus envelope constitutes an ioidex
the conformational flexibility. As a matter of fadh the case of a particle which presents a degfee
conformational flexibility, this volume is corre&t with the spatial region ensemble occupied byemor
similar models as shape and dimension. Thereftgevalue will increase, exceeding the expected

volume of a single frozen conformatidh.
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The analysis of the SAXS intensity profiles mag usore information such as high resolution
structures of whole domains or fragments and pbéeisiypothesis on the position and extension of the
flexible regions. In this context, using the pragrBUNCH one starts with a known crystallographic
structure which is divided in rigid domains conmetby "dummy residues” chaifs.The dummy
residues represent protein fragments which aretifutiesl by a flexible chain of interconnected amino
acid residues. A simulated annealing protocol edu® find the optimal positions and orientatiofis o
the rigid domains and the probable conformationthefdummy residues chains, to simultaneously fit
the experimental scattering data. In this procediln@ basic rules of the conformational analyses ar
fulfilled. For the rigid domains with known struecéy the scattering patteri) are calculated with the
code CRYSOL* The intensities corresponding to the portions witknown structure represented as
dummy residues are calculated using spherical haio®.0

In our case, the fragmentation was perfortmedlividing each HSA domain into three rigid
moieties. The fragments were selected taking ictmant that the unfolding mechanism maintains
intact the 17 sulfur-sulfur bridgés.In Figure 1 are visible the rigid and flexible graents of HSA
atomic structure employed in our calculatih¥he coordinates [PDB entry 2BXG.pdb] were obtained
from the Protein Data BanR.To check the results consistency, the agreemewneka the structures
obtained with GA_STRUCT and BUNCH was evaluatedr #his purpose, the docking of the 3D
structures was done with the program SUPCOMB. Faorisual examination and from the calculated

overlap goodness factor (NSD), a comparison betireetwo shapes was maftfe.

2.7 SAXSand DL Sdata correlation
Starting from the structures obtained with BUNCHJ amsing the HYDROPRO code, the
hydrodynamic radii are calculated and compared witise estimated by DLS measureméhfthe

HYDROPRO code computes the hydrodynamic propedfesgid macromolecules starting from an

11



atomic-level structure, as specified by the atoowordinates taken from a PDB file supplied by the
user. The output gives a proper hydrodynamic mdedsigned by the program itself. The procedure
builds a primary hydrodynamic model by replacingifiydrogen atoms with spherical elements of
some fixed radius. The resulting particle, consgtf overlapping spheres, is in turn represented b
shell model treated as described in the work of@@ap and Garcia de la ToffeThe authors suggest

an atomic element radius varying in the range 6f®2¢we use 3 A).

3. Resultsand discussion

The denaturation processes, induced by urea,eoH®A defatted (HSA) and of the albumin
completely bound with palmitate (HSAPalm) had beescribed in another wofk.A very detailed
analysis of SAXS, DLS, CD and fluorescence wasi@dmut. In particular, the SVD analysis and the
three-dimensional reconstructions allowed the dateation of number, percentage and low resolution
structures of the conformers involved in the unfajdprocess. In this work we compare the data
obtained for the HSA urea denaturation process witt obtained for the HSA:ibuprofen system
(HSAIbu). It is expected that differences in theewipg process can be identified and related to the

HSA stability enhancement induced by the drug ligdi

3.1 Spectroscopic Data

By increasing the denaturant concentration, inmgamson with HSA, both the CD (near-UV
and far-UV) and the fluorescence HSAIbu spectravsaalelay in the unfolding process. A comparison
of the emission intensity values/at= 340 nm of the HSAIbu and HSA solutiGhsormalized for the
HSA concentration, are shown in Figure 2 togethigh ¥he wavelength valuesux corresponding to
the maximum intensities. The fluorescence intessitof the HSAIbu solutions remain practically

unchanged until 3.90 M and then begin to rapidigréase up to about 6.00 M. In the inset of Figyre 2

12



the ratio between the HSA (see ref. 21) and HSAlilmrescence intensities is reported. From therati
trends we can observe that a significant statiagjieg occurs in the case of the HSA in the native
form. Indeed, upon binding of the ibuprofen, thistis quenching is removed, leading to the observed
fluorescence enhancement. Between about 3.00 &®@l M. urea concentration, the stabilization
induced by the ibuprofen gets a noticeable decredsthis ratio, while adding further urea, the
differences between the HSAIbu and HSA intensibesome negligible. An inspection of thgux
behavior (Figure 2, lower panel) shows that thertdgcence spectra of HSAlbu present an initial blue
shift up to about 6.00 M urea and then, a notieabt shift. Nevertheless, in this case, a direct
comparison between HSAIbu and H8Aloes not show differences, pointing out that thepiofen
binding has no influence in the spectrum shapesefadly, the shift of thé .« is due to a polarity
variation of the Trp environment. In particularethed shift is often associated to an increasdef t
solvent/environment polarity. On the contrary, adimphobic surroundings induces a blue shift.
Therefore, the final red shift of the HSAIbu spadtighlights a protein unfolding involving a greate
exposition of the fluorophores to the solvent. Gawsely, the initial blue shift seems to be more
difficult to explain. Effectively, many work$*’ support the “direct interaction mechanism”, whereb
the urea interacts with the protein backbone, ydrdgen bond, other electrostatic interactions\zard
der Waals attractions. The direct solvent intecenrsti with the fluorophores can induce important
variations in the fluorescence spectra.

The CD data are reported in Figure 3 and 4. lufei@ the far-UV and near-UV spectra are
shown. In the insets, the ratios MBEHSA)MREx;(HSAIbu) for the far-UV and
MRE2es(HSA)/MRExsg(HSAIbu) for the near-UV data are reported. Theésator MRExg values point
out an ibuprofen stabilization effect in the uremaentration range between 3.00 M and 5.00 M,
similarly to the fluorescence spectra ratios. ladighe values related to the far-UV spectra, sigi@

more pronounced stabilization that gets on untiLalé.00 M urea. So the secondary structure seems t

13



obtain a greater stability because of the ibuprdiiewing. In Figure 4, the HSAlbarhelix amount is
reported and compared to that of the HSA systemcéienote that in the case of the HSAIbu system,
the percentage remains unchanged until about 3.@hdvthen begins to decrease until 9.00 M urea.
Between 3.00 and 5.35 M urea, the CD data revealsthbilization effect of the bounded anti-

inflammatory agent.

3.2 SAXSData

The SAXS intensities were first directly exaet by looking at th&q)q? vs. g graphics, known as
Kratky plot®® In Figure 5, the Kratky plots and thpér) functions estimated by ITP, relative to the
HSAIlbu solutions, are shown. The Kratky plot is sidered a standard to determine the unfolding
proces€®***° The characteristic peak for a native globular girotlecreases when partially folded
states are present and tends to a typical flatesf@apa fully denaturated structure (random cdihe
spectra analysis permits to clearly characterieesthbilizing action of the ibuprofen. In partiaulthe
reported curves show that, until about 3.90 M ubeae are no significant structural changes. This
phenomenon is testified by a first sensitive deseeaf thel (q)g> maximum. Afterwards, the maximum
tends to vanish at the highest denaturant condemtrahus indicating that the protein reaches igequ
unfolded state.

Some details on the protein structures, as aimaof denaturant concentration, can be inferred
by inspecting the(r) functions (Figure 5). Also in this case, we casaye that the first significantly
shape changes occur above 3.90 M of urea condentrdoreover, at the subsequent concentrations,
until about 6.00 M urea, the curves preserve theiimam positions and sketch a queue essentially in
the final part. Very probably this indicates thegence of at least two conformers: a protein fwacti
keeps partly a globular structure, as in the cldeed, while, as we will see later, a significardadtion

of partially open conformers is present (with th&XS analysis it is possible to reliably detect

14



conformers present in solution with a fraction ¥@0At higher denaturant concentrations, {©’s
become quite different with an important shift otlbthe maximum positions and tbBg,x values.

Some general aspects on the protein unfoldingenHSAIlbu system can be inferred from the
SAXS results summarized in Table 1. In particultenth theRy and Dy values together with thi,
ones point out that the protein sizes remain almosstant up to a limit value, beyond which thera i
gradual expansion. Among the studied denaturantesdrations, the limit value is 3.90 M. This
threshold, that we have recognized also in thetgpmopic data analysis, is higher than the ones
reported for the defatted HSA (2.50 M urea conegiumn)?! This suggests that the presence of the
ligand induces a strong stability against the aie@aturation effect. It is interesting to note tia®.00
M urea theRy and Dmex values of HSAIbu are quite smaller than the HSADIR=70.1 A and
Dmex=195 A, see reference 21). This difference of te unfolding states will be studied in detail with

the SVD analysis.

3.3SVvD Analysis

The minimum number of structural states presenthe unfolding pathway of the HSAIlbu
system has been determined by employing the SVIhadeh the analysis of tHéq)g? SAXS profiles.
In this case the SVD analysis allowed us to distisig three different states<3) performing the study
on the complete set of solutions. In particularuking the equations 3-6, it was possible to olitaén
values of the fractional populations of the stdigs, fi1(t) andfy(t) at all urea concentrations (see
Figure 6). In the two steps process we can distsfga native conformation N (at 0.00 M urea), an
intermediate 11 (at 6.05 M urea) and an unfoldedcstire U (at 9.00 M urea). By means of the and
the Native, Intermediate and Unfolded fractionsatht urea concentration, a good reproduction of the

relative Kratky plots, presented in Figure 7, wasamed. By using these fractions it was possible t
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extract the MRE, MREzxss Ry, Ry, F34Qg, at each urea concentration. In this case the impetal
and the calculated values, shown in Figure 8, time to be very similar.

The experimental values of MRE MREes, Ry’, Ry, F34Qgo Were also analyzed by using the
Nick Pace’s approach to obtain an estimation ofpiteéein conformational stability. The method had
permitted to draw the free energy change in absehceeaAGH° for the transition N»I. The free
energy value obtained by Muzammil et™afor the HSA N-l transition is slightly smaller. This
suggests that the ibuprofen stabilizes the HSAaomédition. The results have been added as supporting

information®?

The SVD method has also been carried out by intiog) thel(q) profiles in the A matrix.
Within an error of 10%, the resultirf§f) fractions are consistent with the analysis pertatron the
I(g)° SAXS profiles (see Figure SI1). However, we exgeldi the I(g)g° patterns because
conformational variations of molecules with the H8itnensions, mainly affect the SAXS intensity in
the intermediate region (0.1 < 0.2 AY). While a Kratky plot of a globular protein presemq’
dependence, the partially or completed unfoldechfoshow an increase withgadependenc&*® In
any case, the SVD analysis allows us to charaeténia good way the three structural shapes present
in the investigated urea concentration range. Incyple, this method could be also applied to the
curves obtained by other techniques (for examplea@® fluorescence). In particular, we carried out
the SVD analysis by considering the CD data. Algiouhe presence of intermediates could be
provided also by the near-UV CD data, in this pattr instance, probably due in part to the weak
signals, the results had been demonstrated uneeliAls a matter of fact, it had not allowed us to
distinguish the presence of three states, but glesstep denaturation process was pointed outdn th
complete urea range (data not shown). The sam# vessiachieved by analyzing the far-UV CD data,
that provide information about the changes in tloégin secondary structure (data not shown).

The SVD results confirm that the CD data are iagnostic than the SAXS ones. In fact, a

single step process can be excluded if we compark(t) function values calculated by applying the
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Equation 7 t0 MRk, MREys, Rgz, R.,* and F34@y (see Figure 9). The different patterns,
corresponding to the various experimental datajireghe presence of a multistep process during the

protein unfolding.

3.4 Three-dimensional restored structures
The I(g) patterns obtained with the SVD analysis allowedauget more detailed information

on the structures present in solution at varioes woncentrations. Indeed, the opening mechaniam ca
be obtained by analyzing the N, |1 and U relatipectra with the GA_STRUCT and BUNCH codes.
The three-dimensional structures calculated withNBW are reported in Figure 10. For these three
albumin conformers, recovered structures obtaingd the GA_STRUCT program are also drawn
together with their superimposition with the BUNGHuctures.
In particular, for the protein without denaturaatstructure very similar to the crystallographi@atie
shape is reported, with only a slight separationtiaf three domairS:>® The structure of the
intermediate 11 is instead characterized by ordioaed domain (domain Ill). In detail, the extemsod
the two open domains gives rise to a maximum parsize of about 145 A, in a good agreement with
the Dyux Obtained from thep(r) function. Attempts of BUNCH minimizations keepimpsed the
domain Il or the domain | have been performed. These rise to calculated patterns with bad
agreement indexes, 1.25 and 1.35 times higherecésply. On the other hand, as shown in Figure 2,
the drastic decrease of the Fg#4@t 6.05 M, excludes the presence of a conformér the domain I
closed at this urea concentration.

Finally, the recovered structure represgntine Unfolded state at 9.00 M urea reveals the
characteristic feature of a completely open stdtee presence of an extended conformation is

confirmed by an intense growth of the GA_STRUCTuwaé (407000 Aat 9.00 M urea vs. 81000°A
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at 0.00 M urea). As reported by Helféiit is the evidence of a huge conformational mopilroper of
an unfolded protein in solution.

Comparing these results with the free HSAsGhé is clear that the ibuprofen binding stabilizeti
effect occurs already at low urea concentratiomshé HSAIbu denaturation process, at about 3.00 M
of urea, still we note the absence of an intermedi@n the contrary, in the HSA unfolding process,
intermediate which presents the domain | open, e detectetf. The HSAIbu complex remains
practically in a complete globular form until ab@®i80 M urea. Further addition of denaturant leads
a progressive presence of an intermediate 11 witnuecture which presents the | and Il domains open
Therefore, at 6.05 M the I1 intermediate of the H&Ahas the same open domains of the second
intermediate state, named 12, present in the HS#lding pathway. Effectively, there is a good
agreement between the SAXS pattern of the HSAlbutiea at urea 6.05 M and that of the HSA
solution at urea 5.35 M (see Figure 11). So, ifewehange in the HSA SVD analysis the 12 scattering
profile with the HSAIbu solution at urea 6.05 M ¢ntains 100% of intermediate), we observe there
are not significant variations of the HSA SVD résund the population fractions are preserved.
Moreover, in Figure 11 the similarities betweensthéwo SAXS intensities are also evidenced by
reporting a superimposition of the two structurbtamed by applying the BUNCH analysis. This can
be considered a further confirmation that the preseof ibuprofen does not change dramatically the
unfolding HSA mechanism, but it provokes a shift thfle equilibrium towards higher urea
concentrations. As a matter of fact, at higher weecentrations, a fraction of the HSAIbu beginbéo
completely open. From the urea concentration dd ®6 only an unfolded protein structure is present
in solution. Worthy of note is the fact that als®@0 M of urea, even if the three domains areegde
the dimensional parameters are lower than in tse cAHSA without ligand. This is confirmed if we
introduce in the HSAIbu SVD analysis also the H30#0 M urea as Unfolded state. We obtain a

good fit considering again only three states amdstme fraction of N and 11 until the I1 interméelia
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(that corresponds even in this case with the smiuat 6.05 M of urea). For the higher urea
concentrations, the fractions differ from the poesd up to a maximum of 0.2. In particular, the
HSAIbu solutions at urea 7.60 and 9.00 M contai¥h &3 the U conformation.

So we can conclude that the conformatiorhef HSAlbu at urea 9.00 M, that we defined as the
Unfolded state, actually is less expanded. Theeefas we put in evidence for the HSA-palmitic acid
complex, the presence of the ligand seems to mabihe protein also at very high urea

concentrationg!

3.5 Comparison between SAXSand DL S

DLS measurements allow us to observe theteffiethe denaturation induced by urea monitoring
the increase of the hydrodynamic radius with theaumddition. The hydrodynamic radii are
summarized in Table 1. In the samples without demat, the values of HSA do not show significant
changes when the ibuprofen is added, anB.aralue, in agreement with that reported in literatior
free albumins, is observéd®*>*Starting from this value, by increasing the deraiticoncentration,
an increment of the protein size is observed.

A stabilizing effect is shown by the intefagtof the albumins with ibuprofen. As a matterfaxt,
the increase of th&, values for the samples in presence of the arlasimhatory drug is smoother than
in the corresponding free of drug ones. Moreowrvalues for the protein-ibuprofen complexes
almost equal to the native protein value are pveseup to about 5.00 M denaturant. By means of the
structures obtained with BUNCH and by using the HR@PRO codé? the hydrodynamic radii have
been calculated for each conformer. In particutes,calculatedr, values are 37.0, 46.5 and 54.0.5
A for the N, 11 and U HSAIbu forms, respectivelyaking into account the composition determined

with the SVD method (Figure 6), the hydrodynamidiua in each sampl&,. was estimated as a
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function of the hydrodynamic radii of the conformBy; and the corresponding fractions in the sample

fi, a§6

(3] o

and compared with the experimental ones in Fig@reéAl higher urea concentrations some differences
are detected between the experimental and thelatddir,. These inconsistencies are probably due to
an error in the experimental data which is deteeahiby a difficulty in separating the protein and th

solvent contributions to the scattering intensityoaorrelation function.

4. Conclusions

Many spectroscopic studies were undertaken totifgiethe albumin unfolding pathways in
chemical denaturant conditions and the increadialgjlgy induced by the presence of exogenous and
endogenous compounds. Studies on the stabilizatidnced by different chemical agents are of
considerable importanc¢&’:#1>">%we performed a study on the stabilization efféfca NSAID, the
ibuprofen. To verify the protective action of tHeuprofen, an analysis with SAXS, DLS, CD and
fluorescence techniques was carried out on a slofions with urea concentrations between 0.@D an
9.00 M.

By comparing the interpretation of the spectrogc@nd the scattering data of the HSAIbu
system with the results obtained for the free H®&faded solutiorf$ it was clear that in the case of the
HSAIbu, the unfolding process takes place laterttn denaturant concentration scale. Indeed, we
observed that the HSA binding ibuprofen molecul®ained in the native form up to a limit urea
concentration of 3.90 M. This limit value is highltean the one reported for HSA (2.50 M). This was

confirmed also by the analysis performed with theDSmnethod, applied both to th¢q)g® and1(q)
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SAXS profiles. It allowed us to point out that tHSAIbu opening is a two step process involving a
native N (at 0.00 M urea), an intermediate 11 (866 urea) and an unfolded U (at 9.00 M ureakstat
and to get their low resolution structures. It wias observable an intermediate with only the donhain
open, that was present in the beginning of the HBfalding process, at about 3.00 M of urea.

This result could be questionable in view of taetfthat the two ibuprofen specific binding sites
involve, in order of binding constants, the domdihsind 112> and not the domain |. However, at our
HSA:Ibu ratio (1:10) other molecules could haveoaperative effect inducing the stabilization of the
domain | up to higher urea concentrations thahéncase of defatted albumin.

The HSAIbu remained practically in a complete glab form until about 3.90 M urea. We
could hypothesize that the presence of the spdigiads did not change drammatically the unfolding
mechanism in urea, but it provoked a significanift sbf the equilibrium towards higher urea
concentrations. This hypothesis was confirmed ki Bb initio and rigid body fitting methods, which
highlighted a stepwise evolution of the proteinusture toward open conformations. The greater
instability of the domain | was in agreement witie thypothesis of a “direct interaction mechanism”
whereby the urea interacted directly with the proteackbone. As a matter of fact, the HSA is
characterized by a gradient of charge from thethéolll domain, so the bigger presence of chaged
polar residues in the | domain made it more subgetd the electrostatic interactions with the urga
the hydrogen bonds formation. Also in a recent wofkChen et al., even if in this case a “direct
interaction mechanism” was not accepted, it wasrted that the urea molecules affect the hydrogen
bonding of interfacial water molecules, altering tims way, the solvation of the proteins. A
visualization of the different interaction betwetie bovine serum albumin and the urea by changing

the protein charge surface was repoffed.
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Finally, the SAXS technique, supported by lighatsering measurements and spectroscopic
data allowed us to restore the 3D structure atrksolution and to visualize the unfolding mechanism
also in presence of a ligand.

This study not only suggests that the HSA stgbisitenhanced upon binding with the NSAID
molecules, but adds information of a structuralirebn the mechanism of stabilisation. Note that th
study of the ligand effect on the conformationalbgity of HSA, as well as the determination of the
ureainduced unfolding pathway, necessitate only of kmewledge of the HSA crystallographic
structure. By combining the structural reconstttmethods with the SVD analysis, the opening
sequence in the presence of the ligaffdct can be determined, giving a le@solution structure of the
intermediates. The results would allow the idecdifion of the ligand binding sites. This type of
analysis could be exploited in future investigasiam proteins in solution, in the binding of drugs
endogenous compounds and in the pharmacokinetpegres. It could be possible to investigate the
modification of the protein structure involved iohinding mechanisms, discriminating potentially

among the different cobinding types: independemiperative, anticooperative and competifive.
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Figure Captions

Figure 1 On the top, amino acid sequence of HSA in an geament reflecting the heart-shaped
structure. The I-lll domains are shown, respectiviel blue, green and red. The grey spheres inglicat
the amino acids that have been considered as duesidues in the BUNCH calculations. The amino
acids that in the crystallographic structure arareethan 7 A to the ibuprofen molecules are also
marked in magenta and cyan. On the bottom, a 3@septation of the HSA structure and the rigid
and flexible fragments used in the BUNCH calculagioNine loops (three for each domain) are held
together by 17 disulphide bridges. In cyan and mizgéhe two binding sites of the ibuprofen are
evidenced. This is the view with the program PyM®yMOL is a trademark of DelLano Scientific

LLC.

Figure 2. In the upper panefluorescence intensitgnonitored atie,= 340 nm corresponding Q.=
295 nm for HSAIbu (open circle) and for HSA (crossjutions at various urea concentrations. In the
insets, the ratio HSA/HSAIbu of F34@ are reported. In the lower panel, relativgx versus urea

concentration are shown. In the insets the ratidMHSAlbu of 1.« are reported.

Figure 3. Far-UV spectrgtop) and near-UV spectra (bottom) relative to HBAolutions at various
urea concentrations. In the insets, the values@fratio HSA/HSAIbu of MRE; (top) and MREss

(bottom) are reported.

Figure 4. Amount of a-helix relative to HSA (square) and HSAIbu (circlyr increasing urea

concentration.

Figure 5. Pair distribution functionp(r) of HSAIbu (top) and the relative Kratky plots (twyh) at

various urea concentrations.
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Figure 6. The fractional populationf(t) (open circle)fi;(t) (square) and(t) (diamond) estimated by

the SVD analysis (by using the Equations 4-6) ier HSAIbu at all urea concentrations.

Figure 7. Kratky plots relative to HSAIbu at various urea centrations. The functions calculated with

the SVD method are represented with dash lines

Figure 8. From the top: values of gyration radii (by the SAX&ctra), hydrodynamic radii (by DLS),
fluorescence intensityi{= 280 nm Aer= 340 Nnm), MRE at 222 nm (by far-UV CD), MRE at 26&

(by near-UV CD), for HSAIbu solutions at differamiea concentrations. The experimental data (circle)
are compared with the calculated ones (squaregirdat by means of the SVD analyd®g.andR, are
expressed in A, MRE, and MREgs are expressed in F0deg cm mol* and deg ch mol?,

respectively.

Figure 9. f(t) functions (calculated by applying the Equatioriof)MRE;,,and MREsgs, Rgz, R.* and

F340Q3o, of the HSAIbu solutions at various urea conceiang.

Figure 10. Three dimensional structures obtained for the HBAWwith the BUNCH code,
GA_STRUCT consensus envelopes, and their superitigpiss The three HSA domains are in blue,
green and red, respectively. Two orthogonal viewisoare reported. The structures refer to the three
configurations that evolve in solution increasihg urea concentration. On the right the summarizing

schematization of the relative opening mechanismeported.

Figure 11. On the left: three dimensional structures obtaimg@UNCH for the HSA solution at urea
5.35 M (top) and the HSAIbu one at urea 6.05 Mtfu). On the right: two orthogonal viewpoints of
the superimposed structures. In red the HSA soluiourea 5.35 M and in blue the HSAIbu one at

urea 6.05 M. In the lower panel thé) (left) and thd(q) (right) curves are reported for the HSA (line)
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and the HSAIbu (dash line) solutions. For the mhgétribution functions only some error bars are

reported.

Figure 12. Hydrodynamic radii measured by DLS and estimateaanfrthe SAXS conformer
distribution for HSAIbu (circles and squares, respely). The errors of the DLS data are betweehn +
A (0.00 M urea) and + 5 A (9.00 M urea) the errbthe radii estimated from SAXS analysis is about

5%.
Figure Captions of the black and white version (in the print) of the Figures 1, 5, 7, 10, 11

Figure 1. Amino acid sequence of HSA in an arrangement ridflgche heart-shaped structure (top).
3D representation of the HSA structure and thedrigmd flexible fragments used in the BUNCH
calculations. Nine loops (three for each domaim) lzeld together by 17 disulphide bridges. With a
circles the two binding sites of the ibuprofen avedenced. This is the view with the program PyMOL.

PyMOL is a trademark of DeLano Scientific LLC (loott).

Figure 5. Pair distribution functionp(r) of HSAIbu (top) and the relative Kratky plots (toyh). The

arrows represent the trend increasing the ureaetiration.

Figure 7. Kratky plots relative to HSAIbu at various urea centrations. The functions calculated with
the SVD method are represented with dash lifiée arrows represent the trend increasing the urea

concentration.

Figure 10. Three dimensional structures obtained for the HBAWwith the BUNCH code,
GA_STRUCTconsensus envelopes, and their superitipusi Two orthogonal viewpoints are
reported. Thestructures refer to the three conditpms that evolve in solution increasing the urea
concentration. On the right the summarizing scheza@n of the relative opening mechanisms is

reported.
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Figure 11. On the left: three dimensional structures obtaime®UNCH for the HSA solution at urea
5.35 M (top) and the HSAIbu one at urea 6.05 Mt@un). On the right: two orthogonal viewpoints of
the superimposed structures. In the lower pangbheleft) and thd(q) (right) curves are reported for
the HSA (line) and the HSAIbu (dash line) solutioRsr the pair distribution functions only some

error bars are reported.
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Table

Table 1. Radius of gyratiorRy, hydrodynamic radiuR, and maximum distand8m.x (expressed in A)

of the HSAIbu at different urea concentrations.

Urea (M) Ry Rn Drmax

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.

The experimental errors f&; R, andDyux are from 1% to 3%, 3% and 5% respectively.
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