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We provide a quantitative description of the solvation properties of lysozyme in water/ethanol mix-
tures, which has been obtained by a simultaneous analysis of small-angle neutron scattering and
differential scanning calorimetry experiments. All data sets were analyzed by an original method,
which integrates the exchange equilibrium model between water and ethanol molecules at the pro-
tein surface and activity coefficients data of water/ethanol binary mixtures. As a result, the prefer-
ential binding of ethanol molecules at the protein surface was obtained for both native and thermal
unfolded protein states. Excess solvation numbers reveal a critical point at ethanol molar fraction
~0.06, corresponding to the triggering of the hydrophobic clustering of alcohol molecules detected
in water/ethanol binary mixtures. © 2011 American Institute of Physics. [doi:10.1063/1.3670419]

. INTRODUCTION

It is widely acknowledged that the structure and dynam-
ics of proteins are strongly influenced by interactions with
water."»> Measurements on the properties of water molecules
associated with a protein, and particularly on their changes af-
ter conformational transitions and binding reactions, are then
considered fundamental for furthering the understanding of
protein hydration.

When a protein is dissolved in a mixed aqueous solution
its structural and dynamic properties change as a function of
the solvent composition,® according to a preferential solvation
process, which accounts for the accumulation or reduction of
the different solvent molecules at the protein surface.*> It has
been demonstrated, for example, that a co-solvent can act as
plasticizer or stabilizer, allowing or blocking the protein to
jump between the so-called conformational substates,® or to
play as modulator for biochemical reactions.” Also the per-
spective of being able to regulate the characteristics of a pro-
tein by changing the physical and chemical environment in
which it is dissolved has a relevant practical interest and no-
ticeable consequences.

The molecular structural characterization of the protein
solvation shell in a binary mixture appears very problematic
due to sensitivity requirements for detecting possible small
modifications of solvent composition at the protein surface.
Moreover, until a few years ago, molecular dynamics simula-
tions to study this issue were scarcely applied.®

On the other hand, due to a fine tuning of the scatter-
ing contrast between protein, solution, and solvation shell, we
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have recently showed that the small-angle neutron scattering
(SANS) technique can be an optimum tool to experimentally
obtain the composition of the solvation shell of a protein dis-
solved in binary solvents.”"!! In particular, we demonstrated
that lysozyme is preferentially hydrated when dissolved in a
water/glycerol mixture, in full agreement with previous lit-
erature indications obtained at infinite protein dilution,'? but
depleted of water molecules when dissolved in a water/urea
mixture,'” again in agreement with previous data.'’ In wa-
ter/glycerol mixtures, one result is specially noticeable: the
excess solvation number for water (e.g., the number of wa-
ter molecules around a lysozyme in solution, in excess - aug-
mentation or depletion - to the number of water molecules
contained in a volume of bulk solvent equivalent to the sol-
vation shell volume) reported as a function of the water mo-
lar fraction in the solvent, x,,, shows a maximum at around
0.6. Using differential scanning calorimetry (DSC) studies, a
clear relationship between the preferential hydration and the
lysozyme stability was then established,'* as the stability of
lysozyme in water/glycerol mixtures at 298 K was observed
to be maximal exactly at x,, = 0.6.

Among other binary mixtures, monohydric alco-
hols/water solutions have largely been investigated. In
particular, it has been clearly established that monohydric al-
cohols, such as methanol, ethanol and 1-propanol, destabilize
the native structure of proteins, although the promotion of
the a-helix conformation in unfolded proteins and peptides'>
and the stabilization of the native state for diluted solutions'®
have been also reported. In particular, ethanol has been
demonstrated to modify the amyloidogenic self-assembly of
insulin.!” A large number of experimental,'8~2! theoretical,??
and molecular dynamics studies>*?° have been focused on
the structure of the molecular clusters formed by alcohol in

© 2011 American Institute of Physics
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water. As a result, micro-heterogeneous structures of alcohol
and water in binary mixtures have come to be generally
accepted, and their relationship with protein stability has
been highlighted. In particular, the hydrophobic clustering
of ethanol molecules in a bulk aqueous solution has been
experimentally investigated through detailed measurements
of compressibility and frequency of C—H stretching.'®26
Such investigations have shown that ethanol is essentially
monomeric for an ethanol molar fraction in the solvent, x,,
lower than 0.06, while self-associates in the range 0.06 < x,
< 0.29. Correlations between the microstructure of the binary
solvent and the conformation of a protein therein dissolved
have been demonstrated by studying the thermal denaturation
of lysozyme in water/ethanol mixtures.?’ In particular, the
transition enthalpy, AH, has been observed to depend in a
complex manner on the amount of alcohol present in the
solution: as ethanol concentration is increased, AH increases
until a maximum value is reached at a mole fraction x of
about 0.06. A maximum at the same mole fraction was also
detected in the denaturation entropy change, AS.

Actually, proteins appear as sensible probes for monitor-
ing solution properties and their complicated evolution with
composition. Since existing results collectively indicate that
the conformational stability of a protein is closely related to
the features of the solvation shell, a complete description of
the phenomenon requires taking into account the properties
of the plain water/alcohol mixtures and the thermodynamic
characteristics of the protein-solvent interactions.

The aim of the present study is to discuss the properties
of the water/ethanol binary solution comparing SANS and
DSC results on lysozyme dissolved in the mixture. Experi-
ments were performed in parallel on similar samples, and the
whole experimental data were analyzed using a global fit pro-
cedure, an approach that we have demonstrated to be very
efficient for extracting tiny structural details from a wide ex-
perimental context.”!% !4 By adopting Schellman’s thermody-
namic model,?®?° based on an equilibrium exchange between
water and ethanol in the bulk and in the solvation layer, we
are able to estimate, for both the native and the denatured
protein states, the thermodynamic equilibrium constant and
related thermodynamic parameters, such as the excess solva-
tion numbers. Since data were evaluated as a function of sol-
vent composition, correlations with the water/ethanol binary
mixture properties were also derived.

Il. MATERIALS AND METHODS
A. Sample preparation

Hen egg-white lysozyme (Fluka Chemie AG) was dis-
solved in 0.1 M HCl/glycine water/ethanol solutions at pH
3.0. The lysozyme concentration was checked spectrophoto-
metrically by using an extinction coefficient of &% = 26.9
at 280 nm. Ten samples were investigated by DSC, with
lysozyme concentration fixed to 20 mg/mL and ethanol mo-
lar fraction in the solvent, x,, ranging from 0 to 0.09. Sixteen
samples were studied by SANS: for each lysozyme concen-

tration equal to 30, 60, 90, and 120 mg/mL, the values of x,

J. Chem. Phys. 135, 245103 (2011)

were 0, 0.03, 0.06, and 0.09. All the samples were prepared at
a deuteration grade xp equal to 0.88, according to the proce-
dure described in the supplementary material.>

B. SANS experiments

SANS measurements were carried out at the Laboratoire
Leon Brillouin, France, on the PAXE diffractometer. Two
sample-detector distances (1 and 3 m) and 7 A wavelength
neutrons were used. The investigated exchanged wave vec-
tor modulus ¢ ranged from 0.015 to 0.3 A~!. Samples were
measured at room temperature in a 1 mm thick quartz cell.
Experimental detector counts were radially averaged and cor-
rected for sample transmission, detector inhomogeneities and
scattering from buffer, and converted into macroscopic dif-
ferential scattering cross section in absolute units (cm™') by
direct beam measurements.’!

C. DSC data

The DSC experiments were performed on a micro-DSC I1
(Setaram, France) at a scan rate of 18 Kh™! with sample
masses of 0.85 g. More details can be found in Ref. 27, where
these data were already published.

lll. THERMODYNAMIC MODEL AND DATA ANALYSIS

In brief, SANS and DSC results obtained on lysozyme
dissolved in water/ethanol binary solutions were analyzed
using a global fit procedure based on the mixed solvent
exchange thermodynamic model. In the following, the ther-
modynamic model as well as the SANS and DSC data anal-
ysis will be detailed. Here, it should be noticed that few ba-
sic assumptions have been made, i.e., the lysozyme structure
was considered unchanging in the range where water/ethanol
ratio is varied and the unfolding process has been assumed
to be cooperative and two-state at all the investigated con-
ditions. Both assumptions are consistent with the low alco-
hol concentration used (less than 25% v/v) and are supported
by previous results. First, in Ref. 32 the observed slight vari-
ations of lysozyme hydrodynamic radius with ethanol mole
fraction between O and 0.08 were attributed to the effect of
alcohol in modulating solvent-mediated interactions and not
on protein structural changes. Second, in Ref. 33 data anal-
ysis demonstrated that the increase of the osmotic second
virial coefficient in lysozyme water-ethanol solutions (with
X, ranging from 0.002 to 0.072) could be fully understood
considering a Mean Force Potential for “globular proteins of
constant radius.” Third, the unfolding of lysozyme dissolved
both in DO and CH3CH,0D/D,0 was studied by Fourier
transform infrared (FTIR) absorption spectroscopy at differ-
ent protein concentrations (x, = 0.15, 30 and 120 mg/mL
lysozyme concentrations).>* The detailed description of the
local and global rearrangements is compatible with a coop-
erative and two-state process at both the considered sample
compositions.
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A. Solvent exchange thermodynamic model

As shown in recent papers,”'"!* the number of water

molecules adsorbed or released from a protein surface, as a
result of modifications on the composition of the binary mix-
ture where the protein is dissolved, can be experimentally de-
termined both from SANS and DSC data. In particular, the
mixed solvent exchange thermodynamic model formulated by
Schellman,?® which describes the protein solvation process
as a thermodynamic equilibrium between solvent molecules
in contact with the protein surface and in the bulk, has been
demonstrated to be appropriate. By using a global fit strategy,
Schellman’s thermodynamic equilibrium constant appears as
the main data fitting parameter, responsible for the protein
shell structural, compositional and energetic features in all
the set of investigated experimental conditions, which differ
for protein and co-solvent concentrations.'!

The model can be summarized in the following way. The
protein surface is considered to provide m sites, which can be
occupied either by water or ethanol molecules, and none of
them can be unoccupied. The water and ethanol molecules in
close vicinity to the protein define the “local domain” region /,
which includes the solvent molecules filling the gaps between
the protein bound ethanol molecules (see Fig. 4 in Ref. 9). The
composition of the local domain, represented by the ethanol
molar fraction x, ;, can be different from the one of the bulk
solvent, x, ;. The ethanol-water exchange equilibrium taking
place at m sites can be written as

e+ w, = ¢, + wy, (1)

where e, e, and wy, w;, represent ethanol (e) and water (w)
molecules in the bulk phase (b) and in direct contact with the
protein surface (s), respectively. Note that domain s contains
only water and ethanol molecules in contact with the pro-
tein surface, and therefore is a non-uniform shell around the
protein. Considering the probability ¢ that m sites are occu-
pied by water molecules, the thermodynamic exchange equi-
librium constant can be translated into the equation
ex ¢ de

C1-¢a,’ @
where a, = y X » and a,, = (1 — x, ;) are the activities
of ethanol and water in the bulk domain. The correspond-
ing activity coefficients, y, and y,,, have been expressed as
analytical functions of x, 5, according to excess free energy
data.®

Two important aspects of Eq. (2) merit to be discussed.
First: since it is well known that water-ethanol mixtures dif-
fer in a relevant way from ideality, the thermodynamic avail-
ability of both water and ethanol molecules in the bulk do-
main is properly described by activities instead than by molar
fractions.”® Second: at our knowledge, it is not possible to
design experiments by which to measure activity coefficients
of molecules bound on a protein surface. Hence we can only
quantitatively express the thermodynamic availability of wa-
ter and ethanol molecules bound to the lysozyme surface by
the simple water occupation probability ¢ of the m sites.

Equation (2) is then central in the global fit strategy
adopted here. However, as DSC data contain information on
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lysozyme unfolding, two different thermodynamic exchange
equilibria were considered in the calorimetric data analysis,'*
the first related to the solvent exchange between the bulk and
the native protein surface (described by the thermodynamic
exchange equilibrium constant K3‘) and the second related
to the solvent exchange between the bulk and the unfolded
protein surface (described by the thermodynamic exchange
equilibrium constant K). In this framework, the SANS ex-
periments performed on native lysozyme enhanced the in-
formation concerning the first thermodynamic equilibrium
already provided by DSC data.

B. SANS data analysis

For monodisperse and randomly oriented protein parti-
cles dissolved in a homogeneous solvent, the SANS macro-
scopic differential scattering cross section can be expressed
as

dx =n,P(g)S B 3
=@ =, P@Su(@)+ B, @)

where n), is the protein number density, Sy(q) the effective
(measured) structure factor defined by
2
Su(g) =1+ m[S(q) —1] “)
P(q)

in which S(g) is the protein-protein structure factor, P(q) the
form factor, and F(q) the angular average of the Fourier trans-
formation of the scattering length density distribution of the
protein.*® Finally, B is a flat background, which accounts for
incoherent scattering effects.

In the present case, the protein-protein structure factor
S(g) was modeled on the basis of a three-terms pair interaction
potential, u(r) = uy(r) + uy(r) + up(r), which includes a hard
sphere potential,

oo r <2R, s
Ho(r) 0 r>2R, ©)
and two Yukawian terms, namely a repulsive coulombic
screened potential, u;(r), and an attractive potential, u,(r),
both of the form u;(r) = Ajexp [—«;(r — 2R))/r.% " In these
expressions, R represents the effective hard-sphere protein ra-
dius. For the coulombic term, the constant A; depends on
the net protein charge Z, on the bulk dielectric constant ¢
(which is a known function of the composition of the bulk,
X..») and on the inverse Debye length «; (which is usu-
ally written as a function of Z and the ionic strength Is due
to all the microionic species in solution, as in Eq. (11) in
Ref. 37). Concerning the attractive Yukawian term, the pre-
exponential constant is written as A, = —2RJ, where J is
the so-called potential at protein-protein contact, whereas the
constant k, is simply written as the inverse of the decay
length d.
The calculation of S(g) from the potential u(r) requires
the solution of the Ornstein-Zernike (OZ) equation under a
proper choice of a closure. A very efficient closure method
for a two-Yukawa potential, based on a numerical solution
of the mean-spherical approximation (MSA), originally de-
veloped by Liu, Chen, and Chen®® was successfully applied
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in the analysis of SANS data of proteins in a wide range of
concentrations.’®*! These studies have shown that the subtle
balance between attractive and repulsive potentials leads to a
transition from a monomer fluid to a cluster fluid at increas-
ing protein concentration. In particular, the appearance of a
peak in the structure factor whose position does not scale with
the n},/ 3 as expected for a fluid of not interacting monomers,
suggests an intermediate range order, as it has been recently
discussed in many experimental and theoretical works.*'=* In
this study, the strong repulsion regime due to the acidic con-
ditions of our samples led us to choice the simple and ana-
lytical Random-Phase Approximation (RPA), where S(gq) is
expressed as a perturbation of the well-known hard-sphere
structure factor Sy(g) according to PY closure** (see sup-
plemental material®” for details).

F(g) and P(gq) were evaluated from the lysozyme atomic
coordinates reported in the Protein Data Bank (PDB entry
61yz (Ref. 46)) and taking into account the composition
of the protein solvation layer. The SASMOL approach,*’-43
which locates the sites of the water molecules belonging to the
different protein hydration shells and describes them as Gaus-
sian spheres, was used. According to the SASMOL method,
the number of sites belonging to the lysozyme first hydration
shell (corresponding to the m sites of the s-domain) was 385,
whereas in the second shell m’ = 470 sites were found. Since
the molecular volume of ethanol is larger than that of wa-
ter, the local domain / has been considered to include both
the first hydration shell, of which a fraction ¢ is occupied by
water molecules, and the second hydration shell of the pro-
tein, whose ethanol composition corresponds to x, ;. The cal-
culation of the values of ¢ and x,, ;, which for a fixed ther-
modynamic exchange constant are functions of the nominal
sample composition (expressed by 7, and x,), has been per-
formed by numerically solving the system constituted by the
Eq. (2) (using the dependency of y, and y,, on x, ;) and the
mass balance of the system. The local domain composition,
X, 1, was then calculated by averaging the compositions of the
sites in the first and in the second hydration shells. Therefore,
the form factor depends on solvent composition (ethanol con-
centration and deuteration grade) and on the thermodynamic
parameters fixing the compositional relationships among the
different domains® (see the supplementary material®® for the
resulting equations).

C. DSC data analysis

DSC analysis was based on the two-state transition model
described by Schwarz and Kirchhoff*’ updated under the
quantitative advisement of the 4 components of the system:
folded and unfolded lysozyme, water and ethanol. On the ba-
sis of previous reports, the unfolding process has been as-
sumed to be cooperative and two-state at all the investigated
conditions.** Thermodynamic exchange constants, K§* and
K{¥, and the number of exchange sites on the unfolded pro-
tein (/my) had to be determined.

DSC thermograms, reporting the temperature depen-
dence of the heat capacity C, of the protein dissolved in
the water/ethanol mixtures, were calculated following the
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Schellman’s exchange model as reported by Spinozzi et al.'*

(AH) }
(exp(—AG/kgT) + kT2 |’

(6)

where n,, ¢ is the number density of unfolded lysozyme, AC,
= C,y — Cyn, AH and AG are the differencies of heat capac-
ity, enthalpy, and free energy for the transition between native
and unfolded protein, each conformation having a different
composition of the solvation shell, as represented by the fol-
lowing expression:

npu
Cp=Cpy+ ,:; I:ACP+
P

NWpypyemy(1-py) + (Mudy — mydy)w
+[my(1 — ¢y) —my(1 — py)le
= Uwmygy€my(1-g0)- (N

All terms in Eq. (6) are complex functions of composition
(x. and n,) and temperature.'* It has to be stressed that the
whole unfolding equilibrium described by Eq. (7) can be de-
composed in three elementary parts: (i) an unfolding equilib-
rium of lysozyme in water, (ii) my water/ethanol exchange
equilibria at the surface of the protein in the native conforma-
tion, (iii) my water/ethanol exchange equilibria at the surface
of the unfolded protein. Because any water/ethanol exchange
over folded and unfolded protein modifies the composition of
the bulk solvent (x,, ), the model takes into account the con-
tribution of excess enthalpy, excess heat capacity and excess
volume of water/ethanol mixtures, which are calculated as an-
alytical functions of x,, , by means of published phenomeno-
logical expressions.’*>? Hence, all thermodynamic functions
were written as proper combinations of the thermodynamic
functions of each of the three elementary transitions.

D. Global fit analysis

A global fitting procedure was used to provide a unique
interpretation of the whole set of experimental data. All the
26 experimental curves (10 DSC thermograms and 16 SANS
curves) were analyzed together, and three different classes of
fitting parameters were considered. The first class includes
common parameters, which are independent of the type of ex-
periment and of the experimental condition, such us Ky'; the
second class includes common parameters which are pertinent
only to SANS or DSC, but are still independent on the exper-
imental condition; the third class includes parameters which
depend on sample composition, deuteration grade, and type of
experiment and should be fitted independently for each curve.
Further details concerning the fitting parameters can be found
in the supplementary material.*”

IV. RESULTS AND DISCUSSION

SANS and DSC fitting results are superimposed to ex-
perimental data in Figs. 1 and 2: the good quality of the fitting
procedure, also indicated by the rather low value of 1.23 for
the global reduced x?2, can be easily appreciated. The com-
mon parameters resulting from the global fittings are reported
in Table I.
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FIG. 1. SANS curves of lysozyme in water/ethanol mixtures at different
compositions, as shown by the x, values reported in the bottom of each col-
umn and by the protein concentration reported on the right of each curve in
mg/mL unit. All the samples are at a deuteration grade xp = 0.88. Circles
correspond to experimental data, solid lines are the best fits obtained by the
global fit analysis. Curve are scaled by a factor 0.1 cm™! for clarity.

Before analyzing the thermodynamic exchange con-
stants, which dictate the composition of the local domain,
few comments on the fitted structural parameters are manda-
tory. The protein effective charge Z resulted nearly indepen-
dent on protein and ethanol concentration: its average value
resulted (Z) = 16.0 &= 0.3 e, which roughly corresponds to
the number of charges carried by lysozyme at pH 3 accord-
ing to its aminoacid composition.>* Considering the attractive
term, the decay length d was found to be almost constant with
the ethanol mole fraction, with an average value (d) = 3.0
+ 0.4 A, whereas the depth J was observed to slightly de-
crease (~3%, from 12.2 £+ 0.4 kJ mol~" at x, = 0.00 to 10.9
+ 0.4 kJ mol™! at x, = 0.09). We notice that the values
of J result to be larger compared to those obtained in simi-
lar experimental conditions by MSA (Refs. 40 and 41) and
HNC closure.>* This difference may be attributed to the use
in our analysis of structure factors expressed in the RPA ap-
proximation which, as it is well known, tends to overestimate
the attractive component of the potential. However, the RPA
approximation does not influence the observed trend of the
depth of the attractive potential versus ethanol molar content
in solution.

J. Chem. Phys. 135, 245103 (2011)

Cp - C[)NO
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8
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FIG. 2. Experimental DSC thermal scans of lysozyme in water/ethanol mix-
tures at different compositions, as shown by the indicated x, values. Circles
correspond to the experimental data. Solid lines represent the profiles ob-
tained by the global fit analysis. Curves are scaled by 40 kJ mol~'K~! for
clarity.

From one hand, the decrease of the depth J is rather
interesting, as it confirms previous observations suggesting
that the increase of lysozyme repulsive forces in the pres-
ence of ethanol (detected as an increase of the osmotic
second virial coefficient induced by addition of ethanol on
aqueous lysozyme solution) is mainly determined by reduced
attractive hydrophobic interactions and not by changes in the
coulombic repulsion.®?

On the other hand, the observation of a nearly constant Z
disagrees with recent SANS data analysis on lysozyme aque-
ous solution, which showed a net charge increase from ca. 8 to
10 e when protein concentration changes from 5 to 22.5%.%!
However, in that case the pD of the protein solutions was
barely controlled (the pD value was 6.8 at 5% and 4.5 at
22.5%"*"), and the different used closure of the OZ equation
to obtain the structure factor may account for the discrep-
ancy, too. Indeed, some discordances between the attraction
strengths calculated by using MSA and Hypernetted Chain
closures were even underlined by the authors.*! As the struc-
ture factors are not expected to change with the choice of the
closure (and then can be directly compared), effective struc-
ture factors at different lysozyme and ethanol concentrations
have been extracted from SANS curves by dividing the ex-
perimental macroscopic differential scattering cross section
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TABLE 1. First, second, and third class global fit parameters of SANS and
DSC data (symbols as in the text and in the supplementary material®). Errors
in fitting parameters were established by iteratively moving all the SANS and
DSC curve points within their experimental error, by then repeating the min-
imization process and by calculating the average and the standard deviation
of each fitting parameter after a number of iterations equal to 20.

First class parameters

Ky
2.67 +0.04
Second class parameters and average third class parameters, SANS
(Z) (d) Vw, s
© (A) (A%
16.0 £ 0.3 30£04 29.34+0.1
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(J)x.=0.00 (J)x=0.03 (J)x,=0.06 (J)x.=0.09
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by the fitted form factor of the solvated protein. Results are
reported in Fig. 3. At one side, it can be observed that the
form factors strongly depend on x, (e.g., on the composi-
tion of the solvation layer), while do not change with protein
concentrations, as expected. On the other side, the structure
factors appear almost independent on ethanol addition but de-
pendent on protein concentration, confirming that the inter-
protein potential is dominated by a strong repulsive regime
(probably due to the large number of charges on lysozyme
at this pH) and suggesting that the eventual formation of
small equilibrium clusters*>>3 is prevented. Moreover, Sy/(q)
shows only one peak, at about 0.1 A", while the second
peak, observed by Liu ef al.*! at about 0.23 A~' and promi-
nent at high lysozyme concentration, is absent (or only barely
visible). The pronounced shift of the first maximum toward
higher g with increasing concentration, although does not fol-
low a n},/ 3 behavior (see the inset in the left panel of Fig.
3), appears in contrast with the attribution of this peak to
cluster-cluster correlations™ and is clearly more compati-
ble with a system dominated by largely repulsive individual
lysozyme molecules in solution, as also observed by Shukla
et al.®?

The main quantitative results of the present analysis are
however the thermodynamic exchange constants K3 and
K{F. Figure 4 reports the ethanol molar fraction in the local
domain, x,, ;, calculated on the basis of the fitted thermody-
namic exchange constants, as a function of ethanol nominal
content of the solution, x,. Considering that the thin dashed
line represents the effective constant K**y /vy, = 1, it appears
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FIG. 3. Left panel. Effective structure factors calculated by [%(q) — B]/P(q). Solid lines are the effective structure factors obtained by the global-fit analysis.
The four groups of curves, scaled by a factor 0.5, refer to the different protein concentration, as reported on the right in mg/mL unit. Symbols represent ethanol
molar fractions: O, x, = 0.00; 0, x, = 0.03 ; A, x, = 0.06; v7, x, = 0.09. The inset reports the first maximum positions gmax of Sy(g) as a function of the

1/3

cubic root of lysozyme number density, n,, . The solid straight line shows the behavior gmax ~ n},/ 3 expected for purely repulsive charged monomers. Right
panel. Form factors obtained by the fit of SANS curves, reported in absolute units (barn). Variations of P(g) with protein concentration, at fixed x,, are within

the width of the curves.
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FIG. 4. Ethanol molar fraction in the local domain as a function of ethanol
nominal content. The thin dashed line represents the effective constant
K®yuly. = 1. Continuous lines with points result from the global fit of
native (open circles) and unfolded (close circles) lysozyme dissolved in wa-
ter/ethanol mixtures. The dotted line shows the local domain vs. the nominal
glycerol molar fraction for native lysozyme in water/glycerol mixtures, as
obtained by Sinibaldi et al.’

evident that in water/ethanol mixtures there is a release of wa-
ter molecules from the lysozyme surface, which in opposition
enriches in alcohol. This is a very interesting result, as accord-
ing to our knowledge no quantitative description of the protein
solvation shell in a water/ethanol mixture has been previously
reported, even though in a SANS study of ribonuclease in wa-
ter/glycerol and water/ethanol mixtures, Lehmann and Zaccai
already suggested that “For ethanol it is even possible that
there might be some preferential binding.”® Here, however,
the quantitative description of the lysozyme solvation shell
also concerns the unfolded protein: this is a very interesting
issue, which can be related to the contribution of co-solvents
with respect to protein unfolding “in vivo,” as recently evi-
denced with force spectroscopy measurements.’

Concerning the results, it appears that Ky is slightly
larger than K7* (2.67 £ 0.04 and 2.54 £ 0.02, respectively,
while the number of sites appears to increase from my = 385,
estimated for the native state, to my = 418 £ 2, observed
for the unfolded lysozyme. The increase in the number of
sites is in full agreement with the presence of a higher pro-
tein surface exposed to the solvent upon thermal unfolding
(even if the small difference is consistent with the occurrence
of a molten globule conformation®*), while the meaning of the
thermodynamic exchange constant values merits to be further
discussed.

The first parameter that can be derived is the so-called
excess solvation number, N,;, which represents the difference
between the number of j-molecules (j = w, e) occupying the
volume of the protein shell and those occurring in a similar
volume in the bulk solvent. N, values, calculated by using Eq.
(16) of Sinibaldi et al.,” are reported as a function of solvent
composition in Fig. 5 (note that the excess solvation number
for water is different from zero even in pure water because of
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N,w

FIG. 5. Number of excess molecules of the species j in the lysozyme solva-
tion layer as a function of ethanol nominal content. Circles refers to ethanol
and squares to water. Empty and filled symbols refer to the native and to the
unfolded protein, respectively.

the higher density of water molecules in the local domain).
Two points could be underlined: at one side, the composition
of ethanol in the local domain is higher than that in the bulk,
in close resemblance of the behavior observed in the case of
BSA'357 and of lysozyme'? dissolved in urea aqueous solu-
tions. Noticeable, in both solvents the protein structure stabil-
ity is strongly reduced. At the other side, the excess solvation
numbers for native lysozyme show a critical point exactly at
the same concentration in which a transition in water/ethanol
mixtures has been detected. In fact, both the apparent ethanol
molar compressibility and the frequency of the C—H vibra-
tions vary as a function of solvent composition starting from
about x >~ 0.05.%" This finding confirms the idea that a pro-
tein can be a probe to evidence binary mixtures properties.
Also interesting is the fact that a criticality in the melting tem-
perature of Yeast Frataxin cold denaturation in water/ethanol
mixtures was observed at a similar ethanol concentration,’®
while some of us recently determined that the same criti-
cal ethanol concentration triggers DNA condensation in wa-
ter/ethanol mixture.’® The criticality in the excess solvation
numbers can hence be associated with the appearance of a
sort of hydrophobic clustering of alcohol molecules.”® While
in the water rich region, a simple thermodynamic equilibrium
between water and ethanol molecules in the bulk and in the
solvation shell exists, it is possible that ethanol clustering af-
fects this equilibrium beyond x. Consequently, ethanol can
be found in solution as free molecules in the bulk, molecules
bound on the protein surface or molecules forming clusters in
the bulk. This picture is however implicitly taken into consid-
eration in our model, which implements activity coefficients:
for this region, a unique thermodynamic exchange constant
succeeds in analyzing all the investigated experimental data.
Figure 5 also shows that the protein in the native state
releases more water than the protein in the unfolded state.
This finding could be considered counterintuitive, as it is com-
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FIG. 6. Number of ethanol molecules bound to the surface of lysozyme in
the native, my(1 — ¢y), and in the unfolded, my (1 — ¢y), state, for the two
reported temperatures, as a function of the ethanol nominal content.

monly assumed that unfolded states expose more hydropho-
bic residues to the solvent than the native state, so that higher
affinity to ethanol (that is more hydrophobic than water) for
the unfolded protein could be expected. However, such a re-
sult needs to be read together with the number of protein sites
upon unfolding, which increases from 385 to 418. Indeed,
Fig. 6 shows the total number of ethanol molecules bound
to the surface of native and unfolded lysozyme calculated
as a function of x, at two different temperatures (298 K
and 360K). As expected, more ethanol interacts with the
lysozyme in the unfolded state than in the native state.

Even if the small decreasing in the ethanol preferentially
affinity over the binding site from the folded to the thermally
unfolded state, followed by a small increase of the total num-
ber of sites, has to be regarded within the model approxima-
tions, it should be observed that protein folded and unfolded
forms can experience different solvation mechanisms, due for
example to a competition engaged by alcohol molecules in
the interaction with the apolar groups of the protein®® or ac-
cording to the remarkable observation that hydrophobicity
manifests itself differently on large and small length scales.®°
Hence the difference between K and Ky cannot easily be
explained without a deeper knowledge of the thermally ex-
posed sites.

It is worth noting that the data analysis strategy exploited
in our study is able to determine not only whether there is
a preferential hydration or not, but it additionally provides
values for the excesses or deficits of water and co-solvent
molecules in the vicinity of lysozyme. Note that the excess or
deficit of solvent molecules close to the protein surface repre-
sents the behavior of the whole protein molecule, but not for
particular functional groups of the protein. In fact it is surely
possible that ethanol is in excess around the whole lysozyme
but in deficit in the vicinity of certain functional groups.5!
However the molecular approach of this study cannot be de-
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nied by the absence of details on specific functional binding
of ethanol on protein surface.

Protein solvation issue is intimately tied to protein struc-
tural integrity and flexibility, hence to its dynamics and func-
tion. For the first time, this study provides a simultaneous
analysis of SANS and DSC experimental data in order to
obtain a more quantitative knowledge of the thermodynamic
processes at the basis of protein solvation equilibria in binary
mixtures.
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