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In solution small-angle neutron scattering has been used to study the solvation properties of
lysozyme dissolved in water/glycerol mixtures. To detect the characteristics of the protein-solvent
interface, 35 different experimental conditions (i.e., protein concentration, water/glycerol fraction in
the solvent, content of deuterated compounds) have been considered and a suitable software has
been developed to fit simultaneously the whole set of scattering data. The average composition of
the solvent in the close vicinity of the protein surface at each experimental condition has been
derived. In all the investigated conditions, glycerol resulted especially excluded from the protein
surface, confirming that lysozyme is preferentially hydrated. By considering a thermodynamic
hydration model based on an equilibrium exchange between water and glycerol from the solvation
layer to the bulk, the preferential binding coefficient and the excess solvation number have been
estimated. Results were compared with data previously derived for ribonuclease A in the same
mixed solvent: even if the investigated solvent compositions were very different, the agreement
between data is noticeable, suggesting that a unique mechanism presides over the preferential
hydration process. Moreover, the curve describing the excess solvation number as a function of the
solvent composition shows the occurrence of a region of maximal hydration, which probably
accounts for the changes in protein stability detected in the presence of cosolvents. © 2007

American Institute of Physics. [DOI: 10.1063/1.2735620]

I. INTRODUCTION

The physicochemical properties of proteins in solution
markedly depend on the role of water in various noncovalent
interactions, including solvation of ionic groups and dipoles,
hydrogen bonding, and hydrophobic interactions."” As a
consequence, denaturating or stabilizing effects have been
observed in the presence of cosolvents. In particular, sugars
and polyols are well known to stabilize proteins against
chemical or physical denaturation, even if the molecular
mechanism regulating such a process is still an argument of
scientific investigation.3_5

Indeed, glycerol/water mixtures have been extensively
studied. Early studies suggested that, in the presence of glyc-
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erol, water molecules form coating shells around proteins6’7
and that polyols and sugars are preferentially excluded from
the protein surface.” Moreover, small amounts of water
added to a protein solution of pure glycerol appeared prefer-
entially driven to the protein surface.

From a biological point of view, the case of lysozyme in
glycerol is particularly relevant: two-dimensional "H-NMR
and circular dichroism spectroscopy studies revealed that
secondary and tertiary structures of lysozyme in glycerol are
similar to those observed in water,'" while protein powders
may exhibit reversible changes in their secondary structure.'!
In addition, the unfolded enzyme was found to spontane-
ously regain substantial catalytic activity even in the nearly
anhydrous glycerol, with an efficiency comparable with that
in aqueous solutions.'

Some of us have recently studied the influence of hydra-
tion on the internal dynamics of lysozyme embedded in glyc-
erol matrix by neutron scattering.l‘g’14 Results provide a co-

© 2007 American Institute of Physics


http://dx.doi.org/10.1063/1.2735620
http://dx.doi.org/10.1063/1.2735620
http://dx.doi.org/10.1063/1.2735620

235101-2 Sinibaldi et al.

herent description of a hydration-dependent dynamics of the
protein, which is activated above a threshold water concen-
tration in the solvent, while it shows a saturation effect at
high water content. It was suggested that water molecules
activate the whole lysozyme dynamics by progressively hy-
drating the protein surface groups, playing the role of plasti-
cizer through a preferential hydration effect. More recently, a
calorimetric study has shown that the addition of small
amounts of water in a lysozyme-glycerol matrix modifies the
melting behavior of the protein: on increasing the quantity of
water, the melting temperature of lysozyme decreases, sug-
gesting an inverse correlation between protein stability and
structure ﬂexibility.15

Understanding the role played by hydration in activating
protein intrinsic dynamics, as well as the link between pref-
erential hydration, structural rearranging, and biological
functionality, requires a direct characterization of the protein-
solvent interface. However, due to local modifications, com-
plex heterogeneity, sensitivity requirement, and composition
modification in mixed solvent, the structural analysis of the
solvation shell appears experimentally very problematic. Un-
til a few years ago, even molecular dynamic simulations
were sparingly applied in this field.>'*!”

Small-angle x-ray and neutron scattering (SAXS and
SANS) methods are very suitable techniques to derive infor-
mation on the structural properties of proteins in solution.
Indeed, by SANS contrast variation, or combining SAXS
and SANS, heterogeneous macromolecular systems, such as
protein-nucleic acid complexes and protein-lipid systems,
have been fully characterized.'® ™' Particularly relevant for
the present work are results obtained comparing SAXS and
SANS data from proteins dissolved in mixtures of light and
heavy waters, which have proven that water density at the
protein surface is significantly higher than in the bulk.”*
The different scattering contrasts expected between protein,
solution, and solvation shells should then make the quantita-
tive analysis of the protein hydration shell possible by
SANS. In this work, we have applied SANS contrast varia-
tion technique on lysozyme dissolved in water/glycerol mix-
tures. As differences in composition between the solvation
shell and solution were expected to be quite small, the inves-
tigated experimental conditions were selected on the basis of
extended numerical simulations, while the whole experimen-
tal data were analyzed using a global fit, an approach that we
demonstrated to be very efficient for extracting tiny struc-
tural details from a wide experimental context.”** Accord-
ingly, the solvent composition of the local domain was de-
rived and, considering a thermodynamic hydration model
based on an equilibrium exchange between water and glyc-
erol from the solvation layer to the bulk, the preferential
binding coefficient and the excess solvation number were
estimated.

Il. MATERIALS AND METHODS
A. Samples preparation

Protein solutions at weight concentrations ¢ of 30, 50,
90, 110, 130, and 150 g1-!' were prepared by dissolving the
requested amount of lysozyme powder (hen egg white
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lysozyme, 99% purity, Sigma Aldrich) in water/glycerol mix-
tures of different compositions and of different deuteration
grades. Mixed solutions were prepared using pure light and
heavy waters and hydrogenated and deuterated glycerol (all
from Sigma Aldrich). To obtain similar pH conditions, HCI
1M was added to the mixed solutions: the amount of added
HCI was previously determined by adjusting water solutions
of lysozyme at all investigated concentrations ¢ to pH
=4.5+0.1. To avoid uncertainties due to hydrogen-deuterium
exchange, the same amount of deuterated water and glycerol
was used to prepare the solution at the requested deuteration
grade, ie., xp=n, p/(n, y+n, p)=n,p/(n,y+n,p), where
1, p> My, 1> and 1, p, 1, gy are the number densities (number of
molecules per total volume) of heavy and light waters and
deuterated and hydrogenated glycerols, respectively. Three
xp conditions were analyzed, namely, 0, 0.05, and 0.35. The
investigated water molar fraction in the solvent, x,,=n,,/(n,,
+n,) (with n,=n, y+n,p and n,=n,y+n,p), ranges from
0.4 to 0.6, which, for a protein concentration ¢=90 g -1,
corresponds to a water-to-protein weight ratio ranging from 1
to 3. According to the considered c, x,,, and xp, the 35 dif-
ferent experimental conditions listed in Table I were then
investigated.

B. SANS experiments

Measurements were performed at Forschungerszentrum
(FZJ) in Jiilich (Germany) using the KWS1 diffractometer.
Samples were measured at room temperature in 1 mm thick
quartz cells using a neutron wavelength A\=6 A and a sample
detector distance of 1.25 m. The investigated scattering vec-
tor Q ranges between 0.05 and 0.28 A" (Q=4sin /X be-
ing 26 the scattering angle). Radially averaged scattered in-
tensities were corrected for background, buffer contribution,
detector inhomogeneities, and sample transmission, and were
converted in absolute units (cm™') by calibration with 1 mm
of light water.

lll. SANS THEORY FOR PROTEINS IN A BINARY
SOLVENT

The macroscopical differential neutron scattering cross
section for monodisperse and randomly oriented protein par-
ticles dissolved in a solvent is'®

dz
E(Q) =n,S(Q)P(Q) +B, (1)

where n,=cN,/M, is the protein number density (N, is
Avogadro’s number and M, the protein molecular weight),
S(Q) is the effective structure factor, P(Q) is the protein
averaged squared form factor, and B is a flat background.
S(Q) has been modeled under the random phase approxi-
mation, as described in Ref. 25. Here, we point out that the
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TABLE 1. Experimental compositions (first column) and optimized parameters (model 1 and model 2) for all investigated samples by global fitting procedure.
The symbols and abbreviations as in the text. For both models, the error on x,,; is found to be 0.02. Errors on sample composition are less than 0.5%.

Model 1 Model 2
c B J d B J d
(g™ Xp Xy (107 cm™) (kgT) &) Xy (1072 cm™) (kgT) (&)

30 Ig=21%+3 mM [=32+4 mM
0 0.46 2.38+0.03 2.3+0.1 5.7+£0.3 0.64 2.39+£0.02 2.36+0.09 5.2+0.2
0 0.56 2.36+0.03 3.2+0.1 3.3+0.3 0.51 2.35+0.02 3.74+0.09 2.7+0.2

50 [4=38+8 mM [(=53+2 mM
0 0.46 4.05+0.02 2.3+0.1 5.8 0.69 3.95+0.01 2.34+0.09 5.2+0.2
0 0.56 3.80+0.02 3.2+0.1 3.3+ 0.62 3.78+0.02 3.74+0.09 2.7+0.2

90 [;=60+2 mM [=62+3 mM
0 0.46 7.50+£0.02 2.3+0.1 5.8+0.3 0.51 7.42+0.02 2.32+0.09 5.2+0.2
0 0.49 7.30+£0.03 2.62+0.09 5.0+0.3 0.70 7.35+0.02 2.80+0.09 4.4+0.2
0 0.51 7.15+0.02 2.74+0.09 4.6+0.3 0.62 7.20+£0.03 3.00+£0.09 4.0+£0.2
0 0.56 7.00+0.02 3.2+0.1 3.3+0.3 0.56 6.92+0.02 3.72+0.09 2.7+0.2
0 0.57 7.00+0.03 3.2+0.1 3.2+0.3 0.65 7.05+0.02 3.79+0.09 2.6+0.2

110 [;=73+2 mM [=72+2 mM
0 0.41 9.00+£0.03 1.8+0.1 7.2+0.3 0.69 9.05+0.03 1.5+0.1 6.6+0.2
0 0.46 8.78+0.02 2.3+0.1 5.8+0.3 0.73 8.75+0.02 2.35+0.09 5.2+0.2
0 0.47 8.72+0.03 2.4+0.1 5.6+0.3 0.61 8.75+0.02 2.43+0.09 5.0+0.2
0 0.52 8.60+0.04 2.9+0.1 42+0.3 0.70 8.62+0.02 3.24+0.09 3.6+0.2
0 0.56 8.42+0.05 3.2+0.1 3.2+0.3 0.67 8.40+0.02 3.79+0.09 2.6+0.2
0 0.57 8.40+0.03 3.3+0.1 3.1+0.3 0.73 8.32+0.02 3.84+0.09 2.5+0.2
0 0.58 8.40+0.03 3.4+0.1 2.8+0.3 0.62 8.42+0.03 3.98+0.09 2.3+0.2
0.05 0.56 8.20+0.01 1.8+0.1 9.9+0.8 0.66 8.15+£0.02 1.9+0.2 8.9+0.3
0.35 0.56 5.24+0.02 2.3+0.5 0.71+£0.07 0.68 5.10+£0.11 1.6+0.5 0.6+0.1

130 [,=81.9+0.5 mM [;=78+3 mM
0 0.41 10.50+0.04 1.8+0.1 7.2+0.3 0.67 10.40+0.10 1.6+0.1 6.6+0.2
0 0.46 10.20+0.05 2.3+0.1 5.8+0.3 0.66 10.25+0.05 2.32+0.09 5.2+0.2
0 0.47 10.15+0.05 2.3+0.1 5.8+0.3 0.69 10.10+£0.05 2.33+0.09 5.2+0.2
0 0.53 10.00+0.05 2.9+0.1 4.1+£0.3 0.61 10.05+0.05 3.28+0.09 3.5+0.2
0 0.56 9.92+0.05 3.2+0.1 3.2+0.3 0.62 9.87+0.05 3.80+0.09 2.6+0.2
0 0.59 9.82+0.05 3.4+0.1 2.6+0.3 0.68 9.85+0.05 4.11+0.09 2.0+0.2
0.05 0.53 9.48+0.05 1.7+0.1 9.9+0.8 0.62 9.40+0.05 1.9+0.2 8.9+0.3
0.05 0.59 9.32+0.03 1.8+0.1 9.9+0.8 0.56 9.36+0.03 1.9+0.2 8.9+0.3
0.35 0.53 6.20+£0.03 2.2+04 0.71x£0.07 0.62 6.25+0.05 1.5+0.5 0.6+0.1
0.35 0.58 6.10+0.02 2.3+0.5 0.71+£0.07 0.67 6.05+£0.05 1.6+0.5 0.6+0.1

150 Ig=98+2 mM Ig=107+3 mM
0 0.45 11.92+0.06 2.2+0.1 6.0+0.3 0.65 11.86+0.05 2.19+0.09 5.5+0.2
0 0.51 11.72+0.05 2.75+0.09 4.6+£0.3 0.67 11.75+0.03 3.01+£0.09 4.0+0.2
0 0.56 11.55+0.05 3.2+0.1 3.2+0.3 0.68 11.49+0.03 3.80+0.09 2.6+0.2
0 0.58 11.50+0.05 3.4+0.1 2.8+0.3 0.58 11.53+0.03 4.00+0.09 2.2+0.2
0.05 0.58 11.10+£0.02 1.8+0.1 9.9+0.8 0.60 11.07+0.03 1.9+0.2 8.9+0.3
0.35 0.51 7.49+0.03 2.2+04 0.71+£0.07 0.65 7.45+0.03 1.5+0.5 0.6+0.1
0.35 0.58 7.20+0.03 2.3+0.5 0.71+£0.07 0.58 7.24+0.03 1.6+0.5 0.6+0.1

two body interaction energy u(r) has been written as exp[— (r— 0)/d]
uy(r)y=—Jo———, (3)

u(r) = uys(r) + uc(r) + uy(r), (2)
where uyg(r) is the hard sphere potential (which depends on
the protein diameter o), uc(r) the Coulombic screened po-
tential (which depends on the number of charge per protein
Z, on the dielectric constant of the medium &, and on the
ionic strength of the solvent Ig), and u,(r) an attractive po-
tential written as

r

where J is the depth of the potential at contact (r=0) and d
its range.

The protein form factor in Eq. (1) should explicitly refer
to solvated particles. Therefore, lysozyme in solution has
been described as a particle of homogeneous scattering den-
sity (corresponding to the core protein domain p), covered by
a shell of different scattering density (corresponding to the
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solvation layer, called local domain [), which can include
more than one hydration layer. Indicating with b the bulk
solvent domain, the P(Q) has been written as'® "

P(Q) = (p, = pp)* V2P, (Q) + (= py)*ViPy(Q) +2(p,
=) (pr=Pp)V,ViPp(Q), 4)

where p,,, p;, and p,, are the scattering length densities of the
different domains, V,, and V; are the scattering volumes of
the protein molecule and of the local domain, and P;;(Q) is
the partial form factor.'**°

As the lysozyme solutions have been prepared at differ-
ent deuteration grades and at different water compositions,
scattering length densities are different at each experimental
condition. The scattering length density of lysozyme, p,, has
been determined from the amino acid composition, consider-
ing the exchangeable hydrogen atoms present in the mol-
ecule (see Ref. 21). The scattering length densities of the
bulk and of the local domain have been written as

-xw,i(aw - ag) +a,

with i =b,1, (5)

[» =

‘xw,i(vw,i - Vg,i) + Vg
where x,,; is the water molar fraction in the bulk phase (i
=b) and in the local domain (i=[), v, ; and v,; are partial
molecular volumes of water and glycerol in the two domains,
and a,, and a, are the scattering lengths of water and glycerol

at the considered xp. Parameters in Eq. (5) need to be further

[1 - np(vp + Vl)][xw,l( Vo — Vw,l) - Vg]xw - npvlvg(xw - xw,l)

J. Chem. Phys. 126, 235101 (2007)

detailed: x,,; is equal to n,;/(n,, ;+n,,), being n,,; and n,;
the number densities of water and of glycerol in the ith do-
main (note that the mass balance condition imposes n,,
=n,,,+n,; and n,=n, ,+n,); a, and a, have been derived
from atomic coherent scattering length data;*'?® values of
v, and v, , have been calculated as a function of x,, , from
density data of water/glycerol mixtures reported in Ref. 27.
Note that, at each solvent composition, v, ; has been consid-
ered equal to v, ,, as no large variations of the steric hin-
drance of glycerol after the protein binding are expected. On
the contrary, the molecular volume of water in the local do-
main has been allowed to be different from values calculated
in the bulk because of electrostriction effects at the protein
surface.” The protein and local domain volumes (V, and V)),
as well as the partial form factors P,»J-(Q), have been calcu-
lated by the Monte Carlo method previously described'*?
on the basis of the lysozyme protein data bank (PDB) struc-
ture (entry 6LYZ) (Ref. 28) and considering a variable thick-
ness of the local domain (&, see below). Eventual variations
in protein volume have been assumed to correspond to iso-
tropic changes of the protein shape: if V), changes of a factor
¥, the corresponding modifications of P;(Q) result in a
simple scaling on the Q axis of a factor Qy"3.* As the
composition of the local domain is expected to be different
from the composition of the bulk solvent, a last equation
describing the dependence of x,,;, on x,, and on x,,; should be
reported,

xw,b

A. Simulated experiments

The experimental conditions described before (see Table
I) were selected after numerical simulations of the form fac-
tor of lysozyme in different solvation states (e.g., x,,,/x,
from 0.8 to 1.4). Calculations were performed assuming a
thickness for the solvation layer of 4.5 10\, i.e., larger than a
single water layer, as recently demonstrated in water/glycerol
mixtures.**!

Some significative n,P(Q) profiles are shown in Fig. 1.
Results clearly indicate that a contrast variation series (0.0
<xp=<0.4) on samples at protein concentration around
100 g 17! should make the characterization of the solvation
layer at different solvent compositions possible. It is impor-
tant to point out that in all cases, the sensitivity of SANS to
the difference in the scattering length density of the local
domain compared to the bulk phase is quite small, as evi-
denced in Fig. 1 by solid, dotted, and dashed lines referring
to different solvation states; however, these small contribu-
tions analyzed on a large number of samples would make
this effect measurable.

B [1 - np(vp + VI)][xw,l(Vg - Vw,l) - Vg] + npvl(vw,b - Vg) (xw - xw,l) .

(6)

IV. RESULTS AND DISCUSSION
A. Experimental Results

SANS experimental curves are shown in Fig. 2, ordered
according to the protein concentration (c), to the water molar

T T T T T T T T T T
04f 1 04 .
=0l ¢ e 0.5 .
el 100 0.44 s
£
~ 02 1 02F .
S
S0k 1 01 .
oF 1 or 1
1 1 1 | | 1 1 | | |
001 02 03 04 001 02 03 04

0 (A7 Q (AT

FIG. 1. Simulated form factors for lysozyme in water/glycerol mixtures at
different protein concentrations (c, in g 17"), solvent and local domain com-
positions (x,, and x,,;, respectively), and deuteration grade of the solvent
(xp), as indicated. Left frame: x,=0, water/protein weight ratios equal to 1.
Right frame: ¢=80 gl’l and x,,=0.37. The solid, dotted, and dashed lines
refer to x,, ,/x,, ratios of 1, 1.2, and 1.4, respectively.



235101-5 Neutron scattering studies of preferential hydration of lysozyme
T T T
L ¢ B By
0.6 -
3 0 046
0 056
3 041
05 0.46
3 0 046 0.47
0 056 0.53
s 0.56
04 - 0.59 -
— 0 046 et .05 0.53
T © 0 049 0,05 .59
5_&)’ 3 =0 051 - 0.35 053
—~ 03| (0 0.56 - 0.35 0,58
S | —0 057 ‘
g9
0.2 004l e
3 0 0.46
< (047
-0 052
0.1 =0 0.56 —
0 057
00 0.58
3 0.05 0.56
ol = 0.35 0.56 ‘ B
| 1 1 | 1 |
0.05 015 025 005 015 025
Q@A™

FIG. 2. SANS data obtained in the different investigated experimental con-
ditions, as indicated. The dashed and solid lines correspond to fitting curves
obtained with models 1 and 2, respectively. The symbols as in the text. For
the sake of clarity, each curve has been scaled by a factor multiple of
0.025 cm™ (indicated by minor tics) after subtraction of the corresponding
background B obtained using model 2 (Table I).

fraction (x,,), and to the deuteration grade (xp). At first, it
could be observed that a satisfactory signal-to-noise ratio is
obtained even in those conditions where a low scattering
intensity is expected. Moreover, the differences between
curves relative to different investigated experimental condi-
tions appear significative, and confirm the expected experi-
mental trend (see Fig. 1): increasing xp, the signal decreases,
while for increasing protein concentration, the interference
peak results clearer and moves to higher Q values.

B. Global fitting analysis

In order to provide a unique interpretation of the whole
set of experimental data, we resort to a global fitting proce-
dure. All the scattering curves were globally analyzed by
using Eq. (1), considering two different classes of fitting pa-
rameters, the first including common parameters (i.e., inde-
pendent of the experimental conditions) and the second in-
cluding parameters which depend on sample composition (c,
Xp, and x,,).

Common parameters are the protein charge Z (which, at
the considered pH, is practically constant, as indicated by the

J. Chem. Phys. 126, 235101 (2007)

lysozyme titration curve reported by Tanford and Roxby32),
the thickness of the local domain &;, the molecular volume of
the water in the local domain v, [see Eq. (5)], and the
protein volume V,,. By contrast, the parameters expected to
depend on sample composition are the following. First, J and
d factors, which describe the attractive potential [see Eq. (3)]
and which have been already detected to change as a func-
tion of solvent composition in urea aqueous solutions.™ In-
deed, as indicated by preliminary tests, J and d values were
considered to be linear functions of x,, at each xp. Second,
the ionic strength of the solution /5, which enters in the defi-
nition of the inverse Debye screening length of the Coulom-
bic screened potential.34 In our case, lysozyme counterions
and HCI used to adjust the pH mainly contribute to Ig: as
they are all proportional to ¢, different values of ionic
strength were fitted for each protein concentration. Third, the
solvent dielectric constant &, which is involved in the Cou-
lombic screened potential [see uo(r) in Eq. (2) and Ref. 25];
in this case, € has been directly calculated from x,, and xp
according to Ref. 35. Fourth, the background B, which
mainly accounts for the incoherent scattering of the unex-
changeable lysozyme hydrogens. Fifth, the composition of
the local domain, x,,;, which was treated as an independent
parameter and determined for each experimental condition.

In summary, for the global fitting procedure we consid-
ered four parameters common to all experiments (Z, &, V,,
and v,,), two parameters singularly related to each experi-
mental condition (x,,; and B), and three parameters which
linearly depend on sample composition (J, d, and Ig). As we
used six parameters to describe the linear trend of J at three
different deuteration grades and six other parameters for the
similar estimation of d, and because we need to determine
six values of I (one for each protein concentration), the total
number of fitted parameters is 92, that can be compared to
the number of analyzed SANS curves,” each one consisting
of 53 experimental points.

The fitting results are shown in Fig. 2, while fitting pa-
rameters are reported in Tables I and II (indicated as model
1). In addition to self-understandable results, as background
which increases with protein concentration and ionic strength
which also increases with ¢ and is consistent with nominal
values (Table I), other parameters deserve for some com-
ments. From Table I it appears that J and d parameters,
which describe the attractive potential, are smoothly depen-
dent on solvent composition, confirming that glycerol can
prevent protein-protein aggregation, as already observed for
bovine pancreatic trypsin inhibitor.” Concerning data in
Table 1II, it can be observed that the fitted lysozyme volume
(V,) is lower than the nominal value of 17 400 A3 measured
in water solution.” Indeed, it has been already proven that

TABLE II. Common fitting parameters obtained by SANS data analysis with models 1 and 2. The symbols as

in the text.
Yp é\l Z Vow,l ng,/z
(A (A) (e) (A% (A% K
Model 1 16300100 5.9+0.2 9.00+0.04 29.0+0.4
Model 2 17060+70 5.83+0.04 9.1+0.3 28.81+0.04 1.87+0.03
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FIG. 3. Dependence on the water molar fraction in the solvent x,, of the
water molar fraction in the local domain x,,;. The points refer to results
obtained by applying model 1, while the solid lines represent the continuous
function defined in model 2 by Eq. (11), calculated with K=1.87 and ¢
=30 (bottom curve) and ¢=150 g1~! (top curve). The dotted line represent-
ing the K=1 case is also reported.

the addition of glycerol in solution can decrease the core
protein volume, probably because of the collapse of voids
following the elimination of lubricant water.”’ The other fit-
ted parameters are in full agreement with previous results:
the thickness of the local domain (around 6 A) agrees with
molecular dynamic simulations, which show that the first
minima of the radial distribution function between glycerol
and protein surfaces are at distances greater than the one
corresponding to the thickness of the water hydration 1ayer;3'
the protein effective charge Z agrees with the titration curve
by Tanford and Roxby,32 which shows that at pH=4.5 the
charge is practically 9; the molecular volume of water in the
solvation shell (»,,;) matches recent results,”**! which indi-
cate a water density increase in the hydration shell associated
with electrostriction effects occurring at the protein surface.

Finally, the fitted water composition of the local domain,
X, 1s reported as a function of the nominal water molar
fraction of the solvent x,, in Fig. 3. Since all determined x,,,
are systematically larger than x,, it follows that lysozyme is
preferentially hydrated: the local domain is enriched in water
with respect to bulk solvent and this effect is evident for each
sample condition. Noticeable is the fact that x,, ; continuously
increases as a function of x,,.

C. Lysozyme preferential hydration

We will discuss extensively the preferential hydration
results. Preferential hydration has been, in fact, already ob-
served in other proteins, resulting in an estimation of the
preferential binding coefficient at infinite protein dilution
ij, a coefficient which establishes if the local domain is
depleted or enriched by molecules j with respect to the bulk
domain.5¥
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FIG. 4. (Color) Scaled representation of a solvated lysozyme molecule
based on PDB structure 2LYZ (Ref. 28). The compositions of the bulk and
of the first hydration layer are x,,,=0.5 and x,,,=0.8, respectively. Left
frame: molecular aspects. The light- and dark-blue circles represent water
molecules in the bulk and in the solvation layer, respectively. Four con-
nected circles represent glycerol molecules: those in the bulk are light green,
while those in contact with the protein are in dark green. The yellow line
indicates the first hydration layer (h), the region occupied by one shell of
water molecules when the protein is fully hydrated. Central frame: solvation
layer. The solvation layer s is the molecular layer formed by all the mol-
ecules (water and glycerol) in contact with the protein and is represented by
the dark green region. e indicates the bulk phase related to the solvation
shell (called “extended bulk phase”), while the red line delimits the local
domain region. Right frame: local domain. The local domain is represented
in dark green and corresponds to the region where are located all the mol-
ecules (water and glycerol) in contact with the protein, and where the ex-
tended bulk phase fills the gaps between the glycerol. b indicates the bulk
phase related to the local domain.

In the present case, I‘p j can be defined as

on;

r,;=lim| —* . J=wg, (7

pPJ
anO ai’lp P,T,,u,j

where the indices P, T, and u refer to pressure, temperature,
and chemical potential of the jth species, respectively. I,;
have been experimentally determined in a few cases by a
variety of thermodynamic techniques, such as dialysis equi-
oo 43 . .
librium or vapor pressure osmometry.~ According to Shulgin
and Ruckenstein, the preferential binding coefficient can be
expressed as I',;=n;(G,;~G,,), where

Gij=f dl'[gij(l') -1],

—o0

and g;;(r) stands for the correlation function between species
i and j. If the composition and the extension of the local
domain are known, it is straightforward to calculate G,,; (see
below), while the water/glycerol term can be approximated
by considering all the activity coefficients equal to unity (see
Ref. 44),

Gy =kgTky = (n,, +no)v,, vy, (8)

being k; the isothermal compressibility of the mixed solvent.
By writing all the number densities in terms of molar frac-
tions and taking the limit n,— 0, a relationship between I',;
and the molar fractions of water and glycerol in the bulk and
in the solvation shell can be derived and the preferential
binding coefficient experimentally determined. However,
molar fraction data reported in Fig. 3 and Table I (model 1)
cannot be used to calculate I',;, as they are not referring to
infinite dilution conditions.

To derive the composition of the protein solvation shell
in the limit anO, we then resort to the mixed solvent ex-
change model recently discussed by Schellman:*® the hydra-
tion process is described as a thermodynamic equilibrium, in

pj’
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which molecules in contact with the protein surface slide and
exchange with molecules in the bulk, provided that one glyc-
erol molecule replaces one water molecule only and vice
versa (see the left frame of Fig. 4).45 As the characteristics of
the molecular layer on the protein surface are different from
those of the local domain up to now considered (see Fig. 4,
central and right frames, respectively), the solvated lysozyme
structure should be reconsidered.

The solvation layer (s, see the central frame of Fig. 4)
includes all water and glycerol molecules in contact with the
protein, and then can be geometrically different from the first
hydration layer (h), which corresponds to the region occu-
pied by one shell of water molecules when the protein is
fully hydrated (see the left frame of Fig. 4). Nonetheless, the
water molar fractions in the solvation layer and in the first
hydration layer are equal, x,, ;=x,, . According to this pic-
ture, we define the number m of accessible binding sites
inside the first hydration layer as m=V, /v, ,, being V, the
volume of first hydration layer and v, , the volume of a
single water molecule within this layer.

The process of solvent exchange over the m sites of the
protein surface is then described by the following thermody-
namical model:

Neutron scattering studies of preferential hydration of lysozyme
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gs Tt wp = gptws, (9)

where g,, g, and w;, w, represent glycerol and water mol-
ecules in the bulk phase and in the solvation layer (s), re-
spectively. The corresponding equilibrium constant can be
written as

Xy 1- Xy
= ek —_—wh (10)
1- xw,h xw,b

Note that the molar fraction of water in the first hydration
layer can be written as n,,/(n,m), since it represents the
average fraction of binding sites occupied by water. More-
over, x,,, can be described using a different form of Eq. (6),
in which all quantities referring to the local domain are re-
placed by those related to the first hydration layer.

To describe the form factor of the hydrated lysozyme
according to the three-phase model [Eq. (4)], the following
equations, which give the composition and the average mo-
lecular volume of water in the local domain from the com-
position of the solvation layer (x,, ) and the composition of
the solvent filling the gaps between the glycerol molecules
(x,.5), have been derived,

xw’hm Vg - .Xw’b(m Vg - Vl) + Xw’h.xw’b(m Vw,b - Vh) for x ~ n’lVEZ - VZ
),h
Xy, 1 = xw,h(m Ve — Vh) - xw,bm(vg - Vw,b) VZ " ng - vh (1 1)
Xy otherwise,
Xyn (X = X0)
Yy 1= S - (VW h~— Vw,b) + Vyb- (12)

xw,l(-xw,b - xw,h)

Through Eq. (10), x,,; becomes a direct function of the equi-
librium constant K. Moreover, incorporating Egs. (11) and
(12) in Eq. (5), also the scattering length densities p; and p,,
result directly bound to solvation features. Therefore, a new
global analysis of all experimental data has been performed
to estimate the composition of the local domain by fitting the
value of the thermodynamic constant K.

Global fitting results are shown in Fig. 2 and in Tables I
and II (indicated as model 2). At first, it should be observed
that fitted parameters are very similar to those obtained in the
previous analysis. However, the main result is that the K
value of 1.87+0.03 (Table II) confirms that lysozyme dis-
solved in water/glycerol mixed solvents is preferentially hy-
drated.

More interesting, from the estimated value of K, the
preferential binding coefficient can be calculated. In fact, as
the composition of the hydration layer is known, the G,
term can be written as

G

i =nl(nn) =V, =V, j=w.g, (13)

where Vi=m(v,, ;x,, ,+ VX, ) is the volume of the solvation
layer. The following relationship between I, x,, and
Schellman’s constant K is finally derived:

12 ,bV
X| ——E— =V, = m(v, X, + VX, ) — kpTky |
Yy pXy T VX
(14)

Here the water molar fraction x,, ;, represents the limit value
of Eq. (11) for n,—0,

x,,K

Tkl "

xw,h

The calculated I'; values are reported in Fig. 5 and com-
pared with data reported by Gekko and Timasheft® for ribo-
nuclease A in water/glycerol mixed solvent at low glycerol
content. Even if the two proteins are different, and even if

the
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FIG. 5. Dependence on the water molar fraction in the solvent x,, of the
preferential binding coefficient I',; (top frame) and of the excess solvation

number N, ; of the solvation layér (bottom frame). The curves have been

calculated with Egs. (14) and (16) using the parameters obtained by model 2
fitting analysis: the solid and dotted lines refer to water (j=w) and glycerol
(j=g), respectively. The open symbols indicate all the investigated experi-
mental points. The close symbols refer to data relative to the ribonuclease A,
as reported in Refs. 6 and 44.

investigated concentrations are very different, the agreement
between the two sets of data is very satisfactory.

The analysis has been also extended to the calculation of
the excess solvation number of species j, N,j=n,G,;, which
represents the number of displaced molecules j when a pro-
tein molecule is introduced into the mixed solvent.*® This
change is comprehensive of two factors: the inaccessibility
of solvent molecules to protein volume and the solvent-
solvent interactions arising when the protein is introduced
into the system (mainly due to solvent reorganization). We
calculated the excess solvation number in the solvation layer
Ny s=Nyi+n;V, which is the difference between the number
of molecules of kind j in the solvation layer and the number
of molecules of the same kind in an equal volume belonging

to the extended bulk phase,46’47
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Vw,h-xw,h + Vﬁfg,h) (16)

N, =m(x- -X;
piss S TN
Vi bXw + Vgxg

In Fig. 5 the obtained values are reported as a function of
water molar fraction in the solvent: it is even clearer that the
presence of glycerol in the solvent enhances the amount of
water in the solvation layer. The bell-shaped form of the two
curves, which have been derived using Egs. (14) and (16),
should be underlined. The two curves completely reproduce
the experimentally observed behaviors. It can be concluded
that a similar mechanism underlies the preferential hydration
process, both in the presence of small and large amounts of
glycerol.

The N, , curve also predicts the existence of a concen-
tration region of maximal hydration, caused by the right bal-
ance between the enhanced hydration due to the increased
water affinity at the protein surface and the availability of
water in the mixed solution at higher glycerol concentration.
This phenomenon is particularly interesting, as can be related
to the changes in protein stability already observed in the
presence of cosolvents."*™* In particular, it can be antici-
pated that thermal stability of lysozyme measured as a func-
tion of glycerol content in the same solvent shows a very
similar trend.*®

V. CONCLUSION

The original aspect of this study is that a quantitative
characterization of the protein-solvent interface of lysozyme
dissolved in water/glycerol mixtures results from the global
fit analysis of the 35 SANS curves obtained in different ex-
perimental conditions.

In particular, four results can be underlined. First, the
measured thickness of the local domain is in full agreement
with molecular dynamic simulations, which show that the
first minima of the radial distribution function between glyc-
erol and protein surface are at distances greater than that
corresponding to the thickness of the usual water hydration
layer.31 Second, the molecular volume of the water in the
first hydration layer is about 4% smaller than the volume of
pure water, in full agreement with previous SAXS/SANS
results.”” Third, the attractive term of the protein-protein in-
teraction potential decreases by increasing glycerol concen-
tration in the mixed solvent, confirming that glycerol pre-
vents protein-protein aggregation. Fourth, the preferential
hydration of the lysozyme has been confirmed at all the in-
vestigated experimental conditions, especially in the glycerol
rich region, not accessible to vapor pressure osmometry and
density experimentse because of high mixture viscosity. By
using a model of solvent exchange between the lysozyme
solvation shell and the bulk, the preferential binding coeffi-
cient and the excess solvation number have been estimated.
As a main result, the curve describes the excess solvation
number as a function of the solvent.
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