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The ESR spin label method was used to estimate an average distance between spin-labeled protein molecules
at a concentration of 35 mg/ml in solutions which contained 0 to 3 M NaCl. Three NaCl concentration ranges,
in which the distance between protein molecules varied markedly, were revealed: the distance increased in
the range 0 to 0.15 M NaCl, decreased in the range 0.3 M to 1.5 M NaCl and increased again in the range 1.5 M
to 3 M NaCl. In lysozyme solutions, which contained 0.3 to 1.5 M NaCl, solution heterogeneity was observed
to increase gradually during 4 days because of the emergence of supramolecular organization in the form of
clusters and aggregates. Viscous gel was formed immediately under salting-out conditions at 3 M NaCl, and
remained unchanged during 4 days. The results obtained are discussed on the basis of a theoretical and ex-
perimental phase diagram of lysozyme solution with an emphasis on analysis of continuous supercritical
phase transitions which give rise to various types of dynamic and/or equilibrium protein clusters.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

The number of publications, in which the emergence of various con-
centration heterogeneities and phases in globular protein solutions are
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discussed, has been steadily growing in the past few years. Examples
of heterogeneities are either permanent or dynamic clusters of protein
macromolecules (oligomers) about 10 nm in size [1,2], mesoscopic clus-
ters tens to hundreds of nanometers in size [3-5] and higher-order ki-
netic aggregates and associates [6]. Examples of phases are dense
liquid microscopic drops emerging occasionally as a result of liquid-
liquid (L-L) phase transition [7-9], crystalline nuclei and microcrystals
and gel formed as a result of protein salting-out [ 10]. These phenomena
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are directly related to important issues of biotechnology, biology and
medicine, such as the contribution of concentration heterogeneities to
crystal nuclei formation [11], the pathogenesis of diseases related to pro-
tein condensation [12], the aggregation stability of pharmaceutical prep-
arations [13,14] and the osmotic homeostasis control mechanisms of
visceral liquids [15,16].

Of special interest are heterogeneities that arise shortly after pro-
tein solution and fast with respect to protein crystallization process,
so they can form and be present continuously in protein solution.
Some of these heterogeneities are identified by static and dynamic
light scattering methods [4,5]. They are interpreted as relatively
long-lived (seconds) mesoscopic protein clusters (hundreds of nano-
meters) formed under conditions consistent with the solubility
curve domain on a phase diagram of temperature versus protein con-
centration. This domain is located above the L-L phase separation
curve and critical point temperature (in the supercritical domain).
They are formed in a certain protein concentration range, where
their size does not depend on protein concentration. Other heteroge-
neities are interpreted as clusters-oligomers which comprise up to
10 protein molecules. They are identified using the SAXS and SANS
methods in approximately the same domain of the phase diagram
but in slightly saline or salt-free solutions. Interaction between pro-
tein molecules in clusters-oligomers is controlled by short-range mo-
lecular attraction and electrostatic repulsion mechanisms [1]. Some
authors [1,17] understand them as equilibrium clusters, while others
[18,19] as dynamic. Thus, although some methodical problems in the
approaches used have been resolved [20], additional experimental
physical methods can be employed to study concentration heteroge-
neities in protein solutions and to further analyze available data on
the state of solution with heterogeneities on the basis of phase
diagrams.

Lysozyme solutions have been studied in detail by various
methods, including theoretical models, to elucidate the role of cluster
formation in crystal growth mechanisms [1,7,8,10,21,22] and the role
of salts in aggregation [23,24]. For this purpose, phase diagrams of
solubility, containing binodal and spinodal lines which separate the
unstable domains of the diagram from stable and metastable, were
constructed. Experimental and theoretical approaches were also de-
veloped to relate various types of concentration heterogeneities to
the phase diagram domains where they arise. This has provided a
much better understanding of the reasons for and mechanisms of
L-L phase transition in the binodal domain and formation of perma-
nent protein clusters up to 10 nm in size [1].

The electron spin resonance (ESR) spin-labeling method was used
earlier to assess changes in the states of water-salt serum albumin solu-
tions upon phase transitions [25]. In the present paper, the method was
applied to lysozyme solutions to estimate relative changes in the aver-
age distance between macromolecules caused by variations in salt con-
centration. The additional widening of ESR spectrum lines, which is due
to the dipole-dipole interaction of the spin labels which modifies a pro-
tein molecule, is often used to estimate the distance between paramag-
netic centers [26-29]. Widening in the ESR spectra of vitrified protein
matrices can be revealed, if the distance between the paramagnetic cen-
ters is not more than 6-8 nm [26]. As the average distance between
protein molecules in a dense phase (or a cluster) is 0.6-1 nm [5], the
formation of clusters is expected to result in the widened ESR spectra
of spin labels, as was observed in spin-labeled protein solutions frozen
at 77 K. The advantage of such an experimental approach is that it clear-
ly shows whether the concentration heterogeneities observed are
protein-rich or protein-lean microvolumes.

Another important task of the present study was to discuss the
data obtained on the various types of concentration heterogeneities
and new phases, formed in some domains of the phase diagram for
protein solutions, on the basis of the thermodynamic understanding
of the behavior of the water chemical potential, depending on protein
and NaCl concentration.

2. Theory

The disturbance of protein solution stability relative to the salt-
induced concentration heterogeneity of protein can be assessed by
analyzing the behavior of the water chemical potential (p; —uf) =
© (m5, m3), where m, and mjs are protein and salt concentrations, be-
cause (uy —p) characterizes thermodynamic solution stability. A
phase diagram of water-salt protein solution in coordinates (water
chemical potential Ay =ty —u?, protein concentration m;) at con-
stant salt concentration proposed in ref. [30] was constructed on
the basis of virial coefficients. In this diagram, the dependence of
the chemical potential is shown with regard for two terms of the
virial expansion of osmotic pressure, which leads mathematically
to the parabolic shape of the relationship (curve 1 in Fig. 1a). The de-
scending negative branch of the parabola is consistent with the sta-
ble state of protein solution in a good solvent. Although the growing
negative segment of the parabola is also consistent with the stable
state of the solution, it indicates the growth of free energy and a decline
in thermodynamic affinity between solution components. As a result,
protein interaction is invigorated, and concentration fluctuations rise.
At the intersection of the abscissa by the parabola, y; —pf =0, that is
the protein solution is in equilibrium with a solid phase. The protein
concentration, at which the abscissa is intersected, is expected to be
close to saturation protein concentration and to be consistent with
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Fig. 1. a) Phase diagram of a system water-protein-salt in coordinates (chemical
potential of water y; — 4, protein molar concentration m,). Curve 1 (solid line) is an
isotherm adapted from Arakawa and Timasheff [30]. Curves 2-5 (dashed line, Eq. (2))
characterize stability borders and correspond to different salt concentrations: from phys-
iology important (2) to salting out (5). Below these curves the value of y; — uf rises and a
zone of instability exists (spinodal region). A— D characterizes metastable state of pro-
tein: dilute solution and dense liquid. b) Effect of salt concentration m3; on water chemical
potential u; — i estimated using Eq. (2) at constant protein concentration m,. Arrows
indicate approximate salt concentration range.
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protein solubility. Position of curve 1 in Fig. 1a depends on temperature,
salt concentration and salt type [30].

Protein solution typically loses its thermodynamic stability at high
salt and protein concentrations, which corresponds to the domain
where py — y?>>0. Transition from this state to a new, stable state
with (4 — ) <0 can lead to the formation of viscous gel, equilibrated
presumably for a long time, or to the formation of crystalline phase.

Curve 1 in Fig. 1a (phase isotherm [30]) gives no opportunity to
explain existence of experimentally observed L-L phase transition.
We suggest that a “van der Waals loop” can occur on the isotherm
y — 1 =@ (m,, m3) as well as on isotherms for two-phase fluids in
the phase transition zone. The isotherm follows the curve 1 in
Fig. 1a until the intersection with the curve 2, follows the curve 2
until the next intersection with the curve 1 and then follows the
curve 1 thus causing the formation of the loop for corresponding
salt concentration. Stability boundaries for certain salt concentrations
(dotted curves 2-5) were calculated analytically by integrating ther-
modynamic structural stability coefficient (Eq. (7) in ref. [31] or Eq.
(3) in ref. [32]). Domain of the phase diagram below the “van der
Waals loop” in Fig. 1a for each salt concentration is thermodynamical-
ly unstable relatively to protein concentration fluctuations (spinodal
region). Arrow ACD indicates metastable equilibrium of dilute and
dense protein phases (binodal).

Here we present an equation for “van der Waals loop” (stability
boundary) as follows:

0 1+A 2m3 2 a2 2
py—pd = RTm1AZZ{V(2+A)ln{4m3(2+A) Azmz] 1)
4m§

a+m,
In —m,
a—m

AZ%a

where a?=[4(2 + A)m3/AZ?].
In this equation, m; is the molar concentration of water (i=1),
protein (i=2) and salt (i=3); z is the protein charge; v is the num-
ber of salt ions adsorbed on a protein molecule at specific sorption

CAm—mg R (A2
centers; A~—mjs am; (ngl,z
activity coefficient of salt, where ¢ is the ionic strength. Debye-Hiickel
expression for the activity coefficient of electrolyte, extended for

higher salt concentrations by introducing empirical corrections «, is

Sa;d i) is the rate of variation in the

below the differentiation sign. As the activity coefficient for most salts
decreases at first and then increases at higher concentration, the deriva-
tive of this function changes its sign. Therefore, A takes positive value at
high salt concentrations and negative value at low salt concentrations.

For analytical clarity, the functions used in Eq. (1) can be conve-
niently presented as a power series expansion in terms of m, limited
to third-power summand:
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where the upper sign in (4,F) corresponds to A>0 and the lower sign
to A<0. Although the parameter A is different for different salts and de-
pends on their concentration, it is not more than one in value modulus.
Therefore, only the sign before the second summand is essential:
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It follows from Eq. (2) that py — p is uncertain at ms =0 because
we have mj3 in the numerator and logarithm of ms in the second
summand. Analogously 14 —u? is uncertain at z=0.

At low salt concentration, the expression (3) which does not
contain my, is preceded by the sign (+), and the value under the
logarithm 4 m3(2 + A) is less than unity. Accordingly, p; — <0 that
is consistent with stable states until 4 m3(2 + A) exceeds 1, i.e. until
NaCl concentration exceeds 0.35 M. Increase in salt concentration at
4 m3(2+A)>1 will make the system increasingly unstable, because
u; —p9>0. The concentration heterogeneity of the system will
grow. As the parameter A approaches zero (~ at 1.6-2.0 M NacCl),
Wy — ) — + and instability will increase until the sol-gel-type
phase transition of the system takes place. As the parameter A passes
through zero, jump-like gel formation will make the system more sta-
ble, because in this case p; — u?—» —o, However, the gel is unstable
relative to the subsequent growth of salt concentration, because the
modulus of the p; —pf value decreases with the further growth of
salt concentration because of the growth of A. Dependence of py —
on concentration ms at a constant protein concentration m, is
diagrammed in Fig. 1b in accordance with Eq. (2). It is interesting to
note that in the range of physiological salt concentrations (~10~2 to
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Fig. 2. ESR spectra of spin-labeled lysozyme at 77 K and SHF power 0.63 mW at different NaCl concentrations: 1-0 M; 2-0.03 M; 3-0.15 M; 4-0.75 M; 5-3.0 M. Bottom most spec-

trum (6) — 3.0 M NaCl and SHF power 12.6 mW.
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10~ M) this dependence has local minimum. Addition of salt in this
range will lead to increase of p; — ) up to positive values at salting
out concentrations. This is shown in Fig. 1a (curves 2-5 in order of
increasing salt concentration).

3. Methods and materials
3.1. Spin-labelling

Lysozyme from hen egg white (Sigma) was modified by spin label
4-(2-iodoacetamido)-2,2,6,6-tetramethylpiperidine 1-oxyl (Takeda
Chemical Industries), following the working procedure described in
[33]. The spin label was incubated with lysozyme solution at pH 6.2
at 40 °C during 4 h. Histidine residue His-15 in lysozyme molecule
was shown [33] to be selectively modified on protein under these
conditions with the number of His-15 groups labeled about
0.8 mol/mol protein. The label which remained in the solution was
removed by gel-filtration through a chromatographic column with
sephadex G-25, using a 0.01 M phosphate buffer pH 6.4 as eluent.
The protein solution was then concentrated, and various quantities
of Nadl, dissolved in 0.01 M phosphate buffer, pH 6.4, were added.
The final protein concentration in samples was 35 mg/ml.

ESR spectra were recorded using an ESR-spectrometer Bruker
EMX at a modulation of 100 kHz and amplitude of 1 Gauss. A stan-
dard flat cuvette was used at room temperature and a cylindrical
quartz cuvette at 77 K. Before taking spectra, the samples were kept
for 6-8 h at 20 °C to induce the formation of the possible structural
pattern of the solution, and changes in solution turbidity were then
controlled visually during 4 days. The correlation times 7. of
spin-labeled protein were estimated at 20 °C at different salt concen-
trations, using formulas for fast radical rotation and the relation of the
amplitudes of the low-field spectrum line to the central line and the
central line width [26].

A temperature of 77 K in the sample was established by routinely
flash-cooling of the cuvette with protein solution in liquid nitrogen.
We suppose that the rearrangement of heterogeneous solution struc-
ture is prevented during the flash-freezing because the translational dif-
fusion of molecules, coupled with overcoming of considerable potential
barriers, is the limiting factor of the heterogeneities preservation [34].

4. Results

The amplitudes of the spectrum outer components d; and central
component d and their ratio were estimated for samples, which dif-
fered in salt content, at 77 K (Fig. 2), depending on SHF-power. The
parameter dq/d, which is sensitive to the dipole-dipole interaction
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Fig. 3. Normalized amplitude values of the central component of the ESR spectrum of
spin-labeled lysozyme, depending on saturating SHF power at various NaCl concentra-
tions in protein solutions. Lines are guides for the eye.

of nitroxyl radicals, can be used at a nitroxyl radical concentration
in excess of 7x 1073 M to assess changes in the average distance be-
tween the spin labels [26] and, accordingly, between protein molecules
spin-labeled at His-15 site. As the concentration of nitroxyl radicals de-
creases, the parameter d;/d becomes less sensitive to the distance be-
tween them [27]. At a concentration of nitroxyl radical less than
7x1073 M the shape of the SHF signal saturation curve can be used
to assess their interaction [26]. The shape of the ESR spectrum in the ab-
sence of saturation and, hence, the d,/d ratio depend primarily on the
spin-spin relaxation time, T,, and the course of the saturation curve
depends equally on the value T, and on the spin-lattice relaxation
time T;. As T is greater, it is more sensitive to paramagnetic interac-
tion than T,, and the use of saturation curves for assessing the
long-distance interactions of spin labels can, therefore, make the
method more sensitive.

Fig. 3 shows the amplitudes of the central line of the ESR spectrum
of spin-labeled lysozyme obtained at 77 K at different NaCl concen-
trations, depending on SHF field intensity, in comparison with a con-
trol protein sample in 0.01 M phosphate buffer in the absence of NaCl
(0 M Nacl). Based on a signal saturation pattern, the salt concentra-
tion range ms can be divided into three parts: (1) 0<m3<0.15 M;
(2) 0.3 M<m3<1.5 M; (3) my3>1.5 M. At low salt concentrations
(1) the saturation curve is less gently sloping than in the control sam-
ple, at medium concentrations (2) more gentle than in the control
sample, and under salting-out conditions (3) less gentle again. More
gently sloping saturation curves were shown [26] to be consistent
with the more closely-spaced arrangement of spin labels. The shape
of the saturation curve can thus be used to assess changes in the av-
erage distance between the labels I. Consequently, in the first part
of the salt concentration range the distance I between the spin labels
is assumed to be greater than in the control sample, in the second part
smaller and in the third part greater again.

Variations in the d,/d ratio at varying SHF-power, at various salt
concentrations and at 77 K are shown in Fig. 4. As SHF power in-
creases, ESR signal parameters are observed to change (Fig. 2). The
width and amplitude of the spectral components increase and the in-
crement of the outer peak amplitude (d;) is greater than that of the
central peak amplitude (d). Differences between the d;/d values of
spin-labeled lysozyme solutions, containing different salt concentra-
tions, can thus be revealed. In Fig. 5, these differences are shown for
two SHF power values, 12.4 and 0.63 mW, obtained at different
NaCl concentrations. In the absence of saturation (0.63 mW), d,/d de-
pends slightly on salt concentration, while at moderate saturation
(12.4 mW) the dependence is more substantial. If the d;/d ratio is
used to estimate the average distance I between nitroxyl radicals
d,/d~1"1, then Figs. 3 and 5 show the following changes in the aver-
age distance I between protein-conjugated spin labels. As salt con-
centration rises to 0.15 M, the distance increases, then decreases
and then increases again on achieving a NaCl concentration of 3 M
(salting-out concentration). The formation of white viscous gel upon
the salting-out of lysozyme is a well-known effect [7,10], which the
authors observed before immersing the sample into liquid nitrogen.

These results, together with the fact that at a total spin label (and
spin-labeled protein) concentration of 2.5x10~> M the parameter
di/d remains sensitive to varying conditions and SHF-power, show
that concentration heterogeneities, in which local concentration is
over 7x1072 M, are formed in lysozyme solution.

A protein sample was immediately transformed to gel upon
adding 3 M NaCl and remained as white gel during 4 days at 20 °C,
while protein samples, which contained less than 0.3 M NaCl, re-
mained transparent. Distinct opalescence, possibly associated with
crystal formation, was not observed on the first day and was only vis-
ible after 4 days in the samples which contained 0.3 to 1.5 M NaCl
and was not detected in the samples with smaller salt concentrations
in 4 days. The higher the initial NaCl concentration, the more visible is
the opalescence. A gradual decrease in the distance between protein
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Fig. 4. ESR spectrum amplitude ratio values d,/d, depending on SHF power at various
NaCl concentrations. Lines are guides for the eye.

molecules over the range 0.3-1.5 M NaCl, revealed by analysis of the
ESR spectra of spin-labeled lysozyme, is attributed to strong protein-
protein interaction. This can give rise to various aggregates,
dense-phase clusters and even crystalline-phase nuclei under
these conditions [7,8,10]. However, as new-phase nuclei are com-
monly formed in several days, a decrease in distance in the range
0.3-0.8 M Na(l, inferred from ESR spectra after 6-8 h and not ac-
companied originally by visual opalescence, is assumed to be due
to the formation of protein clusters and/or aggregates caused by
the loss of the thermodynamic stability of the system.

In Fig. 6, the effective rotation correlation time of spin label against
salt concentration at 20 °C is shown. Both the correlation time and
the width of the central line of the spectrum increase monotonically
over the entire salt range discussed. The correlation time (shown by
a horizontal line 1 in Fig. 6) in salt-free solutions is greater than in
low-salt solutions. ESR spectra give information first on the most
fast type of label mobility, i.e. on own label mobility in water—protein
matrix, rather than on the rotational dynamics of protein in general.
So these variations in correlation time reflect changes in the
microviscosity of a protein globule in the vicinity of spin label.

The first two points of both dependences shown in Fig. 6 are
below the values corresponding to salt-free protein solution (solid
horizontal lines 1 and 2). This indicates that at NaCl concentrations
less than 0.15 M microviscosity declines slightly, which seems to be
due to the loosening of protein globule structure in the vicinity of
spin label under these conditions. However, both parameters increase
subsequently at NaCl concentrations above 0.15 M, exceeding the
salt-free solution level, which suggests the gradual salt-induced

stabilization of protein structure in the vicinity of spin label. These
changes are probably induced by some more vigorous interaction be-
tween protein molecules upon the formation of high-salt mesoscopic
clusters and crystalline-phase nuclei.

A wide line appears in the ESR spectrum of spin-labeled lysozyme at
the upper boundary of the range discussed at 3 M NaCl under salting-
out conditions at 20°C, and correlation time increases substantially. A
similar line is observed, for example, in 35% sucrose solution [35],
suggesting a considerable increase in viscosity in the system. However,
the average distance between spin labels on protein molecules does not
diminish below the level observed at 0.3 M NaCl concentration (Fig. 5),
as one could expect. This suggests that there is no crystalline phase in
fresh gel and that gel is a cellular, fairly loose structure.

5. Discussion
5.1. Effect of salt on solution destabilization

Shown in Fig. 7 is a semi-empirical phase diagram of lysozyme so-
lution, which, together with the binodal lines (1-3) obtained earlier
experimentally for fixed salt concentrations [7], contains an assumed
binodal line for salt concentration 3M NaCl (curve 4). It has been
shown in [7] that as salt concentration rises, the critical point of lyso-
zyme solution is observed at increasingly elevating temperatures, so
that the domain which was above binodal earlier is now at the
binodal boundary. A phase transition of liquid-liquid type, connected
with the formation of dense and dilute phases, is consistent with a
binodal. Accordingly, in lysozyme solutions at low NaCl concentra-
tions a binodal is expected to be in a low temperature range, and as
salt concentration rises to 1.5 M at a protein content of 35 mg/ml, it
is shifted to 20 °C and higher. As salt concentration continues to rise
to 3M Nadl, viscous gel, rather than a concentrated but transparent
phase (or dense-phase microdrops), is formed as a result of rapid ki-
netic spinodal decomposition [8,10]. The formation of white viscous
gel is accompanied by an abrupt increase in correlation time (Fig. 6)
indicating a decrease in the mobility of spin label. However, a rela-
tively large distance between protein molecules, which remains
unchanged with respect to that at 0.3 M NaCl (Figs. 3 and 5), suggests
that the spatial net of gel is formed as a cellular fractal structure built
of protein clusters due to intermolecular interactions of various
origin [8].

No phase separation was observed in the physiological (0.15 M)
salt concentration range during our experiments. Consequently, the
experimental point, corresponding to 20 °C and 35 mg/ml of lyso-
zyme, is above the binodal line (Fig. 7). However, dipole-dipole inter-
action of spin labels and the average distance between protein
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Fig. 5. Dependence of the parameter d;/d on NaCl concentration (M) as In(NaCl) at SHF
power of 12.6 mW and 0.63 mW. The measurement error is smaller than symbol size.

Fig. 6. Dependence of variation in the effective correlation time (7.) of the spin label,
which modifies lysozyme molecules, and the width of the central component of the
ESR spectrum (AHp) on NaCl concentration (M) as In(NaCl). 7. and AH, values in
salt-free protein solution are shown by horizontal line segments 1 and 2 accordingly.
The measurement error is smaller than symbol size.
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Fig. 7. Schematic phase diagram of lysozyme solution. 1-3-experimental binodals as
phase equilibrium lines at corresponding NaCl concentrations according to ref. [7].
4 — assumed binodal position at salt concentration 3 M NaCl. 5 — protein solubility
line at 0.5 M NaCl according to [7]. 6 — assumed gel formation line at 3 M NaCl. Hor-
izontal arrow indicates that experimental protein solution with lysozyme concentra-
tion 35 mg/ml (cross) and 3 M NaCl transforms into gel. Arrow 7 is an assumed
quasi-spinodal for binodal 1. A mixture of protein clusters can be present in the
supercritical phase transition domain between the solubility line (5) and binodals
(1-3) because of the presence of quasi-spinodal 7. About 270 mg/ml protein
correspond to the critical point. A small cross shows the temperature and protein
concentration of the lysozyme solutions analyzed experimentally.

molecules are affected by salt both on lowering and rising salt
concentration from 0.15 M NaCl. This is presumably due to concen-
tration heterogeneities because protein (and label) concentration is
2.5x1073 M. These heterogeneities are also identified using SANS
and SAXS, in a phase diagram domain near the solubility line [1,5],
and are interpreted as protein clusters. Theoretical estimation of
g — 1 =f( m3)m2 (Fig. 1b) also predicts a decrease of solution stabil-
ity at relatively low and high salt concentration that can result in clus-
ters formation. Initial low-salt (107> to 10~4 M NaCl) decrease of
stability may be caused by usual Debye-Hiickel type electrostatic
shielding and “salting out” effect of salt on apolar sites of protein
surface which is known for lyophobic colloids. Another decrease of
stability at high salt may be caused by the effect of preferential
hydration [30]. Intermediate increase in thermodynamic stability in
the range of physiological salt concentrations may be caused by
adsorption of anions on protein surface leading to a decrease of spe-
cific surface energy (surface tension) and Gibbs free energy of mixing.

The authors assume that as NaCl is added, clusters of one type
(type 1, up to 10 nm in size), which dominate in low NaCl solutions
[1], are gradually replaced by other clusters (about 100 nm in size)
formed upon addition of salts [5]. Fig. 6 shows that the correlation
time of spin label rotation in the range of up to 0.1 M NaCl decreases
relative to the low NaCl solution level, suggesting that such a transi-
tion from one type of clusters to another type is accompanied by
the gradual transition of a protein globule to a looser, highly flexible
structure. The probable reason for that is that as NaCl concentration
rises, interaction between Cl~ ions and the sorption sites of a protein
globule becomes more vigorous due to the increase of thermodynam-
ic activity of salt ions with a rise in salt concentration. On the other
hand, salt induced increase of surface tension is known to be an es-
sential factor in protein structure stability owing to the mechanism
of preferential hydration, but adsorption of ions gives generally an
opposite result [36]. Chlorine anions are considered to be involved
not only in the screening of positively charged groups but to be ac-
tively sorbed by the specific nonpolar zones of lysozyme and other
protein molecules owing to the structure of their electronic shell
and polarization capacity [37]. Up to ten such absorbed chlorine an-
ions can exist [38].

However, at high salt concentrations, when adsorption sites are
saturated, a rise in salt concentration results in the growth of specific
surface energy, induced by preferential hydration effects [30], and in
protein structure stabilization. This could also be due to a decline in
thermodynamic solution stability relative to the emergence of concen-
tration heterogeneity. Such a decline can be a result of more vigorous
protein-protein interaction, indicated in the range 0.3-1.5 M NaCl by
an increase in the correlation time of label rotation (Fig. 6), a decrease
in the distance between protein molecules (Figs. 3 and 5) and a visual
increase in solution turbidity observed after 4 days.

5.2. Effect of temperature on solution destabilization

Temperature is the most essential factor in the phase transition
mechanism, and a critical point can be achieved by varying both com-
position and temperature. A possible relationship between the critical
composition X= (my/ms3)., consistent with the critical point and
temperature can be obtained (see Fig. 2 in [32]).

The position of the characteristic points of the spinodal and
binodal in the coordinates (chemical water potential, protein concen-
tration) (Fig. 8a) and in the coordinates (temperature, protein con-
centration) (Fig. 8b) can be compared [39]. Curve 2 characterizes a
family of isotherms for so low mj3 values that A<O0 (low salt limit). It
has minimum and maximum points, which belong to the spinodal,
and an inflection (maximum steepness) point which belongs to the
quasi-spinodal [40]. Quasi-equilibrium A — D of two phases with dif-
ferent protein concentration and the same chemical potential gy —
is presented by arrows in Fig. 8 a, b.

The important question regarding the dynamic nature of protein
clusters revealed in the supercritical domain of the phase diagram
for lysozyme solution is: are these clusters a thermodynamic or kinet-
ic phenomenon? It is a problem which has not been completely re-
solved yet. The inflection points (C) on isotherm 2 (Fig. 8a) are
indicative of a quasi-spinodal on the phase diagram. The theoretical
prediction that quasi-spinodal temperature exceeds critical point
temperature for the compositions (m,/ms)>Q (low salt concentra-
tions and/or high protein concentrations [32]) suggests that in this
domain of the phase diagram corresponding phase transitions of
supercritical type take place [40]. Phase transition of critical type,
which takes place near the critical point of the phase diagram, can
also be extended into a macroscopically homogeneous supercritical
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Fig. 8. Schematic representation of the phase diagram of a model water-protein-salt
system showing water chemical potential isotherm (i; — &) versus molar protein con-
centration m; (a) and temperature T versus protein concentration m; (b). Arrows indi-
cate A-D phase quasi-equilibrium. Numbers indicate: 1 — supercritical isotherm for
parameter A<0; 2 — van-der-Waals type isotherm for parameter A<0; 3 — spinodal;
4 — binodal; 5 — solubility curve; 6 — quasi-binodal and 7 — quasi-spinodal of super-
critical fluid; C — maximum isotherm steepness point — point of quasi-spinodal.
Critical point is the common point for spinodal, quasi-spinodal and binodal.
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domain. Low stability is characteristic of the solution state in supercrit-
ical domain, and the lowest stability line is also a quasi-spinodal [40]. As
there are only stable states in the quasi-spinodal domain, phases which
have an interface do not co-exist there. In the quasi-spinodal domain
concentration fluctuations are maximum, and the entire system is
transformed into a mixture of fluctuation nuclei of both boundary
phases (a mesophase state) without losing macroscopic heterogeneity
[40].

Therefore, the existence of a theoretical quasi-spinodal provides an
argument in favor of fluctuation phase transitions in the supercritical
domain (in the solubility domain of the curve, above critical point tem-
perature), which manifest themselves experimentally as dynamic pro-
tein clusters of nano- and mesoscopic sizes identified experimentally
using high-precision physical methods [1,5]. Considering that the
quasi-spinodal at (m,/ms).>Q lies between gel and solution [32], clus-
ters formed as lysozyme oligomers, up to 10 nm in size, are assumed to
be gel-like quasi-particles, and mesoscopic clusters to be fragments of
the fractal aggregates of a gel phase formed of quasi-particles. As gel is
formed immediately on adding excess salt, it would appear reasonable
that there was a dynamic structure in the solution prior to gel formation
and that this structure was related to mesoscopic cluster organization. In
the quasi-spinodal domain, dynamic clusters can exist in a certain
temperature range without being in equilibrium.

On one hand, if it is a quasi-spinodal, then there must be a
quasi-binodal [40], i.e. conditions, under which metastable permanent
protein clusters exist in apparently homogeneous solutions, are possible
(Fig. 8b, curve 6). It is not surprising, therefore, that both static [1] and
dynamic [18] protein clusters were discussed during the experiment
in apparently the same domain of the phase diagram.

6. Conclusions

Salt-induced variations in the average distance between lysozyme
molecules in the 0-3 M NaCl concentration range, accompanied by a
probable increase in the flexibility of protein molecules at physiolog-
ical salt concentrations and observed by the ESR spin labeling
method, could be due to the passing of a water-protein-electrolyte
system through the different domains of a phase diagram in
supercritical and undercritical region. Being in thermodynamic unsta-
ble state with p; — ,u? >0 at salt content above 0.3 M NaCl, the macro-
scopically homogeneous lysozyme solution represents a distinctive
mesophase state understood as a system of the fluctuation fractal
mesoscopic clusters of gel phase before crystalline-phase nuclei
start to form. Most probably this domain of phase diagram may be
presented as quasi-spinodal. However, at the assumed quasi-binodal
boundary relatively stable permanent clusters — oligomers can exist
at low salt concentrations and in salt less solutions. Salt induced
sol-gel phase transition, which converts thermodynamically unstable
system with gy —u — + = into a gel state with p; —ud — — « takes
place at the “salting-out” salt concentration above 1.6-2.0 M Na(l,
where coefficient activity of salt has a minimal value. For future
attempts we intend to carry out nanoparticle tracking analysis to
investigate the size evolution of protein particles.
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