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Thermodynamic analysis of the water–protein–salt system, based on the description of the spinodal curve,
has been carried out in various coordinate systems: (water chemical potential, protein concentration m2);
(protein “solubility” log S, salt concentration m3); (effective temperature, critical composition of the system
m2/m3). Such presentations explain the existence of diagrams with normal and retrograde protein solubility
as a result of straightforward effect of ions present in solution as well as some features of the widely used
phase diagram in coordinates (temperature, protein concentration). Analytic expressions for coefficients K
and b of the salting out equation log S=−K·m3+b as functions of protein charge and protein adsorbed ions
have been obtained and identified with the spinodal characteristic points reflecting quasi-equilibrium
between protein-lean phase and dense protein-rich phase. Liquid–liquid, liquid–solid phase transitions,
dynamic protein clusters and second virial coefficient that characterize interaction between solution
components have been thus interrelated. The results of our thermodynamic analysis have been compared
with the data reported for lysozyme .
v).
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1. Introduction

The growing interest in the phenomenon of formation of dense
liquid phases, gels and clusters in protein solutions [1–6] is caused by its
relevance for protein solubility and crystallization, drugdelivery, certain
diseases, industrial separations, cell cytoplasm function. Theoretical
consideration of a (L–L) phase transition and accompanying kinetic
processes of equilibration in globular protein solutions often lead to the
prediction of metastable with respect to crystal protein-rich liquid as
well as of various supramolecular protein structures in the high salt
concentration range [7], the nonequilibrium kinetically arrested states
(gels) among them [2]. Usually the mechanism of dense liquid phase
and cluster formation is treatedon thebasis of the short-range attractive
and long-range repulsive protein-protein interaction. Physical approach
employing the concept of force field, faces difficulties in describing the
effects of salt lyotropic series and anisotropy in protein–protein
interactions [8,9] as well as unusual stability of protein solutions in
the high salt region [10]. In this connection substantial efforts have been
applied to examine the specific effects of ion distribution on the phase
interfaces of various polarities [11,12], the protein–electrolyte interac-
tion with regard for anion polarizability [13], their hydration [14] and
water structuring effect [15]. Molecular dynamic simulations of
protein–salt interaction are also in progress [16,17].
On the other hand, the interaction of proteins between each other,
with water and salt ions is related directly to the problems dissolution
capability of water and evolution of biological solutions, which are of
fundamental importance for physical/chemical biology.Water structure
and its specific surface energy are the very factors that determine the
solubility of proteins and stability of protein solutions [15,18]. Such an
approach is not frequently employed in consideringprotein dense liquid
phase formation and clustering [19,20] although protein solubility is a
thermodynamic quantity. Various contributions to the Gibbs (Helm-
holtz) free energy of the protein–protein interaction cannot be taken
into account easily and the role of the solvent free energy in the protein–
protein interaction is rarely studied [21]. Thermodynamic approach in
studying the solution properties is based on the idea of activity that
compensate the lack of informationon the structural changes of solution
components. The component activity ai is its effective concentration. It is
determined by real concentration mi due to the activity coefficient γi,
and in its turn determines the chemical potential of the component
µi−µi0=RTlnai=RTlnγimi. Osmotic pressure P is an integral parameter
of solution: P=(µ1−µ10)/V1. P is described empirically through the
virial series. The second virial coefficient B2 is characteristic of protein–
protein and protein–salt interaction at molecular level. Its positive or
negative values indicate the repulsive or attractive potential of
interaction between protein molecules, respectively.

Previously [22,23] we used the concentration (mi) derivatives of
the activity coefficient of the components, water (1), protein (2) and
salt (3), to evaluate in the Prigogine criterion for phase instability of
the ternary solution to fluctuation: (∂µ1/∂m2)=0 [24], resulted in the
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spinodal curve for the ternary system. The needed derivatives can
be computed by combining the concentration dependence of the
chemical potential (∂µ1/∂m3) of aqueous salt with the required
composition derivatives of the chemical potential of protein in
aqueous salt (∂µ2/∂m3), as determined from the classic light scat-
tering and osmotic pressure measurements performed on water+
albumin+NaCl by Scatchard and Edsall and their collaborators in the
1950s [25].

Such an approach allows to present the phase diagram of protein
solution in various types of coordinates, the coordinates of water
chemical potential versus protein concentration µ1(m2)T,m3, as an
example [26], in order to elucidate some features of the protein–salt
solution phase diagram in commonly used coordinates temperature–
protein concentration T(m2)m3, which are only partially thermody-
namically understood. Among them are the metastability of the L–L
phase equilibrium with respect to solution and to crystal [3,27]; the
effect of salts on the temperature of L–L equilibrium [15]; the ex-
istence of proteins with normal and retrograde solubility [5,21]; the
frustration of aggregation (clustering) processes for some proteins by
the addition of salt in the molar ionic strength range [10]; the corre-
lation between the solubility, crystallization and the second osmotic
virial coefficient [28–30]; the mechanism of gelation in the spinodal
region [2]; the existence of two types of protein clusters of sizes
∼10 nm and of sizes ∼100 nm in the gap between the liquidus and the
L–L binodal in low salt lysozyme solutions [31,32]. Stradner et al.
assume the lysozyme clusters of sizes ∼10 nm are of an equilibrium
character [33], whereas Sukla et al. find they are not evident at all [34].
Most probably the clusters are of dynamic nature with a limited
life time [3,27,35]. Protein clusters are supposed [27] not to comply
with Gibbs's definition of phase, their sizes being determined by the
kinetics, and not by thermodynamics of growth and decay.

In this work various types of phase diagrams and methods of their
interconversion reported previously in part [23,36,37], are discussed in
order to explain the above mentioned thermodynamic features of the
phase diagram. We are aiming mainly at an analysis of the theoretical
phase diagrams of model water–protein–salt solutions in the presence
of salts with a parabolic dependence of the salt activity coefficient on
concentration. Strong hydration of these salts causes a decrease of their
activity coefficient ondissolutionat lowsalt and an increase of activity at
high salt, i.e. the parabolic dependence of salt activity coefficient on
concentration. The rise of activity at high salt indicates a decrease of
affinity to solvent and a tendency to form ion pairs. This could favor ion
adsorption in heterogeneous systems. Among these salts are physio-
logically important calcium chloride, magnesium chloride, and even
sodium chloride at high concentration. The type of the dependence
comes into importance within the higher (high salt) Debye-Huckel
approximation also used in our approach.

2. Theory

2.1. Phase diagram in the (µ1, m2)-plane

The equation we obtained previously for the characteristic coeffi-
cient of stability µ12 of the water–protein–salt system was of the form
[22,23]:

μ12 = ð∂μ1 =∂m2ÞT;P;m3 = ð∂μ2 = ∂m3Þð∂μ1 = ∂m3Þð∂μ3 =∂m3Þ−1
; ð1Þ

where m1, m2 and m3 are the molar concentrations of solution com-
ponents water, protein, salt, accordingly; µ1, µ2, µ3 are the components
chemical potential. This equation can be derived by taking the stability
determinant and its principal minors equal to zero: |∂2G/∂mi∂mj|=0
and µ11µ22−µ212=0; µ11µ33−µ213=0; µ22µ33−µ223=0 [24]. Expres-
sions for derivative chemical potentials for corresponding components
can be obtained from Scatchard's thermodynamic theory of multi-
component systems [25]: ∂μ2/∂m3=RT(−z2m2/2m3
2ε+β23), ∂μ3/∂m3=

RT(2/m3ε+β33), ∂μ1/∂m3=−(2RT/m1)(1+m3β33) [23].

whereε = 1− zm2 =2m3ð Þ2; and β23 = ð−ν = 2m3Þð2 + β33m3Þ:

Here z is the charge number of biopolymer, obtained from titration
curve, (−ν) is the number of bound anions, β33=∂lnγ3/∂m3, and γ3 is
the salt activity coefficient. Correspondingly β33m3may be presented as
[23]:

m3β33≈−m3
∂

∂m3

Αζ1=2

1 + rκζ1=2
−Σαiζ

i

 !
≡Δ: ð2Þ

In Eq. (2) Debye-Huckel equation allowing for high salt concentra-
tion appears under the derivative sign, where А, r, κ are the Debye-
Huckel coefficients, ζ is the ionic strength, α is the experimental
constant. The range of higher salt concentrations is described using
various, mostly empirical approximations of the theory. One of the
approaches is to use the experimental correction factors (coefficientsαi

in Eq. (2)). So,Δ (m3, temperature) is the function that characterizes the
dependence of electrolyte activity on its concentration in terms of
Debye-Huckel theory. The difference of salts in the dependence of their
activity coefficient on concentration results in the fact that parameterΔ
can take both negative (γ± decreases at low salt concentration) and
positive (γ± grows up at high concentration) values for the salts NaCl,
CaCl2, andMgCl2 with parabolic type dependence of activity coefficient.
The condition Δ=0, corresponds to the minimum activity coefficient
and determines an important point at the phase diagram.

By rearranging Eq. (1) can be given in an explicit form [23]:

∂μ1

∂m2

� �
=

m2
2− 4m3

νð2 + ΔÞm2− 4m2
3

z2

� �
4m2

3ð2 + ΔÞ−Δ⋅z2m2
2

ð1 + ΔÞ = 0: ð3Þ

Two factors appear in this expression and the analysis of the condition
(1+Δ)=0 is beyond the scope of this study.

The first factor when taken equal to zero gives the equation of
spinodal in coordinates (m2,m3) [23]:

m2

m3

� �
= 2

1 +
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 + ð2 + ΔÞ2ν2

Z2

q
νð2 + ΔÞ : ð4Þ

The condition (∂2 µ1/∂m2
2)Т=0 indicates that Maxwell's rule for

phase transition is satisfied [24]. It also gives the equation for nodes in
the same coordinates. The nodes are two points on two binodal
branches. These points correspond to the same temperature and two
different compositions of two coexisting phases. In the present con-
text the node is the point on the spinodal, given as follows [23]:

m2

m3

� �
= 2

νð2 + ΔÞ
Δz2

1F

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1− Δz2

ð2 + ΔÞν2

s !
: ð5Þ

Eq. (1) or (3) gives the equation of the stability boundary of solid
phase F when (∂µ1/∂m2)→∞ [23,38]:

m2

m3

� �
=

2
z

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2 + Δ

Δ
:

r
ð6Þ

The integral form of Eq. (1) or (3): µ1−µ10=∫(∂µ1/∂m2)dm2 gives
anexpression for the curves on thephase diagram in coordinates (water
chemical potential, protein concentration) that discriminate the
thermodynamically stable (above the curve) and unstable (beneath
the curve) zones with respect to protein concentration fluctuations [23]
(Fig. 1).



Fig. 1. Schematic presentation of three types of stability boundaries in (water chemical
potential µ1, protein concentration m2)-plane for different salt concentrations: 1. Δb0.
Boundary is characterized by one inflection point (B) and one critical point (С). Single
metastable state A↔D (quasi-equilibrium protein solution ↔ dense liquid phase) is
the case. 2. ΔN0. Boundary is characterized by two inflection points (B) and (D) and
one critical point (С). A↔D and E↔B states metastable with respect to crystal
and to solution and representing continuous fluctuation phase transition are the case.
3. ΔN2ν2/(z2−ν2). No characteristic points present.

Fig. 2. Relationship of the critical composition X=(m2/m3)cr of the system water–
protein–saltwith the effective temperature. Salt concentration is an independent variable.
Curve 1 is for low salt concentrations, Δb0; curve 2 is for high salt concentrations, ΔN0.
Curves 1,2 characterize critical point and curve 3 characterizes line of nodes on spinodal
(binodal). (m2/m3)cr≡M corresponds to maximum temperature of the critical point.
Condition (z2−ν2)/2ν2≡N corresponds to (m2/m3)cr=2/ν and temperature of the triple
point. The system with lower critical temperature of solubility changes into the system
with the upper critical temperature at (m2/m3)cr=Q.
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Using two terms of the virial series for osmotic pressure Timasheff
and coworkers have shown [26] that the water chemical potential first
decreases (left dashed lines on Fig. 1) with rising protein concentration
at constant temperature and salt concentration, but later increases.
Parabola crosses the stability boundary (solid lines on Fig. 1) where the
chemical potential starts rising, and the solution stability lowers. Fig. 1
shows schematically that the isotherm µ1(m2)m3 can be presented as a
Van der Waals loop with a critical point. The practice of analysis of
the van der Waals isotherms shows that the ascending segments
of isotherm do not perform. Thus dense metastable protein phase of
concentration corresponding to the point D start forming at point A
of the isotherm. The condition for that is also the equality of shaded
areas (Fig. 1, curve 1,2) in accordance with theMaxwell equal-area rule
that takes into account the energy expenses of phase formation. Such
phase formation or L–L phase separation is a 1st order phase transition.
The water chemical potential remains unaltered provided that the
Maxwell's rule is satisfied.

The points A and D lie on the descending part of the isotherm.
Their energy is somewhat higher with respect to the point F that
corresponds to the solid state, and they are separated with the barrier
as well. This means that the dense phase appear to be metastable with
respect to solid state and stable with respect to solution and allows for
the formation of crystal nucleus in the phase.

The total set of points A,D and B,E makes binodal line representing
quasi equilibrium of the corresponding phases (Fig.1). Binodal line
cannot be derived analytically [24], but it can be determined
experimentally. On the other hand, the points В and D taken as middle
points of the corresponding node lines can be used to characterize
binodal position on the phase diagram. The curves formed by the
inflection points of the stability boundaries (points B and D at ΔN0 and
point B atΔb0 on Fig. 1) can bederived fromEq. (1) under the condition
(∂2 µ1/∂m2

2)Т=0 and corresponds to Eq. (5).
As follows from Eq. 5 there can be one or two inflection points

depending on the sign of parameter Δ (Fig. 1). The condition ΔN0
(two symmetrical inflection points) gives rise for the continuous
critical type phase transition. The protein solution in this case corre-
sponds to the continuous conversion of the system with (A↔D) and
(E↔B) type fluctuations in the interval of intermediate protein
concentrations. Such dynamic clusters are metastable both with
respect to crystal and with respect to solution and their life time is
limited.
2.2. Relationship between temperature and critical composition

The critical point C on Fig. 1 can be reached both by temperature
and composition changes m2/m3. The parameter Δ is related to
temperature due to the coefficients к and A of Debye-Huckel equation,
where the dominating contribution is given by А∼(εT)−3/2. Here ε is
the dielectric permittivity. The relationship between temperature and
the system critical composition Х=(m2/m3)cr at point С and points B
and D on Fig. 1 can be obtained using the expression for the parameter
Δ from Eqs. (4) and (5):

F1 =Δ = ð4−X2z2Þ= ð2X2z2−4Xz2 = ν−8Þ ð7Þ

F1 =Δ = X2z2−4Xν + 4
� �

= 8Xν−8ð Þ: ð8Þ

Fig. 2 shows qualitatively the relationship between the critical param-
eter (m2/m3)cr and effective temperature: |1/Δ|∼(εT)3/2. Given the
biopolymer concentration m2 (sufficient to bring the system to the
spinodal region), the curves 1 and 2 described by Eq. (7) in Fig. 2
correspond to low (to the right of point Δ=0) and high (to the left of
point Δ=0) salt concentration. The curve 3 (Eq. (8)) gives the
relationship of temperature and critical composition for nodes. From
Fig. 2, it follows that the critical point temperature rises with in-
creasing electrolyte concentration at Δb0 (curve 1), while the greater
electrolyte concentration at ΔN0 results in the decrease of the tem-
perature of the critical point (curve 2). Right and left curves (1,2)
approach asymptotically the extreme temperature and reach it at
Δ=0. This means that the rise of salt concentration can result in
alteration of the trend of cloud-point temperature dependence when
the type of the dependence of salt activity coefficient on salt concen-
tration is parabolic.

The curve 3 intersects with the curve 1 at critical composition
(m2/m3)cr≡QandΔb0, i.e. at lowsalt concentration. The temperatureof
node appears to exceed the critical point temperature at (m2/m3)crNQ,
whereas it falls short of critical temperature at (m2/m3)crbQ. This
suggests the temperature inversion of binodal and spinodal; that is
the system with the lower critical temperature of solubility at low
salt concentrations (or high protein concentration) changes into the



Fig. 3. Theoretical (closed symbols) and experimental (open symbols) values of
lysozyme solubility as a function of NaCl concentration at pH 7 (z=8, closed squares),
pH 5 (z=10, closed circles), pH 4 (z=11, closed triangles), pH 4.3 (open triangles),
pH 6.5 (open circles), pH 8.4 (open squares). Theoretical values for NaCl concentration
up to 1 M are calculated at ν=5; for NaCl concentration over 1 M ν was taken equal 6
and 7. Experimental values are converted from [40] and [2].
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system with the upper critical temperature of solubility at high salt
concentrations.

The greater the ratio z/ν, the higher the salt concentration of the
curves intersection.

Curve 3 (nodes) and critical point curve 2 of Fig. 2 descend monot-
onously with rising salt concentration and meet at m2/m3=2/ν and
effective temperature that satisfies the condition 1/Δ=(z2−ν2)/2ν2.
This is a triple point, i.e. the point of thermodynamic equilibrium of all
the solution phases: protein-lean, dense liquid and crystal. Consider the
range of the secondvirial coefficient values corresponding to suchpoint.
There is thermodynamic expression for interaction coefficient B2 as
follows [25]:

B2 =
1000
2M2

2

z2

2m3
+ β22−

β2
23

2 + β33m3
m3

 !
: ð9Þ

The first term in the brackets is the Donnan term, β22 is the protein
activity coefficient, which is positive for asymmetric molecules. β22

can be neglected for strongly charged molecules and strong protein–
salt interaction. The third term is characteristic of protein interaction
with electrolyte and its value is negative. Hence, the negative sign of
B2 reflects primarily the protein–salt attractive interaction. Here
β23=(−ν/2 m3)(2+β33m3) [25], and β33m3=Δ. At the triple point,
where spinodal transforms into straight line, merges node curve and
meets the solid phase boundary, the condition 1/Δ=(z2−ν2)/2ν2 is
satisfied. Then, neglect of β22 and substitution of corresponding
expressions into Eq. (9) give:

B2 =
1000
4M2

2m3
· z2·

ðz2−2ν2Þ
z2−ν2

" #
: ð10Þ

As the liquid–solid phase transition is approached, the interaction
coefficient is thus seen to be negative, and changes within narrow
limits determined by the parameters variations: ν2bz2b2ν2.

2.3. Phase diagram in the (log S, m3)-plane

Eqs. (4)–(6) can be rearranged into a more convenient form that
permits presenting data in coordinates (protein solubility, salt
concentration). Protein solubility S in salt solutions can be qualita-
tively described in the form of Debye-Huckel equation [39]:

logðSÞ = Aζ
1=2

1 + krζ
1=2

−∑αiζ
i
:

This allows formal converting of Eqs. (4)–(6) into solubility
coordinates. Eq. (2) can be transformed as follows:

log S = −∫ Δ
m3

dm3 + const ð11Þ

The parameterΔ can easily be expressed from Eqs. (4)–(6) as a function
of m3 (see Eqs. (7) and (8)).We consider the behavior of the nodes
(Eq. (5))which takes the following analytic formon theassumption that
ν2bz2 [36]:

logS = ln m2
3−m2νm3 +

m2
2z

2

4

 !
− 2ffiffiffiffiffiffiffiffiffiffiffiffi

z2

ν2 −1
q arctg

2m3−m2ν

m2ν
ffiffiffiffiffiffiffiffiffiffiffiffi
z2

ν2 −1
q + const:

ð12Þ

Eq. (12) assumes almost linear descending dependence of log S on
electrolyte concentration and presents in a sense the equation of
protein salting-out by electrolyte. Eq. (12) can be presented in the
form of the dependence of the dimensionless protein solubility on the
dimensionless salt concentration in the vicinity of the critical point,
where m3=m2ν/n , nN2 are the rational positive numbers, and
ν2bz2. Then, ignoring small terms О(1/n2) one obtains:

logS−lnðm2
2Þ + const≈−4ν2ð2z2−ν2Þ

z2ðz2−ν2Þ ·
1
n

+
2ν2

z2−ν2 + ln
z2

4

 !
≈Ks

1
n

� �
+ b:

ð13Þ

Thus, Eq. (13) has been set to the salting-out curve in the form given
by Setchenov equation, where 1/n is a dimensionless value, analogous
to the ionic strength. (In what follows below we discuss the
relationship between 1/n and salt concentration).Ks determines the
slope of extrapolation straight line in the range of salting-out and
characterizes the salting-out efficiency of the salt:

Ks = −4ν2ð2z2−ν2Þ
z2ðz2−ν2Þ

ð14Þ

b is the segment intercepted on the solubility axis by the extrapolation
of the linear section of the curve to m3=0 (apparent solubility in the
absence of electrolyte):

b =
2ν2

z2−ν2
� � + ln

z2

4

 !
ð15Þ

The term ln(m2
2) accounts for the protein concentration in the

metastable dense liquid phase at quasi-equilibrium with diluted
phase where protein concentration is S.

2.4. Verification of Eq. (13) using solubility diagram for lysozyme

Fig. 3 presents the comparison of log S calculated theoretically
with the use of Eq. (13) with experimental dependence of log S on
NaCl concentration at various pH (protein charge z) taken from the
experimental results of Retailleau, Ries-Kautt and Ducruix [40]. The
relationship between m3 and 1/n can be obtained on the basis of
Eq. (13) by solving the transcendent equation

2 ln
m3n
ν

� �
−

4ν2 2z2−ν2
� �

z2 z2−ν2� � ·
1
n

= − 2ν2

z2−ν2 −ln
z2

4

 !
:

Lysozyme is known to bind no fewer than 4–5 Cl− ions, and even
in salt-less solutions lysozyme is the salt Prot nCl− [40]. According to
Eq. (13) this means no salting-in effect known for proteins, which



Fig. 4. Schematic phase diagram in (temperature, protein concentration)-plane. Curve 1
is the liquidus line, curve 2 is the solidus line, curves 3 and 4 are binodal and spinodal
accordingly for the system with the upper critical temperature of solubility, curve 5
is spinodal for the system with the lower critical temperature of solubility. (A–B) is
crystal — supernatant equilibrium. S and m2

⁎ are metastable protein-lean phase and
dense liquid phase. CP is the critical point. Arrows show the shift of spinodal and its
extremum CP with rising salt concentration; Tt is the temperature of the triple point.
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increases anion binding with rising salt concentration (increasing ν).
Theoretical values of solubility in Fig. 3 exceed the experimental data
by ln(m2

2)+const. Here, the constant allows for the fact that the node
is on the spinodal and not on the binodal. For many of the protein
systems, the classical spinodal curve is quite close to the binodal, so
the constantmay be taken equal to zero at a first approximation. From
Fig. 3 it follows that m2 equals 0.05 М (or 700 g/l) in that case and
corresponds to the molar protein concentration in the dense liquid.
The general run of the experimental curves is consistent with theo-
retical dependencies.

The data of Retailleau et.al. on solubility [40] have been obtained in
equilibrium with crystal and not in salting-out conditions. In Fig. 3 are
also shown the data on “solubility” obtained using the “cloud point” or
salting-out method (from Fig. 2 of Dumetz et al. [2]). It is seen that
the “salting-out” values are higher. The theoretical solubility jump
analogous to that observed on experimental dependences can be ob-
tained on assumption that the formation of dense liquid phase indicated
by solution turbidity is accompaniedbypartial exclusionof chlorine ions
from proteins in this dense liquid phase.

2.5. Second virial coefficient for lysozyme

The sign and value of the second virial coefficient B of osmotic
pressure (interaction coefficient) has been experimentally approved
as a convenient criterion related to protein crystallization [28–30].
The coefficient has been shown negative for proteins under
crystallization conditions and belongs to narrow limits from zero to
−8·10−4 Mml g−2 [30]. Table 1 presents the values of B2 calculated
with the use of Eq. (10) for lysozyme-type protein (M2=14 kD) at
NaCl concentrations 2 and 7% and a number of z values, taken at
corresponding pH values from Fig. 1 of Ref. [41]. The values of ν
(usually anions of 1:1 electrolyte) have been taken arbitrarily to fit the
condition ν2 bz2b2ν2 on the assumption that ν increases with rising
NaCl concentration. From Table 1 it is seen that the values calculated
enter the relatively narrow interval from−0.6 to−5·10−4 Mml g−2.
They agree closely with the experimental values for lysozyme in
corresponding buffer solution (appear bracketed in Table 1).

3. Discussion

3.1. Phase diagram in the (T, m2)-plane

The solubility phase diagram can be discussed in the commonly
used (temperature, protein concentration)-plane with salt concen-
tration as a parameter using temperature dependencies of critical
composition of Fig. 2. In Fig. 4 the liquidus line (1) and the solidus line
(2) are shown. Hence, A and B reflect protein crystal in equilibrium
with supernatant liquid. Solid line 3 corresponds to the binodal,
where S and m2⁎ are the protein lean phase and the metastable dense
liquid phase. The metastability with respect to crystal phase is caused
by the energy barrier (Fig. 1). Nucleation and crystallization in dense
liquid phase are caused by overcoming the energy barrier.

Experimentally measured parameter of the system phase equilib-
rium is binodal. Spinodal can only be determined theoretically, as was
Table 1
Interaction coefficient B calculated for lysozyme.

Protein
charge, Z

2% NaCl 7% NaCl

Number of
Cl−, ν

B·104,
M·ml·g−2

Number of
Cl−, ν

B·104,
M·ml·g−2

9 (рН 5.4) 7 −1.9 (−2.8) 8 −2.4
10 (рН 5.0) 8 −3.0 (−2.9) 9 −3.5
11 (рН 4.6) 8 −0.6 (−1.7) 10 −4.9
13 (рН 4.0) 10 −2.9 (0.1) 12 −5.0 (−7.4)
done in this study. Spinodal and binodal are similar in shape and the
spinodal is embedded into the binodal. Their maxima coincide and
form the only common point. Line 4 is the spinodal and CP is the
critical point.

The zone above the critical point CP is homogeneous. At the same
time, it is theorized that critical and supercritical phase transitions
cannot be completed in one point [38]. Because of this, fluctuation
protein associates (dynamic clusters) may persist in supercritical
zone. Thermodynamic prove for the their existence is presented in
Fig. 1, curve 2. It follows that near-critical phase transitions can be
metastable both with respect to crystal, and with respect to solution.

The dashed arrows show the rise of the critical point temperature
(spinodal maximum) with rising salt concentration at Δb0, but the
critical temperature lowers at ΔN0 and approaches the triple point. In
the latter case the secondvirial coefficient B2 that characterizes protein–
salt interaction (Eq. (10)), takes negative values. Experimental values
for cloud-point temperatures for lysozyme in CaCl2 andMgCl2 solutions
are in good agreement with such trend [15] but not in NaCl solutions.
The possible reason is that the activity coefficient of the first two salts is
minimum at concentration of 0.4 to 0.6 M, whereas the minimum of
activity coefficient forNaCl can hardly bedistinguishedwithin the range
of 1.5–2 M and the effect is difficult to reveal.

Dot-dashed line 5 in Fig. 4 is spinodal at very low salt concentration
(or high protein concentration) in the range ofm2/m3 values to the right
of the intersection point (Q) of the lines 1 and 3 in Fig. 2. By this ismeant
that in theory the equilibrium protein dense liquid phase could likely
have formed in that low-salt (or high protein) region of phase diagram
on rising temperature, and this is anexample of retrograde solubility [5].
Homogeneous solution forms here on lowering temperature. However,
one can expect the existence of dynamic clusters in that supercritical
zone as well.

Dynamic clusters in the systems with lower (LCPS) and upper
(UCPS) critical points of solubility may differ in size and density, as the
reasons and the mechanisms of phase separation in these systems are
different. In the system with LCPS the thermodynamic functions of
mixing are negative ΔHmixb0 and ΔSmixb0 [42] and functions of
homogenizing at lowering temperature are known to be caused by
cluster nature of water and hydrophobic interaction that condition the
semiclathrate hydration preventing the association of protein mole-
cules. In this connection, the dynamic protein cluster should be compact
and not large.

Various aggregates, oligomers, associates widely reported at low
salt concentrations [27,31–33] can probably be explained by such
clusters.
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ΔHmixN0 and ΔSmixN0 in the system with UCPS [42] that is caused
by themechanism of preferential hydration and leads to the expulsion
of salt ions from the protein hydration shells and association of those
shells. Protein molecules coalescence in one phase leads in this case to
rise of entropy in diluted phase and favors the phase separation at
lowering temperature. Thus, protein clusters can be larger and less
dense.

From the preceding consideration and temperature dependences of
critical points at Fig. 4, it may be speculated that gradual increase of the
salt concentration can lead to “melting” of low-salt clusters and
formation of less dense and larger high-salt clusters. This can explain
the existence of two types of clusters of ∼10 and ∼100 nm size at low
salt concentrations [31,32] and dissociation of protein aggregates
induced by addition of salt [10]. Indirect evidence for thatwaspresented
in our paper on serum albumin [43].

3.2. Salting out and Setchenov equation

Salting-out is oneof thewell knownmethodsof protein isolationand
crystallization. At the same time, this method is empirical in many
respects because of the difficulties of theoretical consideration of about
20 variable parameters affecting the thermodynamic and aggregation
stability of protein solution.

Effect of protein salting out by electrolyte is described experimen-
tally by Setchenov equation logS=b-Km, where m is the salt
concentration (ionic strength), b and K are the empiric (fitting)
coefficients, which, as is believed, characterize protein hydration and
solvent surface tension and have not yet been derived analytically [44].
The value of S is often thought of as solubility since protein crystals can
sometimes be obtained during protein salting out.

The results of the above analysis of the phase diagrams of globular
protein solutions and Eq. (13) call into question the relationship
between the term “solubility” and the value of S. The latter characterizes
the protein concentration in diluted phase in equilibrium with dense
liquid phase of protein concentration (m2⁎), which is metastable with
respect to crystal. That is why the magnitude of S is always higher than
the true solubility (curve 1 in Fig. 4). Protein concentration can be an
order of magnitude higher in the dense liquid phase (m2⁎ ) than in
diluted phase (S).

Protein concentration in dense liquid phase can be calculated at
certain protein charge, number of associated salt anions and protein
concentration of its salting out, using Eq. (13) that characterizes the
relationship between two protein concentrations S and m2⁎. Some-
times protein concentration in dense liquid phase can be evaluated
using centrifugation which makes the droplets of dense liquid phase
to formmacrophase [1,2]. When protein concentration in dense liquid
phase is known, the number of protein associated electrolyte ions can
be calculated. For example, the data on the dependence of lysozyme
concentration in condensed phase on NaCl concentration (Fig. 11 C in
[2]) can be used to assess the value of ν for that protein. In this case,
direct Eq. (12) gives 4.5 Cl− ions at 1 MNaCl, 6.5 at 2 M, and 6.9 at 3 M
in good agreement with the existing data [40].

3.3. Solubility and protein–salt interaction

Kinetics of the protein phases formation may differ depending on
the way the system reaches the region of spinodal and binodal. The
rise of thermodynamically unstable and kinetically stabilized state of
gel is plausible on that way [2]. Still, the mechanism of protein gel
formation is not clear.

By virtue of Eq. (13), the greater the protein charge z and the ν
value, the higher the S at low electrolyte concentrations m3. This can
be accounted for by a rise of osmotic pressure in water–proteinmatrix
due to hydration of adsorbed ions. Surface tension at protein–solvent
interface decreases and the conditions discussed in [6,23] for protein
cluster formation disappear. This can understand the physical nature
of the salting-in effect. Protein solubility increases as the sites
accessible for ion adsorption are filled. The salting-in effects do no
arise, when the sites are always filled, i.e. the protein is in the form of
salt Prot nCl¯ even in salt-less solutions. In this case protein aggregates
(oligomers) do not necessarily form at low salt concentrations as well.

In the range of high electrolyte concentrations m3, the solubility is
decreased due to the increasing contribution of the term Ks(1/n),
which compensate by far the coefficient b in Eq. (13). The true
meaning of the salting-out coefficient has thus far remained uncertain
for the general case. There are assumptions of its relation to protein
hydration and/or protein–solvent surface tension [44]. The complex
combination of protein charges and adsorbed ions in the expression
for the coefficient may imply that the adsorbed ions compete for
water with protein charged groups and with ions in bulk solvent
reducing the thermodynamic stability of the system. That results in
the unfavorable effects of preferential hydration [26], general increase
of the specific surface energy and the system phase destabilization. On
the other hand, protein association into dense liquid phase or large
cluster displaces ions from the surface of protein–protein contact
where the decrease of dielectric permittivity causes the essential rise
of the electrostatic energy of adsorbed ions. The tightly bound ions
(heavy metal ions, for example) remaining in the protein structure
during phase formation, can cause significant denaturation and
abnormal aggregation or polymerization of proteins in the dense
liquid phase. Probably this can cause protein gel formation. Alterna-
tively, nucleation of protein polymers as a model of amyloid fibril
formation has been shown to follow two-step mechanism, where
metastable dense liquid clusters appear as nuclei precursors [45].
Interaction with Cl− and other anions is characteristic of globular
proteins [46]. Themagnitude of ν depends onm3, ion activity, charge z
and the number of sites of ion association. Interaction of ions with
nonpolar surface segments of protein depends on their polarizability
in many aspects [13]. Polarizability along with size, hydration energy,
etc. allows arranging anions in Hofmeister series according to their
effect on protein solubility.

4. Conclusions

This thermodynamic approach based on the Prigogine criterion of
ternary systemwater–protein–salt stability to the diffusion, Scatchard
thermodynamic theory for multicomponent systems, theory of
continuous critical and subcritical phase transitions allows to reveal
several types of protein-lean and protein-rich phases and dynamic
clusters on a solubility phase diagrams shown in different coordinates.
The study of the problem presented provides a thermodynamic basis
for understanding that metastability of the L–L phase equilibrium
with respect not only to the crystal, but also to the solution, causes the
existence of protein clusters in the gap between the liquidus and the
L–L binodal. Behavior of the salt activity coefficient have been shown
an important factor in the formation of dynamic protein clusters.

It has been found that water–salt protein solution can have upper
and lower critical temperatures of solubility depending on the con-
centration ratio of its components and temperature. This is suggestive of
two types of protein dense liquid phases corresponding to normal and
retrograde solubility and dynamic clusters in subcritical region between
liquidus and solidus lines: low-salt aggregates (oligomers) andhigh-salt
dense liquid clusters of submicron size.

The formation of high-salt dense liquid phase as a beginning of
protein saltingout canbedescribedusing the linear salting-out equation
representing relationship between protein concentration in diluted
phase and in dense phase. Parameters of the analytically obtained
equation depend on the protein net charge and the number of
electrolyte ions adsorbed. Given the protein concentration in dense
liquid phase and in diluted phase one can assess the number of ions
adsorbed by protein using the equation obtained. The relation between
protein charge and number of ions adsorbed also determines the
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position of triple point and the numerical value of the second virial
coefficient characteristic of protein–salt interaction.
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