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Abstract The formation of protein clusters or a protein-
rich phase in undersaturated solutions of biopolymers is
considered theoretically on the basis of phase diagrams
of a water-protein-salt system. Concentrated (50±
200 mg/ml of protein) water-salt solutions of human
serum albumin molecules modi®ed by a maleimide spin-
label have been studied experimentally using the ESR
technique to characterize the signi®cant general features
of the system behaviour suggested by the model phase
diagrams. The inorganic ion content (NaCl, KSCN,
MgCl2, and CaCl2) was varied in the range of 10)3±4 M.
Salt-induced changes in di�erent experimental ESR
spin-label parameters based on relations between spec-
tral line widths and amplitudes were determined and
compared with the same parameters in salt-free solution.
The data on dipole-dipole interactions of spin labels
obtained at 77 K and on spin exchange at normal tem-
peratures are indicative of local protein concentration
inhomogeneities. The results have been described in
terms of salt-induced dissociation of stabilized supra-
molecular structures in protein solution±protein clusters,
liquid-liquid phase transition between the hydration
water of clusters and that of individual proteins, and a
rise in surface tension which results in protein stabili-
zation.
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Introduction

Being one of the levels of supramolecular organization,
the dynamical (reversible) self-association and aggrega-

tion of dissolved macromolecules is biologically and
medically signi®cant (De Young et al. 1993). There is
increasing evidence obtained by precise physical meth-
ods that, under certain conditions, globular protein
molecules can build up clusters (Giordano et al. 1991;
Petit et al. 1997), di�erent oligomers (Verheul et al.
1999) or microcoacervates, i.e. protein-rich microphases
in a protein-lean phase (Miyakawa et al. 1995), even in
diluted solutions, whose structural organization is thus
revealed. There are processes likely to be connected with
binary liquid-liquid phase separation (for refs., see De
Young et al. 1993; Miyakawa et al. 1995), rather than
with nucleation of a new phase leading to amorphous
precipitation of protein or its crystallization in super-
saturated solutions. Hence, protein clusters are assumed
to be long-lived stabilized ¯uctuations of protein con-
centration and they may be thought of as the nuclei of a
``hidden'' phase (Askhabov and Ryazanov 1998).

Ordered structures arise usually because of peculiar
interaction between particles with potential that exhibits
a secondary minimum. The ordering of protein solu-
tions is described sometimes within the framework
of Deryagin-Landau-Verwey-Overbeek (DLVO) theory
(De Young et al. 1993; Israelachvili and Wennerstrom
1996). DLVO and related theories can account for the
electrostatic energy of repulsion and molecular energy of
attraction between particles in solution. However, not
much can be suggested on the reasons for stability of
protein solutions in the presence of moderate and high
salt concentrations. Some progress, made recently in this
®eld, is related to the addition of the structural com-
ponent of disjoining pressure to the energy of interaction
of weakly charged hydrophilic surfaces (Ovcharenko
et al. 1987). In water solutions, this contribution gives
rise to hydration forces (Rand 1992; Israelachvili and
Wennerstrom 1996) which can a�ect protein aggre-
gation.

Using the ESR method, the phase transition from the
``low-salt'' to ``high-salt'' structure of solutions has been
shown to occur in the range of physiological NaCl
concentrations far below the ``salting-out'' range,
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accompanied by the alteration of surface tension in the
water-protein matrix of serum albumin molecules
(Rozhkov 1992, 1996, 1997; Rozhkov and Borisova
1993). In this work we study the e�ects of di�erent
inorganic salts on the water-protein matrix of serum
albumin molecules in the process of transformation of
water (1)-protein (2)-salt (3) solutions from ``low-salt''
to ``high-salt'' structures using ESR spin-labelling and
low-temperature 1H NMR methods, and discuss this
process in terms of salt-induced dissociation of protein
clusters. Another goal of this work is to qualitatively
describe a phase diagram for pseudo-three-component
(water-protein-inorganic salt) solutions in order to
characterize its structural organization and phase tran-
sitions over a wide range of concentrations of all the
components.

Materials and methods

Lypophilized human serum albumin (HSA) prepara-
tions (Reanal) were dissolved in distilled water, pH
5.8. To modify the HSA molecule, we used the spin
label N-(1-oxyl-2,2,6,6-tetramethylpiperid-4-yl)malei-
mide (Reanal) in dioxane. The mixture of protein with
a ®vefold molar excess of the label (for a dioxane
content <3%) was incubated for 12 h at 4 °C. The
solution of modi®ed (spin-labelled) albumin (HSA-SL)
was puri®ed on a G-200 column, using 0.001 M phos-
phate bu�er, pH 7.3, or 0.01 acetate bu�er, pH 6.4, as
eluate. The fraction of HSA-SL monomers was concen-
trated to 220±250 mg/ml and used as stock solution. The
protein concentration was controlled spectrophotomet-
rically (k � 280 nm, D1%

1cm = 5.8). All the salts used were
reagent grade. The required salt concentration in the
protein solutions was obtained by adding equal volumes
of the salt solutions of the corresponding weighed
batches in appropriate bu�er. NaCl solutions were made
in 0.001 M phosphate bu�er. CaCl2, MgCl2 and KSCN
solutions were made in 0.01 M acetate bu�er.

In the case of CaCl2 and MgCl2, e�ective interaction
of cations with the protein (Arakawa and Timashe�
1984) leads to a decrease in the pH values of the solu-
tion. Allowance has been made for salt-induced changes
in pH in order to obtain data under the same conditions.
Measurements were performed in protein-CaCl2 or
-MgCl2 solutions and in salt-free solutions with the pH
adjusted to its value in the presence of the salts. The pH
of the solution was changed by adding HCl.

The ESR spectra of HSA-SL were recorded with a
RE-1306 radiospectrometer, 9.4 GHz, 100 kHz ®eld
modulation. The sample temperature was regulated to
�0.5 K with a thermostated resonator unit. Tempera-
ture dependences were measured by heating from 5 to
25 °C with steps of 2±4 °C. The samples were held at a
given temperature for 7±10 min before taking the spec-
trum. The experimental parameters used in the analysis
of the ESR spectra are shown in Fig. 1.

Two ESR spectral components corresponding to
strong (A) and weak (B) immobilization of the label are
observed (Fig. 1a). In HSA solution of pH � 6, malei-
mide spin-label reacts solely with the SH group of Cys34
located in the protein surface crevice about 1 nm deep,
which con®guration is not rigid and undergoes thermal
transitions between states di�ering in the mobility of
spin label (Wetzel et al. 1980). The number of SH groups
labelled (0.6 mol/mol protein) was determined by double
integration of the ESR spectra of the sample and the
standard at 77 K.

The experimental parameter d1/d determined at 77 K
(see Fig. 1b) was employed as a measure of the intensity
of the dipole-dipole interaction of spin labels caused
by changing the local concentration of spin-labelled
macromolecules (Likhtenstein 1974; Wasserman and
Kovarskii 1986). To this end, samples of HSA-SL
solutions of di�erent salt concentrations in cuvettes were
conditioned at 5 °C for several hours and then immersed
immediately in liquid nitrogen.

The spectral subtraction technique is sometimes
used to measure the concentration ratio of A and B
states to study this conformational transition in detail
(Grace�a and Lehrer 1984). The goal of this ESR
spin-label experiment is to ®nd tendencies in salt-
induced changes of solution structure, the A � B
equilibrium being an indicator of a salt e�ect. To this
end, an e�ective value of Kef � �A�ef=�B�ef can be
used, where �A�ef and �B�ef are the e�ective spin
concentrations obtainable from spectral parameters.
The A � B equilibrium constant K depends on the
spectral parameters according to the following
expression.

K � k1IA0 �DH0�2A=k2IB0 �DH0�2B �1�

Fig. 1a, b ESR Spectrum of spin-labelled HSA-SL macromolecules.
a Protein concentration 36 mg/ml, 0.01 M phosphate bu�er, pH 7.3,
0.15 M NaCl, temperature 20 °C. The symbols A and B indicate the
positions of the spectral components, corresponding to the strong and
weak immobilization of spin label. IA0 , �DH0�A and IB0 , �DH0�B show
the experimental parameters used for calculation of an e�ective label
distribution between A and B states. b Temperature 77 K. d1 is the
sum of the amplitudes of the low-®eld and high-®eld spectral lines and
d is the amplitude of the central component of the spectrum. The ratio
d1=d is used to estimate an average interprotein distance

640



where k1 and k2 are the constants depending on the
spectrum lineshape for A and B components, respec-
tively. Although the spectral linewidth cannot give the
true value of �DH0�A in the case of slow di�usion of the
spin label, we have found experimentally that the e�ect
of variations of the linewidth ratio of A and B spectral
components �DH0�2A=�DH0�2B on the value of K is negli-
gible compared with the e�ect on this value of variations
of the amplitude ratio IA0 =IB0 . The shape of the spectra
does not change dramatically within the 5±25 °C tem-
perature range and at the salt concentrations studied.
On this basis we consider the ratio k1=k2 to be constant
factors of K, whereas the changes in K are substantially
due to the changes in the IA0 =IB0 ratio throughout the salt
concentration range covered. Hence, we used the van't
Ho� plots of the parameter

Kef � IA0 �DH0�2A=IB0 �DH0�2B �2�
to estimate salt-induced changes in the equilibrium val-
ues of the enthalpy DH ef � DHA ÿ DHB, the entropy
DSef �DSA ÿ DSB and the free energy DGef � DGAÿ
DGB.

Protein hydration was studied using the Kuntz
methodology for determining non-freezing water by
low-temperature 1H NMR. Absolute hydration values
were calculated, using a signal of the standard (24%
LiCl, 0.10% MnCl2 aqueous solution), which remains
non-freezing up to )50 °C and has a water concentra-
tion of 48.5 M at )35 °C (Hays and Fennema 1982).
The integral intensity of the resonant water protons
absorption band was registered, using a Tesla BS-467
(60 MHz) 1H NMR spectrometer equipped with a
standard thermostatic unit with a temperature mainte-
nance accuracy of �1 °C.

Theory

The behaviour of the water-protein-salt system on
changing the relative concentrations of its components
can be considered on the basis of phase diagrams. The
coexistence of macromolecules and their clusters re-
quires at least the equality of the chemical potentials of
water in the hydration shell of a macromolecule and in
the hydration shell of a cluster. The simplest type of
phase diagram for a multi-component system [water (1)-
protein (2)-salt (3)] is a plot of chemical potential of
water l1)l�1 against protein concentration m2 with salt
concentration m3 used as a parameter (Arakawa and
Timashe� 1982). A ``van der Waals loop'' is to be
expected on the phase isotherm (Fig. 2a) for a colloid
dispersion that contains interacting particles (Belousova
and Buevich 1988) and particularly for a water-protein-
salt system (Rozhkov 1988, 1996). When the protein
concentration reaches the �m2�B value, instability arises
and spinodal decomposition begins (Binder 1981). This
di�usion-limited process is poorly investigated in protein
solutions as yet. It probably brings about the establish-

ment of the metastable state A � E, where �m2�E and
�m2�A are protein concentrations in clusters and in their
environment, respectively. The metastability of the
A � E state in Fig. 2a suggests the equality of chemical
potentials of water in clusters and in solutions of protein
monomers.

A critical protein concentration is reached at the
point �m2�D. The metastable state A � E is not estab-
lished here since monomolecular and cluster solution
organizations are readily interconverted owing to the
low activation energy of association and do not coexist.
The position of the critical point in Fig. 2a (or critical
line in coordinates [m2;m3]) is determined as (Rozhkov
1988, 1996):

�m2=m3�cr �
4

m�2ÿ B� 1� 1� �2ÿ B�2
z2

m2
 !1=2

8<:
9=; �3�

where m is the number of ions adsorbed on the protein
surface at speci®c binding sites, z is the protein charge,
and B is the temperature-dependent parameter respon-
sible for an alteration of water activity in the salt solu-
tion. It follows from Eq. (3) that the critical state of the

Fig. 2a, b Two forms of phase diagrams of water-protein-salt
solutions. a Chemical potential of water l1 ÿ l�1 versus protein
concentration m2 at constant salt concentration m3. The form of the
isothermal dependence changes with m3 (indicated by arrows) in the
salt concentration range: �m3�1 < �m3�2 < �m3�3. A� E is the
metastable state of two liquid phases; �m2�E is protein concentration
in cluster, �m2�A is concentration of monomers in solution. b Protein
concentration m2 versus salt concentration m3. DpD and DsD* are
critical transition lines. See text for details
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solution can be approached by changing the protein
concentration at a given salt concentration or by
changing the salt concentration at a given protein con-
centration. Phase isotherms in coordinates �l1;m2� may
look like phase isotherms in coordinates �l1;m3�.

A combination of these two pairs of coordinates
yields a new type of phase diagram (Fig. 2b). The seg-
ment of molecular solubility is marked I on the phase
diagram. The label III marks the section where the salt
and protein crystalline phases may coexist in equilibrium
with the saturated solution of these components. A low-
salt zone marked IIs/p can represent a colloid two-phase
system of a water-protein mesophase (probably, di�u-
sion limited cluster-cluster association) as a disperse
medium and the water-salt solution as a disperse phase.
The two-phase system labeled IIp/s (high salt content)
represents the concentrated water-salt solution as a
disperse medium with partly dehydrated ``salted out''
protein aggregates as a disperse phase. All these phases
are linked to zone DD*. A salt-free solution of serum
albumin was shown to form a fractal structure through
di�usion-limited cluster-cluster association (Magazy
et al. 1989). Accordingly, ``salting in'' can represent the
destruction of the clusters. One of the stages of this
transition is a monomer-cluster metastable state formed
in the zone adjacent to the critical line DpD, whereas
protein aggregates (precipitates) are formed in the zone
adjacent to the critical line DsD*. Hence, DD* is a zone
where protein clusters, aggregates, microcrystals and
monomers may arise from large ¯uctuations of con-
centration in a ``microemulsion'' state, but these types of
associates cannot coexist in equilibrium.

The phase diagram in Fig. 2b that resembles the de-
pendence of protein solubility against ionic strength can
predict qualitatively the rise of di�erent solution struc-
tures and transitions between them. The results
presented in the following sections were obtained to
generally characterize some signi®cant features of sys-
tem behaviour.

Results

Salt-induced changes of spin-label
dipole-dipole interaction

The dependence of the experimental parameter d1=d on
salt concentration is shown in Fig. 3. At a concentration
of spin labels less than or equal to 7 ´ 10)3 M, dipole-
dipole interaction between them does not show up in
ESR spectra (Wasserman and Kovarskii 1986) and the
value of d1=d is about 0.4 (Likhtenstein 1974). The
concentrations of single spin-labelled proteins in Fig. 3
are much lower. Therefore, the rise of d1=d over 0.4 with
decreasing salt concentration is indicative of the inten-
sive dipole-dipole interaction and thus of local concen-
tration inhomogeneities of protein molecules (clusters,
aggregates). The dependence of d1=d on solution com-

position characterizes the change in the inhomogeneities.
It follows from Fig. 3 that within moderate CaCl2,
MgCl2 and NaCl concentration ranges (0.05±1.3 M) the
local concentration of HSA-SL is lowered as d1=d is
decreased. In accordance with the calibration curve,
which gives the dependence of d1=d (Likhtenstein 1974),
the average distance between paramagnetic sites
increases by 2.0±2.5 nm.

The properties of the solution change on lowering the
temperature to 77 K as well as the balance of ion-elec-
trostatic, hydration and molecular forces that stabilize
the volume distribution of spin-labelled macromole-
cules. Nevertheless, the general characteristics of this
distribution persist owing to the fast freezing of samples
and the strongly di�usion-limited type of formation of
protein concentration inhomogeneities. It is very un-
likely that the uneven distribution of protein molecules
in solution, which takes from several tens of minutes to
hours to be established (Giordano et al. 1991), can be
noticeably shifted to a new state during a fraction of a
second of freezing in the capillaries. On this basis, the
data presented in Fig. 3 suggest the concentration
inhomogeneities in the protein solution at normal tem-
peratures as well, and this is supported by the following
results.

Salt induced changes of spin-label di�usion
and spin exchange

The correlation time sc was calculated formally, using an
equation for an isotropic model of spin-label motion
(Berliner 1976): sc � 2:55� 10ÿ9 �1ÿ 2A0zz=Azz�ÿ0:615,
where 2A0zz is the distance between the low-®eld and the
high-®eld lines of immobilized spectrum A components,
and 2Azz is that for 77 K, when rotation of label N-O
group is frozen. These data are presented in Fig. 4
against salt concentration. It is seen that sc rises within a

Fig. 3 Parameter d1=d of ESR spectra versus salt concentration.
CaCl2, HSA-SL concentration 110 mg/ml, pH 6.4 (d); MgCl2, HSA-
SL concentration 90 mg/ml, pH 5.7 (s); NaCl, HSA-SL concentra-
tion 40 mg/ml, pH 7.3 (n); KSCN, HSA-SL concentration 110 mg/
ml, pH 6.4 (h). Temperature 77 K. Solid curve is drawn for data of
CaCl2, MgCl2 and NaCl concentration dependences to guide the eye.
Straight line is for KSCN
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high salt concentration range. This is probably a result
of salt-induced protein stabilization (Arakawa and
Timashe� 1982) that brings about an increase of
microviscosity in the cavity of the spin-label location.

Model spectra for isotropic label di�usion with
di�erent sc (Antsiferova et al. 1977) show that the
experimental parameter �DH0�A approaches the intrinsic
linewidth X when label di�usion increases. �DH0�A
values at high sc are characteristic mostly of a label
di�usion in the water-protein matrix. It is seen in Fig. 5
that the dependence of the width of �DH0�A on corre-
lation time sc follows the expression:

�DH0�A � asc � X � DX �4�
where a varies with hyper®ne constant A0 which is
increased when the radical is solvated by polar solvent,
X is the intrinsic line width (X � 0:3 mT) and DX is
the additional broadening of the line depending on the
interaction of the spin labels at the di�using proteins.
Such interaction can signi®cantly a�ect the ESR line-
shape under conditions of this experiment and at room

temperatures only in the case where the frequency of
spin-spin contacts is considerably enhanced. This can
occur when spin-labelled macromolecules are clustered
or aggregated. In concentrated NaCl solutions, �DH0�A
and DX increase (Fig. 5), indicating the intensi®cation
of the labels spin-spin exchange at ``salting-out'' con-
centrations. Therefore, in parallel with a decline in
label di�usion due to protein stabilization (Fig. 4)
there occurs a rise in the frequency of the spin-spin
contacts. This is likely to be due to protein aggrega-
tion. The amplitude of the HSA-SL spectrum in
concentrated salt solution decreases with rising
temperature, also suggesting the intensi®cation of spin
exchange.

Experimental values of X � DX and a for solutions
containing CaCl2, MgCl2 and KSCN are shown
against salt concentration in Fig. 6. The increased DX
in water-protein solutions of low salt concentration
indicates concentration inhomogeneities. The amount
of the latter decreases with rising salt concentration.
At the same time, values of a (Fig. 6b) in high and
low salt concentrations are smaller than those theo-
retically estimated from model spectra for a dehy-
drated radical with a standard set of magnetic
parameters [theoretical values of a (Fig. 5 and
Antsiferova et al. 1977) are shown by a dotted line in
Fig. 6b]. This presumably is the result of the more
intensive widening of the B-component owing to
the spin exchange compared with the narrowing of the
A-component owing to the thermo-induced increase of
the label di�usion.

Thermodynamic approach to the analysis
of HSA-SL spectra

DH ef;DSef and DGef values, calculated from van't Ho�
plots using Eq. (2), are presented in Fig. 7 against

Fig. 4 Rotation correlation time sc of the spin label versus salt
concentration. CaCl2, HSA-SL concentration 110 mg/ml, pH 6.4 (d);
MgCl2, HSA-SL concentration 90 mg/ml, pH 5.7 (s); KSCN, HSA-
SL concentration 110 mg/ml, pH 6.4 (n). Temperature 10 °C

Fig. 5 Parameter �DH0�A versus rotation correlation time sc of spin
label. HSA-SL concentration 50 mg/ml, pH 7.3, 0.15 M NaCl (d);
2 M NaCl (+); 4 M NaCl (s); no NaCl (h); dependence of �DH0�A
on sc for the model spectrum of non-solvated label with a standard set
of magnet interaction constants (Antsiferova et al. 1977) (r). sc
values were varied by changing the temperature from 5 to 25 °C

Fig. 6 Parameters X � DX and a versus salt concentration. CaCl2,
HSA-SL concentration 110 mg/ml, pH 6.4 (d); MgCl2, HSA-SL
concentration 90 mg/ml, pH 5.7 (s); KSCN, HSA-SL concentration
110 mg/ml,pH6.4 (r).Solid linesaredrawntoguide theeye.Dotted line
indicates the theoretical a andX values of non-solvated spin labelwith a
standard set of magnet interaction constants (Antsiferova et al. 1977)
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NaCl concentration. Similar curves were obtained for
CaCl2 and MgCl2 (not shown). The di�erence was
that at higher CaCl2 or MgCl2 concentrations, DH ef

and DSef decreased again. KSCN did not cause any
changes in DH ef and DSef within the experimental
error in the concentration range of Fig. 7. The curves
show the di�erence in equilibrium parameters of A
and B states of the label at low and moderate salt
concentrations. Furthermore, the higher the protein
content, the greater the amplitude of the change of
DH ef and DSef. Essentially negative values of enthalpy
and entropy at low salt concentration can be due to
highly ordered hydrogen-bonded water structures in
the water-protein matrix. As the salt concentration
rises, this water structure ``melts'' (phase transition)
and transforms into a structure characteristic of liquid
water with higher but yet negative DH ef and DSef

values.
Despite the plainly marked compensating entropy-

enthalpy e�ect, the speci®c extreme of the dependence of
DGef on NaCl, MgCl2 and CaCl2 concentration is evi-
dent. This extreme is more pronounced when the data
are presented in the form of the dependence of the rel-
ative parameter DP � �DGef

2 ÿ DGef
1 =jDGef

1 j on salt con-
centration, shown in Fig. 8. Here DGef

1 is the free energy
di�erence of the label A and B states in salt-free solution
and DGef

2 is that in the presence of salt in solution. The
negative sign of DP (high salt concentrations) indicates
that the A state of the label is more preferable (the B
state is less preferable) at a given salt concentration in
comparison with salt-free solution. A positive DP is
suggestive of an enhancement of the spin-label interac-
tion with the solvent, i.e. the ``open'' B state is more
populated.

The lower curve in Fig. 8 shows the tendency of DP
changes, with allowance made for salt-induced changes
in pH. It is seen that in this case there is a negative shift
of DP in all the CaCl2 concentration range, with a
plateau at moderate salt concentrations.

Changes in protein hydration

The concentration dependence of HSA hydration has
two approximately linear segments of di�erent negative
slopes at all the temperatures studied (Fig. 9). The
transition point between the segments is at about
50 mg/ml or 200 M NaCl per 1 M protein. The values of
hydration at the steeper segment are high compared with
those previously obtained by various techniques for ion-
free solutions (Rupley and Carreri 1991). HSA hydra-
tion in the salt-free solution at 48 mg/ml concentration
was 0.2 g/g, which is quite normal.

Discussion

Experimental data (Figs. 3±8) can be considered as
re¯ecting the path of the system of constant protein

Fig. 7 Thermodynamic parameters versus NaCl concentration. DGef

(d, s), T DSef (r, )) and DH ef (j, h); HSA-SL concentration is
50 mg/ml (d, r, j) and 200 mg/ml (s, ), h); pH 7.3. The values of
the parameters are reduced to 10 °C

Fig. 8 Relative parameter DP versus salt concentration m3. CaCl2,
HSA-SL concentration 110 mg/ml, pH 6.4 (d); MgCl2, HSA-SL
concentration 90 mg/ml, pH 5.7 (s); NaCl, HSA-SL concentration
200 mg/ml, pH 7.3 (h); KSCN, HSA-SL concentration 110 mg/ml,
pH 6.4 (n); CaCl2, HSA-SL concentration 110 mg/ml, allowance is
made for salt-induced changes in pH (+)

Fig. 9 Protein hydration versus HSA concentration. 0.01 M phos-
phate bu�er, pH 7.3, 0.15 M NaCl, temperatures are as follows:
)10 °C (+), )15 °C (s), )20 °C (n), )25 °C; (h), )30 °C ()),
)35 °C (´)
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concentration on the phase diagram when salt concen-
tration changes. The mesophase state of the protein
solution in the low salt concentration range (IIs/p)
(Fig. 2b) emerges as the protein concentration inhomo-
geneities (elevated values of d1=d in Fig. 3 and DX in
Fig. 6). The water-protein matrix of HSA-SL shows a
very orderly pattern characterized by large negative
DH ef and DSef (Fig. 7).

On approaching the critical line DpD in the moderate
salt concentration range, the ``low-salt'' structure of the
solution and the water-protein matrix ``melts'' (the val-
ues of entropy and enthalpy in Fig. 7 become less neg-
ative). ``Melting'' is accompanied by a decrease of
protein concentration inhomogeneity (d1=d in Fig. 3 and
DX in Fig. 6 decrease). Positive values of DP in Fig. 8
indicate that the water-protein matrix is destabilized (the
B state of the label is more preferable since DGef

2 is less
negative) and becomes more accessible for solvent in this
salt concentration range than is the case in salt-free and
high-salt solutions.

When passing the critical line DpD, the concomitant
shift of phase state from clusters to individual molecules
manifest itself in a sleep rise in protein hydration (Fig. 9)
as the m3=m2 value increase because (1) the speci®c sites,
inaccessible for ions in the interior of a protein cluster,
form highly hydrated centres with ions penetrating the
water-protein matrix of individual (non-cluster) mole-
cules, (2) protein hydration on a per macromolecule
basis is greater for an individual molecule compared to
that for a molecule in a cluster.

In the vicinity of the critical line DsD*, where protein
clusters dissociate, the process is strongly in¯uenced by
the factor of ``preferential hydration'' (Arakawa and
Timashe� 1984; Arakawa et al. 1990). Non-bound ions
are excluded from the protein hydration shell, which
leads to protein stabilization under ``salting-out'' con-
ditions (Fig. 4 and Arakawa and Timashe� 1984). The
water surface tension increment dr/dm3 of all the salts
used is positive but di�erent: CaCl2>MgCl2>NaCl�
KSCN (Arakawa and Timashe� 1984). The free energy
Dl2 of transfer of proteins from an aqueous to a salt
medium is also positive since (ol2=ol3�m2 � NAS2

�or=om3�m2, where S2 is the surface area of the protein
molecule. The thermodynamically unfavourable increase
of l2 caused by a surface tension rise may be compen-
sated by a decrease of S2, resulting in protein stabiliza-
tion. The relative parameter DP must be sensitive to the
surface tension in the spin-label cavity as it re¯ects
changes in the free energy of the label A and B states.
The elevation of negative DP (Fig. 8) re¯ecting stabili-
zation of the label A state suggests the stabilizing e�ect
of Ca2+ and Mg2+ on a protein molecule at high salt
concentrations.

The thermodynamically metastable state A � E is
most probably a kinetically stabilized state. The colloid
dispersion particles that are large compared to the
molecular size are known to be thermodynamically
unfavourable because of increased surface energy and
decreased entropy. On the other hand, the formation of

an electrical double layer (EDL) around protein clusters
tends to increase the entropy and decrease the surface
tension (Frolov 1987), thus compensating the free
energy rise. In the vicinity of the hydrophilic surface,
EDL universally arises when the cation and anion radii
of hydration di�er, regardless of the presence of surface
charges (Dukhin and Yaroshchuk 1982). This gives rise
to an e�ective ion-electrostatic energy of repulsion
between clusters, whereas the hydration shells of clusters
contribute crucially to the hydration forces of repulsion.
The combination of these components of energy with the
molecular energy of attraction determines the potential
curves. An increase of electrolyte concentration causes
regulation of amplitude and position of potential bar-
riers, leading to their reduction. The state A � E is thus
destabilized. When the number of salt ions is enhanced
and the ratio �m3=m2�cr is exceeded, the macromolecules
surrounded by the ion atmosphere di�use indpendently.
This is evident from the rise of entropy of the system.
Such a state of protein solution experimentally manifests
itself as a maximum decrease in protein concentration
inhomogeneity (decrease of d1=d parameter in Fig. 3 and
DX in Fig. 6).

The characteristic extreme of DGef (Fig. 7) following
the steep rise in DH ef and DSef coincides with the ex-
treme DP in Fig. 8 and indicates a critical-type phase
transition which is the limiting case of water-protein
matrix ``melting'' (Rozhkov and Borisova 1993). Hence,
one can estimate �m2=m3�cr using the salt concentration
at positive DP extremes. As follows from Fig. 8,
�m2=m3�cr reaches 200±250 ions per protein for NaCl,
150±200 ions per protein for CaCl2 and probably far less
for KSCN. This is greater than the number of speci®c
combining sites per protein �m� (Record et al. 1978),
which to a ®rst approximation varies inversely with
�m2=m3�cr [Eq. (3)]. These e�ective values are likely to
depend on the penetrating capability (solubility) of dif-
ferent kinds of ions in the hydration shell of the protein
to a greater extent than on the number of combining
sites. Enhanced dissolving capacity for any component
of two liquid phases is known for a critical state.
Therefore, in a critical state of hydration water, salt ions
will be included into the water-protein matrix and
interact with the binding sites of the protein interior.

At the same ion to protein molar ratio, a transition in
the concentration dependence of protein hydration
(Fig. 9) is observed. Lowering of the hydration with
protein concentration is known to be caused by protein
association (Cavatorta et al. 1976; Gasan et al. 1994).
However, a two-stage decrease in hydration has not
been reported for ion-free solutions. Thus, the steeper
segment (Fig. 9) is likely to result from protein-ion in-
teraction, namely, a transition from a non-contact type
at higher HSA concentration to a contact type at high
ion-protein ratios. It is signi®cant that cluster dissocia-
tion must be accompanied by a critical-type phase
transition between two pseudophases of hydration
shells, i.e. water, associated with protein clusters and
water associated with proteins.
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In addition, ions in solution can generate osmotic
forces which destroy the hydration barrier that prevents
protein aggregation. In the high-salt concentrations
range, when the Debye length is small and hydration
barriers also vanish, themolecular forces of attraction are
crucial. A large positive surface tension increment leads
to the rise of surface free energy l2 and to aggregation of
the macromolecules. This can result in an increase of the
rotation correlation time of the spin label (Fig. 4), which
re¯ects the structural rigidity of the water-protein matrix,
and intrinsic spectral line width DX (Fig. 6). On the other
hand, Mg2+ and Ca2+ ions at high concentrations are
known to be intensively bound to the protein surface
(Arakawa and Timashe� 1984; Arakawa et al. 1990) and
give rise to strong short-range repulsive forces that pre-
vent aggregation. These hydration forces can result from
the residual hydration shells of bound cations (Pashley
and Israelachvili 1984). The divalent cations are strongly
hydrated and, therefore, do not easily shed their hydra-
tion layers in order to bind to the surface. A Mg2+ ion is
more e�ective than a Ca2+ ion because of its smaller size
and a greater polarizing ®eld. The formation of a new
hydration barrier prevents protein aggregation and pre-
cipitation, and is responsible for the ``salting-in'' prop-
erties of these salts at high concentrations.

Conclusions

The analysis of the model phase diagrams and some
experimental results presented on the e�ect of salt on the
dynamics of spin-label rotation in the water-protein
matrix of HSA-SL indicate that phase transition from
``low-salt'' to ``high-salt'' structure occurs in the water-
protein matrix and in water-protein-salt solution as a
whole. The system passes through a metastable (protein
monomer-protein cluster) state in the moderate salt
concentration range. The interaction of the protein
binding sites with ions that initially poorly penetrate the
protein interior owing to the low dissolving capacity of
boundary water intensi®es during the phase transition.
Hydrated ions saturate the water-protein matrix with
water molecules which ``disjoin'' the crevices of the
protein interior. Hence, the collective behaviour of
protein molecules, caused by long-range forces, may be
of great importance in the regulation of the protein
dynamic structure.

Although our analysis is speculative, the results in-
dicate that the experimental data obtained within the
protein and salt concentration range studied cannot be
considered regardless of protein solution heterogeneity.
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