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Abstract

Liquid–liquid phase-separation data are obtained for aqueous solutions of lysozyme. Thermooptical analysis(TOA)
technique overcomes many defects of the light scattering method, which is most commonly used for this purpose,
and provides a simple, rapid and reliable experimental method to determine cloud-point temperatures(CPTs) of
aqueous protein solution systems. The TOA apparatus described here needs very small amount of samples(0.02 ml),
and CPT can easily be determined in a very short time. The CPTs are measured as a function of salt type and
concentration at pH 4.0 and 7.0. Salts used include those from mono and divalent cations and anions, and the
modified Perturbed-Hard-Sphere-Chain(PHSC) model that takes into account the shape of protein is used to interpret
the effect of salts.
� 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Association of biomacromolecules is essential
for the cellular structure and function; examples
are provided by a protein nucleic-acid binding and
protein–protein bindingw1x. However, the protein
association can also be detrimental to cellular
function as, e.g. in the formation of cataracts and
b-amyloid plaques w2,3x. Non-covalent forces
including Coulombic, van der Waals and hydro-
phobic forces govern protein interactions. While
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these forces are understood on the level of small
molecules, they remain obscure for complex mac-
romolecules such as proteins.

Protein precipitation and crystallization are fun-
damental procedures to recover and characterize
all proteins in application fields such as biotech-
nology and pharmaceutical industry. However,
because protein interactions are governed by many
factors, such as pH, surface hydrophobicity, sur-
face-charge distribution, salt-type and salt concen-
tration w4–6x, the protein phase behavior is not
well understood. Especially, lysozyme is well suit-
ed for such studies, since it is a robust and compact
globular protein that is soluble over a broad range
of conditions. It is available at high purity and has
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Fig. 1. Schematic of the apparatus for thermooptical analysis
(TOA).

been studied extensively, making it suitable for the
investigation of the protein-solution behavior. The
well known method to investigate the protein-
solution interactions is CPT measurements. CPTs
also provide a guide to the net attractive interac-
tions, which are related qualitatively to the crys-
tallization temperatures, which is experimentally
and theoretically used by many scientistsw7–13x.
There are also cases in which the protein crystal
nucleation is researchedw14–20x.

This work discusses a simple and efficient
thermooptical analysis technique for measuring
liquid–liquid equilibria (LLE) of lysozyme in
electrolyte solutions. About two decades ago,
pulse-induced critical scattering(PICS) was devel-
oped to study the onset of phase separation in
polymer systems. However, it is too expensive and
difficult to operatew21–24x. PICS is designed to
measure spinodal and cloud-point temperatures of
polymer solutions. Our work uses a simple, yet
precise method for measurement of liquid–liquid
phase in protein solution systems. It is called
thermooptical analysis(TOA) technique. We
describe a particular TOA apparatus that yields
data rapidly and requires only very small amount
of samples.

We speculate on the specific effect of each of
salt’s cations and anions experimentally and theor-
etically, as its presence was indicated by Muschol
and Rosenbergerw25x, rather than researching on
the effect of salts as a wholew26–30x. There are
cases in which effects of some ions are studied
w31–33x, however, we tried to cover all kinds of
commonly used salt ions.

2. Experimental

2.1. Proteinysalt solution preparation

Lysozyme, reagent-grade NaCl, NaNO ,3

Na SO , NH Cl, MgCl , NH NO , Mg(NO ) ,2 4 4 2 4 3 3 2

(NH ) SO , MgSO , Tris buffer and sodium azide4 2 4 4

were purchased from Aldrich.A 1 l stock solution
of 20-mM Tris buffer was prepared. Lysozyme
was dissolved in a small volume of the stock
solution, and then sodium azide was added to the
protein solution at a concentration of 2 mM to
prevent bacterial growth. A salt is dissolved with

desired concentration. The pH of the solution was
adjusted with concentrated HCl or NaOH. The pH
of each solution was checked after mixing.

2.2. Sample preparation

We used a filling method similar to that
described by Malcolm and Rowlinsonw34x. The
tube was collapsed and sealed when one end was
heated by a flame while the content of the tube
was maintained at subambient temperature by liq-
uid nitrogen. An LPGyoxygen flame was used for
sealing. Its temperature was high enough to seal a
pyrex tube in-2 s. Using this method, we avoid
the concentration change and the contamination of
a sample while measuring CPTs.

2.3. Apparatus

Fig. 1 shows the experimental apparatus for
TOA. The heating-cooling stage is designed for
observation of the thermal behavior of a sample
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Fig. 2. A typical result for cloud-point temperature determi-
nation by cooling a sample.(1.8 M (NH ) SO at pH 4.0).4 2 4

under the microscope. Luminosity in the observa-
tion field is measured by a photodiode and record-
ed on the PC. The temperature program for the
given run is entered into the microprocessor. This
program consists of a starting temperature, a heat-
ing and cooling rate, and an end temperature.
Results shown on the microprocessor display are
connected to the PC for data storage. The temper-
ature of the system can be varied fromy60 to
q300 8C with scan rates as low as 0.18Cymin
for both heating and cooling. For experiments
below room temperature, the stage coolant inlet is
connected to a cooling coil immersed in liquid
nitrogen. The coolant air passes through the inlet
to the fan and is blown sideways between the
external and internal housing of the stage. In the
stage, sample temperature is controlled by both
the upper and lower plates, assuming symmetric
heat distribution through the sample. In this way,
equilibrium time can be shortened since the sample
cell is directly in contact with the heating unit and
the amount of sample is only 0.02 ml. Temperature,
measured by a platinum resistance thermometer, is
stored on a PC. The photodiode quantitatively
measures the intensity of the transmitted light as a
function of temperature; these data are used to
determine the cloud points of protein solutions.

2.4. Advantages of our TOA technique

In the apparatus described here, equilibrium is
attained rapidly first, because the sample is very
small (0.02 ml) and, second, because the sample
is in direct contact with the heater or cooler. In
conventional CPT measurement apparatus, equilib-
rium is not attained as rapidly because the sample
is ;1 order of magnitude larger and because heat
transfer must go through a bath containing the
sample.

2.5. Cloud-point temperature measurements

A sealed sample tube was placed and centered
in the microscope heating–cooling stage and the
photodiode with the light source of the microscope
was calibrated for the following measurement. To
find the range of cloud points of the sample, a
high scan rate of heating or cooling(1 8Cymin)

was used. In this way, the approximate cloud point
of the sample was found. The sample was then
repeatedly heated or cooled over a temperature
range near the cloud point with a low scan rate
(0.1 8Cymin) while the intensity of light was
monitored. The photodiode permitted quantitative
determination and recording of the light intensity
of the field of view as a function of temperature.
Each measurement was repeated at least three
times to assure reproducibility. Fig. 2 shows a
typical result for cloud-point temperature determi-
nation by cooling a sample, which is the CPT of
aqueous lysozyme solution with 1.8 M
(NH ) SO at pH 4.0. The first phase separation4 2 4

observed(corresponding to the point of abrupt
transition of luminosity) was then recorded as the
cloud-point temperature of the sample at the given
condition.

3. Theoretical Consideration

To provide a means of predicting the CPT, we
employ a square-well potential of mean forceW(r)
to describe the interactions of two lysozyme
molecules:

S ` r-s
T
UW r s y´ sFrFsqd (1)Ž .
T
V 0 sqd-r

where r is the center-to-center distance between
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two protein molecules,s is the protein diameter,
´ is the depth andd is the width of the square
well. The width of the square well is assumed to
be 20% of the protein diameter as suggested by
Frenkelw35,36x. We setss34.4 A, the hard sphere˚
diameter of a lysozyme molecule determined from
X-ray crystallography. Hence,ss(0.2)(34.4 A)s˚
6.9 A.

To describe liquid–liquid equilibria, we use the
Random Phase Approximation(RPA) to generate
expressions for the pressure and chemical potential
w37x. We employ the generalized van der Waals
partition function, which is proposed by Chang
and Baew38x. The partition functionQ depends
on temperatureT, system volumeV and number
of protein moleculesN. The generalized van der
Waals partition functionw39x for a hard sphere
fluid is given:

N N Nw zB E B E B E1 V V yEf 0 NC F C F C FQ T,V,N s exp qx |Ž . Ž .r,v3
D G D G D GN! L V 2k Ty ~B

(2)

whereL is the de Broglie wavelength and the free
volumeV is the volume available to the center off

mass of a molecule.E is the intermolecular0

potential energy of one molecule due to the attrac-
tive forces from all other molecules. The contri-
bution per molecule from rotational and vibrational
degree of freedom,q , is a unit(s1) for a perfectr,v

sphere molecule. For large molecules,q dependsr,v

significantly on density, when the molecules devi-
ate from the spherical shape. Donohuew40x pro-
posed the expression ofq :r,v

cy1w zB EV Ef 0C Fq V,T s exp y (3)x |Ž .r,v
D GV 2kTy ~

where 3c is the total number of effective external
degree of freedom per molecule. It is well known
that shapes of most proteins are not perfectly
spherical. In this work, we replacec by t to takeps

into account the effect of protein shape in the
partition function,Q. It is assumed thatt affectsps

to the potential of mean force andq , simultane-r,v

ously Eq.(2) is replaced by

N NB E B E1 V VfC F C FQ T,V,N sŽ . 3
D G D GN! L V

N N t y1w z ( )psB E B B EE¯ ¯yE V yE0 f 0C F C C FFx |exp exp
D G D D GG2k T V 2k Ty ~B B

NØtpsB B EENB E ¯1 V V yEf 0C C FFC Fs exp (4)3
D G D D GGN! L V 2k TB

where , which is the intermolecularĒ st E0 ps 0

potential energy of a non-spherical protein due to
the attractive forces from all other proteins. The
fact is found in literaturesw41x that the interacting
types between non-spherical molecules affect the
intermolecular potential energies. Therefore,tps

reflects the rotational and vibrational contributions
per a protein molecule that are affected by the
presence of non-spherical proteins. In this work,
we assume that the difference between andEĒ0 0

originated from non-sphericality is mainly due to
the additional volume of a non-spherical molecule.

B EdyaddC Fy sy qdy sy 1q sy Øtnon sph add sph sph ps
D Gysph

(5)

wherey represents the volume of a protein mole-
cule and subscript ‘non’, ‘sph’ and ‘add’ stand for
non-spherical, spherical and additional, respective-
ly. t is defined by the geometric mean of theps

ratio of s to s :pi p

B EdyaddC Ft s 1qps
D Gysph

1y3n 1yn B EB E s s spx py pzn C Ff s ys f (6)C Fpi p2 3
D GsD G pjs1

where ns3 due to the experimental accessibility
w42,43x and simplicity.x, y and z are 3-directional
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axes ands is i-directional crytstallographic unhy-pi

drated diameter. The larger value oft means thatps

the each directional protein diameter deviates more
from the unhydrated hard sphere diameter. When
t s1, i.e. a perfect hard sphere,Q reduces to theps

classical van der Waals-type perturbed-hard-sphere
theory.

The equation of state is related

B E≠ln Q
C FPsk T (7)B
D G≠V T,N

Substituting Eq. (4) into Eq. (7) with V sf

, Carnahan–Starling expression,
w zh 3hy4Ž .x |Vexp 21yhy ~Ž .

yields:

2 2t 4hy2hB E Ž .psP t rUpsC Fs1q q (8)3
D Grk T 1yh 2k TŽ .B B

where is the number density of protein
B EN
C Fr s
D GV

molecules. In Eq.(8), t , which results from theps

third term in Eq.(4), corrects both the underesti-
mated hard sphere contribution and attractive per-
turbation. Especially, the packing fraction,h, is
defined as follows:

3B Eprs dhp addC Fhsh qdh s 1q sh Øtsph add sph ps
D G6 hsph

(9)

andU is the perturbation energy per unit density,

E0 2Usy s4p W r r dr (10)Ž .pp|r

whereW (r) is the sum of the potentials-of-mean-pp

force.
The general equation for calculating the Helm-

holtz energy from a pressure-explicit equation of
statew44x is

0 rA A dr
s q Pyrk Ty1Ž .B|Nk T Nk T r0B B

20 2t 4hy3hŽ .psA rt Upss q q (11)2Nk T 1yh 2k TŽ .B B

whereA (T) is the Helmholtz energy at standard0

state.
The chemical potential is

B E≠A
C Fms (12)
D G≠N T,V

and substituting Eq.(11) into Eq. (12) yields

2 30 t 8hy9h q3hŽ .psDm m m
s y s 3k T k T k T 1yhŽ .B B B

2t rUpsqln rq (13)
k TB

At equilibrium, protein concentrations in the
supernatant and dense-fluid phases are calculated
from Eqs. (14) and (15) based on the classical
equilibrium conditions:

s dDm sDm (14)

s dP sP (15)

where superscripts ‘s’ and ‘d’ denote the superna-
tant and dense phases, respectively.

Because at the onset of clouding, the volume of
the dense phase that forms is negligibly small
compared to the total volume, the protein concen-
tration in the supernatant phase is equal to the
initial protein concentration. There are two
unknowns in Eqs.(14) and(15), ´ and the protein
packing fraction in the dense phase,h . Inputb

parameters are the known initial protein packing
fraction,h and the measured CPT.a
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Fig. 3. Cloud-point temperatures at pH 4.0.

Toward interpreting the significance of the inter-
protein energy parameteŕ, we employ the idea
proposed by Grisby et al.w45x. For comparison of
salts, NaCl was chosen as a ‘reference salt’ because
Na is marginally kosmotropic and Cl is margin-q y

ally chaotropic. The difference between the entro-
py of pure water and the entropy of water near
Na or Cl is nearly zerow46,47x. Although Clq y y

has been shown to bind to lysozymew48–50x, any
subsequent solution restructuring at the ion-binding
site can be considered to be minimal compared to
highly kosmotropic or chaotropic ions. Using CPT
data for lysozyme solution containing NaCl,´ was
calculated as a function of salt concentration at
pH 4.0 and 7.0.

At a fixed ionic strength, deviations of the CPT
for a salt relative to that for NaCl were attributed
to specific ion interactions with lysozyme. For all
salts except NaCl, a change in the square-well
potential was introduced to account for these
specific ion effects and is given by:

w xW(r)sy ´ (I)q´ (I) (16)NaCl sp

whereI is the ionic strength. To calculaté , wesp

use as input the calculated́ (I), the knownNaCl

initial protein packing fractionh and the meas-a

ured CPT of the salt.

4. Results and discussion

Figs. 3 and 4 show CPTs at pH 4.0 and 7.0,
respectively. All the data are listed in Tables 1 and
2. The CPT results depend strongly on the specific
nature of the ions. Kosmotropic ions bind adjacent
water molecules more strongly than water binds
itself. When a kosmotropic ion is introduced into
water, the entropy of the system decreases due to
increased water structuring around the ion. In
contrast, chaotropes bind adjacent water molecules
less strongly than water binds itself. When a
chaotrope is introduced into water, the entropy of
the system increases because the water structuring
around the ion is less than that of the salt-free
water. This classification is related to the size and
charge of the ion. Ions with high charge density
such as Mg , Ca and SO are highly kos-2q 2q 2y

4

motropic. Ions with low charge density such as
K , NH and NO are chaotropic, especially,q q y

4 3
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Fig. 4. Cloud-point temperatures at pH 7.0.

NO is strongly chaotropic. Na is weakly kos-y q
3

motropic and Cl is weakly chaotropicw51x. Wey

discuss the CPT results in terms of the chaotropic
or kosmotropic nature of anions and cations.

The effect of cation at pH 4.0 and 7.0 are shown
in Figs. 5 and 6, respectively. For the monovalent
cations, the CPT increases with the salt concentra-
tion. For divalent cations, as the salt concentration
rises, the maximum CPT is observed and attributed
to the ion binding for the protein surface and
subsequent water structuring. The trends are simi-
lar at both pHs. For different salts, as the ionic
strength decreases, the difference in CPT declines,
indicating that the specific nature of the ion is less
important at an ionic strength below 0.3 M. CPT
measurements were not be observed at low salt
concentration ranges because the solution formed
ice crystals before a liquid–liquid phase separation
was observed. The difference in CPT becomes
dramatic for different salt types above the ionic
strength of 0.3 M. CPT increases less sharply with
ionic strength for NH Cl than that for NaCl. For4

the divalent salt MgCl , a maximum CPT is2

observed at the ionic strength of 0.8 M, pH 7.0
and at 1.0 M, pH 4.0. It is due to the binding of
the highly kosmotropic ion Mg to the protein.2q

Ion binding to the protein surface and subsequent
structuring of water around the ion produces a
repulsive barrier, which is the hydration force.
Hydration forces may be observed from surface-
force measurements. At very short separation dis-
tances less than 2 nm, charged bilayers adsorbed
on mica surfaces are repulsive. It is due to steric
hydration interactions between the hydrophilic
headgroups that characterize the surfacew52x.
Pashley has shown that the interaction between
bare mica surfaces in concentrated electrolyte solu-
tions gives rise to a repulsive hydration force that
follows from the binding of hydrated cations to
the negatively charged surfacesw53–57x. The mag-
nitude of this force is related to the energy needed
to dehydrate the bound cations, which retain some
of their water of hydration upon binding. The
strength and range of hydration forces increase
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Table 1
Cloud-point temperatures at pH 4.0

NaCl

Concentration(M) Cloud-point temperature(8C)

Mg(NO )3 2

0.3 y7.2
0.5 6.1
0.8 19.1
1 23.4
1.5 38.3
2 46

NaNO3

0.1 y6.3
0.2 14.7
0.3 22.2
0.5 30.6
0.6 36.1
0.7 38
0.8 40.3
1 41.6

Na SO2 4

0.3 0.8
0.5 4.5
1 7.3
1.5 20.5
2 37.2
2.5 44.8

NH Cl4

0.5 1.3
1 15.4
1.5 20.5
2 27.2
2.5 30.1

MgCl2
0.5 5.2
1 13.3
1.5 10.2
2 1.1
2.5 y11.1

NH NO4 3

0.3 18.5
0.5 28.6
0.7 31.5
0.8 33.4
1 34.2
1.5 34.8
2 33.5
2.5 33.2
2.8 35.7

Mg(NO )3 2

0.3 9.2
0.5 21.8

Table 1(Continued)

NaCl

Concentration(M) Cloud-point temperature(8C)

0.8 30.1
1 32.3
1.5 31.7
1.7 30.8
2 29.3
2.3 26.9
2.5 22.6
2.8 17.8

(NH ) SO4 2 4

0.2 y2.8
0.5 0.1
1 0.7
1.5 1.4
1.7 2.6
1.8 3.3
2 6.7
2.5 11

MgSO4

0.5 4.2
0.8 4.1
1 4
1.5 4.2
2 4.3

with the hydration number of the cation. When a
kosmotropic ion binds to an oppositely charged
residue on the protein surface, the extent of water
structuring at the protein surface increases. Chao-
tropes do not interact strongly with oppositely
charged residues on the protein surface due to
their low charge density, but tend to disrupt the
structure of water in the bulk solution. For two
protein molecules to approach each other to form
a second, more-dense phase, the water structure
surrounding the protein surface must be broken.
As the concentration of the divalent cation increas-
es, the extent of ion binding and subsequent water
structuring at the surface increases. The repulsive
hydration force grows with the salt concentration.
The second more-dense liquid phase becomes
energetically unfavorable at higher salt concentra-
tions due to the rise in the repulsive hydration
force. Therefore, the CPT falls at higher salt
concentrations. CPT measurements could not be
taken at higher salt concentrations for NaNO due3

to the appearance of irreversible aggregates at
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Table 2
Cloud-point temperatures at pH 7.0

NaCl

Concentration(M) Cloud-point temperature(8C)

0.2 y11.1
0.3 5.2
0.5 12.2
1 27.3
1.5 38.1
2 42.1

NaNO3

0.1 7.5
0.2 18.8
0.3 27.4
0.4 31.3
0.5 33.8
0.8 38.3
1 39.1

Na SO2 4

0.2 y1.2
0.5 3.3
1 4.3
1.3 7.3
1.5 9.8
2 17.3
2.5 29.9

NH Cl4

0.3 y3.2
0.5 6.8
1 13.1
1.5 20.7
2 22.2
2.5 26.4
2.8 28.1

MgCl2
0.3 y3.3
0.5 4.2
0.8 7.8
1 6.8
1.5 y2.3
2 y13

NH NO4 3

0.2 3.8
0.3 19.2
0.5 28.9
0.7 31.8
0.8 32.2
1 30.7
1.5 27.6
2 23.2
2.5 17.3
2.7 16.6

Table 2(Continued)

NaCl

Concentration(M) Cloud-point temperature(8C)

Mg(NO )3 2

0.2 y1
0.3 12.5
0.5 20
0.7 24.7
0.8 27.3
1 28.6
1.2 27.5
1.3 27.3
1.5 26.4
2 20.1
2.5 15.3
2.7 9.5

(NH ) SO4 2 4

0.3 1.3
0.5 y0.2
1 y2.3
1.2 1.8
1.5 11.6
2 26.3

MgSO4

0.3 7.4
0.5 7
0.8 7
1 7.1
1.3 7.2
1.5 8.1

temperatures above 458C, possibly because of the
thermal protein denaturation. For the sulfate series,
CPT trends are significantly different from those
for chloride and nitrate salts. It is known that
lyotropic series for lysozyme is reversely relative
to most proteinsw58x. The sulfate ion, a good
salting-in ion for lysozyme, has been shown to be
preferentially excluded at the lysozyme surface
w59,60x. When compared to chloride and nitrate
salts, the CPT increases at much slower rate as the
salt concentration rises. Above the ionic strength
of 1.0 M, CPT begins to rise dramatically for
Na SO and(NH ) SO . This rise is due to a2 4 4 2 4

competition for water to hydrate the protein surface
or the sulfate ion. The sulfate ion is highly kos-
motropic and therefore, interacts strongly with
water molecules. At low salt concentrations, the
solution contains a sufficient number of water
molecules to hydrate both the protein surface and
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Fig. 5. Effect of cation at pH 4.0 for(a) Cl (b) NO (c) SO .y y 2y
3 4

the sulfate ions. At higher salt concentrations, more
water molecules are needed to hydrate the increas-
ing number of sulfate ions. A formation of the
second more dense protein phase provides more
free water molecules to hydrate the sulfate ions
because of the lower number of water molecules
needed to hydrate protein molecules in the dense
phase. The maximum CPT is observed for
MgSO , but the CPT does not change significantly4

over the entire salt concentration range. The effects
of the magnesium and sulfate ions appear to cancel
each other at higher salt concentrations. Magnesi-
um ion preferentially interacts at the protein sur-
face leading to a repulsive hydration force while

the sulfate ion dehydrates the protein surface lead-
ing to an attractive force.

Figs. 7 and 8 represent the effect of anion at
pH 4.0 and 7.0, respectively. For anions at fixed
salt concentration, the CPT decreases with the
anion kosmotropic character. In all plots, as the
anion becomes more kosmotropic, the CPT
decreases with a specific salt concentration. This
specificity follows from the extent of water struc-
turing in the system. Sulfate is highly kosmotropic,
chloride marginally chaotropic and nitrate very
chaotropic. There is a greater solution structure for
sulfate salts compared to nitrate salts. The greater
the solution structure, the greater the repulsive
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Fig. 6. Effect of cation at pH 7.0 for(a) Cl (b) NO (c) SO .y y 2y
3 4

hydration force and, hence this leads to a lower
CPT.

The effect of pH is shown in Fig. 9. Comparison
of CPTs for pH 4.0 and 7.0 revealed two trends.
At low ionic strength for a given salt, differences
in CPT can be explained in terms of repulsive
electrostatic interactions between protein mole-
cules, while at higher ionic strength, differences
can be attributed to hydration forces. In addition,
the nitrate salts follow the same trends as that of
the chloride salts. As the concentration of salt
rises, the difference between the CPT at both two
pHs decreases and disappears at the ionic strength
above 1.3 M. This decrease and disappearance
follow from the salt screening of the charge-charge

repulsion between protein molecules. The net
charge of lysozyme isq11 at pH 4.0 andq8 at
pH 7.0, respectively. At a fixed salt concentration
below 1.3 M, the net attractive interactions meas-
ured by the CPT at pH 4.0 are less than those at
pH 7.0 due to greater charge-charge repulsion at
this pH. As the concentration of salt increases, the
repulsive charge-charge interaction between pro-
teins vanishes because it is screened by the salt
ions. This trend can be seen in all CPT data at
low salt concentration ranges. The concentration
where the charge-charge screening is complete
depends on the nature of the ions. Fig. 5e compares
the effect of pH on CPT for MgCl . Above the2

salt concentration where the charge screening



180 E.J. Park, Y.C. Bae / Biophysical Chemistry 109 (2004) 169–188

Fig. 7. Effect of anion at pH 4.0 for(a) Na (b) NH (c) Mg .q q 2q
4

occurs, CPT data begin to diverge. The difference
between CPTs at pH 4.0 and 7.0 increases with
the salt concentration. The CPT at pH 4.0 is always
greater than that at pH 7.0. This difference follows
from Mg binding to the protein surface. Mag-2q

nesium is a kosmotropic ion that has been shown
to bind to the surface of lysozymew61x. The
number of ions that can bind to that surface
depends on the protein charge. Because the net
positive charge on the lysozyme molecule is less
at pH 7.0, cations can bind to the surface more at
pH 7.0 than at pH 4.0. Binding of kosmotropes to
the surface of a protein produces more water
structuring at the protein surface, leading to a

hydration barrier to the protein aggregation. With
the rising salt concentration, the extent of this
hydration barrier increases, as indicated by CPT
data. Although ammonium is not a kosmotropic
ion, the CPT trends suggest that this ion is binding
to the protein surface. The effect of pH on the
CPT for sulfate salts differs from the trends seen
in the chloride and nitrate salts. Significant differ-
ences in the CPT appear above 1 M due to the
greater competition for binding water to the protein
surface and to the sulfate ion.

The depth of the square well was calculated for
the reference salt NaCl as a function of ionic
strength for pH 4.0 and 7.0 at the CPT. Table 3
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Fig. 8. Effect of anion at pH 7.0 for(a) Na (b) NH (c) Mg .q q 2q
4

shows calculated values of as a function of
´

kT
ionic strength for each salt.

Deviations from the reference in CPTs are due
to the specific ion effect, including hydration
forces and water structuring of the solution. To
calculate the correspondinǵ (I), equations insp

Table 3 were used in conjunction with CPT data
for the other salts in Eq.(16). When needed,
values for´ were extrapolated beyond thoseNaCl

obtained from measured CPTs for NaCl. Table 3

gives equations for at pH 4.0 and 7.0 atTs
´

kT
298.15 K.

For salts containing either Na or Cl , the
´q y

kT
results in Table 3 reflect effects due to the appro-

priate counterion. For example, the values for
´

kT
MgCl are attributed to the Mg ion only. Com-2q

2

binations of for ions other than Na or Cl
´ q y

kT
can be used to calculate the CPT. This model is
based on a fixed protein concentration of 87 gyl.
Further CPT data are needed to assess whether

is dependent on the protein concentration.
´

kT
Combinations of for all ions were performed

´

kT
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Fig. 9. Effect of pH for(a) NaCl (b) NaNO (c) Na SO (d) NH Cl (e) MgCl (f) NH NO (g) Mg(NO ) (h) (NH ) SO (i)3 2 4 4 2 4 3 3 2 4 2 4

MgSO .4

and compared to values obtained through
´

kT
experimental and subsequent calculations. Fig. 10
shows results for combinations of(a) NH NO at4 3

pH 4.0 (b) NH NO at pH 7.0(c) Mg(NO ) at4 3 3 2

pH 4.0 (d) Mg(NO ) at pH 7.0(e) (NH ) SO3 2 4 2 4

at pH 4.0(f) (NH ) SO at pH 7.0(g) MgSO at4 2 4 4

pH 4.0 (h) MgSO at pH 7.0. The average of
´

4 kT
for all the salts showed good agreement with
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Fig. 9 (Continued).

experimentally measured CPT data for all ions,

except (NH ) SO , which overestimates the
´

4 2 4 kT

value. for NH NO was predicted by the
´

4 3kT

addition of for NH Cl and NaNO . Since NaCl
´

4 3kT

is the reference salt, the contribution to by
´

kT
NH Cl is solely due to NH since the contributionq

4 4

by Cl is zero. Similarly, the contribution to
´y

kT

by NaNO is solely due to NO since the contri-y
3 3

bution by Na is zero. For another example,
´q

kT
for Mg NO was computed by adding equations2 3

from Table 3 for MgCl and NaNO and subse-2 3

quently taking the average of the result. The reason
why the average gives good results is due to the
nature of the ions. Mg and Ca are highly2q 2q

kosmotropic and increase the extent of solution
structure while the highly chaotropic ion NOy

3

breaks up the solution structure. The competing
processes of increasing and decreasing the extent
of water structure lead to an average effect.
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Table 3
Relationship between the depth of the square well,´, and ionic strengthI M. ´ was made dimensionless through division bykT whereT
was chosen to be 298.15 K

Salt
as a function of ionic strengthI

´

kT

NaCl pH 4.0

´
s0.29543 ln I q3.12532Ž .

kT

pH 7.0

´
s0.232 ln I q3.14678Ž .

kT

NaNO3 pH 4.0

´
s0.21362 ln Iq3.32364Ž .

kT

pH 7.0

´
s0.14944 ln I q3.29496Ž .

kT

Na SO2 4 pH 4.0

´ 2w xs0.155 ln I q0.25599 ln I q2.96097Ž . Ž .
kT

pH 7.0

´ 2w xs0.07897 ln I q0.1601 ln I q2.91088Ž . Ž .
kT

NH Cl4 pH 4.0

´
s0.18263 ln I q3.00454Ž .

kT

pH 7.0

´
s0.14031 ln I q3.0025Ž .

kT

MgCl2 pH 4.0

´
2sy0.13806I q0.31749Iq2.79789

kT

pH 7.0

´
2sy0.19402I q0.3676Iq2.74608

kT

NH NO4 3 pH 4.0

´ 2w xsy0.07233 ln I q0.04445 ln I q3.21391Ž . Ž .
kT

pH 7.0

´ 2w xsy0.13354 ln I qy0.03813 ln I q3.18738Ž . Ž .
kT

Mg(NO )3 2 pH 4.0

´
2sy0.12094I q0.38213Iq2.89999

kT

pH 7.0

´
2sy0.14751I q0.43055Iq2.84869

kT

(NH ) SO4 2 4 pH 4.0

´ 2w xs0.03332 ln I q0.06235 ln I q2.85676Ž . Ž .
kT

pH 7.0

´ 2w xs0.22117 ln I q0.22452 ln I q2.84788Ž . Ž .
kT

MgSO4 pH 4.0

´ 2w xs0.00531 ln I q0.00561 ln I q2.89747Ž . Ž .
kT

pH 7.0

´ 2w xs0.00109 ln I q0.00407 ln I q2.93547Ž . Ž .
kT

5. Conclusions

We used a TOA technique to measure CPTs for
lysozymeysalt solutions. For the monovalent cati-
ons studied, as salt concentration increases, the
CPT increases. For divalent cations, as salt con-
centration rises, a maximum in the CPT is
observed and attributed to ion binding to the
protein surface and subsequent water structuring.
Trends for sulfate salts were dramatically different

from those for other salts because sulfate ion is
strongly hydrated and excluded from the lysozyme
surface. For anions at fixed salt concentration, the
CPT decreases with rising anion kosmotropic char-
acter. Comparison of CPTs for pH 4.0 and 7.0
revealed two trends. At low ionic strength for a
given salt, differences in CPT can be explained in
terms of repulsive electrostatic interactions
between protein molecules, while at higher ionic
strength, differences can be attributed to hydration
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Fig. 10. Plots of the average of for(a) NH NO at pH 4.0(b) NH NO at pH 7.0(c) Mg(NO ) at pH 4.0(d) Mg(NO ) at
´

4 3 4 3 3 2 3 2kT
pH 7.0 (e) (NH ) SO at pH 4.0(f) (NH ) SO at pH 7.0(g) MgSO at pH 4.0(h) MgSO at pH 7.0.4 2 4 4 2 4 4 4
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Fig. 10 (Continued).

forces. A model is proposed for the correlation
and prediction of the CPT as a function of salt
type and salt concentration. NaCl was chosen as a
reference salt, and CPT deviations from that of
NaCl were attributed to hydration forces. The
Random Phase Approximation, in conjunction with
a square-well potential, was used to calculate the
strength of protein-protein interactions as a func-
tion of solution conditions for all salts studied. A
more efficient isolation method of protein solutions
would be based on predicting the solution condi-
tions, including the cloud-point temperature as a
function of protein concentration, salt type, salt
concentration and pH, that favor selective precip-
itation of the target protein.
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