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Abstract—A molecular-thermodynamic model is developed for the salt-induced protein precipitation. The protein
molecules interact through four intermolecular potentials. An equation of state is derived based on the statistical
mechanical perturbation theory with the modified Chiew's equation as the reference system and a perturbation
based on the protein-protein interaction potential of mean force. The equation of state provides an expression for the
chemical potential of the protein and determines liquid-liquid equilibria. The precipitation behaviors are studied by
calculating the partition coefficient with changing conditions such as ionic strength, protein and salt size, and the
degree of pre-aggregation effect. The reasonable pre-aggregation effects are determined by comparing the proposed
model with experimental data.
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INTRODUCTION lyte concentration is less than 0.1 molar. Experimental studies clear-
ly show that the protein precipitation by salts requires an electro-
In the early days of protein chemistry, the only practical way of lyte concentration in the range 1-10 molar.
separating different types of protein was by causing part of a mix- Theories that are shown in several works of former researchers
ture to precipitate through alternation of some property of the solhave quite deviation from experimental results. Therefore, we mod-
vent. ify the previous model to describe the pre-aggregation, which are
Protein precipitation is the simplest and the oldest practical wayassumed that protein exist aggregated form to several particles in
to separate different proteins from a solution mixture. Separation isqueous solution.
achieved through the addition of precipitation agents such as in- In this study, we present a molecular-thermodynamic frame
organic salts, nonionic polymers, polyelectrolytes, and organic solwork for the protein precipitation by highly concentrated inorganic
vents [Hong et al., 1997; Park et al., 1994; Foster et al., 1975; Hairsalt. This equilibrium model represents the solution (protein, ions
et al., 1984; Shih et al., 1992; Niederauer et al., 1992; Rothsteirand water) as a pseudo-one-component system containing only a
1994; Lee et al., 1999, 2000]. continuous solvent and a globular protein molecule. Equation of
A variety of researches have studied the protein precipitation bestate is the sum of a hard-sphere reference contribution and a per-
havior by using various experimental techniques. These experimerturbation. The reference term is derived based on the modified
tal results suggest that the protein salting-out may be considered @hiew's model to describe the pre-aggregating effect of protein.
liquid-liquid phase separation resulting in a supernatant fluid phas&Ve also discuss protein-protein effective two-body potentials. These
with a dense precipitate fluid phase. And the degree of separatiopotentials include coulombic repulsion, dispersion attraction, os-
is characterized by the partition coefficient, K, which is defined asmotic attraction, and attractive specific potential to represent spe-
the ratio of the protein concentration in the dense phase to that ioific chemical interactions. The influence of parameters such as pro-
the supernatant phase. Recent theoretical studies have been directeh size, salt size and ionic strength also is studied. Finally, the de-
at developing more fundamental models that account for the ditermination of the degree of pre-aggregation effect is accomplished
verse interactions between the constituents in the protein solutioby comparing with experimental data [Cho et al., 1999; Coen et
on a molecular level. For example, Mahadevan and Hall [Mahadeal., 1995; Yoo et al., 1997; Seo et al., 2000].
van et al., 1990, 1992] present a model, based on Baker-Hender-
son perturbation theory, for protein precipitation by nonionic poly- THEORETICAL CONSIDERATION
mer. Vlachy et al. [1993] describe a model for a liquid-liquid phase
separation for solutions of colloids and globular proteins, based od. The Potential of Mean Force
the random-phase approximation. However, most recent theoreti- Protein interactions can be described quantitatively by a two-
cal studies are concerned with aqueous solutions where the electrbedy potential of mean force; three-body and higher interactions
become important at protein concentrations higher than those of
To whom correspondence should be addressed. reported here.
E-mail: ycbae@email.hanyang.ac.kr The overall perturbation potential of mean force between two
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different protein molecules, W), is given by a sum of four (@ [T e
potentials of mean force 0 e i

pr(r) :We\ec(r) + Wdlsp(r) + Wusmotlt(r) + Wspemflt(r) (1)

where r is the center to center separation.(kVis the electric
double-layer-repulsion potential, J\r) is the dispersion potential
of Hamaker, W....{r) is an attractive interaction due to the ex-
cluded-volume effect of the salt ions, and,MMr) is an attractive
potential between proteins included to represent any specific chen
ical effects such as hydrophobic interactions.

The electric double-layer repulsion between two proteins is de-
rived from Debye-Huickel theory [Verwey and Overbeek, 1948]:

:m -------- the electrostatic potential

§ »»»»»»»»» the dispersion potential

-.--—.- the osmotic attractive potential
----- the specific potential

the total potential

2,6)* exd —K(r —0,)]
4me g (1 +Koy/2)?

W) =( for r>(a, +2Ar) 2

(b)

Where z is the valence of the protein, e is the unit of electron
charge, 4, is the dielectric permittivity of free spac®, is the
hard-sphere diametey,is the relative dielectric permittivity of wa-
ter, andAr is the effective-sphere hydration/stern lages the in-

verse of the Debye length; given by=K2eN,|)/(kTe.€), where o the electrostatic potential
N, is Avogadro’s number, and | is the ionic strength of the salt, giv- = [ ::: :':n’::c'°a':::c':::a:memial
en by |=(Z,p.+7%.0.)/2, Where z and gz, are the anion and cati- o1 S A the specific potential
on valences, respectively, amgandp,, are the ionic number den- the total potential
sities. Al
The electric double-layer repulsion is small at high salt concen- P . . . . L . L
tration due to the screening effect. 10 1 1‘? '3 4
The attractive Hamaker dispersion interaction is given by Ha- 7oy
maket*, Verwey and Overbeek [1948]: Fig. 1. Contribution to the total potential of mean force as a func-
tion of 1/, in the case of I=0.01 M (a), and I1=5M (b): H/
Hro, .0, O[] keT=7, &/ksT=2, 5=3 A, 0,,=6.94 A, pH=4, 0,=34.3 A
W.sr=——[—9+ +2In ——E} for r>o, +24Ar 3 sl =/, &JKgl=2, 055 A, 0n=0.94 A, PR=4, G,=54.5 A,
() =75 * r’-o? 5 r* ’ @ Ar=0.08A. ’

where H is the effective Hamaker constant for the protein-protein
interaction. Hamaker constants depend on the composition and the W,,.i{D)=-¢,, foro,<r<(c,+d)
density of the protein [Isrelachvlili, 1985], and on the chemical na- =0 for r>,+d) (5)
ture of the solute [Nir, 1976].

In general, since most proteins have similar densities and com?heree;, andd are model parameters. For example, for hydropho-
positions, they have similar Hamaker constants. bic interactions between proteigg/kT ~5 provides a reasonable

In concentrated electrolyte solutions, ions occupy a significant!PPer bound [Tanford, 1980]. _ .
fraction of the total solution volume. Protein molecules are so close Fi9- 1 shows a representative overall protein-protein perturba-
together that ions are excluded from region between the protein pafon Potential of mean force, when a) the ionic strength is 0.01 M,
ficles. It causes an imbalance in the local osmotic pressure exertdd] e €lectric repulsive potential is significantly larger than that of
by the ions on the proteins. The osmotic pressure difference is agP® ionic strength=5 M. It means that at high ionic strength, the elec-
proximated by the ideal osmotic pressure of the bulk soluign [ i€ double-layer potential is negligible.

pk:T]. The resuliing potential between the proteins, expressed simé- Equation of State o ,
ply by, Perturbation theory is a method, based on statistical mechanics,

for predicting thermodynamic properties of the system. In pertur-

3 . .
W 1) =—4Tr0§s(pskBT)[ 1- 3r o, j for 0,<r<20,, bation theory, an assemply of 'hard spheres is used as the reference
3 40,, 160, system, while the remaining interactions are treated as perturba-
=0 $@or, @) tions;

wherep, is the total ionic number density,=(0,+0,,,)/2 ando,,,= P _oPpo.,OgPo_gPo, ey ®)
(2,0..+2..0.)/(Z+2,) is a valence-weighted ion diameter; here ~ PKeT [pkaTL, LpkeTC, -~ CpkaTE,  2k,T
the absolute values of the valences are used. wherep is the density of protein molecules, P is the pressyye,

The specific interaction can be represented by a site-specifiGs the average degree of pre-aggregation, and U is the perturbation
square-well potential [Kuehner et al., 1996, 1997]. This interactionenergy per unit density, given by,

includes identity and hydrophobicity of surface amino acid resi- ,
dues, surface roughness, etc. U =41fW,,,(r)rdr 7
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where W,(r) is the sum of the potentials-of-mean-force.
The reference system is given by the modified Chiew’s equatior
[Chiew, 1990; Song et al., 1994]:

P 0O l_r_Z] l_g
=1+ ——— ~(Wpa~1)| — 1 8
ke T, T Fress ©
P O l_g l_r_Z] wpPU
— 2 — — — PAl
it H AT (@) a-ny | 2T ©)

The general equation for calculating the Helmholtz energy from ¢
pressure-explicit equation of state [Prausnitz, 1986] is

A(T,V) =A%(T) +R‘HD—$B§V +ks TN |n%\%BT% (10)
A _ AN
NpaKs T Npaks T
s P 1 rd(pwy,)
Jg q)wPAkBT wPAD PWe, In(pwPAkBT) (ll)
The chemical potential is
_9AQ
n= (12)
NG,
and
Ag_ W _rAun L AMD g, o 4730
KeT ke kT CkoTC, DO, ™ 4(1-ny
5-3 5-4n
+ 400N =L +(c3, ~1)IN(L =N) = (Wop— 1
Al A1-n)° (Wpa ~D)IN(1 1) — (Wpa )4(1_n)2
2n°-6n°+5n we,pU
—(0pn ~1)=——"—— +|np +1 +=2A= 13
(wea—1) 21y p KT (13)

wheren is the packing fractiory,, represents the average degree
of self-aggregatiorp is the total protein number density, and energy
per unit density U given by Eq. (7).

At equilibrium, protein concentrations in the supernatant and
dense-fluid phases are calculated from Egs. (8) and (12) based
the classical equilibrium conditions:

Ape=Ape (14)
P=P (15)
where superscripts “s” and “d” denote the supernatant and dens
phases, respectively.

RESULT AND DISCUSSION

K
For the precipitation of a single protein in an aqueous salt sol

ution, we examine the effect of protein size in phase-separation sy.
tems. The partition coefficient, K, of the protein system can be ob
tained from the equilibrium conditions and is given by the ratio of
the equilibrium number density of protein in the dense phase to th:
in the supernatant phase [K#.=n./NJ-

Fig. 2 shows the predicted partition coefficient K plotted as a
function of ionic strength for systems with k<7, &, /ksT=2,0=
3A, 0,=6.94 A pH=40,=34.3 A,Ar=0.08 A, for various values
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Fig. 2. Effect of ionic strength on protein partitioning: H/ksT=7,
&/ksT=2,8=3 A, 0,,=6.94A, pH=4,0,=34.3 A, Ar=0.08 A.
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Fig. 3. Effect of protein diameter on partitioning: H/ksT=7, &/
ksT=2,8=3A, 0,,=6.94 A, pH=4,0,=34.3A, Ar=0.08 A.

of wy,. The partition coefficient, K, increases exponentially with

the ionic strength. This dependence is commonly observed feature

in salting-out not only for proteins but also for other organic sub-

stances and dissolved gases [Dixon et al., 1943]. The exponential
éorm has been used extensively in correlating protein salting-out
(ﬂata [Shih et al., 1992; Coen et al., 1995; Cohn et al., 1943].

In the same aqueous solution, large solute molecules partition
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Fig. 4. Effect of ion diameter on partitioning: H/k;T=7, &/ksT=

15,6=3A,0,,=6.94 A, pH=4,0,=34.3 A, Ar=0.08 A.



Salt-Induced Protein Precipitation in Aqueous Solution: The Effect of Pre-aggregation 641

more strongly than those of small molecules [Albertsson, 1986]. (a)
Fig. 3, K plotted as a function of the protein diameter, shows thal
the partition coefficient increases strongly with the size of the pro- 124
tein; large patrticles separate more efficiently. ]

Fig. 4, computed partition coefficient, shows a strong depend-
ence on the mean ion diametzr, For large mean ion diameter, i 87
the effective length scale for osmotic attraction increases dueto % ]
large region between proteins for ion exclusion. At high ionic

14 4

10 <

w Experimental (Coen ef al.’)

——— This work

strength, the osmotic pressure is sufficiently large so that the osmao “‘_
ic attraction term produces attraction strong enough to yield very 2

high partition coefficients.

Coen et al. [1995] have conducted precipitation experiments fol ! ! T

two small globular proteins, hen-egg-white lysozymeoanbymo-

trypsin in solutions of ammonium sulfate at various ionic strengths () 1so

and pH. Fig. 5 shows experimental and calculated valugg, gf-C

the equiliium protein concentration in the supernatant phase - an »  Experimental (Coen ef al.’)
K as a function of ionic strength for the hen-egg-white lysozyme —— This work
(at pH 4). Fig. 6 represents thechymotrypsin data (at pH 8.3) for
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Fig. 5. Experimental and correlated values of (... (&) and K (b)

in the case of hen-egg-white lysozyme in ammonium sul-
fate at pH 4: Hk,T=8.9,Ar=0.8 A, &,/k,T=3.7,8=4 A, 0,,=
6.94 A,0,=34.3 A, w.,,=1.4. Dark squares are experimental
data from Coen et al. and the solid lines are calculated val-
ues using the proposed model.

super @Nd K @s a function of ionic strength. In those calculation,
Hamaker constant and the value/of,the thickness of the hydra-
tion/stern layer were 8.9 and 0.8, respectively. These values are ¢
incident with values reported by Kuhner et al. [1997], who indi-
cated that Hamaker constant depends on the value of the thickne

0

I{ionic strength)
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K (partition coefficient)

T T T
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I(ionic strength)

Fi

g. 6. Experimental and correlated values of ¢, (a) and K (b)
in the case ofa-chymotrypsin in ammonium sulfate at pH
8.3: H/ksT=8.9,Ar=0.8 A, &,/k,T=3.3,6=3 A, 0,,=6.94 A,
0,=43.3 A, w,=1.25. Dark squares are experimental data
from Coen et al. and the solid lines are calculated values
using the proposed model.

of the hydration/stern layer. As shown in Fig. 5, calculated equilib-
rium coefficient and supernatant concentration are in qualitative
agreement with experimental results of hen-egg-white lysozyme
for w,=1.4,&.,/k.T=3.7 andd=4 A. If the value ofty,,=1.4 is con-
sidered, 40% of lysozyme is pre-aggregated before the partition is
processed. In Fig. 6, our proposed model also agrees very well with
o-chymotrypsin experimental data fap,=1.25,¢,,/k;T=3.3 and
d=3A. Consideringa,,=1.25, it implies that 25% of the-chy-
motrypsin is pre-aggregated before the partition process. Compar-
ing ux, values for two model proteins presented in this study in-
dicates that the effect of the specific interaction is more strong in
lysozyme solution than in-chymotrypsin solution.

CONCLUSION

We proposed an approximate equation-of-state model for the salt-
induced protein precipitation based on effective potentials of mean
force. Thermodynamic properties of the system are developed us-
ing a statistical mechanical perturbation theory and the reference
term is derived from modified Chiew's equation. Model calcula-
tions indicate that the electrolyte concentration plays a primary role
in affecting phase separation; the protein partition coefficient, K,
increases exponentially with the ionic strength. Partitioning is also

Korean J. Chem. Eng.(Vol. 17, No. 6)



642 S. G. Kim et al.

strongly dependent on the protein and ion diameters. Furthermore, Electrolyte Solutions from Dynamic Light-Scattering Measure-

our theoretical calculation results show that the pre-aggregation ef- ments,"Biophysical J, 73, 3211 (1997).

fect of protein plays an important role in the precipitation of pro- Lee, S. H., Kim, K. R., Shon, J. S., Yoo, J. H. and Chung, H., “Precipi-
teins. Calculated equilibrium supernatant concentration and parti- tation Characteristics of Palladium from a Simulated Radioactive
tion coefficient are in qualitative agreement with experimental re-  Liquid Waste by Ascorbic Acidkorean J. Chem. EndL6, 166

sults for both hen-egg-white lysozyme anrdhymotrypsin in sol- (1999).
utions of ammonium sulfate when the effect of the pre-aggregatiornLee, W.-K., Bani-Jaber, A., McGuire, J., Daeschel, M. A. and Jung
is considered. . H., “Interfacial Tension Kinetics of Nisin af#Casein at an Qil-
Water InterfaceKorean J. Chem. Engl7, 179 (2000).
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