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Abstract-A molecular-thermodynamic model is developed for the salt-induced protein precipitation. The protein 
molecules interact through four intemMecular potentials. An equation of state is derived based on the statistical 
mechanical pema-bation theory with the modified Clfiew's equation as the reference system and a perturbation 
based on the protein-protein interaction potential &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 

In the early days of protein chemistry, the only practical way of 
separating different types of protein was by causing part of a mix- 
ture to precipitate tt~-ough alternation of some propelty of tile sol- 
vent. 

Protein precipitation is the simplest and the oldest practical way 
to separate different proteins ~i-oln a solution mi,'mae. Separation is 
achieved through the addition of precipitation agents such as in- 
organic salts, nonionic polymei-s, polyelec~-olytes, and organic sol- 
vents [Hong et al., 1997; Park et al., 1994; Foster et al., 1975; Haire 
et al., 1984; Shih et al., 1992; Niederaner et al., 1992; Rothstein, 
1994; Lee et al., 1999, 2000]. 

A variety of researches have studied the protein precipitation be- 
havior by using various experimental techniques. These experimen- 
tal results suggest that the protein salting-out may be considered a 
liqnid-liqnid phase sel:~ration resulting in a supernatant fluid phase 
wittl a dense precipitate fluid phase. And tile degree of separation 
is cha-acterized by the partition coefficient, K, which is defmed as 
the ratio of the protein concentration in the dense phase to that in 
file supenkatmlt pt~se. Recent theoretical studies have been directed 
at developing more fimdamental models that account for the di- 
verse interactions between file constituents in file protein solution 
on a molecular level. For example, Mahadevan and Hall [Mshade- 
van et al., 1990, 1992] present a model, ~ s e d  on Baker-Hender- 
son pemubation theoly, for protein precipitation by nonionic poly- 
men Vlachy et al. [1993] describe a model for a liqnid-liqnid phase 
separation for solutions of colloids and globular proteins, based on 
file rmldc~n-phase approximatioix However, most recent theoreti- 
cal studies are concerned with aqueous solutions where the electro- 
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lyte concentration is less than 0.1 molar. Experimental studies clear- 
ly show that the protein precipitation by salts requires an electro- 
lyte concentration in the range 1-10 molar. 

Theories that are shown in several works of former researchers 
have quite deviation fi-om expelimental results. Therefore, we mod- 
ify the previous model to describe the pre-aggregation, which are 
assumed that protein exist aggregated form to several particles in 
aqueous solution. 

In this study, we present a molecular-thermodynamic frame 
work for tile protein precipitation by tfigtfly conceIm'ated inorganic 
salt. This equilibrium model represents the solution (protein, ions 
and water) as a pseudo-one-component system containing only a 
continuous solvent and a globttlar protein molecule. Equation of 
state is the sum of a hard-sphere reference contribution and a per- 
turbation. The reference term is derived based on the modified 
Chiew's model to describe the pre-aggregatiug effect of proteill 
We also discuss protein-protein effective two-body potentials. These 
potentials include coulombic repulsion, dispersion atu-action, os- 
motic attraction, and attractive specific potential to represent spe- 
cific chemical interactions. The influence of parameters such as pro- 
tein size, salt size and ionic streugth also is studied Fffkally, file de- 
termination of the degree of pre-aggregation effect is accomplished 
by comparing with expelmlental data [Cho et al., 1999; Coen et 
al., 1995; Yoo et al., 1997; Seo et al., 2000]. 

THEORETICAL CONSIDERATION 

1. The Potential of Mean Force 
Protein interactions can be described quantitatively by a two- 

body potential of mean force; three-body and higher interactions 
become important at protein conceim-ations higher fflan those of 
reported here. 

The overall perturbation potential of mean force between two 
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different protein molecules, Wpp(r), is given by a sum of four 
potentials of mean force 

Wp~(r) W~,,~(r)+Wa,~(r)+W o ....... (r)+W,:~,:,.(r) (1) 

where r is the center to center separation. "vV~z~( 0 is the electric 
double-layer-repulsion potential, YVs,,,(r) is the dispersion potential 
of  Hanraker, ~ ....... (r) is an a~-active interaction clue to the ex- 
cluded-volume effect of the salt ions, and W,:~:<(r) is an atWactive 
potential between proteins included to represent any specific chem- 
ical effects such as hydrophobic interactions. 

The electric double-layer repulsion between two proteins is de- 
rived fi-oln Debye-Hackel theory [Velwey and Overbeek, 1948]: 

W~(r)  =(z~e)~ exp[-K(r-oe)]  for r> (G +2Ar) (2) 
4~aoa,( 1 +~co/2) ~ 

Where z~ is the valence of the protein, e is the unit of electron 
charge, 4r~G is the dielectric permittivity of free space, % is the 
hard-sphere diameter, e~ is the relative dielectric permittivity of wa- 
ter, and Ar is the effective-sphere hydration/stem layer, s: is the in- 
verse of the Debye length; given by K~=(2e~N~I)/(kT~), where 
N~ is Avoga&o's number, and I is the ionic strength of the salt, giv- 

2 2 en by I=(z~G~+z~p~)/2, where z~ and z~ are the anion and cati- 
on valences, respectively, and G~ and p<~ are the ionic number den- 
sities. 

The electric double-layer repulsion is sraall at tfigh salt concen- 
tration due to the screening effect. 

The ata'active Hamaker dispersion interaction is given by Ha- 
maker", Vel~vey and Overbeek [1948]: 

W~,~<r)=-HV~+ ~ + 2 1 n ( 1 - ~ ]  fo r r>o  +2Ar (3) 
OLr r G r~)] 

where H is the effective Hamaker constant for the protein-protein 
interaction. Hamaker constants depend on the composition and the 
density of the protein [Isrelachvlili, 1985], and on the chemical na- 
ture of the solute [Nh; 1976]. 

In general, since most proteins have similar densities and com- 
positions, they have similar Hamaker constants. 

In concentrated electrolyte solutions, ions occupy a significant 
fi-action of the total solution vohnne. Protein molecules are so close 
together that ions are excluded fion: region between the protein par- 
tides. It causes an imbalance in the local osmotic pressure exerted 
by the ions on the proteins. The osmotic pressure difference is ap- 
proximated by the ideal osraotic pressure of the bulk solution [ H,~ 
9,kJ].  The resulting potential between the proteins, expressed sim- 
ply by, 

zl ~ [ 31 r ~ ] 
W ........ (r) = ~Jz%~(p~kzT) 1 + for%<r<2%~ 

=0 forA2o~ (d) 

where p, is the total ionic number clensity, O~ (0~+0,o.)/2 and 0,,~ 

(G~<~+z~t~,)/(z~+z~,) is a valence-weighted ion diameter; here 
the absolute values of  the valences are used. 

The specific interaction can be represented by a site-specific 
square-well poterlial [Kuehner et al., 1996, 1997]. This interaction 
includes ide:mty and hydiophobidty of surface amino acid rest- 
clues, surface roughness, etc. 
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Fig. 1. Contribution to the total potential of mean force as a func- 
tion of r/G, in the case of I=0.01 M (a~ and I=5 M Co): I-I] 
I~T=7, %/1~T---2, 8=3 A., ~ = 6 . 9 4 A . ,  pH=4, ~ = 3 4 3  ~, 
Ar=0.08 3~. 

~o~(r)=-% for %<r<(%+6) 
=0 for r> (~+ 6) (5) 

where Gp and 8 are model parameters. For example, for hydropho- 
bic interactions between proteins, %/kT r-5 provides a reasonable 
upper bound [Tanford, 1980]. 

Fig. 1 shows a representative overall protein-protein perturba- 
tion potential of mean force, when a) the ionic sb-ength is 0.01 M, 
b) the electric repulsive potential is significantly larger than that of 
the ionic strength = 5 M. It means that at high ionic strength, the elec- 
tric double-layer potential is negligible. 
2. Equat ion  of  State 

Pem:rbation theory is a method, based on statistical mechanics, 
for predicting thermodynamic properties of the system. In pertur- 
bation theory, an assembly of hard spheres is used as the reference 
systenL while the remaining interactions are treated as perturba- 
tions; 

pkzT ~,pk~T),~: kpk~T)p~,~ kpkzT),~o 2kzT 

where p is the density of protein molecules, P is the pressure, alpA 
is the average degree of pre-aggregation, and U is the perturbation 
energy per unit density, given by, 

U 4~IWpp(r)I~ dr (7) 
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where W~p(r) is the sum of the potentials-of-niean-force. 
The reference system is given by the modified Chiew's equation 

[Chiew, 1990; Song et al., 1994]: 

1 ,~ (1 - r l )  ~ ~ - 1 (8) 

1 n _ 1 - 1  _ 
P 

1 (9) 
(1 -q)~ ~(1 -1])~ ] 2k~T 

The general equaticn for calculating the Hehi~ioltz energy from a 
pressure-explicit equation of state [Pmusnit7~ 1986] is 

A(T,V) =AO(T) +~(p Nk~T k~T ---Q--)dV +k~TN l n ( N ~ ) ( 1 0 )  
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Fig. 2. Effect of ionic strength on protein parUtioning: H/I~T=7, 
~dl~T=2, 8=3 A, 0~,=6.94 A., pH=4, ff,=343 A, Ar=0.08 A, 

A A ~ 
Nc%AkBT Nc%,kBT 

+[;~o**(.  P 1 ~d(pmp.~) +ln(pmu.kBT) ( 1 1 )  
J0 \po)eAkeT m_e,J po)?, 

The chemical potential is 

OA 
g = (}--N)r, ~ (12) 

a l i a  

kBT keT-ke----T \kBT)~ z \kBTJpo,,=8me*q4(1 1]) ~ 

+zlc%~q ~ 5 -3q .+(c%,  1)1n(1 1]) (c%, 1 ) 5  4 q  
4(1 q)" 4(1 1]) 

(c%~ 1) 2q~ 6q:+5q +lnp+l e ) ~ p U  (13) 
2(1 1]) ~ kzT 

where q is the packing fraction. ~o~ represents the average degree 
of self-aggregation, p is the total protein number density, and energy 
per unit density U given by Eq. (7). 

At equilibrium, protein concentrations in the supematmit and 
&me-fluid phases are calculated from Eqs. (8) and (12) based on 
the classical equilibrium conditions: 

A~x'=A~x ~ (14) 

P~=P' (15) 

where superscripts "s" and "d" denote the supelllatailt and dense 
phases, respectively. 

RESULT AND DISCUSSION 

For the precipitaticn of a single protein in an aqueous salt sol- 
ution, we exaniine the effect of protein size in phase-separaticn sys- 
tems. The partition coefficient, K, of the protein system can be ob- 
ta red  from the equilibrium conditions mid is given by the ratio of 
the equilibrium number density of protein in the dense phase to that 
in the supematant phase [K = pe/p, =rle/rl, ]. 

Fig. 2 shows the predicted partition coefficient K plotted as a 
fimction of ionic strength for systems with H/k J = 7 ,  G j k J = 2 ,  8 = 
3 ~, G,o~=6.94 ~, pH=4, %=34.3 A, kl-=-0.08 ~, for various values 
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Fig. 3. Effect of protein diameter on parlilioning: I-FI~T=7, ~ /  
ksT---2, ~=3 ~,  o~=6.94 ~,  pH=4, 9=34.3 N, At=0.08 ~L 

of c%. The partition coefficient, K, increases exponeiNally with 
the ionic strengttl Tt~ @eli&lice is colrmic~fly observed feature 
in salting-out not only for proteins but also for other organic sub- 
stmices mid dissolved gases [Dixon et al., 1943]. The exponential 
form has been used extensively in con-elating protein saltiig-out 
data [Shth et al., 1992; Coen et al., 1995; Cohn et al., 1943]. 

hi the salne aqueous solution, large solute molecules imrtition 
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Fig, 4. Effect of ion diameter on parl~ioni~g: I-I/I~T=7, ~I~T= 
1.5, 8 = 3  A, o~,=6.94 A, pH=4, ff,=34.3 A, Ar=0.08 A. 
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more strongly than those of small molecules [Albertsson, 1986]. 
Fig. 3, K plotted as a function of file protein diameter, shows that 
the lmrtition coefficient increases strongly with the size of the pro- 
tein; large pal~cles separate more efficiently. 

Fig. 4, computed partition coefficient, shows a strong depend- 
ence on the mean ion diameter, ~,. For large mean ion diameter, 
file effective length scale for osmotic a!traction increases due to a 
large region between proteins for ion exclusion. At high ionic 
strength, the osmotic pressure is sufficielNy large so that the osmot- 
ic attraction tenn produces a~-action strong enough to yield very 
high partition coefficients. 

Coen et al. [1995] have conducted precipitation experiments for 
two small globular proteins, hen-egg-white lysozyme and 0t-chymo- 
trypsin in solntions of ammonium sulfate at various ionic strengths 
and pH. Fig. 5 shows expemnental and calculated values of Cp,~,, - 
the equilidurn protein concen1iation in the supematant phase - and 
K as a function of ionic strength for the hen-egg-white lysozyme 
(at pH 4). Fig. 6 represents the c~-ch]anotrypsin data (atpH 8.3) for 
C~,,~ and K as a filnction of ionic strength In those calculation, 
Hanlaker constant and tile value of, A,; tile tilickness of the hy&-a- 
tion/stem layer were 8.9 and 0.8, respectively. These values are co- 
incident with values reported by Kuhner et al. [1997], who indi- 
cated ti~at Hatnaker constant depends on the value of tile titickness 
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Fig. 5. Experimental and correlated values of C ~  (a) and K (b) 
in the case of hen-egg-wlflte lysozyme in ammonium sul- 
fate at pH 4: HlkaT =8.9, Ar=0.8 &, %/kaT=3.7, 5=4 &, ~ . =  
6.94 A, ~=343 A, fopa=l.4. Dark squares are experimental 
data from Coen et aL and the solid lines are calculated val- 
ues using the proposed model.  
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Fig. 6. Experimental and correlated values of Cp,~,  (a) and K (b) 
in the ease of c~-ehymolrypsin in anmloninm sulfate at pH 
8.3: I-I]kaT=8.9, At=0.8 A,, fm/kaT=3.3, 6=3 A,, O~=6.94 A,, 
ff9=43.3 A,, f0pa=125. Dark squares are experimental data 
fn)m Coen et at and the solid lines are calculated values 
using the proposed m o d e l  

of the hydration/stem layeE As shown in Fig. 5, calculated equilib- 
rium coefficient mid supematant concentration are in qualitative 
agreement with experimental results of hen-egg-white lysozyme 
for 03~=1.4, spA/kJ=3.7 and 5=4 ~. If  the value of 03pA= 1.4 is con- 
sidered, 40% of lysozylne is txe-aggregated before die partition is 
processed In Fig. 6, our proposed model also agrees VelT well with 
c(-chylnottypsin ~xpelimental data for c% 1.25, epA/ksT 3.3 and 
8=3A. Considering 0a~=1.25, it implies that 25% of the 0t-chy- 
mollypsin is pre-aggregated before the partition process. Compar- 
ing m~ values for two model proteins presented in tiffs study in- 
dicates that the effect of the specific interaction is more strong in 
lysozyme solution than in o~-chymotrypsin solutiort 

C O N C L U S I O N  

We proposed an approximate equation-of-state model for the salt- 
induced protein precipitation based on effective potentials of mean 
force. Thennodyuanlic properties of the system are developed us- 
ing a statistical medlanical perturbation theory and the reference 
tenn is derived fionl modified Chiew's equatic~l. Model calcula- 
tions indicate that the electrolyte concentration plays a prinlary role 
in affecting phase selmmtion; the protein partition coefficient. K, 
increases exponentiaffy with the ionic strengtil Paxtitioning is also 
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strongly dependent on the protein and ion diameters. Ftrthennore, 
our theoretical calculation results show that the pre-aggregafion ef- 
fect of protein plays an importait role in the precipitation of pro- 
reins. Calculated equilibfitan supe1~latazit concentration and parti- 
tion coefficient are in qualitative agreement with experimental re- 
sults for both hen-egg-white lysozyme aid  g-chymobTpsin in sol- 
utions of ammoninm sulfate when the effect of the pre-aggregation 
is considered. 
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