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Abstract

A molecular—thermodynamic model is developed to describe salt-induced protein precipitation. The protein—protein
interaction goes through the potential of mean force. An equation of state is derived based on the generalized van
der Waals partition function. The attractive term including the potential of mean force is perturbed by the statistical
mechanical perturbation theory. The precipitation behaviors are studied by calculating the partition coefficient with
various conditions such as the ionic strength and the shape of protein. Our results show that the protein shape plays
a significant role in the protein precipitation behavior.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction techniques. These experimental results suggest that
the protein salting-out may be considered a liquid—
In the early days of protein chemistry, the only liquid phase separation resulting in a supernatant
practical way of separating different types of pro- fluid phase with a dense precipitate fluid phase.
tein was by causing part of a mixture to precipitate For instance, from Shih et al.’s experimelg],
through alteration of some property of the solvent. the solid phase has both solid- and fluid-like
Precipitation is the simplest and the oldest practical behavior and definitely has no long-range order
way to separate different proteins from a solution characteristic of protein crystals. In fact, it is now
mixture. Separation is achieved through the addi- accepted that the dense phase is actually a dense
tion of precipitation agents such as inorganic salts, fluid phase. Consequently, most theories for phase
non-ionic polymers, polyelectrolytes and organic equilibrium use the same model for the supernatant
solvents[1-4]. fluid and the dense precipitate fluid phases. The
Many research groups have studied the protein degree of separation is characterized by the parti-
precipitation behavior with various experimental tjon coefficient, K., which is defined as the ratio

—_— _ of the protein concentration in the dense phase to
*Corresponding author. Tel#82-2-2290-0529; fax+82-

2-2296-6280; website: htth/www.inchem.hanyang.ac Kab/ that_in the supernatant phgse. Recent theor?tical
mtl. studies[5-19 have been directed at developing
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diverse interactions between the constituents in the three-body and higher interactions become impor-
protein solution on a molecular level. For example, tant at protein concentrations higher than those of
Mahadevan and Hall5,6] present a model, based reported here.

on Baker—Henderson perturbation theory, for the  Kuehner et al.[10] proposed a sum of four
protein precipitation by the non-ionic polymer. potentials of mean force to describe to the overall
Vlachy et al.[7] describe a model for a liquid— perturbation potential of mean forcelW,,(r),
liquid phase separation for solutions of colloids between two different protein molecules;

and globular proteins, based on the random-phase

approximation. However, most recent theoretical y, () =W cied?)

studies are concerned with aqueous solutions

where the electrolyte concentration is less than 0.1 T Waisd ) + W osmorir) + W speciier) - (1)
molar. Experimental studies clearly show that the ) )
protein precipitation by salts requires an electrolyte Wherer is the center-to-center separatiofeedr)
concentration in the range 1-10 molar. Most of IS the electric double-layer-repulsion potential,

authors treat the protein molecules as a large Wdis(r). is the diSpersion potential/ gemoid 7) is @an
spherical form charged poly-ions. attractive interaction due to the excluded-volume

In this study, we present a molecular—thermo- effect of the salt ions and is essential to describe
dynamic framework for the protein precipitation Phase transitions induced by a non-adsorbing poly-
behavior by highly concentrated inorganic salt. Mer [5,6], however, it may also be important at
Equation of state is the sum of a hard-sphere higher concentrations of simple salt$15].
reference contribution and a perturbation. The Wepeciidr) iS an attractive potential between pro-
reference term is derived based on the Carnahan—t€ins included to represent any specific chemical
Starling expressiorf13] and the simple van der effects such as hydrpphoblc interactions. Details
Waals-type term is used for the perturbation to are shown in Appendix A. _
describe the effect of protein shape, i.e. the degree  Fig- 1 shows a representative overall protein—
of deviation from the sphericity. We also discuss Protein perturbation potential of mean force. For
the protein—protein effective two-body potentials. /=0.2 M (Fig. 18, The Coulombic repulsion
These include potentials that are given by the Shows positive, while that of=8.0 M (Fig. 1b)
DLVO theory [14] in additon to an osmotic IS near zero. It means that at higher ionic strength,
attraction term to account for the excluded volume the electric double-layer potential is negligible due
effect of salt and also a square-well potential that 0 the strong dielectric screening of Coulombic
accounts for all extra forces such as hydrogen repulsion. The osmotic attraction acts as a short-

bonding forces or possible hydrophobic forces. ~ fange attraction, which is approximated by a sol-
vent diameter. The total potential 8.0 M is

2. Theoretical consideration more attractive than that é&=0.2 M. This explains
that higher ionic strength produces attraction strong

For the single-protein, the equilibrium model enough to yield higher partition coefficients.
treats the aqueous protein solutigprotein, ions

and wateJ as a system of proteins in a continuum
pseudosolvenfwater and ionk In this case, we
assume that the protein—protein interaction plays
the primary role in affecting phase separation.
Therefore, salt—salt and salt—protein interaction
are not treated explicitly.

2.2. Equation of state

For an aqueous protein solution, we employ a
statistical thermodynamic model based on the same
fundamental ideas that is the generalized van der
Waals partition function. The partition functiap
depends on temperatuf® system volumeV and
number of protein moleculed. The generalized

Protein interactions can be described quantita- van der Waals partition functiofil6] for a hard
tively by a two-body potential of mean force; sphere fluid is given:

2.1. The potential of mean force
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Fig. 1. The contributions to the total potential of mean force as a functiorie@f for /=0.2 M (a) and/=8 M (b).

arvon= () (4 ol 52
(2

where A is the de Broglie wavelength and the free
volume V; is the volume available to the center of

mass of a moleculeE, is the intermolecular

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 freedony, ,, is a unit(=1) for a perfect
sphere molecule. For large moleculgs, depends

significantly on density, when the molecules devi-

ate from the spherical shape. Donohldd] pro-
posed the expression gf,.

o fiod- )

where 3 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 replageby 7, to take

into account the effect of protein shape in the

partition function,Q. It is assumed that, affects
to the potential of mean force angl,, simultane-

ously. Eq.(2) is replaced by:

LV YWV (=B
ATV-N) =1 (ﬂ [VJ {ex'{ZkB;H
— N(Tps— 1)
X[Eexp{ _EOD
74 2ksT
(VY (Vig] =B ||
_N!{AJ (Vex ZkBTD @

where Ey,=rT1,§, Wwhich is the intermolecular
potential energy of a non-spherical protein due to
the attractive forces from all other proteins. Inter-
acting types of protein molecules affect the inter-
molecular potential energy between non-spherical
proteins. The fact is found in literatufd 8] that
the interacting types between non-spherical mole-
cules affect the intermolecular potential energies.
The interacting types are depicted in Fig. 2. There-
fore, 7,5 reflects the rotational and vibrational
contributions per a protein molecule that are affect-
ed by the presence of non-spherical proteins. In
this work, we assume that the difference between
E, and E, originated from non-sphericality is
mainly due to the additional volume of a non-
spherical molecule.
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where v represents the volume of a protein mole-
cule and subscript ‘non’, ‘sph’ and ‘add’ stand for

(YL

non-spherical, spherical and additional, respective- ‘ AT
ly. 7o is defined by the geometric mean of the N o AN
ratio of oy, to o A s i H
z s : :
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wheren=3 due to the experimental accessibility

[19,20 and simplicity. x, y and z are three- X
directional axes, which are shown in Fig. 3 and
o, is i-directional crytstallographic unhydrated
diameter. The larger value of,; means that the
each directional protein diameter deviates more
from the unhydrated hard sphere diameter. When
Tps=1, i.e. a perfect hard spherg,reduces to the

Fig. 3. The three-directional axes for the shape factor of a
protein molecule.
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Fig. 2. The interacting type<€a) spherical molecules,b—d) non-spherical molecules.
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Fig. 4. (&) The three-dimensional shape of the hard prolate spherocylifg€rso,,/o,,)=2]. (b) The simulation data of com-
pressibility factors of hard prolate spherocylinders. The solid line is calculated by the proposed reference term. The dashed line is
calculated by the Carnahan-Starling reference term.

classical van der Waals-type perturbed-hard-sphereand U is the perturbation energy per unit density,
theory.

The equation of state is related: E
q =0 =4WJpr(r)r2dr (10)
alnQ P
P=kgT| — 7
? [ v ]T,N @

whereW,(r) is the sum of the potentials-of-mean-
Substituting Eq.(4) into Eq. (7) with V= force. We compare the proposed reference term
n(3n—4) with simulation datd21] of compressibility factors
o 1078

, Carnahan—Starling expression of hard prolate spherocylindefg=2). As shown

(1—m)* in Fig. 4a, 0,,=0,,=0, and 0,,=20,. In this
[13], yields: special case, we obtaim,.=1.26 from Eq.(6).
5 Fig. 4b shows that the proposed mo¢sblid line)
( i Jz Ted4N 7207 7pU @) gives the better agreement than that of Carnahan—
pkgT (1—m)° 2kgT Starling expressiofidashed ling.

The general equation for calculating the Helm-

wherep=(N/V) is the number density of protein holtz energy from a pressure-explicit equation of

moleculesp is the pressure. In E¢8), 7,5 which

results from the third term in Eq(4), corrects state[9)] is:

both the underestimated hard sphere contribution o . d

and attractive perturbation. Especially, the packing = + J' (P/kaBT—l)—p
fraction, n, is defined as follows: NkgT NksT Jo p

w

0 Tod4m— 3m? 2
mpo A pd4M—31°) pTpdJ

= + 11
6 NkgT (1—m)® keT 1D

M= MNsphT OM add=

x(l + S“ade=nsphT s (9 whereA%(T) is the Helmholtz energy at standard
Msph state.



528 B.H. Chang, Y.C. Bae / Biophysical Chemistry 104 (2003) 523533

3. Results and discussion

400 For the precipitation of a single protein in an

aqueous salt solution, we examine the effect of the
ionic strength, pH and the protein shape. The
partition coefficient,K,, of the aqueous protein
solution can be obtained from the equilibrium
conditions and is given by the ratio of the equilib-
rium number density of protein in the dense phase
to that in the supernatant phal€=py/ps= 14/
nd. For all calculations, the value af(pH) is
used from the published experimental dia,23.
For the hypothetical calculations shown in Figs.
5-8, model parameters are used to correspond to
a small globular protein taken to have properties
s 4 & : L similar to bovinea-chymotrypsin precipitating in
Tonic strength(M) ammonium sulfate. Waksman et &19] reported
that the protein structure change from the super-

Fig. 5. The effect of ionic strength on partitioning at various natant to dense phases is negligible by comparing

300

200 +

100 +

Tps Values. experimental results of X-ray crystallography and
nuclear magnetic resonanc€NMR) methods.
The chemical potential is: Therefore, we assume thajs of the supernatant

phase is the same as that of the dense phase.

Fig. 5 shows the predicted partition coefficient,

M=[8AJ (12 K., plotted as a function of ionic strength for
N Jrv systems with H/kgT=5, &5,/kel=2, §=3 A,

and substituting Eq(11) into Eq. (12) yields:
1000

Ap _p p® _ TedSnOn 3N
keT —keT kel (1—m)* 800+

2
U |
+Inp + ToP~ (13
kBT 600 —

At equilibrium, protein concentrations in the «°
supernatant and dense-fluid phases are calculated 400+
from Egs. (14) and (15) based on the classical

equilibrium conditions:
200

Aps=Ap* (14

Ps=Pd (15) 3 ' 4 ' 5 I 6 l 7 I 8
H/KT

where superscripts ‘s’ and ‘d’ d?nOte the superna- Fig. 6. The effect of the effective Harmaker constant on par-
tant and dense phases, respectively. titioning at variousr, values.
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Fig. 7. The effect ofey,/ksl’ On partitioning at variousr s
values.

Tion=3.5 A, pH=8.25, 7,=34.3 A, Ar=0.08 A
for various values ofr,. K. increases exponen-
tially with the ionic strength and is very sensitive
to the small change of,s In Fig. 6, K is plotted
as a function of the effective Hamaker constant at
I=7.0 for various values of,. The results show
that the partition coefficient depends very strongly
on the value ofH/kgT. In Figs. 7 and 8, the
computed partition coefficient shows relatively
weak dependence oms,/kgl’ and 6. K. also
increases significantly with the small change of
Tps

pCoen et al.[8] have conducted precipitation
experiments for two small globular proteins, hen-
egg-white lysozyme and bovine-chymotrypsin,
in solutions of ammonium sulfate at various ionic
strengths and pH. Figs. 9 and 10 show the two-
dimensional structures of bovine-chymotrypsin
and hen-egg-white lysozyni@0], respectively. As
shown in these figures, the shapes of two proteins
deviate significantly from the spherical type,s=

1). Based on the simulated structure, we could
calculate 7,5 of hen-egg-white lysozyme r,=
1.62, Fig. 10 and of bovine a-chymotrypsin
(1ps=1.22, Fig. 9 from Eq.(6). Fig. 11a,b shows
experimental and calculated values Kt as a
function of ionic strength fora-chymotrypsin at

529

pH=5.5 and 8.3, respectively. The solid line in
Fig. 11a is calculated with,s=1.22 that is deter-
mined from the simulated structure shown in Fig.
9. From these calculations,s has the larger value
at lower pH and highef. It means that the shape
of protein depends strongly on the solvent condi-
tions such as ionic strength, pH, etc. As the ionic
strength increases and pH decreases, the salts and
acids added in the solution makes the protein
molecules more denatured or de-folded. It results
in the value ofr,increases. The model parameters
are H/ksgT=4, &s/kegT=0.5, 6=3 A, Tion=3.5

A, 0,=43.4 A andAr=0.08 A, respectively. The
small value ofH/kgT is chosen to minimize the
effect of H/kgT on protein precipitation.

Fig. 12 represents the hen-egg-white lysozyme
precipitation data in ammonium sulfate solution at
pH=4.0 (Fig. 1239 and 8.0(Fig. 12b for K, as a
function of ionic strength. Solid line in Fig. 12a
representX, values atr,=1.62 that is calculated
from the simulated structure shown in Fig. 10. As
shown in these figuresy,s is the characteristic
function of pH and/ implicating the nature of
each protein molecule. As expected, these calcu-
lation results show that the values efs of a-
chymotrypsin are smaller than those of
hen-egg-white lysozyme. The model parameters
are H/kgT=4, &5,/ksgl=1.0, 6=3 A, Tion=3.5

400
350
300 |
250 -
x’ 1
200 -

150

100

5.0
dA

Fig. 8. The effect of6 on partitioning at various,s values.
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Dim[A]x49.23/y67.39/265.99

Fig. 9. The two-directional structures of anchymotrypsin molecule. The circle is not exact size but a conceptualgxe43.4
is suggested by Kuehner et §12].

A, 0,=34.3 A and Ar=0.08 A, respectively. In the comparison calculated values with exper-
Larger esp/kgl’ value than that ofr-chymotrypsin imental datak, could be determined by the other
is used as suggested by Kuehner et{&l]. parameters, for instancéf/ksT, &sp/kel’ and é.

Dim[A]x37.21/y77.05/277.05.

Fig. 10. The two-directional structures of a hen-egg-white lysozyme molecule. The circle is not exact size but a conceptual one.
0,=34.3 is suggested by Coen et {].
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Fig. 11. The partition coefficientk, of a-chymotrypsin in ammonium sulfate solution at 3.5 (a) and pH=8.3 (b). The dark

circles are experimental data and the lines are calculations.

However, it is well known thatd/kgT does not

depend on pH and It depends on the composition

of H/ksT for proteins. It is because, in their
calculations, the excluded-volume contribution is

and density of the protein and the chemical nature underestimated due to assuming that a protein
of the solute[18]. Therefore, most proteins have molecule is a perfectly equivalent sphd&?]. In

the similar values o /kgT [11,18,24; neverthe-
less, many researchers reported the different valuesfor a-chymotrypsin and hen-egg-white lysozyme.
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Fig. 12. The partition coefficientk, of hen-egg-white lysozyme in ammonium sulfate solution at53H0 (a) and pH=8.0 (b).
The dark circles are experimental data and the lines are calculations.
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It is reasonable because the underestimated exclud- 4 3 /3
ed volume contribution is corrected by introducing W osmotid?) = — §W03p£p k J){l -+ J

the protein shape factors,s In addition, the
dependence ok,/kgl’ and 6 on K. is not more

significant than that ofr,s as shown in Figs. 7 and
8. Consequentlyr,s plays as a significant factor

in the protein precipitation process.

4, Conclusion

(02
We proposed an approximate equation-of-state

B.H. Chang, Y.C. Bae / Biophysical Chemistry 104 (2003) 523533

model for the salt-induced protein precipitation Wepeciid?) = — £p fOr 0 Kr<(c g+3d)

with the reference term derived from the Carna-
han-Starling expression and the perturbation term W,eind7)=0 for r>(o ,+3)
based on effective potentials of mean force. Espe-

cially, the effect of protein shapes,, deviated

4ops 16073
for ops
<r<2o0ps
Wosmotidr) =0 for r>20 s (A5)
Ops= (0 pt 0 ion/2 (A6)
ion— (Zano' caft Zcuto-an)/(zcat + Zan) (A7)
(A8)

r

from sphericity is seriously considered. Calculation z,

results show that at the lower pH and higligthe

e

structure of protein deviates more from the sphe- 4meo

ricity so that it gives the higher probability of
protein denature or de-folding. The partition coef-
ficient, K, increases significantly with the small

change ofr,
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Appendix A: The overall potentials

(z2¢)’exd —k(r—op)]

Welec(r) =

4 goer(1+K0y/2)?
for r
>(0p+2Ar) (A1)
k2= (2e°N,l)/(kel s o¢) (A2)
I= (Zgrﬁ' ant chaﬁ' 031/2 (A3)

q

Hlop of b
Wdisp(r):_ﬁ F+T0_g+2|n 1— 2
for r>op,

+2Ar (A4)

Jp
:
Ar

K
N,
1

the center to center separation

the valence of the protein

the unit of electron charge

the dielectric permittivity of free space
the unhydrated hard-sphere diameter
the relative dielectric permittivity of water
the effective-sphere hydratigstern layer
the inverse of the Debye length
Avogadro’s number

the ionic strength of the salt

Zam Zcat the anion and cation valences
Cam Ccar the ionic molar concentrations

H

Ps
Egp O

the effective Hamaker constant for the protein-protein
interaction

the total ionic number density

model parameters
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