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Protein-Protein Interactions in Aqueous Ammonium Sulfate Solutions.
Lysozyme and Bovine Serum Albumin (BSA)

Y. U. Moonl, R. A. Curtisl, H. W. Blanch® and J. M Prausnitz?

University of California, Berkeley, CA 94720

Abstract

Osmotic pressures have.been measured to determine lysozyme-lysozyme, BSA-BSA,
and lysosyme-BSA interactions for protein concentrations to 100 g/L in an aqueous
solution of ammonium sulfate at ambient temperature, as a function of ionic strerigth and
pH. Osmotic second virial coefficients for lysozyfne, for BSA, and for a mixture of BSA-
and lysozyme were calculated from the osmoﬁc-pressure data for protein concentrations
to 40 g/L. The osmotic second virial coefficient of lysozyme is slightly negative and
becomes more negative with rising ionic strength and pH. The osmotic second virial
coefficient for BSA is slightly positive, increasing with ionic strength and pH. The
osmotic second virial cross coefficient of the mixture lies between the coefficients for
lysozyme and BSA indicafing that the attractive forces for a lysozyme-BSA pair are
intermediate between those for the lysozyme-lysozyme and BSA-BSA pairs. For protein
concentrations less than 100 g/L, experimental osmotic-pressure data are compared with
rvesultsvcalculated from three models: a truncated virial equation of state, the random-
phase approximation with the Carnahan-Starling equation of state, and an adhesive hard-

sphere (AHS) model. The AHS model provides the best fit for the osmotic-pressure data.

! Chemical Engineering Department.

2 Chemical Sciences Division, Lawrence Berkeley National Laboratory.
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Introduction

Salt-induced protein precipitation is commonly used as an initial step to purify
aqueous proteins because of its selectivity and low cost (Rothstein, 1994; Becker, 1995).
However, protein solubility is not well understood, and selecting optimum conditions to -
precipitate a target protein is difficult because solubility 'is governed by many factors
including pH, surface hydrophobicity, surféc;e charge distribution, size, salt type, and salt
. concentration (see, for example, Chiew et-al., 1995). Understanding how these factors
affect the solubility of a particular protein is required for developing a thermodynamic
framework that can predict protein solubility in a complex aqueous mixture containing
salt and biomacromolecules. The essential requirement is to determine the protein-protein
‘interactions that govern protein solubility. In this work, we report osmotic pressures for
aqueous lysozyme, for aqueous bovine serium albumin (BSA) and for an aqueous

mixture of lysozyme and BSA. The'aqueous solutions also contain ammonium sulfate.

Protein-Protein Interactions

The importance of protein-protein interactions in protein crystallization has been
demonstrated by George and Wilson (1994) who proposed that a crystallization
"window" exists. for the protein-protein osmotic second virial coefficient, Bj,, that
provides a direct measure of the protein-protein pair potential. As a necessary but not
sufficient condition for protein crystallization, By, should be in the region -2 x 10 and -8
x 10 mol-m]/gz.v For B, more positive than -2 x 10™ mol-ml/g?, the protein-protein

attraction is usually not sufficiently strong to form stable protein crystals. For solutions



where B,; is more negative than -8 x 10* mol-ml/g?, amorphous precipitation is likely.to
occur becausé protéin-protein attractions are so strong that the protein molecules do not
have adequate time to orient themselves to form crystals before forming an amorphous
agglomerate.

B.zz is related to the potential of mean force, Wa,, defined such that its negative
derivative with respect to distance is the force between two solute molecules at infinite
dilution, averaged over all configurations of the solvent molecules (McMillan and Mayer,
1945). For globular proteins, W, can be expressed by the sum of the following potgntials
(Coen et al, 1995; Curtis et al, 1998):

Wia(r) = Whs(r) + Wetee(r) + Waisp(r) + Wogmoric(r) (D
where r is the center-to-center distance; Whg(r) is the protein hard-sphere (excluded-
Volurﬁe) potential; Wejec(r) is the electric double-layer repulsion potential; Wisy(r) is the
diépersion potential of Hamaker; and Wgmeric(r) is an osmotic-depletion interaction
(Asakura and Oosawa, 1958) due té the excluded-volume effect of the salt ions. The first
three terms, Wi(r), Weec(r), and Wiaisp(r), are described by Derjaguin-Landau-Verwey-
Overbeek (DLVO) theory (Verwey and Overbeek, 1948) where proteins are modeled as
hard spheres with uniform surface charge immersed in a continuous dielectric medium
containing point charges representing salt ions. Osmotic pressures for profeins at low salt
concentrations may be predicted by the DLVO model (Coen et al., 1995; Vilker et al.,
1981). However, at higher salt concentrations, the excluded volume of the salt ions may
be important. A possible potential for this interaction is the osmotic-attraction potential of

Asakura and Oosawa (1958), W osmotic(T)-



Wosmotic(r) is an example of a solvation force. Solvatién forces follow from indirect
interactions that result from averaging over the positions of the solvent ﬁlolecules. If the
solvent structure adjacent to the protein surface is perturbed, than the free energy
associated with the overlap of the perturbed layers is related to the soivation potenﬁal of
mean force (Israelachvili, 1992). Other significant solvation forces occur between the
hydrophilic surface groups of the protein molecules. These forces are called hydration
forces and are believed to be repulsive because a positive free energy is required to
remove tightly bound water. These interabtions are poorly understood because they are
related to the structured water adjacent to the protein surface; that structure is not well
- known due to the extensive hydrogen-bonding network of water. In concentrated
electrolyte solutions, the water structure is different from that of pure water, and we
expect that the hydration forces between proteins are significantly altered. In addition to
hydration forces, éftractive hydrophobic interactions may occur between the apolar

surface groups of proteins.

The Truncated Virial Equation of State

Protein-protein interactions in solution can be measured by a variety of techniques
including membrane osmometry (Vilker et ai., 1981), sedimentation, and static laser;light
scattering. All of these techniques yield a protein-protein osmotic second virial
coefficient (B’;), that can be related to the protein-protein pair potential of mean force.

From McMillan-Méygr (1945) solution theory, the osmotic pressure of a protein

solution, I1, can be related to protein number density p, by

% =p, +B’5 p3 + higher order terms 2)



The osmotic second virial coefficient, B, is related to the pair potential of mean

force W,:

B’y = _% [le™™=KT —144nr 2ar ()
0
where k is Boltzmann’s constant, T is the absolute temperature and r is the center-to-

center distance between two protein molecules. Equation (2) can be converted into an

expansion in protein mass concentration, ¢z (g/L), with the relation, p,=c;Na/M, giving

I1 1 . :
+B,,¢, + higher order terms 4
RT M, TB22 g 4)

where R is the universal gas constant, M, is the protein molecular weight, and N, is
Avogadro’s number. As c¢; approaches zero, equation (4) reduced to the vant Hoff

equation. Second virial coefficients By, and B’»; are related by

. B’
Bzz = 22 NA (5)

M2

When B,; is positive, the net interaction between protein molecules is repulsive; when
B,; is negative, the net interaction between protein molecules is attractive.

.In this work, osmotic-pressure measurements were made for single-protein solutions
to determine the osmotic second virial coefficient for lysozyme-lysozyme interactions,
B2, and for BSA-BSA interactions, B33. From osmotic-pressure measurements for a
mixture of lysozyme and BSA, the osmotic second virial cross coefficient, By;, was
calculated using the truncated virial equation of state for the mixture (Kurata, 1982):

I ¢4y ¢
2 _f 9

—= +B,,c2 +B e +2B,qcoc 6
RT M, My P22 ¥ B 23€2€3 (6)

where ¢; and ¢3 are mass concentrations (g/L) of lysozyme and BSA, respectively.



Mass concentrations are converted to solvent-free weight fractions for calculating B3,
where the weight fractions are given by w, =c, /ey and w3 =c3/cy . Here ¢y is the total

protein concentration (g/L) of the mixture. With these substitutions, equation (6) can be

rewritten

I1 1 2 2
=—+(ByyW5 +B2aw3 +2B,3w,w;)c 7
ogRT M. (Byaw3 +B3yw3 23WaW3)eT @)

%

The osmotic second virial cross coefficient B, is obtained from the slope of a plot of
I1/¢.RT versus e at constant wz and ws using the experimental values of B2z, B33z, My,

and M. The intercept of this plot gives the number averagé molecular weight, M, .

Random Phase Approximation (RPA) Model

The truncated virial equation of state is exact in the limit of dilute solutions. However,
for protein concentrations greater than about 20 — 40 g/L, we expect significant higher-
order terms in the virial equation of state. Instead of using higher-order terms in the
expansion, we may use a simpler equation of state called the Random Phase
Approximation. It has been used previously to model phase transitions and structure
factors of colloidal solutions, and to describe phase separation of proteins due to addition
of polymers or salt (Grimson, 1983; Vlachy et al., 1993). In the RPA model, an assembly
of hard spheres is used as the reference system, while the remaining spherically-
symmetric interactions provide perturbations. The RPA equation of state is written as a

sum of reference and perturbation terms; compressibility factor Z is given by

7= I _(1 v pU ®)
pkT | pkT | . 2kT




where p is the total protein number density and U is the perturbation energy per unit
density.
For a single-protein system containing protein i

U; =4n j W® (r)r2dr 9)

where Wi(ip) (r) is the sum of the perturbation terms of the potential of mean force

between two protein molecules i. For a system containing two or more proteins, the

perturbation coefficient (Uy,) is given by
Uy =41, Y x;x; [ WP @) %dr (10)
i ’
where x; =p;/p . Here, b: Zpi . Wé‘;) is the sum of perturbation terms of the potential
i
of mean force for the cross interaction 2-3.
The equation of state for the reference system of hard spheres is given by the .
Carnahan-Starling (Carnahan et al., 1969) equlation. For the single-protein system, the

reference term is:

i =M ' (11)
ka ref (1—11)3

where n is the packing fraction given by
T]=(7tp/6)0'3 (12)
where o is the hard—spherc diameter of a protein molecule. For the multi-protein system,

the reference system is given by the Boublik-Mansoori-Carnahan-Starling equation

(Mansoori et al, 1971):

3 -—
[—P_] e e e e (13)
PKT Jor |1-Q3 Qp(1-Q3)% Qo(1-Q3)




where Q, is given by

Qx =(n/6)Y piok (14)

where the sum is over all protein species i. In Eq (14), k=0, 1, 2, 3.

Adhesive Hard-Sphere (AHS) Model

Recent studiéS have shown that a hard-sphefe repulsion and a short-range attraction in
the form of Baxter’s adhesive hard-sphere potential (1968) can describe protein-protein
interactions. The advantage of this potential is that only one parameter is needed to
describe the characteristic decay length and the magnitude of the attractive interaction.
The adhesive potential is a uniform square well taken in the limit of zero Well width and
infinite depth while holding the area constant. The adhesive hard-sphere (AHS) potential

I'(r) (Baxter, 1968) is given by

+;°‘ 0<r<022
1 12t55(ay -G O, <r<a
Lr,r)=In 22(a -0x) Oz 2 (15)
kT axn
0 Ay <T

where r is the center-to-center distanée between the particles, o is the protein diameter, a
is the range of protein interaction, k is Boltzmann’s constant and T is absolute
temperature. The potential is taken in the limit as a — ¢ with ¢ and ¢ held fixed. ' is a
measure of the attractive interaction and sets the ratio of the interaction strength to the

thermal energy. Substitution of equation (15) into equation (3) for the second virial

coefficient B, yields

R, 2 .
B, =§nc§2(1—2/3122) (16)



For an assembly of spheres interacting with the adhesive hard-sphere potential, an
expression for the correlation function has been obtained in the Percus-Yevick
~approximation making it possible analytically to calculate the thermodynamic properties
of this syétem. For example, the adhesive hard-sphere potential model was used by
Piazzav (1999) to fit accurately the osmofic compressibility of lysozyme solutions over a
large concentration range (to 330 g/L) for a set of temperatures. Furthermore, Rosenbaum
et al., (1996) mapped the experimental solubility curve for lysozyme on the theoretical
phase diagram for the adhesive hard-sphere fluid by relating the adhesive parameter to
the measured osmotic sécond virial coefficient Bj, using equation (16).

| For the single-protein system, the compressibility equation of state gives the osmotic

pressure (Barboy, 1994):

"I 1+m+n? 18(2+1)-nA2
_1+m T; Y (2+n) 1; a17)

kTp  (1-m) 36(1-m) B

where m 1is packing fraction and paramater A is a dimensionless number that is a

function of packing fraction, diameter ¢ and energy parameter <.

For the single-protein system A is given by

x=6—1+m‘1—[(6—t+m‘1)2 —6(1+2n'1)]1/2 (18)
The first term on the right-hand side of equation (17) is the hard-sphere compressibility
factor and the second is due to adhesion; it disappears when t tends to infinity (A — 0).

Barboy and Tenne (1979) solved the Percus-Yevick approximation for a binary

mixture of different-sized, sticky hard spheres where the potentials are given by



+oo 0<l‘<6ij

12‘cij(aij —Gij) Gij <r< aj;

1
ﬁl",] (l’)=lll (19)

aij
0 ' aij <r

Here, oy is the mean protein diameter, v; is the adhesiveness parameter for the i-j

ij
interaction, and the potential is taken in the limit a; — Gy . The equation of state for the
sticky hard-sphere mixture was obtained using any one of fouf routes: (1) the
compressibility equation, (2) the virial equation, (3) the energy equation, and (4) the zero-
separatioh theorem. The compressibility equation, the virial equation, and the energy
equation all lead to the same second and third virial coefficient due to adhesion. For

convenience, here we use the result obtained using the virial equation of state.

Experimentai
Materials

Hen-egg-white lysozyme was obtained from Boehringer. Mannheim GmbH
(Germany). Bovine Serum Albumin (BSA, Fract V, Cold Alcohol Precipitated, Biotech
Grade) and Ammonium Sulfate certified ACS were obtained from Fisher Scientific
Company (Fair Lawn, NJ ). A Barnstead-Nanopure water-purification system was used to
purify water in all experiments. Regenerated Cellulose membrane disks with a nominal
molecular weight cutoff of 10,000 dalton were obtained from Millipore Corporation
(Mérlborough, MA). Mémbranes were _soaked in deionized water overnight and soaked
in 0.9 % NaCl solution for three nights before use. A bulk lysozyme and a bulk BSA

solution with an approximate concentration of about 100 and 30 g/L, respectively, were
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prepared by dissolving the protein in 1.0 and 3.0 M ionic-strength ammonium sulfate
solutions. pH was adjusted using ammonium hydroxide- and sulfuric acid of the same
ionic strength as that of the protein solution. The pH meter is from Corning Incorporated
(Model pH 340, Series No.: C4668). |

To remove precipitates and bubbles, the lysozyme and BSA solution were filtered
using Sterile Millex-GS, 0.22 pum-filter units from Millipore Company (Bedford, MA).
The lysozyme and BSA solutions were diluted with the corresponding salt solution to
obtain seven 5-ml samples that range from 0 to 100 g/L for 1.0 M ionic strength and five
5-ml samples that range from O to 30 g/L for 3.0 M ionic strength. The concentrations of
lysozyme and BSA solutions were measured using a Beckman DU-6 Spectrophotometer
(Beckman Instruments Incorporation, Series No.: 4135285) at wavelengths 280 nm for
lysozyme and 278 nm for BSA.‘The measured extinction coefficients of lysozyme and
BSA were 2.43 L/g:cm and 0.66 L/g-ém for amr_nonium-sulfate solution. For the
conditions used here, the extinction coefficient does not depend on pH or-ionic strength.
The protein-mixture solution was made by making our stock solution of lysozyme and
another of BSA at concentrations from 0 to 100 g/L for 1.0 M ionic strength and from 0
to 30 g/L for 3.0 M ionic strength. To form a mixture, the two stock solutions (at the

same ionic strength) were mixed with a 1:1 volume ratio.

Membrane Osmometer

Osmotic-pressure measurements were made using a Wescor Colloid Osmometer
(model 4420, Logan, UT). Calibration of this instrument was carried out using a water

manometer made by Wescor Company (Logan, UT). The reference solution is placed into

-11 -



the lower cell while the upper céll contains the protein solution. Syringes are used to
inject about 10 ml salt solution through the reference chamber and 5 ml protein solution
through the sample chamber. These amounts of solution in both chamber ensure that

solutions from the previous measurement are completely flushed out.

Results

- We have measured osmotic pressures of lysozyme, of BSA and of their mixture at 25
°C in the protein concentration range from O to 100 and from 0 to 30 g/L for 1.0 and 3.0 |
M ionic-strength ammonium sulfate solutions at pH 4, 6, 7 and 8. Table 1 shows detailed -
osmotic-pressure dafa for lysozyme, for BSA and for the mixture.

Figure 1 shows typical data for osmotic pressures of lysozyme, of BSA and of their
mixture as a function of i)rotein concentration between 0 and 40 g/L. at pH 7.0in 1.0 M
ionic-strength ammonium-sulfate solution. The osmotic second virial coefficients for-
lysozyme and BSA are obtained from the slope of a plot of II/¢iRT versus ¢;, where i
stands for lysozyme, for BSA or for the mixture. For ¢; between 0 and 40 g/L, the slope is
constant. The inverse of the intercept is the molecular weight at infinite dilution.

Table 2 presents number-average molecular weights, osmotic second virial
coefficients (B2, B3z and Bs) and their standard deviations for lysozyme, for BSA and

for their mixture.

Truncated Virial Equation of State

To calculate the potential of mean force of equation (1) for the aqueous saline protein

solution, physicochemical properties of the protein are required. These properties include

-12-



molecular weight, protein charge (as a function of pH) and hydrodynamic radius, and the
charges and sizes of the salt ions. Table 2 shows the parameters required for calculating
osmotic second virial coefﬁcients.

Figure 2 shows experimental and calculated values of By, as a function of pH. The
osmotic second virial coefficient of lysozyme is slightly negative under all conditions
studied, indicating that the net interactions between aqueous lysozyme molecules are
attractive. The osmotic second virial coefficient becomes more negative as pH or ionic
strength rises. For calculating the potential of mean force for lysoiyme, the Hamaker
constant was set equal to 7.0 kT. Experimental values of B, are in reasonable agreement
with those calculated By, at 1.0 M ionic strength. However, the calculated values at 3.0 M ‘
ionic strength are more negative than those measu_r,ed. The effecf of ionic strength on the -
potential of mean force is includéd in the model through the osmotic-attraction potential,
‘which is a first approximation for the indirect effect of the excluded volume of the ions
on the effectiv¢ protein-protein interaction. In this potential, when the distance between
two protein surfaces is less than the mean salt diameter, the salt ions are squeezed out
from between two protein surfaces. This results in an attraction due to the difference in
~ osmotic pressure of the salt outside of the protein molecules versus that between the
‘protein molecules. In this highly approximate osmotic potential, the osmotic pressure of
the salt is given ‘by the ideal Van’t Hoff law and the excluded volume of the water
molecules is neglected although the size of the water molecule is similar to that of an ion.
Thus, accurate predictions of the potential of mean fo‘rce model are not expected because .
the osmotip attraction potential used heré gives an over-simplified description of protein-

protein attraction in a concentrated electrolyte solution.
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Figure 3 shows experimental and calculated values of B33 as a function of pH. The
osmotic second virial coefficient of BSA is positive for all experimental conditions,
indicating a net repulsion between aqueous BSA molecules. The osmotic second virial
coefficient increases with rising pH and falls slightly with rising ionic strength. For
‘calculating the potential of mean force for BSA, the Hamaker constant was set 'equa‘ll to
3.0 kT. The experimental data show that as pH rises, the intermolecular attractioh
decreases slightly. This is not predicted by the potential of mean force model where the.
pH dependence is taken into account by changing the electric double-layer repulsion by
varying the net charge of the protein. However, the contribution of the double-layer
répulsion is negligible at 1.0 M ionic strength. As ionic strength increases from 1.0 M to
3.0 M, there is a very small decrease in the observed Bss. This result is qualitatively
opposite to that for lysozyme and is not predicted by the osmotic-attraction potential.

| Using equation (7), we calculated the osmotic second virial cross coefficient, B,3, for
the mixture. Figure 4 shows experimental and calculated value of B,3. At 1.0 M ionic
strength, it becomes slightly positive with rising pH and at 3.0 M ionic strength it
becomes slightly negative with ﬁsing pH. For calculating B3, the Hamaker constant for
the cross interaction was set equal to 3.0 kT. Our calculated resuits using the truncated
virial equation of state indicate that the intermolecular forces for an aqueous lysozyme-
BSA pair are intermediate between those for the lysozyme-lysozyme and BSA-BSA

pairs.
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Concentrated Protein Solution: RPA Model

The truncated virial equation is valid only for low protein concentrations, below
(about) 20 or 40 g/L.. For higher protein concentrations, we use the random-phase-
approximation (RPA) model. Figure 5 compares experimental osmotic-pressure data with
those calculated using RPA th¢ory for lysozyme, for BSA and for the mixture in 1.0 M
ionic-strength ammonium-sulfate solution. Fitted osmotic pressures are in reasonable
agreement with experiment below protein concentrations of 30 g/L; at higher
concentrations, calculated and observed results disagree.

| Table 4 shows Hamaker cdnstants for lysozyme, for BSA, and for the mixture
obtained from fitting the data below 40 g/L to RPA theory. Reduced Hamaker constants
range from 24.9 to 38.8 for lysozyme and from 4.0.to 12.5 for BSA. These values are
significantly larger than those calculated from fitting the data to the truncated virial
equation of state in vthe dilute protein concentration region, .Where only two-body
interactions are important and where the virial equation of state is valid. Thus, we expéct
that the RPA calculation of the osmotic pressure is in error because it is based on
inappropriate simplifying assumptions. It is likely that the error ié in the .perturbation term
of the RPA, because the Carnahan Starling equation fof the reference system is believed
to be accurate over the entire concentration range. This conclusion can be demonstrated.
by comparing the reference temis and the perturbation terms for the osmotic pressu're
from the RPA and from the truncated virial equation of state.

The hard-sphere reference contributiqn to the truncated virial equation of state is given
by

Zys =1+B3p =1+4n (20)

-15 -



“where
@2n

foe reference term of the RPA model is given by equation (11). Figure 6 shows the
contribution of the reference term to the osmotic pressure as a functioﬂ of protein
-concentration. The reference-term contributions are comparable for the two ‘models for |
dilute concentration. As expected, the truncated virial equation of state does not agree
-with the results of th¢ Carnahan-Starling equation at high conceﬁtrations because in the
former, only two-body hard-sphere interactions are included. For better accuracy at
higher concentrations, higher order hard-sphere virial coefficients ﬁeed to be included in
the virial equation of state.

Figure 7 shows the contribution of the perturbation term calculated using the truncated
virial equation of state and using the RPA from the potential of mean force without the
osmotic attraction term. Perturbation terms are plotted over a range of 0 to 40 g/L., where
the reference terms of the virial equation of state and RPA are essentially identical. As
shown in Figure 7, contributions to the osmotfc pressure from RPA differ from those
contributed by the truncated virial equation of s'tz;te for Hamaker constants greater than
5.0 kT. The virial equation of state should be accurate for the low protein concentration
range of O to 40 g/L. In this range, the long-ranged correlation between molecules is
deternﬁned from the two-body perturbation interactions. In the RPA, this correlation ié
neglected. As the interaction strength increases, the correlation becomes more significant

and the prediction of the RPA is in error.
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Concentrated Protein Solution: AHS Model

The adhesive hard-sphere model was used to correlate the experimental osmotic
pressure in the concentrated protein region where the truncated virial eqﬁation of state is
not applicable and where the random-phase approximation is in error. Figures 8 and 9
show experimental and calculated osmotic pressures for lysozyme, for BSA, and for the
lysozyme-BSA mixture at pH 7.0 in 1.0 M and 3.0 M ionic-strength ammonium-sulfate
solution, respectively, using T as the only fitting parameter. For the mixture, T23 was fit
from the mixture data using the values of T2 and Ts3 detenhined from fitting the pure-
component osmotic-pressufe data. The fit of the osmotic-pressure data indicates that the
_adhesive hard-sphere potential provides a semi-accurate description of the protein-protein
interactions in concentrated protein solutions. The forces between proteins in
conceﬁtrated salt solution are indirect, that is, they are the result of many-body forces;
they are poorly understood. Because the adhesion potential provides a good effective
description of these interactions, it appéa;s that the solvation forces are short-ranged in
concentrated salt solutions, as indicated by the work of Piaiza (1999) and Rosenbaum et
al., (1996), where it is shown that protein-protein interactions ﬁnder cryétallization
conditions are short-ranged.

Figure 10 shows thé reciprocal of T which is proportional to the strength of
intermolecular attraction. All Valﬁes of inversé T for BSA are very small, indicating that
the interaction between BSA molecules is determined prifnarily by the hard-sphere
repulsion term. However, .the interactions between lysozyme molecules are slightly
attractive and the attraction increases with raising ionic strength. The interactions

between lysozyme and BSA are intermediate between those for lysozyme-lysozyme and
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those for BSA-BSA interactions. Analysis of the second-virial-coefficient data provided
the same conclusions concerning the overall potential of mean force. However, the main
difference between analyzing B;; versus evaluating inverse 7 is that the values of inverse T
| provide a measure of the attractive forces alone where the hard-sphere repulsion has been
 subtracted out.

In conclusion, we have measured thé interactions between lysozyme-lysozyme, BSA-
BSA, and lysozyme-BSA pairs. The interactions between lysozyrﬁe molecules are
slightly attractive, while the interactions betweén BSA pairs are dominated by the hard-
sphere repulsion terms. The attractive part of the cross interaction is inbetween those of
the pure interactions. A simple uniform adhesive hard-sphere potential model provides a

fair fit to the data, indicating that the attractive interactions are short-ranged.
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Table 1. Experimental Osmotic-Pressure Data for Lysozyme, BSA and for the Mixture in 1.0 M
and 3.0 M Ionic Strength (NH,),SO, Salt Solution.

Protein Concentration (g/L.) Weight Fraction* Osmotic Pressure (mmHg)
Lysozyme BSA  Mixture** W, Wi Lysozyme  BSA = Mixture***
10.21 8.70 9.46 0.54 0.46 11.5 2.2 6.6
20.35 17.12 18.74 0.54 0.46 22.5 4.4 13.0
IS=1.0M 3080 26.82 28.81 0.53 047 33.5 6.9 19.9
pH4 40.44 3545 37.95 0.53 047 43.2 92 . 26.1
60.55 53.16 56.86 0.53 0.47 62.4 14.0 39.0
81.09 70.55 75.82 0.53 - 047 80.8 19.0 51.5
100.00 88.24 94.12 0.53 0.47 97.0 24.4 63.5
9.98 9.72 9.85 0.51 0.49 107 2.6 6.8
20.31 19.06 19.69 0.52 0.48 21.1 53 13.5
IS=10M 3062 28.42 29.52 0.52 0.48 30.8 8.1 20.2
pH6 40.94 37.74 39.34 0.52 0.48 40.0 11.3 26.9
60.73 56.40 58.56 0.52 048 559 19.0 397
80.56 74.63. 77.59 0.52 0.48 70.8 279 52.3
100.49 92.67 96.58 0.52 0.48 85.7 38.8 64.6
10.33 9.68 10.01 - 0.52 0.48 11.0 2.6 7.0
19.79 19.51 19.65 0.50 0.50 20.7 5.6 13.6
IS=1.0M 3066 29.74 30.20 0.51 0.49 30.7 8.9 20.9
pH7 40.95 39.28 40.12 0.51 0.49 39.6 124 27.7
60.83 58.89 59.86 0.51 0.49 55.0 20.6 40.9
80.76 71.77 79.26 : 0.51 - 049 709 316 54.0
101.97 96.83 99.40 0.51 0.49 83.6 465 = 68.0
10.14 9.80 9.97 0.51 0.49 10.6 2.7 7.0
20.06 19.38 19.72 0.51 0.49 20.0 5.6 13.7
IS=1.0M 30.18 28.85 29.51 0.51 0.49 28.5 8.9 20.3
pH 8 40.14 38.69 3942 0.51 0.49 36.3 12.6 26.8
© 5037 47.83 49.10 0.51 049 43.6 16.6 32.7
59.42 57.21 58.31 0.51 0.49 51.5 21.1 38.7
4.80 19.82 - - - 54 5.0 -
IS=3.0M 7.8 27.69 - - - 8.0 7.0 -
pH 4 9.65 36.45 oo- - - 10.5 9.2 -
14.36 55.12 - - - ' 154 14.0 -
19.13 72.90 - - - 19.8 18.6 -
: 10.29 9.64 9.97 - 052 048 10.6 2.5 6.7
IS=3.0M 15.44 14.45 14.95 0.52 0.48 154 3.8 9.9
pH6 20.79 19.15 19.97 0.52 0.48 20.1 5.1 13.0
25.80 24.05 24.92 0.52 0.48 24.1 6.5 16.1
30.74 .28.69 29.71 0.52 0.48 27.7 7.9 19.2
9.36 10.05 9.71 . 0.48 0.52 9.7 2.6 6.3
IS=30M 1262 13.46 13.04 0.48 0.52 12.9 3.6 8.4
pH7 18.86 20.03 19.44 0.49 0.51 184 54 12.3
25.14 26.80 25.97 0.48 0.52 234 7.4 16.3
3142 33.59 32.50 0.48 0.52 26.8 9.5 19.8
9.92 9.21 9.57 0.52 0.48 10.1 2.4 6.4
IS=30M 14386 13.82 14.34 0.52 0.48 14.5 3.7 9.4
pH 8 19.85 18.48 19.16 0.52 0.48 18.5 5.1 12.4
24.74 23.01 23.87 0.52 0.48 22.0 64 152
29.59 27.56 28.57 0.52 048 25.0 7.8 17.9

¥ Weight Fraction for the Mixture (W, or w;) = (C, or ¢3 /2)/cr, ¢, (Z/L); Lysozyme, ¢, (g/L); BSA.
** Total Protein Concentration for the Mixturé (c) = [¢c; + ¢;3 ]

#¥* Measured Osmotic Pressure between 10 - 100 and 10 - 30 g/L for 1.0 and 3.0 M Ionic Strength.



Table 2. Measured B,;, B33 M,,; and M,;; for Lysozyme and BSA, and B,; for the Mixture in Ammonium
Sulfate Solution at 25°C* '

Lysozyme BSA Mixture
IS pH By M., By M,; By
M) (10" mol-ml/g’)  (g/mol) (10* mol-ml/g®)  (g/mol) (10* mol-ml/g’)
4.0 -101£002 16322 0.12+0.03 74,269 -0.37 £0.05
1.0 6.0 -165+004 16,964 ~0.59+0.06 72,945 0.38 +0.15
7.0 -176 £0.15 16,938 0.83 +0.05 73,407 0.23 +0.29
8.0 268+022 16,975 0.94 + 0.05 72,732 0.14 £ 0.23
4.0 330+0.55 16,299 0.03 = 0.01 74,392 -
3.0 6.0 327+006 17,106 041£001 74,191 -0.37 = 0.40
7.0 366+0.19 16,930 049+0.12 74,204 -0.22 +0.43
8.0 472022 16,882 0.71 +0.04 75,044 031 +0.33

* Experimental Data were used between 0 to 40 and 0 to 25 g/L of Protein Solution in 1.0 and 3.0 M IS,
respectively.



Table 3. Net Charge and Ion Size Parameters for Calculating Potential of Mean Force

pH Lysozyme BSA
4.0 14.0 20.0
Net Charge* 6.0 9.0 -13.5
- | 7.0 8.0 -18.8
8.0 : 7.5 229
Lysozyme 344
Ion Size Parameters** BSA ' 62.6
(Diameter, A) NH," ' 2.13
‘ S0.> 278

*  Effect of pH on Net Charge in 1.0 M KCI Solution for Lysozyme and 0.15 M NaCl Solution for BSA
by Titration Method
**  Kuehner, D. E. et al., (1997), Vilker, V. L, et al., (1981); Marcus, Y., (1994)



Table 4. Reduced Hamaker Constants (H/kT) for Lysozyme, for BSA and for the Mixture Using the RPA
Model for Data Reduction A

ISV pH Lysozyme BSA Mixture
4.0 24.9 12.0 2.8
1.0 6.0 29.2 74 2.8
7.0 29.3 54 2.6
8.0 330 4.0 : 27
4.0 36.3 12.5 -
3.0 6.0 349 89 .33
7.0 374 7.7 35

8.0 38.8 7.7 3.7.
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Fig. 2. Experimental and Calculated Osmotic Second Virial

Coefficient B,, vs. Solution pH for Lysozyme in Ammonium-

Sulfate Solution. Calculations Based on Truncated Virial
Equation with H = 7.0 kT.
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Fig. 3. Experimental and Calculated Osmotic Second Virial
Coefficient B;; vs. Solution pH for BSA in Ammonium-

Sulfate Solution. Calculations Based on Truncated Virial
Equation with H=3.0kT.
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