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Abstract: A chromatographic method is used to measure interactions between dissimilar proteins in aqueous elec-
trolyte solutions as a function of ionic strength, salt type, and pH. One protein is immobilized on the surface of the
stationary phase, and the other is dissolved in electrolyte solution conditions flowing over that surface. The relative
retention of proteins reflects the mean interactions between immobile and mobile proteins. The osmotic cross second
virial coefficient calculated by assuming a proposed potential function shows that the interactions of unfavorable
proteins depend on solution conditions, and the proposed model shows good agreement with the experimental data

of the given systems.
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Introduction

Proteins are currently of great interest in nowadays due to
their wide suitability for various applications in fields of
biotechnology and the pharmaceutical industry. The exact
survey of the thermodynamic properties of protein solutions,
therefore, plays an important role in biochemical technol-
ogy. The osmotic second virial coefficient is one property
that shows the nonidealities of protein solutions. Numerous
studies have been reported on the experimental osmotic sec-
ond virial coefficient of the protein(2)/protein(3) systems.

Moon ef al.' measured a series of osmotic pressure data of
aqueous solutions containing hen-egg-white lysozyme and
any one of the following salts: (NH,),SO,, (NH,4),C,0,, and
(NH,),HPO, at ionic strength 1, 3, or 3.5 M, respectively. They
used the McMillan—Mayer osmotic virial equation® and Der-
jaguin-Landau-Verwey-Overbeek (DLVO) theory® to corre-
late their experimental data. The regressed osmotic second
virial coefficients and the Hamaker constants of lysozyme
were different in various electrolyte solutions at different
ionic strengths and pH values.

Haynes et al.* determined the osmotic pressure at 25 °C
for aqueous a~chymotrypsin solutions containing potassium
sulfate or a sodium phosphate buffer. Osmotic pressures
versus a~chymotrypsin concentrations (1-10 g/L) were
reported at various pH values for the 0.1 M potassium sul-
fate solutions and the 0.1 M sodium phosphate solutions.
For the sulfate system at pH 3, osmotic pressures versus
a-chymotrypsin concentrations were measured at three dif-
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ferent ionic strengths (0.03, 0.15, and 0.3 M). These data
covered the protein concentration range from 1 to 40 g/L.
They correlated their osmotic pressure data with the
osmotic virial equation. The osmotic second virial coeffi-
cient (B,,) and number-average molecular weight (M) of -
chymotrypsin were obtained from the plot of 7/c, versus c,.
They found that the values of B,, and M, varied with differ-
ent ionic strengths and pH values. The regressed molar
mass of a-chymotrypsin are from 27.4 to 37.7 kg/mol. They
used the relation between virial coefficients and potentials
of mean force to determine the interactions of charged pro-
tein molecules. Some more complete potential functions
including charge-charge repulsion, charge-dipole, dipole-
dipole, dipole-induced dipole, and charge-induced dipole
attraction terms, which were previously reported by Vilker
et al’ and Phillies,® were then adopted by Haynes ef al..
They also indicated that the effect of ion binding and the
three-body interactions should be considered at high protein
concentrations in order to improve their correlation. Weak
protein interactions are characterized in terms of the
osmotic second virial coefficient, which has been shown to
correlate with protein phase behavior. Curtis ef al.” deter-
mined the osmotic second virial coefficient of lysozyme (1-
5 g/L) in saline solutions with low-angle laser-light scatter-
ing and discussed various contributions to the virial coeffi-
cient. Tessier et al® measured protein interactions using
self-interaction chromatography, in which protein is immo-
bilized on chromatographic particies and the retention of the
same proteins is measured in isocratic elution.

Almost all experimental studies in the literature have
focused on single protein system.”'>* However, we require
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extension to systems where two or more different proteins
are present in solution. Multi-protein systems require not
only information for protein(2)-protein(2) self interaction,
but also for cross protein(2)-protein(3) interactions. Mea-
surements of the osmotic cross second virial coefficient
B,; for protein(2)-protein(3) pair provide useful data for
determining optimum conditions to precipitate or crystal-
lize a target protein from an aqueous protein mixture. We
have described the use of chromatography to measure pro-
tein-protein interactions in two-protein systems. To mea-
sure protein(2)-protein(3) interactions, one protein is
immobilized on a porous stationary phase while the other
protein passes through the column in the mobile phase.
The average retention time of the mobile-phase protein
provides a quantitative measure of the mobile-protein/
immobile-protein interaction. Also, we must account for
interactions between unfavorable proteins that are not
present when measuring favorable protein interactions. In
describing the attractive forces between two adjacent mol-
ecules, the square-well (SW) fluid model has been exten-
sively studied because it is useful as the first approximation
to the understanding of properties of real fluids with
spherically shaped molecules. In fact, properties of real
fluids can be approximated by those of an SW fluid (SWF)
with suitably chosen potential depth and range. Moreover,
the thermodynamic properties of an SWF are easier to
determine theoretically than those of other fluids having
more complicated potentials. This, in particular, is the case
for perturbation theories,”*'* from which the thermody-
namic properties of SWFs can be obtained analytica]ly."

However, the SW model appears to be a rather crude
approximation of a real fluid. To obtain the thermodynamic
properties of a real fluid from those of a fluid with a model
potential, it seems advisable to use a potential model that
more closely mimics the shape of the real intermolecular
potential. Unfortunately, in most cases this can lead to non-
analytical expressions for the theoretically obtained thermo-
dynamic properties, which reduce their usefulness. In this
study, we develop a new analytical potential function for
predicting properties of protein solutions by introducing the
modified Lennard-Jones (MLJ) potential to explain the short-
range interaction between protein molecules. The MLIJ
potential function is as simple as the SW potential but more
flexible and realistic compared with most existing potential
funetions. In addition, we demonstrate that the new poten-
tial function is capable of predicting the osmotic cross sec-
ond virial coefficient of the real protein solutions with great
accuracy.

Experimental
Materials and Equipment. Lysozyme from chicken egg

white, bovine serum albumim (BSA) from pH 7, suitable
for diluent in ELISA applications, min. 98% (electrophoresis),
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lyophilized powder, reagent-grade NaCl, NH,Cl, Na,SO,,
tris(hydroxymethly aminomethane), sodium phosphate buffer,
and sodium cyanoborohydride were from Sigma and Ald-
rich. Periodate-activated agarose (P-9967) from Sigma
was used as the stationary phase for all chromatographic
measurements. Stationary phases were packed into a
10 cm x 0.5 cm inner diameter chromatographic column
in Amersham Pharmacia AKTA FPLC system.

Experimental Procedures. All solutions were prepared
with deionized water and buffers were prepared by adding
necessary amounts of sodium phosphate. To conduct our
experiments, we have routine chromatography methods
reported by Teske ef al.,'® and Domen et al."’ for stationary
phase of lysozyme to periodate-activated agarose. 4 mL of
periodate-activated agarose were mixed with 4 mL of pro-
tein-containing coupling buffer. Protein concentrations were
20 mg. The coupling buffer used for the preparation of the
lysozyme-loaded stationary phase for BSA-lysozyme experi-
ments was 100 mM sodium phosphate at pH 7.0 and then
30 mg of sodium cyanoborohydride were added to the agar-
ose-buffer mixture. In FPLC system, a pulse of dilute aque-
ous acetone (2% v/v) was injected to determine the extent of
dispersion or channeling in the packed bed. If the exiting
acetone peak was not symmetric, the column was repacked.
Experiments were conducted at a flow rate of 0.2 mL/min.
Protein concentration is 0.5 mg/mL, and 0.1 mol ionic strength
were added to 20 mM tris(hydroxymethly aminomethane)
buffer solution. Protein solutions were injected at each of
solution conditions.

Chromatographic Determination of By;. Teske’s analy-
sis of results from quantitative affinity chromatography for
single-protein systems demonstrated the importance of con-
sidering the interaction of the mobile-phase protein with
clusters of immobilized proteins on the stationary-phase
surface. The osmotic second virial coefficient for the pro-
tein(2)-protein(2) interaction as:

VooV,
MmN

By =

1)

=k

where K is the distribution factor and N is the number of
accessible immobilized protein molecules per mass of
adsorbent, m,, and the retention volumes of the mobile
protein on the protein-loaded and protein-free stationary
phases are V, and ¥, respectively. To calculate the osmotic
cross second virial coefficient, By, a model for the potential
of mean force, wy;(7), for the protein(2)-protein(3) interac-
tion is shown by McMillan and Mayer. The osmotic cross
second virial coefficient, B,; is related to () by:

- —a)23(r)) 12
By=-2m J:: [exp(—-—-——-kT l]r dr )
where £ is Boltzmann’s constant.
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Table L. Energy Parameter &k as a Function of Ionic Strength
for Each of Salts at 25 °C

Numerical Formulas for &

pH=7.0
NaCl &k=175.41463 + 5.068158Ln(I)
NH,CI &k="75.17570 + 4.613923*Ln(])
Na,SO, &k=175.349 + 4.40776*Ln(I)
Model Descriptions.

The Pair-Potential Function: With the development of
statistical thermodynamics on the theories of fluids, many
EOSs have been developed in terms of parameters charac-
terizing the intermolecular forces. Recent examples® are
almost based on many different types of potentials such as
the Hard-Sphere (HS) potential, the Lennard-Jones (LJ)
potential, the SW potential, the inverse power potential, and
the hard-core Lennard-Jones (HCLJ) potential. These potential
€qs. (3) to (7) are listed in Table II. In this study, we modi-
fied the LJ potential to broaden its applicability to many dif-
ferent types of fluids.

ML.J Potential: It is desirable that a potential function be
able to represent intermolecular forces for various kinds of
fluid; however, it must still be simple in mathematical form.
It is difficult to satisfy these requirements simultaneously."
In this work, we propose a MLI potential function that can
cover various interaction ranges, which is adjusted by a
temperature-dependent parameter. It can be expressed as
follows:

Table II. The Potential Equations

o (0<r<o)

&  (o<r<2c/A(D)

or)=9—~& _ (26/4(T)<r<io) ®)
1-A(T)(§)
0 (r>Ao0)

where r is the center-to-center distance between two adja-
cent molecules, & is the collision diameter, ¢ is the mini-
mum potential energy, T = k7/¢ is the reduced temperature
with Boltzman constant %, and A(T) is the temperature-
dependent parameter that is determined from the computer
simulation data for the compressibility factor. Eq. (9) is
obviously more realistic and flexible than those of previ-
ously mentioned as the value of A(7T) is adjusted with
diverse conditions in addition to the parameters, o and &.
We assume that A(7) is dependent on temperature and
obtained from the computer simulation data for the com-
pressibility factor at various temperatures.” In Figure 1, cal-
culated values of A(7) are plotted against the reduced
temperature and the adjusted temperature range is 273 to
450 Kelvin. To simply correlate with simulation data, 4(7)
is suggested:

=~ 1.761-1.579T
A= ——F" ©®)
1-T

When compared with calculated values of A(i’), eq. (9)
reproduces those values fairly well.

Potential Equation

HS potential a(r) = © (0<r<o) 3) o Hard sphere diameter
0 (r>0)
12 6 .. .
: _ o o o Collision diameter
LJ potential o(r) = 45[(;) ‘(;) } ) £: Depth of the energy well
o (0<r<o) Collision di
: . Collision diameter
SW potential”® o(r)=1-¢ (o<r<Ro) ® g Depth of the energy well
0 (r>Ro)
© (O<r<o)
Inverse-power potential o(r) = 5{0')" N ©) 7 : Center-to-center distance
= (r> o0
0 (O<r<o)
: — 146 o: Collision diameter
HCLJ potential o(F)=<-¢ (o<r<2 7o) @)

& Depth of the energy well

4el(o/r) (071 (r>2"0)
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Figure 1. The calculated values of 4(7) plotted against T

Results and Discussion

Compressibility Factor. In this section, we calculated the
compressibility factor of the SWF at 7'=1.75, 2.5, and 3.0,
combined with eq. (9). The value of A is taken as 3.0
because this value has been used for the SWF by numerous
researchers to simulate the properties of this fluid. Simulta-
neously, our model, MLJ potential function, is also compared
with several potential functions that come from different
types of pair-potential functions: the HS potential, the LJ

potential, the SW potential, the inverse-power potential, and
the HCLJ potential. The results are given together with the
simulation data in Figure 2. Dark squares indicate computer
simulation data from Nicolas ez al.*' and lines are calculated
by denoted in the figure. The proposed MLJ model gives an
excellent agreement with the simulation data in the entire
density region among other potential functions.

BSA-Lysozyme Interactions. Figure 3 shows the experi-
mental retention volume data for all systems studied using
chromatography. It should be noted that the chromatogra-
phy data are plotted as a function of concentration of salts,
without considering the buffer concentration, and the pH at
which the chromatography data were fixed at 7.0. At low
ionic strength, our results show that mobile phase protein
comes out later than the high salt concentration at an exit of
the column. The reason that the retention volume increases
at low ionic strength may be due to an increase in attractive
interactions. At high ionic strength, it may be increased in
repulsive interaction due to the binding of the salt ions. The
effects produce the same results at the osmotic cross second
virial coefficient.

Estimation of Cross Interaction Energy Parameter, &
In general, protein interactions are known to be governed by
many factors, such as pH, surface hydrophobicity, surface-
charge distribution, salt-type, and salt concentration.’ In this
study, the cross energy parameter, &, for NaCl, NH,Cl, Na,SO,
is obtained from the experimental data using the MLJ
potential function at pH 7.0. The calculated ¢ for corre-
sponding conditions are shown in Figures 4-6. For simplic-
ity, those are assumed to have parabolic shapes, and be
quadratic functions of ionic strength.

Osmotic Cross Second Virial Coefficient, B,;, for BSA-
Lysozyme. In Figures 7-9, the osmotic cross second virial
coefficient, B,;, of BSA-lysozyme in NaCl, NH,Cl, Na,SO,

254 ' f 25+ .
= Simulation Data [17] ! B Simulation Data [17] i
e Qur Model I e MLJ Potential -
N i
204+ ++ SW Potential y 204 -+ SW Potential s
== LJ Potential N =+ = LJ Potential i! B
=+ = Inverse-Power Potential I’ i - -+ = Inverse-Power Potential 'l » T=30 A
- - ; 1. - : A 4 X
715 HCLJ Potential Wi 715 HCLJ Potential 1 m  Simulation Data [17]
20 — MLJ Potential o
+ SW Potential [}
-+ = LJ Potential Y
10 4 164 = -- - Inverse-Power Potential 1/
=~ = HCLJ Potential

00 01 02 03 04 05 06

Figure 2. Predictions of the compressibility factor for the SWF at T=1.75, 2.5, and 3.0. Dark squares are computer simulation data

T
0.0 0.4 0.2 0.3

reported by Largo and Solana.” Solid and dotted lines are calculated by the MLJ and SW-fluid model, respectively.
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Figure 3. The experimental retention volume plotted against sev-
eral salts concentration at pH 7.0 with using chromatography
method. Dark squares are sodium chloride, circles are ammo-
nium chloride, and triangles are sodium sulfate.
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Figure 4. The cross interaction energy as a function of ionic
strength for BSA-lysozyme. The calculated values of plotted
against 0.1 M NaCl at pH 7.0. Dark squares are calculated by
using eq. (1) and (2) with experimental data. Solid line is calcu-
lated by correlating equation given.

solutions are plotted against ionic strength for pH 7.0. For
experimentally observed B,; of BSA-lysozyme interactions,
dark circles indicate experimental data and squares are cal-
culated values based on the MLJ model. In eq.(2), the
model parameters required to calculate By; are already
determined from the computer simulation data for the com-
pressibility factor or experimental data of protein solutions
in previous sections, and no additional adjustable parame-
ters are needed to predict the osmotic pressure.

At pH 7.0, BSA-lysozyme interactions are strongly attrac-
tive at low ionic strength, but become less attractive with
increased ionic strength. The effect of different salts on the
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Figure 5. The cross interaction energy as a function of ionic
strength for BSA-lysozyme.

80 -
BSA- lysozyme
Na,SO, at pH7.0
75
£ 7l
=
K]
65 -
g/k = 75.349+ 4.40776"In(1)
60 T T T 1
0.0 0.1 0.2 0.3 0.4

lonic strength (M)

Figure 6. The cross interaction energy as a function of ionic
strength for BSA-lysozyme.
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Figure 7. The cross 2" virial coefficient at 25 °C at pH7.0 as a
function of sodium chloride concentration for BSA-lysozyme

interactions. Circle symbols are experimental data and squares
are calculated by eq. (2) with the MLJ potential function.
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Figure 8. The cross 2™ virial coefficient at 25 °C at pH 7.0 as a
function of ammonium chloride concentration for BSA-lysozyme
interactions.
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Figure 9. The cross 2™ virial coefficient at 25 °C at pH 7.0 as a
function of sodium sulfate concentration for BSA-lysozyme
interactions.

interaction is more difficult to explain. The salts with diva-
lent ions tend to screen the interaction more than those with
only monovalent ions. In each of the salts, the predictions
from theoretical models show agreements from experimen-
tal data at entire ionic strengths. At pH 7.0, two proteins are
oppositely charged and the electrostatic potential is attrac-
tive.” The magnitude of the electrostatic potential is a
strong function of ionic strength. As the ionic strength rises,
the charges on the protein molecules are screened and the
strength of electrostatic interaction declines. However, with
the potential-of-mean force model given, this effect cannot
be solely attributed to electrostatic interactions because the
cross interaction energy parameter is a function of ionic
strength. Figure 10 shows the effect of NaCl salts on BSA-
lysozyme interactions as a function of pH at fixed ionic
strength of 0.1 mol. At low pH, the interaction is weak, usu-
ally mildly attractive.'® As pH rises, BSA-lysozyme interac-
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Figure 10. The cross 2™ virial coefficient as a function of pH
with 0.1 M sodium chloride for BSA-lysozyme interaction. Cir-
cle symbols are experimental data and squares are calculated by
eq. (2) with the MLJ potential.

tions become increasingly attractive. Above higher pH, the
strength of attraction is expected to decrease slightly. At a
given ionic strength, the strength of attraction due to elec-
trostatic interactions is expected to be proportional to the
product of the charges on the two proteins.

Conclusions

A new thermodynamic model is developed by introduc-
ing the MLJ pair potential function to calculate the osmotic
cross second virial coefficient properties of two-protein sys-
tems under different solution conditions. The pair potential-
energy function is proposed to explain the interaction
between unfavorable proteins. _

A temperature-dependent parameter, 4(7), is determined
from the computer simulation data for the compressibility
factor. The minimum potential energy ¢ is then calculated
from the experimental data and directly used to predict the
osmotic cross second virial coefficient of BSA-lysozyme
with various solution conditions with no additional model
parameters. The proposed model shows good agreement
with the experimental data of the given systems.
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