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A modified extended UNIQUAC model for proteins
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Abstract

A modification of the extended UNIQUAC model is proposed for the description of the non-ideality of protein solutions. Here, the
Staverman–Guggenheim combinatorial contribution used in extended UNIQUAC model is replaced by the Flory–Huggins term to take into
account the size differences between the protein and solvent. This new model allows an excellent description of the activity coefficients in
protein systems, for a large range of pH and ionic strengths, with a reduced number of parameters.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

With the development of biotechnology, the interest in
production of proteins by microorganisms is quickly in-
creasing. Proteins obtained by fermentation are produced in
complex broths containing inorganic salts, sugars, organic
acids and cells from where the recovery of the higher value
compounds may prove difficult. A number of methods for
protein purification, applicable at bench scale, have been
developed[1]. However, the scale-up and optimisation of
these techniques at industrial level is only possible if a
mathematical description of the process is available. For
that purpose, the thermodynamic description of the protein
non-ideality in the broth and its dependency on the pH, ionic
strength, and temperature on the presence of secondary
compounds such as sugars (simple or polysaccharides) and
polymers are essential.

A number of attempts to describe the behaviour of pro-
teins in solution have been reported in the literature. Most
approaches are based on the potential of mean force[2–4]
or on equations of state based on hard sphere interaction po-
tentials[5]. Excess Gibbs energy models have seldom been
applied for the description of protein systems. Engineering
local composition models such as UNIQUAC, UNIFAC or
NRTL, although often used for amino acid systems with
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some success[6–10], were only applied to proteins by Agena
et al.[11,12] in collaboration with one of the authors. How-
ever, Agena’s work is a very crude approach to the mod-
elling of proteins in solution, as a conventional UNIQUAC
model is used, that neither takes into account the large size
differences between the protein and solvents, nor considers
the long-range forces that arise from the electrostatic inter-
actions between the protein and the solvent.

On this work, it will be shown that a newGE model, de-
veloped by modifying the extended UNIQUAC model, can
provide an excellent description of the activity coefficients
of the protein in solution with a reduced number of param-
eters, and that these parameters can be used to predict the
behaviour of the protein at pH’s and ionic strengths other
than those used for the parameter estimation. The protein
activity coefficients derived from the osmotic pressure data
reported by Haynes et al.[2] for the �-chymotrypsin are
used to validate the proposed model.

2. Model

The extended UNIQUAC model has been proposed
Sander et al.[13,14] for the description of classical elec-
trolyte systems, i.e. aqueous systems of small (∼4 Å),
inorganic ions with a charge of 1–3 such as Na+, K+
Cl− or SO4

2+. It consists of a combination of the original
UNIQUAC model, accounting for the short-range interac-
tions, with the Debye–Huckel model to account for the
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long-range electrostatic interactions. It has neither been
applied to organometallic electrolytes nor to any sort of
organic electrolytes. Nevertheless, the model proved to be
very successful in the description of SLE and VLE for in-
organic systems, as well as for a number of other properties
such as osmotic coefficients, heat capacities and heats of
solution [15,16]. For this reason, it was chosen among the
different electrolyte models available for the description of
behaviour of proteins in solution.

Proteins differ from small inorganic ions in size (typically
larger than 40 Å with molecular weights higher than 20,000),
in complexity (they possess a large and diversified number
of functional groups and elaborate structure), and in charge
(proteins can change from a net charge of+60 to−60 within
a few pH units). For such system, the excess Gibbs energy
will consist of three contributions:

GE = GE
combinatorial+ GE

residual+ GE
Debye–Huckel (1)

The combinatorial term will account for the entropic
interactions arising from size and shape differences be-
tween the molecules. The extended UNIQUAC uses the
Staverman–Guggenheim term to represent these interac-
tions. However, it is known that for very asymmetric sys-
tems the Staverman–Guggenheim does not produce a good
description of the non-ideality of the systems[17,18]. Thus,
it was replaced by the Flory–Huggins term for a more ade-
quate description of the very large size differences between
the protein, the water and the other ions. Although the
two terms are virtually identical for protein concentrations
higher than 1 mol%, the Staverman–Guggenheim shows a
very questionable behaviour for dilute solutions as shown
in Fig. 1. The Flory–Huggins combinatorial term here used
is given by

GE
combinatorial

RT
=
∑
i

xi ln

(
φi

xi

)
(2)
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Fig. 1. Comparison between the Staverman–Guggenheim and Flory–Huggins combinatorial terms for�-chymotrypsin in aqueous solution.

The combinatorial-free volume terms, usually used for poly-
mer solutions[18], were not adopted since the water has a
free volume similar to polymers[19]. Thus, it is not neces-
sary to use a free volume contribution for polymer aqueous
systems.

The UNIQUAC residual term that accounts for the ener-
getic short-range interactions is[15]

GE
residual

RT
= −

∑
i

xiqi ln

(∑
k

θiψki

)
(3)

whereqi are the UNIQUAC surface area parameters,θi the
surface area fractions and the parameterψkl is given by

ψkl = exp

(
−ukl − ull

T

)
(4)

with the UNIQUAC interaction parametersukl = ulk. The
surface area parameter for the proteinqp = 700.2723 was
obtained from a correlation by Agena et al.[11]. The pa-
rameters for water (qw = 1.400) were obtained from[16].

Despite the change in the combinatorial term, it was
assumed that the UNIQUAC parameters available in the
extended UNIQUAC parameter table for the ion–ion,
ion–water and water–water interactions can be used without
reestimation. This was found acceptable in previous works,
where UNIQUAC or UNIFAC interaction parameters, fitted
to small molecules with a given combinatorial term were
used for polymer systems with a new combinatorial term
[18,20]. Support for this approach can be derived from
Fig. 1. For concentrations higher than 1 mol% the combina-
torial terms are essentially identical. Since most of the data
available for simple systems belong to the region where the
two combinatorial terms are identical, interaction parame-
ters adjusted for the Flory–Huggins would be similar to the
parameters obtained with the Staverman–Guggenheim com-
binatorial term. This approach allows that only a small num-
ber of interaction parameters must be fitted for new systems.
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The Debye–Huckel term for the long-range electrostatic
interactions is[15]

GE
Debye–Huckel

RT
= − xwMw

4A

b3

[
ln(1 + b

√
I) − b

√
I + b2I

2

]
(5)

wherexw is the mole fraction,Mw the molar mass of water
andA is a constant that is in the 273.15–373.15 K range can
be approximated by[16]

A = 1.131− 1.335× 10−3 (T − 273.15)

+1.164× 10−5 (T − 273.15)2 (6)

with T in Kelvin andb being a constant that depends on the
size of the ions. For inorganic ions (∼4 Å), it can be taken
as 1.5 (kg mol−1)1/2. For the protein with a size of∼40 Å, b
was taken as 15 (kg mol−1)1/2. I is the ionic strength given
by

I = 1
2

∑
i

miz
2
i (7)

wheremi is the molality of ioni andzi its charge.
Unlike the charge of simple ions, the protein net charge

and its dependency on the pH is not easy to obtain with ac-
curacy, neither experimentally nor by calculation. The ap-
proach used in this work was to treat the protein net charge
(zprotein) as a fitting parameter. A discussion on the physical
sense of the fitted protein charges is presented in the next
section.

The activity coefficient for speciesi, γi is obtained by
partial molar differentiation of the excess Gibbs energy ac-
cording to

ln γi =
[
∂(nGE/RT)

∂ni

]
P,T,nj �=i

(8)

As usual with electrolytes, the asymmetrical convention is
adopted in this work. The activity coefficients presented are
thus asymmetrical activity coefficients with an infinite dilu-
tion value equal to unity.

3. Results

The description of the activity coefficients for aqueous so-
lutions of �-chymotrypsin obtained from osmotic pressure
measurements[2] was used to evaluate the ability of the
proposed model proposed. The asymmetric molal activity
coefficients are calculated from the osmotic pressures fol-
lowing the approach of Wills et al.[21]. From the osmotic
pressure data,Π, over the molar protein concentration,cp,
it was possible to obtain the virial coefficients,Bk, using the
equation:

Π

RT
= cp(1 + B2cp + B3c

2
P + · · · ) (9)

Solute molal activity coefficients dependency with the molal
composition,m, are given by

ln γp = 2C2mp + 3
2C3m

2
p (10)

The coefficients,Ck, are related to the virial coefficients,Bk,
by

C2 = (B2 − νpMp)ρs (11)

C3 = (B3 − 2B2νpMp + (νpMp)
2)ρ2

s (12)

where vp and Mp represent the partial specific volume
and the molecular weight of the protein with values of
0.736 cm3/g [11] and 25651 g/mol[22], andρ is the solvent
density.

The data used have protein concentrations ranging from 0
to 9 g/L and pH’s ranging from 3 to 12 in 0.1 M potassium
sulphate buffer (I = 0.3 M), except for two cases, for which
the buffer ionic strength, at pH 3, was 0.03 and 0.15 M. In-
formation about the�-chymotrypsin composition and struc-
ture were obtained from[22]. The ionisable groups present
are reported inTable 1.

3.1. The pH dependency of the protein activity coefficient

The pH dependency of the protein solubility is well known
and can be found in any biochemistry textbook[23]. It fol-
lows a U-shaped curve with a minimum solubility at the
isoelectric point, increasing for both higher and lower pH’s.
The asymmetrical molal activity coefficients obtained from
osmotic pressure measurements also show this behaviour.
The activity coefficients have values close to 1 near the iso-
electric point decreasing with pH to both sides of the iso-
electric point.

As discussed above, the interaction parametersukl, for
ions and water already available for the extended UNI-
QUAC [16] were used in this work without reestimation
in order to minimize the number of parameters to fit. A
parameter table for the extended UNIQUAC can be found
in the work by Thomsen et al.[16]. To prevent interfer-
ences of the electrostatic contribution on the optimised
parameter values, the UNIQUAC interaction parameters
for the protein (protein–protein, protein–water, protein–K+
and protein–SO42+) were fitted to the data available at the
isoelectric point (pH 8.25). With the available data for the
protein in a single salt, it was not possible for the model
to distinguish between the cation and the anion interaction

Table 1
Acid and basic groups on�-chymotrypsin[22]

Basic groups Acid groups

Arginine 4 Tyrosine 4
Histidine 2 Cysteine 10
Lysine 14 Ac. glutamic 5
NH2 terminal 1 Ac. aspartic 9

COOH terminal 1
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Table 2
UNIQUAC interaction parameters,ukl, for �-chymotrypsin, estimated
using data at the isoelectric point

Interaction parameter Parameter value (K)

u�-chymotrypsin/�-chymotrypsin −518.22
u�-chymotrypsin/water −161.47
uα-chymotrypsin/K+ 883.10
uα-chymotrypsin/SO4

2+ 883.10

with the protein. For this reason, the interaction parame-
ters for both ions with the protein were taken as identical.
The parameters obtained are reported inTable 2. Since the
short-range interactions described by the residual term will
remain the same over the entire range of pH, the set of pa-
rameters fitted at the isoelectric point was used to describe
the energetic interactions for all pH values.

The long-range interactions generated by the protein net
charge, and their dependency with the pH, are described by
the Debye–Huckel term. As mentioned before, the protein
net charge is not easily available with the exception of the
isoelectric point and the very high and low pH region. For
this reason, the protein net charge,zi in Eq. (7), was used
as a fitting parameter in the model for the description of the
activity coefficient dependency with the pH of the system.
The fitted values for the protein net charge are presented in
Fig. 2. A comparison between the experimental and model
results for the activity coefficients, reported inFig. 3a and
b, shows the adequacy of the model for the description of
the non-ideality of protein solutions. The proposed model,
compared to previous works[11,12], uses lower number of
parameters to describe the activity coefficient data. These are
the UNIQUAC interaction parameters reported inTable 2,
adjusted at the isoelectric point, plus the protein net charge
fitted to each pH value.

In Fig. 2, the fitted values of the protein net charge (PNC)
are compared with the values calculated by assuming that
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Fig. 2. Comparison between the fitted and estimated protein net charge pH dependency.

the pKa’s of the amino acids on the protein are the same as
the free amino acids according to the following equation:

PNC=
∑
i+

ni+
10pKi+−pH

10pKi+−pH + 1
+
∑
i−

ni−
10pH−pKi−

10pH−pKi− + 1

(13)

where i+ are the basic groups andi− the acid groups de-
scribed inTable 1. This approach is not exact. The pKa’s
for amino acids in proteins may differ from their free-form
values by as much as three pH units[24], and they are also
dependent on the salts present in solution[23]. Neverthe-
less, this approach provides a fair and simple estimate of
the protein net charge dependency with pH. The compari-
son between fitted and calculated values shows an excellent
agreement between the two curves, except for pH values be-
tween 4 and 7. This is probably due to the position of some
acidic amino acids in the protein structure that make them
less available to the solvent and consequently more difficult
to ionise.

Since the UNIQUAC interaction parameters are pH inde-
pendent, the combinatorial and residual term contributions
to the activity coefficient are always identical to the values
at the isoelectric point (pH 8.25). The main contribution to
the activity coefficient at pH’s removed from the isoelectric
point is the Debye–Huckel term, as shown inFig. 4 where
the three individual contributions are plotted for 4 pH val-
ues. Only the Debye–Huckel term shows a change with the
pH. This importance of the Debye–Huckel term is due to
the large protein net charge and its variation with the pH of
the medium.

The results presented show that the proposed model can
be used to describe the activity coefficients for proteins,
if experimental data at the isoelectric point is available
to fit the short-range interaction parametersukl. If data at
other pH values is available, the model can also be used to
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Fig. 3. Correlation of the activity coefficients with extended UNIQUAC for pH’s (a) above pI and (b) below pI.
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Fig. 5. Experimental and predicted ionic strength dependency of the activity coefficients.

describe the pH dependency of the activity coefficients by
fitting the protein net charge. Yet, if this data is not available,
the protein net charge assessed from the pKa’s of the free
amino acids can be used to predict the activity coefficients
for the protein at different pH values with a reasonable de-
gree of confidence. This is particularly valid for the extreme
values of pH and around the isoelectric point, where the
calculated protein net charge is less prone to be affected by
groups with pKa’s substantially different from their amino
acids free-form values, due to their location within the
protein.

3.2. Ionic strength dependency of the protein activity
coefficient

As for the pH, the ionic strength dependency of the pro-
tein activity coefficients is well established[23]. For very
low salt concentrations, the protein solubility increases with
increasing salt content, creating thesalting-in region, while
for higher salt concentrations, the increase in salt content
promotes the precipitation of the protein in a phenomenon
known assalting-out. This originates the typical dependency
of the protein solubility curves with ionic strength with the
shape of a reverse U. In terms of activity coefficients a de-
crease is found in the salting-in region followed by an in-
crease in the region of salting-out.

Predictions on the effect of the ionic strength on the solu-
bility of the protein at pH 3 were done using the net charge
and interaction parameters previously estimated. The results
shown inFig. 5 indicate that experimentally there is a de-
crease in the activity coefficients between the ionic strengths
of 0.03 and 0.15M corresponding to a salting-in region
followed by an increase between 0.15 and 0.3M character-
istic of a salting-out region. However, the model describes
a continuous decrease of the activity coefficients as the
ionic strength is reduced from 0.3 to 0.03M. The 0.3 and

0.15M systems are well described. It must be emphasized,
that the behaviour at 0.15M is a pure prediction. Yet, the
model cannot describe the salting-in region and predicts ac-
tivity coefficients for ionic strengths of 0.03M much below
the experimental values. This limitation may be related to
the simplifications adopted for the protein–ion interactions
discussed above. Studies to improve the model for simul-
taneous description of the salting-in and salting-out regions
are being undertaken.

3.3. Temperature dependency of the protein activity
coefficient

Proteins may show various temperature-dependent solu-
bilities. Cristopher et al.[25] present results for a number
of proteins with temperature-dependent solubilities includ-
ing a number of proteins with retrograde solubility (the
�-chymotrypsinogen may have such behaviour) and some
proteins whose solubility does not seem to be significantly
affected by the temperature. The data for the system under
study is available only at 25◦C, thus the temperature depen-
dency of the protein behaviour in solution cannot be investi-
gated or correlated for this system. For systems where data
is available adjusting temperature-dependent parameters to
the modified extended UNIQUAC model[13–16]:

uij = u0
ij + utij (T − 298.15) (14)

should allow the description of the temperature dependency
of the activity coefficients within a reasonable temperature
range.

4. Conclusions

A modified version of the extended UNIQUAC model is
proposed for proteins and other polyelectrolytes in aqueous
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solution. The activity coefficients for�-chymotrypsin, ob-
tained from osmotic pressure measurements in a wide range
of pH and ionic strength, were used to validate the proposed
model. The interaction parameters for water and ions were
taken from extended UNIQUAC tables and the protein in-
teractions were fitted to data at the isoelectric point. The
protein net charge was used as a fitting pH-dependent pa-
rameter, but it was shown to be in close agreement to the
calculated protein net charge. Due to the large protein net
charge, the Debye–Huckel is the key term in the activity
coefficient model. A good description of the activity coef-
ficients is achieved over the entire pH region studied and
the estimated parameters allow the predictions of the protein
behaviour on the salting-out region.
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