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The partition of proteins in the salt-rich phase of polyethylene glycol (PEG)/salt aqueous two-phase
systems is limited by the salting-out effects of salt. The logarithm of the concentration of proteins par-
titioned in the salt-rich phase decreases linearly with increases in the concentration of salt in the salt-rich
phase (salting-out). Therefore, the partition of a given protein in the salt-rich phase of aqueous two-phase
systems can be estimated from the salting-out constant. The slope of the solubility line (salting-out con-
stant) for a given protein is determined by the type of salt in the two-phase systems.

Liquid-liquid extraction of proteins using aqueous two-
phase systems is simple, rapid, and scalable involving
only mild conditions (2, 6, 16). Therefore, liquid-liquid
extraction provides obvious advantages over conven-
tional separation and overcomes the limitations of more
conventional methods currently used in bioprocesses.
Thus, it makes the studies on the partition mechanisms
of proteins in aqueous two-phase systems pertinent (3, 5,
7, 13). Nevertheless, the partition mechanism of proteins
is not yet known. Consequently, it is not possible to
predict the partition behavior of proteins, nor to design
or select the optimum aqueous two-phase systems for ex-
traction of proteins. It is difficult to realize the full po-
tential of liquid-liquid extraction if the practice is based
on trial and error as it is today (17, 18).

The aqueous two-phase systems which have received
the most attention are polyethylene glycol (PEG)/dextran
systems. Recently, more interest has been shown in PEG/
salt aqueous two-phase systems (10, 12, 13, 15). The
PEG/salt systems or two-phase systems containing salt
instead of another polymer are advantageous because
they cost less and have lower viscosity, leading to lower
operating cost (pumping, centrifugation etc.). Therefore,
PEG/salt two-phase systems were selected for this study.

PEG/salt two-phase systems can be prepared by mix-
ing PEG and a salt in a water exceeding certain thre-
shold concentrations (8, 9). The resultant top phase is rich
in PEG and the bottom phase is rich in salt. It is well
established that the solubility of proteins is strongly
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affected by the concentration of salt in solutions. In fact,
various salts are used to precipitate proteins from the
solations in both laboratory and industrial practices. This
study examines the salting-out effects of salt on the
partition of proteins in the salt-rich bottom phase of
aqueous two-phase systems.

The salting-out effects of salt on the solubility of pro-
teins have been established by Melander and Horvath (4,
14). They expressed the solubility of proteins in the salt
solution as:

InC =InC, + B+ (A — 2 0) mq )
or

InC = InCo + B+ Kemg @
.where C = concentration of proteins in the salt solutions,

C, =concentration of proteins in pure water,

A = D},LfRT

1 =dipole moment of proteins,

R = gas constant,

T =absolute temperature,

B,D = constants,

Q =[NA+48N*(-1)V¥)/RT

N = Avogadro's number,

A =hydrophobic surface area of proteins,

x° = correction factor for the macroscopic surface

tension of solvent to molecular dimemsions,

V =molar volume of proteins,
¢ =molar surface tension increment of salt,
m, =molar concentration of salt solutions, and
K, =A - Qo, salting-out constant.

This study applies the salting-out theory to the PEG/
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salt two-phase systems and determines the salting-out
effects of salt on the partition of proteins in the salt-rich
phase in order to establish the partition mechanism of
proteins in aqueous two-phase systems.

MATERIALS AND METHODS

Proteins

The solutions of bovine serum albumin (BSA),
ovalbumin (OA), and lysozyme (Sigma Chemical Co., St.
Louis, MO) were prepared in deionized water (10%, w/v)
and stored at 4°C.

Preparation of Stock Solutions

The polyethylene glycol (PEG) solutions of various
molecular weights, 1,450 (PEG1450), 3,350 (PEG3350),
8,000 (PEG8000) (Sigma Chemical Co. , St. Louis, MO)
were prepared by dissolving PEG in deionized water.
The molar concentrations of the stock solutions for PEG
1450, PEG3350, PEG8000 were 0.34 M (50%, w/v),
0.15 M (50%, w/v), and 0.06 M (50%, w/v), respectively.
All PEG solutions were kept at room temperature.

The salt solutions of ammonium sulfate ((NH,),SO,),
magnesium sulfate (MgSO,), sodium sulfate (Na,SO,),
sodium citrate (Na,CH,0,), potassium citrate (K,CH;0,),
and sodium tartrate (Na,CH,O,) (Mallinckrodt Inc.,
Paris, KY) were prepared in deionized water, buffered
with 10 mM potassium phosphate, and adjusted 10 pH 7.2.
Potassium phosphate and sodium phosphate solutions
(Mallinckrodt Inc., Paris, KY) were prepared by adding
equal moles of monobasic and dibasic in deionized water
(pH 7.2).

Phase Diagram

The phase diagram of PEG/salt two-phase systems
were constructed by titration according to the method of
Albertsson (1). Ten ml of PEG solution (0.06 to 0.34 M)
was placed into a flask (125 ml). A salt solution was
then titrated (1.8 to 4.0 M) into the flask with stirring.
First a homogeneous mixture was obtained, but after a
certain amount of salt had been added, one further drop
of the salt solution caused turbidity creating a two-phase
system. The composition of this mixture was noted. One
ml of deionized water was added to confirm the dis-
solution by observing the clarity of the homogeneous
solution. The salt solution was then added dropwise until
a turbid two-phase system was formed again. The com-
position of this mixture was noted and more deionized
water was added get a one-phase system and so forth.
The titration was continued until 25 to 50 ml of the salt
solution was used.

Ten ml of the salt solution (1.8 to 4.0 M) was then
titrated with a PEG solution (0.02 to 0.34 M) in the same
manner as above. In the way a series of compositions
were obtained and the concentration of PEG was plotted
against that of salt for these compositions. All titrations
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were conducted at 25°C. The tie lines were determined
from the volume ratio of the top to the bottom phases.
The critical point (K) was determined by connecting the
middle points of the tie lines.

Aqueous Two-phase Systems

BSA (0.5%, w/v), OA (0.5%, w/v), and lysozyme
(0.02%, w/v) in 10 ml of PEG/salt two-phase systems
(PEG/potassium phosphate, PEG/sodium phosphate, PEG/
ammonium sulfate, PEG/potassium citrate, PEG/sodium
tartrate) were shaken for 10 min with a Thermolyne
Speci-Mix (Thermolyne Co., Dubuque, IA) and cen-
trifuged for 10 min at 700 X g.

Concentration of Proteins Partitioned in the Salt-
rich Phase

A hole at the end of the bottom tip of the centrifuge
tube was made with a soldering iron. The salt-rich bottom
phase of PEG/salt two-phase systems was drawn through
the hole and diluted 4 times. The concentration of pro-
teins in the diluted samples was measured spectro-
photometrically at 280 nm.

Concentration of Salt in Salt-rich Phases

The concentration of salt in the salt-rich phase of PEG/
salt two-phase systems was determined from the phase
diagram constructed.

Salting-out Constant of Proteins in Two-phase Sys-
tems

The salting-out constant of proteins, K,, was deter-
mined from the slope of the plot of the logarithm of the
concentration of proteins partitioned in the salt-rich
phase (InC) versus the concentration of salt in the salt-
rich phase (m,) using the salting-out equation, Eq. (1).
The concentration of salt was expressed in the molarity.

‘Salting-out Constant of Proteins in Salt Solutions

The salting-out constant of proteins in salt solutions (a
single phase in the absence of PEG) was determined to
compare with that determined in two-phase systems and
to evaluate the effects of PEG present in the salt-rich
phase. BSA (0.5%, w/v), OA (0.5%, w/v), and lysozyme
(0.5%, w/v) in 5 ml of salt solutions were shaken for 10
min with a Thermolyne Speci-Mix, allowed to stand for
30 min, and centrifuged for 10 min at 700X g. The
supernatant was filtered with a 0.22 um disposable filter
unit (Millipore Corporation, Bedford, MA) to remove
precipitates and diluted 4 times with deionized water.
The concentration of proteins in the diluted samples was
measured using the same method described above. The
salting-out constant of proteins in the salt solutions was
also determined according to the method described
above.

RESULTS AND DISCUSSION

Concentration of Salt in Two-phase Systems
A series of PEG8000/potassium phosphate two-phase
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Fig. 1. Concentration of lysozyme partitioned in the salt-rich

phase of PEG8000/potassium phosphate aqueous two-phase

systems at given concentrations of PEG8000.

—=—, 0.013 M PEG8000; —<—, 0.019 M PEG8000; —&—, 0.025

M PEG8000.

systems were constructed. They were composed of
various concentrations of potassium phosphate at a given
concentration of PEG8000. These two-phase systems de-
monstrated the effects of the concentration of salt in the
aqueous two-phase systems on the partition of proteins
in the salt-rich phase. The concentration of lysozyme par-
titioned was plotted against the concentration of po-
tassium phosphate in the salt-rich phase in Fig. 1. The
logarithm of the concentration of lysozyme pattitioned in
the salt-rich phase decreased linearly with increases in
the concentration of potassium phosphate in the salt-rich
‘phase above the salting-out concentration of potassium
phosphate. This was true regardless of the total con-
centrations of potassium phosphate or PEG in the two-
phase systems. All points were on the same line when
the concentration of salt in the salt-rich phase was above
the salting-out concentration. The same results were
obtained with BSA (Fig. 2). This indicated that the par-
tition of proteins in the salt-rich phase was limited by the
salting-out effects.

The concentrations of proteins in this experiment
simulated practical conditions (0.5%, w/v). The con-
centrations were below the solubility limits of the pro-
teins in some two-phase systems. In such case, the con-
centration of lysozyme and BSA partitioned in the salt-
rich phases decreased to compensate for the volume of
salt-rich phase. The volume of the salt-rich phase in-
creased with increases in the total concentration of salt
and decreased with increases in the total concentration of
PEGS8000. Tn reiteration, the concentration of proteins
partitioned in the salt-rich phase decreased with in-
creases in the total concentration of salt and with de-
creases in the total concentration of PEG in the two-
phase systems when the concentration of salt in the sait-
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Fig. 2. Concentration of bovine serum albumin partitioned in

the salt-rich phase of PEG8000/potassium phosphate aqueous

two-phase systems at given concentrations of PEG8000.
— e —, 0.019 M PEG8000; — O —, 0.022 M PEG80GO0.

rich phase was lower than the salting-out concentration
(dilution effects).

Proteins salted-out in the salt-rich phase did not
transfer into the PEG-rich phase but remained in
between the two aqueous phases or interface. The con-
centration of lysozyme and BSA partitioned in the PEG-
rich phase of all two-phase systems tested remained very
low (> 0.03 g/, >3% of total protein in the two-phase
system). The precipitation of proteins at the interface,
therefore, increased with increases in the concentration
of salt in the salt-rich phase.

Concentration of PEG in Two-phase Systems

A series of PEG8000/potassium phosphate two-phase
systems composed of various concentrations of PEG8000
at a given concentration of potassium phosphate were
constructed to determine the effects of the total con-
centration of PEG on the partition of proteins in the salt-
rich phase. The concentration of lysozyme partitioned in
the salt-rich phases was plotted against the concentration
of potassium phosphate in the salt-rich phase in Fig. 3.
The logarithm of the concentration of lysozyme and
BSA partitioned decreased linearly with increases in the
concentration of potassium phosphate in the salt-rich
phase above the salting-out concentration of potassium
phosphate. This was true regardless of the total con-
centration of PEG8000 in the two-phase systems. All
points were on the same line again. The same results
were obtained with BSA (Fig. 4).

When the concentration of potassium phosphate was
lower than the salting-out concentration, the concent-
ration of lysozyme and BSA partitioned in the salt-rich
phase increased. This may also be explained with the
volume change of the salt-rich phase. The volume of the
salt-rich phase decreased with increases in the total con-
centration of PEG and increased with increases in the
total concentration of salt. Therefore, the concentration
of BSA and lysozyme partitioned in the salt-rich phase
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Fig. 3. Concentration of lysozyme partitioned in the salt-rich
phase of PEGS8000/potassium phosphate aqueous two-phase
systems at given concentrations of potassium phosphate.
—&—, 100 M potassium phosphate; —<—, 1.25 M potassium phos-
phate; —®—, 1.50 M potassium phosphate; — 01—, 1.75 M potassium
phosphate.
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Fig. 4. Concentration of bovine serum albumin partitioned in the

salt-rich phase of PEG8000/potassium phosphate aqueous two-

phase systems at given concentrations of potassium phosphate.

—O—, 1.75 M potassium phosphate, —®-—, 2.00 M potassium phos-

phate.

increased with increases in the total concentration of
PEG and decreases in the total concentration of salt
(concentration effects).

The concentration of lysozyme and BSA partitioned in
the PEG-rich phase of all two-phase systems tested again
remained very low (> 0.03 g/1, > 3% of total protein in
the two-phase system). Proteins salted-out in the salt-rich
phase did not transfer into the PEG-rich phase. The pre-
cipitation of proteins at the interface, therefore, increased
with increases in the concentration of PEG8000 in the
two-phase systems.

Molecular Weight of PEG

Fig. 5 shows the effects of the molecular weight of
PEG on the concentration of BSA partitioned in the salt-
rich phase of PEG/potassinm phosphate two-phase
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Fig. 5. Concentration of bovine serum albumin partitioned in
the salt-rich phase of PEG(20%)/potassium phosphate agque-
ous two-phase systems constructed with various molecular

weights of PEG.
—0—, PEG1450; — e —, PEG3350; —A—, PEG8000.

sysiems. The partition of BSA in the salt-rich phase was
independent of the molecular weight of PEG (1,450 to
8,000 daltons). The concentration of BSA partitioned in
the salt-rich phase was the same regardless of the mole-
cular weight of PEG when the concentration of salt in
the salt-rich phase was higher than the salting-out con-
centration. The logarithm of the concentration of BSA
partitioned in the salt-rich phase decreased linearly with
increases in the concentration of potassium phosphate in
the salt-rich phase.

Therefore, when the concentration of salt in the salt-rich
phase was higher than the salting-out concentration, the par-
tition of the proteins in the salt-rich phases depended only
on the concentration of salt in the salt-rich phase.

Type of Salt

The effect of the type of salt used to construct aqueous
two-phase systems on the partition of proteins in the salt-
rich phase were studied. The concentration of ovalbumin
(OA) and lysozyme partitioned jn the salt-rich phase of
PEG/salt aqueous two-phase systems (PEG8000/am-
monium sulfate, PEG8000/potassium phosphate, PEG
8000/sodium phosphate, PEG8000/potassium citrate, and
PEGS8000/sodium tartrate) are shown in Fig. 6 and 7,
respectively. The logarithm of the concentration of pro-
teins partitioned in the salt-rich phase decreased linearly
with increases in the salt concentration in the salt-rich
phase. Therefore, the partition of proteins in the salt-rich
phases of all PEG/salt two-phase systems tested could be
expressed with the salting-out equation.

The ability of salt to increase the surface tension of the
solution, the molar surface tension increment of salt (G),
is one of the major parameters governing the salting-out
constant (slope of the solubility line) of salt for a given
protein in the salt solutions. The surface tension of salt
solutions increased linearly with increases in the con-
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Table 1. Molar surface tension increment of salt.
Molar surface tension
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Fig. 6. Concentration of ovalbumin partitioned in the salt-rich
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dium phosphate; —/A -, potassium citrate.
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Fig. 7. Concentration of lysozyme partitioned in the salt-rich
phase of PEG8000/salt aqueous two-phase systems con-

structed with various types of salt.
— 4 —, ammonium sulfate; — <O —, sodium tartrate; — m —, potassium
phosphate; — o —, sodium phosphate.

centration of salt (molarity) and the molar surface tension in-
crement of salt was determined from the slope (Table 1).
From Egs. (1) and (2), the salting-out constant (K.} is

Ki=A-Qo ®

where A is the electrostatic parameter of a protein and Q
is the hydrophobic parameter of a protein. The salting-
out constant of salt for proteins generally has a negative
value and decreases with increases in the molar surface
tension increment of salt. Therefore, the higher the molar
surface tension of salt, the greater the decreases in the
solubility of proteins in the salt solutions. Fig. 8 shows
the salting-out constant of various salts. The salting-out
constant decreased linearly with increases in the molar
surface tension increment of salt. Therefore, the de-
creases in the solubility of proteins in the salt-rich phase

Salt increment (dyne/cmM)
Sodium Formate 1.32
Sodium Sulfate 2.44
Sodium Phosphate 275
Sodium Tartrate 313
Ammonium Sulfate 315
Potassium Phosphate 321
Potassium Citrate 3.48
Sodium Citrate 3.58
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] Molar Surface Tension Increment (dyne/cmM)
Fig. 8. Salting-out constant of proteins with various ‘molar

surface tension increments of salts. .
— &—, lysozyme; — <O —, ovalbumin; — ® —, bovine serum albumin.

&

of two-phase systems is determined by the type of salt
used to construct two-phase systems.

As shown in Eq. (3) the salting-out constant is also
determined by the electrostatic parameter and the hy-
drophobic parameter of proteins (4, 11, 14). Therefore,
the salting-out constant of a given salt is different with
different proteins.

CONCLUSION

The partition of proteins in the salt-rich phase of PEG/
salt two-phase systems is limited by the salting-out
effects of salt. The concentration of proteins partitioned
in the salt-rich phase, therefore, can be controlled by the
concentration of salt in the salt-rich phase and the type
of salt used to construct the aqueous two-phase systems.

Acknowledgements

This work was supported in part by the Korea Univer-
sity and in part by the research project of the Center for



Val. 6, 1996

Advanced Food Science and Technology of Korea
University, a center of recommendation for SRC of the
Korea Science and Engineering Foundation (CAFST
research paper No. 96006).

10.

REFERENCES

. Albertsson, P. A. 1986. Partition of Cell Particles and

Macromolecules. John Wiley & Sons, New York.

. Bamberger, S., G. V. R. Seaman, K. A. Sharp, and D. E.

Brooks. 1984. The effect of salts on the interfacial tension
of aqueous dextran poly(ethylene glycol) two-phase systems.
J. Colloid and Interface Sci. 99: 194,

. Brooks, D. E. and R. Norris-Jones. 1994. Preparation and

analysis of two-phase systems. Meth. Enzymol. 228: 14-27.

. Horvath, C., W. Melander, and 1. Molnar. 1976. Solvophobic

interactions in liquid chromatography with nonpolar sta-
tionary phases. J. Chromatography 125: 129.

. Huddleston, J. G., R. Wang, J. A. Flanagan, S. O'Brien, and

A.. Lyddiatt. 1994. Variation of protein partition coefficients
with volume ratio in poly(ethylene glycol)-salt aqueous
two-phase systems. J. Chromatography A668: 3-11.

. Hustedt, H., K. H. Kroner, U. Menge, and M. R. Kula.

1985. Protein recovery using two-phase systems. Trends
Biotech. 3: 139.

. Johansson, G. 1970. Partition of salts and their effects on

partition of proteins in a dextran-poly(ethylene glycol)-
water two-phase system. Biochim. Biophys. Acta 221: 387.

. Johansson, G. 1994, Uses of poly(ethylene glycol) with

charged or hydrophobic groups. Meth. Enzymol. 228: 64-
74

. Kim, C. W. 1986. Interfacial Condensation of Biologicals

in Aqueous Two-Phase Systems. Ph.D. Thesis, Massachusetis
Institute of Technology, Cambridge, MA.

Kim, C. W., S. K. Kim, and C. K. Rha. 1987. Polymeric
particles for liquid-liquid extraction of proteins, p. 467-479.

11.

12.

13.

14,

15.

16.

17.

18.

PARTITION OF PROTEINS 357

In Y. A. Attia (ed.), Flocculation in Biotechnology and
Separation Systems. Elsevier Science Pub. B.V., Amsterdam.
Kim, C. W., I. T. Someren, M. Kirshen, and C. K. Rha.
1988. . Steric exclusion of salts by polyethylene glycol.
Phys. Chem. Lig. 18: 11-20.
Kula, M. R, K. H. Kroner, and H. Hustedt. 1982. Pu-
rification of enzymes by liquid-liquid extraction. Adv.
Biochem. Eng. 24: 73.
Lopez-Perez, M. J. 1994. Preparation of synaptosomes and
mitochondria from mammalian brain. Meth. Enzymol. 228:
403-411.
Melander, W. and C. Horvath. 1977. Salt effects on hy-
drophobic interactions in precipitation and chromatography
of proteins: and interpretation of the lyotropic series. Arch.
Biochem. Biophys. 183: 200.
Veide, A, A. L. Smeds, and S. O. Enfors. 1983. A process
for large-scale isolation of B-galactosidase from Escheri-
chia coli in an aqueous two-phase system. Biotechnol.
Bioeng. 25: 1789.
Veide, A., J. Lindback, and S. Enfors. 1984. Continuous
extraction of B-D-galactosidase from Escherichia coli in an
aqueous two phase system: Effects of biomass concent-
ration on partitioning and mass transfer. Enzyme Microb.
Technol. 6: 325. '
Zaslavsky, B. Yu., L. M. Miheeva, N. M. Mestechkina,
and S. V. Rogozhin. 1982. Physico-chemical factors
governing partition behavior of solutes and particles in
aqueous polymeric biphasic systems I1. Effect of ionic com-
position on the hydration properties of the phases. J. Chro-
matography 253: 149,
Zaslavsky, B. Yu., L. M. Miheeva, N. M. Mestechkina,
and S. V. Rogozhin. 1983. Physico-chemical factors
governing partition behavior of solutes and particles in
aqueous polymeritriphasicl systems IIL Features of solutes
and biological particles detected by the partition technique.
J. Chromatography 256: 49,

(Received January 19, 1996)



