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Abstract

Twenty proteins with molecular masses between 10* and 10° were partitioned in aqueous dextran—poly(ethylene
glycol) two-phase systems with either 0.1 M KCl or 0.1 M KCl plus 3 M NaCl. The partition coefficient of all
proteins were higher in the system with 0.1 M KCl plus 3 M NaCl than in the system with 0.1 M KCl alone. The
ratios between the partition coefficients in the two systems were strongly correlated with the molecular masses of
the proteins. This fact may be used for analytical as well as preparative purposes.

1. Introduction

When aqueous solutions of two polymers are
mixed, two immiscible phases are formed. Cells,
cell organelles, proteins and nucleic acids can be
introduced into such systems without being dam-
aged, and will assume a characteristic distribu-
tion between the two phases and/or their inter-
face, depending on the properties of the phase
system and of the partitioned substance. Aque-
ous two-phase partitioning can be used for a
variety of analytical and preparative purposes in
biochemistry, cell biology and biotechnology (for
reviews, see refs. 1-4).

In aqueous dextran—poly(ethylene glycol) two-
phase systems, proteins partition between the
two phases. Their partition coefficients depend
on net charge, surface hydrophobicity and
specific interactions with the polymers (“affinity
partitioning”). The influences of these parame-
ters on protein partitioning have been studied in
great detail (for reviews, see refs. 5 and 6). The
influence of the molecular mass of proteins has
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been less well characterized. It has been a
general finding that a protein tends to partition
more one-sided, the larger its molecular mass.
However, there are many exceptions to the rule,
and no obvious correlation between molecular
mass and partition coefficient has been estab-
lished so far [5-8].

In the present communication, I describe a
strong correlation between protein molecular
mass and the ratio between the partition coeffi-
cient in phase systems with different salt con-
centrations.

2. Materials and methods
2.1. Materials

The following proteins were purchased from
the indicated sources: alcohol dehydrogenase
from baker’s yeast (Sigma A 7011), rabbit mus-
cle aldolase (Sigma A 7145), equine apoferritin
(Sigma A 3641), bovine a-chymotrypsin (Sigma
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C 7762), bovine catalase (Sigma C 3155), chick-
en conalbumin (Sigma C 0755), equine cyto-
chrome ¢ (Sigma C 7752), equine ferritin (Sigma
F 4503), porcine heart fumarase (Sigma F 1757),
rabbit muscle glyceraldehyde-3-phosphate dehy-
drogenase (Sigma G 2267), bovine haemoglobin
(Sigma H 2500), bovine B-lactoglobulin (Sigma
L 0130), whale myoglobin (Sigma M 0380),
chicken ovalbumin (Sigma A 2512), porcine
pepsin (Boehringer-Mannheim), -bovine ribonu-
clease A (Sigma R 4875), bovine serum albumin
(Boehringer-Mannheim), bovine thyroglobulin
(Sigma T 1001), bovine trypsin (Sigma T 8003),
bovine pancreas trypsin inhibitor (Sigma A 1153)
and soybean trypsin inhibitor (Boehringer-
Mannheim). Dextran T500 (lot No. FA 13748)
was from Pharmacia. Poly(ethylene glycol) 6000
was from Merck. All other chemicals were of
analytical grade.

Before use, the proteins were dialysed exten-
sively against a suitable buffer.

2.2. Two-phase systems and partitioning

Proteins were partitioned in 1 ml dextran
T500~-poly(ethylene glycol) 6000 two-phase sys-
tems, containing 6.25% (w/v) of each of the
polymers, 6 mM Tris, 2 mM K,HPO,, pH 8.1,
10% (v/v) glycerol and salts as indicated below.
Each phase system contained 1-5 mg protein.
Partitioning was performed at 0-4°C. Each
phase system was vortex mixed for 15 s, and
centrifuged for 1 min at 10000 g in order to
accelerate separation of the bulk phases. The
partition coefficients were calculated as the ratios
between the absorbances at 280 nm of diluted
aliquots of the top and the bottom phases. Each
partition coefficient given below is the geometric
mean of at least four determinations.

Phase diagrams were constructed by the cloud
point method [9]. The concentrations of KCl
plus NaCl in the phases were determined by
measuring the conductivity of diluted aliquots of
the phases and comparison to a standard curve.

The molecular masses, isoelectric points and
the numbers of subunits of the proteins were
those given in biochemistry textbooks or in refs.
10-13.

3. Results

A number of proteins were partitioned in
aqueous dextran—poly(ethylene glycol) two-
phase systems with 0.1 M KCI; with 0.1 M KCI
plus 0.9 M NaCl; with 0.1 M KCI plus 3 M
NaCl; and with 0.22 M KCl plus 0.26 M Li,SO,.
Fig. 1 shows double-logarithmic plots of the
partition coefficients versus the molecular mass-
es. In the case of oligomeric proteins, the molec-
ular masses of the oligomers were used. It is seen
that the proteins tended to partition more one-
sided, the larger their molecular mass, but the
data points are quite scattered, particularly in
the molecular mass range 10*~10°. For all tested
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Fig. 1. Partition coefficients of proteins in phase systems with
(A) 0.1 M KCl1 (O) and 0.1 M KCl +3 M NaCl (®); (B) 0.1
M KCl plus 0.9 M NaCl (V¥); (C) 0.22 M KCl plus 0.26 M
Li,SO, (O). The partition coefficients are plotted double-
logarithmically versus their molecular masses. The par-
titioned proteins were: 1 = alcohol dehydrogenase (tetramer,
M, 150000); 2=aldolase (tetramer, M_ 156 000); 3=
apoferritin (24-mer, M, 460 000490 000); 4 = a-chymotryp-
sin (M, 24 300); 5= catalase (tetramer, M, 230000); 6=
conalbumin (M, 84 000); 7 = cytochrome ¢ (M, 12 400); 8 =
ferritin (24-mer, M, 700 000-800 000); 9 = fumarase (tetra-
mer, M_ 194 000); 10 = glyceraldehyde-3-phosphate dehydro-
genase (tetramer, M, 142 800); 11 = haemoglobin (tetramer,
M, 62000); 12 = B-lactoglobulin (dimer, M, 35000); 13 =
myoglobin (M, 17 000); 14 = ovalbumin (M, 43 000); 15=
pepsin (M, 34 700); 16 = ribonuclease A (M, 13 700); 17 =
serum albumin (M, 66 300); 18 = thyroglobulin (dimer, M,
669 000); 19 =trypsin (M, 24 000); 20=soybean trypsin
inhibitor (M, 20 100). Partitioning of a few of the proteins
was not performed in the systems with 0.1 M KCl plus 0.9 M
NaCl and with 0.22 M KCl plus 0.26 M Li,SO,.
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proteins, the partition coefficient in systems with
KCl plus NaCl increased with the total salt
concentration. The direction of the changes of
the partition coefficients when going from sys-
tems with 0.1 M KCl plus 0.9 M NaCl to systems
with 0.22 M KCi plus 0.26 M Li,SO, (which
have identical ionic strengths) is that expected
from a protein net charge-dependent influence of
the identity of the salts [5,14], considering the p/
values and the pH of the phase systems (an
increase for negatively charged proteins, a de-
crease for positively charged proteins).

Fig. 2 shows a double-logarithmic plot of the
ratio between the partition coefficients in the
phase systems with 0.1 M KCI plus 3 M NaCl
and 0.1 M KCl versus the molecular masses. It is
seen that there was a strong correlation between
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Fig. 2. Ratio between the partition coefficients of proteins in
phase systems with 0.1 M KClI plus 3 M NaCl and 0.1 M
KCl, plotted double-logarithmically versus their molecular
masses. Numbering of partitioned proteins as in Fig. 1. The
inset shows phase diagrams for systems with 0.1 M KCl (a)
and 0.1 M KCI plus 3 M NaCl (b). The dextran T500
percentage is given on the abcissa, and the poly(ethylene
glycol) 6000 percentage on the ordinate.

this ratio and the molecular mass. The ratio
increased from 1-2 for proteins with molecular
mass 1-10*-2-10* to more than 1000 for the
largest proteins tested, having molecular masses
of 7-10°-8-10°. There was a nearly linear
relationship between the ratio and the molecular
mass in the range 10°~10°, although the correla-
tion was not linear over the entire molecular
mass range. The linear correlation coefficient in
that range was 0.886, considerably better than
those found for the direct plots of the partition
coefficients versus molecular masses (—0.735
and — 0.365 for 0.1 M KCl and 0.1 M KCl plus 3
M NaCl, respectively). The ratio did not de-
crease below 1 for substances with molecular
masses smaller than 10*. For instance, the ratio
was 1.15 for bovine pancreas trypsin inhibitor
(M, 6500) and 1.19 for the steroid triamcinolone
acetonide (M, 434). A similar correlation existed
for the ratios between the partition coefficients
in systems with 0.1 M KCl plus 1 M NaCl and
with 0.1 M KCl (data not shown).

With 0.1 M KCI, the volume of the top phase
constituted 64% of the total volume; with 0.1 M
KCl plus 3 M NaCl, it constituted 44% of the
total volume. The phase diagrams were different
for systems with 0.1 M KCl and for systems with
0.1 M KCl plus 3 M NaCl. With a given polymer
composition, the high salt concentration moves
the system closer to critical point (Fig. 2). The
partition coefficient of KCl plus NaCl was not
measurably different from 1 in any of the phase
systems.

4. Discussion

Formally, the partition coefficients of proteins
in aqueous two-phase systems may be split into
several terms [1,2]:

InK=In Kel +1In thhob +1In thhil + ...

where K., Kypnobs» Knpny €tc. rEpresent the
contribution to the partition coefficient from
electrostatic, hydrophobic, hydrophilic etc. inter-
actions between the protein and the phases. The

strategy that has been employed for characteriza-
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tion of a protein by aqueous two-phase partition-
ing consists in changing the composition of the
phase system in a way believed to alter only one
type of interaction between the protein and the
phases. To the extent that each type of inter-
action can be varied independently of the others,
the properties of the protein can be assessed
from the variations of its partition coefficient in
response to the changes in the composition of
the phase system. This principle has for instance
been employed for assessing (1) protein surface
hydrophobicity, by measuring the change of
partition coefficient of the protein in response to
substitution of poly(ethylene glycol) with poly-
(ethylene glycol) esterified with fatty acids; (2)
protein net charge, by measuring the change of
partition coefficient of the protein in response to
changes of the identity of the salts in the system
(for instance, substituting NaCl with Li,SO,),
which ‘influences the interfacial potential [5].
Thus, it is the ratio between the partition co-
efficients at different partitioning conditions that
is useful.

In the present investigation, the ratio between
the partition coefficients of proteins at two
different salt concentrations (0.1 M KCI plus 3
M NaCl and 0.1 M KCl) was shown to be
correlated with their molecular masses. In con-
trast, there was no correlation between the
absolute values of the partition coefficients and
the molecular masses. The contribution from
protein net charge was expected to be the same
in systems with 0.1 M KCl plus 3 M NaCl and
with 0.1 M KCl, and this was verified by finding
that the partition coefficients of serum albumin
and ovalbumin varied identically with pH in the
two systems (data not shown). Thus, the contri-
bution to the partition coefficient from protein
net charge was removed by taking the ratio
between the partition coefficients. But there was
a lack of correlation of the molecular masses and
the absolute values of the partition coefficients in
systems with KCl plus Li,SO, as well as in
systems with only KCI and NaCl; partitioning in
the former is almost insensitive to protein net
charge [14]. It should also be noted that a lack of
correlation between the molecular masses and
the partition coefficients at the isoelectric points

were previously reported for a group of haemo-
and non-haemoproteins [8]. Therefore, the lack
of correlation between the molecular masses and
the absolute values of the partition coefficients is
not only due to the contribution from protein net
charge, and charge-independent contributions to
the partition coefficient, except that from protein
size, are also removed by taking the ratio be-
tween the partition coefficients at the two salt
concentrations.

An increase of protein partition coefficients
with increasing NaCl concentrations was first
reported by Albertsson [1]. However, the
physico-chemical basis of this salt effect is not
understood. Generally, the effect of salts on the
interactions between the polymer components is
expected to have a pronounced effect on the
composition of the phases, which may in turn
influence protein partition coefficients; in addi-
tion, the presence of salts can influence the
protein partitioning by modifying the inter-
molecular forces between the protein and the
polymer coils {6]. In agreement with previous
findings [1], the increase of the total salt con-
centration from 0.1 to 3.1 M was found here to
change the composition of the phases. A number
of models (based on the so-called osmotic virial-
expansion approaches and lattice model ap-
proaches) have been developed recently to pre-
dict protein partitioning by physico-chemical
calculations. These models do predict that
changes of phase composition will influence
protein partition coefficients in a way increasing
with protein size, but they do not predict an
elimination of other contributions (like interac-
tions between polymer and protein) to the parti-
tion coefficient by taking the ratio between the
partition coefficient at different phase composi-
tions [4,6,15-17]. The most promising approach
in the present context seems to be the scaling-
thermodynamic formulation of Abbott ef al. [18—
21]. This theory emphasizes physical exclusion
between polymer and protein as well as weak
attractive forces between polymer and protein.
Considering phases of individually dispersed
polymers (as opposed to entangled polymer
network), this theory was able to account quali-
tatively for the correlation between protein size
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and the ratio between the partition coefficients in
systems with poly(ethylene glycol)s of different
molecular masses [22,23], in the absence of
changes in the polymer concentrations of the
phases. Although the effect of using poly-
(ethylene glycol)s of different molecular masses
was considerably smaller than the salt effect
described here, it seems possible that the scaling-
thermodynamic theory may be developed to
account for the present observation.

The finding reported here may be quite useful
for an estimation of molecular masses of pro-
teins. It can be employed to proteins in crude
mixtures, provided that an assay for the protein
is available. Aqueous two-phase partitionings are
performed under non-denaturing conditions, so
the method can also be employed to oligomeric
proteins, provided that the oligomeric structure
does not change with the salt concentration. The
method is extremely rapid, since the partitioning
can be performed in a few minutes. Sequential
partitionings at different salt concentrations may
be useful for preparative fractionations of pro-
teins on the basis of molecular mass.

5. References

[1] P.-A. Albertsson, Partition of Cell Particles and Macro-
molecules, Almquist & Wiksell, Stockholm, 2nd ed.,
1971.

[2] P.-A. Albertsson, J. Chromatogr., 159 (1978) 111-122.

[3] H. Walter and G. Johansson, Anal. Biochem., 155
(1986) 215-242.

[4] H. Walter, G. Johansson and D.E. Brooks, Anal.
Biochem., 197 (1991) 1-18.

[5] G. Johansson, in H. Walter, D.E. Brooks and D. Fisher
(Editors), Partitioning in Aqueous Two-Phase Systems
—Theory, Methods, Uses, and Applications to Biotech-
nology, Academic Press, Orlando, FL, 1985, pp. 161—
226.

[6] N.L. Abbott, D. Blankschtein and T.A. Hatton, Bio-
separation, 1 (1990) 191-225.

[7] P.-A. Albertsson, Nature, 182 (1958) 709-711.

[8] S. Sasakawa and H. Walter, Biochemistry, 11 (1972)
2760-2765.

[9] S. Bamberger, D.E. Brooks, K.A. Sharp, J.M. van
Alstine and T.J. Webber, in H. Wailter, D.E. Brooks
and D. Fisher (Editors), Partitioning in Aqueous Two-
Phase Systems —Theory, Methods, Uses, and Applica-
tions to Biotechnology, Academic Press, Orlando, FL,
1985, pp. 85-130.

[10] P. Andrews, Biochem. J., 96 (1965) 596—606.

[11] A.Bezkorovainy, D. Grohlich and C.M. Gerbeck, Bio-
chem. J., 110 (1968) 765-770.

[12] P. Lambin, Anal. Biochem., 85 (1978) 114-125.

[13] D. Malamud and J.W. Drysdale, Anal. Biochem., 86
(1978) 620-647.

[14] P:A. Andreasen, Mol. Cell. Endocrinol., 28 (1982) 563—
586.

[15] J.N. Baskir, T.A. Hatton and U.W. Suter, Macromole-
cules, 20 (1987) 1300-1311.

[16] J.N. Baskir, T.A. Hatton and U.W. Suter, J. Phys.
Chem., 93 (1989) 2111-2122.

{17} D. Forciniti, C.K. Hall and M.R. Kula, Biotechnol.
Bioeng., 38 (1991) 986-994.

[18] N.L. Abbott, D. Blankschtein and T.A. Hatton, Macro-
molecules, 24 (1991) 4334-4348.

[19] N.L. Abbott, D. Blankschtein and T.A. Hatton, Macro-
molecules, 25 (1992) 3917-3931.

[20] N.L. Abbott, D. Blankschtein and T.A. Hatton, Macro-
molecules, 25 (1992) 3932-3941.

[21] N.L. Abbott, D. Blankschtein and T.A. Hatton, Macro-
molecules, 25 (1992) 5192-5200.

[22] P.-A. Albertsson, A. Cajarville, D.E. Brooks and F.
Tjerneld, Biochim. Biophys. Acta, 926 (1987) 87-93.

[23] H. Hustedt, K.H. Kroner, W. Stach and M.R. Kula,
Biotechnol. Bioeng., 20 (1978) 1989-1996.



