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Variation of protein partition coefficients with volume ratio in 
poly(ethylene glycol)-salt aqueous two-phase systems 
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Biochemical Recovery Group, School of Chemical Engineering, Edgbaston, Birmingham, B15 ZTT, UK 

Partition of total soluble protein from brewery waste in poly(ethy1ene glycol) (PEG)-phosphate aqueous 
two-phase systems reveals that the partition coefficient varies with change in volume ratio. This phenomenon has 
been confirmed by the examination, in more detail, of the behaviour of a pure protein (bovine serum albumin) in 
systems of widely different volume ratio and tie line length. The results invite interpretation in terms of salting out 
of protein from the lower phase. The behaviour of a number of pure proteins in hydrophobic interaction 
chromatography and in PEG salt aqueous two-phase partition has been compared and the results support this 
interpretation. This is judged to provide a useful rationalisation of three important strategies for the large-scale 
downstream processing of proteins, namely, precipitation, PEG salt partitioning and hydrophobic adsorption. In 
addition hydrophobic interaction chromatography may prove to be of benefit in “method scouting” for the 
development of partitioning strategies in protein purification. 

1. Introduction 

It is generally accepted that Nernst’s distribu- 
tion law applies to the partition of proteins in 
aqueous two-phase systems formed as a result of 
the phase separation of mixtures of polymers or 
mixtures of polymer and salt [l]. This is univer- 
sally interpreted to mean that the distribution or 
partition coefficient takes its simplest possible 
form and thus may be expressed as the ratio of 
the concentrations of the protein in the top and 
bottom phases of an aqueous two-phase system 
at equilibrium [2]. This view is held despite the 
fact that proteins are complex biological poly- 
mers whose molecular surfaces are extensively 
hydrogen bonded with the surrounding water 
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molecules in aqueous systems and thus poten- 
tially may lose or gain hydrogen bonds under 
particular conditions in such systems [3]. Such 
changes would lead, under a strict interpretation, 
to a violation of the assumptions underlying the 
application of the simplest form of the partition 
coefficient which only applies if a single molecu- 
lar species is considered to be distributed be- 
tween the phases [4]. 

Additionally it is often assumed that a linear 
partition isotherm is applicable to the modelling 
of protein partitioning in aqueous two-phase 
systems so that the variation in concentration of 
added material has little or no effect on the 
resulting distribution [5]. Each of these factors 
contribute to the assumption that the partition 
coefficient of a solute partitioned in an aqueous 
two-phase system at equilibrium distributes in a 
way which is independent of the relative volumes 
of the two phases. To some extent this may well 
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be due to the fact that the greatest wealth of data 
on partitioning exists for polymer-polymer sys- 
tems where, for reasons which will become 
apparent later, such assumptions may be permis- 
sible. Poly(ethylene glycol) (PEG) salt systems 
on the other hand have not been studied in such 
detail and effects contradicting these assump- 
tions may well have been overlooked. 

In a recent paper [6], we reported an apparent 
variation in partition coefficient with volume 
ratio in the partition of total intracellular protein 
from brewer’s yeast along with limited data, in 
support of this observation, for some pure pro- 
teins partitioned in PEG-phosphate aqueous 
two-phase systems. In this paper the variation of 
protein partition coefficient with volume ratio is 
examined in more detail for a single pure pro- 
tein. The implications of this for an understand- 
ing of protein partition in PEG-salt aqueous 
two-phase systems are discussed in the light of 
some observations from the literature and from 
some additional experiments concerning the salt- 
ing out of proteins and their distribution between 
a mildly hydrophobic solid phase and a mobile 
phase containing salt in hydrophobic interaction 
chromatography (HIC) . 

2. Methods 

2.1. Preparation of aqueous two-phase systems 

Poly(ethylene glycol) of molecular masses of 
1450 and 1000 was obtained from Sigma (Poole, 
Dorset, UK). Potassium dihydrogen orthophos- 
phate and dipotassium hydrogen orthophosphate 
were obtained from BDH (Atherstons, Warwick- 
shire, UK). Phase diagrams were prepared using 
the cloud point method [7] and tie lines fixed 
using the known relationship between volume 
ratio and the intersection by the tie line of the 
overall system composition and the binodal 
curve [2]. In the experiments on the partition of 
pure proteins at differing volume ratio the sys- 
tems were not made up from the overall compo- 
sition as represented by points read directly from 
the fitted tie line. Instead a large (500 g) system 
was made up for each tie line having a volume 

ratio of 1.0 as read from the tie line. Subsystems, 
differing only in volume ratio were then pre- 
pared by admixture of appropriate volumes of 
top and bottom phase, drawn from the large 
initial system, to give the desired phase ratio. 
Subsequently, freeze-dried aliquots of pure pro- 
teins (obtained from Sigma) were added by 
weight to these systems to give a final con- 
centration of approximately 1 mg/g. 

PEG-phosphate systems for the volume ratio 
experiments were prepared using PEG 1450 and 
dipotassium hydrogen orthophosphate (pH 9.2). 
PEG 1000-phosphate systems used in correlating 
the hydrophobic chromatography data were pre- 
pared from appropriate amounts of the di- and 
monobasic potassium phosphate salt to give a 
final pH of 7.5. Partition in these systems was 
conducted at four different tie line lengths. This 
is procedurally necessary in order to partially 
characterise the partitioning behaviour of pro- 
teins for correlative purposes since their partition 
coefficients may vary widely with tie line length 
within a single biphasic system (as will become 
apparent later). For obvious reasons the phase 
ratio of these systems was fixed at unity and the 
tie line lengths (ITL) selected were 28.8, 35.6, 
41.2, and 47.0% (w/w). Details of the prepara- 
tion and partitioning of total soluble protein 
from wet milled brewer’s yeast may be found 
elsewhere [6]. 

Assay of total protein from yeast preparations 
was measured by the method of Bradford [G]. 
Pure protein preparations were measured by 
spectrophotometric absorbance at 280 nm. 

2.2. Hydrophobic interaction chromatography 

Hydrophobic interaction experiments were 
performed using a chromatography system con- 
sisting of an LKB 2150 HPLC pump, an LKB 
2152 controller equipped with gradient mixing 
valve, and a Rheodyne sample injection port 
fitted with a 20-~1 sample injection loop. The 
column was a Bio-Rad PEG 300-10 of diameter 
4.6 mm and length 150 mm having a poly- 
(ethylene glycol)-capped silica matrix of lo-pm 
particle size as supplied by Bio-Rad RSL Bel- 
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gium. Output was monitored using an’LKB 2158 
Uvicord SD at 278 nm connected to an LKB 
2210 chart recorder. All experiments were con- 
ducted at a flow-rate of 0.2 ml/min and 0.2 
AUFS . Chromatograms were developed isocrati- 
tally and retention times monitored for pure 
protein samples obtained from Sigma Chemicals. 
Running buffer composition was varied from run 
to run using gradient mixing between 2% (w/w) 
potassium phosphate pH 7.15 and 30% (w/w) 
potassium phosphate pH 7.48. Buffers were 
prepared from di- and monobasic potassium 
phosphate salts of “Hipersolv” grade obtained 
from BDH. The difference in pH between the 
high and low salt concentration buffers is due to 
the dilution effect on the activities of the ions in 
preparing low-concentration buffer from high- 
concentration buffer. It was considered to be 
more important to maintain the relative compo- 
sitions of the salt solutions rather than their pH 
whose variation was unavoidable. Protein re- 
tention times were monitored isocratically at 
varied salt concentration and expressed as the 
distribution coefficient In D where 

+_, 
0 

(1) 

V is the retention volume under given con- 
ditions of salt concentration and V, the retention 
volume using 2% (w/w) potassium phosphate pH 
7.15 as the running buffer. 

3. Results and discussion 

3.1. Partition of total soluble protein from yeast 

Previous work on the partition and recovery of 
a total soluble protein fraction from wet milled 
brewer’s yeast [6] indicated an apparently large 
variation of the partition coefficient with change 
in volume ratio. In this type of recovery opera- 
tion utilising partition a low molecular mass of 
PEG has to be used in order to raise the 
partition coefficient of the bulk of the intracellu- 
lar protein above unity. Under these conditions 
the partition coefficient of total soluble protein 

increased from less than one to almost 20 as the 
volume ratio was decreased from 5 to 0.3. 
Unexpectedly, this resulted in the total recovery 
of protein remaining rather constant (ref. 6). It 
has been generally assumed [2] that the partition 
coefficient remains constant with volume ratio so 
that it is possible to quantitatively manipulate 
product yields to one or another phase by 
manipulation of the volume ratio. In the case of 
increasing yield to the top phase the following 
expression would apply 

100 
Y,(%) = v 1 

1+$.x 

where Y,(%) is the expected yield to the top 
phase, V, and V, are the volumes of the bottom 
and top phases, respectively, and K is the 
observed partition coefficient. Under the circum- 
stances outlined above such a relationship would 
not correctly predict the outcome of attempts to 
maximise the yield by manipulation of volume 
ratio. 

3.2. Partition of a model protein at different 
volume ratios 

In view of the wide ranging implications of 
these findings, and the theoretical considerations 
outlined in the introduction, the effect of volume 
ratio on partition was investigated for a number 
of pure proteins including bovine serum albumin 
(BSA). 

Fig. 1 illustrates the PEG 1450 potassium 
phosphate phase diagram used to prepare the 
systems in these experiments. The figure also 
shows the tie lines determined and the points 
representing systems having a volume ratio of 
1.0. Fig. 2 shows the results obtained for the 
partition of BSA in a system well removed from 
the critical point (system 2 of Fig. 1) at volume 
ratios varying between 0.2 and 5.0. Several 
features of this figure are worth emphasising. 
The concentration of protein in the lower phase 
is low and constant throughout. The concen- 
tration in the upper phase increases as the log 
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Fig. 1. Phase diagram of the PEG 1450 dipotassium hydro- 
gen orthophosphate phase system showing experimentally 
determined tie lines and systems (l-7) having a volume ratio 
of 1.0 (A). These systems were used to construct systems of 
varying volume ratio but lying on the same tie line. 

volume ratio decreases. In the extreme condi- 
tions of very low volume ratio, the total recovery 
(from both phases) is greatly reduced indicating 
that there is also an equilibrium with a solid- 
phase under these conditions. Conditions of 
PEG and salt concentration in the co-existing 
phases are sufficient to precipitate a proportion 
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Fig. 2. Partition of BSA in a PEG 1450~potassium phos- 
phate system well removed from the critical point and 
corresponding to tie line 2 of Fig. 1. [TLL = 38.4% (w/w)]. 
Variation of total recovery (H), protein concentration (0) 
top (Ct) and bottom (Cb) phases and partition coefficient 
(v) are shown expressed relative to the log of the volume 
ratio of the system. 
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Fig. 3. Partition of BSA in a PEG 1450~potassium phos- 
phate system relatively close to the critical point and corre- 
sponding to tie line 5 of Fig. 1. [TLL = 27.5% (w/w)]. See 
Fig. 2 for symbols. 

of the added protein. Fig. 3 illustrates data 
relating to the partition of BSA in a system now 
chosen to be very much nearer to the critical 
point (system 5 of Fig. 1). Although subject to 
noise in its estimation, the total recovery is more 
constantly close to 100% than before. Note that 
the phase preference (phase of highest concen- 
tration) of the BSA has changed. At the lowest 
volume ratio the partition coefficient is approxi- 
mately one but as the volume ratio increases the 
concentration in the top phase remains relatively 
constant whilst that in the bottom phase in- 
creases. As a consequence the partition coeffi- 
cient falls but now only by approximately one 
log. In system 7 of Fig. 1, illustrated in Fig. 4, 
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Fig. 4. Partition of BSA in a PEG 1450-potassium phos- 
phate system close to the critical point and corresponding to 
tie line 7 of Fig. 1. [TLL= 13.2% (w/w)]. See Fig. 2 for 
symbols. 
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and lying closest to the critical point, overall 
recovery is high and the partition coefficient is 
constant with volume ratio. However even under 
these circumstances ideal partitioning behaviour 
is not observed. Addition of very small molar 
quantities of protein to systems prepared close to 
the critical point has profound effects on the 
phase diagram. The addition of protein solutes 
caused the observed volume ratio (V,) to depart 
to a considerable extent from the expected 
value. For example systems prepared to give V, 3 
gave V, < 2 and systems prepared to give V, 0.2 
gave V, > 0.3. At the critical point very small 
amounts of water or any one of the phase- 
forming components added to the system will 
have profound effects on the resulting two-phase 
system. It is not surprising that small amounts of 
protein have the same effect. We conclude that 
there is, apparently, only a rather small region of 
the phase diagram in which partition of protein 
can be expected (in many cases) not to depart 
from simple theoretical laws. For BSA in the 
PEG 1450-potassium phosphate system this re- 
gion can be approximated by the area bounded 
by the tie lines of systems 5 and 7 of Fig. 1. 

Fig. 5 shows the results of the partition of 
BSA in the PEG 1450-potassium phosphate 

Tie Line Length % w/w 

Fig. 5. Composite figure showing the partition of BSA for all 
tie line lengths examined in a PEG 1450~potassium phos- 
phate system at different volume ratios. Broken lines corre- 
spond to total recovery of BSA, dotted lines to concentration 
of BSA in the lower phase and solid lines to concentration in 
the upper phase. Symbols (whether filled or solid) corre- 
spond to volume ratios of 5.0 (Cl), 1.0 (V) and 0.2 (0). 

phase system for all the tie lines examined. The 
partition coefficient is at first relatively constant 
for all volume ratios in this system but gradually 
diverges as the system tie line length increases as 
shown in Figs. 2-4. Corresponding data showing 
the concentration in top and bottom phases and 
total recovery of BSA in the system at volume 
ratios of 5.0, 1.0 and 0.2 are shown in Fig. 5. For 
the most part total recovery is constant and 
greater than 90% for these systems. Only for the 
lowest volume ratios (which are combined with a 
strong upper phase preference) is precipitation of 
BSA in any way marked. Most noticeable in this 
figure, however, is the sudden change in phase 
preference which occurs at a tie line length of 
about 38%“(w/w). Below this concentration BSA 
strongly prefers the lower phase but above there 
is strong preference for the upper phase. 

3.3. Classical description of partition 

Many accounts of partitioning begin by refer- 
ence to the Briinsted equation [9] which is often 
given as 

ln K = WC - co> 
kT 

where K is the partition coefficient, A a factor 
comprising the interaction of the phases with the 
solute, A4 is the molecular mass of the solute and 
C - C, is the difference between the composition 
of the system and the composition at the critical 
point. k is the Boltzmann constant and T the 
absolute temperature. Briinsted and Warming 
[ 10,l l] partitioned colloidal particles of arsenical 
and cadmium sulphides in a two-phase system 
composed of ethyl alcohol, butyl alcohol and 
water. In order to reduce the surface tension to a 
level commensurate with distribution of the 
particles between the two bulk phases, rather 
than between one bulk phase and the interface, 
systems were confined to a region very close to 
the critical point [12]. This was achieved by 
manipulating the temperature within 0.25”C of 
the critical temperature for phase formation. 
Straight lines were used to describe the change in 
partition coefficient as the system composition 
became removed from the critical point as indi- 
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cated in the equation. Also implicit is the fact 
that at the critical point the observed arithmetic 
partition coefficient will be 1. 

In this light the observations reported on the 
partition of BSA in the PEG 1450~potassium 
phosphate aqueous two-phase system strongly 
suggest that the range of applicability of the 
Brijnsted equation may have been exceeded. 
However, the fact that a change of phase prefer- 
ence may be achieved with high yield by aitera- 
tion of the system composition, whilst contradict- 
ing the Bronsted equation, is of considerable 
practical significance in the design of protein 
purification schemes. From a practical point of 
view, it is worthwhile seeking alternative models 
which could account for these observations. Of 
most significance seems to be the change in 
phase preference occurring at around 38% (w/w) 
shown in Fig. 5. This is marked by a rapid 
decline in concentration in the lower, phosphate 
rich, phase and is strongly suggestive of the 
operation of a salting out mechanism. 

3.4. The description of partition in terms of 
salting out 

Classically the phenomenon of salting out, or 
more generally precipitation, can be represented 
by the following equation. 

lnS=p -K,C (4) 

where S is the solubility, /3 is a constant which 
depends on the temperature and the individual 
protein, C is the concentration and K, is the 
salting out constant which depends upon the 
particular protein and salt. The meaning of KS 
depends on the type of precipitation involved. 
For example for precipitation involving addition 
of polymers K, would be related to the excluded 
volume of the polymer [13]. In this light partition 
could be defined in terms of relative solubility or 
represented, in very general terms, as 

Kc+ 
b 

where S, and S, are the solubilities in the top 
and bottom phases, respectively. Actually such 

an approach to the description of partitioning in 
PEG-salt aqueous two-phase systems is not new, 
having been proposed by Kim [14]. However, to 
our knowledge relatively little of this work has 
been published [15]. Kim ascribed solubility in 
the upper phase of PEG-salt systems to the 
excluded volume of PEG and its effect on both 
the concentration of the protein and of the salt 
to derive an expression for protein solubility. 
Here only solubility in the salt-rich phase is 
considered. Since the phase is predominantly 
composed of salt (see Fig. 1) the contribution of 
PEG in this phase may be neglected. In a 
derivation of “solvophobic theory” [16] by 
Melander and Horvath [ 171, precipitation due to 
increase in salt concentration is described by 

ln-&= p + Am-nurn (6) 

where p is a term derived from Debye-Hiickel 
theory [18] (in which proteins in aqueous solu- 
tions at low ionic strength are treated as simple 
ions) and describes the increase in solubility with 
salt concentration known as salting in. A is a 
term derived from Kirkwood’s treatment of 
proteins as dipolar ions [18] applicable to de- 
scriptions of protein solubility in high concen- 
trations of salt and related to the dipole moment 
of the protein by 

DP 
A=m 

in which D is a constant derived from Kirk- 
wood’s theory [19]. The salting out term of Eq. 
6, Ram, relates the specific molal surface tension 
increment of the salt (o) to its concentration (m) 
and to Q which is proportional to the hydro- 
phobic surface area of the protein and represents 
the energy required for the removal of water 
from hydrophobic regions of the protein. Salting 
out thus involves an ionophilic contribution due 
to the dipole moment and a hydrophobic contri- 
bution due to the hydrophobic surface area 
which can be related to the experimentally 
observed salting out constant by 

K,=Ra-A (8) 
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Both terms may be determined from a knowl- 
edge of protein structure [19,20]. However, at 
present this is computationally difficult and pos- 
sible for only relatively few proteins, since it 
requires knowledge of the tertiary/quatemary 
structure. Furthermore, the solvophobic view of 
salting out has been extended 1211 to cover the 
situation of a protein partitioning between a 
mobile phase and a mildly hydrophobic solid 
phase in HIC. In this case binding to the solid 
phase is described by the difference in free 
energy of the solute in the mobile and stationary 
phases. 

lnk=lnk,-p’-A’m+n’am (9) 

Eq. 9 describes the retention in HIC under 
isocratic conditions with different salt concen- 
trations. The prime associated with various terms 
indicates that it is the surface area of contact 
between the solute and the ligand which is of 
importance. Thus any relationship between re- 
tention, salting out and partitioning might be 
expected to be tenuous because of the rather 
different surface areas involved. 

3.5. Hydrophobic interaction chromatography of 
some model proteins 

Fig. 6 shows the isocratic retention times of a 
series of proteins at increasing salt concentra- 
tion. A wide range of proteins has been chosen 
so that some, such as a-amylase, are highly 
retained at relatively low concentrations of salt. 
At the other extreme, e.g. cytochrome c is only 
moderately retained even at high salt concen- 
trations. The relationship between the difference 
in retention time and their partitioning behav- 
iour in an aqueous two-phase system is shown in 
Fig. 7. In order to make this comparison, each 
protein was partitioned in a PEG lOOO-phos- 
phate system at four different tie line lengths. 
The concentration of phosphate in the lower 
phase at these tie line lengths was used to 
ordinate the data, and the characteristic reten- 
tion of each protein in HIC, expressed as lnD, 
was extrapolated to this concentration. This was 
necessary because the concentration of salt re- 

so - 

45 - 

40- 

g 35 - 

g 30 - 

F 
% 25 - 

f 

f 

20 - 

15 - 

10 - 

5t 
01 

0 5 10 15 20 25 30 

Salt % wlw 

Fig. 6. Isocratic retention times on a PEG-silica HIC col- 
umn of a series of proteins in response to increasing con- 
centration of potassium phosphate pH 7.48 as detailed under 
methods. Symbols denote: 0: a-amylase., 0: cr-chymotryp- 
sin, Cl: lysozyme, n : BSA, A: ovalbumin, A: ribonuclease 
A, 0: myoglobin, l : cytochrome c. 

quired to bring about a change in phase prefer- 
ence in HIC was much less than that required for 
partition. Although the behaviour of this sample 
of proteins differs in detail, there is a remarkable 
degree of similarity in behaviour in the two types 
of partition. No proteins have been found which 
show high partition coefficients (A2PS) associ- 
ated with low distribution coefficients (HIC) and 
vice versa. The question why proteins partition- 
ing in these different systems involving rather 

: 

In D 

Fig. 7. Comparison of Ink obtained for selected model 
proteins at four tie line lengths in a PEG ltlOO-potassium 
phosphate aqueous two-phase system and their distribution 
coefficient lnD obtained during isocratic hydrophobic inter- 
action chromatography on a PEG-derivatised silica HPLC 
column. (Symbols as for Fig. 6.) 
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different surface areas of contact should behave 
in such a similar way is intriguing and will be 
explored further in a subsequent publication. 

Examination of the solubility behaviour of 
BSA in relation to increased concentration of 
either potassium phosphate or polyethylene gly- 
co1 (Fig. 8) shows that BSA is rapidly salted out 
by phosphate. However this takes place at a 
higher concentration of phosphate than is pres- 
ent in the lower phase of the two-phase system 
of Fig. 5 when the change in phase preference of 
this protein occurs. By contrast, polyethylene 
glycol, of the same molecular mass as used in the 
phase system (1450), shows little tendency to 
precipitate albumin over a wide range of con- 
centrations. It therefore seems reasonable to 
ascribe the phase change observed in partition to 
the salting out effect of phosphate. A greater salt 
concentration is required to bring about a change 
of phase preference in precipitation than in 
aqueous two-phase partition, which is in turn 
greater than that required to bring about a 
change of phase preference in chromatography 
involving partition to a solid phase. This might 
be thought to follow naturally from the surface 
areas and phase transitions involved in each 
process. 

On the basis of this evidence, ascribing the 
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Fig. 8. Precipitation of BSA with potassium dihydrogen 
orthophosphate (0) and with PEG 1450 (0). Hatched lines 
denote the concentration of phosphate in the lower phase of 
the PEG 1450 aqueous two-phase system over which BSA 
shows a marked change in phase preference. Symbols denote 
concentration (mg/ml) of BSA in the supernatant. 

behaviour of proteins partitioned in PEG-salt 
aqueous two-phase systems to the effects of 
salting out, leaves at least one significant prob- 
lem. In the classical view of salting out, or 
indeed any method of solubility reduction, the 
final solubility is a product only of the precipitant 
concentration and the temperature. Indeed Flor- 
kin [22], in a series of early experiments, sug- 
gested that departures from this were evidence 
for an impure protein preparation. However, the 
concentration of albumin observed in the phases 
of the systemreported here appears more than a 
little too flexible. For instance, after the solubili- 
ty limits of albumin in phosphate have been 
approached [at 38% (w/w) TLL] the solubility in 
the PEG phase appears to show a dramatic 
increase despite increasing concentration of the 
top phase components. In reality what is being 
quite sensitively measured by the partitioning 
technique is the driving force toward a particular 
equilibrium, and recent results from a precipi- 
tation study by Shih et al. [23] help to shed light 
on this. In this study two types of solubility 
behaviour were observed. Type 1 behaviour, 
shown by lysozyme, is classical, the 8nal protein 
concentration in the supematant depends only 
on the salt concentration. In type 2 behaviour, 
shown by BSA, the final supematant concen- 
tration is dependent not only on the concen- 
tration of the salt but also on the initial con- 
centration of protein. The final distribution of 
some proteins in precipitation depends on the 
concentration in the supematant and precipitate 
phases. Thus the apparent solubility limits of 
some proteins may be quite variable with oper- 
ating conditions. 

4. conclusion 

Our recent work on the partitioning of pro- 
teins in PEG-salt aqueous two-phase systems 
leads us to conclude that the salting out be- 
haviour of proteins has a strong influence on 
their partitioning behaviour as outlined above. 
Practically this means that some current design 
assumptions applied to partitioning may not 
always be valid. 
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An approach to the understanding and predic- 
tion of partition in PEG-salt aqueous two-phase 
systems based on solubility and in particular on 
solvophobic theory offers some key insights into 
the mechanism of partition. In particular, that 
partition may be a sensitive measure of the 
interplay of molecular surface forces which are 
rationalised here to the dipole moment and the 
hydrophobic surface area of the proteins. The 
apparent similarities in the separation basis of 
hydrophobic interaction chromatography, pre- 
cipitation and partition and the applicability of a 
common theoretical foundation based on sol- 
vophobic theory may prove to be a useful 
rationalisation in the development of large-scale 
downstream processing strategies. 

It also appears that hydrophobic interaction 
chromatography provides an additional compara- 
tive tool for the study of partition. Considerable 
scope exists for developing the technique as a 
simple and rapid instrumental analysis of protein 
mixtures which could be deployed in “method 
scouting” for the development of partitioning 
strategies for protein extraction and biorecovery. 

5. References 

[l] P.-A. Albertsson, Partition of Cell Particles and Macro- 
molecules, Wiley-Interscience, New York, 1986. 

[2] J.G. Huddleston and A. Lyddiatt, Appl. Biochem. 
Biotechnol., 26 (1991) 249. 

[3] A. Leo, C. Hansch and D. Elkins, Chem. Rev., 71 
(1971) 525. 

[4] W. Nemst, 2. Phys. Chem., 8 (1891) 110. 
[5] M-R. Kula, in M. Moo-Young (Editor), Comprehensive 

Biotechnology, Vol. 2, Pergamon Press, New York, 
1986, p. 451. 

[6] J.A. Flanagan, J.G. Huddleston and A. Lyddiatt, 
Bioseparation, 2 (1991) 43. 

[7] S. Bamberger, D.E. Brooks, K.A. Sharp, J.M. van 
AIstine and J.J. Webber, in H. Walter, D.E. Brooks and 
D. Fisher (Editors), Partition in Aqueous Two-Phase 
Systems, Academic Press, London, 1985, p. 85. 

[8] M.M. Bradford, Eur. J. Biochem., 48 (1976) 63. 
(91 N.L. Abbott, D. Blankschtein and T.A. Hatton, Bio- 

separation, 1 (1991) 191. 
(lo] J.N. Bronsted, 2. Phys. Chem. Bodenstein-Festband, 

15.5 (1931) 257. 
[ll] J.N. Briinsted and E. Warming, Z. Phys. Chem., 155 

(1931) 343. 
[12] E.A. Boucher, 1. Chem. Sot. Faraday Trans. 1, 85 

(1989) 2%3. 
[13] A. Polson and B.C. Ruiz, VOX Sang., 23 (1982) 107. 
[14] C.W. Kim, PhD thesis, Massachusetts Institute of Tech- 

nology, Cambridge, MA, 1986. 
[15] C.W. Kim, J.T. Someren, M. Kirshen and C.K. Rha, 

Phys. Chem. Liq., 18 (1988) 11. 
[16] 0. Sinanoght and S. Abduhmr, Fed. Proc., 24 (1965) 

s-12. 
[17] W. Melander and Cs. Horvath, Arch. Biochem. Bio- 

phys., 183 (1977) 200. 
[IS] J.T. EdsaIl and J. Wyman, Biophysical Chemistry, Vol. 

1, Academic Press, New York, 1958. 
[19] B. Lee and F.M. Richards., J. Mol. Biol, 55 (1971) 379. 
[20] S. Takashima and K. Asami, Biopolymers, 33 (1993) 59. 
[21] W.R. Melander, D. Corradini and Cs. Horvath, 1. 

Chromatogr., 317 (1984) 67. 
[22] M. FIorkin, J. Biol. Chem., 87 (1930) 629. 
[23] Y.-C. Shih, J.M. Prausnitz and H.W. Blanch, Biotech- 

nol. Bioeng., 40 (1992) 1155. 


