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Abstract

A method for purification of recombinant apolipoprotein A1 in aqueous two-phase systems has been studied. A mutant of
apolipoprotein A-I, the Milano variant, was expressed in E. coli. Phase systems containing ethylene oxide (EO)–propylene
oxide (PO) random copolymers have been used. These polymers are thermoseparating and have the ability to separate into
one water-rich and one polymer-rich phase when heated above a critical temperature i.e. the cloud point. The filtrate from an
E. coli fermentation was added to a primary aqueous two-phase system composed of an EO–PO copolymer and Reppal,
which is an inexpensive hydroxypropyl starch. Apolipoprotein A-I was partitioned to the top EO–PO copolymer phase and
contaminating proteins to the bottom starch phase. The phase diagrams for Reppal PES 100-EO PO (Ucon) and Reppal50 50

PES 100-EO PO were determined. The effect on partitioning, when changing parameters such as polymer concentration,30 70

type of polymer, protein concentration, pH, salt concentration and volume ratio, were studied. Studies on E. coli DNA
partitioning showed that DNA could be partitioned strongly to the bottom phase. An optimal system was scaled up from 5 g
to 5 kg with similar degrees of purification, i.e. 2.5 and 2.7 and yields of 79% and 82% respectively. Furthermore
temperature-induced phase formation was used for separation of apolipoprotein A-I from the copolymer by raising the
temperature above the copolymer cloud point; thus, recovering protein in a ‘clean’ water phase.  1998 Elsevier Science
B.V. All rights reserved.
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1. Introduction the phases contain 70–90% water, thus, decreasing
the possibility of denaturation of labile biomolecules

Aqueous two-phase systems have widespread use [3]. The partitioning of proteins in aqueous two-
in biochemistry and biotechnology for purification of phase systems depends mainly on the physicochemi-
biological materials [1,2]. The systems are composed cal properties e.g. protein hydrophobicity, charge and
of two incompatible polymers, e.g. dextran and size [1]. The partitioning can be influenced by
poly(ethylene glycol) (PEG), or a polymer e.g. PEG changing polymers, polymer molecular mass, the pH
and a high concentration of salt e.g. phosphate. or by addition of salts to the system [4]. Advantages
These systems are suitable for biological samples as of aqueous two-phase extraction lie in volume

reduction, high capacity and rapid separations. The
*Corresponding author. technique can be used early in the purification on
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process streams containing whole cells or cell debris. enriched with hydroxypropyl starch, i.e. Reppal PES
Compared to other separation techniques (e.g. chro- 100, Reppal PES 200, which are low-cost substitutes
matography) two-phase extraction is relatively for dextran [13,14]. The thermoseparating top-phase
straightforward to scale-up [5]. Aqueous two-phase polymers used are random copolymers of ethylene
systems for lab-scale separations are most often oxide (EO) and propylene oxide (PO), with different
composed of PEG and dextran. Dextran is a rela- % weight ratios of EO:PO, i.e. 50% EO/50% PO
tively expensive polymer and for large-scale purifica- (Ucon) or 30% EO/70% PO (EO30PO70). The
tion, e.g. industrial-scale enzyme extraction, PEG/ hydrophobicity of the copolymer increases with
salt systems are more commonly used [6]. However, increasing propylene oxide content and the cloud
the PEG/salt systems have the disadvantage of low point is decreased with an increase in hydropho-
solubility for amphiphilic proteins which have a high bicity. The cloud point temperature further depends
tendency to aggregate in water solution. Recently the on the concentration of the copolymer [15].
use of thermoseparating polymers in aqueous two- The aim of the purification process was to parti-
phase systems has been introduced. When such tion Apo A-1 to the top phase in a primary-phaseM

polymers are heated above a critical temperature i.e. system containing the relatively more hydrophobic
the cloud point, the solubility of the polymer will EO–PO copolymer and Reppal. After separating the
decrease and a system composed of a water and a phases, the top phase is isolated in a separate vessel,
polymer phase is formed. This makes it possible to and phase separation is induced by heating above the
perform a temperature-induced phase separation copolymer cloud point [7,16,17], 508C for Ucon and
whereby a target protein can be separated from the 408C for EO30PO70 for a 10% solution. A new
polymer and recovered in a ‘clean’ water phase [7]. phase separation is obtained where a polymer-rich

In this study the purification of apolipoprotein phase and a water-rich phase are formed. The
A1 (Apo A-1 ) from a filtrate of E. coli temperature at which the polymers separate out ofMilano M

proteins, using aqueous two-phase systems and tem- the solution can be lowered by addition of salts [16].
perature-induced phase separation is presented. Apo Target proteins are almost exclusively partitioned to
A-1 is a natural variant of apolipoprotein A1 with a the water-rich phase and the top-phase polymer canM

mutation where arginine 173 has been substituted be recycled.
with cysteine [8]. This mutation gives rise to di- Experiments with a factorial design were used to
sulphide linked dimers. The molecular mass of the highlight important variables for partition of Apo
monomer is approximately 26 kDa and the pI is A-1 to the top phase. Different polymer combina-M

5.6–5.7 [9]. The monomer of Apo A-1 has a dense tions, polymer concentrations, volume ratios betweenM

structure [10] and contains six major a-helix seg- top and bottom phases and the effect of the hydro-
ments. The a-helices are amphipathic, creating a phobic salt, triethylammonium phosphate,
protein where one surface is hydrophobic and the Et NHPO , were studied. The effect of the addition3 4

other is hydrophilic, and the protein has a strong of urea was also studied in some of the two-phase
tendency for aggregation between the hydrophobic systems. After the important variables had been
surfaces [11]. There is also, therefore, a tendency for determined, a suitable system with regard to purity
apolipoproteins to form micellar structures with other and yield was selected. The possibility of scale up
proteins and lipids in the solution [12]. Apolipo- for use at process scale was also an important
proteins are currently purified at laboratory scale criterion in the selection of the system.
with the use of centrifugation and ion-exchange
chromatography or affinity columns and gel filtration
[12]. The present work was carried out as a basis for 2. Experimental
the development of a large scale aqueous two-phase
extraction process for Apo A-1 . 2.1. ChemicalsM

In this study we have used polymer /polymer two-
phase systems with the top phase enriched with a Hydroxypropyl starch polymers Reppal PES 100
thermoseparating polymer and the bottom phase (M 100 000) and Reppal PES 200 (M 200 000)r r



J. Persson et al. / J. Chromatogr. B 711 (1998) 97 –109 99

were supplied from Carbamyl AB (Kristianstad, EO30PO70 concentrations were determined by re-
Sweden). The EO–PO random copolymer Ucon 50- fractometry by subtracting the refractive index con-
HB-5100 (EO50PO50) (M 4000) was supplied from tribution of Reppal PES 100. Some points, near ther

Union Carbide (New York, NY, USA) and critical point, were determined by titrating the two-
EO30PO70 (M 3200) from Shearwater Polymers, phase system with water until a one-phase systemr

(Huntsville, AL, USA). The antibodies for the was reached. The phase diagrams for the Ucon 50-
ELISA assay were a gift from Pharmacia and Upjohn HB-5100/Reppal PES200 and EO30PO70/Reppal
(Stockholm, Sweden). E. coli DNA was bought from PES200 systems can be found in Refs. [18,19],
Sigma Chemical (St. Louis, MO, USA). All other respectively.
chemicals were of analytical reagent grade.

2.4. Two-phase systems
2.2. Apolipoprotein A-1M

All polymer concentrations were calculated as %
Recombinant apolipoprotein A-1 was expressed weight /weight (w/w). The two-phase systems wereM

in E. coli fermentations. Apo A-1 is exported to the prepared by dissolving the pure polymers in theM

periplasmic space and is subsequently obtained in the protein solution obtained after cell removal and
fermentation broth. The cells were removed by ultrafiltration. Systems with a final weight of 5 g
flocculation followed by centrifugation. The superna- were prepared. All experiments were performed in
tant containing Apo A-1 was concentrated 10 times duplicate and the experimental data are averageM

by ultrafiltration using a membrane with a 10 000 M values. The 5-g systems were mixed with the help ofr

cut off. The concentration of Apo A-1 after ultrafil- a magnetic stirrer and the 5-kg system was mixedM

tration was 2.8 mg/ml and the total protein con- with a motor driven propeller. The separation into
centration was 30 mg/ml. The buffer in this starting two-phases was assisted by centrifugation at 1360 g
material was 20 mM Tris–HCl pH 8, 150 mM NaCl, for 10 min. The partitioning of molecules in two-
10 mM EDTA and 0.1% Tween 80. phase systems is described by the partition coeffi-

cient K. It is defined as the concentration in the top
2.3. Phase diagrams phase, C , of the molecule of interest divided by theT

concentration in the bottom phase, C : K5C /C .B T B

The borderline between one and two-phases is
called the binodial curve. The polymer concentration 2.5. Temperature-induced phase separation
of the two-phases in equilibrium with each other are
described by tie-lines in the phase diagram. The The top phase of the primary phase system,
concentration of Reppal PES 100 was determined containing the EO–PO copolymer, was removed and
with polarimetry using a digital polarimeter (Model isolated in a separate vessel. The temperature of this
AA-10) from Optical Activity (London, UK). By phase was increased above the copolymers cloud
making a polarimetric standard curve for Reppal PES point. For the Ucon top phases, a temperature of
100, the specific rotation could be determined, 194.6 608C was used and for EO30PO70, 508C was used to

21 21degree ml g dm . The refractive index of Reppal achieve separation. No additional salts were added to
PES 100, Ucon and EO30PO70 was determined at the aqueous two-phase systems in this separation
208C with a refractometer from Carl Zeiss (Ober- step.

¨kochen/Wurtt., Germany). Different concentrations
of Reppal PES 100 and Ucon or EO30PO70 were 2.6. Factorial experimental design
mixed and the resultant systems were separated into
two-phases by centrifugation for 10 min at 1360 g. All phase system variables (e.g. polymer con-
Samples from the top and bottom phases were centration, protein concentration) were tested at two
diluted and measured with polarimetry and refractive different levels (shown with 1 and 2 in Tables 1
index. The Reppal PES 100 concentration in both and 2). In the factorial experimental design, the
phases was determined by polarimetry. Ucon and selected variables were shifted simultaneously and
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Table 1
Factorial design 1 for purification of Apo A-1M

Experiment Total protein conc. Polymer conc. Salt conc. pH
(mg/ml phase syst) (% R–% U) (mM)

1 9 (2) 12–7 (2) 10 (2) 8.0 (1)
2 13 (1) 12–7 (2) 10 (2) 8.0 (1)
3 9 (2) 10–6 (1) 10 (2) 7.3 (2)
4 13 (1) 10–6 (1) 10 (2) 7.3 (2)
5 9 (2) 12–7 (2) 20 (1) 7.3 (2)
6 13 (1) 12–7 (2) 20 (1) 7.3 (2)
7 9 (2) 10–6 (1) 20 (1) 8.0 (1)
8 13 (1) 10–6 (1) 20 (1) 8.0 (1)

Phase system parameters: protein and polymer concentration, salt, pH. The 1 and 2 signs were used when the response variables were
calculated. R5Reppal PES200 and U5Ucon 50HB 5100. The salt added was sodium phosphate.

none of the experiments in the series was identical to ascertain that the calculated responses were signifi-
the other. The experiments were carried out in cant, normal distribution plots were constructed, (not
random order to minimise effects of systematic shown).
errors. For each experiment, several responses were
calculated (e.g. yield, purification factor). The effect 2.7. Determination of protein and Apo A-1M

of each variable was determined as the mean value
of the responses including the level for the variables The total protein content was determined accord-
[20]. The variables giving the strongest influence on ing to Bradford [21], using Coomassie Brilliant Blue
the response were identified by having the calculated G. The absorption was measured at 595 and 465 nm
effect with the highest absolute value. The calculated and the absorption at 465 nm was then subtracted
effects were both positive and negative and a posi- from the 595 nm absorption. Bovine serum albumin
tive effect indicated that the analysed variables on was used for standard. The spectrophotometer used
the positive level had the strongest influence. To was UV-2101 PC from Shimadzu (Kyoto, Japan).

Table 2
Factorial design 2 for purification of Apo A-1M

Experiment Bottom phase polymer Top phase Top phase Polymer conc. (%)
(Reppal PES) polymer volume (bottom–top)

1 100 (2) Ucon (2) small (2) 3.2–15.0 (2)
2 200 (1) Ucon (2) small (2) 3.6–14.0 (2)
3 100 (2) EO30PO70 (1) small (2) 4.5–16.0 (2)
4 200 (1) EO30PO70 (1) small (2) 4.5–16.0 (2)
5 100 (2) Ucon (2) large (1) 5.4–11.0 (2)
6 200 (1) Ucon (2) large (1) 6.0–10.0 (2)
7 100 (2) EO30PO70 (1) large (1) 7.0–11.0 (2)
8 200 (1) EO30PO70 (1) large (1) 6.3–12.0 (2)
9 100 (2) Ucon (2) small (2) 3.4220.0 (1)

10 200 (1) Ucon (2) small (2) 4.0–20.0 (1)
11 100 (2) EO30PO70 (1) small (2) 4.5–19.0 (1)
12 200 (1) EO30PO70 (1) small (2) 4.5–22.0 (1)
13 100 (2) Ucon (2) large (1) 6.1–15.0 (1)
14 200 (1) Ucon (2) large (1) 7.3–14.0 (1)
15 100 (2) EO30PO70 (1) large (1) 8.5–11.0 (1)
16 200 (1) EO30PO70 (1) large (1) 10.1–12.0 (1)

Phase system parameters: type of polymer, polymer concentration and volume ratio of the phases. The response variable was the purification
of Apo A-1 . The positive and negative signs indicate how the parameters were changed. This sign was used when the response wasM

calculated.
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The concentration of Apo A-1 was measured by in the system was 0.2 mg/ml. The buffer com-M

an ELISA assay. A biotin conjugate was used and position was the same as in the starting material (10
further coupled to an avidin that was alkaline-phos- mM Tris–HCl pH 8.0, 75 mM NaCl, 5 mM EDTA
phatase linked. The alkaline phosphatase was used as and 0.05% Tween 80). The absorbance was mea-
a marker and the absorption was measured at 405 sured at 260 and 320 nm, and the absorbance at 320
nm. nm was then subtracted from the 260 nm absorbance.

The yield was calculated as: The absorbance of the blank system, without DNA,
was subtracted from the samples.t t* *Yield 5 (C V ) /(C V )Apo Apo

twhere C is the concentration of Apo A-1 in theApo M
ttop phase and V is the volume of the top phase. CApo 3. Results and discussion

is the concentration of Apo A-1 in the startingM

material and V is the volume of material added to the 3.1. Phase diagrams
system. The purification factor of Apo A-1 in theM

systems was calculated as: Two thermoseparating EO–PO random copoly-
t t mers were investigated for Apo A-1 purification,MPurification factor 5 (C /C ) /(C /C)Apo Apo

Ucon 50HB-5100 (EO50PO50) and EO30PO70,
t with cloud points of 508C and 408C, respectively.where C is the protein concentration in the top

Phase diagrams for Ucon 50-HB-5100 andphase and C is the protein concentration in the
EO30PO70 with Reppal PES100 are shown in Figs.starting material.
1 and 2, respectively. EO30PO70 is relatively moreSamples from top phases were also analysed with
hydrophobic, due to the higher propylene oxideSDS–PAGE, 20% Phast gels (Pharmacia, Sweden),
content, when compared to Ucon 50-HB-5100and stained with Coomassie R 350 (Phast Gel Blue
(EO50PO50) and can thus be expected to phaseR). After destaining, the gels were scanned with a
separate more effectively with the hydrophilic starchdensitometer (Personal Densitometer SI, Molecular
polymer Reppal. However, the two-phase region isDynamics, Sunnyvale, CA, USA).
slightly larger in the Ucon/Reppal PES100 system.
This can be explained by higher molecular mass of2.8. Urea partitioning
Ucon 50-HB-5100 compared with EO30PO70, i.e.,
M 4000 and 3200, respectively [3]. The advantagerUrea was partitioned in a system containing 21%
of EO30PO70 compared to Ucon 50HB5100 is theReppal PES 200, 10% EO PO and with the same30 70 lower cloud point, 408C, which is more favourable tobuffer as in the starting material (10 mM Tris–HCl
temperature sensitive proteins.pH 8, 75 mM NaCl, 5 mM EDTA and 0.05% Tween

80). Three different concentrations of urea were
used: 1, 2 and 3 M. Urea concentration in the 3.2. Factorial design experiments
aqueous phase was measured with ninhydrin [22].
The absorption of the samples was corrected by The first step in the purification of Apo A-1 wasM

subtraction of the absorption from the blank system, partitioning in a primary two-phase system con-
containing no urea. The measurements were carried taining the EO–PO copolymer and hydroxypropyl
out using a UV–Vis scanning spectrophotometer, starch. The partitioning of proteins in aqueous two-
UV-2101 PC from Shimadzu (Kyoto, Japan). A urea phase systems is strongly affected by the composi-
solution was used for standard. tion of the phase system, where the most important

variables are type of polymer, polymer concentra-
tion, salt composition and pH.2.9. DNA partitioning

Two factorial design studies were carried out. The
aim was to distinguish which of the phase-systemThe partitioning of E. coli DNA was studied in
variables had the strongest effect on the purificationsystems containing 21% Reppal PES 200, 10%
factor and yield of Apo A-1 in the extractionEO PO and 3 M urea. The concentration of DNA M30 70
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Fig. 1. Phase diagram of Reppal PES100-Ucon 50-HB-5100–water at 208C.

aqueous two-phase system, and thus how these copolymer phase in the primary system, the target
variables could effectively be manipulated to give an protein can be recovered by thermal separation above
enhanced partitioning of Apo A-1 to the top phase the cloud point of the copolymer. The overall purityM

containing the thermoseparating EO–PO polymer. and yield of Apo A-1 is highly dependent on theM

After extraction of Apo A-1 into the EO–PO design of the primary-phase system.M

Fig. 2. Phase diagram of Reppal PES100-EO30PO70–water at 208C.



J. Persson et al. / J. Chromatogr. B 711 (1998) 97 –109 103

3.3. Factorial design 1 concentration indicates that more precipitation is
obtained when using high polymer concentration, see

3.3.1. Protein and polymer concentration, salt Tables 1 and 3. The response for protein concen-
addition and pH tration (10.25) indicates that the precipitation of E.

The aim of this experimental design was to study coli proteins was increased when the protein con-
how the purification and yield of Apo A-1 and the centration was increased. The increased proteinM

precipitation of E. coli proteins were affected by precipitation at higher polymer concentration is
process variables i.e. total protein concentration, probably due to the fact that less protein can be
polymer concentration, salt addition and pH. Protein dissolved in a more concentrated polymer phase. The
concentration was studied at 9 and 13 mg/ml. The partition coefficient for Apo A-1 was significantlyM

concentrations were chosen so that the concentration affected by the concentration of protein in the system
was low enough to avoid precipitation but high and the pH. A high K was reached when a highapo

enough to influence the phase system. The polymer pH and low protein concentration was used. The
concentration was studied at two different tie-line purification was significantly improved by high
lengths with equal phase ratio, 12% Reppal PES200- polymer concentration and a low salt concentration.
7% Ucon 50HB5100 and 10% Reppal PES200-6% For proteins, it is well known that by partitioning at
Ucon. The salt added was triethylammonium phos- points further away from the binodial in the phase
phate, a salt with a hydrophobic cation which was diagram, i.e. at higher polymer concentrations, it is
expected to increase the partitioning (K ) of Apo possible to obtain more extreme K-values [23]. Thisapo

A-1 to the EO–PO phase. The pH of the tri- explains the increased purification of Apo A-1M M

ethylammonium phosphate buffer was set to 7.3 and when the polymer concentration was increased. For
8.0 and the salt concentration in the system was 10 the yield response the significant variables were low
or 20 mM. In Table 1 all eight experiments are listed. protein and low-salt concentrations. That the yield
Four different responses were calculated: protein was improved by low protein concentration is not
precipitation, K , purification and yield, see Table surprising after the observation that the precipitationapo

3. of E. coli proteins was increased by higher protein
The precipitation response variable was calculated concentration.

after visual inspection. For the precipitation re-
sponse, mean value 0.75, the effects were strong for 3.4. Factorial design 2
the protein concentration, 10.25, and polymer con-
centration, 20.75, variables. The 1 and 2 signs 3.4.1. Polymer composition and concentration
show the level of the process variable with the In this factorial experimental design the purifica-
strongest effect on the response e.g. the negative sign tion of Apo A-1 was calculated as a responseM

in front of the precipitation response for polymer variable. The aim was to find out how the purifica-

Table 3
Results from the factorial design in Table 1

Purification Yield K Precipitationapo

factor (%)

Mean value 0.990 78.2 6.4 0.75
Protein conc. 10.006 26.8 21.9 10.25
Polymer conc. 20.059 20.7 20.1 20.75
Salt conc. 20.031 25.9 20.5 0
pH 20.009 10.61 11.4 0

The first row shows the mean value of the experiments. The rest of the table shows the responses for the different variables. The signs on the
responses indicate if the parameter should be on the 1 or 2 level, see Table 1. The precipitation response variable was calculated after
visual inspection. Systems with no precipitation were given 0, systems with precipitation at the interface were given 1, and systems with
precipitation both at the interface and bottom phase were given 2.
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tion was affected by the EO/PO ratio in the co- teins were precipitated to a higher degree than Apo
polymer (EO50PO50 copolymer with EO30PO70), A-1 , giving a higher purification of Apo A-1 .M M

molecular mass of Reppal (PES 100 compared with
PES 200) and the concentrations of phase forming 3.5. Effects of polymer concentration
polymers. Also studied was the effect of volume
ratio, Table 2. The systems in this series were all at a The factorial design experiments showed the
high protein concentration, 23 mg/ml. Systems with importance of polymer concentration for purification
comparable tie-line lengths in the four phase dia-
grams were compared. Two of the systems for each
polymer combination were on the same tie-line but
the volume of the two-phases were changed. The
tie-line lengths used in these experiments were
15.8% and 25.5%. Theoretically, there should be no
effect on protein partitioning by moving along a
tie-line, i.e. by changing volume ratio [3]. In this
experimental design the effects of different poly-
mers, polymer concentration and volume ratio top /
bottom phase could be calculated at the same time.
The response variable, purification, for the four
different parameters is shown in Table 4.

The results showed that the polymer concentration
and the volume of the top phase were the most
important phase-system parameters. A higher PO
content in the copolymer was shown to have an
improved effect on the purification. No significant
difference was noticed when using the different
bottom-phase polymers. This factorial design indi-
cated that with a higher polymer concentration, the
purification of Apo A-1 was improved. The bestM

results were obtained when high polymer concen-
tration was combined with a small top phase and use
of the EO30PO70 copolymer, Table 4. The fact that
the volume ratio affected the purification was due to
the high protein concentration in the systems. Protein
precipitation at the interface was observed in systems
with high polymer concentrations, and the precipi-
tation increased when the top-phase volume was
decreased. The results indicated that the bulk pro-

Fig. 3. Effects on purification and yield of Apo A-1 in theMTable 4
primary top phase by increased polymer concentration measured

The response of the phase system variables analysed in Table 2
as tie-line length. The starting material used had a pH 7.3. The

Variable Response (purification) polymers used were Reppal PES 200 and EO30PO70. The
polymer concentrations for the four tie-lines were (Reppal PES

Bottom-phase polymer 10.0360.06
200/EO30PO70% w/w): 13.5 /8.1, 14.7 /9.0, 17.5 /9.5 and 19.3 /

Top-phase polymer 10.0760.06
10.5. The data were calculated from ELISA results. (a) Protein

Volume of top phase 20.0860.06
concentration, (mg/ml, j), and Apo A-1 concentration, (mg/ml,MPolymer concentration 10.0860.06
d), in the top phase in the primary system. (b) Purification factor,

The response variable was calculated from the purification factors (j), and yield, (%) (d), of Apo A-1 in the top phase in theM

for Apo A-1 in experiments 1–16. primary system.M
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of Apo A-1 in the primary-phase system. The hydrophobic and negatively charged protein to theM

effect of polymer concentration on the purification of EO30PO70 phase, [19]. Apo A-1 has a pI ofM

Apo A-1 was studied (Fig. 3b) by partitioning at 5.6–5.7 [9] and will be negatively charged at the pHM

different tie-line lengths in the Reppal /EO30PO70 used in the system (7.5). The hydrophobic cation
system. The purification of Apo A-1 was slightly will thus enhance the partitioning of the negativelyM

increased with increasing tie-line length. At high charged Apo A-1 to the top phase in the primaryM

polymer concentrations the solubility of the bulk system. The purification of Apo A-1 was increasedM

proteins was decreased, (Fig. 3a), and an increased by increasing the triethylammonium phosphate con-
protein precipitation in the phase system was ob- centration, see Fig. 4. The yield of Apo A-1 wasM

served. The increase in purification of Apo A-1 at increased at low concentrations of the salt, 10–30M

long tie-line (34%) is due to precipitation of bulk mM. When the concentration of the salt was 50 mM
proteins. At longer tie-line length, the yield de- or higher, the yield decreased. This was probably due
creased dramatically. The decrease in yield was to Apo A-1 precipitating at higher salt concen-M

probably due to the fact that Apo A-1 is precipi- tration. More precipitation of protein to the interfaceM

tated together with other proteins in the bottom was observed when the salt concentration was in-
phase. The experiments with increasing polymer creased. The increased purification of Apo A-1 byM

concentration strengthen the results from the second addition of triethylammonium phosphate is in ac-
factorial design experiment (Table 4) that the purifi- cordance with earlier results on protein partition with
cation is increased with higher polymer concen- this salt [15,19].
tration (Fig. 3b).

3.6. Addition of a hydrophobic counter ion 3.7. Addition of urea

Triethylammonium phosphate is a salt with a Urea in high concentrations is often used to
hydrophobic cation. The salt has been shown to denature proteins [24]. Addition of urea leads to
partition to the top phase, the more hydrophobic breaking of hydrogen bonding interactions. The
phase, in EO30PO70/Reppal systems [19]. This effect of urea on Apo A-1 purification was studiedM

hydrophobic cation will enhance the partitioning of a by varying the urea concentration from 1 M to 4.2 M
in phase systems with high polymer concentration,
21% Reppal PES100-10% EO30PO70. When urea
was added to the two-phase systems, a better purifi-
cation and yield was obtained, (Fig. 5). This can be
clearly seen in the SDS–PAGE analysis (Fig. 6).
One explanation can be increased solubility of Apo
A-1 in the EO30PO70 phase at higher urea con-M

centration. The solubility of Apo A-1 in EO–POM

copolymer solutions after urea addition was therefore
investigated. Fig. 7 shows that the solubility of Apo
A-1 in Ucon (EO50PO50) solutions increasedM

when urea was added. The exposure of hydrophobic
surfaces on Apo A-1 by partial unfolding in ureaM

solution will lead to stronger interaction with the
relatively hydrophobic EO–PO copolymer, thus
leading to reduced aggregation of Apo A-1 mole-M

Fig. 4. Effect of triethylammonium phosphate on the degree of cules and increased partitioning to the EO–PO
purification (j) and yield (%, d) of Apo A-1 in the primary topM phase. An additional effect of urea will be thephase. The phase systems had the polymer concentrations 21%

breaking of aggregates between Apo A-1 and otherReppal PES200–5% EO30PO70 (w/w). The data were calculated M

from ELISA results. proteins in the solution. The results indicated that a
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Fig. 5. Effect on the degree of purification (j) and yield (%, d)
of Apo A-1 in the primary top phase when urea is added to theM

two-phase system. The phase systems had the polymer con-
centrations 21% Reppal PES200–10% EO30PO70 (w/w). The
data was calculated from ELISA results.

concentration of 2.5 M urea was optimal (Figs. 5 and
6).

Urea partitioned nearly evenly between the two
polymer phases of the primary system, K50.9, see
Table 5. The partitioning was the same independent

Fig. 6. Analysis by SDS–PAGE of samples from primary top
of the urea concentration in the system, i.e 1–3 M. phases with different concentration of urea. The phase systems
These results are expected as urea is a small un- had the polymer concentrations 21% Reppal PES200–10%

EO30PO70 (w/w). To all lanes 3 mg of protein was added. Thecharged molecule and such molecules partition even-
gel was stained with Coomassie. Lane 4 shows the startingly between the two-phases [1]. In the temperature-
material. Lanes 1,2 and 3 show protein after separation in systemsinduced phase system the urea partitioned strongly to
containing 2.5, 2.0 and 1.0 M urea, respectively. (Apo A-1 , →).Mthe water phase. This can be explained by the gain in

entropy due to the urea interaction with the hydro-
gen-bonded water structure, which favours urea
partitioning to the water-rich phase [25]. rated from the target protein in this aqueous two-

phase extraction. The extreme partitioning of DNA
agrees with results previously reported by Albertsson

3.8. DNA partitioning [1].

The removal of DNA is of importance in pro-
cesses which involve recombinant organisms. There- 3.9. Temperature-induced phase separation
fore, DNA partitioning was investigated. E. coli
DNA was partitioned strongly to the bottom phase in The system that gave the highest purification and
the primary aqueous two-phase system (10% yield in the primary partitioning step was selected for
EO30PO70–21% Reppal PES 200) with Tris buffer, studies of temperature-induced phase separation. The
pH 8.0, and 3 M urea. The partition coefficient in the more hydrophobic copolymer was chosen for the
system was 0.01. Thus, DNA was effectively sepa- primary system with a relatively high polymer
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concentration (17% Reppal PES100–12%
EO30PO70) and 2.5 M urea. An E.coli fermentation
solution, after cell removal and concentration, con-
taining Apo A-1 was added to the primary two-M

phase system. After phase separation in the primary
system, the top phase was isolated in a separate
vessel and temperature-induced phase separation at
508C was performed. When the protein concentration
in the top phase is very high there will be an increase
in cloud point for the EO30PO70 copolymer, which
is 408C in water solution. Therefore the temperature
for phase separation was increased to 508C, to ensure
adequate separation of the phases. In normal situa-
tions the EO30PO70 copolymer phase forms the
bottom phase in the thermal separation step. The
density of the polymer solution is higher than that of
the water–protein solution. However, when urea is

Fig. 7. Solubility of Apo A-1 in Ucon solutions of differentM used in concentrations higher than 2 M, the polymer
concentrations. Apo A-1 dissolved in buffer, 20 mM Tris–HClM phase has a lower density than the water–urea–pH 8, (j). Effect on solubility when 3 M urea is added (d).

protein phase and forms the top phase.
The purification factor and yield for the primary

Table 5 top phase and the temperature-induced water phase
Partitioning coefficients for urea in the aqueous two-phase system

are shown in Table 6. The yield was 82% with acontaining 21% Reppal PES 200 and 10% EO30PO70
purification factor of 3.0 after thermoseparation. No

Partition coefficient (K) loss of Apo A-1 was observed in the thermalM
1 M urea 2 M urea 3 M urea separation step. A concentration of the proteins was

obtained due to the volume reduction in the tem-Primary-phase system 0.9 0.9 0.9
Temperature-induced perature-induced phase separation. In this step all

aphase separation 7.4 7.0 7.1 proteins in the primary top phase are partitioned to
the water phase, as earlier demonstrated [16,17]. TheThe buffer concentration in the system was 10 mM Tris–HCl pH

8, 75 mM NaCl, 5 mM EDTA and 0.05% Tween 80. The partition removal of contaminating proteins can be observed
coefficients were calculated from spectrophotometric measure- when comparing lane 1 and 2. When analysing the
ments using the ninhydrin reagent.

polymer phase on SDS–PAGE, with silver nitratea The K-value is for partitioning between the water and polymer
staining, no protein bands were observed in this(EO30PO70 plus water) phases, (urea in water phase /urea in
phase (see Fig. 8, lane 3).polymer phase), formed at 608C.

Table 6
Purification of Apo A-1 using temperature-induced phase separationM

Sample Apo A-1 conc. Protein conc. Yield PurificationM

(mg/ml) (mg/ml) (%) factor

Starting material 0.67 6.0 (100) (1)

Primary top phase (208C) 0.60 2.0 82 2.7

Water phase after 0.75 2.2 82 3.0
thermoseparation (508C)

The primary aqueous two-phase system contained 17% Reppal PES200, 12% EO30PO70 and 2.5 M urea. The data were calculated from
ELISA results.
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3.10. System scale-up

Aqueous two-phase systems can readily be scaled
up [23]. The partitioning of protein is independent of
the size of a system. As long as the phase con-
centrations in the systems are the same, the partition-
ing will also be the same. However, phase separation
times will increase and may also show a dependence
on the geometry of the separation vessel. The time of
phase separation can be reduced by use of centrifugal
separation [2]. The scale up of Apo A-1 purifica-M

tion was studied. The phase system that was found
optimal in the small scale experiment was used for a
5-kg phase system.

The large scale experiments were carried out
directly after termination of an E. coli fermentation.
After fermentation the cells were removed by floccu-
lation and centrifugation. The phase components
were added directly to the cell-free E. coli protein
solution. The final concentrations were 17% Reppal
PES 200, 12% EO30PO70, 2.5 M urea, 3.8 mg/ml
total protein and 0.4 mg/ml Apo A-1 . The poly-M

mers were dissolved by stirring and the phases were
separated by centrifugation. The top EO30PO70
phase was pumped to a separate vessel and the
temperature increased to 508C. After 30 min the
water phase containing Apo A-1 could be removed.M

Data on purification and yield from the primary
separation and the thermoseparation are shown in
Table 7 and compared with data from a 5-g system.
As is clear from this table, the scale up, by a factor
of 1000, can be done with no loss of purification and
yield. Another advantage with the two-phase ex-
traction is the possibility of isolating the target
protein in a smaller phase and thus obtain a volume
reduction. This is shown (Table 7) in the volume
reduction factor which compares the volume of
starting material and water phase after thermal
separation. A volume reduction of 30% was obtained
both in small and large scale.

Fig. 8. Analysis by SDS–PAGE of samples from thermoseparated
water phase and polymer phase. The phase systems had the
composition of 17% Reppal PES200–12% EO30PO70 (w/w) and Acknowledgements
2.5 M urea. To all lanes 3 mg of protein was added. The gel was
stained with silver nitrate. Lane 1 shows the starting material, lane

Dr. Hans-Olof Johansson is thanked for useful2 the water phase after a temperature-induced phase separation
discussions. Research on temperature-induced phaseand lane 3 the polymer phase after temperature-induced phase
separation is supported by a grant to Folke Tjerneldseparation. (Apo A-1 , →).M
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Table 7
Effects on the purification and yield of Apo A-1 when scaling up the two-phase system and the temperature-induced separationM

Purification Yield Volume Volume
factor (%) (l) reduction

5 g system
Starting material 1 100 0.0029 –
Top phase from primary system 2.5 79
Water phase after temperature-induced separation 2.5 77 0.0020 0.69

5000 g system
Starting material 1 100 2.5 –
Top phase from primary system 2.7 82
Water phase after temperature-induced separation 2.7 81 1.80 0.72

The phase system composition was 17% Reppal PES200, 12% EO30PO70 and 2.5 M urea. The starting material was an E. coli protein
solution. The data were calculated from ELISA determinations.

[11] D. Eisenberg, R.M. Weiss, T.C. Terwilliger, Nature 299from the Swedish Research Council for Engineering
(1982) 371–374.Sciences (TFR).

[12] A.M. Gotto, Jr., H.J Pownall, R.J Havel, in: J.P. Segrest, J.J.
Albers (Eds.), Methods in Enzymology, vol. 128, Academic
Press, London, 1986, pp. 3–40.References

[13] F. Tjerneld, S. Berner, A. Cajarville, G. Johansson, Enz.
Microb. Technol. 8 (1986) 417–423.˚[1] P.-A. Albertsson, Partitioning of Cell Particles and Macro-

[14] S. Sturesson, F. Tjerneld, G. Johansson, Appl. Biochem.molecules, 3rd ed., Wiley, New York, 1986.
Biotechnol. 26 (1990) 281–295.[2] H. Walter, D.E. Brooks, D. Fisher, Partitioning in Aqueous

¨[15] H.-O. Johansson, G. Lundh, G. Karlstrom, F. Tjerneld,Two-phase Systems, Academic press, Orlando, FL, 1985.
Biochim. Biophys. Acta 1290 (1996) 289–298.[3] H. Walter, G. Johansson (Eds.), Aqueous Two-phase Sys-

¨[16] P. A Harris, G. Karlstrom, F. Tjerneld, Bioseparation 2tems, Methods in Enzymology, vol. 228, Academic Press,
(1991) 237–246.London, 1994.

[17] P.A. Alred, A. Kozlowski, J.M. Harris, F. Tjerneld, J.[4] G. Johansson, Acta Chem. Scand. B 28 (1974) 873–882.
Chromatogr. A 659 (1994) 289–298.[5] A. Cordes, M-R. Kula, in: H. Walter, G. Johansson (Eds.),

[18] R.F. Modlin, P.A. Alred, F. Tjerneld, J. Chromatogr. A 668Methods in Enzymology, vol. 228, Academic Press, London,
(1994) 229–236.1994, pp. 600–608.

[19] K. Berggren, H.-O. Johansson, F. Tjerneld, J. Chromatogr. A[6] R. Woker, J. Vernau, M-R. Kula, in: H. Walter, G. Johansson
718 (1995) 67–79.(Eds.), Methods in Enzymology, vol. 228, Academic Press,

[20] R. Mead (Ed.), The Design of Experiments, CambridgeLondon, 1994, pp. 584–590.
University Press, 1991.[7] P.A. Alred, F. Tjerneld, A. Koslowski, J.M. Harris, Bio-

[21] M.M. Bradford, Anal. Biochem. 72 (1976) 248–254.separations 2 (1992) 363–373.
[22] S. Blackburn, Amino Acid Determination, Methods and[8] L. Calabresi, G. Vecchio, R. Longhi, E. Gianazza, G. Palm,

Techniques, Academic Press, 2 ed., New York, 1978.¨ ¨H. Wadensten, A. Hammarstrom, A. Olsson, A. Karlstrom,
[23] G. Johansson, in: H. Walter, G. Johansson (Eds.), Methods inT. Sejlitz, H. Ageland, C.R. Sirtori, G. Franceschini, J. Biol.

Enzymology, vol. 228, Academic Press, London, 1994, pp.Chem. 269 (1994) 32168–32174.
28–42.[9] C.G. Brouillette, G.M. Anantharamaiah, Biochim. Biophys.

[24] T. Creighton, Proteins Structure and Molecular Propertys,Acta 1256 (1995) 103–129.
2nd ed., W.H Freeman and company, New York, 1993.[10] J.P. Segrest, D.W Garber, C.G. Brouillette, S.C. Harvey,

¨[25] H.-O. Johansson, G. Karlstrom, F. Tjerneld, Biochim. Bio-G.M. Anantharamaiah, in: V.N. Schumaker (Ed.), Advances
phys. Acta 1335 (1997) 315–325.in Protein Chemistry 45, 1994, pp. 303–369.


