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Abstract

A system has been developed for selective partitioning of membrane proteins. For the first time, an integral membrane
protein, cytochrome bo ubiquinol oxidase from Escherichia coli, has been affinity partitioned in an aqueous two-phase3

system. The systems used were different detergent /polymer aqueous two-phase systems containing a metal-chelating
polymer, such as poly(ethyleneglycol)–iminodiacetic acid–Cu(II) as well as dextran–iminodiacetic acid–Cu(II). Many
non-ionic detergents, such as alkyl(polyethyleneoxide) (C EO ), Triton, Tween and alkylglucosides, form two-phasem n

systems in mixture with polymers, such as dextran and poly(ethyleneglycol), i.e., a micelle-enriched phase in equilibrium
with a polymer-enriched phase are formed. In general, membrane proteins partition strongly to the micelle phase. We show
that it is possible to selectively partition a poly(histidine)-tagged integral membrane protein into the polymer phase by metal
affinity partitioning, with a shift in the partitioning coefficient from 0.015 to 4.8 (300-fold). The affinity partitioning was
characterized and the effects of ligand concentration, pH, time, salts, buffer type, imidazole and charged detergent are
discussed. Thus, a fast and mild affinity procedure for the purification of integral membrane proteins can be developed in
affinity detergent /polymer aqueous two-phase systems, and the method is especially suitable for the purification of labile
integral membrane proteins, such as receptors.  2000 Elsevier Science B.V. All rights reserved.
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1. Introduction is likely to be even higher. Despite, the large
abundance of membrane proteins, they have been

The genome of E. coli encodes about 6000 sparsely studied. One reason is that it is difficult to
proteins and of them, one third are predicted to be isolate large amounts of pure membrane protein in a
integral membrane proteins. In more biologically native and stable form with retained structural in-
complex systems, the fraction of membrane proteins tegrity [1–3]. The solubilization of membrane-bound

proteins has been reviewed theoretically [4] and
isolation of membrane proteins has been the subject

qThis work was carried out in the Swedish Center for Bio- for several practical reviews [1,5].
separation.
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when two hydrophilic polymers, such as poly- both phases contain micelles. A large range of
(ethyleneglycol) (PEG) and dextran, are mixed over commonly used nonionic detergents, in membrane
certain concentrations [6,7]. At equilibrium, both protein isolation, can form two-phase systems, in-
phases are aqueous and each phase is enriched in one cluding the Triton series (polyoxyethylene alkyl
of the polymers. Aqueous two-phase systems have phenol), alkyl poly(ethyleneoxide) (C EO ), them n

been used for fractionation of a large number of Tween series (polyoxyethylene sorbitol esters) and
biomolecules, such as cells, organelles, membrane alkylglucosides. Phase diagrams of these systems can
fractions and proteins, and the systems have been be found in Sivars and Tjerneld [15]. Recently, we
applied both for analytical and preparative purposes have characterized the mechanisms of phase be-
[6,7]. The partitioning can be controlled and opti- havior and protein in different detergent–polymer
mized with a judicious choice of phase system, pH, aqueous two-phase systems [15]. Polymers can be
salt composition or by affinity partitioning. added either to the solubilized (by detergent) mem-

Aqueous two-phase systems have been used in brane proteins or be included into the solubilization
membrane research for the separation and subfrac- buffer together with the detergent. An initial purifica-
tionation of membranes, for membrane domain anal- tion of membrane protein can thereby be achieved a
ysis and for purification of membrane proteins [7–9]. few minutes after the solubilization of the membrane
Nonionic detergents with lower critical solution protein is completed. This is advantageous because a
temperatures (cloud points), such as Triton X-114, fast, partial purification lowers the contact time with
also form aqueous two-phase systems over certain proteases and detergent and the extreme partitioning
critical temperatures [10–12]. A two-phase system is of membrane proteins to the micelle phase makes it
formed where a detergent-enriched phase is in possible to reduce the volume without it resulting in
equilibrium with a detergent-depleted phase. The low recovery. Thus, these systems are of interest for
potential of this system to extract membrane proteins a mild and primary extraction of integral membrane
from cytosolic proteins was shown by Bordier [10]. proteins.
The cloud-point extraction technique in detergent Some trials have been carried out to increase
systems has since then been developed and applied selectivity in detergent cloud-point extraction sys-
as a fast initial purification step for the isolation of tems, most of them dealing with the selective
membrane protein from water-soluble proteins and separation of water-soluble proteins [24–26]. A few
insoluble particles prior to a subsequent high res- recent studies dealt with the selectivity problem for
olution purification method [11,12]. membrane proteins, but only small effects have been

The cloud-point extraction technique has some obtained [14,15,27].
drawbacks. First, the selectivity between different In order to selectively separate integral membrane
membrane proteins is low. Furthermore, only a few proteins, an affinity ligand was coupled to the
mild nonionic detergents can be utilized and a polymer. The target protein is thereby partitioned to
specific temperature needs to be exceeded for the the polymer phase. The principles are shown in Fig.
formation of the two-phase system, both of which 1. An affinity purification procedure for integral
can lead to a decreased stability of some membrane membrane proteins can thereby be developed, due to
proteins. By using a polymer–detergent aqueous the high partitioning of contaminating membranes
two-phase system, it is possible both to increase the proteins in the opposite micelle phase. We have
amount of available detergents and to use lower utilized the affinity between immobilized metals and
temperatures (08C) [13–15]. Phase separation in surface-exposed electron-rich amino acids such as
detergent–polymer–water mixtures has been studied histidine [28]. Iminodiacetic acid (IDA) was coupled
for a number of systems [16–23]. In all reported to the polymer as a metal-chelating group. We used
cases, mixtures of nonionic detergent, nonionic pure poly(histidine)-tagged cytochrome bo3

hydrophilic polymer and water segregate into two ubiquinol oxidase from E. coli as a model protein in
phases, one enriched in detergent and the other phase this study. This is a well-known integral membrane
enriched in polymer. Both phases contain detergent protein in the respiratory chain of some prokaryotes.
over the critical micellar concentration (CMC), thus Metal chelating affinity partitioning has been per-
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Fig. 1. Concept of the affinity partitioning of integral membrane proteins in detergent–polymer extraction systems. Mixtures of non-ionic
detergents and hydrophilic polymer separate into a micelle phase in equilibrium with a polymer phase. (a) Integral membrane proteins can be
solubilized and partially purified in the micelle phase. (b) Integral membrane proteins can be affinity partitioned to the polymer phase by
including affinity ligand coupled to the polymer.

formed in aqueous two-phase systems for water- glycol mono-n-dodecyl ether) was obtained from
soluble proteins [7,29,30] and has been studied in Nikko Chemicals (Tokyo, Japan). Triton X-100
great detail by Suh and Arnold [31]. Immobilized [octylphenolpoly(ethyleneglycolether)9,6] was pur-
metal affinity chromatography (IMAC) has become a chased from Sigma (St. Louis, MO, USA). SDS
standard technique for purifying recombinant fusion (sodium dodecyl sulphate) was purchased from
protein [28]. We show here for the first time that it is Merck (Darmstadt, Germany). DTAB (dodecyltri-
possible to achieve an affinity partitioning of integral methylammonium bromide) was obtained from
membrane proteins in aqueous two-phase systems. Tokyo Kasei (Tokyo, Japan). The detergents were
Cytochrome bo ubiquinol oxidase could be par- used without further purification. All water used was3

titioned into the polymer phase by the introduction of of Millipore quality. All other chemicals were of
affinity polymer. This creates unique possibilities for analytical grade.
achieving a fast selective purification of labile inte-
gral membrane protein in a mild environment. 2.2. Synthesis of metal-chelating polymers

The chelating dextran was a kind gift from
2. Experimental Amersham Pharmacia Biotech (Uppsala, Sweden).

Allyl dextran T150 was used as a precursor. PEG
2.1. Chemicals 40 000-IDA was prepared by a modified procedure

described by Chung et al. [32]. A 50-g quantity of
Dextran T500 was purchased from Amersham PEG 40 000 was freeze-dried to remove excess

Pharmacia Biotech (Uppsala, Sweden). Poly(ethylene water. A 100-ml volume of thionyl chloride was
glycol) (PEG) 40 000 was purchased from Serva purified by distillation and the fraction at 698C was
(Heidelberg, Germany). C EO (penta ethylene collected. The dried PEG and the distilled thionyl12 5
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chloride were mixed and refluxed for 5 h. Excess zole gradient from 5 to 150 mM. The resulting
thionyl chloride was removed by distillation. PEG chromatogram showed two clear populations of
40 000 chloride (20 g), 5 g of iminodiacetic acid cytochrome bo ubiquinol oxidase that were termed3

(IDA) and 0.5 g of NaOH were desolved in 100 ml ‘‘low’’ and ‘‘high’’ imidazole, based on the elution
of methanol and refluxed for 24 h. Methanol was concentration, where the ‘‘low’’ imidazole peak
removed by distillation and the mixture was resolved lacked the histidine tag.
in 500 ml of water. Impurities were removed by The pure cytochrome bo ubiquinol oxidase from3

ultrafiltration in a Minisette Membrane Cassettes the ‘‘high’’ imidazole fraction was used in the
system (cut-off 10 000) from Filtron Technology partitioning experiments after the detergent and
Corporation (Northborough, MA, USA). The mixture buffer were exchanged as appropriate for each
was lyophilized to give the product PEG 40 000– experiment. The detergent and buffer were ex-
IDA. The degree of substitution (DS) was deter- changed by binding the protein to a metal chelating
mined by titrating the chelating polymer with CuSO chromatography column, HiTrapE chelating from4

and recording the shift in absorbance at 600 nm. The Amersham Pharmacia Biotech (Uppsala, Sweden),
21 21chelating polymer was loaded with Cu by the loaded with Ni . The bound protein was washed

addition of an excess amount of CuSO . Excess with four column-volumes of the new buffer con-4

metal ion was removed by ultrafiltration in a taining appropriate detergent and was eluted from the
Minisette Membrane Cassettes system (cut-off matrix with 100 mM imidazole solution containing
10 000) to yield the final product, PEG 40 000– the new buffer and an appropriate detergent. Imida-
IDACu(II) (with a degree of IDA substitution of 0.22 zole was removed by gel filtration on a PD-10
mol of IDA per mol of PEG) and allyldextran T150– column from Amersham Pharmacia Biotech.
IDACu(II) (DS: 0.14 mol of IDA per mol of
monomer sugar). 2.4. Phase systems for the partitioning experiments

2.3. Proteins Aqueous two-phase systems, with a total weight of
0.5 g, were prepared by mixing protein solution

Bacterial growth conditions and the preparation of containing the appropriate detergent with a premixed
membranes from E. coli cells were as described stock phase system containing appropriate concen-
previously [33]. The bacterial strain used was trations of detergent, polymer, buffer and additives.
GO105 containing the plasmid PJRHISA, which Thin glass test tubes (Ø 6 mm; length, 50 mm) were
encodes for a genetically modified cytochrome bo used. All concentrations used were calculated as3

ubiquinol oxidase with a carboxyl-terminus histidine weight percentages. The systems were incubated at
tag on subunit II. The purified membranes (10 g) 48C for at least 15 min and were carefully mixed
were solubilized for 20 min in 100 ml of a solution again. Phase separation was speeded up by centrifu-
containing 1% dodecylmaltoside, 20 mM Tris–HCl, gation at 1800 g for 3–4 min in a table-top cen-
pH 7.5, 300 mM NaCl and 5 mM imidazole and was trifuge at 48C. The polymer and micelle phases were
centrifuged at 20 000 g for 20 min. isolated using a syringe and were diluted as appro-

The cytochrome bo oxidase was purified from the priate prior to assay.3

solubilized membranes by a one-step affinity chro-
21matography system using Ni –NTA as a column 2.5. Protein partition coefficient, yield and protein

medium (Qiagen, Chatsworth, CA, USA). The determination
solubilized membrane fraction was applied to a 65-
ml bed volume that was equilibrated with 20 mM The phases were analyzed for their cytochrome
Tris–HCl buffer, pH 7.5, with 300 mM NaCl, 5 mM bo ubiquinol oxidase content by measuring the3

imidazole and 0.03% dodecyl maltoside. The column absorbance at 406 nm against a reagent blank that
was washed with three bed volumes of the equilibra- contained a sample from an appropriately diluted
tion buffer to remove any non-specific binding phase from a system without protein.
enzyme. The sample was eluted with a linear imida- The partitioning of a substance in an aqueous
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two-phase system is described by the partition
coefficient K, which is defined as K5C /C , whereT B

C and C are the equilibrium concentrations of theT B

partitioned substance in the upper and lower phases,
respectively. The total and phase volumes were
determined by weighing distilled water to the same
height in the test tube after cleaning and drying the
tube. Protein recovery (mass balances) was deter-
mined by calculating the total protein amount added
to the system and the amount of protein found in the
different phases. A recovery of between 90 and
110% was accepted as satisfactory. All results are
average values after partitioning of the protein in at
least two equal systems. Fig. 2. Effect of the concentration of PEG 40 000–IDA chelated

copper ions on affinity partitioning of the integral membrane
protein poly(histidine) cytochrome bo ubiquinol oxidase. System3

composition: 6.5% (w/w) total PEG concentration (i.e., PEG3. Results and discussion 40 0001PEG 40 000–IDACu(II) with a DS of 0.22 mol of IDA
21per mol of PEG), 13.0% (w/w) Triton X-100, 10 mmol kg

The pure poly(histidine) tagged cytochrome bo phosphate–borate buffer, pH 9.0, ca. 0.02% (w/w) cytochrome3
bo ubiquinol oxidase, at a temperature of 3–48C (phase volumeubiquinol oxidase from E. coli was used in this study 3

ratio, 1.14). K.1 is equivalent to a preferred protein partitioningas a model integral membrane protein. The protein
into the polymer phase in the PEG–Triton system.

was produced with a tag of six histidines at the
C-terminus. Cytochrome bo ubiquinol oxidase par-3

titioned strongly into the micelle phase in all studied
detergent–polymer systems when no affinity polymer
was included in the system (Figs. 2 and 3). This is
analogous to earlier findings for partitioning of
membrane proteins both in detergent–polymer aque-
ous two-phase systems [15] and in cloud-point
extraction systems [10,12]. In general, membrane
proteins are extracted in the micelle phase due to
non-specific hydrophobic effects. The one-sided
partitioning of membrane proteins can be explained
by the large detergent concentration difference be-
tween the upper and lower phase, respectively.
Therefore, the extraction of membrane protein into
the micelle phase can be increased by factors that
increase the concentration difference between the Fig. 3. Effect of the concentration of dextran–IDA chelated

copper ions on affinity partitioning of the integral membranephases and/or strengthens the interaction between
protein poly(histidine)cytochrome bo ubiquinol oxidase. The3membrane protein and detergent. The partitioning of 21addition of 0.1 mol kg NaClO (d) enhanced the affinity4membrane proteins has been found to be more partitioning into the polymer phase compared to the situation

extreme with factors such as increased concentration when no salt was added (s). System composition: 4.9% (w/w)
of the system (tie line length), decreased polymer C EO , 3.8% (w/w) total dextran concentration (i.e., dextran12 5

T5001dextran T150–IDACu(II) with a DS of 115 mol of IDA permolecular mass, increased temperature and shorter
21mol of dextran), 10 mmol kg phosphate–borate buffer, pH 9.0,poly(ethyleneoxide) chain length of the detergent

ca. 0.02% (w/w) cytochrome bo ubiquinol oxidase, at a tempera-3[15]. ture of 3–48C (phase volume ratio, 0.48). K,1 is equivalent to a
Selectivity in partitioning between different mem- preferred protein partitioning into the polymer phase in the

brane proteins in micellar extraction systems is C EO –dextran system.12 5
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limited by the strong and non-specific hydrophobic
interaction that will partition almost all membrane-
bound proteins into the micelle phase. One exception
is the membrane-bound acetylcholine receptor that
was excluded from the Triton X-114 micelle phase
[34].

Small amounts of a metal-chelating polymer were
introduced into the system in order to obtain an
affinity extraction method that can selectively sepa-
rate polyhistidine-tagged membrane proteins from
other membrane bound proteins (Fig. 1). Both PEG
and dextran with iminodiacetic acid (IDA) coupled
to the polymer were used. In this study, we used

21Cu chelated to PEG–IDA and dextran–IDA, since Fig. 4. Effect of pH on affinity partitioning of the integral
the general binding strength of chelated metal ions membrane protein poly(histidine) cytochrome bo ubiquinol oxi-3

2121 dase. System composition: 0.071 mmol kg PEG-IDA chelatedtowards histidines decreases in the order: Cu .
21 21 21 copper ions, 6.5% (w/w) total PEG concentration [i.e., 5.2%Ni .Zn .Co [28].

(w/w) PEG 40 00011.3% (w/w) PEG 40 000-IDACu(II) with a
Pure poly(histidine)-tagged cytochrome bo3 DS of 0.22 mol of IDA per mol of PEG], 13.0% (w/w) Triton

21ubiquinol oxidase was increasingly partitioned into X-100, 10 mmol kg phosphate-borate buffer, pH 5.5–9.0, ca.
the polymer phase (upper phase) in a PEG2Triton 0.02% (w/w) cytochrome bo ubiquinol oxidase, at a temperature3

of 3–48C (phase volume ratio, 1.14). K.1 is equivalent to aX-100 system with increasing amounts of PEG-IDA-
preferred protein partitioning into the polymer phase in the PEG–Cu(II) (Fig. 2). The partitioning was thereby shifted
Triton system.

from a partitioning in the micelle phase (K value of
0.015) to a partitioning into the polymer phase (K-
value of 4.8). Thus, the chelating polymer shifted the can be explained by the deprotonation of the imida-
K-value of cytochrome bo ubiquinol oxidase 300 zole group of the histidine, which is completely3

times. This is, to our knowledge, the first affinity deprotonated at pH 7.5 [35,36]. The effect of pH was
extraction of an integral membrane protein in an independent of the buffer used. The same effects
aqueous two-phase system. Qualitatively similar were obtained in Tris–HCl buffer as in phosphate,
results were also obtained in other detergent2 phosphate–borate and sodium carbonate buffers for
polymer systems: C EO 2dextran with dextran- systems containing PEG-IDA-Cu(II). However, the12 5

IDA-Cu(II) (Fig. 3), PEG2octylglucoside and partitioning of proteins in aqueous two-phase sys-
PEG2dodecylmaltoside with PEG-IDA-Cu(II) (re- tems will be generally affected by the addition of
sults not shown). An efficient affinity partitioning different salts and buffer ions [6,7]. This pH depen-
seems to require an excess amount of chelated dence of metal affinity partitioning is convenient
copper ions, i.e., 50-100 times more mol of metal ion since the target protein can be back-extracted from
per mol of cytochrome bo ubiquinol oxidase was the polymer phase into a micelle phase by decreasing3

needed. the pH, and this can be done in suitable pH ranges
In order to characterize the affinity partitioning, for proteins. It also allows the possibility of remov-

we examined the effects of pH, ligand concentration, ing and recycling the affinity polymer.
salt effects, buffers and the addition of imidazole and The effect on the partitioning of poly(histidine)
ionic detergents. The affinity partitioning of cyto- cytochrome bo ubiquinol oxidase by dextran-IDA-3

chrome bo ubiquinol oxidase to the polymer phase Cu(II) was very low in systems with no addition of3

increased with pH (Fig. 4). At low pH, the mem- salt, with K-values only shifted from ten to four in a
brane protein partitioned strongly into the micelle C EO –dextran system (Fig. 3). Thus, the dextran12 5

phase, while the partitioning towards the polymer could not pull the membrane protein sufficiently well
phase was strongly increased at higher pH values and into the polymer phase. However, we also noted that
leveled off at around pH 7.5. The pH dependence the dextran-IDA-Cu(II) seemed to partition almost
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evenly between the phases (observed visually by the
blue color of the copper ions). Thus, the chelating
polymer metal–ion complex preferred the micelle
phase rather than partitioning into the dextran-en-
riched phase. This could be due to a negative net
charge on dextran-IDA-Cu(II). The original buffer
used was a sodium phosphate borate solution (pH

22 29.0). Both phosphate (HPO /H PO ) and borate4 2 4

ion are relatively hydrophilic in the Hofmeister series
and have been found to partition into the dextran
phase in a PEG–dextran system [6]. The same
behavior can be expected in a C EO –dextran12 5

system, due to a chemical resemblance between
PEG–dextran and C EO –dextran systems. Thus, Fig. 5. Effect of NaClO concentration on affinity partitioning of412 5

the integral membrane protein poly(histidine) cytochrome bothis uneven salt distribution will lead to the forma- 3

ubiquinol oxidase in systems with an affinity ligand [1.90 mmoltion of an electrostatic potential difference between
21kg dextran T150-IDA chelated copper ions, i.e., 0.76% (w/w)]

the two phases, which will influence the partitioning (d) and without an affinity ligand (s). System composition: 4.9%
of molecules [37,38]. In a C EO –dextran system (w/w) C EO , 3.8% (w/w) total dextran concentration [i.e.,12 5 12 5

containing a phosphate /borate buffer, a negatively dextran T5001dextran T150-IDACu(II) with a DS of 115 mol of
21IDA per mol of dextran], 10 mmol kg phosphate–borate buffer,charged molecule will prefer the micelle phase. In

pH 9.0, ca. 0.02% (w/w) cytochrome bo ubiquinol oxidase, at a3order to prove this, an excess amount of sodium
temperature of 3–48C (phase volume ratio, 0.48). K,1 is equiva-

perchlorate (ten times the amount of phosphate / lent to a preferred protein partitioning into the polymer phase in
borate) was added to the system. The blue color of the C EO –dextran system.12 5

dextran-IDA-Cu(II) was strongly partitioned into the
lower polymer phase (observed visually). Perchlorate charged mixed micelle that attracts oppositely

2ion (ClO ) is chaotropic and relatively hydrophobic charged proteins and repels similarly charged pro-4

in the Hofmeister series and will therefore have the teins to the opposite phase [26], with the effect being
opposite effect on charged molecules to that of larger for hydrophilic proteins than for membrane
phosphate /borate ions [37]. The addition of sodium
perchlorate also had a large impact on the affinity

Table 1partitioning of cytochrome bo ubiquinol oxidase3
Effect of different salts on the affinity partitioning of cytochrome(Figs. 3 and 5). A small amount of added salt (10

a
21 bo ubiquinol oxidase3mmol kg ) could direct cytochrome bo ubiquinol3

Salt Koxidase to the polymer phase (the K-value shifted additive

with a factor of around 20). This effect is due to the NaClO 0.124

NaCl 0.32shift in chelating polymer partitioning and not to the
NaBr 0.31salt effect on the protein partitioning (Fig. 5). In
NaSCN 0.37order to increase the partitioning of the recombinant 2 22Na(H PO /HPO ), pH 9.0 0.702 4 4

2 22poly(histidine)-tagged integral membrane proteins N(C H ) (H PO /HPO ), pH 9.0 3.34 9 4 2 4 4

into the polymer phase, various salts were tested SDS 0.25
DTAB 60(Table 1). The largest effect, i.e., the lowest K-value,

a 21was obtained with sodium perchlorate (K50.18), System composition: 1.90 mmol kg allyldextran T150-IDA
which was slightly better than sodium chloride (K5 chelated copper ions [0.76% (w/w)], 4.9% (w/w) C E , 3.8%12 5

21(w/w) total dextran concentration and 10 mmol kg phosphate–0.32).
borate buffer, pH 9.0, ca. 0.02% (w/w) cytochrome bo ubiquinol3Protein partitioning can be shifted by the addition
oxidase, at a temperature of 3–48C (phase volume ratio, 0.48).

of charged phase components to the system. For 21The addition of either 100 mmol kg salt or 0.074% (w/w) ionic
example, the addition of ionic surfactants such as detergent. K,l is equivalent to a partitioning into the polymer
SDS or DTAB to the system creates a weakly phase.
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Table 2proteins [15]. Ionic detergents can also be used to
Effect of different buffers and the addition of NaClO on the4direct the chelating dextran copper complex into the aaffinity partitioning of cytochrome bo ubiquinol oxidase3polymer phase and thereby the target protein. Adding
Buffer Partition coefficientsmall amounts of the anionic detergent SDS gave

qualitatively similar results as adding NaCl and K K K 1NaClOno ligand aff aff 4

NaClO (Fig. 6). However, a relatively strong effect4 Sodium phosphate 10.0 1.22 –
on the partitioning of cytochrome bo ubiquinol Sodium phosphate–borate 7.9 1.49 –3

Tricine – 3.9 –oxidase was obtained by the addition of SDS to
MOPS – 0.63 0.19systems without a chelating polymer, which could be
HEPES – 0.60 –partitioned into the polymer phase (K-value of 0.8).
TES – 0.58 0.12

Most proteins are net negatively charged around the TRIS – 0.46 –
optimal pH range (7.5–8.0) for metal affinity parti- Piperzine – 0.39 –
tioning. They will therefore tend to partition more a System composition: 4.9% (w/w) C E , 3.8% (w/w) total12 5

21into the polymer phase with the addition both of dextran concentration and 20 mmol kg buffer, pH 7.5, ca.
NaClO /NaCl and SDS, respectively. However, 0.02% (w/w) cytochrome bo ubiquinol oxidase, at a temperature34

of 3–48C (phase volume ratio, 0.48). The system with affinitysince the effect on membrane protein partitioning is
21ligand contained 0.48 mmol kg allyldextran T150-IDA chelatedlarger following the addition of SDS rather than salt,

copper ions [0.19% (w/w) of the affinity polymer]. The affinity
it is advantageous to use salts to direct the partition- 21system with salt added contained 100 mmol kg NaClO (K 14 aff
ing of the metal chelating polymer into the polymer NaClO ). K,l is equivalent to a partitioning into the polymer4

phase. Both the salt and ionic detergent experiments phase.

clearly indicate that the dextran-IDACu(II) complex
is net negatively charged. chelating dextran towards the polymer phase. There-

The extra addition of salt to the system may be fore, different buffers with buffering capacity in the
avoided by the use of buffers that can direct the appropriate pH range were screened (Table 2). Many

buffers can direct the dextran-IDACu(II) and the
target protein sufficiently well into the polymer
phase with K-values of around 0.5, such as TES,
Tris, MOPS, HEPES and piperzine. No significant
differences were found between the buffers tested,
with one exception, Tricine, which, like phosphate /
borate buffers, was not able to partition cytochrome
bo ubiquinol oxidase into the metal-chelating poly-3

mer phase. Thus, the buffers tested, which are often
referred to as ‘‘good’’ buffers are also good buffers
for metal affinity partitioning in dextran containing
detergent–polymer aqueous two-phase systems.
However, the partitioning of cytochrome bo3

ubiquinol oxidase to the polymer phase was en-
Fig. 6. Effect of SDS concentration on affinity partitioning of the hanced by the addition of sodium perchlorate, even
integral membrane protein poly(histidine) cytochrome bo3 in the case of affinity systems containing MOPS and
ubiquinol oxidase in systems with an affinity ligand [1.90 mmol

21 TES (Table 2).kg dextran T150-IDA chelated copper ions, i.e., 0.76% (w/w)]
Imidazole strongly competes with the binding(d) and without an affinity ligand (s). System composition: 5.2%

(w/w) C EO , 6.6% (w/w) total dextran concentration [dextran between the protein and the metal chelate and high12 5

T5001dextran T150-IDACu(II) with a DS of 115 mol of IDA per concentrations of imidazole are commonly used to
21mol of dextran), 10 mmol kg phosphate–borate buffer, pH 9.0, elute the bound proteins in IMAC. This can also be

ca. 0.02% (w/w) cytochrome bo ubiquinol oxidase, at a tempera-3 used in metal chelating detergent–polymer systemsture of 3–48C (phase volume ratio, 0.27). K,1 is equivalent to a
to back-extract the protein from the polymer phase.preferred protein partitioning into the polymer phase in the

C EO –dextran system. A 1-mM solution of imidazole was enough to release12 5
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Fig. 7. Effect of imidazole concentration on affinity partitioning Fig. 8. Effect of NaCl concentration on affinity partitioning of the
of the integral membrane protein poly(histidine) cytochrome bo3 integral membrane protein poly(histidine) cytochrome bo321

21ubiquinol oxidase. System composition: 0.071 mmol kg PEG- ubiquinol oxidase. System composition: 0.071 mmol kg PEG-
IDA chelated copper ions, 6.5% (w/w) total PEG concentration IDA chelated copper ions, 6.5% (w/w) total PEG concentration
[i.e. 5.2% (w/w) PEG 40 00011.3% (w/w) PEG 40 000- [i.e. 5.2% (w/w) PEG 40 00011.3% (w/w) PEG 40 000-
IDACu(II) with a DS of 0.22 mol of IDA per mol of PEG], 13.0% IDACu(II) with a DS of 0.22 mol of IDA per mol of PEG], 13.0%

21
21(w/w) Triton X-100, 10 mmol kg phosphate–borate buffer, pH (w/w) Triton X-100, 10 mmol kg phosphate–borate buffer, pH

9.0, ca. 0.02% (w/w) cytochrome bo ubiquinol oxidase, at a3 9.0, ca. 0.02% (w/w) cytochrome bo ubiquinol oxidase, at a3
temperature of 3–48C (phase volume ratio, 1.14). K.1 is equiva- temperature of 3–48C (phase volume ratio, 1.14). K.1 is equiva-
lent to a preferred protein partitioning into the polymer phase in lent to a preferred protein partitioning into the polymer phase in
the PEG2Triton system. the PEG2Triton system.

the bound protein in detergent–polymer aqueous very fast. The partitioning was not shifted with
two-phase systems (Fig. 7). With 10 mM imidazole, increased mixing time or by the order in which the
the protein was completely partitioned into the lower phase components were added (results not shown).
micelle phase, with K50.01, i.e., with a 7000-fold The same K-values were obtained when the chelating
excess of imidazole (mol) compared to protein. Thus, polymer was added to the protein solution first,
the addition of imidazole can be used in detergent– followed by the rest of the phase-forming com-
polymer systems for back-extraction of cytochrome ponents compared to when a preformed two-phase
bo ubiquinol oxidase as an alternative to the use of buffer solution, containing all phase-forming com-3

low pH. The addition of low concentration of ponents including the metal chelating polymer, was
imidazole might also be used for reducing non- added directly to the protein solution. This is con-
specific partitioning into the polymer phase in a venient since it simplifies the handling of the system.
similar fashion as in IMAC. Thus, a ready-prepared two-phase stock solution can

Non-specific electrostatic effects on protein parti- be added to the target protein solution. A fast
tioning from the charged metal chelating polymer separation of the membrane protein can be achieved
may be reduced by the addition of large amounts of by a quick mixing of the system followed by a short
salt: commonly 300–500 mM NaCl is used in low-speed centrifugation step.
IMAC. Our results indicate that the selective parti-
tioning between the poly(histidine) tag and the
metal-chelating polymer is reduced only to a low 4. Conclusions
degree, if at all, at high salt concentrations (Fig. 8).
The slightly reduced effective affinity partitioning A new highly selective purification procedure for
might be the result of general salt effects on the the isolation of integral membrane proteins has been
protein partitioning (see discussion above). developed. Target membrane protein can be affinity

The kinetics of the affinity partitioning seem to be partitioned and recovered from the polymer phase in
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