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Abstract

Pre-fractionation of a complex mixture of proteins increases the resolution in analytical separations of proteins from cells, tissues or
organisms. Here we demonstrate a novel method for pre-fractionation of membrane proteins by a detergent-based aqueous two-phase systen
Membrane proteins are strongly under-represented in proteomic studies based on two-dimensional electrophoresis (2-DE). As a model system,
we have isolated mitochondria from the yeS8stccharomyces cerevisidditochondrial proteins were fractionated in an aqueous two-phase
system consisting of the polymer poly(ethylene glycol) and either of two commonly used non-ionic detergents, Triton X-114 or dodecyl
maltoside (DDM). Soluble proteins partitioned mainly to the polymer phase while membrane proteins were enriched in the detergent phase, as
identified from one-dimensional electrophoresis (1-DE) and/or 2-DE followed by mass spectrometric analysis. Pre-fractionation was further
enhanced by addition of an anionic detergent, sodium dodecyl sulfate, or a chaotropic salt,,Na@I®y raising the pH in the system.

The two-phase system pre-fractionation was furthermore combined with an alternative two-dimensional high-resolution separation method,
namely ion-exchange chromatography and 1-DE. By this approach a larger number of membrane proteins could be identified compared to
separation with conventional 2-DE. Thus, pre-fractionation of complex protein mixtures using the agueous two-phase systems developed here
will help to disclose larger proportions of membrane proteins in different proteomes.

© 2004 Elsevier B.V. All rights reserved.
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1. Introduction the most frequently used separation technique for proteome
analysis is two-dimensional electrophoresis (2-DE) followed
Membrane proteins, such as receptors, transporters andy identification with mass spectrometry (MS) analysis.
channels, are of great interest because of their participationProteomic analysis of membrane proteins encounters prob-
in various important cellular mechanisms such as signalling lems mainly for the following reasons: (1) hydrophobic pro-
and molecular trafficking across the membrane. Therefore, teins have low solubility in the isoelectrical focusing (IEF)
these proteins serve as interesting target molecules in pharstep of 2-DE[1]. This has been the subject of substantial
maceutical research. A major challenge with membrane pro-research and progress has been made with new detergents,
teins are that their hydrophobic properties make them more chaotropes, solubilisation techniques and pre-treatments of
difficult to separate compared to soluble proteins. One of the samplg2-9]. Although it has been possible to identify
membrane proteins with up to 12 transmembrasteelixes
I . by 2-DE-MS methodology10] most membrane proteins
* Corresponding author. Tek:46-46-2224870; faxi46-46-2224534. . . .
E-mail addressfolke.tiemeld@biokem.lu.se (F. Tiermeld). are s_tl_II not detected at all _by this technique. The number_of
1 present address: Department of Biochemistry, School of Medicine, Identified membrane proteins from 2-DE was compared with
B400 Beckman Center, Stanford University, Stanford, CA, USA. a subcellular fractionation step followed by one-dimensional
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electrophoresis (1-DE) by Galeva et |l]. Only three mi-
crosomal membrane proteins could then be identified using
different types of 2-DE, while 22 were identified from the
combination of fractionation and 1-DE. (2) Due to a lack
of tryptic cleavage sites in the membrane spanning domains
of the proteins (i.e. lysine and arginine), digestion with
trypsin often results in large, hydrophobic peptides that
are not readily detected by MS and hydrophobic peptides
are under-represented and poorly resolved in MS analyses.
Thus, a smaller number of peptides originating from loops
connecting hydrophobic segments and containing tryptic di-
gestion sites are available, which will lower the chance for
identification. To increase sequence coverage of hydropho-
bic peptides a combination of proteases and cyanogen bro-
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mide and addition of the detergent ocdglucopyranoside IEX FRACTIONS
has been used to obtain a more complete set of peptides

found in the spectrfl1,12] (3) Many membrane proteins of SDS-PAGE

low abundance will disappear in the bulk of high-abundance ¢ MS analysis
proteins, which in majority are soluble proteins. The num- IDENTIFIED PROTEIN

ber of detectable membrane proteins on 1-DE/2-DE can
therefore be increased by f|nd|ng efficient methods to Fig. 1. Methodology outline. Mitochondria frof. cerevisagvere isolated
enrich membrane proteins and to remove contaminating by differential centrifugation. The isolated mitochondria were fractionated

. . in a detergent—polymer aqueous two-phase system formed by addition of
water-soluble proteins. Efforts have been made to improve polymer and salt to the detergent solubilised mitochondrial membranes.

pre-fractionation of complex samplfk2,9]. One approach  membrane proteins partition to the detergent (bottom) phase and the bulk
is to use organic solvents. A combination of chloroform and of soluble proteins to the polymer (top) phase. The detergent phase was

methanol has previously been used to differentially extract further fractionated with ion-exchange chomatography and fractions were
membrane proteins from chloroplagts3]. Blonder et al. analyzed with 1-DE. Bands were identified with MS analysis.

used a combination of washing isolated membranes with

carbonate-buffer and organic solvent extraction to increasefrom S. cerevisiagvere used mainly for two reasons. (1) In-
the number of identified hydrophobic proteifigt]. Differ- tact mitochondria contain both membrane proteins and sol-
ential extraction of proteins based on detergent solubility is uble proteins. (2) The entire genome %f cerevisiags se-

an alternative to the organic solvents for enrichment of dif- quenced and readily available on-line.

ferent protein classes in different fractiojis]. Centrifugal We present a novel agueous two-phase system consist-
sucrose gradient fractionation for preparation of membranesing of a commonly used detergent in membrane protein
is another alternative pre-fractionation method that was research,n-dodecyl8-D-maltoside (DDM) [21-26] and
applied to isolated human mitochondria prior to 1-[1B]. poly(ethylene glycol) (PEG), a common polymer with a

Cloud point extraction, also called temperature induced wide range of use in biotechnolog®7]. In our laboratory it
phase separation, of the non-ionic detergent Triton X-114 has previously been found that mixtures of DDM—PEG and
[17-19]is a method similar to the aqueous two-phase par- Triton X-114—PEG result in a phase separafi@8] forming
titioning described in this work, for fractionation of mem- two aqueous phases. A detergent—polymer two-phase sys-
brane proteins from soluble proteins. When temperature istem shows similar phase behaviour to a polymer—polymer
increased, a solution of Triton X-114 phase separates intotwo-phase system, e.g. the much used dextran—PEG system
one detergent enriched phase and one aqueous phase. Cloya9]. In detergent—polymer systems, the detergent micelles
point extraction in Triton X-114 solution in combination can be regarded as the second polyf8£,31] Thus, a
with hydroxyapatite column chromatography has previ- range of non-ionic detergents, at concentrations above the
ously been applied to fractionate membrane proteins prior critical micellar concentration (CMC), has been shown to
to 2-DE-MS analyses. It was shown that a cytosolic protein phase separate with water-soluble polymers, e.g. dextran
(HSP90) and a membrane protein, with one transmembraneand PEG[28]. Detergent—polymer aqueous two-phase par-
domain (VLDL receptor), with similar isoelectric points titioning has also been shown to be a mild technique for
and molecular weights were successfully separated usingobtaining a larger fraction of biological active membrane
cloud point extraction and 2-DE-MS analy428]. protein compared to cloud point extractif82]. The sys-

We demonstrate here a method for enrichment of mem-tem should have great potential for the extraction of large
brane proteins prior to proteomic analysis. The overall strat- membrane protein complexes, since there is no steric hin-
egy is schematically outlined iRig. 1 and, a protein ex-  drance as in chromatographic separation techniques. Main
tract of mitochondria fronSaccharomyces cerevisigeak- reasons for mildness and pre-fractionation advantages of the
ers yeast) was used as model system. Isolated mitochondrialescribed system compared to cloud point extraction are:
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(1) phase separation is achieved by a different mechanism °
i.e. the polymer induces phase separation and formation of
a detergent micelle rich phase and a polymer rich phase
and no temperature increase is neef®&}33] Therefore, 7
proteins can be separated even aC0wvith a wide range of 6
mild, non-ionic detergentf28] which is advantageous for

protein stability. (2) Polymers are also known for stabilizing PEG (%) 5

- Binodial line

Two-phase

proteins[27]. (3) Detergent—polymer aqueous two-phase 4 -

systems have a robust phase separation behayaajr

Thus, a large loading capacity towards complex biolog- 8

ical materials such as membranes enables the system to 5 Tie-line

efficiently enrich membrane proteins into a small deter- One-phase

gent phase. The system is, consequently, also suitable for L
detecting novel membrane protein interaction partfiets P S S S S A EP A R R B R
The described method for pre-fractionation of membrane 0 2 4 6 8 10 12 14 16 18 20 22 24 26 28

proteins by detergent/polymer two-phase systems could DDM (%)
be combined with either conventional 2-DE or another Fig. 2. Phase diagram of a dodecyl maltoside—poly(ethylene glycol) aque-
two-dimensional separation step, namely ion-exchange ous two-phase system at@. The phase boundary between the one-phase
chromatography followed by 1-DEF{g. 1). With this regi_o_n and the two-phase region is cal_led the binodial_ curve. Phase com-
method several membrane proteins not readily detected inPoStion of the phases can be determined from the tie line. Along a tie

. . . . . line the phase composition is constant but the volume ratio between the
unfractionated mitochondria or in 2-DE, could be readlly phases can be altered. The system used in the experiments is marked out
detected. This technique offers a potential for detection in the figure W).
of a larger proportion of membrane proteins from many
different proteomes.

1 1 1 1 111 1171 171 7177

in 200 ml mitochondria isolation buffer (MIB) containing
0.6 M mannitol, 20mM HEPES-KOH, pH 7.4, using a

2. Experimental Dounce homogenizer. The mitochondria were isolated ac-
_ cording to McAda et al[36]. Glass beads (450-6@@n)
2.1. Phase diagram of PEG-DDM two-phase system and yeast suspension were added to a Beadbeater (BioSpec

. . . Products, Bartlesville, OK, USA). The suspension was
When detergent and polymer are mixed in concentratlonshomogenized 5< 20s with 1min rest on ice between

above the phase boundary (binodial curve) two distinct each treatment, pooled and centrifuged twice, 3500

ghases_ areafo_rmed at eqdu_lhlbrlum andda r;]hase d|agran_1_can beor 10 min. To the supernatant complete protease inhibitor
eterrgme E.'g' s)' B|n0d|.a curve an dp ase .comEOSt;t!ons cocktail tablet (Boehringer Mannheim, Germany) dissolved
were etermined according {28]. To determine the bin- in MIB was added according to manufacturers instructions.
ocﬁal curve, PEG (mplecular mass: 40 000) and DDM were The supernatant was centrifuged for 20 min at 17 09
mixed in concentrations where two phases were formed.4oc to pellet the mitochondria. The pellet was washed once

The t(l)tal ma;]ssdof the ﬁylstems_ was (.)'5 9 snd incll;Jde_zd bu_f;erand the centrifugation step was repeated. The mitochondrial
[10ml 4-(2-hydroxyethyl)-1-piperazineethanesulfonic aci pellet was resuspended in MIB (with protease inhibitor

(HEPES) pH 7.0]. All measurements were made in a cold cocktail) and stored ir-80°C. Protein concentration of the

room (4°C).. Buffer was added to the systems in small suspension was measurectt5 mg/ml by BCA assafg7].
aliquots until the system no longer separated into two

phases and one homogenous phase was obtained. When o , ,

no phase separation could be detected after centrifuga-z'g',_SOI,Ub'I'Zat'on of mitochondria and two-phase
tion at 1800x g, 5min, systems were considered to be Partitioning

monophasic. Phase compositions of the systems, i.e. tie

lines, were determined with polarimetry (using the digital
polarimeter model AA-10, Optical Activity, London, UK)
and refractive index (using a differential refractometer, Car
Zeiss, Oberkochen/Wiurtt, Germany) according to Alberts-
son[35]. Only the binodial was determined for the Triton
X-114-PEG system (results not shown).

Isolated mitochondria (7l, total protein concentration:

15mg/ml) were incubated in 16.6% (w/w) DDM or 5%
| (w/w) TX-114, in a total volume of 20fl, for 15min on
a rocker platform in 4C for solubilization. The samples
were centrifuged at 100 000g for 45 min to remove unsol-
ubilized material. After solubilization the supernatant was
transferred to the two-phase systems. All two-phase sys-
2.2. Preparation of mitochondria from S. cerevisiae tems were created according[&8]. Glass tubes (diameter

6 mm, length 50 mm) were used and the total mass of each

Commercially processeds. cerevisaewas purchased system was 0.5g. In the case of the DDM—-PEG system the

from a grocery store. Pressed yeast (400 g) was suspendedomponents were mixed from stock solutions to get final
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concentrations of 15% (w/w) DDM [from 40% (w/w) stock 2.6. 2-D PAGE

solution] and 4% (w/w) PEG 40000 [from 25% (w/w)

stock solution] Fig. 2). The systems also included 10 mM Isoelectric focusing (IEF) was carried out using Immobi-
HEPES, pH 7.0, or 10mM Tris—HCI, pH 8.0 or 9.0, and line DryStrips, 7 cm, pH 3-10 non-linear (NL), IPG buffer
to the mixed micelle systems 3 mM sodium dodecyl sulfate pH 3-10 NL, IPG cover fluid (Amersham Biosciences).
(SDS) was added. In the case of TX-114—PEG, systems wereThe rehydration solution contained 7 M urea, 2 M thiourea,
mixed to obtain final concentrations of 11% (w/w) TX-114 4% (w/v) 3-[(3-cholamidopropyl)dimethylammonio]-1-pro-
[from 30% (w/w) stock solution] and 4% (w/w) PEG 40000 panesulfonate (CHAPS), 100 mM freshly added dithiothre-
[from 25% (w/w) stock solution], 10 mM Tris—HCI pH 9.0, itol (DTT), 2% (v/v) IPG buffer and some grains of bro-
100mM NaClQ. All components were weighed in and mophenol blue. The samples were loaded by including them
thoroughly mixed and the tube was placed on a rocker plat- in the rehydration solution for at least 10h at room tem-
form for phase equilibration at“A for 15min. To speed  perature. The IEF was performed with an IPGphor sys-
up phase separation the tubes were centrifuged at 600 tem (Amersham Biosciences) as follows, 500V for 30 min,
in a tabletop centrifuge for 10 min at*€ The phases were 1000V for 30 min and 8000V until at least 19000V h was
isolated using a Pasteur pipette and analysed for total pro-reached. The strips were equilibrated according to manufac-
tein concentration with the BCA method. To determine the turers instructions in 50 mM Tris—HCI, pH 8.8, 6 M urea,
partitioning of proteins between phases in a system a parti-30% (v/v) glycerol, 2% (w/v) SDS, 65 mM freshly added
tion coefficient (K value) can be calculated. TKevalue is DTT and a few grains of bromophenol blue. Strips not di-
defined as the concentration of the analyte in the top phaserectly transferred to the second dimension were stored at

divided by its concentration in the bottom phase. —80°C. NUPAGE Bis-Tris pre-cast gradient gels 4-12%
from Novex (San Diego, CA, USA) were used to perform
2.4. lon-exchange chromatography the SDS-PAGE step of the second dimension. The strip was

placed on top of the SDS-PAGE gel and sealed with 0.5%

Detergent phase from the DDM-PEG two-phase system (w/v) agarose (including a few grains of bromophenol blue)
(total mass 3 g) at pH 9.0, 3mM SDS was diluted to 7.0 ml and run in 50 mM MOPS at 40 mA, 200V for 15min , fol-
with 20mM Tris—HCI, pH 8.0, 0.25% DDM (buffer A)  lowed by 80 mA, 200V for 75 min. The gels were stained
and applied to a Resource Q 1 ml anion-exchange columnin Coomassie Brilliant Blue R-250 and destained in 20%
(Amersham Biosciences, Uppsala, Sweden) equilibrated methanol Fig. 5).
with buffer A. Elution was performed by applying a gradi-
ent of 0-50% 20 mM Tris—HCI, pH 8.0, 0.25% DDM, 2.0M 2.7. In-gel digestion and peptide extraction
NaCl (buffer B) over 40 column volumes, followed by a

step elution with 100% buffer B over 5 column volumes. In-gel digestion and peptide extraction was performed

Eluted proteins were detected at 280 nm and collected inas according to Shevchenko et §B9]. The colloidal

1 ml fractions. coomassie stained protein bands of interest were cut out
of the gel using a scalpel and put in Eppendorf tubes. The

2.5. Sodium dodecyl sulfate—polyacrylamide gel gel pieces were rinsed in water for 5min. The water was

electrophoresis (SDS-PAGE) removed and four times the volume of the gel pieces of

acetonitrile (ACN) was added to shrink the gel pieces for

The isolated phases were diluted with the appropri- 15min. The liquid was removed and the gel pieces were
ate buffer and prepared for SDS-PAGE using PlusOne dried in a SpeedVac concentrator (Savant, Farmingdale,
SDS-PAGE Clean-Up Kit (Amersham Biosciences, Up- NY, USA). To reduce the proteins 40 10mM DTT in
psala, Sweden) according to the manufacturers instruc-100mM NHHCOs; was added and incubated for 30 min
tions. NUPAGE Bis-Tris pre-cast gradient gels 4-12% from at 56°C. The pieces were spun down and the liquid was
Novex (San Diego, CA, USA) were used to perform the removed. The acetonitrile-shrinking step was repeated. To
SDS-PAGE with 50 mM 34-morpholino)propane sulfonic  alkylate the proteins 4@l 55 mM iodoacetamide in 100 mM
acid (MOPS) and 50 mM 2N-morpholino)ethanesulfonic  NH4HCOs; was added and incubated at room temperature
acid (MES) as running buffer. Electrophoresis conditions in darkness for 20 min. The gel pieces were washed twice
were setto 200V, 125 mA for 60 min . The gels were stained with 100 mM NH;HCOg3 for 15min. The ACN shrinking
in Colloidal Coomassi¢38] and destained in water. Frac- step was repeated again. The gel pieces were rehydrated in
tions from ion-exchange chromatography were prepared digestion buffer containing 50 mM NHHCOsz, 5 mM CaC}p
for 1-DE using PlusOne SDS-PAGE Clean-Up Kit. Elec- and 12.5ngil of sequencing-grade trypsin (Promega,
trophoresis of the fractions was performed on an 8-18% Madison, WI, USA) on ice for 45min. Digestion buffer
gradient ExceGel (Amersham Biosciences) gradient-gel ac-without trypsin was added to cover the pieces and keep
cording to manufacturers instructions. The gels were stainedthem wet during enzyme cleavage. The samples were left
with GelCode (Pierce, Rockford, IL, USA) and destained at 37°C overnight. The supernatant was collected. To ex-
in water. tract the peptides from the gel particles 25 mM MCO3
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was added and incubated for 15 min at’87with shaking. ESI-QTOF-MS-MS data was processed using MassLynx
Then acetonitrile (twice the volume of the gel particles) 3.4, exported in a SEQUEST format and submitted to a
was added and the incubation step repeated. The gel partidatabase search, using MASCOT (Matrix Scientuip://

cles were spun down and the supernatant was collected anadvww.matrixscience.coin The following parameters were
pooled with the supernatant from the overnight incubation. used: peptide mass toleranceél Da; fragment mass tol-

A volume of 40pl 5% formic acid was added and the tubes erance:£0.3Da max missed cleavage: 3. The database
were incubated for 15 min at 3 ACN (twice the volume searched was an in-house generated non-redundant database
of the gel particles) was added and incubated for 15 min in based on SwissProt and Trembl and the identification was
37°C with shaking. The gel particles were spun down and considered to be positive when the MOWSE score exceeded
the supernatant was pooled with the rest. The samples werer0 (this value is depending on the size of the database used)
concentrated to a volume of approximatelydOusing a [41].

SpeedVac concentrator.

2.8. Mass spectrometry 3. Results and discussion

The extracted and concentrated peptides were desalted.1. Using increased pH and addition of NaGIOr SDS
using small pre-packed reversed-phase columns, ZipTipsto enrich membrane proteins in the detergent phase of
(Millipore, Bedford, MA, USA), according to manufactur- detergent/polymer aqueous two-phase systems
ers instructions. The peptides were eluted directly on the
matrix-assisted laser desorption ionization (MALD) target A phase diagram for the DDM-PEG system is presented
with a solution saturated with the matrxcyano-4-hydroxy in Fig. 2 In general membrane proteins are found to par-
cinnamic acid. For MALDI time-of-flight MS a Voyager-DE tition to the detergent phase and water-soluble proteins to
STR (Per-Septive Biosystems, Framingham, MA, USA) the polymer phase in these systel@8)]. To get a more effi-
mass spectrometer was used to obtain the mass spectra atient removal of water-soluble proteins from the membrane
positive reflector mode. 150 shots were collected for each proteins in the detergent phase the chaotropic salt NaCIO
spectrum and the ions were accelerated at 20kV. In the or anionic detergent, SDS, was added to the system to cre-
case of electrospray ionization quadmpole time-of-flight ate an electrostatic potential difference between the phases.
(ESI-QTOF) elution from the ZipTips was made with 10 This can be exploited as an advantage in protein partitioning
50% ACN, 0.1% trifluoroacetic acid (TFA) Mass spec- by varying the pH of the system since it further enhances
trometry and tandem mass spectrometry were performedthe removal of soluble proteins by the following mechanism.
on a quadropole time-of flight hybrid, Q-TOF (Micromass, The CIQ;~ ions prefer the detergent phase making it slightly
Manchester, UK), equipped with a nano-ESI source. /A1  negatively chargef12] while SDS form so called mixed mi-
aliquot sample was loaded and MS data were acquired overcelles with non-ionic detergenf43]. This introduces nega-

200-1800nvz for 1s. tive charges to the detergent phase and by adjusting pH of
the system, the net charge of proteins can be altered. Thus,
2.9. Database searches negatively charged soluble proteins will be directed towards

the polymer phase because of electrostatic repulsion from

MALDI-TOF-MS spectra were processed using the the SDS incorporated in the non-ionic detergent micelles or
software Data Explorer and database searches were carthe CIQ;~ ions enriched in the detergent phd28,44,45]
ried out by submitting peptide mass fingerprints from Here SDS was added to 3 mM, which is well below the CMC
the processed spectra to the ProFound search enginef SDS. Thus, SDS does not form micelles but will be in-
(http:/iwww.prowl.rockefeller.edu/cgi-bin/ProFoundising cluded in the DDM micelles with non-ionic detergent and
the NCBI or SwissProt database. A hit was considered membrane lipids.
to be a positive identification when the probability was 1 In Fig. 3 we have calculated thk values based on the
and the so-called estimatefivalue exceeded 1.65. Taken total protein concentration in the phases. In the systems
under consideration all parameters given to the databasewhere no SDS was added tKevalues were all around 0.3,
search engine, a hit with Z-value of 1.65 is considered i.e. the proteins are predominantly partitioned to the de-
to be a correct identification with a 95% confidence. The tergent phase regardless of pH. Upon addition of SDS to
theory and basis of how the normalized probability of the the Systems th& value was not significantly influenced
protein identified and-score is calculated is described by at pH 7.0, but the effect could be seen in the system at
Zhang et al.[40]. Some hits that did not reach Zvalue pH 8.0 where theK value was approximately 1, which
of 1.65 were still considered to be positive identifications means an equal distribution of proteins between the phases.
if the probability was 1, the molecular mass of the protein At pH 9.0 the value was approximately 2 showing that
had a good correlation with the position on the gel and at a majority of the proteins were partitioned to the poly-
least five peptides matched with a minimum of 0.1 Da mass mer phase. Thus, the total protein value was changed from
accuracy. ~0.3 to ~2 by addition of SDS and change of pH. This
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Fig. 3. Protein distribution between the polymer phase and the detergent phase= fartitioning coefficient (¢p phaséChottom phasp- Here theK values

are calculated from the total protein concentration of the phases when pH was increased in the absencelbf &iSrhen SDS was added to the
system @). (b) SDS-PAGE after two-phase partitioning of isolated yeast mitochondria which shows loading of equal volumes withdrawn from each of
the phases. P: Polymer phase. D: detergent phase. Identified proteins are humbered and Tedtéel rand show a number of examples of soluble
proteins shifting from the detergent phase to the polymer phase with increasing pH and addition of SDS. (c) Highlighted iMgi68 @30—45 000 in

Fig. 3h Example of increased resolution of a membrane protein subunit (Cyt BC1-A) in the detergent phase by removal of four water-soluble proteins
to the polymer phaseTéble ) in the system at pH 9.0 and in the presence of 3mM SDS. All systems were composed of 4% (w/w) PEG, 15% (w/w)
DDM and 10mM buffer (pH 7.0 HEPES; pH 8.0 and 9.0, Tris—HCI). SDS was added to a concentration of 3mM.

can be explained by the fact that at this pH more pro- Fig. 3b Table 1 due to the hydrophobic interaction with
teins have a negative net charge, leading to a pronouncedhe detergent micelles. Addition of a small amount of SDS
change in distribution of soluble proteins towards the poly- (3mM) and changing the pH from 7 to 9 do not signifi-
mer phase due to repulsion from negatively charged mi- cantly affect the phase diagram of the system, indicating that
celles in the detergent pha$é4,46] Membrane proteins  the system is robust and the phase behaviour is not easily
were retained in the detergent phase (analysed with 1-DE,disturbed.
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Table 1 favourable for protein stability. This was shown previously
Proteins from DDM—PEG two-phase partitioning with increasing pH and by Sivars et aI.[28] where enzyme activity of the model
addition of SDS followed by 1-DERg. 3) identified with MALDI- proteins tested was retained in the presence of SDS and the

TOFMS - - . non-ionic detergent GEOs.
Number Protein name SwissProt3D pl  TMD To identify and investigate the putative membrane pro-
1 Yki215cp p28273 63 1 teins enriched in the detergent phase, and to show that the
2 Phosphofructokis@ P16862 6.1 soluble proteins were removed from the detergent phase to
i ﬂfn??aesr; phosphorylase PESESS 8'54'4 the polymer phase the protein content in each of the iso-
5 Succinate dehydrogenase, Q00711 72 MA lated phases from the DDM—-PEG system was analysed with
flavoprotein subunit 1-DE (Fig. 3b followed by identification by MS analyses

6 Acetyl CoA hydrolase P32316 6.3 (Table 3. The shiftin protein distribution between the phases

7 ATP synthaseq-subunit P07251 92 MA caused by addition of SDS and increased pit)(39 was

o Q'Tdsrgﬁﬁh‘;zzg_tagi;ﬁse POPO%%%GO 5.2'3 VA confirmed by 1-DE. A number of proteins observed in the

9 Cytochrome BC1 complex  P07256 6.8 MA detergent phase of the reference system at pH 7.0 (no SDS)
subunit A (Cyt BC1-A) disappear in the detergent phase of systems at pH 8.0 and
Citrate synthase P00890 8.2 9.0 in the presence of SDS to instead appear in the corre-
Enolase _ P00924 6.2 sponding polymer phase.

10 Izggifaﬁggé)éﬁ;:sgggzzs 5228522 ;'98 A closer investigation of the various bandgid. 3b) by
11 Ygrosep P53252 45 MALDI-TOF-MS showed that the resolution of membrane
12 Branched chain amino P06168 9.2 proteins was increased by removal of abundant soluble pro-

acid biosynthesis, 1lv5 teins, as pointed out in the highlighted ardag( 39. In

13 Glyceraldehyde 3-phosphateP00358 84 Fig. 3cthe majority of proteins are found in the detergent
1 i%'g?;?gegzzzlocator P18239 99 & phase of the reference system at pH 7.0 and the bands 9 and
15 Voltage-dependent anion-  P04840 99 16 10 are badly resolved and here no identifications could be

selective channel (VDAC) made. However, in the detergent phase of the system at pH

16 ADP-ribosylating factor P38817 61 1 8.0 in the presence of SDS, band 9 was detected and identi-

binding protein fied as a mixture of the core subunit A from the membrane

17 Phosphoglycerate mutase P00950 9.1

protein cytochrome BCI complex together with two soluble
All systems were composed of 4% (w/w) PEG, 15% (w/w) DDM and  proteins, enolase and citrate synthase, while band 10 was
10mM buffer (pH 7.0; HEPES, pH 8.0 and 9.0; Tris-HCI), 3mM SDS  jqentified as a mixture of two soluble proteins, phospho-

not in reference system); temperatureC4 pl: isoelectric point. . . .
( a Accession nun’:ber ir)1 the gwisspmt gatabase P glycerate kinase and isocitrate dehydrogenase. In the deter-

b Transmembrane domains (TMDs) are predicted from the TMHMM g€nt phase of the system at pH 9.0 in the presence of SDS
2.0 serverlfttp://www.cbs.dtu.dk/services/TMHMM-2 Yih the SwissProt the remainder of band 9 was identified as cytochrome BCI
or CYGD databases, except in the case of VDAC which consists of complex subunit A. All four soluble proteins were identi-
transmembrang-strands and nat-helixes. fied at the corresponding positions in the polymer phase of

the system at pH 9.0 in the presence of SDS. This is an
example of the principle that removal of soluble proteins

Thus, addition of a small amount of SDS to the detergent— from a complex protein mixture allows detection of a mem-
polymer aqueous two-phase system is crucial to opti- brane protein. ADP/ATP translocator with six transmem-
mise removal of soluble proteins from membrane proteins brane «-helixes [47], voltage-dependent anion-selective
and achieve an efficient pre-fractionation. Modifying the channel (VDAC) with 16 transmembrangstrands[48],
two-phase system in this manner does not seem to affectADP-ribosylation factor binding protein and ykl215cp,
the mildness of the method. A number of subunits origi- both with one predicted transmembrane domain accord-
nating from membrane protein complexes were enriched ining to the comprehensive yeast genome database (CYGD,
the detergent phase, e.g. ATP-synthasand g subunits http:/www.mips.gsf.de/proj/yeast/CYGD/db/index.html
(Table 9, which do not have any transmembrane domains. (Fig. 3 Table ] are all examples of membrane proteins
This suggests that membrane protein complexes are keppartitioning to the detergent phase regardless of pH or
intact in the two-phase system. The proteins identified as addition of SDS.
subunits attached to transmembrane subunits of membrane
protein complexes are here called membrane associated.2. Improved identification by MALDI-TOF-MS of
(MA, Table ). Why is SDS, an ionic detergent known membrane proteins enriched in detergent phase separated
to be a strong protein denaturant in its monomeric form, by 1-DE
not causing protein denaturation? The reason is that when
mixed with non-ionic detergent the CMC of SDS is low- By making a closer investigation of the detergent phase
ered due to formation of mixed micelldd43,44] Thus, from the DDM-PEG system at pH 9.0 in the presence
the monomer concentration of SDS is reduced which is of SDS (pre-fractionated sample), we next wanted to see


http://www.cbs.dtu.dk/services/TMHMM-2.0/
http://http:/www.mips.gsf.de/proj/yeast/CYGD/db/index.html
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Fig. 4. Pre-fractionation in detergent—polymer two-phase system leads to facilitated detection of membrane proteins quantitatively avelygga)itat
Proteins enriched in the detergent phase of a DDM-PEG system at pH 9.0 in the presence of SDS. Proteins enriched in the detergent phase ar
the corresponding region in the control were analysed with MALDI-TOF-M8ble 9. (C) Control (non-fractionated mitochondria). (D) Detergent

phase (system at pH 9.0, 3mM SDS). (*) No identification possible potentially indicating that the trypsin digest resulted peptides of high mass or
hydrophobicity originating from membrane proteins. (b) MALDI-MS spectra of the membrane protein VDAC enriched in the detergent phase. Upper
panel: non-fractionated mitochondria, lower panel: pre-fractionated sample (detergent phase from two-phase system at pH 9.0, 3mM SD®H Highlight
regions show increased resolution of peptides. Arrows show five peptides exclusively found in the pre-fractionated sample.
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Table 2
Enriched proteins with improved resolution and more reliable identification

in the detergent phase after pre-fractionation in a DDM—PEG two-phasel00 kDa

system at pH 9.0, in the presence of SDS, followed by 1-Bl.(4)
identified with MALDI-TOF-MS

Protein SwissProt Seq. cov. Seq. Cov. Z-value C Z-value D
ID C (%) D (%)

VDAC P04840 17 38 0.48 2.26

Cyt BC1-A P07256 ND 20 ND 1.80

Cyt BC1-B P07257 31 36 2.35 2.35

Cyt BC1-G P00128 ND 39 ND 1.69

C: control (non-fractionated mitochondria); D: detergent phase of system
pH 9.0+ SDS; Seq. cov.: sequence coverage; ND: not detectable, positive
identifications Z-value > 1.65) in bold. System composition: 4% (w/w)
PEG, 15% (w/w) DDM and 10mM Tris—HCI, pH 9.0, 3mM SDS;
temperature 4C.

if more membrane proteins could be detected comparec
to non-fractionated sample (solubilised mitochondria).
Resolution was indeed improved in the pre-fractionated
sample compared to the non-fractionated samplg. (4a
Table 9. For example, VDAC appeared distinctly in the
pre-fractionated sample, whereas in the non-fractionatec
sample it was difficult to separate this protein from other
bands.

Improved resolution is also evident from the MALDI-MS
spectrafig. 4b of the VDAC band from the pre-fractionated
detergent phase compared to the control (non-fractionatec
sample). Whereas only three peptides were detected ir
the non-fractionated mitochondri&i@. 4b upper panel),
eight peptides originating from VDAC were detected in
the pre-fractionated sampl&if. 4 lower panel). In the
pre-fractionated sample a decrease in background mad
it possible to find four additional VDAC peptides in the
highlighted regiorM, 900-1200 Fig. 4h lower panel) that
were not found in this region in the non-fractionated sam-
ple. The highlighted peptide 2268.0Bi¢. 4b was found in
the pre-fractionated sample, while in the non-fractionated
sample only a mass of 2269.15i¢. 4k, lower panel) could
be detected. This is probably due to a peptide overlap from
a contaminating peptide with a mass of 2269.15. Identifica-
tion of VDAC from the pre-fractionated sample resulted in
aZ-value of 2.26 and 38% sequence coverage, compared tt
a Z-value of only 0.48 and only 17% sequence coverage in
the non-fractionated samplégble 2. The cytochrome BC1
complex subunit G was detected wittZavalue of 1.69 and
39% sequence coveragBaple J from four identified pep-

tides, in the pre-fractlonated sample, whereas the peptldeTable 3 Circled protein spots were identified as membrane proteins and

extract from the correspondlng band in the non-fractionated boxes denote soluble proteins. Dotted circles and boxes indicate corre-

sample did not allow identification of any of these
proteins.
In summary, pre-fractionation with the DDM-PEG

two-phase system led to improved membrane protein detec-

tion not only quantitatively but also qualitativelfzify. 4), as
reflected by betteZ-values and higher sequence coverage
(Table 2.

\{
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Fig. 5. 2-DE gel analysis of non-fractionated isolated yeast mito-
chondria and of isolated phases after pre-fractionation in a Triton
X-114-PEG system. Proteins were identified using MALDI-TOF-MS
and ESI-QTOF-MS-MS. Identified proteins are numbered and listed in

sponding positions of identified proteins on all gels. The two-phase sys-
tem was mixed to obtain final concentrations of 11% (w/w) Triton X-114
and 4% (w/w) PEG 40000, 10 mM Tris—HCI pH 9.0, 100 mM NaglO
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3.3. Membrane proteins enriched in detergent phase
separated by conventional 2-DE

spot 17 both in the polymer phase and the detergent phase
could be that the soluble isoform of the protein was in ex-
cess and partitioned to the polymer phase and the membrane
The possibility to enrich membrane proteins prior to 2-DE bound isoform was partitioned to the detergent phase.
analysis for proteomics by pre-fractionation should be of in- By MALDI-TOF-MS and ESI-QTOF-MS—-MS analyses
terest to improve resolution and allow larger sample loads of a number of protein spot&ig. 5), we succeeded in identi-
of these proteins. This would increase detection limits com- fying 10 membrane proteins, only three with transmembrane
pared to the initial sample. The enrichment of membrane domains, enriched in the detergent phase. The correspond-
proteins in the detergent phase was therefore also evaluatedhg proteins were not, or only to a small extent, detected in
by 2-DE. The detergent—polymer system Triton X-114—PEG the polymer phaseT@ble 3. The fact that 5 subunits repre-
was used at pH 9.0 and to enhance removal of soluble pro-senting the water-soluble membrane associated region (F1)
teins NaClQ was added to the systems. The resutig (5, of the ATP-synthase were found enriched in the detergent
Table 3 again showed that proteins observed in the deter- phase suggests that this protein complex stays intact in the
gent phase but not in the polymer phase were membranetwo-phase system.
proteins.
In the polymer phase, spot 2 was identified as the 3.4. Membrane proteins enriched in detergent phase
water-soluble protein acetyl CoA hydrolase and spot 10 in further fractionated by ion-exchange chromatography
the detergent phase was identified as glycerol-3-phosphatdollowed by 1-DE
dehydrogenase with one predicted transmembrane re-
gion in CYGD. These proteins have the same isoelectric Isoelectrical focusing of hydrophobic proteins, espe-
points and molecular weights. This is an example of im- cially membrane proteins, in gel electrophoresis often
proved resolution of membrane proteins in 2-DE after lead to aggregation of the proteins in the gel-strip causing
pre-fractionation in a detergent—polymer two-phase system.under-representation of these proteins in the second dimen-
This can be compared to earlier results by Wissing et al. sion of a 2-DE gel. To avoid the losses of membrane pro-
[20] where a membrane protein and a soluble protein with teins in an isoelectric focusing step, the membrane proteins
the same isoelectric points and molecular masses were sepenriched in the detergent phase from the DDM—-PEG system
arated by cloud point extraction with Triton X-114. In the were further fractionated in two dimensions by ion-exchange
detergent—polymer system there is no need to raise the tem€hromatography followed by 1-DE on the eluted fractions
perature in the pre-fractionation step. Spot 17 was identified (Fig. 6). After pre-fractionation in DDM-PEG two-phase
to be NADH-cytochrome B5 reductase, a protein found in system, ion-exchange chromatography and 1-DE, 10 mem-
the mitochondria in two different isoforms, one membrane brane proteins with one or more transmembrane domain
bound and one soluble. An explanation for the presence ofwere identified with MALDI-TOF-MS Table 4. This

Table 3

Proteins identified from 2-DEFig. 5 with MALDI-TOF-MS and ESI-QTOF-MS-MS after pre-fractionation in a Triton X-114—PEG two-phase system
Number Protein name SwissProt ID M (x1073) pl TMD

1 Phosphoglycerate mutase P00950 27.4 8.9

2 Acetyl CoA hydrolase P32316 58.9 6.3

3 Phosphoglycerate kinase P00560 44.7 7.1

4 Isocitrate dehydrogenase P28834 39.3 9.0

5 Aldehyde dehydrogenase P00360 57.0 6.3

6 Branched chain amino acid biosynthesis, Ilv5 P06168 445 9.2

7 Superoxid dismutase P00445 22.7 5.9

8 Aconitase P19414 85.3 8.2

9 Mitochondrial respiratory function protein 1 P38071 40.9 8.9

10 Glycerol-3-phosphate dehydrogenase P32191 72.4 8.0 1
11 ATP-synthase, subunit P07251 58.6 9.0 MA

12 ATP-synthase, subun@ P00830 54.9 5.7 MA

13 ATP-synthase, subunit P38077 34.4 9.4 MA

14 ATP-synthase, subunit D P30902 19.8 8.9 MA
15 ATP-synthase, oligomycin sensitivity conferral protein P09457 22.8 9.6 MA
16 \oltage-dependent anion-selective channel protein P04840 30.6 6.8 16
17 NADH-cytochrome B5 reductase P36060 34.2/32.0 8.7 a1/0
18 Cytochrome BC1 complex subunit A (Cyt BC1-A) P07256 50.2 6.8 MA
19 Cytochrome BC1 complex subunit B (Cyt BC1-B) P07257 40.5 7.7 MA

@ The protein occurs in two isoforms, one membrane bound and one water-soluble. The two-phase system composition was: 11% (w/w) Triton X-114
and 4% (w/w) PEG 40000, 10 mM Tris—HCI, pH 9.0, 100 mM NaglO
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Fig. 6. Two-dimensional separation of membrane proteins enriched in the detergent phase of a DDM-PEG two-phase system at pH 9.0 and in the presence
of SDS, using anion-exchange chromatography in combination with 1-DE of the collected fractions. Isolated yeast mitochondria were pre€rarctionat
dodecyl maltoside (DDM)—poly(ethylene glycol) (PEG) two-phase system (total weight 3g) at pH 9.0, 3mM SDS. The detergent phase was diluted to
7.0ml with 20 mM Tris—HCI, pH 8.0, 0.25% DDM (buffer A) and applied to a Resource Q1 ml anion-exchange column connected to an AKTA explorer
system. Elution: 0-50% 20 mM Tris—HCI, pH 8.0, 0.25% DDM, 2.0 M NacCl over 40 column volumes, followed by a step elution with 100% over 5
column volumes. Eluted protein fractions were detected at 280 nm and collected in 1 ml fractions analysed by subsequent SDS-PAGE (fraction numbers
on top of the lanes). The 20 membrane proteins identified by MALDI-TOF-MS are numbered on the gel and Ii&btkid

Table 4
Identified membrane proteins after pre-fractionation in a DDM-PEG two-phase system followed by a two-dimensional separation using anion-exchange
chromatography and SDS-PAGEig. 6)

Number Protein name SwissProt ID Ip TMD
1 ADP/ATP translocator P18239 9.9 6
2 \oltage-dependent anion-selective channel (VDAC) P04840 9.9 16
3 NADH-ubiquinone oxidoreductase P32340 9.4 1
4 Mitochondrial outer membrane protein P16547 8.5 1
5 Succinate dehydrogenase, flavoprotein subunit Q00711 7.2 MA
L-Galactonoy-lactone oxidase P54783 6.4 1
6 Glycerol 3-phosphate dehydrogenase P32191 8.0 1
7 Cytochrome BC1 complex subunit A (Cyt BCI-A) P07256 6.8 MA
8 NADH-cytochrome B5 reductase P36060 8.7 1
9 Cytochrome BC1 complex subunit B (Cyt BC1-B) P07257 7.7 MA
10 Carnitine O-acetyltransferase P32796 8.5 MA
11 Prohibitin P40961 7.9 5
12 ATP synthaseB-subunit P00830 55 MA
13 Cytochromec 1 P07143 8.5 05
14 NADPH-cytochrome P450 reductase P16603 5.0 a05
ATPase, VO-subunit P32563 5.3 7
15 Succinate dehydrogenase, cytochrdmsubunit P33421 10.2 3
Cytochromec oxidase, subunit IV P04037 6.4 MA
16 Cytochromec oxidase, subunit VI P00427 5.8 MA
17 Cytochromec oxidase, subunit Il P00410 4.7 2

Two-phase system composition: 4% (w/w) PEG, 15% (w/w) DDM, 10 mM Tris—HCI, pH 9.0, 3mM SDS. Chromatography conditions: resource Q 1 ml
anion-exchange column. Buffer (A) 20 mM Tris—HCI, pH 8.0, 0.25% DDM. Elution: 0-50% buffer (B) 20 mM Tris—HC1, pH 8.0, 0.25% DDM, 2.0 M
NaCl, 40 column volumes, 100% buffer B, 5 column volumes.

2 0.5: Membrane anchored protein.

should be compared with four transmembrane proteins whenof aggregation of hydrophobic proteins in the electrophore-
no further fractionation was made prior to 1-DEable J), sis gel matrix, which is beneficial for yield and resolution
and only three transmembrane proteins from 2-Ddb(e 3. of hydrophobic proteins.

Thus, reducing sample complexity by removing abun-
dant soluble proteins using pre-fractionation with two-phase
partitioning followed by ion-exchange chromatography and 4. Concluding remarks
1-DE offers a potential for more efficient studies of mem-
brane proteins. This method allows exclusion of the isoelec- Detergent/polymer aqueous two-phase system par-
tric focusing step in 2-DE, thus, circumventing the problem titioning provides a novel, fast and mild method for
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pre-fractionation of Complex protein mixtures. Membrane [14] J. Blonder, M.B. Goshe, R.J. Moore, L. Pasa-Tolic, C.D. Masselon,

proteins are enriched in a detergent phase and separated from __ M-S. Lipton, R.D. Smith, J. Proteome Res. 1 (2002) 351-360.

abundant water-soluble proteins and insoluble materials that™*>! '\SA'P' Molloy, B.R. Herbert, B.J. Walsh, M.I. Tyler, M. Traini, J.C.
anchez, D.F. Hochstrasser, K.L. Williams, A.A. Gooley, Elec-

are removed to the polymer phase at low temperatures. The  ygpnoresis 19 (1998) 837-844.

described method allows enrichment of membrane proteins[i6] S.w. Taylor, D.E. Warnock, G.M. Glenn, B. Zhang, E. Fahy, S.P.

in a small volume, and at the same time allows high loading Gaucher, R.A. Capaldi, B.W. Gibson, S.S. Ghosh, J. Proteome Res.

of complex biological material such as solubilised mito- a7 é (é%(:g?eﬁ‘g?o?- Chem. 256 (1981) 1604-1607

chondria where onlyafraction of the proteins are membrane [18] EH. Quiné, W.L. Hinze, Ind. Eng. Chem. Res. 38 (1999) 4150—

proteins. Thus, this makes detergent—polymer aqueous ~ 4igg.

two-phase systems a suitable method for lowering the com-[19] A. Sanchez-Ferrer, R. Bru, F. Garcia-Carmona, Crit. Rev. Biochem.

plexity of protein mixtures before the use of high-resolution Mol. Biol. 29 (1994) 275-313.

separation techniques, such as ion-exchange chromatograLzo] J_. Wissing, S. Heim, L. Flohe, U. Bilitewski, R. Frank, Electrophore-

ph_y and one- or two-dimensional gel eleCtrOphoreSis' _By [21] iSOZih(IanO;JO_)ngi? li.5§l’\/?i.tsuoka, S. Maeda, Y. Fujiyoshi, J. Biol.

using a detergent—polymer two-phase system in combina-" = cpem. 278 (2003) 1807-1816.

tion with ion-exchange chromatography and SDS-PAGE an [22] H. Schagger, K. Pfeiffer, J. Biol. Chem. 276 (2001) 37861-37867.

improved resolution can be reached for membrane proteins[23] J.M. Boulter, D.N. Wang, Protein. Expr. Purif. 22 (2001) 337-348.

with an increased resolution of low abundance peptides in [24] '-;tA- E‘_"?V' f] _V”Ve”'ZE- %%%mé% ’;‘ggon’ T.A. Bennett, E. Pross-

_MS spectra beca_use_ of the r?moval of p(_aptides originat- [25] ZI ZS’tieI;I:ri)vr:?;éTDrahc()ta, B? Ostadal, J Houstek, Physiol. Res. 49

ing from contaminating proteins. Thus, higher sequence (2000) 245-250.

coverage and more reliable protein identifications can be [26] U. Anting, C. Thun, R. Hegerl, D. Typke, F.E. Nargang, W. Neupert,

achieved. The detergent—polymer two-phase systems offer  S. Nussberger, J. Cell. Biol. 147 (1999) 959-968.

a promising alternative to currently used pre-fractionation [27] J-M. Harris, Poly(ethylene glycol) Chemistry—Biotechnical and

methods for identification and characterization of the many
membrane proteins of different proteomes.
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