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Abstract
Iloprost (IP) stimulation (1 AM, 2 h) of Flag-epitope-tagged human IP prostanoid receptor (FhIPR) expressed in HEK293 cells resulted in
specific decrease of endogenous Gsa protein in detergent-insensitive, caveolin-enriched, membrane domains (DIMs). Receptor protein
FhIPR, caveolin, Gia and GPI-linked, domain markers CD55 and CD59 were unchanged. The same result was obtained in HEK293 cells
expressing FhIPR-Gsa fusion protein. The endogenous Gsa decreased, but the level of Flag-hIPR-Gsa protein did not change. The specific
depletion of domain-bound pool of Gsa as consequence of iloprost stimulation was also demonstrated in membrane domains prepared
according to alkaline treatment plus sonication protocol (detergent-free procedure of Song et al. [J. Biol. Chem. 271 (1996) 9690]). Our data
further indicated that in control, quiescent cells only a very small amount of IP prostanoid receptor was present in DIMs together with large
amount of its cognate Gsa protein. Expressed in quantitative terms, DIMs contained 30 – 40% of the total cellular amount of G proteins
whereas the content of IP prostanoid receptors was 1 – 3%. The dominant portion (>95%) of FhIPR as well as FhIPR-Gsa was localised in
high-density area of the gradient containing detergent-solubilised proteins. FhIPR and FhIPR-Gsa distribution was similar to that of
transmembrane plasma membrane (PM) markers (CD147, MHCI, CD29, Tapa1, the a subunit of Na,K-ATPase, transmembrane form of
CD58 and CD44). All these proteins are known to be fully solubilised by detergent and thus unable to float in density gradient.
Our data indicate that (i) long-term agonist stimulation of IP prostanoid receptor is associated with preferential decrease of its cognate G
protein Gsa from membrane domains; receptor level is unchanged. (ii) Very small fraction (1 – 3%) of total cellular amount of receptors is
recovered in DIMs together with roughly 40% of G proteins. These data suggest a ‘‘supra-stoichiometric’’ arrangement of G proteins and
corresponding receptors in DIMs.
D 2004 Elsevier B.V. All rights reserved.
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Abbreviations: BPB, bromphenol blue; DIMs, detergent-insoluble or detergent-insensitive membrane domains; DMEM, Dulbecco’s modified Eagle’s
medium; FLAG, Asp-Tyr-Lys-Asp-Asp-Asp-Asp-Lys; FhIPR, Flag-tagged form of human IP prostanoid receptor; FhIPR-Gsa, FhIPR-Gsa fusion protein; G
proteins, heterotrimeric guanine nucleotide-binding regulatory proteins; Gsa, G protein stimulating adenylyl cyclase activity; Gia, G proteins inhibiting
adenylyl cyclase activity in pertussis-toxin sensitive manner; Gqa/G11a, G proteins stimulating phosholipase C in pertussis-toxin independent manner; GPCR,
G protein coupled receptor; HEK, human embryonic kidney; GPI, glycosylphosphatidylinositol; Mr, relative molecular weight; PBS, phosphate-buffered saline;
PM, plasma membranes; PMSF, phenylmethylsulfonyl fluoride; Na,K-ATPase, sodium plus potassium activated, ouabain dependent adenosine triphosphatase
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1. Introduction
Prolonged agonist stimulation of G protein coupled
receptors (GPCRs) results in internalisation [1– 4] and specific down-regulation of the cognate trimeric G proteins (for
review see [5,6]. Internalised G proteins may be recovered in
low-density or light vesicular membranes (endosomes) distinct from bulk of plasma membranes (PM) [7– 12]. Fast
agonist-induced internalisation of Gsa was recently demonstrated by Yu and Rasenick [13]. Hormone-induced changes
in cellular localisation of G proteins have been comprehensively reviewed by Svoboda and Novotny [6].
At least in some signalling cascades, G protein internalisation exhibits different characteristics when compared
with internalisation of the corresponding receptors. TRH
receptor (TRH-R) is internalised within minutes via clathrindependent pathway [3,14 –17], whereas Gqa/G11a internalisation does not begin earlier than after 1 h and is fully
manifested after several hours of agonist stimulation [2,3].
Similar difference exists for Gqa/G11a and muscarinic
acetylcholine receptors [18]. Thus, G protein internalisation
might proceed as caveolae-mediated endocytosis, which has
been described as a rather slow endocytotic pathway [19].
This possibility has been supported by our previous data
showing depletion of Gqa/G11a proteins in DIMs/caveolar
pool after long-term TRH stimulation [20].
In the present work, we have studied the Gsa-mediated
cascade initiated by IP prostanoid receptors. HEK293 cells
expressing the Flag-epitope-tagged form of human IP prostanoid receptor (FhIPR) [21] or FhIPR-Gsa fusion protein
[22] were used as new methodological tools to compare the
hormone-induced changes of both the receptor and its cognate G protein simultaneously in distinct regions of the cell
membrane. These regions (domains) were distinguished by
nonionic detergent solubility or extraction in a highly alkaline
solution of 0.5 M Na2CO3 (pH 11) plus sonication. Distribution of IP prostanoid receptors and Gsa protein between
detergent-insoluble (DIMs) and detergent-solubilised phase
was compared with distribution of a number of membrane
markers representing the integral (transmembrane) as well as
GPI-domain-bound proteins. Hormone-induced changes in
composition of DIMs were compared with those in detergentfree preparations of membrane domains prepared by alkaline
treatment of cell homogenates in 0.5 M Na2C03, pH 11
[23,24]. In order to complement the previous studies estimating the G protein/GPCR stoichiometry in the whole cell or
crude membrane preparations only [5,25 – 28], here we have
also analysed the quantitative proportion between IP prostanoid receptor and Gsa in membrane domains.

geneticin and hygromycin, were purchased from Sigma.
Caveolin-oriented antisera C13630 and C37120 were purchased from Transduction Laboratories (Nottingham, UK),
antibodies against Gsa (G-5040), VSV (V-5507) and Flag
(M5, IB13091) were from Sigma. Anti-VSV-G monoclonal
antibody (cat. no. 1667351) and Complete protease inhibitor
cocktail (cat. no. 1697498) were from Roche Applied
Sciences (Mannheim, Germany).
2.1.1. Construction of Flag-epitope tagged version of
human IP-prostanoid receptor (FhIPR)
An hIPR cDNA was obtained from Dr. Mark Abramovitz
(Department of Biochemistry and Molecular Biology, Merck
Frost Centre for Therapeutic Research, Quebec, Canada). To
incorporate the Flag epitope (Asp-Tyr-Lys-Asp-Asp-AspAsp-Lys) at the amino acid terminus of cDNA, a set of
PCR oligonucleotide primers was used. The sense oligonucleotide was 5V- AAGGATCC GCACCCATGðG ACTACAAGGACGACGATGATAA G)GCGGATTCGTGCAGGAACC-3V; the underlined bases refer to restriction sites of
BamHI and NcoI, respectively, with Flag epitope bases in
parentheses. The antisense oligonucleotide was 5VAAGAATTCTCAGCTTGAAATG(TCA)GCAGAG-3V; the
underlined bases refer to EcoRI restriction site, with stop
codon in parentheses. The PCR amplified fragment was
digested with BamHI and NcoI and ligated into pcDNA3
(InVitrogen, San Diego, CA) through these restriction sites.
Introduction of the NcoI site at the start codon allowed the
selection of positive clones on NcoI digestion and agarose gel
electrophoresis. The cDNA construct was fully sequenced.

2. Materials and methods

2.1.2. Construction of FHIPR-Gsa fusion protein
Using FhIPR cDNA, PCR amplification was used to
remove the stop codon. At the same time, the last amino
acid, cysteine, was changed to glutamic acid due to incorporation of an XhoI restriction site to allow fusion of Gsa cDNA.
This fragment of FhIPR was cloned into the EcoRI/XhoI site
of pcDNA3. Rat HA-Gsa(L) cDNA (haem-agglutinin-epitope tagged from of the rat long variants of Gsa) was obtained
from Dr. M.J. Levis and Dr. H.R.Bourne, UCSF, CA, USA).
To enable fusion with the FhIPR cDNA, bases 5V to the
operon reading frame were changed using PCR to generate an
XhoI restriction site, while an XbaI site was incorporated after
the stop codon. The sense oligonucleotide used was: 5VCCGCTCGAG ATGGGCTGCCTCGGCAACAG-3V; the
underlined bases refer to the XhoI digestion site. The antisense oligonucleotide used was: 5V-TGCTCTAGATTAGAGCAGCTCGTATTGGC-3V; the underlined based refer to the
XbaI site. The PCR-amplified fragment was digested with
XhoI and XbaI and ligated to the FhIPR in pcDNA3 at XhoI/
XbaI sites.

2.1. Chemicals

2.2. Cell culture and stable expression

Tissue culture reagents and media were supplied by
Gibco or Sigma. All other chemicals and drugs, including

HEK293 cells were seeded into 100-mm culture dishes
and grown to 60 –80% confluency (18 – 24 h) before trans-
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fection with 5 Ag of FhIPR or FhIPR-Gsa cDNAs using
DOTAP reagent {N-[1-(2,3-dioleoyloxy)propyl]-N,N,N-trimethylammonium metylsulfate} (Boehringer Mannheim).
Cells stably expressing a G418 sulfate (Calbiochem) resistance marker were picked and transferred into 24-well
plates. About 40 clones of each cDNA were amplified.
HEK293 cells expressing FLAG-tagged form of human IP
prostanoid receptor (clone FhIPR) or FhIPR-Gsa fusion
protein (clone FhIPR-Gsa) were cultivated in Dulbecco’s
modified Eagle’s medium (DMEM) containing 10% (v/v)
newborn calf serum according to Fong et al. [21] and Fong
and Milligan [22]. Geneticin (800 Ag) or hygromycin (200
Ag) were included in the course of cell cultivation. The cells
were grown to 60 – 80% confluency before harvesting and
beginning of experiments.
2.3. Isolation of detergent-resistant membrane domains
2.3.1. Protocol A
HEK293 cells expressing Flag-hIPR or Flag-hIPR-Gsa
were untreated (control) or treated with hormonal agonist (1
AM iloprost, 2 h) and then harvested. The cells from nine
flasks (80 cm2 each) were collected by low-speed centrifu-
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gation at 1800 rpm for 10 min (0– 4 jC), washed once in
PBS and resuspended on ice by repeated pipetting in 1 ml of
TME buffer (20 mM Tris – HCl, pH 7.5, 3 mM MgCl2, 1
mM EDTA and 150 mM NaCl). Cell suspension was diluted
to the same protein concentration in control and agoniststimulated samples and fresh PMSF (200 mM stock in
isopropylalkohol) plus complete protease inhibitors cocktail
in TME buffer was added to 1 mM final concentration of
PMSF. Subsequently, 1 ml of 2% (v/v) Triton X-100 in
TME was added and mixed with the cell suspension by
repeated pipetting. After 45 min on ice (box with ice in cold
room equilibrated to 0– 4 jC), 2 ml of 1% TX-100 cell
extract was mixed with 2 ml of ice-cold 80% w/v sucrose,
transferred into a centrifuge tube of Beckman SW 41 rotor
and overlaid with 35% (4 ml) and 5% (4 ml) w/v sucrose.
This simple ‘‘5/35/40’’ type of gradient was routinely used
in majority of other studies for membrane domain isolation
[29 –33]. Great care was devoted to prevent mixing of the
lower with higher sucrose layers in the course of preparation
of the density gradient. Density gradient fractions 1– 12 (1
ml each) were collected manually from the meniscus after
centrifugation for 24 h at 39 000 rpm (188 000  g), frozen
in liquid nitrogen and stored at  80 jC until use.

Fig. 1. Iloprost-stimulation of Flag-hIPR induces preferential decrease of the cognate Gsa protein in DIMs. Gia protein is unchanged. (A) HEK293 cells
expressing Flag-epitope tagged version of human prostanoid receptor (FhIPR) were grown to 60 – 80% confluency and incubated without or with 1 AM iloprost
for 2 h. Iloprost stimulation was discontinued by aspiration of incubation media and harvesting the cells from nine (control) and nine (iloprost-treated) 80-cm2
flasks by centrifugation for 10 min at 1800  rpm. Cell sediment was washed once, diluted to the same protein concentration in control and iloprost-stimulated
samples and extracted with 1% (v/v) TX-100 for 45 min on ice. The TX-100 extract was fractionated on 40/35/5% (w/v) sucrose density gradient as described
in Section 2. Constant volume of 0.3 ml of DIMs (4 – 6) or detergent-solubilised (9 – 11) fractions was TCA precipitated and analysed for Gsa content by SDSPAGE and immunoblotting with specific antibodies. The data represent the typical fractionation procedure. St, 20 Ag of guinea pig myocardial membranes. (B)
Parallel samples of density gradient fractions analysed for Gsa content were subjected to immunodetection of Gi proteins by SG antiserum specific for Gi1a/
Gi2a. St, 20 Ag of rat brain cortex microsomes.
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2.3.2. Protocol B
When indicated, cells expressing FhIPR and FhIPR-Gsa
were also fractionated on a more complicated 5/10/15/20/
25/30/35/40% (w/v) sucrose gradient. Two ml of cell extract
in 1% v/v TX-100 were mixed with 2 ml of 80% (w/v)
sucrose and overlaid subsequently with 35, 30, 25, 20, 15,
10% (1 ml each) and 5% (w/v) sucrose (1.5 ml). Density
gradient fractions 1 (0.5 ml, 5% sucrose), 2 (1 ml, 5%
sucrose), 3 (1 ml, 10% sucrose), 4 (1 ml, 15% sucrose), 5 (1

ml, 20% sucrose), 6 (1 ml, 25% sucrose), 7 (1 ml, 30%
sucrose), 8 (1 ml, 35% sucrose) and 9– 12 (1 ml, 40%
sucrose) were collected from the meniscus, frozen in liquid
nitrogen and stored at  80 jC.
2.4. Isolation of membrane domains by alkaline treatment
Cells ( F agonist) were harvested from 9 flasks (80 cm2
each), collected by low-speed centrifugation (1800 rpm, 10

Fig. 2. Unchanged level of PM markers in DIMs after iloprost treatment. The density gradient profile of domain-bound (caveolin, CD55 and CD59) and
transmembrane (MHCI and CD147) PM markers was compared in control and iloprost-treated FhIPR-expressing cells fractionated on a ‘‘5/35/40’’ type of
gradient. The behaviour of the immuno-protein molecules when extracted in 1% (v/v) TX-100 and fractionated on flotation sucrose density gradients has been
intensively studied in human and mouse lymphocytes [42 – 47]. In close analogy with lymphocytes, GPI-bound proteins CD55 and CD59 floated up to the lowdensity area of gradient containing 15 – 20% sucrose, while the transmembrane proteins MHCI and CD147 were fully solubilised and remained in high-density
area of gradient containing the 40% sucrose. The immunoblots show typical gradient profiles selected from eight independent fractionation procedures.
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min, 0 jC), washed once and diluted with PBS to the same
protein concentration in control and agonist-stimulated
samples and suspended on ice in 1 ml of TME buffer
containing fresh 1 mM PMSF plus protease inhibitors
mixture. The resulting cell suspension was transferred to a
5-ml Teflon-glass homogeniser (Brown) and diluted 1:1
with ice-cold 1 M Na2CO3, pH 11. After brief homogenisation (1 min, 1700 rpm), the sample was transferred to a
centrifugation tube of Beckman SW 41 rotor and sonicated
at low-energy output for minimum time to achieve degradation of the gel-like material formed by sodium bicarbonate addition. When using Cole-Parmer ultrasound generator
(4710 Series, Chicago), this was achieved by tuning the
output conditions to a very tiny sound (decreasing energy
from force 5 to force 2) and sonication in ice-water slurry
for 3  10 s. These carefully controlled conditions of
ultrasound exposure were used because drastic sonication
(i.e., force 5 from Cole-Parmer ultrasound generator) is
evidently associated with degradation of functional coupling
between GPCRs and cognate G proteins [34]. Afterwards, 2
ml of completely fluid ‘‘alkaline-treated‘‘ cell homogenate
was mixed with 2 ml of ice-cold 80% (w/v) sucrose,
overlaid with 35%, 30%, 25%, 20%, 15%, 10% (1 ml each)
and 5% (1.5 ml) sucrose and centrifuged for 24 h at 39 000
rpm (188 000  g). Density gradient fractions 1 –12 were
collected from top to bottom, frozen in liquid nitrogen and
stored at  80 jC.
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described before in detail [9]. Molecular mass determinations were based on prestained molecular mass markers
(Sigma, SDS 7B). After SDS-PAGE, proteins were transferred to nitrocellulose and blocked for 1 h in 4% (w/v) BSA
in TBS (10 mM Tris –HCl, pH 8.0, 150 mM NaCl). The Gprotein-oriented antisera were added in 1% (w/v) BSA in
TBS containing 0.2% (v/v) Tween 20 and incubated for at
least 2 h. The primary antibody was then removed and the
membrane washed extensively in TBS with 0.2% (v/v)
Tween 20. The immunoblot signals were detected by ECL
technique using Super Signal West Pico or Dura (Pierce) as
substrate according to protocols originally established by
Nesbitt and Horton [35]. The developed blots were scanned

2.5. Production of antisera
G protein-specific antibodies were raised in rabbits
obtained from VELAZ, Prague (SG and CQ) or in New
Zealand White rabbits, Glasgow (CS). Immunisation was
performed with a glutaraldehyde conjugate of keyhole
limpet hemocyanin and synthetic peptide specific for a
given type of G protein. Antiserum CS was raised against
a peptide corresponding to the C-terminal decapeptide of
Gsa, RMHLRQYELL (Gsa, amino acids 385 – 394). Antiserum SG was raised against a peptide corresponding to the
C-terminal decapeptide of transducin, KENLKDCGLF
(Gta, amino acids 341 –350). Antiserum CQ was produced
against peptide QLNLKEYNLV representing the C-terminal
decapeptide, which is conserved between Gqa and G11a.
This antiserum identifies both these polypeptides equally.
2.6. Immunoblotting of density gradient fractions
Sucrose density gradient fractions (constant volume of
0.75 ml) were precipitated with trichloroacetic acid (0.25
ml, 6% w/v, 1 h on ice), resuspended in 30 Al of 1 M Trisbase and solubilised by addition of 10 Al of 4  concentrated Laemmli buffer without urea (0.25 M Tris – HCl, pH
6.8, 8% SDS, 40% glycerol, 0.4 M DTT, 0.04% BTB) and
heated for 3 min at 95 jC. Standard SDS-PAGE in 10% w/v
acrylamide/0.26% w/v bis-acrylamide or 12.5% w/v acrylamide/0.0625% w/v bis-acrylamide gels was carried out as

Fig. 3. Statistical analysis of Gsa, Gia and caveolin content in DIMs
isolated from Flag-hIPR expressing cells. DIMs (low-density fractions 4 –
6) and detergent-solubilised, high-density fractions 9 – 12 were prepared on
a ‘‘5/35/40’’ type of gradient by three independent fractionation procedures
from control and iloprost-treated FhIPR cells, analysed for respective
signalling molecules and the immunoblot signals were assessed by
densitometric scanning. Data obtained in control and agonist-stimulated
samples were expressed as percent of total signal recovered in all fractions,
averaged and expressed as mean F S.E.
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with an imaging densitometer Astra 610P (UMAX) to
enable quantification of the immunoblots.
2.7. Immunodetection of PM marker molecules
PM proteins CD29 (integrin h1 subunit) [36], CD44
(lymphocyte homing receptor-fagocytic glycoprotein) [37],
MHCI (major histocompatibility complex, class I), transmembrane form of CD58 (formerly called LFA-3) [38]
and glycosylated and non-glycosylated forms of CD147
(M6) [39] were measured as markers of transmembrane,
integral membrane proteins. CD55 (complement decay
accelerating factor) [40], GPI-bound form of CD58
(LFA-3) [38] and CD59 (complement protectin) were
measured as markers of GPI-bound, peripheral proteins
(for comprihensive information, see Ref. [41]). Characteristic behaviour of these proteins in the course of detergent
extraction and separation on equilibrium sucrose density
gradients has been established in a number of previous
studies performed in T lymphocytes and monocytes [42 –
47]. All CD membrane markers were detected by immunoblotting with monoclonal antibodies obtained as a kind
gift from the collection of V. Hořejšı́ (Institute of Molecular Genetics, Prague, CZ); the immunoblot signals were
detected by ECL technique according to Nesbitt and
Horton [35]. As classical marker of integral membrane
proteins, sodium plus potassium activated, magnesium
dependent adenosine triphosphatase (EC 3.6.1.3) (Na,KATPase) was detected by antibodies purified by protein Aaffinity chromatography from rabbit polyclonal antiserum,
which was prepared against the isolated a1-subunit of this
enzyme (kind gift of Prof. Roberto Antolovic, Giessen
University, Germany).

2.8. Protein determination
The method of Lowry was used for determination of
protein concentration in cell homogenates and other membrane preparations from HEK293 cells. Aliquots of fractions
1 – 2 (100 Al), 3 – 6 (50 Al) and 7– 12 (25 Al) were collected
from the sucrose density gradient and diluted with water to
final volume of 200 Al. Blank values were obtained from the
same type of gradient centrifuged under identical conditions
without any protein. The protein solutions were mixed with
0.3 ml of 0.1 N NaOH plus 2% Na2CO3, and after 10 min at
room temperature, 50 Al of Folin reagent (diluted 1:1 with
water) was added and mixed immediately. After 30 min of
incubation, absorbance at 720 nm was determined. Calibration curve was measured in parallel with 0, 10, 20, 30, 40,
50, 75, 100, 150 and 200 Ag of protein standard (Fraction V
bovine serum albumin, Sigma). Data were calculated by
fitting the calibration curve as quadratic equation.

3. Results
3.1. Long-term agonist stimulation is associated with
unchanged level of hIP prostanoid receptor and dramatic
reduction of Gsa protein in DIMs
Iloprost stimulation resulted in dramatic decrease of Gsa
in detergent-insensitive membrane domains (DIMs) collected in low-density area of sucrose gradient (15 –25% w/v
sucrose; fractions 4– 6) (Figs. 1A and 3). The content of
domain-bound Gsa in iloprost-treated samples was three
times lower than that in DIMs isolated from the same
amount of untreated cells; when expressed as percent of

Fig. 4. Iloprost stimulation does not change the dominant pool of Flag-hIPR receptor protein in detergent-solubilised fractions. Flag-hIPR-expressing cells were
exposed to 1 AM iloprost for 2 h, extracted with 1% (v/v) TX-100 and fractionated as described in legend to Fig. 1. The receptor protein was detected by
immunoblotting with Flag-oriented antibodies after resolution by standard SDS-PAGE. Urea-free SLB was used for solubilisation of TCA precipitates, which
were prepared from 0.75-ml aliquots of gradient fractions. The immunoblot signals of control and iloprost-treated samples were developed simultaneously by
ECL for 30 s using Super Signal West Pico (Pierce) as substrate. The typical immunoblot (repeated three times) obtained from a single fractionation procedure
was shown.
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total signal recovered in all gradient fractions (100%), Gsa
decreased from 43 F 3% in controls to 13 F 3%. The
decrease of domain-bound pool of Gsa was specific with
respect to the interaction with activated hIP prostanoid
receptors because the level of the ‘‘non-cognate‘‘ G proteins
Gia1/Gia2 was unchanged (Figs. 1B and 3). The levels of
membrane domain markers caveolin, CD55 and CD59 (Fig.
2, upper panel) were not affected by hormonal treatment.
The same was truth for transmembrane PM markers MHCI
and CD147 (Fig. 2, lower panels), which were recovered in
high-density area of the gradient. These results indicate that
prolonged agonist stimulation did not change (in a nonspecific way) the general features of the PM structure which,
when altered, could result in a changed sensitivity towards
detergent extraction. Lower levels of Gsa after hormonal
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treatment were also observed in high-density area of the
gradient (fractions 9 – 12) containing non-floating, detergent-solubilised cell constituents (Fig. 3). This reduction,
however, was much smaller than that observed in DIMs
(fractions 4 – 6); it was a consequence of down-regulation of
total cellular amount of Gsa in these cells [21,22]. The ratio
between domain-bound and detergent-soluble pool of Gsa
decreased from 0.77 in control to 0.38 in iloprost-treated
samples. The total gradient content of Gsa was decreased
(down-regulated) to 48% of control values (100%).
These observations indicate that prolonged agonist-stimulation of IP prostanoid receptor results in preferential
decrease of the cognate Gsa protein in DIMs. This was
demonstrated both in terms of receptor specificity and
detergent solubility. Other G proteins and PM markers were

Fig. 5. Iloprost-stimulation does not change Flag-hIPR in both membrane domain and detergent-solubilised fractions. Density gradient fractions 1 – 12 were
screened for Flag-hIPR protein in the same way as described in legend to Fig. 5, except that Super Signal West Dura (Pierce) was used for development of ECL
signals. Under these conditions the receptor content in low-density fractions could be clearly distinguished. The immunoblot signals in low- (4 – 6) and high(8 – 11) density area were analysed by densitometric scanning and compared in control and agonist-stimulated cells. The results represent an average of three
fractionation procedures. (A) ECL signal developed for 30 s; (B) ECL signal developed for 5 min; (C) statistical analysis of three fractionation procedures.
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Fig. 6. Simultaneous detection of Flag-hIPR-Gsa fusion protein and Gsa on the same immunoblot by Gsa-specific antibody. Distribution of both Flag-hIPRGsa fusion protein and endogenous Gsa was analysed simultaneously on the same immunoblot by Gsa-specific antiserum (CS). The results are representative
of a single fractionation procedure performed on a ‘‘5/35/40’’ type of gradient.

not affected by hormonal stimulation. This decrease proceeded in parallel with down-regulation of the total cellular
amount of this G protein.
Parallel samples of density gradient fractions isolated
from iloprost-treated or untreated cells (used in previous
Gsa protein analysis) were subjected to immunodetection of
IP prostanoid receptor, Flag-hIPR. The dominant pool of
receptor protein identified by Flag-oriented antiserum was
represented by a diffuse signal spreading over a wide range
of Mr. This diffuse signal was localised in high-density area,
i.e. among detergent-solubilised cell constituents, and was

unchanged by hormonal stimulation (Fig. 4). We also tried
to analyse possible hormone-induced changes of the minority pool of Flag-hIPR recovered in membrane domain area
(fractions 4 – 6), but this task was difficult to perform
because of very low intensity of Flag immunoblot signal
in low-density fractions (Fig. 5A). Detection of Flag-hIPR
in DIMs/caveolae was achieved by introduction of ECL
with higher sensitivity (Super Signal West Pico and Dura,
Pierce) and longer exposure times (Fig. 5B). Comparison of
samples from control and iloprost-treated cells by densitometric scanning did not indicate any difference (Fig. 5C).

Fig. 7. Depletion of endogenous Gsa and unchanged level of Gia in DIMs isolated from Flag-hIPR-Gsa expressing cells. Cells were grown and fractionated on
a ‘‘5/10/15/20/25/30/40’’ type of gradient as described in Section 2. (A) Gsa-immunoblot signals of membrane domain (4 – 6) and soluble (9 – 11) fractions
isolated from cells untreated or treated (1 AM, 2 h) with iloprost were compared on the same immunoblot. (B) Distribution of Gia protein in membrane domain
(4 – 6) and soluble (9 – 11) fractions. Fractions analysed for Gsa were further used for determination of Gia proteins. Typical gradient profiles were collected
from three independent fractionation procedures.
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Table 1
GPCRs and transmembrane PM markers in DIMs
(A) GPCR

Percent of total amount
a

Flag-hIPR (Flag immunoblot, 0.5 min)
Flag-hIPR (Flag immunoblot, 0.5 min)b
Flag-hIPR-Gs (Flag immunoblot, 5 min)a
Flag-hIPR-Gs (Gs immunoblot)a

3%
ND
2%
1%

(B) Transmembrane protein markers

Percent of total amount

c

gM6
ngM6c
MHCIc
CD29c
Tapa 1c
Na,K-ATPasec
(a subunit, polyclonal Ab)
tCD58c
CD44c

5%
ND
5%
ND
ND
ND
ND
11%

The immunoblot signals in low-density fractions 4 – 6 isolated by detergentextraction and flotation in density gradient was determined by densitometric
scanning and compared with total signal detected in all fractions. ND = not
detectable in fractions 3 – 6; immunoblot signal located exclusively in highdensity fractions 8 – 12.
a
Analysed on a simple 40%, 35% and 5% (w/v) sucrose density
gradient (see Section 2) according to Galbiati et al. [30]; average of three
fractionation procedures.
b
Analysed on 40%, 35%, 30%, 25%, 20%, 15%, 10% and 5% (w/v)
sucrose density gradient (see Section 2) according to Pesanova et al. [20];
average of three fractionation procedures.
c
Averaged in two gradients type a and in two gradients type b.

Over 95% of total cellular amount of FhIPR was detected in
detergent-solubilised fractions 8 –12.
Agonist-induced change in subcellular localisation of
Gsa and IP-prostanoid receptors was further studied in
HEK293 cells expressing the FhIPR-Gsa fusion protein.
In these cells, both endogenous Gsa and receptor fusion
protein could be characterised by the same Gsa-specific
antiserum on the same immunoblot (Fig. 6). In accordance
with previous data obtained in FhIPR-expressing cells,
iloprost stimulation (1 AM, 2 h) resulted in preferential
decrease of endogenous Gsa in DIMs when compared with
detergent-solubilised fractions (Fig. 7A). The decrease of
endogenous Gsa was receptor-specific because the level of
Gia protein did not change (Fig. 7B). Thus, similarly to data
obtained in FhIPR-expressing cells, domain-bound pool of
Gsa responded more readily to hormonal stimulation than
that recovered among detergent-solubilised cell constituents.
When using Flag-oriented antibodies, the dominant portion of FhIPR-Gsa was detected as a diffuse signal in nonfloating, high-density area. Similarly as in FhIPR-expressing cells (Figs. 4 and 5), a weak signal, just at the minimum
threshold level of ECL detection, was observed in DIMs.
Neither of the two pools of receptor protein was altered by
iloprost stimulation (data not shown). The ratio between
DIMs-bound and detergent-solubilised pool of FhIPR-Gsa
was extremely low, because the substantial majority of the
receptor (>95% of total gradient amount) was localised in
high-density fractions 8 – 12 (Table 1A). This pattern of
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receptor distribution was similar, if not identical, with many
transmembrane PM markers (Table 1B) known to be fully
solubilised by nonionic detergents such as 1% TX-100.
These transmembrane PM markers included glycosylated
(g) and non-glycosylated (ng) forms of M6 (CD147), MHCI
(major histocompatibility complex, class I), CD29 (integrin
h1 subunit), Tapa 1, the a subunit of Na,K-ATPase, transmembrane form of CD58 and CD44 (lymphocyte homing
receptor-fagocytic glycoprotein).
Sensitivity of Gsa proteins to detergent extraction differed substantially from that of hIP prostanoid receptors and
transmembrane protein molecules (Table 2). As much as
40 – 50% of total signal of Gsa subunits was present in
DIMs and the remaining 60 – 50% of this protein was
recovered among soluble, non-floating constituents. It may
be therefore concluded that only a small fraction (1 –3%) of
the total cellular amount of receptor molecules is associated
with the much larger fraction (40 –50%) of the cognate Ga
protein subunits in DIMs.
The data obtained by detection of FhIPR and FhIPR-Gsa
using Flag-oriented antibodies were supported by simultaneous detection of both receptor fusion protein and endogenous Gsa on the same immunoblot by CS antiserum. The
dominant portion of receptor molecules was localised in
high-density, non-floating, detergent-solubilised fractions
8 –12 and only about 1% of the receptors was detected in
DIMs. The ratio between receptor fusion protein and Gsa in
DIMs was 1:50 (Fig. 6).
3.2. Long-term agonist stimulation is associated with
unchanged level of hIP prostanoid receptor and dramatic
reduction of Gsa protein in detergent-free (alkaline-treated)
preparations of membrane domains
General validity of the results derived from studies of
DIMs, namely (i) preferential decrease of Gsa in DIMs
when compared with detergent-solubilised fractions and (ii)
unchanged distribution of receptor protein after agonist
Table 2
Ga subunits in DIMs
Clone

Ga

% of total amount

Flag-hIPRa
Flag-hIPRb
Flag-hIPR-Gsaa
Flag-hIPRa
Flag-hIPR-Gsab
HEK293a
HEK293a

Gsa
Gsa
Gsa
Gia
Gia
Gsa
Gia

46%
41%
39%
53%
47%
41%
55%

The immublot signal in low-density fractions 4 – 6 was determined by
densitometric scanning and compared with total signal recovered in all
fractions.
a
Analysed on a simple 40%, 35% and 5% (w/v) sucrose density gradient
prepared according to Galbiati et al. [30]; average of three fractionation
procedures.
b
Analysed on 40%, 35%, 30%, 25%, 20%, 15%, 10% and 5% (w/v)
sucrose density gradient according to Pesanova et al. [20]; average of three
fractionation procedures.

60
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Fig. 8. Depletion of endogenous Gsa and unchanged level of receptor fusion protein in alkaline-treated (detergent-free) membrane domains. FhIPR- (A) or
FhIPR-Gsa- (B) expressing HEK293 cells were cultivated and treated with 1 M Na2C03 as described in Section 2. Alkaline-treated domains were prepared
from the same amount (9  80-cm2 flasks) of control and iloprost- (1 AM, 2 h) stimulated cells. Samples of TCA-precipitated fractions were resolved by SDSPAGE, immunoblotted with Gsa-oriented antibodies and immunological signal corresponding to Gsa and FhIPR-Gsa detected by ECL. Typical immunoblots
of a single fractionation procedure ( F iloprost) were shown.
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stimulation, was verified by analyses of detergent-free
preparations of these structures. For preparation of membrane domains by alkaline treatment and sonication, we
used a protocol originally described by Song et al. [23,24].
Comparison of representative immunoblots of density
gradient profiles obtained from FhIPR-expressing cells
( F iloprost) indicated that iloprost stimulation caused a
substantial reduction of endogenous Gsa levels in membrane domains (fraction 5) prepared by alkaline treatment
(Fig. 8A). The level of Gia proteins was unchanged (data
not shown). The specificity of hormone response in FhIPRexpressing cells was thus manifested in DIMs as well as in
detergent-free preparation of membrane domains. FhIPRGsa fusion protein was detected by immunoblotting with
Gsa-specific antiserum as a polypeptide with relative mobility of about 90 kDa (Fig. 8B). The maximum level of
FhIPR-Gsa was detected in fraction 8 corresponding to 35%
(w/v) sucrose. This signal was clearly unchanged when
compared with dramatic reduction of endogenous Gsa
detected in 45– 52-kDa range of Mr. The maximum intensity
of both the long and short variants of Gsa was localised in
fraction 5 corresponding to 20% sucrose. (Fig. 8B).
The lack of agonist-induced effect on IP prostanoid
receptor content in alkaline-treated domains was verified
by detection with Flag-oriented antiserum M5 (Sigma,
IB13091). The immunoblot signal of FhIPR (Mr c 90
kDa) was detected in a narrow, distinct area of polyacrylamide gel and its maximum was localised in fraction 8 (35%
sucrose). Samples from control and iloprost-stimulated cells

Fig. 9. Detection of FhIPR in alkaline-treated domains by Flag-oriented
antibody. The same amounts of HEK293 cells expressing FhIPR receptor
treated or untreated with iloprost (1 AM, 2 h) were fractionated according to
‘‘alkaline treatment’’ procedure and the distribution of receptor protein was
identified by Flag-oriented antiserum M5 from Sigma (IB13091). TCAprecipitated gradient fractions obtained from control and iloprost-stimulated
cells were analysed. Typical immunoblots of a single fractionation
procedure ( F iloprost) were shown.
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contained the same amount of FhIPR protein (Fig. 9). This
clear-cut result was rather surprising in view of our previous
difficulties when analysing detergent-extracted preparations,
which exhibited diffuse immunoblot signals of both FhIPRand FhIPR-Gsa spreading over a wide range of Mr when
resolved in polyacrylamide gels (compare with Figs. 4 and
5). It may be assumed that extraction in a highly alkaline
solution of 0.5 M Na2CO3 at pH 11 might have revealed
(unmasked) more clearly the Flag-antigenic determinants in
receptor fusion protein. In DIMs, these determinants were
probably buried by excess of the detergent. Alternatively,
the hydrolytic cleavage in alkaline solution could cause
deglycosylation of the C-terminus of GPCRs. In any case,
the analysis of alkaline-treated preparations of membrane
domains brought a strong support for the conclusions
primarily formulated by studies of DIMs, i.e., that prolonged stimulation of IP prostanoid receptor induces preferential depletion of Gsa protein in membrane domains,
whereas the level of receptor protein is unchanged.

4. Discussion
Exposure of cells to agonists of receptors linked to G
proteins results in down-regulation, i.e., decrease of the total
cellular amount of their cognate G proteins [48]. Agonistinduced reductions in G protein levels, which have been
observed for different members of each of the Gs, Gi and Gq
families of G proteins, depend on the level of receptor
expression and are generally restricted to the G protein with
which a given receptor interacts [48 –53]. This phenomenon
may be potentially important in drug therapy/pathophysiology, because it can provide a mechanism for the development of sustained heterologous desensitisation—refractility.
The mechanism(s) responsible for down-regulation of
trimeric G proteins vary with cell type, include second
messenger-dependent and -independent mechanisms, and
manifest slowly within the time scale of hours. As the
transcriptional or translational control does not contribute
significantly to this process, enhanced proteolytic degradation occurring inside the cell seems to be of the primarily
importance [50,51,54]. Here we might encounter the problem of G protein internalisation.
In the Gq/G11-mediated signalling cascade initiated by
thyrotropin-releasing hormone receptor, the internalisation
of GPCRs (TRH-R) is a rapid process proceeding within
minutes via clathrin-dependent pathway [14 – 17]. On the
other hand, internalisation of Gqa/G11a proteins is not
detectable before 60 min of incubation with the hormone
and is fully manisfested only after 2 – 4 h of agonist
exposure [2]. Subsequently, after prolonged hormonal treatment (8– 16 h), the down-regulation of Gqa/G11a takes
place. Thus, the G protein internalisation precedes its
down-regulation. The difference in the time scale of
TRH-R and G protein internalisation was characterised first
by subcellular fraction studies [12] and later confirmed by
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confocal microscopy using fluorescent version of receptor
protein (VSV-TRH-R-GFP) and immuno(fluorescence) detection of Gqa/G11a [3,55]. Accordingly, a recent work of
Sorensen et al. [18] has demonstrated that agonist-induced
endocytosis of muscarinic receptors and Gq/G11 proceeds
by distinct mechanisms. Although muscarinic receptor
translocation was prevented by either depletion of phosphoinositides or by disruption of clathrin assembly, the
endocytosis of Gq/G11 was unaffected. It has been also
shown that the hormone-dependent internalisation of TRHR proceeds without functional coupling between receptor
and G protein [16] or in cells lacking Gq/G11 [17]. Thus,
TRH-R and Gq/G11 follow different pathways in the course
of internalisation.
As the internalisation of TRH-R and other GPCRs [14 –
17,56,57] proceeds via clathrin-dependent pathway, the
question arises which pathway is used in the course of
internalisation of trimeric G proteins. The mechanism of Gq/
G11 internalisation is unknown, but it is not affected by the
established inhibitors of clathrin-mediated pathway [2]. The
slow speed of G protein internalisation and down-regulation
(hours), together with discussions about relative participation of caveolar versus clathrin-mediated pathways in the
case of h-adrenergic receptor internalisation [58 – 60], drew
our attention to ‘‘caveolar transport’’, which has been
described as a relatively slow process [19].
Caveolae are isolated as detergent-insensitive/resistant
membrane domains (DIMs/DRMs) from cells expressing
caveolin by flotation on sucrose density gradients [61 – 64].
Over 99% of total membrane protein is solubilised in
nonionic detergents such as TX-100 (1%, 30 –60 min on
ice) and remains in non-floating, high-density area of
density gradient (>40% sucrose). Small fraction of membrane protein is insensitive (resistant) to detergent extraction. These ’’mixed detergent – lipid – protein micelles’’
exhibit low density and migrate (float) to the low-density
region containing 15– 20% sucrose. In this way, DIMs/
caveolae are separated from bulk of PM proteins, which
are fully solubilised by the detergent.
The short-term effects of hormones or neurotransmitters
on composition of membrane sub-domains/caveolae have
been extensively studied in the past few years [29,31,65 –
72], but no consistent conclusion might be drawn from these
heterogeneous observations. Heterotrimeric G proteins as
well as GPCRs have been described as moving into or out
from such domains as direct consequence of hormonal
stimulation. It is unclear whether these movements are
intrinsically related to activation or inhibition of G protein
functional activity. In spite of intensive experimental efforts
devoted to this problem, we were unable to detect any
subcellular redistribution of Gqa/G11a or Gsa proteins
within short time periods (minutes) of agonist stimulation.
Regardless whether using immunoprecipitation or density
gradient purification, the levels of trimeric G proteins in
DIMs/caveolae were unchanged up to 30 min of agonist
exposure. The only significant and reproducible data were

obtained after long-term (>30 – 60 min) stimulation. This
finding is in line with our previous measurements of G
protein internalisation, which was not detectable before 60
min of agonist exposure. In cells expressing high levels of
TRH-R and G11a, the DIMs/caveolar level of both endogenous Gqa and exogenously expressed G11a was dramatically decreased by prolonged stimulation with TRH [20].
The observed concomitant increase of the G proteins in
high-density area of the gradient was due to solubilisation of
Gqa/G11a, which also proceeds in these cells [12].
The aim of our present study was to analyse the Gsamediated pathway in cells where both G s a and the
corresponding receptor may be investigated simultaneously.
The epitope-tagged version of IP prostanoid receptor
(FhIPR) as well as fusion protein FhIPR-Gsa were prepared
for this aim. The fusion construct allowed detection of both
receptor and Gsa by the same antibody. Analysis of Gsamediated pathway was motivated by recent demonstration
of the fast agonist (isoproterenol)-induced internalisation of
Gsa-GFP [13] as well as by our previous studies indicating
solubilisation and PM –light vesicles shift of Gsa initiated
by isoproterenol stimulation of S49 lymphoma cells [10,73].
As observed earlier with Gqa/G11a, the first detectable
change (decrease) of Gsa occurred after 30 – 60 min of
agonist exposure and it further deepened in the course of
subsequent 2– 4 h of stimulation. Under these conditions,
significant down-regulation also occurred. Prolonged stimulation of IP prostanoid receptor (1– 2 h) resulted in preferential reduction of domain-bound pool of the cognate G proteins
GsaL and GsaS. In contrast, the receptor level was unchanged. Thus, the present analysis of detergent-insensitive
(DIMs) as well as alkaline-treated (detergent-free) preparations of membrane domains revealed a major difference in the
behaviour of IP prostanoid receptor and Gsa protein. In this
context it is worth to note our previous data indicating the
difference in behaviour of TRH-Rs and their cognate Gqa/
G11a proteins in the course of internalisation [2].
This was not the only difference between the receptor
and its cognate G protein that was noticed in our present
work. A striking difference showed up in the susceptibility
of Gsa and IP prostanoid receptor towards detergent extraction. While over 95% of immuno-detectable receptor was
solubilised by Triton X-100, Gsa protein was distributed
almost equally between DIMs and detergent-solubilised
phase. Our quantitative estimation of the G protein/GPCR
stoichiometry in DIMs/caveolae under control conditions
indicated clearly that there was a large excess of G protein
molecules over corresponding receptors in these structures.
Expressed as percent of total cellular amount, less than 5%
of FhIPR or FhIPR-Gs was present in DIMs together with
30– 40% of G proteins. When assayed simultaneously on
the same immunoblot by the same antiserum, the G-protein/
GPCR ratio was 1:50 in DIMs (Fig. 6) and 1:20 in domains
isolated by alkaline treatment (Fig. 8B). The dominant pool
of IP prostanoid receptors, like most other transmembrane
proteins, remained in detergent-solubilised phase (40%
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sucrose). Therefore, it is logical to assume that the disordered phase of PM, which is fully solubilised by nonionic
detergents [74] such as Triton X-100 (TX-100 has been
most frequently used in DIMs/DRMs isolation and therefore
represents a sort of standard reagent in recognition of what
is domain-bound and what is not), exhibits preferential
affinity for the receptors. In contrast, trimeric G proteins,
depending on functional state, partition in both ordered
(domains) and disordered (detergent-solubilised) phase.
As mentioned above, recently a lot of heterogeneous data
have been published concerning the distribution of GPCRs
and G proteins in DIMs/caveolae [29,31,65,68 – 70]. The
functional significance of association of these signalling
molecules with DIMs/caveolae is still not quite clear. The
original idea that DIMs/caveolae serve as compartment(s)
for recruitment of components of signalling pathways to
increase efficiency and/or speed of functional coupling
between receptor(s) and effector(s) [63,64] is contradicted
by an alternative theory accenting the view that caveolae
attract the components of signalling cascades to desensitise
or terminate the receptor signal. Our current identification
of two pools of signalling molecules separated by detergent
extraction and flotation of remaining membrane fragments
on density gradient allows to bring a more coherent view to
recent literature describing hormone-induced redistribution
of GPCRs and G proteins in or out from DIMs/caveolae.
The simple interpretation that GPCRs and G proteins
redistribute within dynamically arising and disappearing
DIMs/DRMs (caveolae represent just one subtype) does
not consider the bulk of PM, which is fully solubilised by
detergents and, a priori, must contain a significant portion of
these signalling molecules. This is what we have experimentally shown in the present study.
In our opinion, the DIMs-bound pool of GPCRs as well
as other transmembrane PM markers represents a very small
fraction of their total cellular amount. Therefore, hormone
stimulation has to be realised either by a minute fraction of
total cellular GPCRs (remember spare receptor concept
formulated in pharmacological studies of hormone action)
or by movements of receptors in and out of DIMs. As direct
G protein activation is too fast for this sort of ‘‘long-range‘‘
movements, we would regard the first possibility more
plausible. In this case, the major pool of receptors (present
in soluble phase after detergent-extraction) might represent
spare receptors not directly participating in hormone action.
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Some G protein–coupled receptors might be spacially targetted to discrete domains
within the plasma membrane. Here we assessed the localization in membrane
domains of the epitope-tagged, fluorescent version of thyrotropin-releasing hormone
receptor (VSV-TRH-R-GFP) expressed in HEK293 cells. Our comparison of three different methods of cell fractionation (detergent extraction, alkaline treatment/sonication and mechanical homogenization) indicated that the dominant portion of
plasma membrane pool of the receptor was totally solubilized by Triton X-100 and its
distribution was similar to that of transmembrane plasma membrane proteins
(glycosylated and non-glycosylated forms of CD147, MHCI, CD29, CD44, transmembrane form of CD58, Tapa1 and Na,K-ATPase). As expected, caveolin and GPIbound proteins CD55, CD59 and GPI-bound form of CD58 were preferentially localized in detergent-resistant membrane domains (DRMs). Trimeric G proteins Gqα/G11α,
Giα1/Giα2, GsαL/GsαS and Gβ were distributed almost equally between detergentresistant and detergent-solubilized pools. In contrast, VSV-TRH-R-GFP, Gα, Gβ and
caveolin were localized massively only in low-density membrane fragments of plasma
membranes, which were generated by alkaline treatment/sonication or by mechanical homogenization of cells. These data indicate that VSV-TRH-R-GFP as well as other
transmembrane markers of plasma membranes are excluded from TX-100–resistant,
caveolin-enriched membrane domains. Trimeric G protein Gqα/G11α occurs in both
DRMs and in the bulk of plasma membranes, which is totally solubilized by TX-100.
Key words: Gqα/G11α, lipid domains, thyrotropin-releasing hormone receptor, TRH,
trimeric G proteins.
Abbreviations: AC, adenylyl cyclase; BPB, bromphenol blue; DRMs, detergent-resistant or detergent-insensitive
membrane domains; DMEM, Dulbecco’s modified Eagle’s medium; G proteins, heterotrimeric guanine nucleotide–
binding regulatory proteins; Gsα, G protein stimulating adenylyl cyclase activity; Giα1/Giα2, G proteins inhibiting
adenylyl cyclase activity in pertussis-toxin sensitive manner; Gqα/G11α, G proteins stimulating phoshoplipase C in
pertussis-toxin independent manner; GPCR, G protein coupled receptor; GFP, green fluorescent protein; HEK,
human embryonic kidney; GPI, glycosylphosphatidylinositol; PBS, phosphate-buffered saline; PMs, plasma membranes; PMSF, phenylmethylsulfonyl fluoride; Na,K-ATPase, sodium plus potassium activated, ouabain-sensitive
adenosine triphosphatase [EC 3.6.1.3]; SLB, solubilization lysis buffer; TBS, Tris-buffered saline, VSV, vesicular
stomatitis virus; TRH, thyrotropin-releasing hormone; TRH-R; thyrotropin-releasing hormone receptor; VSVTRH-R-GFP, N-terminally VSV-tagged form of TRH-R-GFP fusion protein.

Plasma membranes (PMs) of hormone-responsive cells
can no longer be viewed as a homogeneous mixture of
freely mobile GPCRs and G proteins as was originally
assumed by the collisional coupling hypothesis (1–6).
Membrane domains (also known as detergent-resistant
membrane fragments (DRMs), detergent-insensitive/
insoluble membrane fragments (DIMs), sphingolipid-cholesterol membrane rafts, glycolipid-enriched membranes
(GEMs), detergent-insoluble glycolipid-enriched domains

(DIGs) or caveolae), have been suggested to be intimately
involved in membrane signal transduction (7–10). To
date, however, the quantitative proportion between
GPCRs and trimeric G proteins in various subcellular
membrane fractions is not well known because all previous efforts to estimate the G protein/GPCR stoichiometry
were oriented just to analyzing the whole cell or crude
membrane preparations (11–16). It is also not clear
which portion of totally plasma membrane-bound GPCRs
or G proteins is present in DRMs.
Therefore, in this work, HEK293 cells stably expressing the epitope-tagged, fluorescent version of thyrotropin-releasing hormone receptor (VSV-TRH-R-GFP) were
utilized as an advantageous methodological tool to assess
the receptor distribution by radioligand binding, fluores-
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cence and immunoblot analyses. These parallel assays
allowed detection of the receptor protein in particulate
membrane as well as detergent-solubilized fractions. The
immunoblot data were corroborated by fluorescence analysis and vice versa. The distribution of VSV-TRH-R-GFP
in low-density, detergent-resistant membrane domains
(DRMs) and in the detergent-solubilized pool was compared with the distribution of trimeric G proteins, caveolin and other plasma membrane constituents. Cell membrane fragments were prepared by a simple mechanical
disintegration of intact cells (i.e., homogenization). This
approach enabled us to compare our immunoblot and fluorescence data with a direct quantitative assay (radioligand binding) of the receptors. We also studied “detergentfree” membrane preparations obtained by alkaline treatment (0.5 M NaHCO3, pH 11) and sonication. The distribution of selected membrane markers representing integral (transmembrane) or peripheral GPI-bound proteins
was analyzed in parallel.
MATERIALS AND METHODS

Chemicals—Tissue culture reagents and media were
supplied by Sigma or Gibco. All other chemicals and
drugs, including geneticin and hygromycin, were purchased from Sigma (St. Louis, MO, USA). Antibodies
against caveolin (C136300), caveolin-2 (C57820) and flotillin-2/ESA (E35820) were purchased from Transduction
Laboratories (Nottingham, U.K.) and antibodies against
Gsα (G-5040) and VSV (V-5507) were from Sigma. Anti–
VSV-G monoclonal antibody (1667351) was from Roche
Diagnostic (Mannheim, Germany) and anti-GFPpAb (sc8334) and anti-Gβ (sc-378) antibodies were from Santa
Cruz Biotechnology (Santa Cruz, CA, USA). [α-32P]ATP
(30 Ci/mmol; PB 171), [3H]CGP12177 (46 Ci/mmol, TRK
835), [21,22–3H]ouabain (32 Ci/mmol; TRK 429) and
[3H]dihydroalprenolol (40 Ci/mmol; TRK 839) were purchased from Amersham-Pharmacia Biotech. (Buckinghamshire, UK). Aluminium oxide 90 (neutral, activity I,
cat. no. 101077-2000) was from Merck (Darmstadt, Germany). Complete protease inhibitor cocktail was from
Roche Diagnostic (Mannheim, Germany). [3H]TRH was
prepared by Drs. Hlavacek and Cerny from the Institutes
of Organic Chemistry and Plant Physiology, Academy of
Sciences of the Czech Republic (Prague, CZ).
Cell Culture—Parental or transfected clones of HEK293
cells stably expressing VSV-epitope tagged version of
TRH-R-GFP fusion protein (17) were cultivated in minimal essential medium (Sigma) supplemented with 2 mM
L-glutamine and 10% new born calf serum at 37°C.
Geneticin (800 µg) was included in the course of cell cultivation. Cells were grown to 60–80% confluency before
harvesting and starting of experiments.
Isolation of Plasma Membranes by Flotation in Sucrose
Density Gradients. Subcellular Fractionation after
Mechanical Homogenization—HEK293 cells expressing
VSV-TRH-R-GFP were harvested from 6 flasks (80 cm2
each). Cells were collected by low-speed centrifugation
at 1,800 rpm for 10 min, washed once in PBS and
resuspended (on ice) by repeated pipetting in 1 ml of 250
mM sucrose, 50 mM Tris-HCl, pH 7.5, 3 mM MgCl2, 1
mM EDTA. Cell suspension was diluted to the same
protein concentration in control and agonist-stimulated

samples, fresh PMSF (200 mM stock in isopropyl alcohol)
was added to a final concentration of 1 mM PMSF along
with a complete protease inhibitors mixture, and the
final volume was adjusted to 2 ml. Immediately afterwards, mechanical homogenization was carried out for 7
min at 1,800 rpm in a tightly fitting, teflon-glass homogenizer (Brown, Germany). Precisely 2 ml of the resulting
homogenate (15–20 mg protein/ml in various isolation
procedures) was mixed with 2 ml of ice-cold 80% w/v
sucrose, transferred into a centrifuge tube of Beckman
SW 41 rotor and overlaid with 35, 30, 25, 20, 15, 10 (1 ml
each) and 5% w/v sucrose (1.5 ml). Great care was taken
to prevent the lower and higher sucrose layers from mixing during preparation of this gradient. Sucrose density
gradient fractions 1 (0.5 ml, 5%), 2 (1 ml, 5%), 3 (1 ml, 10
%), 4 (1 ml, 15%), 5 (1 ml, 20%), 6 (1 ml, 25%), 7 (1 ml,
30%), 8 (1 ml, 35% sucrose) and 9–12 (1 ml, 40% sucrose)
were collected manually from the meniscus after centrifugation for 24 h at 39,000 rpm (187,000 × g).
Subcellular Fractionation after Detergent Extraction—
Separation of DRMs from Detergent-Solubilized Cell
Constituents—In most of the previous studies of membrane domain/raft compartments (18–22), only a simple
“5/35/40” type of sucrose density gradient was used for
isolation of DRMs. DRMs were collected from the 5/35%
(w/v) sucrose interphase. This type of density gradient,
however, does not allow for separation of various forms of
DRMs differing in their buoyant density. By using a more
complicated step-wise “5/10/15/20/25/30/35/40” type of
gradient, we were able to demonstrate that the distribution of Gqα/G11α protein clearly differed from that of caveolin. This could not be achieved with a “5/35/40” sucrose
gradient (23). We also observed that 1% TX-100 extraction or high-energy ultrasound exposure (sonication)
abolished the functional coupling between a GPCR and
its cognate G protein assayed as an agonist-stimulated
GTPγS binding (23). Agonist stimulation of adenylyl
cyclase was diminished as well (23). Therefore, in our
present study, a “5/10/15/20/25/30/35/40” type of sucrose
gradient was used regularly, and simple mechanical
homogenization and detergent extraction were compared
as means of degradation of intact cell structure. Besides
these two procedures, the alkaline treatment protocol
introduced by Song et al. (24, 25) was also used for
isolation of detergent-free preparations of membrane
domains. When using this procedure, however, we
applied only a mild sonication under carefully controled
conditions (at 0–4°C).
HEK293 cells were harvested from 6 flasks (80 cm2
each), collected by centrifugation at 1800 rpm for 10 min
(0–4°C), washed once in PBS and resuspended on ice by
repeated pipetting in 1 ml of 50 mM Tris-HCl (pH 7.5), 3
mM MgCl2 and 1 mM EDTA (TME buffer). Cell suspension was diluted to the same protein concentration in
control and agonist-stimulated samples, and fresh PMSF
(200 mM stock in isopropyl alcohol) was added to a final
concentration of 1 mM PMSF along with a complete
protease inhibitors mixture. Final volume of cell suspension was adjusted to 1 ml. Subsequently, 1 ml of ice-cold
2% (v/v) TX-100 in TME buffer plus PMSF was added
and slowly mixed with the cell suspension by repeated
pipetting. The ratio between the detergent (TX-100) and
homogenate protein was between 0.4:1 and 0.6:1 in difJ. Biochem.
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ferent isolation procedures. After 60 min on ice (box with
ice in a cold room equilibrated to 0–4°C), 2 ml of 1% TX100-cell extract was mixed with 2 ml of ice-cold 80% (w/v)
sucrose, transferred into a centrifuge tube of a Beckman
SW 41 rotor and overlaid with 35, 30, 25, 20, 15, 10 (1 ml
each) and 5% w/v sucrose (1.5 ml) as described before.
Gradient fractions 1–12 (1 ml each) were collected manually from the meniscus after centrifugation for 24 h at
39,000 rpm (187,000 × g).
Subcellular Fractionation after Alkaline Treatment/
Sonication—This type of membrane domain preparation
was adapted from the procedure of Song et al. (24, 25).
HEK293 cells were collected from 6 flasks (80 cm2 each)
by a low-speed centrifugation (1,800 rpm, 10 min, 0°C),
washed once in PBS and diluted with TME buffer containing 1 mM PMSF and protease inhibitors to the same
protein concentration in control and TRH-treated samples. The resulting cell suspension was adjusted to a volume of 1 ml, mixed with 1 ml of ice-cold 1 M Na2CO2 (pH
11), sonicated three times for 10 s in an ice-water slurry
at low energy output (26) and transferred into a centrifuge tube of a Beckman SW 41 rotor. This homogenate
was then mixed with 2 ml of ice-cold 80% w/v sucrose,
overlaid with 35, 30, 25, 20, 15, 10 (1 ml each) and 5% (1.5
ml) sucrose and centrifuged for 24 h at 39,000 rpm
(187,000 × g). Density gradient fractions 1–12 were collected from top to bottom as described above.
Production of Antisera—G-protein selective antibodies were polyclonal antipeptide sera raised in rabbits.
Immunization was performed with a glutaraldehyde
conjugate of keyhole limpet hemocyanin and synthetic
peptides specific for a given type of G protein. Peptide
QLNLKEYNLV representing the C-terminal decapeptide, which is conserved between Gqα and G11α, was used
for preparation of CQ antiserum. This antiserum identifies both polypeptides equally. Antiserum SG was raised
against a peptide corresponding to the C-terminal decapeptide of transducin, KENLKDCGLF (amino acids 341–
350). Antiserum CS was raised against a peptide corresponding to the C-terminal decapeptide of Gsα, RMHLRQYELL (amino acids 385–394).
Immunoblot Analysis of Sucrose Density Gradient
Fractions—Sucrose density gradient fractions (constant
volume of 0.75 ml) were precipitated with trichloroacetic
acid (0.25 ml, 6% w/v, 1 h on ice), resuspended in 20 µl of
1 M Tris-base and solubilized by addition of 20 µl of 2×
concentrated Laemmli buffer with or without urea (0.25
M Tris-HCl, pH 6.8, 8% SDS, 40% glycerol, 0.4 M DTT,
0.04% BTB). The samples were heated for 3 min at 95°C.
In some cases, density gradient fractions were also
analyzed using constant protein (20 µg/sample). Standard SDS-PAGE in 10% w/v acrylamide/0.26% w/v bisacrylamide or 12.5% w/v acrylamide/0.0625% w/v bisacrylamide gels was carried out as described (27). Molecular mass determinations were based on prestained
molecular mass markers (Sigma, SDS 7B).
After SDS-PAGE, proteins were transferred to nitrocellulose and blocked for 1 h at room temperature in 3%
(w/v) low-fat milk in TBS-T buffer [10 mM Tris-HCl, pH
8.0, 150 mM NaCl, 0.1% (v/v) Tween 20]. The G-protein–
specific antisera were added in TBS-T buffer containing
1% (w/v) low-fat milk and incubated for at least 2 h. The
primary antibody was then removed and the blot washed
Vol. 138, No. 2, 2005

113
extensively (3 × 10 min) in TBS-T buffer. Secondary antibodies (donkey anti–rabbit IgG or sheep anti–mouse IgG
conjugated with horse-radish peroxidase) diluted in TBST buffer containing 1% (w/v) low-fat milk were applied
for 1 h, and after three 10-min washes the blots were
developed by ECL technique using Super Signal West
Dura (Pierce) as substrate. The developed blots were
scanned with an imaging densitometer Astra 610P
(UMAX) to enable quantification of the immunoblots.
Measurement of GFP Fluorescence—Endogenous GFP
fluorescence of VSV-TRH-R-GFP protein was measured
in 0.1 ml aliquots of sucrose density fractions 1–12 using
Wallac Victor spectrofluorometer in fluorescein isothiocyanate mode (485/520 nm).
Detection of Membrane Marker Molecules—Plasma
membrane proteins CD29 (integrin β1 subunit) (20),
CD44 (lymphocyte homing receptor–phagocytic glycoprotein) (28), MHCI (major histocompatibility complex, class
I), transmembrane form of CD58 (formerly called LFA-3)
(29) and glycosylated and non-glycosylated forms of
CD147 (M6) (30) were measured as markers of transmembrane, integral membrane proteins. CD55 (complement decay accelerating factor) (31), GPI-bound form of
CD58 (LFA-3) (29) and CD59 (complement protectin)
were measured as markers of GPI-bound, peripheral
proteins (for comprehensive information, see Ref. 32).
Characteristic behavior of these proteins in the course of
detergent extraction and separation on equilibrium
sucrose density gradients has been established in a
number of previous studies performed in T lymphocytes
and monocytes (1, 9, 33–36). All CD membrane markers
were detected by immunoblotting with monoclonal antibodies obtained as a kind gift from the collection of Prof.
V. Horejsi (Institute of Molecular Genetics, Prague, CZ);
the immunoblot signals were detected by ECL technique
according to Nesbitt and Horton (37). As a classical
marker of integral membrane proteins, sodium plus
potassium-activated, magnesium-dependent adenosine
triphosphatase [EC 3.6.1.3] (Na,K-ATPase) was detected
by antibodies purified by protein A-affinity chromatography from rabbit polyclonal antiserum, which was prepared against the isolated α1-subunit of this enzyme
(kind gift of Prof. Roberto Antolovic, Giessen University,
Germany).
Adenylyl Cyclase—Adenylyl cyclase enzyme activity
(38) was determined in aliquots of density gradient fractions, which were snap-frozen in liquid nitrogen and
thawed only once. A constant volume (40 µl) of each sample was incubated for 30 min at 30°C in a total volume of
0.1 ml of 70 mM HEPES/HCl (pH 7.4) containing 10 mM
MgCl2, 1 mM EDTA, 16 mg/ml pyruvate kinase, 10 mM
potassium phosphoenolpyruvate, 160 mg/ml BSA, 0.1
mM ascorbate, 0.01 mM RO-201724 (phosphodiesterase
inhibitor) and 0.15 mM ATP plus [32P]ATP (about 1 × 106
cpm per sample). The activating ligands (2.10–5 M GTP;
1.10–5 M isoprenaline) were added 5 min before starting
the enzyme reaction by addition of ATP plus [32P]ATP.
The enzyme reaction was terminated by addition of 0.1
ml of 0.25% SDS/5 mM ATP/0.175 mM cyclic AMP plus
cyclic [3H]AMP (20,000 cpm per sample as an internal
standard) and heating for 5 min at 95°C. Cyclic AMP was
separated from other nucleotides and inorganic phos-
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phate by alumina column chromatography as described
by White (39).
Radioligand Binding Assays—TRH receptors: Distribution of TRH receptors was determined by “one-point”
radioligand binding assay using 10 nM [3H]TRH. Constant volumes (100 µl) of density gradient fractions were
incubated for 30 min at 30°C in a total volume of 0.5 ml of
50 mM Tris-HCl (pH 7.4), 5 mM MgCl2, 1 mM EDTA. The
bound and free radioactivity was separated by filtration
through Whatman GFB filters on Brandel Cell harvestor,
and non-specific binding was measured in the presence of
10 µM unlabeled TRH.
Na,K-ATPase: Distribution of Na,K-ATPase along the
density gradient was determined by [3H]ouabain binding
assay as described by Svoboda et al. (40). Portions of
density gradient fractions (100 µl) were incubated with
[3H]ouabain in a total volume of 0.5 ml of 5 mM
NaH2PO4, 5 mM MgCl2, 50 mM Tris-HCl (pH 7.6) at
37°C. After 5–7 min, the binding reaction was initiated
by addition of [3H]ouabain (5 nM final concentration) and
continued for 90 min. Incubations were terminated by
dilution with 5 ml of ice-cold incubation buffer and filtration through Whatman GFB filters that had been
impregnated in 0.3% polyethyleneimine for 1 h at
laboratory temperature. The filters were washed twice
with 5 ml of cold buffer, dried overnight at laboratory
temperature, and radioactivity was determined by liquid
scintillation in 4 ml of CytoScint (ICN). Non-specific
binding was determined in the presence of 1 µM unlabeled ouabain.
β-Adrenergic receptors: β-Adrenergic receptor content was
determined by radioligand binding using the hydrophilic
antagonist [3H]CGP12177. The radioligand was applied
at 10 nM concentration for assessment of the density gradient profile or in the range of 0.15–20 nM for construction of saturation binding curves and subsequent determination of Bmax (maximum number of binding sites) and
Kd values.
RESULTS

Separation of Low-Density Membrane Fragments from
the Bulk Phase of Plasma Membranes by Flotation in
Sucrose Density Gradients—A routine way to isolate
detergent-resistant membrane domains (DRMs) is by flotation in sucrose density gradients. The detergent extract
is applied to a centrifuge tube and mixed with the same
volume of highly concentrated (80%) sucrose solution.
This mixture (containing 40% sucrose) is then overlaid
with sucrose layers of lower densities and DRMs float up
to the regions of low density (about 15–20% sucrose) in
the course of long-term high-speed centrifugation. The
detergent-solubilized material including soluble proteins
does not float and remains in the bottom 40% sucrose
layer. Cell constituents exhibiting higher buoyant density than that corresponding to 40% sucrose sediment
down to the gradient pellet.
Current methods for isolation of DRMs do not allow
comparison of the “low-density, detergent-resistant material” (i.e., domains) with the detergent-untreated plasma
membrane fraction. In order to compare directly these
two types of membrane structures, analogical techniques

Fig. 1. Distribution of plasma membrane markers along the
flotation density gradient. Fractions were collected from the
step-wise 5/10/15/20/25/30/35/40% sucrose density gradient and
analyzed for GTP- or GTP/isoprenaline-stimulated adenylyl cyclase
(A), [3H]ouabain binding (B), [3H]TRH binding (C) and
[3H]CGP12177 binding (D) as described in “METHODS AND MATERIALS.” Results are expressed as enzyme activity or specific binding
capacity per fraction and per mg protein. Five independent
fractionation procedures were performed to collect all the data, and
each gradient profile represents a single typical fractionation procedure analyzed in triplicate.

need to be applied for preparation of both DRMs and
plasma membranes (PMs). Since DRMs are exclusively
isolated by flotation in density gradients, representative
preparations of PMs should be also obtained by using the
flotation mode of density gradient centrifugation.
Here we isolated PMs from HEK293 cells expressing
the VSV-epitope–tagged, fluorescent version of thyrotropin-releasing hormone receptor (VSV-TRH-R-GFP) by
flotation in an equilibrium sucrose density gradient consisting from 5/10/15/20/25/30/35 and 40% (w/v) sucrose.
When performed under optimum conditions, there was
no major difference between the flotation and sedimentation modes of subcellular fractionation. In “flotation” graJ. Biochem.
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Fig. 2. Macroscopical picture of the density gradients.
HEK293 cells obtained from 18 flasks (80 cm2 each) were harvested
by low-speed centrifugation and suspended in 3.5 ml of TME buffer,
and 1 ml of this suspension was used as starting material for
fractionation according to the homogenization (A), detergent extraction (B) or alkaline-treatment/sonication (C) protocols (see “MATERIALS AND METHODS”). In this way, the same amount of homogenate
protein (18 mg) was applied to each gradient. The photographs of
density gradient profiles were taken before (O) and after centrifugation (A, B, C) for 24 h at 187,000 × g (39,000 rpm) in a Beckman
SW41 rotor.

dients, the bulk of PMs was localized in 30–35% (w/v)
sucrose. This is the same range of sucrose concentrations
where plasma membrane fragments were localized in our
previous studies (41–43). In those studies, cell homogenates were fractionated by rate-zonal sedimentation
down through the density gradient.
The highest activity of adenylyl cyclase and the highest levels of specific binding of [3H]ouabain (Na,K-ATPase), [3H]TRH (TRH receptors) and [3H]CGP12177 (βadrenergic receptors) were detected in fractions 6–8 (Fig.
1, A–D). These fractions corresponded to 30–35% sucrose.
In some experiments, this band was also localized in the
35–40% sucrose interphase or in the top layer of 40%
sucrose. These variances are explicable by small differences in experimental conditions (homogenization, mixing of sucrose solutions or temperature of sucrose layers)
in the individual fractionation procedures. To the naked
eye PMs were visible as a dense whitish band in the 30–
35% (w/v) sucrose area, as can be seen in the photographs
of density gradients obtained after 24 h of centrifugation
at 39,000 rpm (187,000 × g) in a Beckman SW41 rotor
(Fig. 2). The protein distribution in the individual fractions of density gradients prepared after mechanical
homogenization, TX-100 extraction or alkaline treatment/sonication of cells is shown in Fig. 3.
TRH Receptor, Gα, Gβ and Caveolin Are Co-localized in
Bulk of Plasma Membranes—Results of [3H]TRH radioligand binding assay presented in Fig. 1C corresponded
well to the distribution of VSV-TRH-R-GFP receptor protein obtained by measurement of GFP fluorescence (Fig.
4). The peak of GFP fluorescence was detected in fraction
7. Accordingly, the dominant portion of Gqα/G11α, Giα1/
Giα2 and Gβ subunit proteins (Fig. 5, A–C, upper columns) was localized in fractions 6–8. The same was true
for Na,K-ATPase measured as [3H]ouabain binding (Fig.
6) and isoprenaline (β-adrenergic receptor agonist)-stimulated adenylyl cyclase, which exhibited the highest
activity in fraction 7 (Fig. 7A). The assay of isoprenalineVol. 138, No. 2, 2005
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Fig. 3. Protein distribution in the density gradients. Protein
concentration was determined in the individual fractions obtained
from density gradients prepared according to the homogenization
(solid circles), detergent extraction (solid triangles) or alkaline
treatment/sonication (open squares) protocols. The total amount of
protein applied on each gradient was 22 mg. About 45% (homogenization), 39% (TX-100 extraction) and 7% (alkaline treatment/sonication) of protein remained in the gradient pellet. Data shown are
the means from three independent fractionation experiments measured in duplicate.

Fig. 4. Detection of VSV-TRH-R-GFP protein by measurement of GFP fluorescence. Identical amounts of HEK293 cells
(each corresponding to 6 × 80 cm2) expressing VSV-TRH-R-GFP
fusion protein were fractionated according to the homogenization
(solid circles), detergent extraction (solid triangles) or alkaline
treatment/sonication (open squares) protocols (see “MATERIALS AND
METHODS”). GFP fluorescence (Ex 485 nm/Em 535 nm) was determined in 100-µl aliquots of all gradient fractions.

stimulated adenyl cyclase indicated that functional coupling between endogenously expressed β-adrenergic
receptor, trimeric G protein Gsα and the effector molecule
of adenylyl cyclase was preserved in these plasma membrane fragments. It might be concluded, therefore, that
fractions 6–8 contain the bulk of PM with undiminished
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Fig. 5. Distribution of trimeric G
proteins and caveolin in the
density gradient. HEK293 cells
obtained from 18 flasks (80 cm2 each)
were collected by low-speed centrifugation and suspended in 3.5 ml of
TME buffer, and 1 ml of this suspension was used as starting material
for fractionation according to the
homogenization (upper columns),
detergent extraction (middle columns) or alkaline treatment/sonication (lower columns) protocols (see
“MATERIALS AND METHODS”). The
same amount of homogenate protein
(22 mg) was applied to each gradient.
Protein concentration was determined in 100-µl aliquots of all gradient fractions; blank values were
obtained from 100-µl aliquots of fractions collected from parallel gradients prepared without cell homogenates. Constant volumes (20 µl) were
analyzed by SDS-PAGE and immunoblotted for Gq/G11α (A), Giα1/Giα2
(B), Gβ (C) and caveolin (D). St, rat
brain microsomes, 20 µg.

coupling efficiency between crucial components of the βadrenergic signaling system of adenylyl cyclase.
Very similar distribution was obtained for caveolin
(caveolin-2), a typical marker of DRMs, which also exhibited the highest immunoblot signal in fractions 6–8 (Fig.
5D, upper column). Thus, under standard conditions of
cell fractionation (i.e., those using simple mechanical
degradation of cell structure), TRH-R, G proteins and
caveolin were co-localized in the bulk of PMs.
Separation of Low-Density Membrane Fragments
(Light Vesicles) from the Bulk of Plasma Membranes—In
the macroscopic picture of density gradient obtained
from mechanically homogenized cells (Fig. 2A), the lowdensity membrane fragments or light vesicles [the term
used in our previous studies (27, 42, 43)], were visible as
a hazy area in 15–20% (w/v) sucrose. The content of
GPCRs, G proteins and caveolin in this fraction was low
in comparison with the bulk of PMs (Fig. 1). Low-density
membrane fragments prepared by homogenization represent heterogeneous mixture of vesicular structures of different size, shape and origin and, in hormone pretreated
cells, they contain the internalized forms of GPCRs and G
proteins released from the bulk phase of PMs by prolonged agonist stimulation (27, 42, 44, 45).
The Bulk of Plasma Membranes Is Solubilized by
Triton X-100—Detergent extraction (Triton X-100, 60
min at 0°C) exerted a dramatic effect on the density gra-

dient profile, which is clearly visible on the macroscopic
photograph of a centrifugation tube after gradient centrifugation (compare Fig. 2, A and B). The distinct band
of optically dense material containing plasma membrane
fragments after mechanical cell destruction (Fig. 2A) was
completely removed in the case of detergent solubilization (Fig. 2B). The disappearance of the plasma
membrane band was reflected by marked change in the
density gradient profile of TRH receptor protein (Fig. 3).
The GFP-fluorescence signal in fractions 6–7 vanished,
and the peak of fluorescence intensity was transferred
to the non-floating, detergent-solubilized area in 40%
sucrose (high-density fractions 9–12). Parallel assay of
TRH-R by [3H]TRH radioligand binding indicated solubilization of TRH-R (Fig. 8). There was almost no radioactivity remaining on Whatman GFB, GFF, GFC (fibre
glass) or Millipore (0.2 µm) filters in fractions 6–12; very
low binding was detected in low-density fraction 2–5 (Fig.
8B). The same was true for Na,K-ATPase and β-adrenergic receptors estimated as [3H]ouabain (Fig. 6) or
[3H]CGP12177 binding sites (data not shown). TX-100
extraction exerted an equally drastic effect on receptor
coupling efficiency to the downstream effectors. Agonist
(isoprenaline)-stimulated adenylyl cyclase was completely diminished, and only the basal level of activity
remained (Fig. 7B).
J. Biochem.

Detergent Solubility of TRH Receptors

117

Fig. 6. [3H]ouabain binding (Na,K-ATPase). Specific [3H]ouabain binding sites were determined in 25-µl aliquots of gradient
fractions at 20 nM total concentration of this radioligand (see
“MATERIALS AND METHODS”). Solid circles, homogenization; solid triangles, detergent extraction; open squares, alkaline treatment/
sonication. Results shown represent the mean of three fractionation
procedures each analyzed in triplicate.

Gα and Gβ Subunits in DRMs—Screening of constantvolume aliquots of density gradients for Gα and Gβ subunits indicated that about 20% of the total amount
applied per gradient was recovered in DRMs (low-density
area of 15–20% sucrose); a much larger portion (about
80%) was detected in fractions 9–12. The latter fractions
contained the detergent-solubilized pool of proteins (Fig.
5, A–C, middle columns). The ability of Gβ subunits to
float was lower than that of Gα subunits. Sensitivity of
Gα proteins to detergent extraction was thus intermediate between TRH-R, which was totally solubilized and
remained in the high-density area, and caveolin, which
was predominantly localized in DRMs (Fig. 5D, middle
column).
The Constant-Volume Mode of Screening the Density
Gradients Is the Only Way to Determine the Relative Proportion of Caveolin and G Proteins in DRMs—The current literature mostly does not specify in sufficient detail
methods to screen density gradients for signaling molecules such as caveolin, G proteins or GPCRs. This lack of
information is easily noticeable if one asks simple questions like: “What is the recovery of G proteins or caveolin
in DRMs when compared with detergent-solubilized pools
of these molecules?” or “What is the percentage of G proteins or caveolin in DRMs when compared with total
amounts of these proteins present in the cell?” Our results
shown in Fig. 9 indicate that the relative amounts of Gq/
G11α, Gsα, caveolin and flotillin in DRMs depend on the
way the density gradients are screened. When the same
amount of protein is applied from each fraction, the content of Gα subunits in the high-density area (detergentsolubilized pool) is largely underestimated (Fig. 9, upper
columns). The same is true for caveolin and flotillin. This
is due to an almost two-order difference in protein content between the low- and high-density fractions (Fig. 3).
A more appropriate way to determine the ratio of a given
protein molecule in DRMs and in the detergent-soluVol. 138, No. 2, 2005

Fig. 7. GTP- and isoprenaline-stimulated adenylyl cyclase.
Gradient fractions were prepared by homogenization (circles),
detergent extraction (triangles) or alkaline-treatment/sonication
(squares) protocols and assayed for GTP- (open symbols) or GTP +
isoprenaline-stimulated (closed symbols) adenylyl cyclase activity.
Results shown are representative of a single fractionation procedure analyzed in triplicate.

bilized pool is to compare the constant-volume aliquots
taken from each gradient fraction (Fig. 9, lower columns).
Under these conditions, the relative amount of relevant
proteins in the non-floating, detergent-solubilized pool
could have been directly compared with that in DRMs.
Importantly, these methodological remarks are not as
trivial as they may seem because the majority of current
literature data does not specify how the density gradient
profiles were analyzed. It is obvious that the constantprotein mode of screening of density gradients results in
an artificial increase, i.e., in overestimation, of the relative G protein content in DRMs.
Majority of VSV-TRH-R-GFP Protein Is Excluded from
DRMs—As demonstrated in Fig. 4 (GFP fluorescence)
and Fig. 8 ([3H]TRH binding), the dominant portion of
VSV-TRH-R-GFP protein originally associated with PMs
was solubilized with 1% TX-100 and not retained on
Whatman or Millipore filters; only a very low level of
[3H]TRH binding was detectable in DRMs. These observations are in line with the notion that TX-100 may affect
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Fig. 8. [3H]TRH binding. The density gradient profiles of receptor
protein were determined by measurement of the number of specific
[3H]TRH binding sites in 100-µl aliquots of density gradient fractions using 10 nM total concentration of the radioligand (A). Nonspecific binding was determined in the presence of 1 µM unlabeled
TRH. Results shown represent the mean of three independent
fractionation procedures analyzed in triplicate. In detergenttreated samples, the same radioligand binding experiment was carried out with 40 nM [3H]TRH (B). Solid circles, homogenization;
solid triangles, detergent extraction; open squares, alkaline treatment/sonication.

the conformation and binding activity of receptors (46,
47), but it does not apparently distort the fused GFP conformation. Receptor distribution was further characterized by immunoblotting analyses. The non-floating,
detergent-solubilized pool of VSV-TRH-R-GFP in the
high-density area was quantified by immunoblotting
with anti-GFP antibody as well as by measurement of
GFP fluorescence, and compared with the receptor
amount determined in DRMs (Fig. 10). The ratio between
these two pools was roughly 1:30. About 1–3% of VSVTRH-R-GFP originally present in PMs was detergentresistant and transferred to DRMs; the remaining major
part was solubilized and occurred in non-floating, highdensity fractions 9–12. The distribution of VSV-TRH-RGFP was also determined using anti-VSV antibody (Fig.
11). Results of these experiments demonstrated that only
a small part of the total receptor signal remained in the
gradient pellets: about 18% (homogenization), 3% (detergent extraction) or 1% (alkaline treatment/sonication).
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These observations indicate that TX-100 solubilized primarily the bulk phase of PMs containing the vast majority of VSV-TRH-R-GFP and that the partial solubilization of the pellet could only slightly contribute to
the strong receptor signal determined in high-density
fractions.
The difference in sensitivity of TRH-R, G proteins and
caveolin towards detergent extraction was demonstrated
fully when different concentrations of TX-100 were tested
for their effects on the integrity of PMs. At high detergent
concentrations, a relatively small percentage of total G
proteins was recovered in DRMs (about 20–30%). This
portion rose to 70–80% when TX-100 concentration was
lowered (Fig. 12, A and B; Table 1), but the decrease in
detergent concentration had little effect on VSV-TRH-RGFP recovery in DRMs (Fig. 13, Table 1). The relative
content of VSV-TRH-R-GFP protein in DRMs did not
exceed 5% of its total amount over the whole range of
detergent concentrations (0.1–1%). Contrarily, a large
portion of caveolin was detected in DRMs already at 1%
TX-100, and this portion further increased to 90% in the
presence of 0.25–0.1% TX-100 (Fig. 12C, Table 1). The
same result was obtained for flotillin (Fig. 12D). These
findings clearly support the conclusion that TRH receptor protein is excluded from DRMs.
When analyzing the TX-100 effect on PMs more closely,
it was noted that the recovery of Gα subunits in DRMs
was also dependent on the conditions of the extraction
procedure, such as the way of mixing detergent with
membrane suspension. With a final concentration of TX100 of 1%, about 20–30% of Gα was recovered in DRMs
when 1 ml of 2% TX-100 was added to 1 ml of cell
homogenate and left to stand for 60 min at 0°C. On the
other hand, addition of 1/10 volume (0.1 ml) of 10% TX100 to cell homogenate (0.9 ml) resulted in 10–20% of Gα
in DRMs. Thus, different recoveries of Gα subunits
resulted even with the same final concentrations of TX100 in the reaction mixture (data not shown).
VSV-TRH-R-GFP Receptor Protein Exhibits Similar
Sensitivity to Detergent Extraction as Other Transmembrane Proteins—As already mentioned, the dominant
portion of receptor protein was detected in the non-floating, high-density area of the gradient among detergentsolubilized and cytosolic components, and only a weak
signal was detectable in DRMs (Figs. 8 and 13). This pattern of distribution was similar, if not identical, to that
of numerous transmembrane PM markers (23). These
markers include glycosylated (g) and non-glycosylated
(ng) forms of CD147 (M6), MHCI (major histocompatibility complex, class I), CD29 (integrin β1 subunit), Tapa 1,
the α subunit of Na,K-ATPase, the transmembrane form
of CD58 (tCD58) and CD44 (lymphocyte homing receptor–phagocytic glycoprotein). Contrarily, GPI-bound proteins CD55 (complement decay accelerating factor),
CD59 (complement protectin) and the GPI-bound form of
CD58 (LFA-3) floated up and were recovered in DRMs
(data not shown). The patterns of distribution of these
marker proteins in HEK cells were both similar to those
observed in human and mouse lymphocytes (9, 36). In
DRMs, a low signal of TRH-R and some transmembrane
markers such as CD44 was clearly recognizable but difficult to quantify by immunoblot assays (48).
J. Biochem.
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Fig. 9. The “constant volume”
versus “constant protein” mode
of screening of the density
gradients. VSV-TRH-R-GFP expressing cells were cultivated in 6
flasks (80 cm2 each), extracted in
1% Triton X-100 (60 min on ice)
and fractionated by flotation in a
sucrose density gradient (Beckman
SW41 rotor) for 24 h at 39,000
rpm (187,000 × g). Gradient fractions (1 ml) were collected from
the top to the bottom of the centrifuge tube and subjected to protein analysis. Distribution of Gqα/
G11α (A), Gsα (B), caveolin (C) and
flotillin (D) along the gradient
was estimated in two ways: a constant volume of each fraction (75
µl, lower columns) or a constant
amount of protein (15 µg, upper
columns) was applied per gel, resolved by SDS-PAGE and analyzed by immunoblotting with
antiserum CQ (Gqα/G11α), Sigma
G-5040 (Gsα), C13630 (caveolin)
and E35820 (flotillin-2/ESA) from
Transduction Laboratories. St,
rat brain microsomes or heart
membranes, 20 µg.

TRH-R, Gα, Gβ and Caveolin Are Co-localized in
Alkaline-treated/Sonicated Preparations of Membrane
Domains. Detergent-Free Domains Resemble the Bulk of
Plasma Membranes—The results presented in previous
sections of this work reveal a big difference in the sensi-

tivity of TRH-R-GFP, G proteins and caveolin towards
detergent extraction. In original PMs, these molecules
were localized together in 30–35% sucrose. When
exposed to TX-100, caveolin was preferentially shifted up
to DRMs (15–20% sucrose) (Figs. 5D and 11C); VSVTRH-R-GFP protein was transferred down to the nonfloating, detergent-solubilized area in 40% sucrose (Figs.
8 and 12). G proteins were distributed roughly 1:1
between the floating and non-floating regions of the gradient (Figs. 5, A–C, and 9, A–B; Table 1). This was not the
case, however, with the gradient fractions obtained after
alkaline treatment/sonication (24, 25). This preparation
of membrane domains resembled the bulk of PMs

Table 1. VSV-TRH-R-GFP, Gqα/G11α and caveolin solubility at
different TX-100 concentrations.
VSV-TRH-R-GFP

Gqα/G11α

Caveolin
Fig. 10. Double detection of VSV-TRH-R-GFP in density gradient fractions after TX-100 extraction. HEK293 cells expressing VSV-TRH-R-GFP fusion protein were cultivated in 6 culture
flasks (80 cm2 each) and extracted with 1% TX-100. After fractionation of cell homogenate by flotation in sucrose density gradient, the
receptor distribution was measured by immunoblotting using antiGFP antibody (A) or by GFP fluorescence (B). These data represent
a typical example selected from three experiments.
Vol. 138, No. 2, 2005

TX-100
1.0%
0.5%
0.25%
0.1%
1.0%
0.5%
0.25%
0.1%
1%
0.5%
0.25%
0.1%

DRMs
<1%
2%
3%
9%
18%
19%
44%
76%
50%
61%
87%
90%

Soluble
>99%
98%
97%
91%
82%
81%
56%
24%
50%
39%
13%
10%

VSV-TRH-R-GFP, Gqα/G11α and caveolin immunoblot signals
detected in low-density fractions 2–6 (DRMs) or high-density fractions 8–12 (detergent soluble) were quantified by densitometric
scanning and expressed as percentage of the total signal recovered
in all fractions. Results represent the average of three experiments.
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Table 2. Distribution of protein, [3H]TRH and [3H]ouabain
binding sites in density gradient fractions (1–12) and in the
pellet prepared from HEK293 cells expressing VSV-TRH-RGFP fusion protein.
Homogenization

Fig. 11. Distribution of VSV-TRH-R-GFP in density gradient
fractions determined by immunoblotting with anti-VSV
antibody. Identical amounts of HEK293 cells (each corresponding
to 6 × 80 cm2) expressing VSV-TRH-R-GFP fusion protein were
fractionated according to the homogenization (A), detergent extraction (B) or alkaline treatment/sonication (C) protocols. After
fractionation of cell homogenates by flotation in sucrose density
gradients, the distribution of VSV-TRH-R-GFP in all gradient fractions was assessed by immunoblotting with anti-VSV antibody.
VSV-TRH-R-GFP was also determined in the gradient pellet (P),
which was resuspedned in 1 ml of TME buffer. The immunoblots are
representative examples of three similar experiments.

because VSV-TRH-R-GFP receptor protein (Figs. 4 and
8), Gα, Gβ subunit proteins as well as caveolin (Fig. 5, A–
C, lower panels) were co-localized in fractions with only
slightly lower buoyant density than the bulk of PM. The
difference may be explained by the effect of sonication on
the equilibrium position of the PM peak. Sonicated PM
fragments were shifted to lower densities and distributed
over a wider range of densities than observed in “homogenized only” preparations (Fig. 14).
The number of [3H]TRH- and [3H]ouabain-binding
sites in alkaline-treated/sonicated PM fragments was
higher than in PMs prepared by simple homogenization
(Figs. 6 and 8). This was caused by the more efficient
release of membrane material from the gradient pellet by
vigorous disintegration of cell debris. In homogenized
samples, the gradient pellet represented about 44% of
homogenate protein; in alkaline-treated/sonicated preparations it was only 7% (Table 2). The increase of [3H]ouabain binding in density gradient fractions was paralleled
by its decrease in the gradient pellet; the total number of
these binding sites was unchanged. On the other hand,
the total number of [3H]TRH binding sites rose significantly due to their better accessibility to hydrophilic ligands (approaching from aqueous phase), which was
caused by treatment of membranes with highly alkaline
solution of 0.5 M NaHCO3 (pH 11).
DISCUSSION

Thyrotropin-Releasing Hormone Receptor and Other
GPCRs—The absolute majority (>97%) of TRH receptor
was excluded from detergent-resistant membrane domains/
caveolae prepared by extraction with ice-cold TX-100.

Protein
Fractions 1–12
Pellet
Total
[3H]TRH binding
Fractions 1–12
Pellet
Total
[3H]ouabain binding
Fractions 1–12
Pellet
Total

mg (±SEM) (%)
11.1 ± 1.4 (56)
8.7 ± 1.0 (44)
19.8 ± 2.1 (100)
pmol (±SEM) (%)
6.2 ± 2.2 (74)
2.2 ± 0.3 (26)
8.4 ± 2.3 (100)
pmol (±SEM) (%)
16.0 ± 2.5 (70)
7.0 ± 3.1 (30)
24.0 ± 0.6 (100)

Alkaline treatment
& sonication
mg (±SEM) (%)
19.4 ± 3.4 (93)
1.4 ± 0.5 (7)
20.8 ± 2.9 (100)
pmol (±SEM) (%)
14.1 ± 2.2 (99)
0.1 ± 0.1 (1)
14.2 ± 2.2 (100)
pmol (±SEM) (%)
23.9 ± 1.1 (98)
0.5 ± 0.1 (2)
24.4 ± 1.2 (100)

Data represent the average of three independent fractionation procedures.

TRH receptor differed significantly from trimeric G proteins Gqα/G11α in its sensitivity towards this detergent.
Receptor protein was almost totally solubilized and thus
unable to float in density gradients, while Gqα/G11α and
other Gα subunits were distributed almost equally
between DRMs and the detergent-solubilized pool. In
accordance with generally accepted view, caveolin and
GPI-bound proteins were predominantly localized in
DRMs/caveolae.
Our previous results on the localization of GPCRs in
DRMs/caveolae indicated that no more than trace
amounts of IP prostanoid receptors were present in these
structures (48). The same result was obtained for other
transmembrane proteins: glycosylated (g) and nonglycosylated (ng) forms of M6 (CD147), MHCI (major
histocompatibility complex, class I), CD29 (integrin β1
subunit), Tapa 1, the α subunit of Na,K-ATPase, the
transmembrane form of CD58 and CD44 (lymphocyte
homing receptor–phagocytic glycoprotein). All these proteins behave in a similar way when exposed to TX-100.
Therefore, we are rather sceptical about the presence of
significant portion of the total cellular complement of
GPCRs in DRMs/caveolae. This conclusion seems to be
fully compatible with the dominant role of the non-caveolar, clathrin-mediated pathway in TRH-R signaling (49–
52). It should be emphasized that TRH-R internalization
is just one example of numerous GPCR signaling cascades where clathrin-mediated internalization represents the crucial pathway/mechanism of desensitization
of hormone response (53–55). In contrast to GPCRs,
hormone-induced internalization of Gqα/G11α proceeds
rather slowly and is not affected by inhibitors of the
clathrin-mediated pathway (44, 56).
Nevertheless, numerous GPCRs have been identified
in membrane domains/caveolae and described as moving
in or out of these structures as a consequence of agonist
stimulation (44, 56). It was also shown that cholesterol
oxidation switches the internalization pathway of
endothelin receptor type A from caveolae to clathrincoated pits and vice versa (57). From the perspective of
our experimentation, these literature data suggest that
J. Biochem.
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Fig. 12. Effect of decreasing TX100 concentrations on the density gradient distribution of
Gq/G11α, Gβ, caveolin and flotillin. HEK293 cells expressing
VSV-TRH-R-GFP fusion protein
were cultivated and in 24 flasks
(80 cm2 each), subdivided into four
identical portions and fractionated according to the detergent
extraction protocol using 1, 0.5,
0.25 or 0.1% TX-100. The individual protein molecules were identified by immunoblotting using
constant (20 µl) aliquots of the gradient fractions.

the mere identification of GPCRs in DRMs/caveolae
might be only of rather limited heuristic value unless it is
complemented with information showing which part
(expressed in percentage) represents the domain-bound
pool of GPCRs among the total amount present in PMs. If
a dominant portion of TRH-R is excluded from DRMs/
caveolae it would be difficult to imagine how the caveolar
pool of TRH-R could be the major determinant of TRH
stimulation in naive cells.
Furthermore, when looking more closely into the real
nature of lipid domains, a rather confusing and heterogeVol. 138, No. 2, 2005

neous picture may arise. Caveolin and G proteins have
been claimed to co-localize in DRMs. However, the use of
more complex density gradients for the separation of
detergent-resistant and detergent-soluble proteins reveals
a clear difference in sensitivity to detergent extraction
between these two types of signaling molecules (23).
Moreover, the amount of Gqα/G11α in DRMs depends on
TX-100 concentration (Fig. 12, Table 1) as well as on the
way of screening the density gradients (Fig. 9). Therefore,
more detailed methodological studies are needed to
define lipid domains more clearly from the biochemical
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Fig. 13. Effect of decreasing TX-100 concentrations on the
density gradient distribution of VSV-TRH-R-GFP. HEK293
cells expressing VSV-TRH-R-GFP fusion protein were cultivated in
24 flasks (80 cm2 each), subdivided into four identical portions and
fractionated according to the detergent extraction protocol using 1%
(solid triangles), 0.5% (open circles), 0.25% (open squares) or 0.1%
(solid diamonds) TX-100. GFP fluorescence (Ex 485 nm/Em 535 nm)
was measured in constant (100 µl) aliquots of the gradient fractions.
Results shown are representative of a single fractionation procedure.

point of view. The current definition of DRMs is strictly
methodological, and the lipid shell hypothesis may be
applied to a rather limited number of inherently low-density proteins surrounded by cholesterol and glycolipids
(58). A comprehensive understanding of GPCR function
in such elusive structures as lipid domains (for recent
reviews see Refs. 59 and 60) would require application of
the same methods for their isolation.
The question of co-localization of a given protein molecule with caveolin may present a controversial issue,
especially in detergent-free preparations of membrane
domains. These structures do not seem to be anything
other than small, low-density fragments of PMs artificially formed by sonication and/or drastic homogenization. Caveolin, GPCRs and G proteins are all present in
these fragments together. This statement is valid for
interpretation of the results of our previous study dealing
with δ-opioid receptors (26), and it may be applicable to
density gradient profiles obtained from primary cultures
of cardiac myocytes (61, 62). This approach is obviously
also relevant for interpreting our present data. Application of alkaline treatment (0.5 M NaHCO3, pH 11) does
not substantially alter this picture; one of the drawbacks
of this technique is that the highly alkaline environment
(pH 11) radically diminishes adenylyl cyclase activity. In
alkaline-treated and sonicated domains, TRH-R, Gqα/
G11α and caveolin are co-localized. If sonicated mildly,
these fragments retain the functional coupling between
GPCRs and G proteins, which can be measured as agonist-stimulated GTPγS binding (26). From this point of
view, the more simple procedure for preparation of membrane domains introduced by Smart et al. (63) seems to
be better suited for future studies focused on the structure–function correlation in domain/raft compartments.
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Fig. 14. Effect of sonication on equilibrium position of PM
fragments in the density gradients. HEK293 cells were cultivated in 24 flasks (80 cm2 each), homogenized and subdivided into
four identical portions. (Solid circles), homogenization only; homogenization followed by sonication using increasing output intensity
(open squares, solid diamonds, open circles) in Bandelin sonoplus
sonicator (Germany). Two ml of cell homogenate was placed in a 15ml conical tube (in a mixture of crushed ice and water, 0°C) and
exposed to five subsequent 10-s pulses with force set at 10% (open
squares), 20% (solid diamonds) and 40% (open circles) of maximum
output; each pulse was followed by a 60-s break to ensure perfect
cooling. The distribution of PM was assessed by a [3H]TRH binding
study (see “MATERIALS AND METHODS”). Results shown are representative of a single fractionation procedure measured in triplicate.

It remains to be clarified in the future whether the fashionable, “up-to-date” picture of domain heterogeneity
reflects something more than the methodological variability in preparation of different types of PM fragments.
Long-Term Agonist Stimulation and G Proteins in
DRMs—In the TRH-R and Gqα/G11α-mediated signaling
cascade, hormone-induced internalization of Gqα/G11α
proteins is much slower than internalization of the receptor molecules. Whereas TRH-R is internalized within
minutes (49–52, 64), internalization of Gqα/G11α is manifested fully after several hours of TRH stimulation (44,
65, 66). Internalization of Gqα/G11α is not affected by
inhibitors of the clathrin-dependent pathway. Data
presented in our present work indicate that TRH-R and
Gqα/G11α proteins are localized in different PM compartments. These compartments are distinguished by
different sensitivity towards the non-ionic detergent
TX-100. Whereas TRH-R is excluded from DRMs/
caveolae, a significant portion of Gqα/G11α is present in
these structures.
Our previous studies indicated that prolonged stimulation of TRH and IP prostanoid receptors results in specific depletion of the membrane domain-bound pool of the
cognate G proteins Gqα/G11α and Gsα, respectively (23,
48). The level of other G proteins was unchanged. The 2D electrophoretic resolution and immunoblot detection of
PM markers indicated that this depletion proceeded
without major (non-specific) alteration of protein composition of DRMs/caveolae (67). In general, the functional
significance of association of trimeric G proteins with
DRMs/caveolae/raft/domain compartment(s) is unclear.
J. Biochem.
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One theory holds that DRMs/caveolae serve as compartment(s) for recruitment of the components of different
signaling pathways to increase efficiency and/or speed of
the functional coupling between receptor(s) and effector(s); an alternative theory is that caveolae attract the
components of signaling cascades to desensitize or terminate the receptor signal (1–4, 6–8, 68). The latter possibility has gained substantial support, as the stimulation
of Gqα/G11α by cholecystokine or substance P, of Gi3α by
cyclopentyladenosine or of both Gqα/G11α and Gi3α by
acetylcholine, specifically increased the content of the
respective G proteins in caveolin immunoprecipitates
(20). Sequestration of G protein subunits by binding to
caveolin correlated with heterologous desensitization to a
given agonist. Furthermore, Oh and Schnitzer (69)
described a specific segregation of Gqα/G11α proteins into
caveolae even under control conditions, which may imply
that activation of the G proteins has to proceed either as
competition between activated receptors and caveolin or
as removal of Gqα/G11α from caveolae.
Superficially, the results of Murthy and Makhlouf (20)
may seem to contradict our present data. Nevertheless,
the possibility of an overlap may arise from a closer view.
According to Murthy and Makhlouf (20), the increase of
Gqα/G11α and Gi3α in caveolin immunoprecipitates is
transient; the maximum is reached between 10 and 20
min of agonist exposure and further stimulation results
in decrease of G protein levels. After 60 min, caveolar G
proteins return to control levels. We were not able to
demonstrate any significant change of Gqα/G11α or Gsα in
DRMs isolated from TRH-R, VSV-TRH-R-GFP or FhIPR
expressing cells after 5–30 min of agonist stimulation
(data not shown). This might be due to the fact that
DRMs represent a much broader spectrum of membrane
fragments than those gathered in caveolin immunoprecipitates. However, some redistribution of G proteins
after short-term stimulation was manifested by the clustering and appearance of patches of fluorescent material
corresponding to doubly immunostained Gqα/G11α on the
surface of HEK293 cells (44). In S49 lymphoma and
HEK293 cells, we noticed a transition of about 5–10% of
plasma membrane Gsα and Gqα/G11α to low-density
membrane fragments (27, 41, 43). Therefore, the shortterm (transient) shift of trimeric G proteins to caveolin
immunoprecipitates (18, 20) or permanent localization of
Gqα/G11α in caveolae (69) may represent preceding
step(s) in the reaction sequence, which at longer times of
agonist stimulation results in depletion of an overall pool
of G proteins in DRMs. The decrease of G proteins in
DRMs does not seem to arise from some artificial situation because (i) it was demonstrated in two different signaling cascades, (ii) it proceeds as a receptor-specific
process (23, 48), (iii) it was demonstrated in DRMs as
well as in detergent-free (alkaline-treated) preparations
of membrane domains, and (iv) it proceeds without any
major protein reorganization of domain structure (67).
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Prolonged Agonist Stimulation Does Not Alter the Protein
Composition of Membrane Domains in Spite of Dramatic Changes
Induced in a Speciﬁc Signaling Cascade
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Abstract
Protein composition of membrane domains prepared by three different procedures (mechanical homogenization, alkaline treatment with 1 M Na2CO3 [pH 11.0], or extraction with nonionic detergent Triton X-100), and
isolated from the bulk of plasma membranes by ﬂotation on equilibrium sucrose density gradients, was analyzed by two-dimensional (2D) electrophoresis and compared in preparations from control (quiescent) and agonist-stimulated human embryonic kidney cells (HEK)293 or S49 cells. HEK293 cells (clone e2m11) stably
expressing high levels of thyrotropin-releasing hormone receptor and G11α protein were stimulated by thyrotropin-releasing hormone and S49 lymphoma cells by the β-adrenergic receptor agonist isoprenaline. Whereas
sustained exposure (16 h) of both cell lines to the appropriate hormones led to substantial cellular redistribution
and downregulation of the cognate G proteins (Gqα/G11α and Gsα, respectively), the distribution and levels of
nonstimulated Gi proteins remained unchanged. The 2D electrophoretic analysis of membrane domains distinguished approx 150–170 major proteins in these structures and none of these proteins was signiﬁcantly altered
by prolonged agonist stimulation. Furthermore, speciﬁc immunochemical determination of a number of plasma
membrane markers, including transmembrane and glycosyl-phosphatidylinositol-anchored peripheral proteins,
conﬁrmed that their detergent-extractability/solubility was not inﬂuenced by hormone treatment. Collectively,
our present data indicate that sustained hormone stimulation of target cells does not alter the basic protein composition of membrane domain/raft compartments of the plasma membrane in spite of marked changes proceeding in a given signaling cascade.
Index Entries: Membrane domains; two-dimensional electrophoresis; G proteins; hormone stimulation.

pathways regulated by the stimulatory Gs protein or by
G proteins from the Gq/G11 family.
Typically, Gs protein transduces signals from hormone-activated receptors such as β-adrenoceptors to
adenylyl cyclase (4). The α subunit of Gs protein (Gsα)
was identiﬁed in plasma-membrane fractions, hepatic
microsomes, and sarcoplasmic reticulum (5,6). In some
tissues, a substantial portion of Gsα was also found in
the soluble, cytosol fraction (7,8). It has been shown that
Gsα might redistribute between membranes and cytosol
after prolonged agonist stimulation (9,10). Because of
alternative splicing of the precursor mRNA, four distinct

INTRODUCTION
Trimeric G proteins constitute a family of guanosine
5′-triphosphate (GTP)-binding regulatory proteins,
which are engaged in transmission of information from
hormone- or neurotransmitter-activated receptors to
various effector systems. They consist of α, β, and γ subunits, but only the α subunit deﬁnes each G protein
(1–3). In the present study, we focused on the signaling
*Author to whom all correspondence and reprint requests
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Cell Biochemistry and Biophysics

21

Volume 42, 2005

22

isoforms of α subunit of Gsα exist: the short GsαS ± ser
and the long GsαL ± ser variants with apparent molecular masses of 45,000 Da and 52,000 Da, respectively
(11,12). To study the β-adrenoceptor–Gsα-adenylyl
cyclase pathway, we used S49 lymphoma cells as a
widely used model. Some previous experiments on S49
cells indicated that stimulation of these cells by isoprenaline may transfer a signiﬁcant amount of Gsα from
plasma membranes to the cytosol (9,13).
G proteins from the Gq/G11 family activate phospholipase C (14). We have produced a clonal cell line e2m11,
which is derived from human embryonic kidney cells
(HEK)293 that stably express a high amount of rat thyrotropin-releasing hormone (TRH) receptor and murine
G11α protein (15). Using a combination of confocal
immunoﬂuorescence microscopy and subcellular fractionation followed by immunoblots, we showed that
short-term treatment of these cells with TRH results in
transfer of a signiﬁcant portion of G11α protein from
plasma membranes to the light-vesicular and cytosolic
fractions, but long-term agonist treatment led to an
overall decrease of cellular G11α protein content.
Changes on the G protein level proceeded on a much
slower time scale than internalization of the corresponding receptor (16,17).
In the present work, we have studied the Gs-mediated signaling cascade initiated by β2-adrenergic
receptor (S49 cells) and compared it with the Gq/G11mediated one stimulated through TRH-R (HEK293
cells). The major aim of this study was to investigate
the effect of sustained hormone stimulation on the distribution of different G proteins in so-called membrane
domains or lipid rafts as well as on the overall protein
composition of these specific plasma membrane structures. Membrane domains or lipid rafts are defined as
regions of the plasma membrane resistant to the treatment with nonionic detergent such as Triton X-100 at
low temperature (18). These structures enriched in
cholesterol, sphingolipids, and glycosyl-phosphatidylinositol-anchored (GPI) proteins may supposedly play an important role in transmembrane signal
transduction (19–21). It is important to mention here,
however, that the “raft” concept has been strongly criticized over the past few years and a definitive proof of
raft existence has yet to be obtained (22).
In this study, we decided to examine the protein composition and G protein levels in low-density plasma
membrane fragments prepared from tested cells by three
different procedures—(1) drastic mechanical homogenization (23); (2), alkaline treatment in 1 M Na2CO3, pH
11.0 (24); and (3) detergent extraction (17). Flotation on
equilibrium sucrose density gradients was used as a standard technique to separate these low-density fragments
from the bulk of plasma membranes. Two-dimensional
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gel electrophoresis, which combines isoelectric focusing
(IEF) in the ﬁrst dimension and orthogonal sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDSPAGE) in the second dimension, was applied as a highly
suitable method for effective protein separation and
detailed analysis of potential changes in protein composition of membrane domains (25,26). We sought to determine whether the major protein composition of
membrane domains could be affected by prolonged (16
h) treatment of cells with appropriate agonists. This time
interval was chosen deliberately because only a relatively
long-term hormone treatment may induce visible
changes, which are related to apoptosis (27,28). Because
this process can be associated with altered expression
and distribution of some proteins in the plasma membrane, it was of interest to analyze whether some changes
will be detectable at the level of protein composition of
membrane domains after prolonged hormone treatment.

MATERIALS AND METHODS
Materials
Tissue culture reagents and media were supplied by
Gibco BRL (Renfrewshire, U.K.). [α32P]ATP (30 Ci/mmol,
PB171), [21,22–3H]ouabain (32 Ci/mmol; TRK 429), and
[3H]CGP12177 (46 Ci/mmol, TRK 835) were purchased
from Amersham Biosciences (Buckinghamshire, U.K.).
Protease inhibitor cocktail (Complete) was from Roche
Diagnostic (Mannheim, Germany), acrylamide and bisacrylamide from SERVA (Heidelberg, Germany), and
aluminium oxide 90 (neutral, activity I) was from Merck
(Darmstadt, Germany). All other chemicals and drugs,
including Geneticin and Hygromycin, were purchased
from Sigma (St. Louis, MO). Anticaveolin antisera
C13630 and C37120 were from Transduction Laboratories
(Nottingham, U.K.).

Cell Culture
Mouse S49 lymphoma cells were cultivated in
Dulbecco’s modified Eagle’s medium supplemented
with 10% (v/v) heat-inactivated horse serum at 37°C
under 5% CO2 atmosphere. The “treated” cells were
incubated with 1.10 –5 M (-)-isoprenaline for 16 h in the
presence of superoxide dismutase and catalase (both 10
µg/mL) to block degradation of isoprenaline and maintain the cell viability.
HEK293 cells (clone e2m11) that stably express high
amounts of TRH-R and G11α protein were cultivated in
Dulbecco’s modified Eagle’s medium supplemented
with 10% (v/v) heat-inactivated newborn calf serum,
geneticin (800 µg/mL), and hygromycin B (200 µg/mL)
at 37°C under 5% CO2 atmosphere. The “treated” cells
were incubated with 1.10 –5 M TRH for 16 h.
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G Protein Antisera
Antibodies against Gqα/G11α protein were raised in
rabbits by standard immunization with a glutaraldehyde conjugate of keyhole limpet hemocyanin and a
synthetic peptide QLNLKEYNLV (the common C-terminal sequence of both Gqα and G11α). This antiserum
identiﬁes both polypeptides equally (29). Gsα proteins
were detected by a commercially available G-5040 antiserum from Sigma, which is oriented against the C-terminal decapeptide of Gsα. Gi1α, and Gi2α proteins were
detected by rabbit polyclonal antiserum prepared
against a synthetic peptide KENLKDCGLF, which corresponds to the C-terminal decapeptide of transducin
(Gtα, amino acids 341–350).

Isolation of Crude Membrane Fraction
HEK293 (clone e2m11) cells from 15 80 cm2 tissue culture ﬂasks or S49 cells from 300 mL culture medium
(0.8–1.2 × 106 cells/mL) were harvested by centrifugation
for 10 min at 1800 rpm, resuspended in 250 mM sucrose,
50 mM Tris-HCl, pH 7.4, 3 mM MgCl2, and 1 mM EDTA
(STE medium) containing freshly added 1 mM phenylmethylsulphonylﬂuoride (PMSF) (200 mM stock in isopropyl alcohol) and complete protease inhibitor cocktail
(1 tablet per 50 mL), and homogenized for 7 min at 1700
rpm on ice in a tightly ﬁtting Teﬂon-glass homogenizer
(Brown, Germany). Cell homogenates were then spun
down shortly at low speed (200g, 5 min) and thusly
obtained postnuclear supernatants were used for preparation of crude membranes by a high-speed centrifugation at 250,000g for 2 h. The resulting pellets were
rehomogenized carefully by hand in STE medium (10–15
mg protein/mL), snap-frozen in liquid nitrogen, and
stored at –80°C until use. The 250,000g supernatant represented the soluble, cytosol cell fraction.

Percoll Puriﬁed Plasma Membranes
HEK293 cells (from 30 80 cm2 ﬂasks) or S49 lymphoma cells (from 1 L culture medium, 0.8–1.2 × 106
cells/mL) were harvested and homogenized in the
same way as described previously. A 3-mL sample of the
postnuclear supernatant (50 mg protein/mL) after short
centrifugation (5 min, 1000 rpm) was layered on top of
23 mL 30% Percoll in STE buffer and centrifuged at
65,000 × g for 30 min (Beckman Ti60 rotor). The plasma
membrane fraction (upper band) was collected in a total
volume of about 6 mL, diluted 1:1 with 50 mM Tris-HCl
(pH 7.4) and 1 mM EDTA, and centrifuged at 50,000
rpm for 2 h (Beckman Ti60 rotor). The upper layer of
plasma membranes was separated from a tightly
packed, gel-like Percoll sediment by repeated pipetting,
rehomogenized carefully by hand in STE medium
(20–30 mg protein/mL) and stored at –80° until use.
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This membrane suspension represented Percoll puriﬁed
plasma membranes (PPMs).

Isolation of the Membrane Domain/Raft
Compartments
DRASTIC HOMOGENIZATION PROCEDURE—
S EPARATION OF LOW-DENSITY M EMBRANE
FRAGMENTS (LIGHT VESICLES) FROM
THE B ULK OF PLASMA M EMBRANES
Control and agonist-treated samples of Percoll purified plasma membranes (PPMs) were diluted to the
same protein concentration in with TNE buffer (20 mM
Tris, pH 7.5, 3 mM MgCl2, 1 mM EDTA, and 150 mM
NaCl) containing freshly added 1 mM PMSF and complete protease inhibitor cocktail (1 tablet per 50 mL).
PPMs were then mechanically homogenized for 7 min
at 1800 rpm in a tightly fitting, Teflon-glass homogenizer. A 1-mL sample of the resulting homogenate
(20–30 mg protein/mL) was diluted with 1 mL STE
medium, mixed with 2 mL ice-cold 80% w/v sucrose,
transferred into the centrifugation tube of a Beckman
SW 41 rotor and overlaid with 35%, 30%, 25%, 20%,
15%, 10% (1 mL each), and 5% w/v sucrose (1.5 mL).
Great care was devoted to prevent mixing the lower
with higher sucrose layers in the course of gradient
preparation. After centrifugation at 39,000 rpm
(187,000g) for 24 h, sucrose density gradient fractions 1
(1.5 mL, 5%), 2 (1 mL, 10%), 3 (1 mL, 15 %), 4 (1 mL,
20%), 5 (1 mL, 25%), 6 (1 mL, 30%), 7 (1 mL, 35%), and
8–11 (1 mL, 40% sucrose) were collected successively
from the meniscus. Fractions 3–5 were mixed and precipitated with 6% w/v trichloroacetic acid (TCA) (final
concentration) on ice for 1 h. The mixture was then
centrifuged at 10,000 rpm for 10 min at 4°C and the
resulting pellet (precipitate) washed with ethanol
(96%) and once again centrifuged. The precipitate was
stored at –20°C.

ALKALINE TREATMENT PROCEDURE—I SOLATION OF
DETERGENT-FREE M EMBRANE D OMAINS /RAFTS
PPMs were resuspended in TNE buffer containing
freshly added 1 mM PMSF and complete protease
inhibitor cocktail (1 tablet per 50 mL). A 1-mL sample of
this membrane suspension was mixed with 1 mL 1 M
Na2CO3 (pH 11.0) and sonicated three times for 10 s on
ice (0°C) at low energy output. The resulting membrane
lysate was subjected to density gradient ultracentrifugation and TCA precipitation as described previously.

Detergent Extraction—Isolation of
Detergent-Resistant Membrane Domains/Rafts
PPMs were resuspended in TNE buffer containing
freshly added 1 mM PMSF and complete protease
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inhibitor cocktail (1 tablet per 50 mL). A 1-mL sample of
this membrane suspension was mixed with 1 mL 2%
Triton X-100 in TNE buffer and left for 45 min on ice
(0°C). The resulting detergent extract was subjected to
density gradient ultracentrifugation and TCA precipitation as described previously.

IEF and 2D Electrophoresis
Aliquots (750 µL) of density gradient fractions 3–5
were combined together and precipitated by addition of
3–0.25 mL 24% TCA (6% ﬁnal concentration) on ice.
After incubation for 1 h at 0°C and subsequent centrifugation at 10,000g for 10 min, the resulting supernatant
was discarded and the sediment washed once with 95%
ethanol. The TCA precipitate was dissolved in a sample
buffer (7 M urea, 2 M thiourea, 4% w/v CHAPS, 1% v/v
Pharmalyte 3–10, 40 mM Tris-HCl, 65 mM dithiothreitol, pH 8.0) and left for 1 h to completely dissociate. A
50-µL aliquot of this sample (containing 350 µg of membrane protein) was mixed with 300 µL of a gel strip
rehydration solution (8 M urea, 2% CHAPS, 20 mM
dithiothreitol, and trace of bromphenol blue) and
applied on a dry isoelectric pH gradient (IPG) (immobilized pH gradient) strip (70 × 3 mm; nonlinear pH gradient 4.0–9.0). The IPG strips were prepared according
to the manufacturer’s protocol (Pharmacia) and stored
at –20°C. Before use the strips were rehydrated in a
reswelling cassette for 12 h at room temperature.
Isoelectric focusing was performed in a Multiphor II
apparatus (Pharmacia Biotech) with the following
power supply settings: 150 V for 1 Vh, 150 V for 750 Vh,
500 V for 500 Vh, 3500 V for 10 kVh, and 3500 V for 32
kVh. The strips after electrofocusing were stored at
–20°C until used for the 2D separation by SDS-PAGE.
IPG strips after IEF were equilibrated for 15 min in an
equilibration solution (6 M urea, 2% SDS, 0.1 mM
EDTA, 50 mM Tris-HCl, pH 6.8, 30% glycerol, and 0.01%
bromphenol blue) containing 65 mM dithiothreitol and
subsequently for another 15 min in the same solution
containing iodoacetamide (25 mg/mL) instead of
dithiothreitol. The strips were then placed on 10% SDS
polyacrylamide gels (20 × 20 cm) and run at constant
current (40 mA per gel) until bromphenol blue reached
the end of the gel. Gels were ﬁxed overnight in 40%
ethanol, 10% acetic acid, and stained with matrixassisted laser desorption/ionization (MALDI)-compatible silver stain. Samples from control and
hormone-treated cells were run on the same gel to
ensure the same silver staining conditions. The quantitative analysis of all visualized proteins was conducted
using the PDQuest software from BioRad. About
150–200 major protein molecules were resolved and
compared in control and hormone-treated samples of
various membrane domain preparations.
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Immunoblotting
After the second dimensional separation by SDSPAGE, proteins were transferred to nitrocellulose. The
nitrocellulose membrane was blocked for 1 h with 5%
fat-free milk in phosphate-buffered saline (PBS)-T
buffer (PBS containing 0.05% v/v Tween- 20) and then
incubated for 2 h at room temperature with appropriate
primary antibody in 1% fat-free milk in PBS-T. After
removal of the primary antibody, the membrane was
washed three times for 10 min in PBS-T and stained
with appropriate secondary antibody in 1% fat-free
milk in PBS-T buffer for 1 h at room temperature.
Finally, the membrane was washed extensively three
times for 10 min with PBS-T buffer and the immunoblot
developed using an ECL kit (Pierce Biotechnology,
Rockford, IL).

Silver Staining
Silver staining was performed according to the procedure described by Blum (30). Brieﬂy, the gels were
ﬁxed in 40% ethanol/10% acetic acid overnight and
then washed twice with 30% ethanol for 20 min and
once with water for 20 min. The gels were sensitized
with 0.02% sodium thiosulfate for 1 min and then
quickly rinsed with water (3 × 20 s). The gels were submerged in 0.2% silver nitrate/0.02 % formaldehyde
(37%) for 20 min, washed with water (3 × 20 s), and then
developed in 3% sodium carbonate/0.05% formaldehyde (37%)/0.0005% sodium thiosulfate until the
desired intensity of spots occurred. Subsequently, the
gels were washed with water (20 s) and the staining
process was stopped by 0.5% glycine solution (5 min).
The gels were ﬁnally incubated in 3% glycerol/20%
methanol, covered with a cellophane sheet, and dried.

Image Analysis
The silver-stained two dimensional gels were
scanned and the spot detection and comparison of the
gels was performed with PDQuest software (Bio-Rad,
version 7.0.0).

Plasma Membrane Markers
ADENYLYL CYCLASE
Adenylyl cyclase enzyme activity was determined in
aliquots of density gradient fractions that were snap
frozen in liquid nitrogen and thawed only once (31).
Aliquots (50 µL) were incubated for 30 min at 30°C in a
total volume of 0.1 mL 70 mM HEPES/HCl (pH 7.4) containing 10 mM MgCl2, 1 mM EDTA, 16 mg/mL pyruvate
kinase, 10 mM potassium phosphoenolpyruvate, 160
mg/mL BSA, 0.1 mM ascorbate, 0.01 mM RO-201724
(phosphodiesterase inhibitor), and 0.15 mM ATP plus
[32P]ATP (about 1 × 106 cpm per sample). The activating
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ligands (GTP or GTP + isoprenaline) were added 5 min
before the start of the enzyme reaction which was carried out by adding ATP plus [32P]ATP. The enzyme reaction was terminated by addition of 0.1 mL 0.25% SDS/5
mM ATP/ 0.175 mM cyclic AMP plus cyclic [3H]AMP
(20,000 cpm per sample as internal standard) and heating for 5 min at 95°C. The separation of cyclic AMP from
other nucleotides and inorganic phosphate was performed by alumina column chromatography as
described by White (32).

NA,K-ATPASE ([3H]OUABAIN B INDING)
Portions of density gradient fractions (100 µL) were
incubated with [3H] ouabain in a total volume of 0.4 mL
5 mM NaH2PO4, 5 mM MgCl2, 50 mM Tris-HCl, pH 7.6
at 37°C as described by Svoboda et al. (33). After 5–7
min, the binding was initiated by addition of
[3H]ouabain (5 nM ﬁnal concentration) and continued
for 90 min. Incubation was terminated by dilution with
5 mL ice-cold incubation buffer and ﬁltration through
Whatman GFC ﬁlters, which were impregnated in 0.3%
polyethylenimine for 1 h at laboratory temperature. The
ﬁlters were washed twice with 5 mL cold buffer, dried
overnight at laboratory temperature and radioactivity
was determined by liquid scintillation in 4 mL
CytoScint (ICN). Nonspeciﬁc binding was determined
in the presence of 1 µM unlabeled ouabain.

TRH R ECEPTORS ([3H]TRH B INDING)
Distribution of TRH-receptors was measured by a
one-point assay using 5 nM [3H]TRH and incubation
conditions originally described by Burt and Taylor (34)
and Sharif and Burt (35). Aliquots of density gradient
fractions (50 µL) were incubated in a total volume of 0.2
mL 50 mM HEPES-HCl, pH 7.4, and 0.1% bovine serum
albumine for 5 h at 0°C. The bound and free radioactivity was separated by ﬁltration through Whatman GF/B
filters presoaked with 0.3% polyethylenimine on a
Brandel Cell harvestor. Nonspeciﬁc binding was measured in the presence of 10 µM unlabeled TRH.

␤-ADRENERGIC R ECEPTORS ([3H]CGP12177)
The [3H]CGP12177 binding assay was used for determination of the number of β-adrenergic receptors.
Constant volume (20 µL) of gradient fractions was incubated with 2 nM [3H]CGP12177 in a total volume of 0.5
mL 20 mM Tris-HCl, 120 mM NaCl, 10 mM MgCl2, and
1 mM ascorbate for 2 h at 37°C. The bound and free
radioactivity was separated on Whatman GF/B ﬁlters
and determined as described previously. The nonspeciﬁc binding was deﬁned as that remaining in the presence of 1 µM L-propranolol. Saturation binding curves
were measured in combined fractions 3–5 and 6–7 (5 µg
of membrane protein per assay), which were incubated
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with increasing concentrations (0.15–20 nM) of
[3H]CGP12177.

DETECTION OF M EMBRANE MARKER MOLECULES
SDS-PAGE AND I MMUNOBLOTTING

BY

Sucrose density gradient fractions (constant volume
of 0.75 mL) were precipitated with trichloroacetic acid
(0.25 mL, 6% w/v, 1 h on ice), solubilized in Laemmli
buffer, and loaded on standard (10% w/v acrylamide/0.26% w/v bis-acrylamide) or urea (12.5% w/v
acrylamide/0.0625% w/v bis-acrylamide containing 6
M urea) polyacrylamide gels. Molecular mass determinations were based on prestained molecular mass markers (Sigma, SDS 7B). After SDS-PAGE, proteins were
transferred to nitrocellulose membrane, blocked with
5% (w/v) fat-free milk in TBS buffer (10 mM Tris-HCl,
pH 8.0, 150 mM NaCl) for 1 h and then incubated with
relevant antibodies for 2 h at room temperature. Plasma
membrane proteins glycosylated and nonglycosylated
forms of CD147 (M6), CD29 (integrin β1 subunit), CD44
(lymphocyte homing receptor-phagocytic glycoprotein), Tapa 1, and MHC 1 (major histocompatibility
complex, class I, E147) were measured as markers of
transmembrane, integral membrane proteins. CD55
(complement decay accelerating factor), GPI-bound
form of CD58 (LFA-3), and CD59 (complement protectin) were measured as markers of GPI-bound,
peripheral proteins. Characteristic behavior of these
proteins in the course of detergent extraction and separation on equilibrium sucrose density gradients was
described in a number of previous studies performed in
T lymphocytes and monocytes (36–38). All CD membrane markers were detected by immunoblotting with
monoclonal antibodies obtained from the collection of
Prof. V. Horejsi; (Institute of Molecular Genetics,
Prague, Czech Republic). Caveolin was detected by
anticaveolin antisera C13630 or C37120 purchased from
Transduction Laboratories (Nottingham, U.K.). After
three 10-min washes with TBS containing 0.3% Tween20, the secondary goat anti-rabbit immunoglobulin G
labeled with horseradish peroxidase was applied for 1
h. After another three 10-min washes with TBS-Tween,
the blots were visualized by enhanced chemiluminescence technique according to manufacturers protocol
(Pierce Biotechnology, Rockford, IL).

Protein Determination
The method of Lowry was used for determination of
protein levels in membrane preparations from HEK293
and S49 lymphoma cells. Aliquots of fractions 1–2 (100
µL), 3–6 (50 µL), and 7–12 (25 µL) were collected from
sucrose gradients and diluted with water to a ﬁnal volume of 200 µL. Blank values were obtained from the
same type of gradient centrifuged identically but with-
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out protein. The protein solutions were mixed with 0.3
mL of 0.1 N NaOH and 2% Na2CO3 and after a 10-min
incubation at room temperature, 50 µL of Folin reagent
(diluted 1:1 with H2O) was added and mixed immediately. After 30 min, the absorbance at 720 nm was determined. Calibration curve was measured in parallel
with 0, 10, 20, 30, 40, 50, 75, 100, 150, and 200 µg of protein standard (Fraction V serum albumin, Sigma). Data
were calculated by ﬁtting the calibration curve as quadratic equation.

RESULTS
Resolution of Gq /G11 Proteins by 2D
Electrophoresis
Subcellular membrane fractions of HEK293 cells
expressing TRH-receptor and G11α protein (clone
e2m11) were isolated by ﬂotation on sucrose density
gradients designed essentially in the same way as in
our previous studies (39,13,40). There was no major difference between the ﬂotation and sedimentation modes
of density gradient centrifugation; when using
mechanical homogenization and optimum amount of
protein applied per gradient (20–30 mg), the bulk of
plasma membranes was localized in 30/35% sucrose
(fractions 6–8) as a clearly visible white band in otherwise opaque or hazy area covering a wider range of
sucrose densities between 40/25% (Fig. 1). This was
evidenced by both marker enzyme analysis and receptor binding assays (Fig. 2).
When analyzing hormone effects, HEK293 cells were
grown to 60–80% conﬂuence in 75 cm2 tissue culture
ﬂasks. The cells in 15 ﬂasks were then treated with
1.10–5 M TRH for 16 h. Control and hormone-treated
cells were harvested by low-speed centrifugation and
fractionated on a “5/15/20/25/30/35/40” type of gradient as described in Methods. After centrifugation in a
Beckman SW 41 rotor at 39,000 rpm for 24 h, gradient
fractions were collected from top to bottom of the centrifugation tube and protein concentration determined.
Detergent-resistant membrane (DRMs) domains were
localized in the density area corresponding to 15/20%
sucrose (17). The low-density membrane fragments
(after drastic homogenization) and alkaline-treated
detergent-free preparations of membrane domains were
collected from the same area of density gradient
(15/20% sucrose).
Samples of membrane domain preparations (density
gradient fractions 3–5) were precipitated with TCA and
resolved by 2D electrophoresis. In the ﬁrst dimension,
IEF was carried out on immobilized pH gradient
4.0–9.0. To increase the resolution of different G protein
isoforms, an immobilized pH gradient 5.0–7.0 was
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Fig. 1. Different methods of cell homogenization
and subsequent protein partition by flotation in
5/10/15/20/25/30/35/40% sucrose density gradients.
Human embryonic kidney 293 cells from 45 flasks (75
cm2 each) were harvested by low-speed centrifugation,
suspended in 3.5 mL TME buffer, and 1-mL aliquots of
this suspension were then used as a starting material for
fractionation using drastic homogenization (A) , detergent extraction (B) , or alkaline treatment (C) procedures
described in Methods. The same amount of protein
(approx 20–30 mg in different fractionation procedures)
was applied on each gradient. The photograph shows
macroscopical protein profiles of sucrose density gradients after centrifugation in a Beckman SW41 rotor at
187,000g (39,000 rpm) for 24 h.

applied. Standard SDS-PAGE was used for the two
dimensional resolution. The total protein content was
visualized by MALDI-time of ﬂight (TOF) compatible
silver staining procedure described by Blum (30). The
G-protein content was analyzed by immunoblotting of
the samples after 2D electrophoresis. By using a 4.0–9.0
immobilized pH gradient, two major spots were
detected, which correspond to the exogenously
expressed G11α and endogenous Gqα (Fig. 3A). When
using a 5.0–7.0 immobilized pH gradient, an additional
three minor spots could have been distinguished, probably corresponding to posttranslationally modified
Gqα or G11α (Fig. 3B). The two major G proteins from
the Gq/G11 family were clearly detectable not only in a
sample of crude membranes but also in samples of
membrane domains (in “classical” DRMs prepared by
extraction with Triton X-100 as well as in domains prepared by detergent-free methods—alkaline treatment
or drastic homogenization) (Fig. 4).
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Fig. 2. Distribution of plasma-membrane marker enzymes and receptors in a “5/10/15/20/25/30/35/40” type of density gradient. Human embryonic kidney (HEK)293 cells (clone e2m11) were fractionated according to drastic homogenization procedure and subsequent ﬂotation on sucrose density gradient (see Fig. 1A). Fractions prepared from HEK293 cells
were analyzed for guanosine 5′-triphosphate (GTP) (empty bars)– and GTP+ isoprenaline (ﬁlled bars) –stimulated adenylyl
cyclase activity (A) , [3H]ouabain (B) , [3H]TRH (C) , and [3H]CGP12177 (D) binding as described in Methods. The data
shown represent typical examples obtained from seven fractionation procedures. Each assay was carried out in triplicate.
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Fig. 3. Two-dimensional resolution and immunodetection of Gqα/G11α proteins in crude membranes of human embryonic kidney 293 cells (clone e2m11). Crude membranes were prepared from postnuclear supernatant by a high-speed centrifugation (250,000g, 2 h) and 350 µg of membrane protein resolved by two-dimensional electrophoresis using the pI range
4–9 (A) or 5–7 (B) for isoelectric focusing in the ﬁrst dimension. The content of Gqα/G11α proteins was subsequently analyzed by immunoblotting with CQ antiserum, which recognizes the C-terminal decapeptide of Gqα/G11α. 1, 2, 3: minor
spots; 4: G11α; 5: Gqα.

Resolution of Gs Proteins by 2D Electrophoresis
S49 lymphoma cells, which endogenously express
β2-adrenergic receptors and Gsα protein, were used for
isolation of PPMs and membrane domain preparations
as described in Methods. Both control cells and those
treated with 1.10–5 M isoprenaline for 16 h were analyzed. The same type of discontinuous sucrose gradient was used to isolate DRMs and detergent-free
domains (alkaline-treated and those prepared by drastic homogenization). TCA precipitates obtained from
combined fractions 3–5 (15/20% sucrose) were analyzed by two dimensional electrophoresis. IEF was carried out on immobilized pH gradient strips with the
pH range from 4.0 to 9.0. It was not necessary to use a
5–7 pH immobilized gradient for a sufficient resolution of all the variants of Gsα protein expressed in S49
Cell Biochemistry and Biophysics

cells. Four spots corresponding to ser(+) and ser(–)
variants of the long (Gsα-L) and short (Gsα-S) Gsα protein were consistently detected by immunoblot analysis following the 2D electrophoresis (Fig. 5). The total
protein content in 2D gels was visualized by MALDITOF-compatible silver staining as described previously. The isoelectric points of the two variants of
GsαL (5.3 and 5.4) estimated by IEF were lower than
those of GsαS (5.75 and 5.85).

Effect of Long-Term Agonist Treatment
on the Protein Composition of Membrane
Domains/Raft Compartments
of Plasma Membranes
To examine the potential effect of sustained agonist
treatment on the protein composition/reorganization of
Volume 42, 2005

Fig. 4. Two-dimensional electrophoretic resolution of three types of membrane domain preparations isolated from human
embryonic kidney (HEK293) cells (clone e2m11). HEK293-e2m11 cells were stimulated by 1.10–5 M rat thyrotropin-releasing
hormone (TRH) for 16 h or incubated for the same time period without any additions (control). Low-density membrane fragments (A), alkaline-treated domains (B), or detergent-resistant domains (C) were isolated as described in Methods. A sample
containing 350 µg of membrane proteins was resolved by isoelectric focusing (pI 4–9) in the ﬁrst dimension and by sodium
dodecyl sulphate polyacrylamide gel electrophoresis in the second dimension. The immunoblots were developed by speciﬁc
CQ antiserum against Gqα/G11α (upper panels) and the total protein composition of membrane domains visualized by
MALDI-TOF compatible silver staining (middle panels). All detectable proteins in control (–) and TRH-treated (+) samples
were compared and the resulting images generated by PDQest software are shown in the lower panels. (Figure continues)
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Fig. 4. (continued)

membrane domains, HEK293 cells (clone e2m11) and S49
lymphoma cells were exposed for 16 h to 1.10–5 M TRH
and 1.10–5 M isoprenaline, respectively. Membrane
domains were then isolated from control and treated cells
using three different procedures (drastic homogenization,
alkaline treatment, or detergent extraction) as described
in Methods. The membrane domain proteins were
Cell Biochemistry and Biophysics

resolved by 2D electrophoresis and visualized by silver
staining. In parallel, the distribution of G proteins was
assessed by immunoblotting with speciﬁc antibodies.
The content of Gqα/G11α proteins sharply decreased
in crude membranes as well as in membrane domains
from HEK293 cells treated with TRH, compared with
control cells (Figs. 3,4). Similar decrease was observed
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Fig. 4. (continued)

in all the variants of Gsα proteins in preparations from
S49 cells treated with isoprenaline (Fig. 5).
Long-term agonist treatment of HEK293 and S49 cells
induced apparently quite speciﬁc changes in given signaling pathways, but did not appreciably inﬂuenced the
overall protein composition of membrane domains. The
Cell Biochemistry and Biophysics

two dimensional protein maps prepared from control
and agonist-treated samples did not reveal any visible
alteration in membrane domains, irrespective of the procedure used for their preparation (Figs. 4,5; middle panels). Our analyses (using PDQuest software) did not
reveal any signiﬁcant changes in approx 150–170 major
Volume 42, 2005

Fig. 5. Two-dimensional electrophoretic resolution of crude and membrane domain preparations isolated from S49 lymphoma cells. S49 lymphoma cells were stimulated by 1.10–5 M isoprenaline for 16 h or incubated for the same time without any additions (control). Low-density membrane fragments (A) , alkaline-treated domains (B) , or detergent-resistant
domains (C) were isolated as described in Methods. A sample containing 350 µg of membrane proteins was resolved by
isoelectric focusing (pI 4–9) in the ﬁrst dimension and by sodium dodecyl sulphate polyacrylamide gel electrophoresis in
the second dimension. The immunoblots were developed by antiserum G-5040 (Sigma) against the C-terminus decapeptide of Gsα (upper panels) and the total protein composition visualized by MALDI-TOF–compatible silver staining (middle panels). All detectable proteins in control (–) and isoprenaline-treated (+) samples were compared and the resulting
images generated by PDQest software are shown in the lower panels. 1,2: the long variants of Gsα (GsαL); 3,4: the short
variants of Gsα (GsαS). (Figure continues)
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Fig. 5. (continued)

spots resolved on two dimensional maps from control
and agonist-treated samples (Figs. 4,5; lower panels).
The resulting protein patterns obtained for membrane
domains prepared by detergent and nondetergent procedures were somewhat different but no difference was
Cell Biochemistry and Biophysics

found by comparing the relevant pairs of control and
agonist-treated samples. Hence, it may be concluded
that none of the major detectable proteins constituting
these specific plasma membrane compartments was
significantly altered by prolonged, drastic hormone
Volume 42, 2005
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Fig. 5. (continued)

stimulation. Accordingly, the distribution of membrane
marker molecules between DRMs and detergent-solubilized fractions prepared from HEK293 cells (clone
e2m11) was also unchanged (Fig. 6). These markers
included transmembrane proteins glycosylated (g) and
Cell Biochemistry and Biophysics

nonglycosylated (ng) forms of CD147 (M6), CD29 (integrin β1 subunit), CD44 (lymphocyte homing receptorphagocytic), Tapa1, and MHCI. The same was true for α
subunit of Na,K-ATPase and transmembrane form of
CD58 (data not shown). Distribution of caveolin and the
Volume 42, 2005

Fig. 6. Distribution of plasma membrane markers in detergent-resistant membranes and soluble fractions obtained by detergent extraction. Control and rat thyrotropin-releasing hormone (1.10–5, 16 h)-stimulated human embryonic kidney (HEK293)
cells (clone e2m11) were extracted with 1% TX-100 (45 min at 0°C) and fractionated as described in Methods. Aliquot of 750 µL
of each fraction was precipitated by addition of 0.25 mL of 24% w/v trichloroacetic acid (60 min on ice) and centrifuged for 10
min at 10,000g. The resulting sediment was resuspened in 40 µL of 1 M Tris-base by repeated pipetting followed by addition of
40 µL of 2× concentrated solubilization lysis buffer and heating for 3 min at 95°C. The samples were resolved by sodium dodecyl sulphate polyacrylamide gel electrophoresis on 12.8% acrylamide/0.06% bis-acrylamide/6M urea gels and immunoblotted
with speciﬁc antibodies. The immunoblots shown are representative of ﬁve independent fractionation procedures. (A)
Glycosylated (g) and nonglycosylated (ng) forms of CD147 (M6), CD29 (integrin β1 subunit), CD44 (lymphocyte homing receptor-fagocytic glycoprotein), Tapa 1, and MHCI (major histocompatibility complex, class I, E147) were measured as markers of
transmembrane, integral membrane proteins. (B) Caveolin, CD55 (complement decay accelerating factor), GPI-bound form of
CD58 (LFA-3) and CD59 (complement protectin) were measured as markers of membrane domain/raft compartments. P, gradient pellet; L, cell lysate. (Figure continues)
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Fig. 6. (continued)

GPI-linked, domain-bound peripheral proteins CD55
(complement decay accelerating factor), GPI-bound
form of CD58 (LFA-3), and CD59 (complement protectin) were also unaffected by long-term agonist stimulation (Fig. 6B). The specificity of agonist-induced
response was further conﬁrmed by no detectable change
in the levels of nonstimulated Gi1α and Gi2α proteins
from the Gi family (Fig. 7).
These data suggest that the selective depletion of the
cognate G proteins from membrane domains induced
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by sustained agonist stimulation is accompanied neither by changes in detergent-solubility of a number of
plasma membrane markers nor by changes in major
protein molecules present in various preparations of
membrane domain/raft compartments.

DISCUSSION
Desensitization of hormone action is one of the
autoregulatory mechanisms that protect cells from
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Fig. 7. No effect of agonist treatment on the levels of the noncognate Giα proteins in detergent-resistant membranes.
Parallel samples of density gradient fractions prepared from control and rat thyrotropin-releasing hormone (TRH)-stimulated HEK293 cells (clone e2m11), which were analyzed for the Gqα/G11α content in previous experiments (see Fig. 6), were
subjected to immunoblot analysis with SG antiserum against Gi1α and Gi2α proteins. Complete density gradient proﬁles of
Gi1α and Gi2α in control (upper panel) and TRH-treated (lower panel) cells are shown.

pathologic consequences associated with permanent
activation of some transmembrane signal-transducing
pathways. We have previously reported that treatment
with TRH of HEK293 cells (clone e2m11) results in
transfer of a signiﬁcant portion of Gqα/G11α proteins
from plasma membranes to the light-vesicular and
cytosol fraction, and that prolonged treatment (more
than 4 h) with this agonist leads to an overall decrease
in G11α content (i.e., downregulation) (15,16). By contrast, the internalization of TRH receptors proceeds
within minutes (16). Similar results were observed for
Gsα protein and β-adrenoceptors in S49 lymphoma cells
treated with isoprenaline (9,13,39). All the changes
induced by hormone stimulation seem to be speciﬁcally
restricted to the cognate G protein(s) and the levels of
other, unstimulated G proteins, are not altered.
Because many extracellular signals appear to be
transmitted through the highly organized regions of the
plasma membrane called “membrane microdomains”
or “lipid rafts,” considerable effort has been devoted to
study the effect of hormones and neurotransmitters
(agonists in general) on the composition of these membrane structures. Results obtained by standard
immunoblotting techniques, which were most frequently used to quantify different signaling molecules,
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indicate that the G proteins and G protein-coupled
receptors can move in and out of the membrane
domains dependent on the agonist stimulation (41–43).
In our previous study, we successfully applied two
dimensional electrophoresis followed by immunoblotting for identiﬁcation of the different isoforms of Gq/G11
and Gs proteins in membrane domains and these G proteins were substantially depleted by hormone treatment
(44). Here we aimed to investigate not only the presumed changes in the G proteins engaged in the TRHor β-adrenergic receptor-mediated signaling pathways,
but also the potential effect of sustained agonist treatment on the protein composition of membrane
domains. We took advantage of using two dimensional
electrophoresis as a suitable analytical tool for high resolution of proteins in membrane domains and membrane fragments, which were prepared by three
different procedures. Immunochemical detection of the
G proteins belonging to the Gq/G11 family after 2D resolution of membrane domains from HEK293 cells
showed two major spots with pI 5.9 and 5.7 corresponding to the α subunits of Gq and G11 proteins,
respectively. Another three detectable minor spots with
lower pI probably corresponded to posttranslationally
modified Gqα/G11α proteins. The 2D resolution of
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membrane domains prepared from S49 cells followed
by immunochemical detection of Gsα distinguished
ser(+) and ser(–) variants of both the long and short isoforms of Gsα protein. Both variants of Gsα-L have a
more acidic pI, which is in accord with the fact that the
residues encoded by the 45 bp of exon 3 include four
acidic and only one basic amino acid. It might be of
interest to determine all variants of Gsα because of their
potentially different coupling efficiency to adenylyl
cyclase and because the ser(+) variants may be phosphorylated. However, this kind of phosphorylation has
never been observed in vivo (45).
In the next set of experiments, both tested cell lines
(HEK293 and S49) were exposed for 16 h to appropriate
agonists and the presumed changes in the G proteins
and membrane domain composition analyzed. Longterm agonist treatment caused considerable depletion of
the cognate G proteins from membrane domains, which
is in line with some previous observations (17,44,46).
The concomitant two dimensional resolution and analysis of total proteins in membrane domains indicated that
the protein composition of membrane domains was
apparently not inﬂuenced by sustained hormone stimulation. It should be kept in mind, however, that this technique enables reliable detection of the major proteins
only. Therefore, the possibility cannot be ruled out that
some changes might have occurred in the content of
some minor proteins, which were, in principle, not
detectable by the currently used approach. Nevertheless,
our results allow us to maintain that prolonged hormone
treatment did not cause any signiﬁcant changes in the
content of about 150–170 major proteins reliably
detectable in various membrane domain preparations.
Interestingly, this phenomenon was observable on two
cell lines, HEK293 cells (clone e2m11) and S49 lymphoma
cells, whose origin and specialization strongly differs.
HEK293 cells are epithelial human embryonic kidney
cells and in epithelial cells the membrane domains are
thought to be involved in sorting of apical and basolateral proteins (47,48). S49 cells are mouse lymphoma cells
and in lymphocytes the membrane domains are closely
linked with the Src kinases signaling pathway (49,50).
Membrane domains were isolated using different procedures, involving classical detergent extraction with 1%
Triton X-100 at low temperature as well as detergent-free
methods such as alkaline treatment and drastic homogenization. Similar results were obtained regardless of the
isolation procedure used. Despite partial differences in
protein composition of the three types of membrane
domains, prolonged hormone treatment did not cause
any signiﬁcant change in the major protein composition
of membrane domains. These observations promote the
notion that membrane domains are genuine structures of
the plasma membrane and not an artefact of the deter-
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gent isolation procedure, because the same biologically
relevant phenomenon (agonist-speciﬁc downregulation)
was demonstrated regardless of the method used for
membrane domain preparation.
Overall, the main ﬁnding of our present study is that
different membrane domains contain a substantial
number of the same major proteins, and that sustained
hormone stimulation does not inﬂuence the major protein composition of various membrane domains, except
for signaling proteins directly engaged in the relevant
signaling cascades.
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Abstract
We investigated distribution and functional activity of G-protein coupled receptors in
detergent-resistant membrane domains (DRMs). GABAB receptors were enriched in DRMs
isolated by flotation on sucrose density gradients of rat cerebrocortical membranes extracted
by Triton X-100, but functional coupling of these receptors to their cognate G proteins was
diminished. In contrast to GABAB receptors, only a small portion (1-3% of the total) of βadrenergic receptors and Na,K-ATPase was present in DRMs. Because the prototypical TX100-resistant membrane domains seem inappropriate for functional studies of GPCRs, we
tried to find some other detergent(s), which would provide more native environment
protecting GPCR/G protein coupling. Our experiments with Brij58 revealed that this nonionic detergent at low concentrations (<0.1% w/v) might preserve effective GABAB
receptor/Gi/o protein coupling. DRMs isolated under these mild conditions reminded
“original“ plasma membranes. Inhibition, no change, as well as increase in G protein activity
was noticed when analysing the direct effects of Brij58. Concomitant measurement of
steady-state fluorescence anisotropy of hydrophobic membrane probe diphenylhexatriene
(DPH) demonstrated that the detergent caused marked “fluidisation” of hydrophobic
membrane interior. It may be assumed that the change in structural order and/or freedom of
motion of hydrophobic membrane constituents exerts a modulatory effect on GPCR/G
protein coupling.

Key words:
rat brain, detergent-resistant membrane domains, Triton X-100, Brij58, GPCR, G-protein,
coupling.
1. Introduction
Membrane domains/rafts/caveolae are plasma membrane (PM) compartments enriched
in cholesterol and glycosphingolipids, which are not readily solubilised by non-ionic
detergents such as Triton X-100 [1, 2]. Characteristic feature of these structures is the low
buoyant density when exposed to high centrifugational force and isolated by density gradient
centrifugation. The prototypical detergent used in this type of studies is Triton X-100 [3-5].
Membrane domains/caveolae were also prepared by detergent-free methods using 1M
Na2CO3 at pH 11 and sonication [6-9] or drastic homogenisation [10].
In HEK293 cells, class I GPCRs, thyrotropine-releasing hormone receptors (TRH-R)
were excluded from detergent-resistant membrane domains, DRMs [11]. This behaviour was
also noted for transmembrane plasma membrane (PM) markers Na, K-ATPase, CD29, CD44,
Tapa 1, MHCI, gCD147, ngCD147 (M6) and tCD58 [12]. The aim of the present study was
to test whether this behaviour may be also observed in natural tissues such as rat brain
cortex. Plasma membrane enriched fraction (PM) was separated from brain mitochondria in
PercollR density gradient, subsequently, the low-density plasma membrane compartment
(LPM) was isolated from bulk of plasma membranes localised in 35/40% sucrose area
(BPM). Detergent-resistant membrane domains (DRMs) were prepared by extraction of PM
in 1% TX-100 and flotation in the same type of sucrose gradient. Trimeric G protein activity
was compared in detergent-untreated and TX-100-extracted PM fragments by measurement
of agonist-stimulated high-affinity GTPγS binding or GTPase activity.
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2.1. Animals
Male Wistar rats were killed by decapitation under ether narcosis (90-days-old, 160180g), brain tissue rapidly removed, cerebral cortex separated from white matter, frozen in
liquid nitrogen and stored at -80ºC.
2.2. Chemicals and antisera
GABAb-receptor agonist [3H]baclofen (47 Ci/mmol; cat. no. 26024) and antagonist
[3H]CGP 54626 (41.5 Ci/mmol, cat.no. R1088) were purchased from ICN and TOCRIS,
respectively. β-adrenergic receptor ligands [3H]dihydroalprenolol (64 Ci/mmol, TRK 551) and
[3H]CGP12177 (46 Ci/mmol, TRK 835) were from Amersham Biosciences. [35S]GTPγS (1115
Ci/mmol, SJ1320), and [21,22-3H]ouabain (32 mCi/mmol; TRK 429), were also from
Amersham. [γ 32P]GTP (30 Ci/mmol, NEG 004) was purchased from Perkin-Elmer, NEN Life
Sciences. Complete protease inhibitor cocktail was from Roche Diagnostic, Mannheim,
Germany (cat. no. 1697498). Diphenylhexatriene was purchased from Molecular Probes.
RGS1 was kind gift from Prof. Milligan (Glasgow, UK).
2.3. Antibodies
Gi1α/Gi2α-oriented antibodies were polyclonal antipeptide sera raised in rabbits.
Immunisation was performed with a glutaraldehyde conjugate of keyhole limpet hemocyanin
and synthetic peptide (Gtα, amino acids 341-350) corresponding to the C-terminal decapeptide
of transducin, KENLKDCGLF. Caveolin-oriented antisera C13630 and C37120 were
purchased from Transduction Laboratories (Nottingham, UK). Adenylyl cyclase (AC I, sc-596;
AC II, sc-587 and AC V/VI, sc-590), GABABR1 (R-300, sc-568), β1-AR (V-19, sc-568) and
β2-AR (K-20, sc-570)-oriented antibodies were from Santa Cruz Biotechnology.
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2.4.1. Separation of plasma membrane and mitochondrial fractions on Percoll gradient.
Tissue pieces of rat brain cortex were minced with razor blade on pre-cooled plate,
diluted in 250 mM sucrose, 20 mM Tris-HCl, 3 mM MgCl2, 1 mM EDTA, pH 7.6, fresh 1
mM PMSF plus complete protease inhibitors cocktail (STEM medium), homogenised mildly
in loosely-fitting, Teflon-glass homogeniser for 7 min (1-2 g wet weight per 10 ml) and
centrifuged for 3 min at 1500 rpm. Resulting post-nuclear supernatant was filtered through
Nylon nets of decreasing size (330, 110 and 75 mesh, Nitex) and applied on top of continuous
Percoll gradient prepared in Beckman Ti60 rotor [30% w/v (26.5% v/v) PercollR in STE
medium). Centrifugation for 30 min at 27000 rpm (65000xg) resulted in separation of the two
clearly visible layers. The upper layer represented the mixture of large (synaptosomes) and
small vesicular structures and some sheets of myelin (PM); the lower layer represented pure
mitochondria (MITO), compare with Figs. 1A, 2A and 2B. Both layers were diluted 1:3 with
250 mM sucrose, 20 mM Tris-HCl, 3 mM MgCl2, 1 mM EDTA, pH 7.6 and centrifuged in
Beckman Ti60 rotor for 2 hours at 50000 rpm. The membrane sediments were removed from
the compact, gel-like sediment of Percoll and re-homogenised by hand in small volume of
STE medium. Similar macroscopical picture and distribution of protein in density gradient
was obtained when fractionating liver or heart muscle (data not shown).
2.4.2. Separation of low-density plasma membrane fragments (LPM) from bulk of plasma
membranes (BPM)
Subsequently, the 2 ml of PM were transferred into a centrifuge tube of Beckman SW
41 rotor, mixed with 2 ml of ice-cold 80% w/v sucrose and overlaid with 35%, 30%, 25%,
20% and 15% sucrose (1.5 ml each). After centrifugation for 24 hours at 39,000 rpm (187,000
x g), the gradient fractions were collected in 1 ml aliquots from top to bottom of the
centrifuge tube, snap frozen in liquid nitrogen and stored at –80C. When using this procedure,
the low-density membrane fraction (LPM) located in 20/25% sucrose area was separated from
the bulk of plasma membranes (BPM) located in high-density area of gradient (35/40%
sucrose; Fig. 1B, HOMOG).
2.4.3. Detergent-resistant membrane domains / caveolae
PercollR purified plasma membranes (PM) were divided into two identical portions.
The first part was applied directly on 15/20/25/30/35% sucrose gradient (Fig. 1B, HOMOG);
the second part was re-homogenised and mixed with 1/10 volume of 10% v/v TX-100 in TME
buffer by slow repeated pipetting (Fig. 1B, TX-100) on ice. Subsequently, the 2 ml of 1% v/v
Triton X-100 extract was mixed with 2 ml of 80% w/v sucrose and overlaid with 35, 30, 25,
20 and 15% w/v sucrose (1.5 ml each). Centrifugation and collection of fractions was
performed as described above [24 hours at 39,000 rpm (188,000xg), 1 ml fractions].
2.5. Plasma membrane markers
2.5.1. Na,K-ATPase (ouabain binding)
The amount of the classical plasma membrane marker, sodium plus potassium
activated, magnesium dependent adenosine triphosphatase (E.C. 3.6.1.3) (Na,K-ATPase) was
determined in brain membranes by radioligand binding. For this aim, the selective inhibitor
[3H]ouabain was used [13]. The density gradient profiles were screened according to
“constant volume” mode, i.e. constant volume aliquots were withdrawn from gradient
fractions 1-12 and used as a source of this enzyme. Na,K-ATPase (immunoblot assay).
Constant volume aliquots of sucrose fraction were TCA precipitated, resolved by SDS-PAGE
and developed by immunobloting with an affinity purified antibody against α1-subunit of
Na,K-ATPase (kind gift of Dr. R. Antolowic, Giessen University, Germany).
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Constant volume aliquots of sucrose fraction were resolved by SDS-PAGE and
developed with antibodies oriented against ACI and II, which represent the dominant isoforms
of this enzyme in the brain tissues.
2.5.3. GABAB-receptors
GABAB-receptor content in gradient fractions was measured by specific antagonist
3
[ H]CGP54626 and agonist [3H]baclofen binding. Constant volume aliquots (20 μl) of
gradient fractions were incubated with 2.5 nM [3H]CGP54626 or 5 nM [3H]baclofen (total
concentration) in 0.5 ml of 75 mM Tris-HCl, pH 7.4, 12.5 mM MgCl2, 1 mM EDTA for 60
min at 25°C. The bound and free radioactivity was separated by rapid filtration through
Whatman GF/B filters in Brandel cell harvestor. Filters were washed 3x with 3 ml of ice-cold
incubation buffer and placed in 4 ml of scintillation cocktail (CytoScint, ICN). Radioactivity
remaining on filters was determined after 16 h at laboratory temperature by liquid
scintillation. The non-specific binding was defined as that remaining in the presence of 1 μM
(antagonist binding) or 10 μM (agonist binding) of non-radioactive baclofen.
2.5.4. β-Adrenergic receptors (β-ARs)
β-ARs were determined by [3H]dihydroalprenolol and [3H]CGP12177 binding assays
as described before [14].
2.6. G-protein functional activity
The assay of agonist (baclofen, carbachol, isoprenaline, noradrenaline, somatostatin,
DADLE)-stimulated [35S]GTPγS binding was performed according to Bourova et al. (2003)
[10]. The non-specific (100 μM GTP), basal, high-affinity (0.5 μM GTP) and agoniststimulated (0.5 μM GTP + agonist) GTPase activity was measured as described by Stohr et al.
(2004 and 2005) [15, 16].
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Constant volume aliquots of sucrose density gradient fractions (0.75 ml) were
precipitated with trichloroacetic acid (0.25 ml, 24% w/v, 1h on ice), neutralised by Tris-base
and solubilised in 2x concentrated Laemmli buffer (2x SLB) by heating for 3 min at 95°C.
Alternatively, aliquots of fractions were mixed 1:1 with 2x concentrated SLB and heated in
the same way. Standard (10% w/v acrylamide/0.26% w/v bis-acrylamide) or high-resolution,
urea-SDS-PAGE (12.5% w/v acrylamide/0.0625% w/v bis-acrylamide containing 6 M urea)
was carried out as described before in detail [12].
2.8. Protein determination
Method of Lowry was used for determination of protein. Calibration was performed
with 0, 10, 20, 30, 40, 50, 75, 100, 150 and 200 μg protein (Fraction V serum albumin,
Sigma). The data were fitted into quadratic equation.
2.9. Fluorescence measurements
Brain cortex membranes were diluted to 1-2 mg protein/ml in STE medium and mixed
with hydrophobic fluorescent probe, diphenylhexatrine (DPH) at laboratory temperature. DPH
incorporation was performed by addition of 1 mM DPH in aceton to 1 μM final concentration
(dilution 1000x). The 30-60 min were allowed to ensure the optimum incorporation of the
probe into the hydrophobic membrane interior. Under these conditions, fluorescence intensity
of membrane-bound DPH was about 1000x higher than that of the free probe in aqueous
medium alone. Fluorescence anisotropy r DPH was calculated according to Svobodova at al.,
(1984a,b) [17, 18].
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3.1. Subcellular fractionation of rat brain cortex after mild homogenisation: isolation of
plasma membrane, mitochondrial, low-density and bulk of plasma membrane fractions
Centrifugation of post-nuclear supernatant prepared by mild homogenisation of the rat
brain cortex in PercollR gradient resulted in separation of the upper layer of plasma
membranes (PM) from lower layer of mitochondria (MITO) (Figs. 1A). The upper layer of
plasma membranes consisted from mixed population of vesicular structures of different size
and shape, including synaptosomes and sheets of myelin (Fig. 2A). The upper layer (PM) was
fractionated further by flotation in step-wise 15/20/25/30/35/40% sucrose density gradient
(Fig. 1B. HOMOG). This step separated the low-density plasma membrane fragments (LPM)
containing large vesicular structures, synaptosomes and myelin (Fig. 2C) from optically dense
band located in 35%/40% sucrose (BPM, Figs 1B and 2D). Measurement of the density
gradient profile of plasma membrane marker Na, K-ATPase indicated the sharp peak of
[3H]ouabain binding in 35/40% sucrose area (fractions 7-8), Fig. 3. The peak of [3H]ouabain
binding coincided closely with the top protein levels measured in the same gradients (Fig. 3,
lower panel). Position of the highest [3H]ouabain binding and protein levels in flotation
gradient corresponded to localisation of major part of PM in sedimentation type of sucrose
gradients which were used in our previous studies of S49 lymphoma cells [14, 19], brown
adipose tissue [20, 21] and CHO cells [22]. However, these former preparations of PM were
heavily contaminated by mitochondria due to an overlap between high-density end of PM
fractions and low-density end of mitochondrial fractions. As revealed by electron microscopy,
bulk of PM localised in high-density area (BPM) was composed from heterogeneous mixture
of small vesicular structures (Fig. 2D).
3.2. Triton X-100-resistant membrane domains: fractionation of brain cortex PM by
extraction in 1% TX-100 and flotation in sucrose density gradient
Thyrotropin-releasing hormone receptors [11] were excluded from prototypical
DRMs/raft compartment isolated from HEK293 cells in 1% TX-100. This behaviour was also
noted for other transmembrane PM markers such as Na,K-ATPase, CD29, CD44, Tapa 1 and
MHC1 [12]. Similar situation exists in rat brain cortex. PM fraction collected from PercollR
gradient was divided into two identical portions and either untreated (Fig. 2B, HOMOG) or
extracted in 1% Triton X-100 (Fig. 2B, TX-100).
The contents of specific
3
3
[ H]dihydroalprenolol and [ H]CGP12177 binding sites (β-adrenergic receptors) in DRMs
(fractions 3-5) represented just a small part of the sites originally present in detergentuntreated bulk of plasma membranes (fractions 7-8), Fig. 4. The same result was obtained by
an immunoblot analysis of β1-adrenergic receptors (Fig. 5). In detergent-untreated samples,
the dominant signal of β1-AR was detected in BPM (fractions 7-8). When exposed to TX-100,
this signal was completely removed; small portion of β1-AR migrated up to DRMs (fractions
3-5), major part of these receptors, however, was transferred to high-density area containing
the detergent-solubilised proteins (fractions 9-12). The same behaviour was noticed for the
total membrane protein present in BPM (Table I). Therefore, behaviour of β1-AR when
exposed to TX-100 is typical for majority of other membrane proteins present in PM.
Contrarily, GABAB receptors, when detected by antagonist [3H]CGP54626 binding
assay, were enriched in DRMs (Fig. 6, left columns); the agonist [3H]baclofen binding to
GABAB receptor sites in DRMs was diminished (Fig. 6, right columns). The presence of
significant portion of GABAB receptors in DRMs was also documented by an immunoblot
analysis of gradient fractions prepared from homogenized (only) and TX-100-treated samples
(Fig. 7). The dominant portion of GABAB receptors was localized in BPM (Fig. 7, upper
columns); extraction in TX-100 completely wiped out this peak – about 40% of GABAB-R
floated up and was recovered in DRMs, remaining part was detected in non-floating,
detergent-solubilised area of gradient (Fig. 7, lower columns). When compared with β1-AR,
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be mentioned in this respect that the total recovery of GABAB receptor sites in DRMs, when
estimated by antagonist binding assay was 1.6x higher than in detergent-untreated membranes
representing 100%. This may be explained by opening of the sealed, in-site-out oriented
vesicles spontaneously formed by homogenisation of the brain tissue and/or de-masking of
the sites shielded (in detergent-untreated membrane fragments) from direct exposure to the
radioligand.
Baclofen-stimulated G protein activity in DRMs, however, was very low if any. This
is documented in Fig. 8 by comparison of baclofen effect on [35S]GTPγS binding in
detergent-untreated (homogenisation) and detergent-treated (TX-100) plasma membrane
fragments. In TX-100-treated membranes, there was no difference between basal and
baclofen-stimulated [35S]GTPγS binding in the whole range of PM fragments of different
density; the basal level of [35S]GTPγS binding remained only. The same conclusion could
have been derived from the dose-response curves of baclofen effect on [35S]GTPγS binding in
the pooled fractions of „detergent-treated” (TX-100) and untreated (homogenisation)
membranes (Fig. 9; BCF alone). Baclofen stimulation was completely diminished by TX-100
treatment. Aliquots of the pooled fractions were also pre-incubated for 30 min with unlabelled
antagonist CGP54626 as described by Becher at al. (2004) [23]. The inhibitory potency of
antagonist was manifested at high baclofen concentrations only; in low concentration range,
CGP54626 acted like a partial agonist. It may be therefore concluded that the prototypical
detergent-resistant membrane domains isolated in TX-100 are unsuitable for functional
studies of GABAB receptors in brain cortex membranes.
Comparison of gradient distribution of β1-AR (Figs. 4 and 5), GABABR1 (Figs. 6 and
7) with distribution of Na,K-ATPase, also determined by both radioligand binding and
immunoblot assays (Fig. 10), suggests that the ligand binding site of class I GPCRs is
diminished by TX-100 exposure. The dominant portion of Na,K-ATPase α subunit, similarly
to other transmembrane proteins, was solubilised by 1% TX-100 and unable to float in density
gradient; small portion recovered in DRMs exhibited very low [3H]ouabain binding –
compare left (homogenization) and right (TX-100) panels in Fig. 10. This finding corresponds
to the data of Jorgensen (1975, 1988) [24, 25] analysing detergent effects on this enzyme
activity.
When considering the other transmembrane proteins, it could be mentioned that
adenylyl cyclase I, representing one of the two major isoforms of AC in the brain tissues, was
detected in DRMs. This finding is documented in Fig. 11. In this figure, distribution of AC I
was compared with distribution of the prototypical DRMs marker caveolin and Giα1/Giα2
proteins. Strong immunoblot signals of caveolin 1,2, Giα1/Giα2 and AC I in BPM
(homogenisation, fractions 6-8) were significantly decreased by TX-100 extraction (compare
left and right columns in Fig. 11) and transferred to DRMs. This behaviour of the brain AC I
is similar to the heart muscle AC V and VI [26, 27]. As before, the functional activity of AC
in TX-100-resistant membrane domains was diminished (data not shown).
3.3. Brij58-resistant membrane domains: fractionation of brain cortex PM by extraction in
Brij58 and flotation in sucrose density gradient
In the last step of our experimentation, we tried to find some other detergent(s) which
would represent more native environment protecting GPCR/G protein coupling. Among
various detergents tested, Brij58 appeared to be the most convenient choice. Octylglucoside-,
octylmaltoside- and dodecylmaltoside-treated PM fragments were unable to float up to the
low-density area of sucrose gradient. Brij58 did produce DRMs with density corresponding
to 15/20% sucrose, however, the agonist-stimulated G protein activity was preserved at low
concentrations only. This is indicated in Fig. 12. Using the same strategy as before, PM
fraction was divided into 4 identical portions and untreated (homogenisation) or treated with
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Brij58, basal high-affinity GTPase as well as net increment of baclofen-stimulated GTPase
activity were comparable with those in detergent-untreated PM; concentrations equal or
higher than 0.1% were inhibitory (Fig. 12). The top protein level was shifted from fraction 8
in detergent-untreated preparation to lower densities (Fig. 13).
3.4. Direct effect of Brij58 on G protein activity and hydrophobic membrane interior of PM
Direct effect of Brij58 on G-protein activity in PM was biphasic. At very low
concentrations (0.0078, 0.0016, 0.0031, 0.0062, 0.0125, 0.025% w/v), baclofen-stimulated
[35S]GTPγS binding was similar to that in detergent-untreated PM. Marked increase of
baclofen effect was noticed at 0.05 and 0.1% Brij58 – in this narrow range of Brij58
concentrations, the net increment of baclofen effect was 5x higher than in detergent-untreated
PM. As before, high concentrations of Brij58 (>0.1% w/v) were inhibitory (Fig. 14).
Brij58 exhibited dramatic „fluidisation“ effect on hydrophobic membrane interior of
PM fraction. This is demonstrated in Fig. 15 by measurement of steady-state anisotropy of
hydrophobic membrane probe diphenylhexatriene, DPH. When increasing Brij58 above CMC
= 0.0086% w/v (at 1-2 mg protein/ml), the highly polarised signal of DPH in intact PM rDPH =
0.22 was gradually decreased to highly depolarised signal of Brij58 alone in aqueous medium,
rDPH = 0.07 (measured at 25ºC). Magnitude of this effect was very large – compare with
change of rDPH induced by temperature shift from 15ºC (rDPH = 0.26) to 55ºC (rDPH = 0.16). It
may be therefore suggested that the change in structural order and/or freedom of motion of
hydrophobic membrane constituents induced by detergent alters GPCR/G protein coupling.
4. Discussion
Original subcellular fractionations of the brain tissue were based on combination of
differential and density gradient centrifugation in sucrose media [28, 29]. These procedures
resulted in separation of myelin, nerve endings (synaptosomes) and mitochondrial fractions
mutually contaminated to larger or smaller extent. Bearing in mind that majority of membrane
protein in any cell type, at least in those tested in our previous studies of brain, heart muscle
and brown adipose tissue [20, 21, 30-33] is represented by mitochondria, we have applied
PercollR medium with the aim to separate plasma membrane and mitochondrial fractions
arising from the brain tissue. In the beginning of our experimental efforts, clear separation of
upper (plasma membranes, PM) and lower (mitochondria, MITO) bands was not achieved.
The total amount of protein applied per PercollR gradient as well as homogenisation intensity
had to be decreased. The tightly-fitting homogenisers (Brown, clearance 0.002-0.004 mm)
used in our previous fractionations of HEK293 cells [10] were changed for loosely-fitting
ones and homogenisation had to be performed mildly in order to prevent
degradation/disruption of mitochondria. The starting brain homogenate was filtered through a
nylon nets of decreasing pore size (330, 110 and 75 μm) and centrifuged at low speed to
sediment nuclear fraction and cell debris (3 min at 1500xg). An optimum results were found
when applying 3 ml of filtered post-nuclear supernatant containing 33-50 mg of protein on top
of 30 ml of 30% PercollR in STME medium. After centrifugation in self-forming PercollR
gradient, the upper layer of plasma membranes was separated from lower layer of
mitochondria. Electron-microscopy control revealed very pure mitochondrial preparation. The
upper layer of PM consisted from mixed population of large and small vesicular structures,
synaptosomes and myelin.
Subsequent sub-fractionation of plasma membrane fraction was performed by flotation
in step-wise 15/20/25/30/35/40% sucrose gradient designed in similar way as in our previous
studies of membrane domains /caveolae [12]. Low-density plasma membrane fragments
(LPM) in 20/25% sucrose (Fig. 1B, HOMOG) were separated from the bulk of plasma
membranes (BPM). LPM were enriched in large vesicular structures of synaptosomal origin
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and 5), GABAB-receptors (Figs. 6 and 7), caveolin 1,2, Giα1/Giα2 and adenylylcyclase I
(Fig. 11) were co-localised in PM fraction localised in 35/40% sucrose (fractions 6-8).
Majority of membrane protein was also recovered in this area (Fig. 3, lower panels). Addition
of 1% TX-100 completely wiped out BPM peak visible in 35/40% sucrose (Fig. 1, TX-100).
About 60% of caveolin(s) and 40% of Giα1/Giα2 (Fig. 11), but a very small part of β1-AR and
Na,K-ATPase (Figs. 4, 5 and 10) floated up/was shifted up to the low-density end of the
gradient (fractions 3-5).
Analysis of the agonist (baclofen)-stimulated G protein activity in 1% TX-100resistant membrane domains indicated an inhibitory effect of this detergent on GPCR/G
protein coupling (Figs. 8 and 9). Therefore, deleterious effect of TX-100 on G protein activity
has to be considered when interpreting reduced G protein activity in lipid rafts/caveolae.
The effort to prepare functional preparation of membrane domains/rafts with help of
some other detergent(s) was met with surprising results. When using Brij58 at low
concentrations, detergent-treated membranes were more or less identical with the bulk of PM
(Figs. 12 and 13). At concentrations ≥0.1% w/v, baclofen-stimulated [32P]GTPase activity
was inhibited to the same extent as in TX-100-resistant domains. Direct effect of Brij58 on G
protein activity in PM was biphasic and protein dependent. The increase, no change as well as
inhibition of agonist-stimulated [35S]GTPγS binding was detected (Fig. 14). Fluorescence
analysis of parallel samples of PM indicated marked “fluidization” effect of Brij58 on
hydrophobic membrane interior (Fig. 15).
Participation of hydrophobic membrane interior and, more specifically of cholesterol,
in functional coupling between GPCR and G protein(s) has been documented in a number of
previous studies [34-36]. It has been also shown that the hydrophobicity of residue351 of the
G protein Gi1α, representing the critical site of interaction between Gα subunits and GPCRs,
determines activation and effectiveness of information flow from α2A-adrenoceptor to the
cognate G protein [37, 38]. The last, but not the least, receptor non-specific membrane
activity of β-adrenergic blocking agents such as decrease of myocardial conduction velocity,
inhibition of synaptosomal noradrenaline uptake, inhibition of platelet aggregation and
anaesthetic action was found to be directly proportional to hydrophobicity of these agents
measured as n-octanol/water partition coefficients [39-43].
It may be therefore suggested that the change in structural order and/or freedom of
motion of hydrophobic membrane constituents exerts a modulatory effect on GPCR/G
protein coupling. The increase, no change as well as inhibition of functional coupling may be
observed. In the future studies, the time-resolved fluorescence measurements should be
performed with the aim to distinguish between the structural (S-order parameter) and
dynamic (rotation correlation time/rate) contributions to an overall rDPH measured under
steady-state conditions. Subsequently, these more defined parameters can be correlated with
functional coupling between GPCR and G protein.
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- 14 Legends to figures
Fig. 1
Subcellular frationation of rat brain
A
Separation of plasma membrane fraction from brain cortex mitochondria in
PercollR gradient
Brain cortex was dissected from the white matter, tissue pieces homogenised and
fractionated in PercollR gradient as described in Methods. The upper layer of plasma
membranes (PM) was separated from lower layer of mitochondria (MITO).
B
Sub-fractionation of plasma membrane fraction by flotation in sucrose density
gradient
PM fraction was divided into two identical portions and untreated (HOMOG) or
treated with 1% Triton X-100 (TX-100). Identical amounts of both preparations were diluted
1:1 with 80% sucrose and fractionated by centrifugation in step-wise 15/20/25/30/35/40%
sucrose gradient as described in Methods. Low-density plasma membrane fragments (LPM)
were detected as hazy area localised in 20/25% sucrose (HOMOG; fractions 2-5); bulk of PM
(BPM) was observed as distinct, optically dense band in 35/40% sucrose (HOMOG; fractions
7-8). TX-100 resistant membrane domains were detected in 20/25% sucrose after flotation of
detergent-treated PM (TX-100, fractions 2-5).
Fig. 2
Electron-microscopy of plasma membrane (A), mitochondrial (B), low-density (C) and
high-density (D) plasma membrane fractions
Aliquots of membrane fractions were concentrated by high-speed centrifugation in
Sorwall RC M100 (75000 rpm, 45 min), fixed in 1% glutaraldehyde/1%
paraformaldehyde/0.12M phosphate buffer (pH 7.4) and contrasted with 2% osmic acid. In
PM fraction (A), vesicular structures of different size and shape, including large sheets of
myelin were observed; pure mitochondria were detected in MITO fraction (B); low-density
plasma membrane fragments (LPM) were composed from large vesicular structures,
synaptosomal membrane particles and some sheets of myelin (C); in high-density PM fraction
(bulk of PM, BPM) heterogeneous mixture of small vesicles was found (magnification
26700x).
Fig. 3
[3H]ouabain binding and protein levels in sucrose density gradient fractions
Fractions 1-12 (1 ml) were collected from top to bottom of the centrifuge tube after
flotation of detergent-untreated PM in 15/20/25/30/35/40% sucrose gradient. Upper and
middle panels. Constant volume aliquots of 50 μl were withdrawn from each fraction and
used in radioligand binding assay. Binding experiment was performed as “one-point assay”
with 2.5x10-9 M [3H]ouabain; non-specific binding was defined as that remaining in the
presence of 1μM unlabelled ouabain. [3H]ouabain binding was expressed per fraction volume
(pmol . ml-1 ) or protein level (pmol . mg-1 ). Lower panels. Protein in fractions 1-12 was
determined by Lowry method. Data represent the average of 3 independent fractionation
procedures performed with the same PM.
Fig. 4
β-adrenergic receptors I. Distribution of [3H]dihydroalprenolol and [3H]CGP12177 binding
sites in detergent-untreated (homogenization) and detergent-treated (Triton X-100) PM
Percoll purified plasma membranes were collected by high-speed centrifugation and
divided into two identical portions. First portion was re-homogenised by hand in teflon-glass
homogeniser (detergent-untreated PM = homogenisation); second portion was extracted in

- 15 1% v/v Triton-X100 (detergent-treated PM = Triton X-100). Subsequently, the 2 ml of both
homogenized and TX-100-treated PM was mixed with 80% sucrose and fractionated by
flotation in sucrose gradient. Density gradient profiles of [3H]dihydroalprenolol (left columns)
and [3H]CGP12177 binding (right columns) were measured as described in Methods. Data
were expressed per fraction volume (fmol . ml-1) or protein level (fmol . mg-1) and represent
the average of triplicate assays performed with the same PM.
Fig. 5
β-adrenergic receptors II. An immunoblot analysis of β1-AR in detergent-untreated and
Triton X-100-treated PM
Constant volume aliquots of density gradient fractions (20 μl) were resolved by SDSPAGE and analysed by immunoblotting with specific antibodies (Santa Cruss; V-19, sc-568)
and ECL. The results show the typical gradient profiles.
Fig. 6
GABAB receptors I. Distribution of [3H]CGP54588 (antagonist) and [3H]baclofen (agonist)
binding sites in detergent-untreated and Triton X-100-treated PM
The same legend as in Fig. 4; GABAB receptors were determined by [3H]CGP54626
(antagonist) and [3H]baclofen (agonist) binding assays and expressed per fraction volume
(fmol . ml-1) or protein level (fmol . mg-1). Data represent an average of triplicate assays
performed with the same PM.
Fig. 7
GABAB receptors II. An immunoblot analysis of GABAB-R1 in detergent-untreated and
Triton X-100-treated PM
Constant volume aliquots of density gradient fractions (20 μl) were resolved by SDS-PAGE
and analysed by immunoblotting with specific antibodies (Santa Cruss, R-300, sc-568) and
ECL.
Fig. 8
Baclofen-stimulated [35S]GTPγS-binding in detergent-untreated and Triton X-100-treated
PM
A
Baclofen-effect on [35S]GTPγS binding was compared in detergent-untreated
(homogenisation) and detergent-treated (Triton X-100) PM. Basal (○) and baclofenstimulated (●) [35S]GTPγS binding was expressed per fraction volume (pmol . ml-1) or protein
level (pmol . mg-1); non-specific binding was measured at 2 μM unlabelled GDP. Results
show the average of single fractionation; each fraction analysed in pentaplicates; *, p<0.05.
B
Net-increment of baclofen-stimulated [35S]GTPγS-binding was calculated as the
difference between baclofen-stimulated and basal level.
Fig. 9
Dose-response curves of baclofen-effect on [35S]GTPγS binding in detergent-untreated
and Triton X-100-treated PM
Sucrose fractions were collected after flotation of detergent-untreated
(homogenisation) or 1% Triton X-100-treated (TX-100) PM, combined together and analysed.
Dose-response curves of baclofen-effect on [35S]GTPγS binding were measured in samples
pre-incubated for 30 min in the absence (○) or presence (∆,▲ ) of unlabelled antagonist
CGP12177. The results show the average ± S.E.M of three experiments.

- 16 Fig. 10
Na,K-ATPase in detergent-untreated (homogenization) and detergent-treated (Triton X100) PM
The same legend as in Fig. 4. Sucrose gradient distribution of [3H]ouabain binding and
the α1-subunit of Na,K-ATPase (immunoblot) was determined in detergent-untreated
(homogenisation) and detergent-treated (Triton X-100) PM fragments as described in
Methods. The results show the typical fractionation procedure.
Fig. 11
Caveolin(s), Giα1/Giα2 and adenylylcyclase I in detergent-untreated (homogenization) and
detergent-treated (Triton X-100) PM
Distribution of caveolins 1,2, Giα1/Giα2 and adenylyl cyclase I in detergent-untreated
(homogenisation) and detergent-treated (Triton X-100) PM was determined by
immunobloting of the constant volume aliquots of sucrose fractions. The results show the
typical density gradient profiles.
Fig. 12
Flotation of Brij58-treated PM in sucrose density gradient I; functional activity of G
proteins
PM fraction was divided into 4 identical portions and untreated (homogenization) or treated
with 0.1%, 0.05% and 0.025% Brij58. Fractionation of detergent-untreated and Brij58-treated
PM was performed by parallel centrifugation in sucrose gradient. Fractions 1-12 were
collected from top to bottom of the centrifuge tube and used as a source of an enzyme in highaffinity GTPase assay. [γ32P]GTP hydrolysis was measured in GTP regenerating reaction mix
containing creatine phosphate and creatine kinase; ouabain was included as Na,K-ATPase
inhibitor. Results show the average of single fractionation; each fraction analysed in
pentaplicates; *, p<0.05.
Fig. 13
Flotation of Brij58-treated PM fragments in sucrose density gradient II; protein profiles
The same legend as in Fig. 12. Protein content in fractions 1-12 was determined by
Lowry method.
Fig. 14
Direct effect of Brij58 on G protein activity in PM
PM fraction was mixed 1:1 with solutions of Brij58 in water at 0 ˚C (0.4, 0.2, 0.1,
0.05, 0.025, 0.0125, 0.0063, 0.0031, 0.0016, 0.0008% w/v). After 45 min on ice, [35S]GTPγS
binding was measured as described in Methods. Results represent the average of 3
experiments performed with the same PM preparation.
Fig. 15
Direct effect of Brij58 on steady-state anisotropy of diphenylhexatriene (DPH) in PM
PM fraction was mixed quickly with 1 mM DPH in aceton (1 μM final concentration)
and incubated for 30 min at laboratory temperature (25˚C). Fluorescence anisotropy rDPH was
measured as described by Svobodova at al. (1988a,b) [17, 18]. Results represent the average
of 3 experiments performed with the same PM preparation.
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The effect of Triton X-100 on distribution PM protein along the sucrose density gradient
_________________________________________________________________________
Fraction
detergent-untreated PM
TX-100 treated PM
mg/ml
mg/ml
_________________________________________________________________________
1
0
0.01
2
0.03
0.24
3
0.23
0.43
4
0.42
1.25
5
0.39
0.35
6
0.54
0.16
7
3.05
0.43
8
3.37
1.01
9
0.87
2.23
10
0.39
2.66
11
0.53
2.63
12
0.65
2.14
P
2.95
0.26

Total
13.42=89%
13.80=92%
_________________________________________________________________________
The same amount of PM was divided into two identical portions containing 15 mg protein and
either untreated (HOMOG) or treated with 1% Triton X-100 (TX-100). Both preparations
were fractionated in parallel by flotation in sucrose gradients as described in Methods. The
data represent the typical fractionation procedure; each fraction was analysed in triplicates. P,
gradient pellet.
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