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ABSTRACT

Chronic exposure of A, adenosine receptors (A,R) to A;R ago-
nists leads to activation, phosphorylation, desensitization, and
internalization to intracellular compartments of the receptor.
Desensitization and internalization of A,R is modulated by
adenosine deaminase (ADA), an enzyme that regulates the
extracellular concentration of adenosine. ADA interacts with
A,R on the cell surface of the smooth muscle cell line DDT1
MF-2, and both proteins are internalized following agonist stim-
ulation of the receptor. The mechanism involved in AR and
ADA internalization upon agonist exposure is poorly under-
stood in epithelial cells. In this report, we show that A;R and
ADA interact in LLC-PK, epithelial cells. Exposure of LLC-PK,
cells to A,R agonists induces aggregation of A;R and ADA on
the cell surface and their translocation to intracellular compart-
ments. Biochemical and cell biology assays were used to char-
acterize the intracellular vesicles containing both proteins after

agonist treatment. AR and ADA colocalized together with the
rafts marker protein caveolin. Filipin, a sterol-binding agent that
disrupts rafts (small microdomains of the plasma membrane),
was able to inhibit AR internalization. In contrast, acid treat-
ment of the cells, which disrupts internalization via clathrin-
coated vesicles, did not inhibit agonist-stimulated A,R internaliza-
tion. We demonstrated that A;R agonist N°-(R)-phenylisopropyl
adenosine promotes the translocation of AR into low-density
gradient fractions containing caveolin. Furthermore, a direct
interaction of the C-terminal domain of A;R with caveolin-1 was
demonstrated by pull down experiments. These results indicate
that A;R and ADA form a stable complex in the cell surface of
LLC-PK, cells and that agonist-induced internalization of the A,
adenosine receptor and ADA is mediated by clathrin-indepen-
dent endocytosis.

Desensitization is a ubiquitous phenomenon in which a cell
attenuates its response to prolonged or excessive agonist
stimulation. Following interaction with agonists, many re-
ceptors undergo a process of internalization and down-regu-
lation with a net loss of binding sites on the cell surface
(Benovic et al., 1988).

Different pathways for internalization of G-protein-cou-
pled receptors have been reported. The B,-adrenergic recep-
tor in 293 cells, the human chorionic gonadotropin hormone/
luteinizing hormone receptor, the thrombin receptor, and
others are internalized by the classical endocytic pathway
initiated at clathrin-coated pits (Von Zastrow and Kobilka,
1992; Hoxie et al., 1993). On the other hand, the cholecysto-
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kinin receptor has been described to internalize through two
pathways, one clathrin-dependent and another clathrin-in-
dependent (Roettger et al., 1995).

Caveolae and rafts are small microdomains of the plasma
membrane characterized by high levels of cholesterol and
glycosphingolipids (Sargiacomo et al., 1993). These struc-
tures have been detected in most cells but are particularly
abundant in adipocytes, endothelial, and muscle cells. Caveo-
lae are specialized structures involved in signal transduction
(Lisanti et al., 1994), in internalization of small molecules by
a process called potocytosis (Anderson et al., 1992; Anderson,
1993a) and in transcytosis (Anderson, 1993b). A role for
caveolae in signal transduction was proposed following the
identification of some extracellular mediators, receptors, and
effectors in these structures. Caveolae were found to contain
endothelin and its receptor (Chun et al., 1994), atrial natri-
uretic peptide (Page et al., 1994), platelet-derived growth

ABBREVIATIONS: ADA, adenosine deaminase; AR, adenosine A, receptor(s); TRITC, rhodamine isothiocyanate; DMEM, Dulbecco’s modified
Eagle’s medium; PBS, phosphate-buffered saline; TBS, Tris-buffered saline; BSA, bovine serum albumin; GST, glutathione S-transferase; PVDF,
polyvinylidene fluoride; PAGE, polyacrylamide gel electrophoresis; ECL, enhanced chemiluminescence; Mes, 4-morpholineethanesulfonic acid;

R-PIA, Né-(R)-phenylisopropyladenosine.
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factor (Liu et al., 1996), subunits of G-proteins (Sargiacomo
et al., 1993; Chang et al., 1994; Smart et al., 1995), the
endothelial isoform of nitric-oxide synthase (Garcia-Cardena
et al., 1996; Shaul et al., 1996), Src family kinases (Glenney,
1989; Arreaza et al., 1994), an inositol 1,4,5-triphosphate
receptor (Fujimoto et al., 1992), and B2 bradykinin receptor
(De Weerd and Leeb-Lundberg, 1997). The significance of the
association of each of these proteins with caveolae is not
clear. One hypothesis is that caveolae serve as compartments
for recruitment of components in a signaling pathway to
increase efficient and rapid coupling of receptors to more
than one effector system (Lisanti et al., 1994).

Adenosine, acting through specific receptors located on the
cell surface, exerts potent actions on a wide range of physi-
ological systems, including nervous, cardiovascular, gastro-
intestinal, urogenital, respiratory, and lymphatic systems
(Olah and Stiles, 1992; Tucker and Linden, 1993; Dalziel and
Westfall, 1994). The agonist-induced desensitization of A,
adenosine receptor has been studied in a variety of cells and
tissues such as adipose (Longabaugh et al., 1989) or the
smooth muscle cell line DDT;MF-2 (Ramkumar et al., 1991;
Ciruela et al., 1997). Chronic exposure of DDT;MF-2 cells to
50 nM R-PIA produces a functional desensitization and
causes a rapid (15 min) aggregation, phosphorylation, and a
slower internalization of A; adenosine receptor. On the other
hand, extracellular adenosine concentration is modulated by
cell surface ADA. Recently, we reported, in these cells, that
cell surface ADA interacts with A;R and modulates ligand-
induced signaling, desensitization, and internalization of
AR (Saura et al., 1996). Although the biochemical mecha-
nisms of A;R desensitization have been established, the in-
tracellular pathways and compartments involved in the se-
questration and internalization of this G-protein-coupled
receptor are less known. Although it is accepted that the
clathrin pathway is the predominant pathway for agonist-
induced internalization of many G-protein-coupled receptors
(Bohm et al., 1997), alternative routes involving noncoated
vesicles must be taken into account.

In this report, we show that A;R and ADA interact on
LLC-PK, cell surface. The activation of A;R by an agonist
induces clusters of both molecules on the cell surface followed
by their translocation to intracellular compartments. To gain
more insight about the intracellular pathways involved in
the trafficking of A;R and ADA, the cointernalization of both
proteins after receptor activation was studied by means of
electron and confocal microscopy. Our results show that A;R
internalizes using the same route as ADA and that both
proteins use a clathrin-independent pathway.

Materials and Methods

Cell Cultures. LLC-PK; pig kidney epithelial cells were provided
by Dr. Rolf Kinne (Max Planck Institut fiir Molekularphysiologie,
Dortmund, Germany). Cells were cultured (37°C, 5% CO,) in Dul-
becco’s modified Eagle’s medium (DMEM; Life Technologies SA,
Barcelona, Spain) supplemented with 5% (v/v) horse serum (Life
Technologies SA), 1% nonessential amino acids, 2 mM L-glutamine,
1 mM sodium pyruvate, and 0.5 mM 2-mercaptoethanol.

Antibodies. Polyclonal antisera against purified calf ADA and
against the peptides corresponding to part of the second extracellu-
lar loop (PC21) ,or part of the third intracellular loop (PC11) of A;R,
were generated by immunization of female New Zealand White rab-

Adenosine Receptors and Caveolae 1315
bits by Bio-Kit Company (Barcelona, Spain). PC21 or PC11 were
purified by affinity chromatography using the specific peptide cou-
pled to Sepharose CL4B (Pharmacia LKB Biotechnology, Uppsala,
Sweden). Anti-ADA antibody was purified using ADA coupled to
cyanogen bromide-activated Sepharose (Pharmacia LKB Biotechnol-
ogy). Specificity and an extensive characterization of anti-ADA and
anti-A;R antibodies (PC21 and PC11) have been previously reported
(Aran et al., 1991; Ciruela et al., 1995). Rabbit anti-caveolin-1 anti-
body (anti-caveolin C13630) was obtained from Transduction Labo-
ratories (Mamhead, UK). Horseradish-peroxidase-conjugated goat
anti-rabbit IgG was purchased from Boehringer-Mannheim (GmbH,
Germany). Protein A-gold (20 nm and 10 nm) was generously pro-
vided by Servicios Cientifico Técnicos (Universidad de Barcelona,
Spain).

Generation and Expression of the GST-Fusion Protein. To
produce the glutathione S-transferase fusion protein containing the
C-terminal domain of adenosine A; receptor (GST-CTA;R), the C-
terminal tail of the full-length human A;R in pcDNAS3 (kindly given
by Dr. S. A. Rivkees, Department of Pediatrics, Yale University, New
Haven, CT) was amplified using proofreading Pfu: DNA polymerase and
primers F-CTA;R (5'-CGGCCATGGAATTCATTGTCTATGCCT-
TCCGCATCCAGAAGTTCCGCG-3') and R-CTA;R (5'-CTCTAGAC-
CTCGAGTCCCTCCGTAGGACCCTTGCCCTCCCAGGCC-3'). Ampli-
fication conditions were as follows: 1 cycle of 1 min at 95°C, 45 s at 95°C,
45 s at 62°C, 2 min at 72°C; 29 cycles of 45 s at 95°C, 45 s at 62°C, 2 min
at 72°C; 10 min at 72°C. The amplified product was subcloned into the
EcoRI and Xhol sites of the Escherichia coli expression vector pGEX-
4T-1 (Pharmacia Biotech). The sequence and orientation of the DNA
construct was verified by sequencing using ABI Prism dRhodamine
terminator cycle sequencing ready reaction kit (Perkin-Elmer Applied
Biosystems). Recombinant fusion proteins GST and GST-CTA;R were
expressed and purified on glutathione-Sepharose (Pharmacia Biotech)
as described previously (Ciruela and Mcllhinney, 1997). Briefly, bacte-
rial overexpression of GST and GST-CTA R was facilitated in the Esch-
erichia coli BL21 strain (Promega, Madison, WI). The fusion proteins
expression was performed with 0.1 mM isopropyl-B-D-thio-galactopyr-
anoside (Sigma, St. Louis, MO) for 3 h at 37°C.

Pull-Down Assays. GST and GST-CTA,R proteins (5 ug each)
were coupled to 120 ul of a 50% suspension (v/v) of glutathione-
agarose beads in buffer A (50 mM Tris-HCl, pH 7.4, 5 mM EDTA,
500 mM NaCl, 50 mM NaF) for 1 h at 4°C. GST-fusion protein-
agarose slurries were preblocked in buffer A containing BSA (1
mg/ml). Cell membranes, prepared as previously described (Ciru-
ela et al., 1997), were solubilized in ice-cold lysis buffer (50 mM
Tris-HCI, pH 7.4, 5 mM EDTA, 500 mM NaCl, 50 mM NaF, 60 mM
n-octylglucoside, 1% Triton X-100) containing 1 mg/ml of BSA, for
30 min at 4°C. The solubilized material was centrifuged at 15,000
rpm for 20 min, and the supernatant was precleared with 120 ul
of the 50% suspension (v/v) of glutathione-agarose beads for 1 h
with constant rotation at 4°C. After the preclearing, supernatants
were transferred to a clean tube containing GST or GST-CTA;R
coupled to the glutathione-agarose and incubated overnight with
constant rotation at 4°C. Subsequently, the beads were washed
twice with ice-cold lysis buffer, twice with ice-cold lysis buffer
containing 6 mM n-octylglucoside and 0.1% Triton X- 100, and
twice with buffer A. Then 60 ul of SDS-polyacrylamide gel elec-
trophoresis (SDS-PAGE) sample buffer was added to each sample.
GST and GST-CTA;R bound proteins were dissociated by heating
to 100°C for 5 min and resolved by SDS-PAGE in 12% gels (Lae-
mmli, 1970). Proteins were transferred to polyvinylidene fluoride
(PVDF) membranes (Amersham Pharmacia Biotech), using a
semi-dry transfer system (Molnar et al., 1993). After blocking with
5% (w/v) dry milk in PBS (phosphate-buffered saline) containing
0.05% Tween-20 (PBS-T), PVDF membranes were washed in
PBS-T and incubated overnight at 4°C with the affinity purified
anti-caveolin antibody (Transduction Laboratories, Lexington,
KY) in PBS-T-milk. Immunoreactive bands were detected with
goat anti-rabbit antibody conjugated to horseradish-peroxidase
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followed by development using chemiluminescence detection
(Pierce).

Immunostaining and Confocal Microscopy. Cells growing on
glass coverslips were incubated (4°C, 2 h) with PC21-TRITC (10
pg/ml) or anti-ADA-TRITC (10 pg/ml) in absence or presence of 100
nM R-PIA. Cells were washed twice with serum-free medium fol-
lowed by incubation at 37°C for 0 min, 30 min, or 24 h. Cells were
washed in PBS (pH 7.4), fixed (15 min) in 4% paraformaldehyde in
PBS, and permeabilized with 0.02% saponin. After a 30-min incuba-
tion with 1% BSA in PBS, cells were labeled with fluorescein isothio-
cyanate-conjugated anti-caveolin antibody (dilution 1:75) at 37°C for
1 h. Coverslips were mounted using immunofluorescence medium
(ICN Biomedical Inc., Costa Mesa, CA), and internalization was
analyzed by confocal microscopy (LEICA TCS 4D confocal scanning
laser microscope adapted to an inverted Leitz DMIRBE microscope;
Leica Lasertechnik GmbH, Heidelberg). When indicated, cells grow-
ing on glass coverslips were previously treated with 5 mM acetic acid
at 37°C for 5 min or with 5 ug/ml filipin at 37°C for 30 min (the filipin
was maintained in the medium during washes and internalization
process). In contrast to what happens in other cell types, cell viability
was not affected by treatment with either acetic acid or filipin. In all
assays, cell viability was higher than 90%. Rinsed cells were then
incubated with PC21-fluorescein isothiocyanate (10 pg/ml) in the
absence or presence of 100 nM R-PIA or with transferrin-Texas red
(20 pg/ml) at 4°C for 2 h. The internalization process at 37°C was
performed for 30 min and fixed cells (4% paraformaldehyde) were
analyzed by confocal microscopy.

Immunoelectron Microscopy. Cells in DMEM containing 20
mM Hepes and 1% BSA (buffer A) were incubated (4°C, 2 h) with an
anti-ADA antibody (20 pg/ml) or an anti-A;R antibody (PC21; 10
ug/ml) in the absence or presence of 100 nM R-PIA. Cells were
washed in cold buffer A and incubated with gold-conjugated protein
A (20 nm) at 4°C for 45 min. Cells were washed in buffer A before
induction of internalization at 37°C for 15 min, 30 min, or 24 h, then
cells were rinsed with PBS (pH 7.4) and fixed in 2% paraformalde-
hyde and 2.5% glutaraldehyde in 0.1 M cacodylate buffer for 1 h.
Samples were treated with 1% OsO, in PBS for 45 min, dehydrated
in ethanol, and embedded in Spurr’s resin (Sigma). Ultrathin sec-
tions were counterstained with uranyl acetate and lead citrate and
observed in an electron microscope (Hitachi H-600, Philips, Amster-
dam, The Netherlands).

For double labeling with an anti-ADA and an anti-A;R antibody,
cells were incubated (2 h, 4°C) with an anti-ADA antibody (20 ug/ml)
in buffer A in the absence or presence of 100 nM R-PIA. Cells were
washed and stained (45 min, 4°C) with gold-conjugated protein A (10
nm) and then rinsed and incubated in buffer A at 37°C for 30 min.
Cells were fixed in 2% paraformaldehyde and 0.2% glutaraldehyde in
0.1 M cacodylate buffer for 1 h. Infiltration and embedding in Lowi-
cryl HM 20 was performed at —45°C and Lowicryl was polymerized
with UV light. Ultrathin sections were rinsed twice (5 min/wash) in
PBS-Gly 0.1 M and permeabilized with 0.02% saponin for 20 min.
Sections were incubated at room temperature for 1 h with PC21
antibody (20 pg/ml) in PBS-1% BSA, washed three times with the
same buffer, and incubated with protein A-gold (20 nm) for 45 min.
Sections were rinsed once with PBS buffer and distilled water. Quan-
titative analysis was performed by counting on electron micrographs
the totality of gold particles associated with the cell surface (ran-
domly distributed versus clusters of =3 particles) or present in
vesicles.

Purification of Caveolin-Rich Membrane-Fractions. Conflu-
ent LLC-PK, cells were incubated in the absence or presence of 100
nM R-PIA for 30 min. From these cells, caveolin-enriched membrane
fractions were obtained according to the method of Song et al. (1996).
LLC-PK, cells were washed with ice-cold PBS, scraped, and placed
into 2 ml of 500 mM sodium carbonate, pH 11.0. Homogenization was
carried out sequentially using a loose-fitting Dounce homogenizer
(10 strokes), a Polytron tissue grinder (three 10-s bursts; Kinematica
GmbH, Brinkmann Instruments, Westbury, NY), and a sonicator

(three 20-s bursts; Branson Sonifier 250, Branson Ultrasonic Corp.,
Danbury, CT). The homogenate was then adjusted to 45% sucrose by
addition of 2 ml of 90% sucrose prepared in MBS (25 mM Mes, 0.15
M NaCl, pH 6.5) and placed at the bottom of an ultracentrifuge tube.
A 5 to 35% sucrose gradient was formed above (4 ml of 5% sucrose/4
ml of 35% sucrose; both in MBS containing 250 mM sodium carbon-
ate) and centrifuged at 105,000g for 16 to 20 h in a SW41.Ti rotor
(Beckman Instruments. Palo Alto, CA). A light-scattering band con-
fined to the 15 to 20% sucrose was observed. This band contained
caveolin but excluded most of other cellular proteins. Gradient frac-
tions of 1 ml were collected and treated with SDS-PAGE sample
buffer (62 mM Tris-HCl, 1% SDS, 10% glycerol, 1% mercaptoethanol,
0.002% bromphenol blue, pH 6.8) and incubated for 1 min at 100°C
before loading the protein (10 ug) onto the gel. Electrophoresis was
performed according to the method of Laemmli (1970) using homog-
enous slab gels containing a 15% acrylamide separating gel and 6%
acrylamide concentrative gel, using the Mini-Protean system (Bio-
Rad, AB, Sweden). Proteins were transferred (1 h, 90 V constant
voltage) to a PVDF membrane (Immobilon-P; Millipore Corporation,
Bedford, MA) using a semidry Bio-Rad Trans-Blot, in transfer buffer
(256 mM Tris, 192 mM glycine, 20% methanol). Nonspecific protein
binding sites on the PVDF membranes were blocked by overnight
incubation at 4°C with 10% (w/v) nonfat dry milk in PBS, pH 7.4.
After blocking, PVDF membranes were washed three times (10 min/
wash) with TBS-TII (10 mM Tris-HCI, 500 mM NacCl, 0.5% Tween-
20, pH 7.4) and incubated for 2 h with a rabbit anti-caveolin-1 (1:500)
or an anti-A;R antibody (PC11; 10 pug/ml) diluted in TBS-TI (50 mM
Tris-HCI, 150 mM NaCl, 0.05% Tween-20, pH 7.4) containing 0.1%
NaNj;. PVDF membranes were then washed three times with TBS-
TII before incubation with horseradish peroxidase-goat anti-rabbit
IgG diluted 1:15,000 in TBS-I for 1 h. Membranes were washed five
times with TBS-TII as described above and then incubated in equal
volumes of ECL detection reagent 1 and ECL detection reagent 2.
The detection reagent was drained off, and filters were placed in
contact with Hyperfilms ECL (Amersham Pharmacia Biotech). Films
were developed using a standard photographic procedure.
Coimmunoprecipitation Assays. Cell membranes from LLC-
PK, cells were obtained after cell disruption in 50 mM Tris-HCI, pH
7.4, with a Polytron homogenizer (Kinematica, PTA 20TS rotor;
Brinkmann Instruments) and centrifugation (105,000g, 45 min at
4°C). Membranes were solubilized in ice-cold lysis I buffer [PBS, pH
7.4, containing 1% Nonidet P-40, 0.5% (w/v) sodium deoxycholate,
and 0.1% (w/v) SDS] for 1 h on ice and then centrifuged at 80,000g for
90 min. Supernatants (1 mg of protein/ml) were precleared by incu-
bation (6 h) with protein A-Sepharose beads, transferred to a clean
tube containing 12 ul of affinity purified anti-A;R antibody (PC11) or
rabbit IgG antibody covalently coupled to protein A-Sepharose
(Schneider et al., 1982), and incubated at 4°C overnight. Immuno-
precipitates were washed twice in ice-cold lysis buffer II [PBS, pH
7.4, containing 0.1% Nonidet P-40, 0.05% (w/v) sodium deoxycholate
and 0.01% (w/v) SDS] and once in ice-cold PBS, pH 7.4. Immunopre-
cipitates were resuspended in 60 ul of SDS-PAGE sample buffer (62
mM Tris-HCl, 1% SDS, 10% glycerol, 0.002% bromphenol blue, pH
6.8) and solubilized at 37°C for 15 min. After centrifugation to
10,000g for 1 min, proteins were resolved by 12.5% SDS-PAGE gels
as described above. Immunoreactive bands were detected with the
specific purified anti-A;R antibody PC11 (10 pg/ml) or anti-ADA
antibody (10 wg/ml) diluted in TBS-TI containing 0.1% NaNj.

Results

Agonist-Induced Internalization of A;R and Cell-
Surface ADA. To investigate the internalization of A;R in
response to the agonist R-PIA, LLC-PK, cells were incubated
(4°C, 2 h) with anti-A;R antibody in the absence or presence
of 100 nM R-PIA. After extensive washes, cells were incu-



bated with gold-conjugated protein A (4°C, 45 min). Internal-
ization was induced by placing the samples at 37°C for 15
min, 30 min, or 24 h and processed for electron microscopy as
indicated under Materials and Methods. No staining was
observed in the absence of primary antibody (data not
shown). Control cells showed dispersed gold particles exclu-
sively on the cell surface (Fig. 1A). Even after 24 h at 37°C,
AR were mainly located on the surface of nontreated (con-
trol) cells (data not shown). Exposure of LLC-PK; cells to the
agonist R-PIA induced an aggregation of more than 70% of
AR in clusters along the membrane (Fig. 1B). Internaliza-
tion of A R was evident after 30 min at 37°C. Gold particles
were found in early endosomes and in developing late endo-
somes (Fig. 1C). The number of engulfed gold particles in-
creased with the time of incubation being almost all the
particles inside the cell after 40 min (data not shown). A
time-dependent down-regulation or decrease in the total
number of receptors in the cell has been described for the A;R
when cells are chronically treated with an agonist (Fernan-
dez et al., 1996; Ruiz et al., 1996; Ciruela et al., 1997). In
agreement with those studies, A;R were accumulated mainly
in vesicles near the nuclear membrane after 24 h of agonist
exposure (Fig. 1D).

Agonist-induced desensitization and internalization of
A R is modulated by several cell factors, including ADA.

Fig. 1. Ultrastructural study of agonist-induced A;R internalization.
Cells were incubated (2 h at 4°C) in DMEM-Hepes-BSA containing anti-
AR antibody (10 pg/ml) in the absence (A) or presence (B, C, and D) of
100 nM R-PIA. Rinsed cells were incubated (45 min at 4°C) with 20-nm
gold-conjugated protein. Cells were washed in cold buffer and incubated
for 15 min (B), 30 min (C), or 24 h (D) at 37°C. Cells were fixed, embedded
in Spurr’s resin, and ultrathin sections were analyzed by electron micros-
copy as described under Materials and Methods. In panel A, results
corresponding to 15 min of internalization in the absence of R-PIA are
shown, but no significant differences were observed after 30 min or 24 h
of internalization. Scale bar: 0.4 um (A); 0.2 um (B and C); 0.4 um (D).
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Fig. 2. Coimmunoprecipitation of adenosine A;R and ADA. LLC-PK, cell
membranes were solubilized as described under Materials and Methods.
Solubilized extracts (1 mg of protein/ml) were incubated with the specific
anti-A;R (PC11) or an irrelevant goat anti-rabbit IgG both covalently
coupled to protein A-Sepharose. SDS-PAGE and immunoblotting of the
extracts (solubilized) and immunoprecipitates (irrelevant and anti-A;R)
were performed to detect A, adenosine receptors (right panel) and to
detect ADA (left panel). The positive control represents commercially
available purified bovine ADA.
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Fig. 3. Ultrastructural study of agonist-induced ADA internalization.
Cells were incubated (2 h at 4°C) in DMEM-Hepes-BSA containing anti-
ADA antibody (20 pg/ml) in the absence (A) or presence (B, C, and D) of
100 nM R-PIA. Rinsed cells were incubated (45 min at 4°C) with 20-nm
gold-conjugated protein. Cells were washed in cold buffer and incubated
for 15 min (B), 30 min (C), or 24 h (D) at 37°C and processed for electron
microscopy as described under Materials and Methods. In panel A, re-
sults corresponding to 15 min of internalization process in the absence of
R-PIA are shown but no significant differences were observed after 15
min, 30 min, or 24 h of internalization. Scale bar: 0.5 um (A); 0.2 um (B);
0.5 um (C and D).
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We have described that ADA can interact with A;R in
brain cortex and DDT;MF-2 cells. Cell-surface ADA, inde-
pendently of its catalytic activity, affects ligand-induced
signaling through A;R and accelerates agonist-induced
phosphorylation, desensitization and internalization of the
receptor (Saura et al., 1996, 1998; Ciruela et al., 1997).To
investigate whether ADA and A;R interact on the surface
of LLC-PK; cells, a set of coimmunoprecipitation experi-
ments were performed. Western blotting of membrane ly-
sates showed a high expression of A;R in membranes of
LLC-PK, cells (Fig. 2, right panel). Immunoprecipitation
of AR from detergent extracts yielded a 40-kDa band
corresponding to A;R (right panel) and a 44-kDa band
corresponding to ADA (Fig. 2, left panel). This result indi-
cates that A;R and ADA form a complex in LLC-PK; cells.
Thus the effect of A;R agonist in the expression of cell-
surface ADA on LLC-PK,; cells was studied. Staining of
LLC-PK, cells with an anti-ADA antibody showed predom-
inantly cell surface ADA (Fig. 3A). There are a few parti-
cles in vesicles near the plasma membrane that reflect
basal or antibody-induced internalization. A time-depen-
dent movement of cell-surface ADA from the cell surface to
intracellular compartments was induced after exposure of
cells to the A;R agonist. R-PIA induced a clustering of 50
to 65% cell-surface ADA molecules (15 min, Fig. 3B) as well
as translocation of cell-surface ADA to early endosomes
and multivesicular bodies (30 min, Fig. 3C), and internal-
ization after 24 h to late endosomes and other types of
vesicles near the nuclear membrane. The pattern and ki-
netics of internalization of cell-surface ADA were almost
identical with those of A;R (see Fig. 1).

The results described above suggest that chronic expo-
sure of cells to the A;R agonist R-PIA induces a time-
dependent translocation of A;R together with ADA to in-
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Fig. 4. Colocalization of ADA and A;R at the ultrastructural level. Cells
were incubated (2 h at 4°C) in DMEM-Hepes-BSA containing anti-ADA
antibody (20 pug/ml) in the absence (A) or presence (B) of 100 nM R-PIA.
Rinsed cells were incubated (45 min at 4°C) with 10-nm gold-conjugated
protein A. Cells were washed in cold buffer and incubated for 30 min at
37°C. Cells were then processed and embedded in Lowicryl resin as
described under Materials and Methods. Ultrathin sections were washed,
permeabilized, and stained with anti-A;R antibody (20 pg/ml) for 1 h at
room temperature. The samples were rinsed, incubated with 20-nm gold-
conjugated protein A for 45 min at room temperature and treated as
described under Materials and Methods for electron microscopy analysis.
Different images for each treatment are shown; arrowheads point to the
10-nm gold particles labeling ADA. Scale bar: 0.2 um.

AR Control e — —
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Fig. 5. Western blotting of fractions from LLC-PK, cells. Cells were
preincubated in the absence (control) or presence of 100 nm R-PIA for 30
min at 37°C. The cells were lysed using a loose-fitting Dounce homoge-
nizer, a Polytron tissue grinder, and a sonicator in sodium carbonate
buffer and subjected to sucrose gradient centrifugation as described un-
der Materials and Methods. Equal amounts of protein (10 ug) from each
of nine fractions (F,—F,) were separated by SDS-PAGE 15% acrylamide
gel and transferred to PVDF membranes, which were blotted using anti-
AR antibody (PC11; 10 pg/ml) or rabbit anti-caveolin-1(1:5000). The
immunoreactive bands were visualized by horseradish peroxidase-conju-
gated goat anti-rabbit IgG, followed by ECL chemiluminescence detec-
tion.

tracellular stores. We tested this hypothesis by comparing
the distribution of A;R and ADA in double immunogold
staining and ulterior analysis by electron microscopy.
LLC-PK; cells were surface-labeled at 4°C with an anti-
ADA antibody and 10-nm gold-conjugated protein A in the
absence (Fig. 4A) or presence (Fig. 4B) of R-PIA. Cells were
warmed at 37°C for 30 min. After fixation, ultrathin sec-
tions cells were permeabilized and the intracellular A;R
was labeled with an anti-A;R antibody and protein A-gold
(20 nm). As shown in Fig. 4A, cell-surface ADA (10-nm gold
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Fig. 6. Interaction of GST-CTA,R with caveolin. Panel A, schematic
representation of the GST-CTA;R fusion protein. The putative caveolin-
binding domain present in the C-terminal tail of adenosine A, receptor is
depicted as PXPXXXX®D, where ® represents an aromatic amino acid and
X represents any amino acid. Panel B, GST and GST-CTA,R pull-down
experiment. Cells were solubilized in ice-cold lysis buffer as described
under Materials and Methods. The solubilized proteins (lane 1) and
proteins bound to GST (lane 2) or to GST-CTA,R (lane 3) after the
pull-down experiments described under Materials and Methods were
resolved by SDS-PAGE and immunoblotted using a polyclonal anti-caveo-
lin antibody (1:5,000). The primary bound antibody was detected using a
goat anti-rabbit antibody (1/60,000). The bottom panel shows the relative
amount of GST and GST-CTA,R fusion proteins used in the pull-down
stained with Coomassie Blue.



particles) codistributes with A;R (20-nm gold particles) on
the plasma membrane of LLC-PK; cells. In the conditions
of inclusion using Lowicryl, the number of particles label-
ing ADA is smaller than the number of particles labeling
A R. The colocalization is, however, very high, being 75%
of the 10-nm gold particles together with 20-nm gold par-
ticles. When cells were warmed for 30 min, A;R and cell-
surface ADA translocated to the same intracellular vesi-
cles (Fig. 4B). More than 90% of 10-nm gold particles in
endosomes were codistributing with 20-nm gold particles.

AR Are Enriched in Caveolin-Rich Membrane Do-
mains and Interact with Caveolin-1. A detergent-free
method was used for purifying caveolae/rafts from LLC-PK;
cells. An established protocol for separating rafts from the
bulk of cellular membranes and cytosolic proteins is based on
the specific buoyant density of rafts-rich membrane domains
and their resistance to solubilization by the nonionic deter-
gent Triton X-100 at low temperatures (Sargiacomo et al.,
1993; Chang et al., 1994; Lisanti et al., 1994; Scherer et al.,
1994, 1995; Smart et al., 1994; Corley-Mastick et al., 1995; Li
et al., 1995; Robbins et al., 1995). Chang et al., (1994) have
indicated that the inclusion of detergent in initial homogeni-
zation step results in the loss of some rafts-associated pro-
teins, such as Gg, subunits. For this reason, we used a
detergent-free method for the purification of caveolin-rafts.

.
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This procedure replaces the detergent Triton X-100 by so-
dium carbonate, followed by progressive disruption of cellu-
lar membranes (see Materials and Methods). The lysate was
adjusted to 45% sucrose and placed at the bottom of a 5 to
35% sucrose gradient for an overnight ultracentrifugation.
Aliquots of the different fractions were collected and sepa-
rated by SDS-PAGE and immunoblotted with anti-caveolin
and anti- A;R antibodies. Figure 5 shows that endogenous
caveolin was recovered quantitatively in fractions 3 and 4
whereas 90% of the receptor was present in fractions 6 to 9.
The remaining was found in fractions 4 and 5.

We next explored in these cells the effect of R-PIA on the
distribution of A;R using the protocol described above. The
cells were treated with 100 nM R-PIA (30 min) and were
extensively washed, lysed, and ultracentrifuged on a sucrose
gradient. In R-PIA-treated cells, the receptor was mainly
detected in fractions 3 and 4 in which the marker, caveolin, is
present (Fig. 5). Receptor present in fractions 5 and 6 prob-
ably comes from intracellualr pools where the receptor is not
associated to rafts. Thus, R-PIA shifted A;R from high-den-
sity to low-density fractions in which caveolin was also
present.

To address the question of whether the receptor and caveo-
lin-1 interact, a GST-fusion protein, containing the C-termi-
nal domain of the A, receptor (Fig. 6A), was prepared. This

Fig. 7. Colocalization of adenosine
AR and caveolae. Cells were incu-
bated (2 h at 4°C) in DMEM contain-
ing a rhodamine-conjugated rabbit an-
ti-A;R antibody (PC21; 10 pg/ml) in
the absence (A) or presence (B and C)
of 100 nM R-PIA. Cells rinsed were
incubated 0 min (A), 30 min (B), or
24 h (C) at 37°C. Cells were fixed, per-
meabilized, and stained with fluores-
cein-conjugated anti-caveolin antibody
(1:75 dilution). The cells were then
mounted in immunofluorescence me-
dium, and observed with confocal mi-
croscopy. Colocalization is indicated in
yellow. Image corresponds to a horizon-
tal section at the middle of the cell.
Scale bar, 10 um.
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C-terminal domain includes a stretch of amino acids that is
similar to a caveolin binding motif (PXPXXXX®D, being ® an
aromatic residue). Pull-down experiments using GST or
GST-CTA; R were performed using cell extracts as indicated
under Materials and Methods. As shown by Western blotting
using an anti-caveolin-1 antibody (Fig. 6B), GST-CTA;R was
able to interact with caveolin-1 whereas GST did not interact
with the protein at the same concentration (Fig. 6B, bottom).
This indicates that the C-terminal domain of A;R interacts
specifically with caveolin-1.

A;R and ADA Internalize via a Clathrin-Indepen-
dent Pathway. To confirm the potential role of caveolin in
AR and ADA internalization, colocalization studies by con-
focal microscopy were performed. Cells were incubated with
rhodamine-conjugated anti-A;R antibody (PC21-TRITC) or
rhodamine-conjugated anti-ADA  antibody (anti-ADA-
TRITC) in the presence or absence of 100 nM R-PIA. Cells
were washed and permeabilized with 0.02% saponin and
stained by double immunofluorescence using a fluorescein-
conjugated anti-caveolin antibody. A bright linear staining
for caveolin along portions of the cell borders was clearly
observed (Figs. 7A and 8A). A similar pattern has previously
been described for anti-caveolin-1 staining of fibroblasts
(Smart et al., 1994, 1995; Roettger et al., 1995; Garcia-Car-
dena et al., 1996). In the absence of agonist treatment, A;R
was diffusely located at the cell surface as well as ADA. After
warming at 37°C for 30 min, the agonist R-PIA induced

..

colocalization of A;R and caveolin (Fig. 7B, yellow indicates
colocalization). However, after 24 h at 37°C, A;R staining
was observed in perinuclear vesicular compartments where
the degree of colocalization between A;R and caveolin was
very low. (Fig. 7C). The results obtained for ADA and caveo-
lin-staining were similar to these obtained for A;R and caveo-
lin-labeling (Fig. 8). In fact, colocalization between ADA and
caveolin was found at 30 min (Fig. 8B), whereas at 24 h ADA
did not colocalize with caveolin (Fig. 8C).

It has been described that acidification of the cytosol selec-
tively inhibits endocytosis via clathrin-coated vesicles (Sand-
vig et al., 1987; Tolbert and Lameh, 1996). On the contrary,
caveolae/rafts formation is blocked by filipin, a sterol-binding
agent (Schnitzer et al., 1994). To confirm whether R-PIA-
stimulated internalization involves caveolae/rafts, epithelial
cells were pretreated for 5 min with 5 mM acetic acid or 30
min with 5 pug/ml filipin at 37°C prior to treatment with 100
nM R-PIA. After 30 min of incubation with the agonist R-
PIA, cells showed a large number of internalized receptors
(Fig. 9B). In contrast, with filipin treatment the punctate
staining disappeared (Fig. 9C), indicating that the A;R in-
ternalization was disrupted. The acetic acid treatment was
not able to inhibit the AR internalization (Fig. 9D), whereas
it did prevent transferrin uptake (Fig. 9, D and F). In con-
trast to what happens in other cell types, cell viability was
not affected by treatment with either acetic acid or filipin. In
all assays, cell viability was higher than 90%. The fact that

Fig. 8. Colocalization of ADA and
caveolae. Cells were incubated (2 h at
4°C) in DMEM containing a rhodam-
ine-conjugated rabbit anti-ADA anti-
body (10 wg/ml) in the absence (A) or
presence (B and C) of 100 nM R-PIA.
Cells rinsed were incubated 0 min (A),
30 min (B), or 24 h (C) at 37°C. Cells
were fixed, permeabilized, and stained
with fluorescein-conjugated anti-caveo-
lin antibody (1:75 dilution). The cells
were then mounted in immunofluores-
cence medium, and observed with con-
focal microscopy. Image corresponds to
a horizontal section at the middle of the
cell. Colocalization is indicated in yel-
low. Scale bar, 10 wm.



internalization is blocked by filipin but not by acetic acid
provides further evidence that rafts, and not clathrin-coated
vesicles, are involved in A;R internalization.

Discussion

Agonist-induced receptor internalization, as a mechanism
of receptor regulation, remains a poorly understood phenom-
enon for G-protein-coupled receptors, specially for A;R. The
first step toward a clearer understanding of the mechanism
of internalization of A;R is to define the pathway by which
the receptor is transported into the cell after activation by
agonists.

Fig. 9. Effect of filipin and acetic acid treatment on AR internalization.
Cells were treated without (A, B, and E) or with 5 mM acetic acid (D and
F) for 5 min or 5 pg/ml filipin (C) for 30 min and then with either
fluorescein-conjugated anti-A;R antibody (10 ug/ml, 4°C for 2 h) in the
absence (A) or presence (B, C, and D) of 100 nM R-PIA, or with trans-
ferrin-Texas red (20 mg/ml, 4°C for 2 h) (E and F). Cells were washed and
incubated at 37°C for 30 min in DMEM. Cells were processed for confocal
microscopy as described under Materials and Methods. Images corre-
spond to the superposition of a middle section of the green fluorescence
(internalized A;R) and cell phase contrast. Scale bar, 10 pum.
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Ruiz et al. (1996) investigated in brain the mechanisms of
A,R internalization during a desensitization process.
Chronic treatment of rats with R-PIA desensitized A;R, and
this loss of response was accompanied with a significant
decrease in the total number of A;R in synaptic plasma
membranes. Concurrently, a significant increase of A;R was
observed in microsomes and coated vesicles. These data
agreed with the fact that the predominant pathway described
for G-protein-coupled receptor internalization was the clas-
sical endocytic pathway, initiated at the level of clathrin-
coated pits and vesicles. However, Raposo et al. (1987) re-
ported that muscarinic acetylcholine receptors internalize
through noncoated vesicles in human fibroblasts. Moreover,
Feron et al. (1997) have described a dynamic targeting of the
agonist-stimulated m2 muscarinic acetylcholine receptors to
caveolae in cardiac myocytes by isopycnic centrifugation and
immunoprecipitation. Raposo et al. (1989) demonstrated by
electron microscopy that in A431 cells, B-adrenergic recep-
tors were mainly internalized via noncoated vesicles. In these
experiments coated pits and coated vesicles were always
devoid of gold particles suggesting that B-adrenergic recep-
tors are excluded from coated vesicles. In these cells, the
clathrin-dependent pathway was functional since the trans-
ferrin receptor was endocytosed by coated pits (Daukas and
Zigmond, 1985). In other cell lines or in transfected cells,
internalization of muscarinic or B-adrenergic receptors fol-
lows the clathrin-dependent pathway (Von Zastrow and Ko-
bilka, 1992; Schnitzer et al., 1994).

In this study, we show that A;R internalize in LLC-PK,
cells in response to agonist treatment. The involvement of
rafts in endocytosis of this subtype of adenosine receptor was
supported by biochemical analysis using a detergent-free
method for purifying rafts-rich membrane domains from cul-
tured cells. Using this procedure it was shown that the rafts
marker, caveolin, copurifies with A R after agonist treat-
ment. Thus R-PIA stimulates the accumulation of a portion
of the A;R receptors to caveolin-enriched fractions. To
strengthen the conclusion that A;R translocate to rafts en-
riched in caveolin upon agonist exposure, a pull-down exper-
iment with recombinant GST-CTA,R proved that the C-ter-
minal portion of A;R interact with caveolin-1. In fact, the
C-terminal part of A;R contains a motif, which shares homol-
ogy with that found in caveolin-interacting proteins. The
motif [PXPXXXX and PXXXXPXXD (P:Trp, Phe, or Tyr)]
has been defined by Couet et al. (1997). Caveolin binding
motifs are present in the epidermal growth factor receptor,
platelet-derived growth factor receptor, fibroblast growth fac-
tor receptor, and nerve growth factor receptor (Corley-Ma-
stick et al., 1995; Liu et al., 1996; Mineo et al., 1996; Wu et
al., 1997). The A ;R adenosine receptor presents in its cyto-
plasmic tail a sequence that resembles this caveolin binding
motif (YAFRIHKF).

Recently, we have reported that cell-surface ADA interacts
with A;R in brain cortex and DDT,MF-2 cells and that the
enzyme is able to modulate ligand binding and signaling
through A;R (Saura et al., 1998). In a catalytically indepen-
dent fashion ADA seems to be necessary for a high-affinity
binding of agonist to A;R (Ciruela et al., 1996; Saura et al.,
1996). In this study, we demonstrate by coimmunoprecipita-
tion that in the epithelial cell line, LLC-PK;, AR is also a
binding protein for cell-surface ADA. Furthermore, cell-sur-
face ADA also suffered an R-PIA-induced internalization pro-
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cess. Internalized ADA appeared in intracellular vesicles
where it colocalized with A;R. The biochemical and confocal
results presented here indicate that the common endocytic
pathway described for R-PIA-induced A;R/ADA internaliza-
tion (Saura et al., 1998) starts at the level of rafts in LLC-PK,
cells. This is furthermore suggested by the fact that R-PIA-
stimulated internalization of A;R is blocked by filipin, which
inhibits rafts formation (Schnitzer et al., 1994), but not by
acetic acid, which prevents internalization via clathrin-
coated vesicles (Sandvig et al., 1987). On the other hand,
double immunostaining assays analyzed by confocal or elec-
tron microscopy showed colocalization of ADA and caveolin in
the same intracellular vesicles.

The occurrence of agonist-related internalization of A;R
(and ADA) via noncoated vesicles constitutes an important
advance toward understanding the mechanisms involved
in endocytosis of G-protein-coupled receptors. Taken to-
gether, these results and those already reported in the
literature suggest that the mode of receptor compartmen-
tation in response to agonist stimulation may be governed
by both the receptor subtype and the cell type in which it
is expressed.
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