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A, adenosine receptors (A,Rs) are G protein-coupled heptaspanning receptors that interact at the outer face
of the plasma membrane with cell surface ecto-adenosine deaminase (ecto-ADA). By affinity chromatography
the heat shock cognate protein hsc73 was identified as a cytosolic component able to interact with the third
intracellular loop of the receptor. As demonstrated by surface plasmon resonance, purified A;Rs interact
specifically with hsc73 with a dissociation constant in the nanomolar range (0.5 = 0.1 nM). The interaction
between hsc73 and AR led to a marked reduction in the binding of the ligands and prevented activation of G
proteins, as deduced from **S-labeled guanosine-5'-0-(3-thio)triphosphate binding assays. Interestingly this
effect was stronger than that exerted by guanine nucleotide analogs, which uncouple receptors from G proteins,
and was completely prevented by ADA. As assessed by immunoprecipitation a high percentage of A,Rs in cell
lysates are coupled to hsc73. A relatively high level of colocalization between A;R and hsc73 was detected in
DDT,MF-2 cells by means of confocal microscopy, and no similar results were obtained for other G protein-
coupled receptors. Colocalization between hsc73 and AR was detected in specific regions of rat cerebellum and
in the body of cortical neurons but not in dendrites or synapses. Remarkably, agonist-induced receptor
internalization leads to the endocytosis of A;Rs by two qualitatively different vesicle types, one in which A;R
and hsc73 colocalize and another in which hsc73 is absent. These results open the interesting possibility that

signaling via G protein-coupled receptors may be regulated by heat shock proteins.

The ubiquitous nucleoside adenosine exerts multiple physi-
ological actions via specific receptors, four of which (A, A,,,
A, and A;) have been cloned (see reference 25 for a review).
Activation of A, adenosine receptors (A,;Rs) by adenosine or
synthetic analogs, in turn regulates the activity of several mem-
brane and intracellular proteins, such as adenylate cyclase,
Ca®" channels, K* channels and phospholipase C (see refer-
ence 25 for a review). Towards the intracellular side of the
plasma membrane, A;Rs are functionally coupled to members
of the pertussis toxin-sensitive family of G proteins, G;;, Gy,
Gi3, and G, (13, 20). For this coupling Nanoff et al. (23) have
shown that a proteic factor of 30 to 40 kDa is necessary (23).
On the other side of the plasma membrane, A;Rs interact with
ecto-adenosine deaminase (ecto-ADA) an interaction which is
needed for efficient signaling (11, 27). Moreover, in response
to agonists, A;Rs and ADA are internalized together via the
same endocytic pathway (28).

There is recent evidence indicating that members of the
superfamily of G protein-coupled receptors interact with cyto-
solic proteins. As an example a recent report has described the
interaction of the C terminus of metabotropic glutamate re-
ceptor type la with glyceraldehyde-3-phosphate dehydroge-
nase, tubulin, and an unknown protein (9). The aim of this
study was to identify proteins interacting with the third intra-
cellular loop of A;R. By means of affinity chromatography,
coimmunoprecipitation, and biosensor technology we have
found that the heat shock cognate protein hsc73 is able to bind
to A;R. Interestingly, the interaction between this protein and
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the AR results in reduced binding of ligands, thus suggesting
a role for hsc73 in the regulation of the receptor function.

MATERIALS AND METHODS

Materials. ADA (EC 3.5.4.4), electrophoresis reagents, fetal bovine serum and
5'-guanylylimidodiphosphate [Gpp(NH)p] were purchased from Boehringer Mann-
heim (Barcelona, Spain). Activated thiol Sepharose-4B, activated CH-Sepharose 4B,
Sephadex G-25, and protein-A Sepharose CL4B were from Pharmacia Biotech
(Barcelona, Spain). NP-40, digitonin, and 3-[(3-cholamidopropyl) dimethylammo-
nio]-1-propanesulfonate (CHAPS) were from Calbiochem Novabiochem Corp. (La
Jolla, Calif.). Protease inhibitors, phenylarsine oxide, N°-(R)-phenylisopropylad-
enosine (R-PIA), guanosine-5'-O-(3-thio)triphosphate (GTPyS) bovine gamma
globulins, polyethylene glycol 8000, and 50% polyethylenimine were from Sigma (St.
Louis, Mo.). 1,3-Dipropyl-8-cyclopentylxantine (DPCPX), xanthine amine congener
(XAC), and 8-cyclopentyl-1,3-dimethylxanthine (CPT) were from Research Bio-
chemicals Inc. (Natick, Mass.). Bovine brain 73-kDa heat shock protein (hsc73) was
purchased from StressGen Biotechnologies Corp. (Victoria, Canada). (—)N°-R-
[G-*H]phenylisopropyladenosine ([PHJR-PIA) (46.0 Ci/mmol) and guanosine-5'-
[y-*S]-triphosphate ([**S]GTP+S) (1,033 Ci/mmol) were from Amersham Pharma-
cia Biotech (Barcelona, Spain). Cyclopentyl-1,3-dipropylxanthine,8-[dipropyl-2,3-
SH(N)] (PH]DPCPX) (109.0 Ci/mmol) was from New England Nuclear. BIAcore
sensor chip CM5, the amine coupling kit, and certified HBS BIA solution were from
Pharmacia Biosensor AB (Uppsala, Sweden). Dulbecco’s modified Eagle’s medium
(DMEM), 2-mercaptoethanol, nonessential amino acids, L-glutamine, horse serum,
and sodium pyruvate were from GIBCO Life Technologies (Gaithersburg, Md.).
Antibiotics (penicillin, amphotericin B, and streptomycin) were from Biological
Industries (Kibbutz Beit Haemek, Israel). All other products were the best grade
available and were purchased from Merck (Darmstadt, Germany). Deionized water
further purified with a Millipore Milli-Q system was used throughout.

Antibodies. Antipeptide antisera against the AR, A, R, and A,gR were
generated in New Zealand White rabbits and characterized as described else-
where (10, 18). The peptides used for immunization correspond to a 19-amino-
acid sequence of the third intracellular loop of AR (PC11 antibody), a 14-
amino-acid sequence of the second extracellular loop of A;R (PC21 antibody), a
13-amino-acid sequence of the second extracellular loop of A,,R (anti-A,,R),
and a 12-amino-acid sequence of the second extracellular loop of A,zR (anti-
a2R). Antisera generated were purified by affinity chromatography using the
specific peptide coupled to activated thiol-Sepharose 4B. Polyclonal affinity-
purified antibody anti-mGluR2/3 was genereously provided by J. Mcllhinney
(Medical Research Council, Oxford, United Kingdom). Anti-hsc73 monoclonal
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FIG. 1. Identification of purified A;Rs. A;Rs purified as described in Mate-
rial and Methods were electrophoresed and developed by silver staining and by
Western blotting using specific anti-A R and anti-Ga antibodies. Numbers to the
left and right are molecular masses in kilodaltons.

antibody (1B5) was purchased from StressGen Biotechnologies Corp. Anti-G-
protein, o subunit internal antibody was from Calbiochem Novabiochem Corp.
Horseradish peroxidase-conjugated sheep anti-rat immunoglobulin G (IgG) and
Fab fragments were from Boehringer Mannheim. Anti-rat IgG, rhodamine-
conjugated anti-rabbit IgG, and horseradish-peroxidase-conjugated goat anti-
rabbit IgG were from Sigma Chemical Co. For immunocytochemistry the anti-
bodies were conjugated with fluorescein isothiocyanate (FITC) (1B5) or
rhodamine (PC21). Conjugation was carried out with protein (20 wnl/mg) and
FITC or rhodamine (5 mg/ml) stored in anhydrous dimethyl sulfoxide. Fluores-
cent reagents were added to the purified antibodies (200 pg) and the conjugation
reaction took place in 0.05 M borate buffer, pH 9.0, containing 0.2 M NaCl. The
mixture was incubated in the dark for 2 h at room temperature. Finally, labeled
antibodies were filtered through a NAP-5 column (Pharmacia Biotech).
Purification of A;R. Receptor solubilization from porcine cortical brain mem-
branes was carried out as described elsewhere (6). Receptors solubilized in 0.5%
(wt/vol) CHAPS and 0.5% (wt/vol) digitonin were passed through an affinity
column prepared, as described by Nakata (22), by coupling 17 mg of XAC in 12
ml of a mixture of DMSO-ethyl alcohol (3:1, vol/vol) to 2 g of activated CH-
Sepharose 4B. Before sample application, the affinity column was equilibrated
with 50 mM Tris-HCl buffer, pH 7.4, containing 0.1% (wt/vol) CHAPS and 0.1%
(wt/vol) digitonin (column buffer). Solubilized extracts of pig brain cortical mem-
branes (60 ml; 2 mg of protein/ml) were applied to a 5-ml XAC affinity column
(1.7 by 2.5 cm) at a flow rate of 20 ml/h at 12°C. After application, the column
was cooled to 4°C and washed with 25 ml of column buffer at 20 ml/h. Elution was
carried out with 40 ml of 100 M CPT in column buffer at 10 ml/h at room
temperature. Fractions (5 ml) were collected over ice and desalted on a Seph-
adex G-25 column to separate the ligand and the receptor; radioligand binding
assays in these fractions or in fractions subjected to a second chromatography
through Sephadex G-25 were similar. Routinely, purified A;R was eluted in
fractions 2 to 4, which were collected and used for radioligand binding experi-
ments at a receptor concentration of 0.15 to 0.30 nM. Collected fractions were
concentrated 5- to 10-fold using Centricon 10 devices (Millipore Ibérica, Barce-
lona, Spain) for characterization. Electrophoresis of the purified fraction led to
a single band by silver staining (Fig. 1). This band of 40,000 Da corresponded to
the AjR (26) but also to the «; subunit of G proteins, which have similar
molecular masses (19) and copurify with the receptor (Fig. 1). For surface
plasmon resonance analysis of protein-protein interactions, the preparation was
filtered, equilibrated with 10 mM HEPES (pH 7.4) supplemented with 0.1%
CHAPS and 0.1% digitonin, and concentrated using a Centricon 10 device.
Taking into account that the stoichiometry of the interaction between a ligand
and a receptor is 1:1, the receptor concentration in the purified fractions was
calculated as nanomoles of [*H]R-PIA specific binding (at a radioligand concen-
tration of 50 nM) per liter, which is enough to completely saturate the receptor.
Cell cultures. DDT MF-2 smooth muscle cells, originally isolated from a
steroid-induced Leiomyosarcoma of Syrian hamster vas deferens (24), were
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cultured as described elsewhere (11). GH,C1 cells, provided by Francesc Villar-
roya (Department of Biochemistry and Molecular Biology of the University of
Barcelona), were cultured (37°C, 5% CO,) in DMEM supplemented with 15%
(volfvol) horse serum and 2.5% (vol/vol) fetal calf serum, 0.5 uM 2-mercapto-
ethanol, 1% nonessential amino acids, 2 mM L-glutamine, 1 mM sodium pyru-
vate, and 1% antibiotics (per milliliter, 10,000 U of penicillin, 10 mg of strepto-
mycin, and 25 g of amphotericin B). The human leukemia T-cell line Jurkat 32
was grown in RPMI-1640 supplemented with 10% (vol/vol) fetal calf serum, 2
mM L-glutamine, and 1% antibiotics. Human A, ,R-transfected Chinese hamster
ovary cells were grown in DMEM-Ham’s F-12 medium 10% (vol/vol) fetal calf
serum, 2 mM L-glutamine, 1% antibiotics, and 400 ng of G418 (Geneticin) per
ml.

Chromatography through a peptide-containing Sepharose 4B. An affinity col-
umn was prepared by direct coupling of 2.5 mg of P1 peptide to a 0.5 g of
activated thiol-Sepharose 4B via sulfhydryl group chemistry. The P1 peptide,
KKVSASSGDPQKYYGKELKC, corresponds to part of the third intracellular
loop of rat A|R (between transmembrane-spanning domains V and VI). Cell
extracts (4 mg of protein/ml) obtained from 50 million DDT;MF-2 or GH, cells
by lysis (30 min, 4°C) in lysis buffer (20 mM HEPES [pH 7.6], 1% NP-40, 150 mM
NaCl, 50 mM NaF, 1 mM phenylmethylsulfonyl fluoride, 20 uM phenylarsine
oxide, 10 mM iodoacetamide, 1 mM sodium orthovanadate, 1 mM EGTA, and
a cocktail of protease inhibitors [each at 1 wg/ml]: leupeptin, chymostatin, anti-
pain, and pepstatin), were centrifuged at 105,000 X g for 1 h at 4°C. Supernatants
were diluted (1:4) using lysis buffer without protease inhibitors. As assessed by
immunoblotting this fraction does not contain significant amounts of A;Rs (not
shown). After sample application at 4°C, the column was washed at 4°C with 25
ml of a solution containing 20 mM HEPES (pH 7.6), 150 mM NaCl, 50 mM NaF,
1 mM Na;VO,, and 0.25% NP-40. Elution was performed at room temperature
using 100 mM glycine buffer, pH 5. Pooled fractions were assayed by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and protein
staining (see below).

Gel electrophoresis and immunoblotting. Samples were treated with 10X
sample buffer (125 mM Tris-HCI, 10% SDS, 20% glycerol, 5% 2-mercaptoetha-
nol, 0.01% bromophenol blue) for 2 min at 100°C before loading onto the
polyacrylamide gels. Electrophoresis was performed according to the method of
Laemmli (16), using homogeneous slab gels containing a 15 or 8% acrylamide
separating gel and a 6% acrylamide stacking gel, which were running for 1 h at
a 30-mA constant current using the Mini-Protean system (Bio-Rad Lab, Her-
cules, Calif.). Proteins were detected by either silver staining or Coomassie
brilliant blue R-250 staining. For silver staining, gels were fixed for 2 min at 50°C
with 50% ethanol and 10% acetic acid, sensitized for 6 min with 8.3% glutardi-
aldehyde at 50°C, washed twice (2 min/wash) at 50°C with water, stained for 13
min at 50°C with 0.25% silver nitrate, washed twice (0.5 min/wash) with water at
room temperature, and developed with 0.015% formaldehyde-2.5% Na,COj; at
room temperature. Gels were finally washed for 2 min with 5% acetic acid and
3 min with 10% acetic acid and 2.5% glycerol at 50°C. For Coomassie brillant
blue R-250 staining, gels were fixed for 1 h with 50% (vol/vol) methanol and 10%
(vol/vol) acetic acid in water, stained for 1 h with 0.1% Coomassie brilliant blue
diluted in 50% (vol/vol) methanol, and destained with four washes (10 min/wash)
with 10% (vol/vol) methanol-7% acetic acid.

For immunoblotting, proteins from acrylamide gels were transferred (1 h at a
125-mA constant current) to Hybond-P polyvinylidene difluoride (PVDF) mem-
branes (Amersham Ibérica SA, Madrid, Spain) using a wet Bio-Rad Trans-Blot,
in transfer buffer (25 mM Tris-HCI, 192 mM glycine, 20% methanol, pH 8.3).
Nonspecific protein binding sites on the PVDF membranes were blocked by
incubation overnight at 4°C using 5% (wt/vol) bovine serum albumin (BSA) in
TBS-I (50 mM Tris-HCI [pH 7.4], 150 mM NaCl, 0.05% [vol/vol] Tween 20)
containing 0.02% (wt/vol) NaN,. After blocking, PVDF membranes were washed
three times (10 min/wash) in TBS-II (10 mM Tris-HCI [pH 7.4], 500 mM NaCl,
0.5% Tween 20) and incubated for 2 h with the specific antibody (PC21 [10
pg/ml], PC11 [10 pg/ml], anti-G protein [0.5 wg/ml], or 1:1,000 dilution for 1B5)
diluted in TBS-II containing 0.1% (wt/vol) NaNs. The filters were washed three
times (10 min/wash) with TBS-II before incubation with the second antibody
(horseradish peroxidase-conjugated goat anti-rabbit IgG diluted 1:15,000 for
PC11 and PC21 and peroxidase conjugated anti-rat Ig Fab fragments diluted
1:10,000 for 1BS5), which was diluted in TBS-I. The filters were washed five times
(10 min/wash) with TBS-II and incubated in equal volumes of enhanced chemi-
luminescence detection solution 1 and solution 2 (Amersham Ibérica). Filters
were then placed in contact with Hyperfilms ECL (Amersham Ibérica). Films
were developed using a standard photographic procedure.

Protein sequencing. Eluted fractions containing the proteins interacting with
P1 peptide were pooled and concentrated using Ultrafree-15 filter devices (Mil-
lipore Ibérica) prior SDS-PAGE. Proteins separated by SDS-8% PAGE were
detected with Coomassie brilliant blue. The selected bands were cut with a
scalpel and dehydrated by means of two treatments with 50% methanol (10 min
each). Samples were sent frozen to the Harvard Microchemistry facility (Cam-
bridge, Mass.), where sequencing was carried out by collisionally activated dis-
sociation on a Finnigan TSQ 7000 triple quadrupole mass spectrometer. Diges-
tion of the protein was performed using Lys-C, and isolation of the peptides was
achieved by high-performance liquid chromatography—mass spectroscopy at the
Harvard Microchemistry facility.



5166 SARRIO ET AL.

Immunoprecipitation of hsc73 and A,R. For immunoprecipitation 60 X 10°
DDT;MF-2 cells were suspended in 3.5 ml of 50 mM Tris-HCI, pH 7.4, supple-
mented with the above-indicated cocktail of protease inhibitors and homoge-
nized using a Polytron (Kinematica) disrupter (PTA 20TS rotor, setting 3; three
periods of 5 s separated by an interval of 15 s). Digitonin and CHAPS (final
concentrations, 0.5% each) were added to the homogenate, and the mixture was
stirred at 4°C for 15 min. The supernatant was obtained by ultracentrifugation at
105,000 X g (1 h, 4°C). Aliquots of the detergent extracts were incubated with the
antibodies coupled to protein A-Sepharose CL4B. The antibodies used were
PC21 (40 pg/ml) or 1B5 (1:200 dilution). Coupling 1B5 to the protein A-Sepha-
rose required pretreatment of the beads with rabbit anti-rat IgG (1:200 dilution).
Fractions were incubated for 2 h at 4°C with constant tumbling. Controls for
unspecific binding were performed using the same protocol but omitting the
specific antibodies. Immunoprecipitates were washed once with 0.5% CHAPS-
0.5% digitonin in tryptic soy agar (TSA) buffer, once with 0.1% CHAPS-0.1%
digitonin in TSA buffer, and once with TSA buffer alone. Then, samples were
suspended in 100 pl of 10X SDS-PAGE sample buffer and treated 2 min at
100°C prior to the electrophoretic procedure.

Immunocytochemistry. Double immunofluorescence assays for hsc73 and
AR, A,4R, or A,gR were performed in DDT;MF-2, CHO-A, 4, and Jurkat 32
cells, respectively. Cells grown on glass coverslips were permeabilized and fixed
using a solution containing 10 mM phosphate-buffered saline (PBS) (pH 7.4),
2% paraformaldehyde, 2% sucrose, and 0.02% saponin; washed for 5 min with
10 mM PBS (pH 7.4); washed for 15 min with this buffer supplemented with 20
mM glycine and 0.02% saponin; and washed for 15 min with incubation buffer
(10 mM PBS [pH 7.4], 20 mM glycine, 1% BSA, 0.05% N;Na, and 0.02%
saponin). Cells were then incubated for 1 h in the dark at 37°C with fluorescein-
conjugated 1B5 (1:200 dilution) and/or rhodamine-conjugated PC21 (25 pg/ml).
Alternatively, cells were incubated with fluorescein-conjugated 1B5 (1:200 dilu-
tion) and anti-A,,R (40 pg/ml) or anti-A,gR (75 pg/ml) and rhodamine-conju-
gated anti-rabbit IgG (1:200). After five washes (10 min/wash) with incubation
buffer, coverslips were mounted in immunofluorescence medium. Observations
were performed using a Leica TCS 4D confocal scanning laser microscope.

Cortical hemispheres from embryonic day 17 rat embryos were dissected, and
primary cultures of rat cortical neurons were prepared as previously described
(32). Primary cultures of neurons, grown on glass coverslips, were fixed with 4%
paraformaldehyde, washed for 10 min with 10 mM PBS-20 mM glycine, perme-
abilized with 0.5% Triton X-100 for 5 min, and washed for 15 min with PBS-20
mM glycine—1% BSA-0.05% N;Na. Cells were then incubated for 1 h in the dark
at 37°C with fluorescein-conjugated 1B5 (1:200 dilution) and rhodamine-conju-
gated PC21 (25 pg/ml). Rinsed coverslips were mounted, and fluorescence was
visualized.

Rat cerebellum was embedded in OCT (Electron Microscopy Sciences) and
frozen in liquid nitrogen-cooled isopentane. Eight-micrometer-thick sections of
frozen rat cerebella were cut on a cryostat cooled to —18°C. Sections were
collected onto SuperFrost Plus (BDH) slides, air dried, and stored at —70°C. For
immunofluorescence, the sections were blocked for 30 min in 10% donkey serum
in Tris-buffered saline (TBS) (150 mM NaCl-50 mM Tris-HCI, pH 7.5). Slides
were incubated with fluorescein-conjugated 1B5 (1:200 dilution) and rhodamine-
conjugated anti-A;R (PC21) (5 to 10 pg/ml) for 1 h at room temperature and
then washed twice for 5 min in TBS. Sections were mounted with Vectashield
immunofluorescence medium (Vector Laboratories, Bretton, United Kingdom).

Radioligand binding experiments. Membrane suspensions of porcine cortical
brain were obtained according to the method of Casadé et al. (6). Radioligand
binding assays of membrane suspensions (0.5 mg of protein/ml) or purified
receptors (0.15 to 0.30 nM) were carried out at 25°C after preincubating with or
without modulators for 30 min in 50 mM Tris-HCI buffer, pH 7.4. Additions of
2 nM [*H]R-PIA, 2 nM [*H]DPCPX, or 0.2 nM [**S]GTP+yS were then made.
After 90 min of radioligand incubation, free and membrane-bound ligand were
separated by rapid filtration of 500wl aliquots in a Brandel (Gaithersburg, Md.)
cell harvester through Whatman GF/C filters embedded in polyethylenimine
(except for [*°S]GTPyS) as described previously (6). In the case of purified
receptors, free and bound ligand were separated by precipitation with polyeth-
ylene glycol 8000 and bovine gamma globulins as described previously for solu-
bilized receptors (6). Nonspecific binding was determined in the presence of 1
M unlabeled ligand.

Saturation binding experiments of purified receptors were carried out under
identical conditions by incubating with [P'H]R-PIA (0.2 to 28 nM) for the time
necessary (0.5 to 6 h) to achieve the equilibrium for each ligand concentration at
25°C.
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FIG. 2. Identification of proteins interacting with P1 peptide. An affinity
column prepared with P1 peptide, which corresponds to the third intracellular
loop of the rat sequence of A;R, was used to search for proteins interacting with
AjRs. Lysates from DDT ;MF-2 or GH, cells were chromatographed, and ali-
quots of the eluates were assayed by electrophoresis. Silver staining led to the
detection of two specific bands in the retained fraction, which is that eluted by an
acidic wash (see Materials and Methods). The major (73-kDa) band and the
minor (77-kDa) band are marked by arrows. The control for nonspecific binding
to the column was obtained by analyzing acidic wash eluates corresponding to a
column in which P1 peptide was not coupled to the resin (last two lanes on the
right).

In all cases, the filters were incubated with 10 ml of Ecoscint H scintillation
cocktail (National Diagnostics, Atlanta, Ga.) overnight at room temperature.
Radioactivity counts in the vials were determined using a Packard 1600 TRI-
CARB scintillation counter with an efficiency of 58%.

Surface plasmon resonance assays. The surface plasmon resonance assays
were performed using a BIAcore equipment (Pharmacia Biosensor AB). The
immobilization of hsc73 on the CM5 sensor surface was performed according to
method of Johnsson et al. (15). Carboxyl groups on the matrix were transformed
into reactive N-hydroxysuccinimide esters by injection of 35 pl of a mixture of
N-hydroxysuccinimide (11.5 mg/ml) and N-ethyl-N'-(dimethylaminopropyl) car-
bodiimide hydrochloride (7.5 mg/ml) in water. Covalent coupling of amine
groups in hsc73 was achieved using 35 pl of hsc73 (50 pg/ml) dissolved in 10 mM
acetate buffer, pH 4. Then, 80 ul of 1 M ethanolamine hydrochloride (pH 8.5)
was added to block excess reactive groups. The coupling process was performed
under a continuous flow (5 wl/min) of HBS (10 mM HEPES [pH 7.4], 150 mM
NaCl, 3.4 mM EDTA, 0.005% surfactant P20). Noncovalently bound proteins
were removed by washing overnight with HBS. In a typical immobilization, the
equivalent to 5,000 resonance units was immobilized.

For analysis of protein-protein interactions, samples were filtered, equilibrated
with 10 mM HEPES (pH 7.4) supplemented with 0.1% CHAPS and 0.1%
digitonin, and concentrated using a Centricon 10 device. To minimize solvent
effects, antibodies, all control proteins, and the A;R purified preparation (see
above) were placed in the same buffer, containing the indicated detergents, prior
to the assays. Assays were performed at 25°C and a constant flow of 5 pl/min
using the same solution. The Quickinject command was used to manage all the
steps. The volume used for sample injection was 35 pl. For kinetic parameter
calculations, five concentrations of purified A;Rs and an injection volume of 40
wl were used.

Data analysis. Equilibrium binding isotherms and the hsc73 inhibition curve of
[*H]R-PIA binding to purified receptors were analyzed by nonlinear regression

FIG. 3. Surface plasmon resonance analysis of proteins interacting with commercial hsc73. (A) A;Rs and different commercial proteins were analyzed for their
capacity to bind to commercial hsc73 coupled to the sensor surface. The interaction between AR and hsc73 was analyzed in the absence or in the presence of the anti-P1
antibody PC11 at two concentrations (0.7 and 28 pg/ml). Real time monitoring of a biospecific interaction was plotted as a function of resonance units (RU) versus
time. (B) Dose-response analysis of the interaction of purified A;Rs to commercial hsc73 coupled to the sensor surface. (C) Effect of two different concentrations of
ADA upon binding of A;Rs to hsc73. In all panels, the specific signal is indicated by the upper, curved, part of the traces. The vertical part of the traces is irrelevant
since it is due to a solvent and/or concentration effect. In panel A, traces corresponding to control proteins have been shifted downward by eliminating the unspecific

signal to avoid overlapping with the three upper traces.
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FIG. 4. Effect of different reagents upon the binding of [PH]R-PIA or
[>>S]GTPyS. (A) Effect of 25 nM ADA, 30 nM hsc73, and/or 100 uM Gpp(NH)p
upon 2 nM [*H]R-PIA binding to membranes or purified A;R preparations. (B)
Effect of 30 nM hsc73 on 0.2 nM [**S|GTPvS binding to membranes in the
absence of R-PIA (0 nM R-PIA) or presence of 10 nM R-PIA. Values are given
as percentages of R-PIA-induced increase of [*>S]|GTP+S binding with respect to
membranes in absence of R-PIA. Data are means = SD (error bars) of a
representative experiment performed in quadruplicate. *, P < 0.05; =+, P < 0.01.

using the GRAFIT program (Erithacus software Ltd.). The total binding data
(specific binding to AR plus nonspecific binding) were fitted to the previously
described equations (6, 7). Three replicates of each point were performed. In
surface plasmon resonance assays, association and dissociation data were fitted,
using the same nonlinear regression program, to the previously described equa-
tions (6). In all cases, goodness of fit was tested according to the reduced x? value
given by the program. Models were compared using an F test as described by
Munson and Rodbard (21).

When means =+ standard deviations (SD) are given, differences between
groups have been tested for significance (P < 0.05) using Student’s ¢ test for
unpaired samples.

RESULTS

A peptide (P1, KKVSASSGDPQKYYGKELK) corre-
sponding to a sequence in the third intracellular loop of rat
AR (see Materials and Methods) was used in the search for
proteins interacting specifically with A;Rs. The peptide was
coupled to thiol-activated Sepharose 4B, and lysates from rat
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FIG. 5. Characterization of the effect of hsc73 upon 2 nM [*H]R-PIA binding
to purified A|R preparations. Data are from a representative experiment per-
formed in triplicate. The parameters were maximum binding (B,,,) = 0.071 =
0.002 pmol/mg of protein and K; = 3.2 = 0.2 nM in the absence of hsc73 and
Bpax = 0.072 = 0.001 pmol/mg of protein and K, = 11 = 1 nM in the presence
of hsc73. (A) Dose-response curve of the effect of hsc73 upon 2 nM [*H]R-PIA
specific binding. (B) Saturation isotherm of [*H]R-PIA specific binding to puri-
fied A;Rs in the absence or presence of 30 nM hsc73.

pituitary-derived cells (GH, cells) were subjected to affinity
chromatography. After exhaustive washing, elution of retained
proteins was performed by using an acidic buffer. Electro-
phoresis of the eluted fractions led to the identification of two
proteins of 73 and 77 kDa (Fig. 2).

Unlike the 73-kDa protein, the molecule of 77 kDa could
not be sequenced. For analysis the 73-kDa band was digested
with Lys-C, and two peptides were sequenced as indicated in
Materials and Methods. The sequences of these peptides are
SQIHDIVLVGGSTRIPK and VCNPIITK.

These sequences are identical to the predicted sequences of
peptides obtained after digestion with Lys-C of rat heat shock
cognate protein hsc73, which is the major hsp70-like protein in
unstressed rat cells. Although other members of the hsp70
family share homology with hsc73, the sequence of these pep-
tides obtained by hydrolysis of the peptide bond in lysines
shows 100% identity only with that of hsc73. Thus, the elec-
trophoretic band isolated after affinity chromatography using
P1 corresponds unequivocally to rat hsc73.
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FIG. 6. Effect of 30 nM hsc73 upon 2 nM [PH]DPCPX binding to purified
A|Rs in the absence or presence of 25 nM ADA. Data are means * SD (error
bars) of a representative experiment performed in quadruplicate.

The same type of analysis was performed using extracts from
Syrian hamster was deferens DDT;MF-2 cells. The pattern of
elution of the gel chromatography was similar to that found
with the GH, cell line (Fig. 2), and digestion and sequencing of
the 73-kDa band led to the identification of peptides
SFYPEEVSSMVLTK and EIAEAYLGK.

Although, to our knowledge, hsc73 from Syrian hamster has
not been cloned, the sequence of these peptides is identical to
that of rat hsc73. The band from GH, and DDT ,MF-2 cells
was also identified by immunoblotting using commercial anti-
rat hsc73 antibodies (data not shown). These results indicate
that the homology of hsc73 from rat and Syrian hamster is very
high and that hsc73 from DDT,MF-2 or GH, cells extracts
binds the P1 peptide.

Investigation of a possible interaction between hsc73 and the
complete AR molecule was first attempted by using a purified
preparation of the receptor and biosensor technology. BIA-
core equipment, which detects specific molecular interactions
based on surface plasmon resonance techniques, was used to
analyze the interaction between A;R and hsc73. When hsc73
was coupled to the biosensor surface (see Materials and Meth-
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ods) and a preparation of purified A;Rs from pig cerebral
cortex was tested, a specific binding signal in the sensorgram,
which is indicated by the curve at the upper-left part of the
trace, was observed (Fig. 3). No specific signal was seen using
ADA, serum albumin, ovalbumin, or lactate dehydrogenase
(up to 25 nM each). With 25 nM bovine hemoglobin or 25 nM
bovine gamma globulin a very small signal was observed (Fig.
3A). None of these proteins, except ADA (see below), signif-
icantly reduced the binding of A;R to hsc73 (not shown). The
specificity of the signal was also assessed by a dose-dependent
reduction of the signal in the presence of PC11 antibody, which
is directed against the P1 peptide (Fig. 3A). At a concentration
of PC11 antibody of 28 wg/ml, the specific signal disappeared
(orange trace in Fig. 3A), indicating that the antibody is able to
completely block the hsc73-A ;R interaction. The signal due to
AR binding to hsc73 was dose dependent (Fig. 3B), and from
the real-time association (upper left-hand curves for each
trace) and dissociation (upper right-hand curves for each
trace) curves the kinetic constants of association and dissoci-
ation (k,, and k4, respectively) were calculated (k,, = 0.016 *
0.006 s ' nM ™ '; kg;, = 0.0078 = 0.0009 s~ ). The affinity of the
interaction (K, = 0.5 = 0.1 nM) was similar irrespective of the
method of calculation (quotient [k4;/k,s] or calculation based
on saturation data by nonlinear regression). This high-affinity
interaction reinforces the view that the A,;R-hsc73 recognition
is specific.

In 1996 we described how ADA interacts with A;R on the
surface of DDT;MF-2 cells (11). The same applies to GH,
cells (unpublished data). Furthermore, the binding of ADA to
AR is necessary for an efficient signal transduction via ago-
nist-induced activation of A;Rs (11). Therefore, we tested
whether addition of ADA affected the surface plasmon reso-
nance signal elicited via the A;R-hsc73 interaction. The bind-
ing of purified A;R to hsc73 was significantly reduced in a
dose-dependent fashion by ADA (Fig. 3C).

Assays of ligand binding to AR in brain-derived membranes
were performed in the presence of ADA, hsc73, and/or the
guanine nucleotide analog Gpp(NH)p (Fig. 4A). Consistent
with our previous findings (27), 0.2 U of ADA per ml increased
the 2 nM [*H]R-PIA binding to membranes. As expected, 100
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FIG. 7. Coprecipitation assays. (A) A;Rs and hsc73 were immunoprecipitated from DDT;MF-2 lysates using either a polyclonal antibody (PC21) directed against
an extracellular loop of A;Rs (aA;R) (11) or a commercial anti-hsc73 monoclonal antibody (ahsc73). Immunoprecipitates and lysates were immunoblotted and
developed using either of the two antibodies (aA;R or ahsc73). (B) Same as in panel A, but using a commercial preparation of hsc73 instead of cell lysates. The control
lane corresponds to a preparation of commercial hsc73 immunoblotted using antibodies directed against hsc73 (ahsc73). The hsc73 band is indicated by an arrow. The
43-kDa band corresponding to A;Rs in indicated by an arrowhead. The heavy chain of immunoglobulins is marked by an asterisk.
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FIG. 8. Immunostaining of hsc73 (in green) and A;Rs (in red) in DDT;MF-2 cells. Immunostaining of hsc73 was performed in nonpermeabilized (A) and
permeabilized (C) cells using fluorescein-conjugated anti-hsc73 1B5 antibody. Immunostaining of A;Rs was performed in nonpermeabilized (B) or permeabilized (D)
cells using rhodamine-conjugated anti-A;R PC21 antibody. (E) The hsc73-A;R colocalization is indicated in yellow. See Materials and Methods for details about the

immunocytochemical procedure.

uM Gpp(NH)p had a negative effect upon ligand binding,
which was more pronounced in the presence of ADA (Fig.
4A). Interestingly, 30 nM hsc73 led to a reduction in ligand
binding, which was reverted by ADA (Fig. 4A). In contrast,
hsc73 had no effect when Gpp(NH)p was present, irrespective
of the presence or absence of ADA. Similar assays were per-
formed with a preparation of purified receptors, in which het-
erotrimeric G proteins were present as assessed by immuno-
blotting using antibodies directed against a common epitope
of o subunits (Fig. 1). Due to the presence of G proteins,
Gpp(NH)p also decreased the binding of [*H]R-PIA to puri-
fied receptors as happened in cell membranes. The results
concerning the effects of hsc73 in the purified preparation were
similar to those obtained in membranes. Remarkably, the ef-
fect of hsc73 was stronger than that of Gpp(NH)p (Fig. 4A).
The binding of [**S]GTP+S in the presence or absence of hsc73
was investigated in cell membranes. Again the effect of the
heat shock protein was the prevention of an R-PIA-induced
increase in [*>S]GTP~S binding (Fig. 4B). From dose-response
data shown in Fig. 5A, the hsc73-mediated maximum reduc-
tion in [*H]R-PIA binding was 63 * 2% with respect to the
binding in the absence of hsc73 and the 50% inhibitory con-
centration was 7 = 1 nM. hsc73 modified the dissociation
constant of the binding of [*’H]R-PIA to A;Rs (from 3.2 = 0.2
to 11 = 1 nM for an hsc73 concentration of 30 nM) without
change in the maximum capacity of specific binding (Fig. 5B).
As occurred in membranes, this strong effect was completely

prevented by Gpp(NH)p and/or ADA (Fig. 4A). hsc73 also
reduced the antagonist binding, an effect which was also
blocked by ADA (Fig. 6).

Further analysis of the molecular recognition between A;R
and hsc73 in DDT,MF-2 cells was carried out by immunopre-
cipitation and confocal microscopy. Using the PC21 antibody,
which is directed against an extracellular loop of the receptor
(see Materials and Methods), hsc73 coprecipitated with A;Rs.
Commercial monoclonal antibodies against hsc73 also copre-
cipitated a band of 43 kDa, corresponding to intact A;R (Fig.
7A). PC21 antibody did not detect any band of 43 kDa when a
commercial preparation of hsc73 was used (Fig. 7B). This
experiment was performed as a control to rule out the presence
of nonspecific bands in the 43-kDa region, which is proximal to
the region where the heavy chain of immunoglobulins appears,
and also to show that the anti-A, antibody does not recognize
hsc73. As described elsewhere (11) and as deduced from Fig.
7A, PC21 immunoprecipitates A;Rs with low efficiency (about
10% of the total amount of A,Rs in the lysates). In contrast,
the efficiency of the antibody against the heat shock cognate
protein is high (Fig. 7A). Nevertheless, the hsc73 molecules
coprecipitating with A;Rs were detectable by SDS-PAGE (Fig.
7A). These results indicate that a high percentage of 43-kDa
A R molecules are bound to hsc73.

Codistribution assays between A;R and hsc73 were per-
formed in DDT,;MF-2 cells by immunocytochemistry and con-
focal microscopy. Immunofluorescence studies performed in
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FIG. 9. Colocalization of hsc73 (green) and A;Rs, A;5Rs, A,pRs or mGIluR2/3 (red). (A) Immunostaining of hsc73 and A,,Rs in CHO-A,, cells. (B)
Immunostaining of hsc73 and A,gRs in Jurkat 32 cells. (C) Immunolocalization of hsc73 and AR in horizontal sections from rat cerebellum. ML, molecular layer; GL,
granular layer. (D) Immunostaining of hsc73 and A Rs in primary cultures of rat cortical neurons. (E) Immunostaining of hsc73 and mGluR4 in primary cultures of
rat cortical neurons. Scale bar, 10 wm. See Materials and Methods for details about immunocytochemical procedures.

nonpermeabilized cells showed very low levels of hsc73 (Fig.
8A) and confirmed the presence of A|R on the cell surface
(Fig. 8B). Consistent with the cytosolic localization of hsc73,
the label corresponding to this protein was very low in non-
permeabilized cells (Fig. 8A) and high in permeabilized cells
(Fig. 8C). In permeabilized cells double immunofluorescence
staining showed that the patterns of distribution of A;R (Fig.
8D) and hsc73 (Fig. 8C) were similar, with a relatively high
degree of colocalization (Fig. 8E and F). There were no spe-
cific zones of colocalization, thus suggesting that the A R-
hsc73 interaction is not restricted to a specific region within the
cell. Similar results were obtained in CHO cells transfected
with the cDNA for A;R (not shown). Colocalization between
hsc73 and other adenosine receptors, such as A,,R, overex-
pressed in CHO cells (Fig. 9A), or A,gR, which are naturally
expressed in Jurkat T lymphocytes (18) (Fig. 9B) was very low.
A R-hsc73 colocalization was also investigated in slices of rat
cerebellum, where A,Rs are distributed among different layers
of the tissue in a widespread manner. There, the colocalization
between A ;R and hsc73 was restricted to some cells in the
molecular layer and a few cells in the granulosa layer (Fig. 9C).
On the other hand, A;R-hsc73 colocalization was markedly
high in the body of primary cultures of cortical neurons from
rat embryos (Fig. 9D). In these cortical neurons it was shown
that A;R also appear in dendrites and synapses, whereas hsc73
did not. This was also proved by the poor colocalization be-
tween hsc73 and metabotropic glutamate 4 receptor, which is a
marker of synaptic terminals (Fig. 9D). These results strongly

suggest that A;R-hsc73 coupling occurs in vivo and is specific
for A;R and not for other members of the G protein-coupled
receptor superfamily.

R-PIA-induced internalization of A;Rs results in sequestra-
tion of the receptor in intracellular vesicles, an effect that is
potentiated in the presence of ADA (3, 28). Internalization of
AR was monitored by confocal microscopy after culturing the
cells in the presence of a fluorochrome-conjugated anti-A;R
antibody (PC21), ADA, and the ligand R-PIA (see reference
3). Colocalization studies performed in chronically treated
cells further permeabilized and immunolabeled using the anti-
hsc73 antibody showed that hsc73 is present in some of the
A, R-containing vesicles but it is absent from others (Fig. 10).
In the vesicles where both proteins are present, the colocaliza-
tion approaches 100% (Fig. 10C). In contrast, colocalization is
negligible in the vesicles where only the rhodamine-conjugated
anti-A R antibody is detected (Fig. 10C).

DISCUSSION

Members of the hsp70 family interact with a number of
cellular proteins. Due to the molecular chaperone function of
hsp70 proteins, they appear capable of recognizing nonnative
forms of proteins (3). Therefore, interaction between partially
unfolded proteins may occur in members of the molecular
chaperone family. The results presented here indicate that
hsc73 interacts with functional A;Rs. The first indication of
this is the coimmunoprecipitation of hsc73 and 43-kDa A Rs.
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FIG. 10. Immunostaining of hsc73 and AR in internalization vesicles.
DDT MF-2 cells were cultured in the presence of rhodamine-conjugated PC21
anti-A;R antibody, and of 2 U of ADA per ml and 50 nM R-PIA to induce
internalization of the receptor (28). After 24 h of culture, cells were washed,
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Cytosolic hsp70 proteins acting as chaperones can be coimmu-
noprecipitated with nascent chains but not with completely
synthesized and folded proteins (1, 2, 29). On the other hand,
adenosine receptors are heptaspanning membrane proteins
whose ligand binding capacity is very sensitive to changes in
structure. As a matter of fact, a precise combination of deter-
gent and salts is required to achieve a high recovery of binding
sites in solubilized preparations of A;Rs. Thus, the strong
effect of nanomolar concentrations of hsc73 upon ligand bind-
ing to purified ARs is evidence for a specific interaction be-
tween hsc73 and functional A;Rs. The fact that colocalization
between AR and hsc73 is not restricted to a specific zone of
the cell (Fig. 8) is evidence that the interaction occurs with with
completely folded, functional receptors.

The substrate binding specificity of hsc73 is still a matter of
controversy (31). Despite the fact that some of the interactions
established with hsc73 seem to be nonspecific, some requires a
precise structure. Thus, Terlecky et al. (31) found that hsc73
binds to a variety of proteins at peptide regions structurally
similar to KFERQ. These motifs target proteins interacting
with hsc73 for degradation in lysosomes (8, 31). BiP, a member
of the hsp70 family localized in the endoplasmic reticulum,
recognizes motifs containing heptapeptides in which hydro-
phobic amino acids alternate with any other amino acid (3).
Inoue et al. (14) suggested that a similar motif in the retino-
blastoma gene product, pRb, is involved in the interaction with
hsc73. The third intracellular loop region in which hsc73 binds
to AR does not contain any of these motifs. Moreover, there
is no similarity between P1 and the N-terminal region of p53
with which hsc73 seems to interact (17). The A ;R binding
domain in hsc73 is thus probably different from the carboxyl-
terminal region of the protein, which is involved in the recog-
nition of KFERQ-like sequences (26). On the other hand, due
to the poor sequence homology between AR and calmod-
ulin, the A;R-binding domain might be different from the
calmodulin-binding domain, which seems to reside in an
amphipathic helical region near the center of hsp70 protein
molecules (30). On the basis of this and the high affinity of
the binding it is probable that A ;R interacts with a specific
region in hsc73.

Regulation of ligand binding and G protein activation, mea-
sured by the binding of radioligands or [**S]JGTP~S, by the
coupling between hsc73 and A,R is a relevant finding. Overall,
the effect of hsc73 is negative upon ligand binding and upon
ligand-induced activation of G proteins. As mentioned above
(Results), the effect of hsc73 upon purified A;Rs was even
stronger than that exerted by Gpp(NH)p, which uncouples
receptors from G proteins. The blocking of this hsc73-induced
structural change by ADA is also a very interesting finding
since it is not due to competition for the binding to AR.
Although the region of A R involved in the binding to ADA
has not been mapped it is known that the interaction occurs via
AR extracellular domains (11). On the other hand, the ADA-
induced modification of equilibrium parameters of ligand
binding to A;Rs (27) indicates that the interaction between
ADA and AR leads to conformational changes in the receptor
molecule. The surface plasmon resonance technique has been
helpful in demonstrating that ADA, which does not bind to
hsc73 (Fig. 8A), prevents binding of A;R to hsc73. Taken

permeabilized, and immunolabeled using the FITC-conjugated anti-hsc73 anti-
body (see Materials and Methods and the legend to Fig. 8). (A) Immunostaining
of hsc73 appears in green; (B) immunostaining of AR appears in red; (C)
colocalization is indicated in yellow.
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together these data suggest that conformational changes in-
duced by ADA interacting with the extracellular motifs of A;R
affect the structure of the third intracellular loop and inhibit
the binding of hsc73 to A;R. This would explain, at least in
part, the ADA-induced increase in the affinity of agonist bind-
ing (11). The increase in ligand binding affinity due to the
presence of ADA may be a consequence of an ADA-induced
partial disruption of the binding of hsc73 to A R.

The high colocalization obtained in some specific areas of
rat cerebellum and in the neuronal body but not in dendrites or
terminals suggest that A;R-hsc73 interaction occurs in vivo
and illustrates its specificity. In fact, we have failed to obtain in
neuronal primary cultures evidence for a similar type of inter-
action with other members of the G protein-coupled receptor
superfamily. Thus, hsc73 does not colocalize with either A,,R
(Fig. 9A), A,zR (Fig. 9B), or metabotropic glutamate 4 (Fig.
9E) receptors.

The experiments of agonist-induced receptor internalization
demonstrate that internalized cell surface receptors, which are
found in intracellular vesicles as previously described (3), can
be found associated or not with hsc73. In fact, part of the
intracellular label due to sequestration of the anti-A;R anti-
body is found in yellow vesicles, which indicate the presence
and colocalization of the receptor and the hsc73 in these ves-
icles. In contrast, part of the internalized anti-A;R antibody is
found in red vesicles where hsc73 is not present (Fig. 10C).
This finding would fit with a mechanism of receptor internal-
ization in which hsc73 participates in the formation of early
endosomes but is released from early formed vesicles and,
therefore, will be absent from vesicles formed at later steps. As
discussed above, ADA could be a physiological modulator of
the hsc73-cell surface AR recognition. On the other hand,
ecto-ADA can, to some extent, be internalized together with
the A;R (28). Taken together, these data open the possibility
that cell surface A;R-ADA complexes and A,;Rs not bound to
ADA follow distinct internalization pathways; A;R-ADA com-
plexes would not likely traffic in association with hsc73,
whereas A;R not bound to ADA would be internalized in
hsc73-containing vesicles. In fact the number of vesicles lack-
ing hsc73 is smaller when assays are performed in the absence
of exogenous ADA (not shown), thus supporting the view that
cell surface A;Rs are internalized in two qualitative different
types of vesicles, one containing hsc73 and another lacking the
heat shock cognate protein.

The novel findings presented here suggest a specific role for
hsp70 proteins in regulating the activation and operation of
A Rs. Although a relevant role for chaperones in signaling by
steroid hormone receptors has already been demonstrated (4,
5), our results are the first evidence suggesting the control by
hsc73 of signaling via plasma membrane G protein-coupled
receptors.
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