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ABSTRACT: In this study, we have characterized the differential effects on inhibitory adenosine receptor
(AR) trafficking of disrupting predicted sites for palmitoylation and phosphorylation within each receptor’s
carboxyl terminus. While a Cys302,305Ala-mutated rat A3AR mutant internalizes significantly faster than
the wild-type (WT) receptor in response to agonist exposure, analogous mutation of the human A1AR
(Cys309Ala) had no effect on receptor internalization. Moreover, unlike the WT A3AR, the entire pool of
internalized mutant A3AR is able to recycle back to the plasma membrane following agonist removal.
These properties do not reflect utilization of an alternative trafficking pathway, as internalized WT and
mutant A3ARs both accumulate into transferrin receptor-positive endosomal compartments. However,
receptor accumulation into endosomes is dependent upon prior G-protein-coupled receptor kinase (GRK)-
mediated phosphorylation of the receptor’s carboxyl terminus, as replacement of the carboxyl-terminal
domain of the human A1AR with the 14 GRK-phosphorylated amino acids of the rat A3AR confers rapid
agonist-mediated endosomal accumulation of the resulting chimeric A1CT3AR. Sensitivity to GRK-mediated
phosphorylation also dictates the distinct redistribution of arrestin3 observed upon agonist exposure. Thus,
while the nonphosphorylated A1AR redistributes arrestin3 from the cytoplasm to punctate clusters at the
plasma membrane, GRK-phosphorylated WT and Cys302,305Ala-mutated A3ARs, as well as the A1CT3AR
chimera, each induce the redistribution of arrestin3 into punctate accumulations both at the plasma
membrane and within the cytoplasm. Neither the human A1AR nor the rat A3AR colocalized with arrestin3
under basal or agonist-stimulated conditions. Together, these results demonstrate that inhibitory AR-
mediated changes in arrestin3 distribution are subtype-specific, with specificity correlating with the
sensitivity of the receptor’s carboxyl-terminal domain to GRK phosphorylation. In the case of the rat
A3AR, sensitivity to GRK-mediated internalization appears to be regulated in part by the integrity of
putative palmitate attachment sites upstream of its GRK phosphoacceptor sites.

The regulatory effects of extracellular adenosine observed
in many tissues are dependent on its ability to bind and
activate four distinct adenosine receptor (AR)1 subtypes,
termed A1, A2A, A2B, and A3 (1). Like almost all G-protein-
coupled receptors (GPCRs), each AR protein consists of an
extracellular amino-terminal domain linked to a cytoplasmic
carboxyl-terminal domain by seven transmembrane-spanning
R-helices (2). The A3AR has been demonstrated to play a
key role in several important physiological effects of

adenosine, including the inhibition of eosinophil activation
(3) and myocardial protection following sustained periods
of hypoxia (4).

The rate at which signal output from any given GPCR is
terminated, or “desensitized”, is typically controlled by its
sensitivity to phosphorylation by second messenger-activated
kinases and/or G-protein-coupled receptor kinases (GRKs)
(5). We have shown previously that the distinct rates at which
the human A1- and rat A3ARs are desensitized are dictated
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by structural differences in their cytoplasmic carboxyl-
terminal domains (6). Specifically, rapid functional de-
sensitization of the rat A3AR occurs within minutes of agonist
exposure and is associated with the phosphorylation of
specific carboxyl-terminal threonine residues by one or more
GRK family members (6-8). In contrast, the slowly
desensitizing human A1AR is not phosphorylated in response
to agonist exposure, and is desensitized only after agonist
exposure for several hours or even days (9-11). In addition,
we have recently made the novel observation that agonist-
occupied human A1- and rat A3ARs each internalize over
distinct time courses and that the kinetics of receptor
internalization are also determined by each receptor’s
sensitivity to phosphorylation by GRKs (9).

In common with many GPCRs, the A1- and A3ARs each
have conserved Cys residues present within their cytoplasmic
carboxyl-terminal domains. On the basis of studies performed
predominantly with rhodopsin and theâ2-adrenergic receptor,
these residues are presumed to be sites for post-translational
attachment of palmitate, an event which is thought to anchor
the carboxyl-terminal tail to the plasma membrane to form
a fourth intracellular loop (12). However, it is now appreci-
ated that palmitoylation is a dynamic process influenced by
agonist occupation of the receptor protein. In the case of
theâ2-adrenergic receptor, it has been proposed that changes
in receptor palmitoylation status regulate its ability to undergo
phosphorylation by cAMP-dependent protein kinase (PKA)
and GRK2 (13, 14). Specifically, removal of palmitate from
Cys341 within the receptor’s carboxyl-terminal tail by either
agonist pretreatment or mutation of Cys341 to Ala increases
the degree ofâ2-adrenergic receptor phosphorylation on a
consensus PKA site at Ser346. In addition, phosphorylation
of this site enhances agonist-dependent GRK2-dependent
phosphorylation of the receptor downstream of the site of
palmitate attachment (14). The resulting increase in the
degree of receptor phosphorylation uncouples the receptor
from Gs, thus inhibiting adenylyl cyclase activation (13, 14).
Consistent with these observations, we have demonstrated
that a mutant A3AR in which two potential sites for palmitate
attachment in the carboxyl-terminal tail (Cys302 and -305)
have been disrupted displays a significant agonist-independ-
ent basal phosphorylation, unlike the WT receptor (7).
Although these observations might suggest a role for
palmitate turnover in controlling the accessibility of the
carboxyl-terminal domains of the A3AR andâ2-adrenergic
receptors to specific regulatory kinases, this is clearly not
universally applicable as disruption of analogous carboxyl-
terminal Cys residues has no effect on either the phos-
phorylation status or function of other GPCRs (15, 16).

In this study, we have employed both epitope- and green
fluorescent protein (GFP)-tagged forms of the human A1-
and rat A3ARs to examine the role of potential sites for
palmitate attachment in controlling agonist-stimulated changes
in the subcellular trafficking of these inhibitory AR subtypes.
Via these approaches, we demonstrate that these sites play
a key role in specifically controlling the internalization and
recycling rates of agonist-occupied A3ARs but not A1ARs.
In addition, we propose that agonist-stimulated phosphoryl-
ation of the A3AR within its carboxyl-terminal domain
dictates the receptor-specific redistribution of arrestin3.

EXPERIMENTAL PROCEDURES

Materials.All tissue culture reagents and R-PIA were from
Sigma. Radiochemicals were purchased from either Dupont-
NEN or ICN. [125I]ABMECA (2200 Ci/mmol) was synthe-
sized and purified to homogeneity by high-performance
liquid chromatography as described previously (17). The
A3AR agonist IBMECA and rat A3AR-selective antagonist
MRS1523 were donated generously by K. Jacobson (National
Institutes of Health, Bethesda, MD). A mutant HA epitope-
tagged Cys309Ala human A1AR cDNA was the generous gift
of M. Olah (University of Cincinnati College of Medicine,
Cincinnati, OH). Bovine GRK2 and arrestin3-GFP cDNA
expression constructs were generously donated by J. Benovic
(Jefferson University, Philadelphia, PA). A VSV epitope-
tagged human thyrotropin-releasing hormone (TRH) receptor
cDNA was generously donated by G. Milligan (University
of Glasgow). Anti-HA antibody 12CA5 and anti-VSV
antibody P5D4 were from Roche Diagnostics Ltd. Anti-GFP
antibodies were from Clontech. Lipofectamine and OptiMEM
were from Life Technologies. Alexa594-conjugated forms
of human transferrin and goat anti-mouse IgG were from
Molecular Probes. The sources of all other materials have
been described elsewhere (7, 9).

Cell Culture and Transfections.The generation and
characterization of CHO cell lines stably expressing
HA epitope-tagged wild-type (WT), Cys302,305Ala, and
Thr307,318,319Ala mutant rat A3ARs have been described
previously by us (7, 8). The CHO cell line expressing the
HA epitope-tagged WT human A1AR has also been char-
acterized previously (6). CHO cell lines stably expressing
WT A1AR-GFP and A3AR-GFP chimeras were generated
using a modified calcium phosphate precipitation/glycerol
shock procedure as described previously (8). Positive clones
were identified by fluorescence microscopy and expanded
for further study. All CHO cells were maintained in Ham’s
F-12 medium supplemented with 10% (v/v) fetal bovine
serum, 1 mML-glutamine, 100 units/mL penicillin, and 100
µg/mL streptomycin at 37°C in a humidified atmosphere
containing 5% (v/v) CO2. Stably transfected clones were
maintained in medium supplemented with 0.4 mg/mL G418
to maintain selection pressure. Human embryonic kidney 293
(HEK293) and COS-P cells were grown in Dulbecco’s
modified Eagle’s medium supplemented with fetal bovine
serum,L-glutamine, penicillin, and streptomycin.

For transient transfections, HEK293 and CHO cells at
approximately 80% confluence plated in six-well dishes were
incubated for 3 h in 1 mL/well OptiMEM containing 2µg
of cDNA and 4 µL of Lipofectamine according to the
manufacturer’s instructions. COS-P cells in 100 mm dishes
were transfected with 20µg of cDNA/dish using a DEAE-
dextran protocol that we have described previously (18). All
cells were used for analysis 36-48 h after transfection.

Generation of Expression Constructs Encoding AR-GFP
Chimeras. (1) Rat A3AR-GFP Constructs.These were
each generated by PCR by employing previously de-
scribed pCMV5/HA epitope-tagged WT, Cys302,305Ala, and
Thr307,318,319Ala-mutated A3AR cDNAs as templates (7, 8).
In each case, the primer sequences were 5′-TGATTAAGCT-
TCCACCATGAAAGCCAACAATACCACGAC-3′ (sense)
and 5′-TGATTCCCGGGCAGCGTAGTCTGGGACGTC-
3′ (antisense). The sense primer was designed to remove the
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amino-terminal HA epitope tag sequence and add aHindIII
site (bold) upstream of a consensus Kozak sequence (un-
derlined) and the A3AR initiating Met (italic). The antisense
primer was designed to remove the A3AR stop codon and
add aSmaI site (bold). This was to allow in-frame fusion of
the carboxyl-terminally HA epitope-tagged A3AR open
reading frames with that of GFP following subcloning of
theHindIII- andSmaI-digested PCR products with a similarly
digested modified pEGFP-N1 cDNA (Clontech) in which
the initiating Met of the GFP open reading frame was
mutated to Ala.

(2) Human A1AR-GFP and A1CT3AR-GFP Constructs.
The A1AR-GFP chimeras were also each generated by PCR
using pCMV5/HA epitope-tagged WT and Cys309Ala human
A1AR cDNAs in combination with the primers 5′-ATTTG-
GAATTC CCACCATGCCGCCCTCCATCTCAGC-3′ (sense)
and 5′-ATTTGGGTACCGCAGCGTAGTCTGGGAC-3′
(antisense). The sense primer was designed to remove the
amino-terminal HA epitope tag sequence and add anEcoRI
site (bold) upstream of a consensus Kozak sequence (un-
derlined) and the A1AR initiating Met (italic). The antisense
primer was designed to remove the A1AR stop codon and
add anXbaI site (bold). As described for the A3AR-GFP
chimera, this allowed in-frame fusion of the carboxyl-
terminally HA epitope-tagged A1AR open reading frames
with GFP following subcloning of theEcoRI- and XbaI-
digested PCR products with the similarly digested modified
pEGFP-N1 cDNA. The A1CT3AR-GFP chimera was gen-
erated by PCR using the amino-terminal A1AR sense primer
and the carboxyl-terminal A3AR antisense primer. The
resulting product was digested withEcoRI andSmaI prior
to being subcloned into the modified pEGFP-N1 vector.

The integrity of each receptor-GFP chimera was verified
by DNA sequencing.

Receptor Internalization Assay.This was performed using
a sequential cell surface biotinylation-immunoprecipitation
protocol as described previously by us (9). Confluent stably
transfected CHO cells in six-well dishes were washed and
incubated at 37°C with normal medium supplemented with
1 unit/mL adenosine deaminase and either vehicle or R-PIA
as indicated in the figure legends. For reversal experiments,
agonist-containing medium was removed and cell monolayers
were washed once with prewarmed medium prior to the
addition of fresh medium supplemented with 1µM MRS1523
at 37 °C for the times indicated in the figure legends.
Reactions were terminated by placing the cells on ice,
removing the medium, and washing the monolayers twice
with ice-cold phosphate-buffered saline (PBS). All subse-
quent procedures were performed at 4°C unless indicated
otherwise. First, cell surface glycoproteins were conjugated
with biotin by sequential incubation with sodium periodate
and biotin hydrazide. Cells were then solubilized by scraping
them into 0.5 mL of immunoprecipitation buffer [50 mM
sodium HEPES (pH 7.5), 150 mM sodium chloride, 5 mM
EDTA, 10 mM sodium fluoride, 10 mM sodium phosphate,
1% (v/v) Triton X-100, 0.5% (w/v) sodium deoxycholate,
0.1% (w/v) SDS, 0.1 mM phenylmethanesulfonyl fluoride,
10 µg/mL soybean trypsin inhibitor, and 10µg/mL benz-
amidine] and rotating them for 1 h. Following removal of
insoluble material by centrifugation, soluble extracts were
equalized for protein content and receptors immunoprecipi-
tated by overnight incubation with 1µg of 12CA5 and 20

µL of 50% (v/v) protein A-Sepharose beads in the presence
of 0.2% (w/v) immunoglobulin-free bovine serum albumin.
Immune complexes were isolated by brief centrifugation,
washed three times with immunoprecipitation buffer, and
eluted from the beads by the addition of electrophoresis
sample buffer. After fractionation of immunoprecipitated
receptors by SDS-PAGE, resolved proteins were transferred
to a nitrocellulose membrane. Biotin-labeled immuno-
precipitated receptors were then identified by probing blots
with horseradish peroxidase-conjugated streptavidin prior to
visualization by enhanced chemiluminescence. Quantitation
was by densitometric scanning of exposed blots.

Intact Cell Receptor Phosphorylation.These were per-
formed as described previously (7). Briefly, confluent CHO
cells in six-well dishes were incubated for 90 min with
phosphate-free Dulbecco’s modified Eagle’s medium supple-
mented with 0.2 mCi/mL of [32P]orthophosphate. Following
stimulation with R-PIA as indicated in the figure legends,
reactions were terminated by placing cells on ice and washing
the monolayers twice with ice-cold PBS. Cells were then
solubilized and processed for receptor immunoprecipitation
by incubation with 12CA5 and protein A-Sepharose beads
for 2 h. Following washing with immunoprecipitation buffer
and elution of immunoprecipitated receptors with electro-
phoresis sample buffer, immunoprecipitates were fractionated
by SDS-PAGE and phosphorylated proteins visualized by
autoradiography.

Immunoblotting.Transiently transfected CHO cells plated
in six-well dishes were washed in PBS and solubilized in
0.25 mL of immunoprecipitation buffer/well. Following
rotation for 1 h at 4°C, soluble extracts were prepared by
centrifugation at 14000g for 15 min. Samples equalized for
protein content were then prepared for SDS-PAGE and
immunoblotting with an anti-GFP primary antibody (1:1000
dilution) as described previously (18).

Radioligand Binding.Saturation binding experiments using
[3H]DPCPX and [125I]ABMECA were performed on mem-
branes prepared from transfected COS-P cells and analyzed
as described previously using Graphpad Prism software (17).

Confocal Microscopy.Real-time visualization of agonist-
stimulated changes in AR-GFP trafficking in transiently
transfected CHO cells was performed on cells grown on glass
coverslips and manipulated on a heated (37°C) stage using
a Zeiss AxioVERT 100 laser-scanning confocal microscope.
Images were collected sequentially from single-line excitation
by a 488 nm argon/krypton laser and detected using a 515-
540 nm band-pass filter.

Assessment of the colocalization of AR-GFP chimeras
with transferrin receptors was performed on transiently
transfected HEK293 cells preincubated in serum-free medium
containing Alexa594-conjugated human transferrin for 30
min at 37°C prior to the addition of R-PIA as described in
the figure legends. Cells were then washed following agonist
treatment, fixed in paraformaldehyde, and mounted onto
microscope slides with 40% (v/v) glycerol in PBS for
imaging by confocal microscopy using dual excitation (488
and 543 nm) and emission (515-540 nm for GFP and 590-
610 nm for Alexa594) filter sets.

For assessment of the colocalization of the arrestin3-GFP
chimera with HA- or VSV epitope-tagged receptors, paraform-
aldehyde-fixed transfected cells plated on coverslips were
permeabilized in 0.4% (v/v) Triton X-100 in PBS for 3 min
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followed by washing with PBS supplemented with 0.1% (v/
v) goat serum and 0.2% (w/v) gelatin (PBSGG) and
incubation for 60 min at room temperature with either a 1:200
dilution of anti-HA antibody 12CA5 or anti-VSV antibody
P5D4 in PBSGG. Following being washed for 5 min with
three changes each of PBSGG and PBS, coverslips were
incubated with a 1:200 dilution of Alexa594-conjugated goat
anti-mouse IgG for 60 min at room temperature. Coverslips
were then washed sequentially in PBSGG and PBS as
described above prior to being mounted onto microscope
slides with glycerol and PBS for dual-label confocal analysis
using the settings described above for detection of GFP- and
Alexa594-derived fluorescence. For all dual-labeling experi-
ments, singly labeled controls were routinely included to
exclude the possibility of any bleed-through between red and
green channels contributing to the observed colocalization.
All collected images were analyzed using Metamorph
software.

RESULTS

Internalization and Recycling Kinetics of a Cys302,305Ala
Mutant A3AR. We have noted previously that mutation of
the Cys residues present in the carboxyl-terminal tail of the
A3AR to Ala produces a receptor that exhibits significant
phosphorylation in the absence of agonist (7). Given that
the rapid rate of agonist-stimulated A3AR internalization is
critically dependent on the ability of the A3AR carboxyl
terminus to serve as a GRK substrate (9), it was possible
that the basal phosphorylation state of the Cys302,305Ala
mutant had consequences for receptor internalization. To test
this hypothesis, rates of WT and mutant A3AR internalization
were compared in response to a maximally effective con-
centration of the AR agonist R-PIA. Receptor expression
levels in the cell lines for which data are presented, as
determined by [125I]ABMECA saturation binding analyses,
were 0.95( 0.24 and 0.36( 0.05 pmol/mg of membrane
protein for WT and Cys302,305Ala, respectively. A 30 min
agonist treatment produced similar maximal reductions in
the cell surface level of both receptors [WT reduction) 78
( 8% vs mutant reduction) 86( 6% (p > 0.05 NS); Figure
1]. However, the rate at which the Cys302,305Ala mutant A3AR
was lost from the cell surface was consistently greater than
that observed for the WT A3AR (t1/2

WT ) 10 min,t1/2
mutant)

4 min, Figure 1). Thus, after a 5 min agonist exposure, 59
( 6% of the Cys302,305Ala A3AR is lost from the cell surface
whereas only 20( 12% of the WT receptor has been
removed (p < 0.05 between the WT and Cys302,305Ala A3AR
at 5 min). Similar results were obtained for two separate
receptor-expressing clones (data not shown), suggesting that
the differences observed were not clonal artifacts.

Receptor recycling back to the plasma membrane is
essential for restoring, or “resensitizing”, cellular responsive-
ness following agonist removal. In several instances, re-
sensitization is associated with the dephosphorylation of
internalized receptors prior to the recycling event (19-21).
To assess a potential role for the predicted palmitoylation
sites within the carboxyl-terminal tail of the A3AR in
controlling receptor recycling, the recovery of WT and
mutant A3AR expression at the cell surface over time was
quantitated following a 30 min agonist exposure and
subsequent wash-out (Figure 2). After removal of agonist
for 30 min, only 49( 11% of the internalized WT A3ARs

had recycled back to the cell surface (Figure 2). In contrast,
approximately 94( 5% of the internalized Cys302,305Ala
A3ARs had returned to the plasma membrane (p < 0.05 vs
recovery of the WT A3AR; Figure 2). Cell surface levels of
the WT A3AR only returned to their original levels after
incubation for 2 h in agonist-free medium (data not shown).
Thus, the presence of Cys residues within the carboxyl-
terminal domain of the A3AR, upstream of the receptor’s
GRK phosphorylation sites, is not only an important deter-
minant of the rates of agonist-stimulated sequestration but
also the rate at which cell surface A3AR levels are restored
following agonist removal. Again, similar results were
obtained for two separate receptor-expressing clones (data
not shown), thereby ruling out any possibility that the
observed differences were clonal artifacts.

Expression and Characterization of a WT A3AR-GFP
Chimera.To visualize the impact of disrupting Cys302 and
-305 on the cellular trafficking of the A3AR in single cells,
a series of WT and mutant A3AR-GFP chimeras were
generated as described in Experimental Procedures. Satura-
tion radioligand binding assays using [125I]ABMECA dem-
onstrated that WT and GFP-tagged A3ARs were expressed

FIGURE 1: Comparative analysis of the time courses of R-PIA-
stimulated internalization of WT and Cys302,305Ala-mutated A3ARs.
CHO cells stably expressing either HA epitope-tagged WT or
Cys302,305Ala-mutated A3ARs were treated with or without 1µM
R-PIA for the indicated times prior to analysis of cell surface A3AR
levels by labeling of surface glycoproteins with biotin hydrazide
and receptor immunoprecipitation with 12CA5. Following SDS-
PAGE and transfer to nitrocellulose, cell surface A3ARs were
visualized by probing blots with peroxidase-conjugated streptavidin.
Blots show the result from one experiment that was representative
of three that were performed. Quantitative analysis from these three
experiments is shown.
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at similar levels and displayedKds for each radioligand that
were both indistinguishable from the values obtained for the
non-GFP-tagged receptors (Figure 3A and Table 1) and
identical to those obtained by other investigators (17).
Moreover, cell surface biotinylation assays demonstrated that
GFP-tagged A3ARs are appropriately glycosylated and
expressed on the cell surface upon stable expression in CHO
cells (Figure 3B).

It has been reported previously that addition of residues
to the extreme carboxyl terminus of theâ2-adrenergic
receptor has profound effects on its regulation due to the
disruption of a PDZ domain binding motif (22). While the
A3AR does not possess a similar motif, it was nevertheless
important to assess whether the addition of GFP to the
receptor’s carboxyl terminus altered its sensitivity to agonist-
stimulated phosphorylation. In32P-labeled CHO cells stably
expressing either the WT A3AR or the A3AR-GFP chimera,
preincubation with agonist for 10 min produced similar fold-
increases in the phosphorylation status of both receptors
(Figure 3C), suggesting that A3AR sensitivity to agonist-
stimulated phosphorylation is not compromised upon fusion
of GFP to its carboxyl terminus.

Comparison of the Effects of Phosphorylation and Pal-
mitoylation Site Disruption on A3AR-GFP Trafficking.To

FIGURE 2: Comparative analysis of the time courses of WT and
Cys302,305Ala-mutated A3AR recovery to the cell surface following
agonist removal. CHO cells stably expressing either HA epitope-
tagged WT or Cys302,305Ala-mutated A3ARs were treated with or
without 1µM R-PIA for 30 min to induce receptor internalization.
Monolayers were then washed twice to remove agonist, and
subsequently incubated for the indicated times in fresh medium
supplemented with 1µM MRS1523, an A3AR-selective antagonist
ligand. After the indicated times, the recovery of A3ARs to the
cell surface was determined by biotinylation of cell surface
glycoproteins and receptor immunoprecipitation with 12CA5 as
described in Experimental Procedures. Quantitative analysis from
three experiments is shown.

FIGURE 3: Functional analysis of a WT A3AR-GFP chimera. (A)
Membranes prepared from COS-P cells transiently transfected with
either WT A3AR or WT A3AR-GFP expression constructs were
used for saturation radioligand binding assays with increasing
concentrations of the A3AR agonist radioligand [125I]ABMECA as
described in Experimental Procedures. This is one of three
experiments, composite data from which are presented in the
Results. (B) Monolayers of nontransfected CHO cells and CHO
cells expressing either an HA epitope-tagged WT A3AR or a WT
A3AR-GFP chimera were subjected to cell surface biotinylation
and receptor immunoprecipitation with 12CA5 as described in
Experimental Procedures. Biotinylated receptors were visualized
by being transferred to nitrocellulose following SDS-PAGE and
probing with peroxidase-conjugated streptavidin. This is one of
multiple experiments. (C) Monolayers of nontransfected CHO cells
and CHO cells stably expressing either an HA epitope-tagged WT
A3AR or a WT A3AR-GFP chimera were preincubated with32P-
containing medium prior to stimulation with or without R-PIA as
indicated. Following receptor immunoprecipitation with 12CA5,
phosphoproteins were visualized by autoradiography. This is one
of three experiments that produced identical results.
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be a useful tool for studying the dynamics of receptor
trafficking, disruption of key regulatory sites within the
A3AR-GFP chimera should produce the same changes that
were observed for the corresponding non-GFP-tagged recep-
tor. To test this, two mutant A3AR-GFP chimeras were
generated: one in which each of the GRK phosphorylation
sites at Thr307, -318, and -319 was mutated to Ala and
another using the Cys302,305Ala mutant receptor (7). Following
expression in CHO cells, agonist-stimulated changes in
receptor trafficking were visualized in living cells in real
time using confocal microscopy (Figure 4). Consistent with
the biochemical data obtained from biotinylation experiments

(Figure 1), pretreatment with agonist for 30 min resulted in
a profound loss of receptor from the plasma membrane and
the parallel accumulation of receptor fluorescence in punctate
intracellular vesicles (Figure 4). In contrast, the nonphos-
phorylated Thr307,318,319Ala A3AR-GFP chimera remained
at the cell surface over a 30 min agonist incubation (Figure
4), reflecting the lack of mutant receptor internalization
observed in biotinylation assays (9). In the case of the Cys-
mutated A3AR-GFP chimera, significant punctate intra-
cellular staining could be detected as early as 5 min following
agonist addition, a time point at which internalization of the
WT A3AR-GFP chimera was not yet detectable (Figures 1
and 4). However, as for the WT A3AR-GFP chimera,
accumulation of the Cys-mutated receptor in these vesicles
was maximal by 30 min (Figure 4).

Effect of Predicted Palmitoylation Site Disruption on
A1AR-GFP Trafficking.We and others have demonstrated
that, in contrast to the rapid phosphorylation and internaliza-
tion of the A3AR, the A1AR is only weakly phosphorylated
(6, 9, 11) and takes several hours to be lost from the cell
surface (9, 11, 23). To determine if the effect of putative
palmitoylation site disruption was receptor-specific, two
human A1AR-GFP chimeras were generated: one contain-
ing the WT A1AR and another encoding a mutant human
A1AR in which Cys309 in the carboxyl-terminal domain was
mutated to Ala. This mutation has been shown previously

FIGURE 4: Real-time analysis of agonist stimulation of WT and mutant A3AR-GFP trafficking. CHO cells were transiently transfected
with plasmids encoding either WT, Cys302,305Ala, or Thr307,318,319Ala A3AR-GFP proteins. The subcellular distribution of receptor-GFP
fluorescence was visualized before and after the addition of 1µM R-PIA at the indicated times. Confocal images of representative cells are
shown from a single experiment which was performed multiple times with identical results.

Table 1: Pharmacological Characterization of A1AR-GFP and
A3AR-GFP Chimerasa

receptor Kd (nM) Bmax (pmol/mg of protein)

A1AR 2.75( 0.11 5.32( 1.09
A1AR-GFP 2.29( 0.39 3.98( 0.52
A3AR 2.18( 0.54 1.20( 0.30
A3AR-GFP 2.03( 0.31 1.43( 0.20
a Membranes prepared from COS-P cells transiently expressing the

indicated ARs were used for saturation radioligand binding assays
employing increasing concentrations of either the A1AR-selective
antagonist ligand [3H]DPCPX (for the A1AR and the A1AR-GFP
chimera) or the A3AR-selective agonist radioligand [125I]ABMECA (for
the A3AR and the A3AR-GFP chimera) as described in Experimental
Procedures. Results are presented as means( standard error from three
experiments.
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to abolish the attachment of palmitate to the human A1AR
(16). Fusion of GFP onto the carboxyl terminus of the WT
A1AR had no effect on theBmax or Kd values obtained for
the A1AR-selective radioligand [3H]DPCPX in saturation
binding analyses (Figure 5A), suggesting that the chimeric
receptor was still functional. Moreover, theKd for
[3H]DPCPX was found to be identical to that observed by
other investigators studying the human A1AR (16). Finally,
immunoblotting experiments demonstrated that the WT and

Cys309Ala A1AR-GFP proteins were expressed at the same
level in transfected cells (Figure 5B). Thus, following
transient expression in CHO cells, agonist-mediated changes
in receptor distribution were monitored in real time in live
cells by confocal microscopy (Figure 5C). Consistent with
our biochemical data (9), treatment of CHO cells with a
maximally effective concentration of R-PIA failed to cause
any significant loss of WT A1AR-GFP from the plasma
membrane over a period of 30 min. Moreover, mutation of

FIGURE 5: Effect of palmitoylation site disruption on agonist stimulation of A1AR-GFP trafficking. (A) Membranes prepared from COS-P
cells transiently transfected with either WT A1AR or A1AR-GFP expression constructs were used for saturation radioligand binding assays
with increasing concentrations of the A1AR antagonist radioligand [3H]DPCPX as described in Experimental Procedures. This is one of
three experiments, composite data from which are presented in the Results. (B) Monolayers of CHO cells expressing either GFP alone, the
HA epitope-tagged WT A1AR-GFP chimera, or the Cys309Ala mutant A1AR-GFP chimera were solubilized and subjected to immunoblotting
with an anti-GFP antibody as described in Experimental Procedures. This is one of multiple experiments. (C) CHO cells were transiently
transfected with plasmids encoding either WT or Cys309Ala A1AR-GFP proteins. The subcellular distribution of receptor-GFP fluorescence
was visualized before and after the addition of 1µM R-PIA for 30 min. Confocal images of representative cells are shown from a single
experiment that was performed multiple times with identical results.
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Cys309 to Ala failed to unmask any agonist-induced ac-
cumulation of the receptor into the cytoplasm (Figure 5C).
Upon comparison of these results with those obtained for
the WT and Cys302,305Ala-mutated A3AR, these experiments
demonstrate that the observed effects on inhibitory AR
receptor trafficking of mutating conserved carboxyl-terminal
domain Cys residues are dependent upon the mutations being
introduced within the context of the A3AR.

Localization of Agonist-Stimulated WT and Cys302,305Ala-
Mutated A3AR-GFP Chimeras to Early Endosomes.Given
the dramatic effects on receptor trafficking of mutating
Cys302 and -305 within the A3AR, two scenarios were
possible: (1) that the mutant receptor utilized a trafficking
pathway distinct from that used by the WT receptor or (2)
alternatively that it simply progressed more rapidly through
the same membrane recycling pathways utilized by the WT
A3AR. To discriminate between these possibilities, co-
localization experiments were performed to identify the
internalization pathway(s) utilized by both receptors (Figure
6). HEK293 cells were transiently transfected with GFP-
tagged WT or Cys302,305Ala-mutated A3ARs and their co-
localization with constitutively recycling human transferrin
receptors, identified using Alexa594-conjugated human
transferrin, determined by confocal laser scanning micros-
copy (Figure 6). HEK293 cells were used for these experi-
ments as human transferrin was found to bind poorly to
transferrin receptors in hamster-derived CHO cells (data not

shown). Although the Cys302,305Ala-mutated receptor was
internalized at significantly earlier time points than the WT
A3AR-GFP chimera, both receptors displayed significant
colocalization with internalized transferrin receptors by 30
min (Figure 6). Hence, despite their distinct internalization
kinetics, following a 30 min agonist exposure both WT and
Cys-mutated receptors are internalized into an endosomal
membrane pool occupied by constitutively recycling trans-
ferrin receptors.

The Carboxyl-Terminal Domain of the A3AR Is Sufficient
To Direct Receptor Trafficking into Early Endosomes.Fusion
onto the A1AR of the 14-amino acid carboxyl-terminal tail
of the A3AR distal to its putative palmitoylation sites confers
sensitivity to both agonist-stimulated phosphorylation by
GRKs and rapid internalization (6, 9). To ascertain whether
this domain of the A3AR was sufficient to drive the receptor
into endosomal compartments, the colocalization between
Alexa594-conjugated transferrin and either the noninternal-
izing A1AR-GFP or rapidly internalizing A1CT3AR-GFP
chimera was compared following transient expression in
HEK293 cells (Figure 7). While no colocalization of the
transferrin receptor and A1AR-GFP chimera was observed
either before or after the addition of a maximally effective
concentration of R-PIA, the A1CT3AR-GFP chimera dis-
played significant colocalization with the transferrin receptor
in intracellular vesicles after 30 min (Figure 7). Hence, the
14 carboxyl-terminal amino acids of the A3AR are sufficient

FIGURE 6: Colocalization of internalized WT and Cys302,305Ala A3AR-GFP constructs with transferrin receptor-positive intracellular vesicles.
HEK293 cells were transfected with expression plasmids encoding either the WT or Cys302,305Ala A3AR-GFP chimera. Cells were prelabeled
with Alex594-conjugated transferrin prior to the addition of 1µM R-PIA for 30 min to induce receptor internalization as described in
Experimental Procedures. Merged confocal images of receptor fluorescence (green) and labeled transferrin receptors (red) are shown.
Colocalization of receptor and labeled transferrin is visible as yellow fluorescence. Representative cells are shown from one of multiple
experiments.
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to drive agonist-stimulated accumulation of inhibitory ARs
into transferrin receptor-positive endosomal vesicles.

Agonist-Mediated Translocation of the Arrestin3-GFP
Chimera by WT and Mutant A1- and A3ARs. For many
GPCRs, receptor phosphorylation precedes the recruitment
of arrestin proteins. Because nonvisual arrestins can simul-
taneously bind phosphorylated GPCRs, clathrin, and adapter
proteins such as AP2, they appear to function as molecular
linkers between agonist-occupied GPCRs and the endocytotic
machinery that is responsible for receptor internalization (24).
Moreover, the stability of the receptor-arrestin interaction
has been reported to be a critical determinant of receptor
dephosphorylation and resensitization following agonist
withdrawal (25). Consequently, it was possible that the
distinct trafficking characteristics displayed by the WT and
Cys302,305Ala-mutated A3ARs could be manifested in differing
abilities to induce the translocation of arrestins. No study
has yet examined a role for arrestin proteins in controlling
adenosine receptor internalization. To begin addressing these
issues, we assessed the extent to which agonist-treated WT
and mutant inhibitory ARs stimulated the translocation of
and colocalization with coexpressed GFP-tagged arrestin3
using confocal laser scanning microscopy (Figure 8). As a
positive control for these experiments, we used the TRH
receptor, which has been shown to colocalize and internalize
with arrestin2 following agonist exposure (26). In the absence
of receptor activation, the arrestin3-GFP chimera was
distributed throughout the cytoplasm (Figure 8). However,

in response to a 30 min exposure to 1µM TRH, a significant
translocation of the arrestin3-GFP chimera was observed.
At this time point, both the arrestin3-GFP chimera and the
TRH receptor had been redistributed into an overlapping
population of punctate intracellular vesicles (Figure 8). This
redistribution was absolutely dependent upon the pres-
ence of cotransfected receptor as no redistribution of the
arrestin3-GFP chimera could be detected in cells transfected
with the arrestin3-GFP chimera alone following stimulation
with maximally effective concentrations of either TRH (data
not shown) or R-PIA (Figure 8).

Agonist occupation of the A3AR resulted in a qualitatively
different change in the subcellular distribution of the
arrestin3-GFP chimera (Figure 8). From an initial distribu-
tion throughout the cytoplasm, the arrestin3-GFP chimera
was redistributed to small punctate spots located both at the
plasma membrane and within the cytoplasm in response to
cellular treatment with R-PIA (Figure 8). Moreover, in
contrast to the TRH receptor, staining of the A3AR by
immunofluorescence revealed that no significant overlap of
arrestin3-GFP- and the A3AR-derived fluorescence was
detectable after 30 min (Figure 8).

Arrestin proteins have been shown to be intimately
involved in controlling the internalization of several GPCRs
in a manner that is absolutely dependent upon prior phos-
phorylation of the receptor protein (27-29). Given that
phosphorylation of the human A1AR is undetectable, and
the receptor internalizes only slowly over a time course of

FIGURE 7: Fourteen carboxyl-terminal amino acids of the A3AR are sufficient to drive agonist-stimulated accumulation of receptors into
early endosomes. HEK293 cells were transfected with expression plasmids encoding either the WT A1AR-GFP or A1CT3AR-GFP chimera.
Cells were prelabeled with Alex594-conjugated transferrin prior to the addition of 1µM R-PIA for 30 min as indicated. Merged confocal
images of receptor fluorescence (green) and labeled transferrin receptors (red) are shown. Colocalization of receptor and labeled transferrin
is visible as yellow fluorescence. Representative cells are shown from one of multiple experiments.
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hours, it was unclear whether agonist-occupied A1ARs would
be capable of inducing the same profound translocation of
arrestin3 observed for the A3AR (Figure 8). However, a
marked agonist-stimulated translocation of the arrestin3-
GFP chimera to small punctate spots at the plasma membrane
was readily detectable following a 30 min agonist exposure.
Despite their accumulation at the plasma membrane, no
colocalization of the arrestin3-GFP chimera and the A1AR
could be observed. Also, in contrast to the A3AR, no
significant accumulation of the arrestin3-GFP chimera in
the cytoplasm was detectable (Figure 8).

To test whether the carboxyl-terminal 14-amino acid
cytoplasmic domain of the A3AR was responsible for the
subtype-specific redistribution of the arrestin3-GFP chimera
observed in response to A1- and A3AR activation, the
redistribution of the arrestin3-GFP chimera was assessed
in cells cotransfected with the chimeric A1CT3AR (Figure
8). The redistribution of the arrestin3-GFP chimera observed
in response to R-PIA exposure was very similar to that

observed with the WT A3AR, with the arrestin3-GFP
chimera being redistributed into small punctate spots both
at the plasma membrane and throughout the cytoplasm. As
observed for the both the A1AR and A3AR, no colocalization
of the arrestin3-GFP chimera with the A1CT3AR was
observed at any time point (Figure 8). Thus, the ability of
inhibitory ARs to undergo rapid agonist-stimulated internal-
ization is associated with a capacity to promote the redis-
tribution of the arrestin3-GFP chimera into small punctate
accumulations within the cytoplasm that are devoid of the
internalized receptor (Figure 8).

Given the pivotal role of arrestins in controlling the
internalization and resensitization of several GPCRs, one
potential explanation for the accelerated intracellular traf-
ficking and recycling kinetics of the Cys302,305Ala-mutated
A3AR was an interaction with arrestins distinct from that
exhibited by the WT A3AR. However, as observed for the
WT A3AR, agonist stimulation of the mutant receptor caused
a redistribution of the arrestin3-GFP chimera to small

FIGURE 8: Localization of the arrestin3-GFP chimera with either the TRH receptor or inhibitory ARs in response to a 30 min agonist
exposure. HEK293 cells were transiently cotransfected with expression plasmids encoding the arrestin3-GFP chimera and the indicated
epitope-tagged receptor. Merged images of the subcellular distributions of the arrestin3-GFP chimera (green) and the indicated receptors
(identified in red following incubation with either anti-HA or VSV epitope tag antibodies and Alexa594-conjugated secondary antibody)
are shown before and after a 30 min stimulation with either 10µM TRH or 1 µM R-PIA as appropriate. Any colocalization of the arrestin3-
GFP chimera and labeled receptor is visible as yellow fluorescence. Representative cells are shown from a single experiment performed
multiple times.
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punctate spots located both at the plasma membrane and
within the cytoplasm. This was sustained for at least 30 min
following agonist exposure (Figure 8). In addition, immuno-
fluorescence experiments indicated that, like the WT A3AR,
these spots did not colocalize with the internalized
Cys302,305Ala-mutated A3AR (Figure 8).

Time course studies of arrestin translocation revealed that
even though each receptor promoted distinct changes in the
subcellular distribution of the arrestin3-GFP chimera,
changes were maximal by 15 min (Figure 9). However,
whereas agonist-occupied A1- and A3ARs were both able to
promote translocation of the arrestin3-GFP chimera to
punctate spots on the plasma membrane, only cells expressing
activated A3ARs displayed an intracellular accumulation of
the arrestin3-GFP chimera by 15 min (Figure 9). Despite
the observed differences in their internalization rates, parallel
experiments performed on cells coexpressing the WT and
Cys302,305Ala-mutated A3AR with the arrestin3-GFP chimera
did not reveal any detectable differences in the time courses
of arrestin translocation (Figure 9).

Together, these results demonstrate that agonist occupation
of both the A1- and A3ARs is able to promote the accumula-
tion of arrestin3-containing complexes at the plasma mem-
brane. However, the ability to induce the accumulation of
punctate intracellular arrestin3-containing vesicles is critically
dependent on the ability of the receptor to undergo agonist-
stimulated phosphorylation by GRKs, and is associated with

the ability of the receptor to undergo rapid agonist-stimulated
internalization. Moreover, neither the WT A1AR nor the
A3AR colocalizes with the arrestin3-positive vesicles either
at the membrane or in the cytoplasm.

DISCUSSION

It is now well-established that despite coupling to the same
G-proteins and binding the same physiological ligand (ad-
enosine), the A1- and A3ARs are subject to regulation by
markedly distinct molecular mechanisms. In this study, we
have examined how disruption of predicted sites for palmitate
attachment to each receptor’s cytoplasmic carboxyl-terminal
domain has receptor-specific consequences on agonist-
mediated changes in their subcellular distribution by presum-
ably altering the accessibility of these regulatory domains.

Although many GPCRs have now been found to have
palmitate attached to conserved Cys residues present in their
carboxyl-terminal domains, the importance of this modifica-
tion in controlling function varies dramatically between
individual GPCRs. For example, removal of palmitate from
the carboxyl-terminal domain of theâ2-adrenergic receptor,
by either mutation of Cys341 or agonist stimulation of
palmitate turnover, increases the extent of receptor phos-
phorylation by initially increasing the accessibility of a PKA
phosphorylation site (13, 14). In contrast, disruption ofR2A-
adrenergic receptor palmitoylation is without effect on

FIGURE 9: Time courses of arrestin3-GFP translocation in response to inhibitory AR activation. HEK293 cells were transiently cotransfected
with expression plasmids encoding the arrestin3-GFP chimera and the indicated epitope-tagged AR. Merged images depicting the subcellular
distribution of the arrestin3-GFP chimera (green) and the HA-tagged AR (red) are shown following stimulation with 1µM R-PIA for the
indicated times. Representative cells are shown from a single experiment performed multiple times.
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receptor phosphorylation (15) but instead abolishes receptor
downregulation (30). The contrasting effects of depalmitoyl-
ation onR2A- andâ2-adrenergic receptor phosphorylation are
likely due to the distinct localization of their regulatory
phosphorylation sites. Specifically, one of the PKA sites and
all GRK sites in theâ2-adrenergic receptor are located
immediately downstream of Cys341, whereas the GRK
phosphorylation sites within theR2A-adrenergic receptor
reside in the middle of the long third intracellular loop (31).
Taken together, these data support the hypothesis that the
effects of palmitoylation and depalmitoylation on receptor
function are dependent upon the sequences surrounding the
modified Cys residue(s), i.e., are context-dependent.

The human A1AR has been shown to be palmitoylated on
Cys309 within its carboxyl-terminal domain (16). However,
mutation of this residue to Ala fails to alter receptor-G-
protein coupling, effector activation, or downregulation in
response to sustained agonist exposure of stably transfected
HEK293 cells (16). The cognate putative palmitoylation sites
on the A3AR are Cys302 and -305. In contrast to the lack of
a discernible effect of palmitoylation site disruption on A1AR
regulation, mutation of these residues to Ala in the context
of the A3AR had several dramatic consequences for receptor
regulation. First, as we have demonstrated previously (7),
the Cys302,305Ala-mutated A3AR acquires a basal phos-
phorylation. This does not reflect an improved ability of the
mutant receptor for agonist as theKd for binding of the
agonist radioligand [125I]ABMECA to the mutated receptor
is unaffected (7). Hence, one possibility is that disruption
of A3AR palmitoylation increases the accessibility of the
threonine residues in the carboxyl-terminal tail that we have
shown are substrates for phosphorylation by GRKs (6).
Second, the mutated A3AR is internalized at a significantly
faster rate than the WT A3AR, although the extent to which
both WT and Cys302,305Ala-mutated receptors are maximally
internalized is the same (Figure 1). Finally, once internalized,
the Cys302,305Ala-mutated A3AR recycles rapidly back to the
plasma membrane upon agonist removal, unlike the WT
receptor which recovers at a much slower rate (Figure 2).

Unlike the A1AR, agonist-occupied WT A3ARs are rapidly
removed from the plasma membrane and, by 30 min,
accumulate in endosomal vesicles containing constitutively
recycling transferrin receptors (Figures 6 and 7). Two lines
of evidence suggest that the ability of the A3AR to ac-
cumulate in early endosomes is driven by prior receptor
phosphorylation by GRKs. First, a phosphorylation-resistant
A3AR mutant remains at the plasma membrane following
agonist exposure (Figure 4). Second, a chimeric A1CT3AR-
GFP protein, in which the 13 nonphosphorylated carboxyl-
terminal residues of the human A1AR have been swapped
for the 14 GRK-phosphorylated carboxyl-terminal residues
of the rat A3AR, accumulates in early endosomes in a manner
indistinguishable from the WT A3AR (Figures 6 and 7).
Interestingly, the Cys302,305Ala-mutated A3AR accumulates
in endosomal compartments in a manner identical to that of
the WT receptor (Figure 6). This suggests that disruption of
the Cys residues does not alter the trafficking pathways by
which the receptor is internalized and recycled, but merely
accelerates receptor flux through them. Moreover, the fact
that the palmitoylation-resistant Cys309Ala mutated A1AR
remained at the cell surface following agonist exposure might
suggest that depalmitoylation of this receptor per se is an

insufficient signal for receptor internalization to occur (Figure
5C). This is consistent with biochemical assays of
Cys309Ala-mutated A1AR internalization performed by Gao
et al. (16). Taken together with our data on the A3AR, one
interpretation of our findings is that the A3AR-specific effect
of disrupting Cys302 and Cys305 on accelerating receptor
internalization into early endosomes and recycling is a direct
consequence of its effect on the phosphorylation status of
the A3AR. As such, this is a scenario distinct from that
reported for theâ2-adrenergic receptor, since depalmitoyl-
ation of this receptor directly alters sensitivity to PKA-
mediated phosphorylation at Ser346 which, due to the
hierarchical nature of its action, then potentiates GRK2-
mediated phosphorylation of downstream phosphoacceptor
sites (14). Moreover, to our knowledge, it represents the first
example of an effect of putative palmitoylation sites on
agonist stimulation of GPCR internalization and recycling.
Previous studies comparing theâ2-adrenergic andδ-opioid
receptors revealed that while both receptors are internalized
rapidly in response to agonist exposure and initially ac-
cumulate in transferrin receptor-positive endosomal vesicles,
theδ-opioid receptors are subsequently retained in transferrin
receptor-negative intracellular pools following agonist re-
moval and fail to recycle back to the plasma membrane (32).
Since disruption of the putative palmitoylation sites on the
A3AR abolishes the ability of this receptor to be retained
intracellularly following agonist removal, it is possible that
the integrity of Cys302 and/or Cys305 is essential for
intracellular retention of the A3AR following agonist re-
moval, although the molecular mechanism behind this
phenomenon remains obscure.

The differential trafficking displayed by individual AR-
GFP chimeras was also associated with receptor-specific
interactions with arrestin3. Arrestin2 and -3 have been shown
to act as multifunctional adapter proteins, one role of which
is to direct the internalization of phosphorylated GPCRs.
Interestingly, agonist stimulation of both WT A1- and A3ARs
resulted in changes in the subcellular distribution of the
arrestin3-GFP chimera as determined by confocal micros-
copy (Figure 8). However, the nature of the changes in
arrestin3 distribution observed upon activation of each AR
was distinct and appeared to correlate with receptor sensitiv-
ity to GRK-mediated phosphorylation and rapid internaliza-
tion. Thus, while WT A1AR activation caused a translocation
of arrestin3 from uniformly throughout the cytosol to discrete
spots predominantly on the plasma membrane, the WT A3AR
caused the accumulation of arrestin3 both at the plasma
membrane and also within discrete punctate intracellular
spots (Figures 8 and 9). This subtype-specific translocation
appeared to correlate with receptor sensitivity to GRK-
mediated phosphorylation as the chimeric A1CT3AR induced
a pattern of arrestin3 translocation that mirrored that of the
WT (Figures 8 and 9). However, an important caveat to
consider is that such differences may be due to unique
regions of the A3AR carboxyl-terminal domain that are out
with the GRK phosphorylation sites, a hypothesis that could
be tested by studying the trafficking behavior of a mutant
chimeric A1CT3AR protein in which the three GRK-
phosphorylated threonine residues have been mutated to
alanine. Regardless, in contrast to other GPCRs, such as the
TRH receptor, which displays significant colocalization with
the arrestin3-GFP chimera following agonist stimulation
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(Figure 8), all of the inhibitory ARs that were tested directed
arrestin3-GFP trafficking into punctate clusters which were
devoid of receptor immunoreactivity (Figures 8 and 9).
Similar observations have recently been made for the 5HT2A

receptor (33). Given the growing appreciation of the role of
arrestins as scaffolds for key signaling molecules such as
Src, Hck, apoptosis signal-regulating kinase 1 (ASK1), and
c-jun N-terminal kinase 3 (JNK3) (34, 35), the observation
that activated A1- and A3ARs produce distinct patterns of
arrestin3 translocation has implications for subtype-specific
signals emanating from these activated GPCRs. For example,
differential redistribution of agonist-occupied receptors and
arrestins either may dictate the substrates available to
activated arrestin-bound kinases or may even determine
which signaling cascades are preferentially engaged (e.g.,
ERK vs JNK3 or vice versa). Thus, in cell types in which
the A1- and A3ARs are coexpressed, such as embryonic
chicken cardiac myocytes (4), defining how subtype-specific
redistribution of arrestin proteins effects inhibitory AR
signaling may ultimately prove to be invaluable in defining
the molecular mechanisms by which the therapeutically
important cardioprotective effects initiated by these receptors
are regulated (4, 36).

Finally, the comparative resistance of the human A1AR
to the kind of regulatory events that control A3AR function
begs the question of how signal output from this receptor is
regulated. It has already been shown that the third intra-
cellular loop of the A1AR can bind heat shock cognate
protein hsc73, an event that promotes receptor-G-protein
uncoupling (37). Moreover, agonist pretreatment results in
the endocytosis of A1AR-hsc73 complexes, although this
appears not to be a requirement for A1AR internalization to
occur in this system (37).

In conclusion, we have demonstrated that the integrity of
putative palmitoylation sites within the A3AR profoundly
controls its rate of internalization into and recycling out of
endosomal compartments. This appears to reflect the in-
creased sensitivity of the Cys302,305Ala A3AR mutant to
phosphorylation on its carboxyl-terminal tail by GRKs, as
an analogous Cys309Ala mutation of the phosphorylation-
resistant A1AR failed to confer a rapid internalization
phenotype on this receptor. The importance of the A3AR
carboxyl-terminal domain in driving endosomal accumulation
of the A3AR is demonstrated by the observation that a
chimeric A1CT3AR accumulated rapidly in endosomal
compartments in a manner indistinguishable from that of the
WT A3AR. However, the increased rate of Cys302,305Ala
A3AR internalization could not be explained by a distinct
interaction with arrestin proteins, since both WT and mutant
A3ARs induced a similar accumulation of arrestin3 from a
homogeneous cytosolic distribution into punctate spots
devoid of receptor within both the cytosol and the plasma
membrane. This distinctive redistribution of arrestin3 cor-
related with sensitivity to receptor phosphorylation, as A1AR
activation caused arrestin3-GFP fluorescence to cluster
exclusively at the plasma membrane, and the chimeric
A1CT3AR protein produced a redistribution of the arrestin3-
GFP chimera similar to that observed for the WT A3AR.
One possible explanation for these observations is that
Cys302 and (or) Cys305 are palmitoylated under basal
conditions, and that palmitate removal may be an agonist-
regulated signal for controlling the accessibility of GRKs to

the carboxyl-terminal sites that are important for A3AR
internalization and arrestin3 redistribution. While this hy-
pothesis needs to be tested by assessment of palmitate
incorporation and turnover at the A3AR, the novel observa-
tions on inhibitory adenosine receptor trafficking presented
in this study now provide a basic framework for defining
how changes in phosphorylation status and subcellular
distribution define signaling output from these therapeutically
important proteins.
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