
Subtype-Specific Kinetics of Inhibitory Adenosine Receptor
Internalization Are Determined by Sensitivity to
Phosphorylation by G Protein-Coupled Receptor Kinases

GAIL FERGUSON, KENNETH R. WATTERSON, and TIMOTHY M. PALMER

Molecular Pharmacology Group, Division of Biochemistry and Molecular Biology, Institute of Biomedical and Life Sciences, University of
Glasgow, Glasgow, Scotland, United Kingdom

Received July 15, 1999; accepted December 14, 1999 This paper is available online at http://www.molpharm.org

ABSTRACT
Despite coupling to the same class of inhibitory G proteins and
binding the same physiological ligand, the human A1 and rat A3
adenosine receptors (ARs) desensitize at different rates in re-
sponse to sustained agonist exposure. This is due to the ability
of the A3AR, but not the A1AR, to serve as a substrate for rapid
phosphorylation and desensitization by members of the G pro-
tein-coupled receptor kinase (GRK) family. The aim of this study
was to investigate whether these differences were also mani-
fested in their abilities to undergo agonist-dependent receptor
internalization. For the first time, we report that A3ARs internal-
ize profoundly in response to short-term exposure to agonist
but not activators of second messenger-regulated kinases. The
A3AR-selective antagonist MRS1523 blocked both A3AR phos-
phorylation and internalization. Moreover, in contrast to the

A1AR, which internalized quite slowly (t1/2 5 90 min), A3ARs
internalized rapidly (t1/2 5 10 min) over a time frame that fol-
lowed the onset of receptor phosphorylation. A nonphospho-
rylated A3AR mutant failed to internalize over a 60-min time
course, suggesting that receptor phosphorylation was essential
for rapid A3AR internalization to occur. In addition, fusion onto
the A1AR of the A3AR C-terminal domain containing the sites
for phosphorylation by GRKs conferred rapid agonist-induced
internalization kinetics (t1/2 5 10 min) on the resulting chimeric
AR. In conclusion, these data suggest that GRK-stimulated
phosphorylation of threonine residues within the C-terminal
domain of the A3AR is obligatory to observe rapid agonist-
mediated internalization of the receptor.

Desensitization has been defined traditionally as the pro-
cess whereby a guanine nucleotide-binding regulatory pro-
tein (G protein)-coupled receptor (GPCR)-initiated response
plateaus and then diminishes despite the sustained presence
of agonist. However, several recent studies have suggested
that the molecular processes that desensitize signaling path-
ways at the plasma membrane can simultaneously initiate
alternate pathways after receptor clustering and internaliza-
tion (Lefkowitz, 1998). From work performed predominantly
on the b2-adrenergic receptor, it has been suggested that
agonist-stimulated phosphorylation of the receptor protein
by GPCR kinases (GRKs) stimulates the binding of arrestin
proteins (Krupnick and Benovic, 1998; Pitcher et al., 1998).
This serves at least three functions: 1) uncoupling of plasma
membrane-located receptors from heterotrimeric G proteins,

thereby leading to a functional desensitization of G protein-
linked signaling; 2) clustering of phosphorylated receptors
into clathrin-coated pits; and 3) recruitment and activation of
src family tyrosine kinases, which ultimately result in the
activation of the mitogen-activated protein kinase (MAPK)
signaling cascade (Luttrell et al., 1997, 1999). Although evi-
dence supporting this model of b2-adrenergic receptor stim-
ulation of MAPK is growing, it is unlikely that it is applicable
to all other GPCRs. For example, m3 muscarinic acetylcho-
line and k-opioid receptor stimulation of MAPK occur inde-
pendently of receptor internalization (Budd et al., 1999; Li et
al., 1999). Also, several GPCRs, including the A1 adenosine
receptor (AR), transiently activate MAPK activity over time
courses that temporally precede the onset of receptor inter-
nalization (Ciruela et al., 1997; Dickenson et al., 1998). Thus,
to manipulate GPCR signaling, it is essential that we under-
stand the role of receptor phosphorylation and/or internal-
ization in initiating or terminating specific signaling cas-
cades.

Although we have demonstrated that the rat A3AR is phos-
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phorylated rapidly by one or more GRKs in response to short-
term agonist exposure (Palmer et al., 1995, 1996), it is not
known whether the receptor internalizes. In this study, we
used the human A1 and a panel of rat A3AR mutants to
examine whether differential sensitivity to phosphorylation
regulates inhibitory AR internalization in stably transfected
Chinese hamster ovary (CHO) cells. Our results demonstrate
that agonist-occupied A1 and A3ARs internalize over mark-
edly different time courses. In addition, using both loss-of-
function and gain-of-function mutagenesis approaches, we
demonstrate that the distinct internalization kinetics dis-
played by the A1ARs and A3ARs are determined by their
markedly different sensitivities to agonist-stimulated phos-
phorylation in situ by GRKs.

Experimental Procedures
Materials and Cell Lines. Biotin-long alkyl spacer chain (LC)-

hydrazide and horseradish peroxidase-conjugated streptavidin were
obtained from Pierce-Wariner. The A3AR-selective antagonist
MRS1523 [5-propyl 2-ethyl-4-propyl-3-(ethylsulfanylcarbonyl)-6-
phenylpyridine-5-carboxylate; Li et al., 1998] was the generous gift
of Dr. Ken Jacobson (National Institutes of Health, Bethesda, MD).
The sources of all other materials and the generation of CHO cell
lines stably expressing the indicated AR cDNAs have been docu-
mented previously (Palmer et al., 1995, 1996; Palmer and Stiles,
2000).

Receptor Phosphorylation. Receptor-expressing CHO cells
were plated onto 6-well dishes at a density of approximately 1 3 106

cells/well and cultured overnight in regular medium. The next day,
the cells were washed twice with phosphate-free Dulbecco’s modified
Eagle’s medium and incubated for 90 min in the same medium
supplemented with 1 U/ml adenosine deaminase and 0.2 mCi/ml
[32P]orthophosphate. After incubation with 59-N-ethylcarboxam-
idoadenosine (NECA), (R)-N6-(phenylisopropyl)adenosine [(R)-PIA],
or MRS1523 for the times indicated in the figure legends, reactions
were terminated by placing the cells in ice and washing three times
with ice-cold PBS. All subsequent procedures were performed at 4°C
unless stated otherwise. Cells were solubilized by the addition of 0.5
ml of immunoprecipitation buffer (50 mM sodium HEPES, pH 7.5, 5
mM EDTA, 10 mM sodium phosphate, 10 mM sodium fluoride, 0.1
mM phenylmethylsulfonyl fluoride, 0.7 mg/ml pepstatin A, and 10
mg/ml concentration each of soybean trypsin inhibitor and benzami-
dine). After a 60-min incubation on a rotating wheel, insoluble ma-
terial was removed by centrifugation (14,000g for 15 min). Extracts
were then equalized by protein assay and precleared of nonspecific
binding proteins by incubation with protein A-Sepharose in the
presence of 0.2% (w/v) IgG-free BSA. Receptors were then immuno-
precipitated from precleared supernatants by incubation for 2 h with
protein A-Sepharose and 1 mg of 12CA5. Immune complexes were
isolated by centrifugation, washed twice with immunoprecipitation
buffer supplemented with 0.2 M ammonium sulfate and once with
immunoprecipitation buffer alone, and eluted from the protein A-
Sepharose by the addition of electrophoresis sample buffer and in-
cubation at 37°C for 1 h. Analysis was by SDS-polyacrylamide gel
electrophoresis (PAGE) using 10% (w/v) polyacrylamide resolving
gels and autoradiography.

Receptor Internalization Assay. AR-expressing CHO cell lines
were plated onto 6-well dishes at a density of 1 3 106 cells/well. The
next day, the cells were washed, and 0.75 ml/well normal medium
was applied. Incubations were initiated by the addition of adenosine
deaminase with vehicle, (R)-PIA, or MRS1523 for the times indicated
in the figure legends. Reactions were terminated by placing the cells
on ice and washing monolayers three times with ice-cold PBS. All
subsequent procedures were performed at 4°C unless stated other-
wise. The alcohol groups on cell-surface glycoproteins were oxidized

to aldehydes by a 30-min incubation with 10 mM sodium periodate in
PBS. After the removal of periodate and washing with PBS, mono-
layers were washed twice with 0.1 M sodium acetate, pH 5.5, and
incubated for 30 min in the same buffer supplemented with 1 mM
biotin-LC-hydrazide. This reacts with the newly formed alcohol
groups, thereby labeling all cell-surface glycoproteins with biotin.
Labeling was terminated by removal of the biotin-LC-hydrazide so-
lution and washing monolayers three times with PBS. Cells were
then solubilized for receptor immunoprecipitation with 12CA5 as
described earlier. After fractionation of immunoprecipitated recep-
tors by SDS-PAGE, proteins were transferred to a nitrocellulose
membrane. Nonspecific protein-binding sites were blocked by incu-
bation in Blotto [5% (w/v) skimmed milk in PBS supplemented with
0.2% (v/v) Triton X-100]. Cell surface biotin-labeled receptors were
then identified by incubation of the membrane with 1 mg/ml horse-
radish peroxidase-conjugated streptavidin for 60 min at room tem-
perature. After three washes with Blotto and two washes with PBS,
reactive proteins were visualized by enhanced chemiluminescence
(Renaissance; New England Nuclear Research Products, Boston,
MA). Agonist-induced loss of cell-surface receptor was quantified by
densitometric scanning of blots. Data are presented as mean 6 S.E.
for the number of experiments indicated. Statistical significance was
determined by two-tailed Student’s t tests with significance assessed
at P , .05.

Results
Agonist Stimulation of A3AR Internalization. To de-

termine whether agonist treatment could induce internaliza-
tion of the A3AR, we used the presence of multiple consensus
sites for N-linked glycosylation in the N-terminal domain
and second extracellular loop. This allowed us to label cell-
surface A3AR glycoproteins with a membrane-impermeable
derivative of biotin (Palmer et al., 1995) and assay the ability
of specific drugs to induce a loss in cell-surface receptor
levels. The treatment of wild-type (WT) A3AR-expressing
cells with either a 1 mM concentration of the AR agonist
(R)-PIA or a 10 mM concentration of the agonist NECA for 30
min induced a 56 6 18% (P , .05 versus vehicle-treated
controls, n 5 3) reduction in the levels of cell-surface A3AR
(Fig. 1, A and B). This effect could not be mimicked by several
activators of second messenger-regulated protein kinases,
including the phorbol ester phorbol-12-myristate-13-acetate,
the calcium ionophore A23187, and 8-bromo-cGMP, which
activates cGMP-dependent protein kinase (Fig. 1A).

Interestingly, elevation of intracellular cAMP levels with
the diterpene forskolin resulted in both a small reduction in
cell-surface A3AR levels and a reduced mobility of the A3AR
protein on SDS-PAGE (Fig. 1A). This effect was not unique to
forskolin as similar results were observed with the nonhy-
drolyzable membrane-permeable cAMP analog 8-bromo-
cAMP (data not shown). Although phosphorylation is known
to reduce the electrophoretic mobility of a variety of GPCRs
(Ali et al., 1993), we were unable to detect any increase in
A3AR phosphorylation in response to forskolin or 8-bromo-
cAMP treatment, consistent with our previous observations
(Palmer et al., 1995). We are currently investigating this
issue but want to note here that elevation of cAMP levels is
unlikely to be responsible for the effects of agonist on A3AR
internalization for three reasons. First, multiple studies have
shown that activation of the A3AR in CHO cells reduces
intracellular cAMP levels (Zhou et al., 1992; Linden et al.,
1993; Palmer et al., 1995). Second, unlike the effect of fors-
kolin/8-bromo-cAMP treatment, agonist exposure does not
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appreciably alter the mobility of the A3AR protein on SDS-
PAGE. Finally, agonist treatment induces a much greater
internalization of cell-surface A3ARs than that observed after
forskolin treatment.

Analysis of the effects of increasing (R)-PIA concentrations
on cell-surface A3AR levels produced a biphasic response
curve (Fig. 1B). (R)-PIA-mediated loss of cell-surface A3ARs
occurred with an EC50 value of approximately 0.2 mM (Fig.

Fig. 2. Effect of the A3AR-selective antagonist MRS1523 on agonist-
stimulated phosphorylation and internalization of the WT A3AR. A, WT
A3AR-expressing CHO cells were incubated with the indicated concen-
trations of MRS1523 for 30 min at 37°C before the addition of (R)-PIA to
a final concentration of 1 mM for an additional 30 min. Cell-surface
glycoproteins were then labeled with biotin before receptor immunopre-
cipitation with 12CA5 and visualization as described in Experimental
Procedures. B, quantitative analysis of the results in A. The levels of
cell-surface receptor in untreated control cells were set at 100%, whereas
those in cells treated only with agonist were set at 0%. The levels of
cell-surface receptor observed for the other conditions were then normal-
ized with respect to these limits. These data are representative of three
experiments that produced similar results. C, 32P-prelabeled WT A3AR-
expressing CHO cells were incubated with the indicated concentrations of
the A3AR-selective antagonist MRS1523 for 30 min at 37°C before the
addition of (R)-PIA to a final concentration of 1 mM for an additional 10
min. Reactions were then terminated and receptors were immunoprecipi-
tated with 12CA5 as described in Experimental Procedures. After frac-
tionation of immunoprecipitated proteins by SDS-PAGE, phosphorylated
A3ARs were visualized by autoradiography of the dried gel. This is one of
three experiments that produced identical results.

Fig. 1. Effects of exposure to agonist and activators of second messenger-
regulated kinases on levels of cell-surface A3ARs. A, CHO cells stably
expressing a hemagglutinin epitope-tagged WT A3AR were exposed for 30
min at 37°C to either vehicle, 5 mM concentration of the AR agonist
NECA, 1 mM concentration of phorbol-12-myristate-13-acetate (PMA), 10
mM concentration of the calcium ionophore A23187 in the presence of 1.8
mM calcium chloride, 10 mM forskolin, or 100 mM 8-bromo-cGMP. Cell-
surface glycoproteins were then labeled with biotin before receptor im-
munoprecipitation with 12CA5. After fractionation of immunoprecipi-
tates by SDS-PAGE, biotin-labeled cell-surface A3ARs were visualized by
transfer to nitrocellulose and probing with horseradish peroxidase-
streptavidin as described in Experimental Procedures. B, WT A3AR-
expressing CHO cells were incubated with the indicated concentrations of
(R)-PIA for 30 min at 37°C. Cell-surface glycoproteins were then labeled
with biotin before receptor immunoprecipitation with 12CA5 and visual-
ization as described in Experimental Procedures. Blots were quantified by
densitometric scanning. Values represent mean 6 S.E. for three experi-
ments, with the levels of cell-surface A3AR observed in the absence of
agonist set at 100%.
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1B). This is almost identical with the Ki value for (R)-PIA-
mediated displacement of agonist radioligand binding from
the rat A3AR (Zhou et al., 1992) and suggests that the extent
to which (R)-PIA mediates A3AR internalization is linked
closely to receptor occupancy. However, low nanomolar con-
centrations of (R)-PIA (5–50 nM) consistently produced a
small yet significant increase in the levels of cell-surface
A3AR (Fig. 1B).

Antagonist Blockade of A3AR Phosphorylation and
Internalization. To determine whether A3AR internaliza-
tion was agonist-specific, we assessed the effect of preincu-
bating transfected CHO cells with the A3AR-selective antag-
onist MRS1523 (Li et al., 1998) before measuring (R)-PIA-
mediated A3AR internalization. Although MRS1523 alone
had no effect on levels of cell-surface A3ARs, it was able to
inhibit (R)-PIA-mediated receptor internalization in a con-
centration-dependent manner (Fig. 2A). Quantitative analy-
sis of these experiments produced an IC50 value for MRS1523
between 2.5 and 25 nM (Fig. 2B). The reported Ki value for
this antagonist at the rat A3AR is 130 nM (Li et al., 1998). A
similar inhibitory effect of MRS1523 on (R)-PIA-mediated
A3AR phosphorylation was also observed (Fig. 2B). There-
fore, A3AR phosphorylation and internalization are agonist-
mediated processes that can be blocked by the A3AR-selective
antagonist MRS1523.

Time Courses of (R)-PIA-Mediated Internalization of
WT A1 and A3ARs. Previous studies have demonstrated

that the A1AR does not serve as a good substrate for agonist-
mediated phosphorylation by GRKs either in situ or in vitro
(Palmer et al., 1996). Given that the A3AR is, by contrast, an
excellent substrate for GRK phosphorylation, it was possible
that these receptors might also exhibit differences in their
abilities to undergo agonist-mediated internalization. To test
this hypothesis, we assessed the time courses for (R)-PIA-
mediated internalization of WT A1 and A3ARs stably ex-
pressed in CHO cells (Fig. 3, A and B). Although treatment
with 1 mM (R)-PIA produced a slow reduction in cell-surface
A1AR levels (t1/2 5 90 min; Fig. 3A), the same agonist re-
duced A3AR levels at a much faster rate (t1/2 5 10 min; Fig.
3B). Moreover, the time course of A3AR internalization fol-
lowed that of receptor phosphorylation (t1/2 5 1 min; Fig. 3C).
Therefore, the A1 and A3AR are distinguishable not only by
their differing sensitivities to phosphorylation by GRKs but
also by the markedly different rates at which they undergo
agonist-dependent internalization.

Effects on A3AR Internalization of Mutating GRK
Phosphorylation Sites. Because the A3AR internalized
considerably faster than the nonphosphorylated A1AR, it was
possible that phosphorylation of the A3AR by GRKs was the
trigger that initiated the more rapid internalization process.
To test this theory, we used a mutant A3AR rendered resis-
tant to GRK phosphorylation by the mutation to alanine of
three threonine residues (Thr307, Thr318, and Thr319) present
in the C-terminal domain (Palmer and Stiles, 2000). In con-

Fig. 3. Time courses of (R)-PIA-medi-
ated internalization of the A1 and
A3ARs. A1AR (A)- and A3AR (B)-ex-
pressing CHO cells were incubated
with 1 mM (R)-PIA for the indicated
times at 37°C. Cell-surface glycopro-
teins were then labeled with biotin be-
fore receptor immunoprecipitation
with 12CA5 and visualization as de-
scribed in Experimental Procedures.
Blots were quantified by densitometric
scanning. Values represent mean 6
S.E. for three experiments, with the lev-
els of cell-surface A3AR observed in the
absence of agonist set at 100%. C, 32P-
prelabeled WT A3AR-expressing CHO
cells were incubated with 10 mM (R)-
PIA for the indicated times. Reactions
were then terminated and receptors
were immunoprecipitated with 12CA5
as described in Experimental Proce-
dures. After fractionation of immuno-
precipitated proteins by SDS-PAGE,
phosphorylated A3ARs were visualized
by autoradiography of the dried gel.
This is one of multiple experiments.

Adenosine Receptor Internalization 549



trast to the rapid and profound agonist-induced loss of WT
A3AR from the cell surface, a small loss of mutant receptor
was only detectable after a 60-min agonist exposure (Fig. 4, A
and B). Thus, disruption of the sites of GRK phosphorylation
dramatically impairs the ability of the A3AR to undergo rapid
agonist-mediated internalization.

Agonist-Dependent Internalization of a Chimeric A1-
A3AR (A1CT3AR). Even though mutation of the GRK phos-
phorylation sites within the A3AR C-terminal domain abol-
ished receptor internalization, we could not eliminate the
possibility that this had arisen from a nonspecific disruption
of receptor structure within this region. Thus, to determine
whether the addition of the C-terminal regulatory domain of
the A3AR could confer rapid internalization kinetics on a
slowly internalizing receptor, we used a chimeric A1-A3AR,
termed A1CT3AR, which we have described previously
(Palmer et al., 1996). This chimeric receptor comprises amino
acids 1 to 310 of the human A1AR (encompassing all of the
receptor up to and including its predicted palmitoylation site)
to which the C-terminal 14 amino acids of the rat A3AR have
been fused. Thus, although this receptor behaves pharmaco-
logically like the A1AR, it is rapidly phosphorylated and
desensitized in response to acute agonist exposure in a man-
ner similar to the WT A3AR but unlike the WT A1AR (Palmer
et al., 1996). Time course experiments revealed that agonist
stimulation of chimeric receptor phosphorylation occurred
with a t1/2 of approximately 1 min (Fig. 5A). Analysis of the
(R)-PIA-mediated loss of A1CT3AR from the cell-surface re-
vealed that the chimeric receptor internalized over a time
frame that followed that of receptor phosphorylation and was
similar to that of the WT A3AR (t1/2 5 10 min; Fig. 5B). Thus,
the GRK phosphorylated C-terminal domain of the A3AR is

able to confer the property of rapid agonist-induced internal-
ization on a predominantly A1AR-containing chimeric AR.

Discussion
The A1 and A3ARs represent attractive targets for thera-

peutics aimed at combating asthma, ischemic heart disease,
and stroke (Von Lubitz et al., 1994; Kohno et al., 1996;
Auchampach and Bolli, 1999). Although several Gi-coupled
signaling cascades have been shown to be activated by these
receptors, the roles of receptor phosphorylation and internal-
ization in regulating these pathways are unknown. As a first
step toward addressing how such events may regulate dis-
tinct A1 and A3AR-activated signaling cascades, we have
used a panel of mutant and chimeric ARs to examine the
relationship between inhibitory AR phosphorylation and in-
ternalization.

For the first time, we demonstrated that the AR agonists
(R)-PIA and NECA induced a rapid (t1/2 5 10 min) concen-
tration-dependent loss of A3ARs from the cell surface as
measured using a sequential cell-surface biotin labeling-im-
munoprecipitation assay (Palmer et al., 1996). In contrast,
exposure of the A1AR to the same agonists resulted in a much
slower rate of receptor internalization (t1/2 5 90 min). A
similar slow rate of agonist-mediated internalization has also
been observed for A1ARs expressed endogenously in a DDT1

MF-2 hamster smooth muscle cell line (Ciruela et al., 1997),
suggesting that this is a characteristic feature of the A1AR
and not simply a reflection of the CHO host cell line we have
used to express the recombinant receptor. Interestingly, the
onset of agonist-mediated A1AR internalization in CHO cells
correlates temporally with the onset of reduced A1AR/Gi cou-
pling as detectable by copurification of receptor/G protein
complexes and agonist radioligand binding (Gao et al., 1999).
Therefore, sequestration of agonist-bound A1ARs away from
plasma membrane-associated Gi proteins represents one po-
tential mechanism by which A1AR desensitization could oc-
cur in this system, although this will ultimately need to be
tested by comparing the subcellular distribution and colocal-
ization patterns of Gi proteins and A1ARs before and after
agonist treatment.

Both loss-of-function and gain-of-function experimental
approaches suggested strongly that A3AR internalization is
critically dependent on phosphorylation of three threonine
residues (Thr307, Thr318, and Thr319) within the C-terminal
domain by one or more GRKs (Palmer et al., 1996; Palmer
and Stiles, 2000). Other studies have demonstrated that dis-
crete regions within the C-terminal tails of several GPCRs
are involved in controlling internalization, including the
b-isoform of the thromboxane A2 receptor (Parent et al.,
1999), the thrombin receptor (Shapiro et al., 1998), and the
choriogonadotropin receptor (Rodriguez et al., 1992). In each
of these instances, the C-terminal domains contain sites for
phosphorylation by GRKs and second messenger-regulated
protein kinases. However, for receptors like the b2-adrener-
gic receptor (Gabilondo et al., 1997), additional structural
elements within the C-terminal tail, such as dileucine re-
peats that bind AP1 and AP2 adaptor proteins associated
with clathrin-coated pits, seem to be critical for agonist-
induced internalization to be fully manifested on receptor
phosphorylation. In the case of the A3AR, no such motifs are
present within the receptor’s small cytoplasmic domains, so

Fig. 4. Comparison of the time courses of agonist-stimulated internaliza-
tion of WT and phosphorylation-resistant Thr307,318,319 3 Ala-mutated
A3ARs. A, CHO cells stably expressing either the WT A3AR (top) or a
phosphorylation-resistant Thr307,318,319 3 Ala mutant A3AR (bottom)
were incubated with 5 mM (R)-PIA at 37°C for the indicated times.
Cell-surface glycoproteins were then labeled with biotin before receptor
immunoprecipitation with 12CA5 and visualization as described in Ex-
perimental Procedures. This is one of three experiments that produced
essentially identical results. Quantitative analysis of the internalization
observed for each receptor after a 60-min agonist exposure is presented in
B. *Statistically significant difference (P , .05) from the WT A3AR.
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it is likely that phosphorylation of Thr307, Thr318, and Thr319

is the predominant, if not the only, factor controlling the
rapid internalization of this receptor. Based on observations
made with other GPCRs (Cao et al., 1998; Li et al., 1999;
McConalogue et al., 1999), it is likely that phosphorylation of
the A3AR C-terminal domain triggers the binding of arrestin
proteins, which then target the phosphorylated receptors for
internalization. We are currently performing experiments to
test the validity of this hypothesis. By extension, our obser-
vations also suggest that the slow rate of A1AR internaliza-
tion reflects the absence of C-terminal GRK phosphorylation
sites and the resultant inability of the agonist-occupied re-
ceptor to serve as a GRK substrate in this system (Palmer et
al., 1996; Gao et al., 1999).

The markedly different behavior of the A1AR compared
with the A3AR represents a prime example of how pharma-
cologically related receptors can be regulated differentially in
response to agonist challenge. Given that GPCR internaliza-
tion is now thought to be regulated predominantly by recep-
tor phosphorylation, our results raise important questions
about the molecular mechanisms controlling the slow ago-
nist-mediated internalization of the A1AR. Although inter-
nalization of other GPCRs, such as the secretin receptor
(Holtmann et al., 1996), has also been shown to occur inde-
pendently of phosphorylation, these receptors still internal-

ize within a few minutes of agonist exposure. Interestingly,
agonist-mediated redistribution of cell-surface A1ARs into
punctate plasma membrane clusters on the surface of DDT1

MF-2 cells is observed within 5 min of agonist addition,
suggesting that there is a considerable delay between recep-
tor aggregation and internalization (Ciruela et al., 1997). The
reasons for this delay are not immediately obvious, but it is
possible that additional proteins must be recruited to sites of
A1AR clustering for internalization to occur. Related to this
point, it is still unknown whether A1AR and A3AR internal-
ization pathways occur via clathrin-coated pits or whether
alternative trafficking pathways, such as those involving
caveolin, are involved.

Finally, the combined results of both the current study and
our previous investigations of inhibitory AR phosphorylation
(Palmer et al., 1996; Palmer and Stiles, 2000) raise the in-
triguing question of why two inhibitory ARs have evolved
that are regulated by markedly divergent mechanisms after
agonist binding. Given the recently appreciated role of GPCR
phosphorylation and internalization processes in initiating
specific signaling pathways (Della Rocca et al., 1999; Luttrell
et al., 1999), an exciting possibility is that subtype-specific
regulation of the A1 and A3ARs may allow each receptor to
activate distinct subsets of the increasing array of signaling
pathways now known to be initiated by GPCRs (Gutkind,

Fig. 5. Comparison of the time courses of agonist-stimulated phosphorylation and internalization of a chimeric A1CT3AR. A, 32P-prelabeled CHO cells
stably expressing the chimeric A1CT3AR were incubated with 5 mM (R)-PIA for the indicated times at 37°C before termination of the reactions and
receptor immunoprecipitation with 12CA5 as described in Experimental Procedures. After fractionation of immunoprecipitated proteins by SDS-
PAGE, phosphorylated A1CT3ARs were visualized by autoradiography of the dried gel. This is one of three experiments that produced identical
results. B, A1CT3AR-expressing CHO cells were incubated with 5 mM (R)-PIA for the indicated times at 37°C. Cell-surface glycoproteins were then
labeled with biotin before receptor immunoprecipitation with 12CA5 and visualization as described in Experimental Procedures. Blots were quantified
by densitometric scanning. Values represent mean 6 S.E. for three experiments, with the levels of cell-surface A1CT3AR observed in the absence of
agonist set at 100%.
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1998). In this respect, the mutant and chimeric A1ARs and
A3ARs generated from our analysis of receptor regulation
will be invaluable tools for elucidating the molecular mech-
anisms via which these receptors initiate therapeutically
important protective pathways in the myocardium and cen-
tral nervous system (Von Lubitz et al., 1994; Auchampach
and Bolli, 1999).
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