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ABSTRACT

Activation of the A; adenosine receptor (A;AR) contributes to
the cardioprotective, bronchoconstrictive, and hypotensive ef-
fects of adenosine. Agonist occupation of the A;AR results in a
rapid desensitization of receptor function, which is associated
with the phosphorylation of the receptor protein by one or more
members of the G protein-coupled receptor kinase family of
protein kinases. Although we demonstrated previously that
phosphorylation of the C-terminal 14 amino acids of the rat
AsAR is crucial for rapid desensitization to occur, the identity of
the critical phosphorylation sites has remained unknown. Here,
we demonstrate that the simultaneous mutation of Thr3°7,
Thr®'8 and Thr®'® to Ala residues dramatically reduces agonist-
stimulated phosphorylation and rapid desensitization of the rat
AAR. Individual mutation of each residue demonstrated that

Thr3'® and Thr®'® are the major sites of phosphorylation. Phos-
phorylation at Thr®'® appeared to be necessary to observe
phosphorylation at Thr®'®, but not vice versa. However, the
replacement of Thr3'® with a glutamate residue demonstrated
that the simple addition of negative charge at position 318 was
not sufficient to rescue phosphorylation at position 319. In
addition, the mutation of two predicted palmitoylation-site cys-
teine residues proximal to the regulatory domain resulted in the
appearance of an agonist-independent basal phosphorylation.
Therefore, G protein-coupled receptor kinase-mediated phos-
phorylation of the C-terminal tail of the A ;AR in situ appears to
follow a sequential mechanism, perhaps involving receptor de-
palmitoylation, with phosphorylation at Thr3'8 being particularly
important.

Adenosine is a ubiquitous regulator of cellular function. Its
effects on target tissues are mediated by binding to four
adenosine receptor (AR) subtypes termed A;, A,,, Ayp, and
A, (Ralevic and Burnstock, 1998). Importantly, even though
it is the most recently identified of the AR family, the A;AR
has already been shown to play a crucial role in some of the
most important physiological effects of adenosine. These in-
clude cardioprotection from ischemia-reperfusion injury
(Dougherty et al., 1998; Liang and Jacobson, 1998), eosino-
phil activation (Kohno et al., 1996), and neuroprotection (Von
Lubitz et al., 1994). These effects are initiated by interaction
of agonist-occupied A;ARs with members of the G; family of
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guanine nucleotide-binding regulatory proteins (G proteins)
(Gilman, 1987). Like almost all G protein-coupled receptor
(GPCRs), the A AR is predicted to consist of an extracellular
N-terminal domain linked to a cytoplasmic C-terminal tail by
seven transmembrane-spanning a-helices (Ji et al., 1998).
Like many other GPCRs, intracellular signals initiated by
agonist-occupied rat A;ARs are subject to a rapid homologous
desensitization (Ali et al.,, 1990; Ramkumar et al., 1993;
Apgar, 1994). Rapid termination of GPCR signaling is initi-
ated typically by receptor phosphorylation events catalyzed
by either second messenger-activated kinases or GPCR ki-
nases (GRKs) (Hausdorff et al., 1990). The latter constitute a
family of six enzymes that specifically phosphorylate agonist-
occupied receptors (Pitcher et al., 1998). We have shown
previously that rapid functional desensitization of the rat
A AR expressed in Chinese hamster ovary (CHO) cells is
associated temporally with the phosphorylation of the recep-
tor by one or more members of the GRK family (Palmer et al.,

ABBREVIATIONS: AR, adenosine receptor; G protein, guanine nucleotide-binding regulatory protein; GPCR, G protein-coupled receptor; GRK,
G-protein-coupled receptor kinase; CHO, Chinese hamster ovary; IBMECA, N°-(3-iodobenzyl)-5'-N-methylcarboxamidoadenosine; ABMECA,
NB-(4-aminobenzyl)-5'-N-methylcarboxamidoadenosine; PAGE, polyacrylamide gel electrophoresis; (R)-PIA, (R)-N°-(phenylisopropyl)adenosine;

NECA, 5'-N-ethylcarboxamidoadenosine; WT, wild type.
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1995). This is in contrast to the A;AR, which is not phosphor-
ylated and desensitizes much more slowly than the A;AR in
this system (Ramkumar et al., 1991; Palmer et al., 1996; Gao
et al., 1999). By generating a chimeric A;-A;AR, termed
A,CT3AR, we demonstrated that the A;AR C-terminal do-
main was responsible for conferring sensitivity to GRK phos-
phorylation and rapid desensitization kinetics (Palmer et al.,
1996). However, the identity of the residues phosphorylated
by GRKSs has remained unknown.

To accurately determine the phosphorylation sites within
the C-terminal tail of the A;AR phosphorylated by GRKs in
response to agonist exposure, we assessed the consequences
of specific mutations on agonist-stimulated A;AR phosphor-
ylation. In light of these experiments, we propose a sequen-
tial model of A;AR phosphorylation that may be controlled by
palmitoylation of the receptor within its C-terminal domain.

Experimental Procedures

Materials. N°-(3-Iodobenzyl)-5'-N-methylcarboxamidoadenosine
(IBMECA) was the generous gift of Dr. Kenneth Jacobson (National
Institutes of Health, Bethesda, MD). Cell culture supplies were ob-
tained from Life Technologies Europe (Paisley, Scotland, UK). Ra-
diochemicals were obtained from DuPont-New England Nuclear
(Boston, MA). '?°I-N%-(4-Aminobenzyl)-5'-N-methylcarboxamidoad-
enosine (ABMECA) was synthesized and purified as described pre-
viously (Olah et al., 1994). Sources of other materials have been
described elsewhere (Palmer et al., 1995, 1996).

Receptor ¢cDNA Constructs and Expression. Site-directed mu-
tagenesis of the rat A;AR was performed using a two-step polymerase
chain reaction-based protocol with pCMV5/hemagglutinin epitope-
tagged rat A;AR cDNA as a template (Palmer et al., 1995). The pres-
ence of the indicated mutations was verified by dideoxynucleotide se-
quencing.

CHO cell lines stably expressing the indicated A;AR cDNAs were
generated by cotransfecting cells with mutant A;jAR ¢DNA in a
pCMV5 expression vector and pSV2Neo (conferring neomycin resis-
tance) according to a modified calcium phosphate precipitation-glyc-
erol shock procedure described previously (Palmer et al., 1995). After
selection in G418, resistant clones were isolated, expanded, and
screened for recombinant A;AR expression by radioligand binding
using 2’I-ABMECA (Olah et al., 1994). Cells were propagated at
37°C in T-75 flasks in Ham’s F-12 medium supplemented with 10%
(w/v) fetal bovine serum, 100 U/ml penicillin, and 100 pg/ml strep-
tomycin in a humidified atmosphere containing 5% CO.,.

Receptor Phosphorylation. A;AR-expressing CHO cells were
plated onto 6-well dishes at a density of approximately 1 X 10°
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

TABLE 1

Characterization of cell lines stably expressing WT and mutant A;ARs
Membranes from CHO cells stably expressing the indicated AsAR ¢cDNA were pre-
pared for use in >’I-ABMECA saturation binding assays as outlined in Experimen-
tal Procedures. Data are presented for three to five experiments.

Cell Line B ax Ky
pmol/mg nM
0.90 = 0.24 1.90 = 0.21
Thr307318:319 _ Ala 0.57 £ 0.10 1.81 = 0.24
Thr?%? — Ala 0.28 = 0.07 1.63 = 0.17
Thr31831% — Ala 0.82 = 0.15 1.69 = 0.29
Thr?'® — Ala 1.24 = 0.20 1.24 = 0.14
Thr®® — Glu 0.75 = 0.11 1.66 = 0.05
Thr®'® — Ala 0.39 £ 0.06 1.73 = 0.18
Cys302:89% — Ala 0.36 = 0.05 1.36 = 0.39

supplemented with 1 U/ml adenosine deaminase and 0.2 mCi/ml
[*?Plorthophosphate. After stimulation with or without the A;AR
agonists (R)-N®-(phenylisopropyl)adenosine [(R)-PIA] and 5'-N-eth-
ylcarboxamidoadenosine (NECA), reactions were terminated by
placing the cells in ice and washing them three times with ice-cold
PBS solution. 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 pg/ml pepstatin A, and 10
pg/ml concentration each of soybean trypsin inhibitor and leupep-
tin). After a 60-min incubation on a rotating wheel, insoluble mate-
rial 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 ug 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. Quantification of phosphorylation exper-
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Fig. 1. Predicted membrane-spanning topography of the rat A;AR. A,
predicted seven transmembrane-spanning topography of the rat A;AR is
shown along with the primary sequence of the 14-amino acid C-terminal
regulatory domain. Candidate GRK phosphorylation sites (Thr®°?, Thr®!8,
and Thr?'®) and palmitoylation sites (Cys®°? and Cys®°?) are highlighted.
B, nontransfected and transfected CHO cells expressing the indicated
A;ARs were labeled with biotin-long alkyl spacer chain-hydrazide as
described in Experimental Procedures. After immunoprecipitation with
12CA5 and protein A-Sepharose, samples were normalized for receptor
expression before fractionation by SDS-PAGE. After transfer of fraction-
ated proteins to nitrocellulose, biotin-labeled A;ARs were visualized by
probing with horseradish peroxidase-conjugated streptavidin. This is one
of three experiments that produced qualitatively similar results.



iments was by excision of bands from the dried gel and Cerenkov
counting.

Because A;AR phosphorylation was being compared between CHO
cell lines expressing different receptor levels (Table 1), it was critical
that the amount of receptor loaded for SDS-PAGE from each cell line
was equivalent. Therefore, A;AR expression levels were determined
on the day of phosphorylation assays by radioligand binding using a
saturating concentration (approximately 10 nM) of 2’ I-ABMECA.
The amount of receptor in each transfected cell population (in
pmol/mg protein) multiplied by the protein content of the solubilized
fraction taken for immunoprecipitation (mg protein/sample) pro-
duced a value for the level of receptors in each immunoprecipitation
sample (pmol/sample). For SDS-PAGE analysis, the amount of re-
ceptor loaded was normalized to that of the sample with the least
receptor and loading volumes were equalized by the addition of
electrophoresis sample buffer.
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Cell Surface Biotin Labeling. This was performed exactly as
described in Palmer et al. (1995) except that the loading of immuno-
precipitates derived from different A;jAR-expressing cell lines was
normalized with respect to receptor number as described for the
phosphorylation experiments.

Radioligand Binding and Adenylyl Cyclase Assays. Radioli-
gand binding experiments using '2*I-ABMECA were performed and
analyzed as described previously (Olah et al., 1994). Adenylyl cyclase
assays were performed exactly as described previously using the
A AR agonist IBMECA (Palmer et al., 1995). Dose-response curves
were analyzed using a noniterative curve-fitting program (Prism
version 2.0; GraphPad, La Jolla, CA).

Data Analysis. Data are presented as mean *= S.D. for the
number of experiments indicated. Statistical significance was de-
termined by two-tailed Student’s ¢ tests with significance assessed
at P < .05.
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Fig. 2. Effect of simultaneous mutation of Thr®°” — Ala, Thr®'® — Ala, and Thr®'® — Ala on agonist-dependent phosphorylation and desensitization
of the rat A,AR. A, CHO cells stably expressing either WT or Thr®*” — Ala, Thr®'® — Ala, and Thr®*'® — Ala-mutated A,;ARs were incubated without
(CONTROL) or with (TREATED) 5 uM (R)-PIA for 10 min as indicated. Membranes were then prepared for immediate assay of IBMECA-mediated
inhibition of 5 uM forskolin-stimulated adenylyl cyclase activity. Representative experiments are shown from three performed for each cell line; data
are summarized in Table 2. B, 3?P-labeled CHO cells stably expressing either WT or Thr®**” — Ala, Thr®'® — Ala, and Thr®'® — Ala-mutated A;ARs
were incubated with or without 5 uM (R)-PIA for 10 min as indicated. Cells were then solubilized for receptor immunoprecipitation with 12CA5 and
analysis by SDS-PAGE and autoradiography as described in Experimental Procedures. Quantitative analysis from three experiments is shown.
Phosphorylation is expressed relative to that obtained for agonist-treated WT A ;AR (set at 100%). *Statistically significant difference from the WT
A AR. The average stimulation of WT A ;AR phosphorylation over basal in these experiments was 20- * 6-fold.
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Results

Generation of Cell Lines Expressing Thr — Ala Mu-
tant A;ARs. Previous studies have demonstrated that ago-
nist occupation of the A;AR results in the phosphorylation of
Thr residues within the C-terminal 14-amino acid region of
the receptor protein (Palmer et al., 1996). To assess which of
these residues was most important in determining suscepti-
bility to receptor phosphorylation, a panel of CHO cell lines
was generated expressing mutant A;ARs in which candidate
Thr residues within the C-terminal domain were mutated to
nonphosphorylatable Ala and Glu residues (Fig. 1A). In ad-
dition, two potential sites of palmitate attachment proximal
to the regulatory C-terminal domain (Cys®°? and Cys®°?)
were mutated to Ala to assess any role for these residues in
controlling A;AR phosphorylation. The radioligand binding
parameters for each of the cell lines used in this study are
given in Table 1. Importantly, each mutant A;AR displays a
similar affinity for the A;AR agonist radioligand '*°I-AB-
MECA as the wild-type (WT) A;AR (Table 1).

To account for the fact that the cell lines we used displayed
a range of B, . values in radioligand binding assays (Table
1), volumes of receptor immunoprecipitates loaded for SDS-
PAGE were normalized with respect to receptor number as
determined by radioligand binding assays using '2°I-AB-
MECA as described in Experimental Procedures. The validity
of this approach is demonstrated in Fig. 1B. After the label-
ing of cell surface glycoproteins with biotin, hemagglutinin
epitope-tagged A;ARs were immunoprecipitated from equiv-
alent amounts of cell extract from each of the indicated cell
lines. Taking into account the different B, values obtained
for each cell line, the loading volumes of the immunoprecipi-
tates used for SDS-PAGE were then adjusted so that each
lane was predicted to contain the same amount of receptor.
Subsequent development of the blots after incubation with
peroxidase-conjugated streptavidin proved that equalization
of receptor loading in this manner was sufficient to ensure
equivalent immunoprecipitation of cell-surface A;ARs from
distinct cell lines.

Simultaneous Mutation of Thr®°?, Thr®'®, and Thr3'°
— Ala Produces a Nonphosphorylated, Nondesensitiz-
ing A ;AR. Because the A;AR is phosphorylated predomi-
nantly on Thr residues in response to agonist exposure in
situ, each of the threonines in the C-terminal domain was
mutated simultaneously to a nonphosphorylatable Ala resi-
due. The resulting receptor was then expressed stably in
CHO cells for characterization of its abilities to undergo
rapid functional desensitization and phosphorylation. Expo-

TABLE 2

sure of WT Aj;AR-expressing CHO cells to a 10 uM concen-
tration of the AR agonist NECA for 10 min resulted in a rapid
desensitization of A;AR function that is manifested as a
6-fold increase in the IC;, value for the A;AR agonist IB-
MECA to inhibit forskolin-stimulated adenylyl cyclase activ-
ity in isolated membranes (Palmer et al., 1995, 1996; Fig. 2A
and Table 2). In contrast, cells expressing the Thr — Ala-
mutated A;AR displayed only a minimal functional desensi-
tization, with only a 1.5- to 2-fold increase in the IC5, value
for IBMECA being detectable after a 10-min exposure to 10
uM NECA (Fig. 2A and Table 2). Increasing the agonist
exposure time to 30 min did not produce any additional
functional desensitization compared with that observed after
10 min (data not shown). A severely reduced ability to un-
dergo functional desensitization was associated with the ab-
olition of the ability of agonist to stimulate mutant A;AR
phosphorylation compared with the WT A ;AR (Fig. 2B).

Effect on A;AR Phosphorylation of Mutating Indi-
vidual C-Terminal Threonines. To determine whether
one or more of the C-terminal threonines was particularly
important in controlling A;AR phosphorylation, Thr®°7,
Thr?!®, and Thr®!® was each mutated individually to Ala and
the modified receptor expressed stably in CHO cells. Muta-
tion of Thr®°” alone produced only a small decrease in recep-
tor phosphorylation (Fig. 3C). However, the mutation of
Thr?'® and Thr?!? to Ala resulted in a dramatic reduction in
agonist-stimulated A;AR phosphorylation, which was almost
equivalent to the effect of mutating all three threonines in
the C-terminal tail (Fig. 3, B and C). Mutation of Thr®'® alone
reduced phosphorylation by approximately 50% compared
with the WT A ;AR (Fig. 3, B and C). However, mutation of
Thr®1® to Ala had the same effect as simultaneously mutat-
ing Thr®'® and Thr®'? (Fig. 3, B and C).

Effect on A;AR Phosphorylation of Mutating Thr3'®
to Glu. One possible explanation for the distinct effects on
A AR phosphorylation of mutating Thr®'® and Thr®'® was
that phosphorylation at Thr®'® was required to observe phos-
phorylation at position 319. To test this hypothesis, Thr3'®
was mutated to a Glu residue in an attempt to mimic the
addition of negative charge associated with phosphorylation
at this position. However, mutation of Thr®'® to Glu failed to
rescue agonist-stimulated A;AR phosphorylation (Fig. 4).

Effect on A;AR Phosphorylation of Mutating Pre-
dicted Palmitoylation Sites (Cys®°? and Cys®°®). From
studies performed predominantly on the human ,- adrener-
gic receptors, it has been suggested that C-terminal tail
cysteine residues conserved among almost all GPCRs is

Effects of short-term agonist exposure on the desensitization of A,AR function in CHO cells stably expressing WT and Thr?07#18:319 — Ala-

mutated A;ARs

CHO cells stably expressing either the WT A;AR or a mutant A;AR in which Thr®®7, Thr®!8, and Thr®!'® were converted to Ala (Thr3°7318:319 _ Ala) were treated for 10 min
at 37°C with or without 5 uM (R)-PIA before membrane preparation and assay of IBMECA-mediated inhibition of 5 uM forskolin-stimulated adenylyl cyclase activity and
analysis as described in Experimental Procedures. Data are presented from three experiments.

WT A;AR Thr307:318819 _, Al
Control Treated Control Treated
Basal activity (pmol/min/mg) 28 +0.5 3.3+04 3.8+1.1 3.0+ 0.6
F.S. at 5 uM forskolin 94 +1.1 10.8 £ 0.6 13.3 4.8 10.3 = 0.7
IC;, (nM) 62 = 30 347 + 55% 176 = 38 396 * 60*
Fold increase in IC;, 5.60 2.25
Maximal inhibition (%) 729 58 = 8 516 57 + 2

* Statistically significant difference (P < .05) from untreated controls.
F.S., fold stimulation over basal activity.



palmitoylated and that palmitate turnover is accelerated in
response to agonist exposure (Loisel et al., 1996). The A;AR
contains two predicted palmitoylation sites in its C-terminal
domain: Cys®°? and Cys®°® (Fig. 1). To determine whether
these residues played a role in controlling phosphorylation of
the GRK sites within the C-terminal domain of the A;AR, the
two cysteine residues were simultaneously mutated to Ala,
which cannot be palmitoylated, and assayed for receptor
phosphorylation in the absence and presence of a maximally
effective concentration of agonist. As shown in Fig. 5, the Cys
— Ala mutant A;AR exhibited a significant level of basal
phosphorylation, with the addition of agonist further increas-
ing receptor phosphorylation to levels comparable with those
achieved by the WT A AR (Fig. 5).

Discussion

Although many studies have examined the ability of pep-
tides (Onorato et al., 1991), fusion proteins containing spe-
cific GPCR cytoplasmic domains (Prossnitz et al., 1995), and
recombinant GPCRs (Debburman et al., 1995) to act as sub-
strates for defined GRKs in vitro, relatively few studies have
identified sites of GRK phosphorylation within intact GPCRs
in situ. A major limitation of in vitro studies is that stoichio-
metries of phosphorylation by GRKs are typically much
greater than those observable for receptors isolated from
intact cells. This has been most elegantly demonstrated for
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Fig. 3. Effect of individual Thr—Ala mutations within the C-terminal
regulatory domain on agonist-dependent A,AR phosphorylation. A, 32P-
labeled CHO cells stably expressing either WT or different Thr—Ala-
mutated A;ARs were incubated with or without 5 uM (R)-PIA for 10 min
as indicated. Cells were then solubilized for receptor immunoprecipita-
tion with 12CA5 and analysis by SDS-PAGE and autoradiography as
described in Experimental Procedures. B, quantitative analysis from
three such experiments. Phosphorylation is expressed relative to that
obtained for agonist-treated WT A,AR (set at 100%). *Statistically sig-
nificant difference from the WT A AR. The average stimulation of WT
A;AR phosphorylation over basal in these experiments was 32 = 7-fold.
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the light receptor rhodopsin, which can incorporate up to 12
mol phosphate/mol of receptor when incubated with rhodop-
sin kinase/GRK1 in vitro but has a stoichiometry of 1 to 2 mol
phosphate/mol of receptor when isolated from irradiated rod
outer segments (Zhao et al.,, 1995). Similar discrepancies
have been observed when comparing in vitro and in situ
phosphorylation stoichiometries of the human B,-adrenergic
receptor (Benovic et al., 1987; Pippig et al., 1995) and chick
heart m, muscarinic acetylcholine receptor (Kwatra and Ho-
sey, 1986; Richardson et al., 1993). In light of this limitation,
an accurate determination of physiologically relevant sites
phosphorylated by GRKs in intact cells is vital if GPCR
desensitization mechanisms are to be manipulated for ther-
apeutic benefit.

A prerequisite for manipulating A;AR function for poten-
tial therapeutic applications is knowledge of the signaling
pathways initiated on receptor activation and the molecular
mechanisms that desensitize, or “turn off,” receptor function
in response to sustained agonist exposure. As such, identifi-
cation of the sites within the A;AR phosphorylated by GRKs
would constitute a significant advance. It is well established
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Fig. 4. Effect of Thr®'® — Glu mutation on A;AR phosphorylation. A,
32P-labeled CHO cells stably expressing either WT or the indicated
Thr*'®-mutated A,ARs were incubated with or without 10 uM NECA for
10 min as indicated. Cells were then solubilized for receptor immunopre-
cipitation with 12CA5 and analysis by SDS-PAGE and autoradiography
as described in Experimental Procedures. B, quantitative analysis from
three such experiments. Phosphorylation is expressed relative to that
obtained for agonist-treated WT A,AR (set at 100%). *Statistically sig-
nificant difference from the WT A AR. The average stimulation of WT
AAR phosphorylation over basal in these experiments was 28 + 12-fold.
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that both recombinant (Palmer et al., 1995, 1996) and na-
tively expressed (Ali et al., 1990; Ramkumar et al., 1993,
Apgar, 1994) A;ARs undergo a rapid functional desensitiza-
tion within minutes of agonist exposure. In this study, we
identified three critical Thr residues (Thr-307, -318, and
-319) in the C-terminal regulatory domain whose mutation
dramatically reduces both agonist-dependent phosphoryla-
tion by GRKs and rapid desensitization of A;AR function. In
addition, we demonstrated that two cysteine residues that
represent potential sites for receptor palmitoylation may also
regulate A;AR sensitivity to GRK phosphorylation.

In vitro peptide phosphorylation and fusion protein studies
with recombinant GRK2 have revealed that this ubiquitously
expressed GRK prefers to phosphorylate serine and Thr res-
idues flanked on their N-terminal side by acidic amino acids.
The same studies have also shown that phosphorylation by
GRK2 proceeds in a sequential, or “ordered,” manner (On-
orato et al., 1991; Chen et al., 1993; Prossnitz et al., 1995).
Both of these features appear to be important characteristics
of agonist-stimulated A;AR phosphorylation in situ, which
we have previously shown to be mediated by a kinase with a
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Fig. 5. Effect of Cys®*?> — Ala and Cys®*®* — Ala mutations on A;AR
phosphorylation. A, 32P-labeled CHO cells stably expressing either WT or
the Cys®*? — Ala and Cys®°® — Ala-mutated A;ARs were incubated with
or without 5 uM R-PIA for 10 min as indicated. Cells were then solubi-
lized for receptor immunoprecipitation with 12CA5 and analysis by SDS-
PAGE and autoradiography as described in Experimental Procedures. B,
quantitative analysis from three such experiments. Phosphorylation is
expressed relative to that obtained for agonist-treated WT A,AR (set at
100%). *Statistically significant difference from the basal phosphoryla-
tion observed for the WT A ;AR. The average stimulation of WT A;AR
phosphorylation over basal in these experiments was 28 *+ 6-fold.

similar substrate specificity to GRK2 (Palmer et al., 1995).
First, the two major sites of phosphorylation (Thr®*'® and
Thr?'®) are located downstream of three acidic amino acids
(Asp3°?, Asp®'?, and Glu®'®) (Fig. 1A). Second, a comparison
of the extents to which individual Thr — Ala point-mutated
A;ARs were phosphorylated suggested strongly that phos-
phorylation at Thr®'® was essential to observe phosphoryla-
tion at Thr®'®. However, because the simple addition of a
negative charge at position 318 (by mutating the native Thr
to a negatively charged Glu residue) was not sufficient to
rescue receptor phosphorylation, additional complex confor-
mational changes associated with A;AR phosphorylation
may be required. Alternatively, although the addition of a
phosphate group at position 318 may be the only requirement
for subsequent phosphorylation at position 319, the propi-
onate side chain of the glutamate may be sufficiently differ-
ent from a phosphoThr residue to be incapable of priming
phosphorylation. Despite these caveats, our experiments po-
tentially represent the first to demonstrate an ordered phos-
phorylation mechanism for a GPCR in an intact cell model
system. Moreover, they contrast with the observations made
by Liggett and coworkers in study of the agonist-dependent
phosphorylation of the a,,-adrenergic receptor by GRKs (Ea-
son et al., 1995). For this receptor, phosphorylation occurs on
four consecutive serine residues present in the third cyto-
plasmic loop. The mutation of each serine individually dimin-
ishes phosphorylation by approximately 25%, suggesting
that phosphorylation at a given serine occurs independently
of phosphorylation at the other residues (Eason et al., 1995).
Thus, although GRKs are capable of phosphorylating many
different GPCRs, the molecular mechanisms by which indi-
vidual GPCRs are phosphorylated by a given GRK may vary
considerably.

The marked increase in basal phosphorylation of a palmi-
toylation site-mutated A;AR suggested strongly that these
cysteine residues play an important role in controlling acces-
sibility of the A;AR C-terminal regulatory domain to acti-
vated GRKs. In the specific case of the human B,-adrenergic
receptor, removal of palmitate increases the accessibility of a
serine residue within a consensus cAMP-dependent protein
kinase phosphorylation site within the C-terminal domain
(Moffett et al., 1996). As a result, nonpalmitoylated Cys —
Ala mutant B,-adrenergic receptors are constitutively phos-
phorylated on this site even in the absence of agonist (Moffett
et al., 1993, 1996). However, agonist-occupied A;ARs are
phosphorylated exclusively by GRKs under conditions in
which the activations of cAMP-dependent protein kinase and

Rat CQTSDSLDSNLEQTTE
Mouse CQTSDSLDSNMEQTTE
Human CHPSDSLDTSIEKNSE
Dog CQSSDSLDSSTE

Sheep CQPSKSMDPSTEQTSE

Fig. 6. Sequence comparison of the C-terminal domains of cloned A;AR
species homologues. Amino acid sequences of the C-terminal domains of
the rat, mouse, human, dog, and sheep A;ARs beginning with the con-
served predicted palmitoylation site in bold. Potential sites of phosphor-
ylation by GRKs, defined as clusters of Ser/Thr residues downstream of
acidic amino acid residues, are underlined.



other second messenger-regulated kinases are without effect
(Palmer et al., 1995). Therefore, our observations would be
consistent with a more general model in which agonist-stim-
ulated depalmitoylation of Cys®°? and/or Cys3°® induces a
conformational change within the C-terminal domain of the
A AR that increases the accessibility of the kinases that
catalyze A;AR phosphorylation. Nevertheless, it should be
stressed that the mutation of Cys®°? and Cys®°® alone cannot
fully reconstitute the effect of agonist on receptor phosphor-
ylation and that agonist occupation of the mutant receptor is
necessary to enhance receptor phosphorylation to the same
extent as that observed for the WT A;AR. Also, it is imper-
ative that the validity of this model is tested by assessing
palmitate incorporation and turnover in response to agonist
occupation of WT and Cys — Ala mutant A;ARs.

In conclusion, we have demonstrated that agonist-depen-
dent phosphorylation of Thr residues within the C-terminal
domain of the A;AR appears to proceed in an ordered fashion,
with phosphorylation at position 318 being particularly im-
portant for this process. Mutational studies also suggest that
the two predicted sites of receptor palmitoylation within the
C-terminal domain play an important role in regulating the
accessibility of the C-terminal domain to activated GRKs.
Comparison of the C-terminal sequences of the various
A;ARs suggests that this region may have a conserved reg-
ulatory role across different species (Fig. 6). The data pre-
sented here, combined with the conclusions made from in
vitro phosphorylation studies (Chen et al., 1993; Prossnitz et
al.,, 1995), strongly suggest that the clusters of potential
phosphorylation sites found in the C-terminal domains of
A ARs derived from different species have a common role as
sites of receptor phosphorylation by GRKs. Experiments are
under way to test this hypothesis. The generation of mutant
A;ARs that are either resistant to GRK phosphorylation or
constitutively phosphorylated in the absence of agonist will
be invaluable tools for assessing the role of receptor phos-
phorylation in initiating or terminating distinct G;-activated
signaling cascades, including activation of phospholipase C-3
isoforms (Ali et al., 1990; Ramkumar et al., 1993) and extra-
cellular signal-regulated kinase (T. M. Palmer, unpublished
observations).
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