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SUMMARY
G protein-coupled receptor kinases (GRKs) are thought to be
important in mediating the agonist-induced phosphorylation
and consequent desensitization of G protein-coupled receptor
responses. NG108–15 mouse neuroblastoma X rat glioma cells
express a wide range of G protein-coupled receptors and sig-
nificant levels of GRK2. Therefore, to determine the role of
GRK2 in agonist-induced desensitization of various Gs-coupled
receptors in NG108–15 cells, we stably transfected cells with a
dominant negative mutant GRK2 construct (Lys220Arg). In ho-
mogenates prepared from cells overexpressing the dominant
negative mutant GRK2, the acute stimulation of adenylyl cy-
clase by various receptor and nonreceptor agonists was the
same as in control cells stably transfected with plasmid only.
NG108–15 cells express both A2a and A2b adenosine recep-
tors, which mediate activation of adenylyl cyclase, with both of
these responses being subject to agonist-induced desensitiza-
tion with a t1/2 of 15–20 min. In dominant negative mutant

GRK2 cells, the rates of desensitization of A2a and A2b recep-
tor-stimulated adenylyl cyclase were markedly slower than in
plasmid transfected controls, with the latter being similar to
wild-type cells. After a 20-min treatment with an adenosine
agonist, the desensitization of A2a and A2b receptor-stimulated
adenylyl cyclase in dominant negative mutant GRK2 cells was
less than half that seen in plasmid transfected control cells. On
the other hand, the agonist-induced desensitization of secretin
and IP-prostanoid receptor-stimulated adenylyl cyclase was
the same in dominant negative mutant GRK2 cells as in plasmid
transfected control cells. These results indicate that in intact
cells, GRK2 may mediate the desensitization of adenosine A2

receptors. Furthermore, there seems to be selectivity of GRK2
action between Gs-coupled receptors because the agonist-
induced desensitization of secretin and IP-prostanoid receptor-
stimulated adenylyl cyclase was not affected by dominant neg-
ative mutant GRK2 overexpression.

Agonist-induced phosphorylation is thought to play a ma-
jor role in the desensitization of G protein-coupled receptor
responses (1). Receptor phosphorylation generally occurs as
the result of activation of second messenger-regulated ki-
nases such as cAMP-dependent protein kinase (2) or through
activation of a specific family of kinases, known as GRKs,
that phosphorylate only the agonist-occupied form of the
receptor and hence lead to homologous desensitization (3).
Once phosphorylated by GRKs, G protein-coupled receptors
become uncoupled from G proteins, a process that is effected
by another class of proteins called arrestins, which bind to
the phosphorylated receptor and prevent coupling to the G
protein (4). At present, six members of the GRK family have
been identified: GRK1 through GRK6 (for a review, see Refs.
5–7). GRK1, also known as rhodopsin kinase, is mainly con-

fined to retinal cells (8), whereas GRK2, also known as b-ad-
renergic receptor kinase-1, is widely distributed. The other
GRKs also seem to be widely distributed, except GRK4,
whose expression is mainly confined to the testes (9).

An important question relates to the specificity of action of
these kinases. In reconstitution studies, these kinases are
generally able to phosphorylate a range of agonist-occupied G
protein-coupled receptors (10, 11), but much less is known
about the selectivity of GRKs for native receptors in intact
cells. In a recent study, this was addressed by stably express-
ing a dominant negative mutant form of GRK2 in human
bronchial epithelial cells (12). The mutant GRK2 contained a
Lys220Arg mutation in the catalytic region of the enzyme
that blocks its kinase activity and in a reconstitution assay
was able to inhibit the ability of wild-type GRK2 to phosphor-
ylate the b2-adrenoceptor. In the intact cells, the dominant
negative mutant GRK2 was found to suppress desensitiza-
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tion of b2-adrenoceptor-stimulated cAMP formation but not
that stimulated by prostaglandin E1 (12). Thus, in intact
cells, the selectivity of GRKs for agonist-occupied receptor
substrates may be greater than initially suggested in recon-
stitution experiments.

NG108–15 mouse neuroblastoma X rat glioma cells ex-
press at least four different Gs-coupled receptors, all of which
have been shown to desensitize, including the adenosine A2a

and A2b receptors (13), secretin receptors (14), and IP-pros-
tanoid receptors (15). These cells therefore represent an in-
teresting model system in which to further explore the in-
volvement of GRKs in desensitization of native receptors in
intact cells. Initially, we established that NG108–15 cells
express significant levels of GRK2 (16). Then, to assess a
possible role for GRK2 in the desensitization of these Gs-
coupled receptors, we stably overexpressed dominant nega-
tive mutant GRK2 in NG108–15 cells. Our results indicate
that in these cells, GRK2 is selectively involved in the ago-
nist-induced desensitization of adenosine A2a and A2b recep-
tor-stimulated adenylyl cyclase but not in the agonist-in-
duced desensitization of secretin or IP-prostanoid receptor-
stimulated adenylyl cyclase activity.

Experimental Procedures
Reagents. [8-3H]cAMP (925 GBq/mmol), Hybond ECL nitrocellu-

lose membrane, ECL detection kit, sheep anti-mouse and donkey
anti-rabbit immunoglobulin horseradish peroxidase-linked second-
ary antibodies, and Hyperfilm ECL detection film were obtained
from Amersham International (Buckinghamshire, UK). Cell growth
medium, Lipofectamine, and HindIII were from GIBCO BRL (Pais-
ley, UK), and CGS-21680 and CSC were from Research Biochemicals
Inc (Natick, MA). The protein assay reagent was from Pierce and
Warriner (Rockford, IL). All other reagents and drugs were obtained
from Sigma Chemical (Poole, Dorset, UK).

Cell culture and transfection. NG108–15 neuroblastoma X gli-
oma hybrid cells were cultured in Dulbecco’s modified Eagle’s me-
dium containing 6% (v/v) fetal calf serum, 100 units/ml penicillin,
and 100 mg/ml streptomycin and supplemented with 1 mM aminop-
terin, 100 mM hypoxanthine, and 16 mM thymidine. For transfection,
the dominant negative mutant GRK2 construct in pCMVneo (12) or
pCMVneo itself (17) was linearized before being mixed with Lipo-
fectamine and incubated with plated cells according to the manufac-
turer’s instructions. Briefly, 20 mg of DNA was incubated with 20
units of HindIII, and the linearized DNA was mixed with Dulbecco’s
modified Eagle’s medium and Lipofectamine before addition to cells
in monolayer. After 5 hr, 6% fetal calf serum was added to the
medium, and the cells were left overnight. On the next day, this
medium was replaced with normal complete medium; after an addi-
tional day, the medium was supplemented with 200 mg/ml geneticin.
Surviving colonies were isolated and expanded into cell lines.

Western blotting. Cells were lysed by the addition of 200–500 ml
of ice-cold lysis buffer (20 mM HEPES, pH 7.4, 200 mM NaCl, 10 mM

EDTA, 1% Triton X-100, 0.2 mg/ml benzamidine, 0.1 mg/ml leupep-
tin, and 0.5 mM phenylmethylsulfonyl fluoride) to cell monolayers.
Insoluble cell fractions were then pelleted by centrifugation in a
microcentrifuge at 13,000 rpm and 4° for 3 min. Aliquots of the
supernatant were then snap-frozen in liquid nitrogen and stored at
270°. When required, 40 mg of cell lysate was added to SDS sample
buffer (final loading concentration, 63 mM Tris, pH 6.5, 100 mM

dithiothreitol, 1% SDS, 11.6% glycerol, and 0.02% bromphenol blue)
and resolved by SDS-polyacrylamide gel electrophoresis according to
the method of Laemmli (18). Recombinant GRK2 or GRK3 (19) was
used as standard. Protein was then transferred to nitrocellulose and
incubated first with a monoclonal antibody that recognizes an
epitope within residues 500–531 of the carboxyl terminus of bovine

GRK2 (20) or a polyclonal antibody that recognizes GRK3 (raised
against a fusion protein containing amino acids 648–671 of the
carboxyl terminus of bovine GRK3) and then with a sheep anti-
mouse or a donkey anti-rabbit immunoglobulin horseradish peroxi-
dase-linked secondary antibody respectively, followed by ECL detec-
tion according to the manufacturer’s instructions.

Adenylyl cyclase assay. Where required, drugs were added di-
rectly to the culture medium for varying times. Cells were harvested
in 10 ml of ice-cold phosphate-buffered saline and pelleted by cen-
trifugation at 200 3 g for 1 min. The resulting pellets were washed
twice in 10 ml of ice-cold phosphate-buffered saline and frozen at
270° until use. Adenylyl cyclase activity was measured by a protein
binding assay (21). Cell pellets were thawed and homogenized in a
glass Dounce homogenizer containing ice-cold homogenization buffer
(0.3 M sucrose, 25 mM Tris, pH 7.4). A 40-ml sample of homogenate
was then added to 30 ml of premix buffer (final assay concentration,
50 mM Tris, pH 7.5, 5 mM Mg21, 1 mM ATP, 1 mM GTP, 250 mM

Ro201724 [4-(3-butoxy-4-methoxybenzyl) imidazolidin-2-one] as
phosphodiesterase inhibitor, 20 mM creatine phosphate, and 130
units/ml creatine phosphokinase) and 30 ml of drug at the relevant
concentration. The tubes were incubated at 37° for 10 min, and the
reaction terminated by the addition of 20 ml of 100% trichloroacetic
acid; the tubes placed on ice for 10 min. Precipitated protein was
pelleted by centrifugation at 2900 3 g for 20 min at 4°, and 50 ml of
the resulting supernatant was added to 50 ml of 1 M NaOH and 200
ml of TE buffer (50 mM Tris, 4 mM EDTA, pH 7.4); 50 ml of this
solution was then added to fresh tubes containing 100 ml of TE
buffer, 100 ml of [3H]cAMP in TE buffer (;20,000 cpm), and 100 ml of
binding protein in TE buffer (to give final concentration of ;750 mg
of protein/ml; prepared from bovine adrenal cortex). Tubes contain-
ing 50 ml of standard concentrations of cAMP (0.125–20 pmol) were
used to construct a standard curve. After a 2-hr incubation at 4°, 200
ml of TE buffer containing charcoal (Norit GSX; 50 mg/ml final
concentration) and bovine serum albumin (2 mg/ml final concentra-
tion) was added; 15 min later, the tubes were centrifuged at 2900 3
g for 20 min at 4°. The resulting supernatant was transferred into
vials for liquid scintillation counting. Standard curve data were
fitted to a logistic expression (GraphPAD Software, San Diego, CA),
and the unknowns were read off. Protein content of homogenates
was determined (22), and adenylyl cyclase activity was expressed as
pmol of cAMP/min/mg of protein.

Whole-cell cAMP accumulation. NG108–15 cells were seeded
onto 12- or 24-well plates. On the experimental day, the cell culture
medium was replaced with 0.5 ml of fresh culture medium 1–2 hr
before the experiment. Thirty minutes before agonist addition, 250
mM Ro201724 was added to each well. At time 0, agonist or vehicle
was added to each well; at various time points afterward, 20 ml of
100% trichloroacetic acid was added to stop the reaction. After com-
pletion of the experiment, cells were scraped from each well. and the
resulting mixture was centrifuged at 2900 3 g for 20 min at 4°. Fifty
microliters of the resulting supernatant was then added to 50 ml of 1
M NaOH and 200-1000 ml of TE buffer. Fifty microliters of this
solution was then assayed for cAMP content as described above.
Results from whole-cell cAMP assays were expressed as fold-increase
over basal.

Experimental design and statistics. Where appropriate, con-
centration-effect curves were analyzed by the iterative fitting pro-
gram GraphPAD InPlot and GraphPAD Prism (GraphPAD Soft-
ware). Log concentration-effect curves were fitted to logistic
expressions for single-site analysis. Where appropriate, statistical
significance of different values was assessed by Student’s t test or by
two-way ANOVA using the GraphPAD InStat or Prism program.

Results
Dominant negative mutant GRK2 (DNM GRK2) over-

expression in NG108–15 cells. In whole-cell lysate prepa-
rations of NG108–15 cells, GRK2 was present at ;50 ng/mg
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whole-cell protein (Fig. 1A). Cells were transfected with plas-
mid vector alone (pCMVneo) or with plasmid vector contain-
ing DNM GRK2 (Lys220Arg). After culture in medium con-
taining geneticin (200 mg/ml), surviving clones were isolated
and expanded into cell lines. Of 25 clones screened for mu-
tant GRK2 overexpression, 3 were used (named D16, D19,
and D28) that expressed high levels of the mutant GRK2
(Fig. 1A). Mutant GRK2 had the same electrophoretic mobil-
ity as wild-type GRK2. From titration experiments (data not
shown), we estimate that DNM GRK2 expression was .60-
fold that of wild-type GRK2 in D16 and D28 cells and ;30-
fold greater in D19 cells. The relatively low levels of GRK3 in
NG108–15 cells (;10 ng/mg of whole-cell protein) were not
altered by DNM GRK2 overexpression (Fig. 1B). Plasmid
control transfected cells (named P7 and P10) expressed
GRK2 levels similarly to wild-type NG108–15 cells (Fig. 1A).
Initially, agonist-stimulated adenylyl cyclase activity was
measured in homogenates from nonpretreated DNM GRK2
and pCMVneo cells. This indicated that there was no differ-
ence in basal or acute agonist-stimulated adenylyl cyclase
activity between DNM GRK2 and pCMVneo cells (Fig. 2).

Agonist-induced desensitization of A2a and A2b re-
ceptor-stimulated adenylyl cyclase in DNM GRK2
cells. NG108–15 cells express adenosine A2a and A2b recep-
tors, both of which desensitize in response to agonist with a
t1/2 of 15–20 min (13); we therefore investigated whether the

desensitization of these responses was altered in DNM GRK2
cells. Accordingly, DNM GRK2 and pCMVneo cells were pre-
treated with the A2a/A2b adenosine receptor agonist NECA
for 30 min, and subsequent adenylyl cyclase assays per-
formed on cell homogenates. For desensitization of A2a and
A2b receptor responsiveness, cells were pretreated with 10 or
100 mM NECA, respectively, because we have previously
shown these concentrations to produce maximal activation of
each subtype (13). A2a adenosine receptor-stimulated adeny-
lyl cyclase activity was measured in the presence of 3 mM

CGS21680 [2-(p-carboxyethyl)phenylamino-59-N-carboxy-
amidoadenosine]. The acute stimulation of adenylyl cyclase
by this concentration of CGS21680 is abolished by 1 mM

concentration of the selective A2a receptor antagonist CSC
(stimulated activity with 3 mM CGS21680 alone was 16.6 6
0.6 pmol of cAMP/min/mg of protein and with 3 mM

CGS21680 in the presence of 1 mM CSC was 1.4 6 0.5 pmol of
cAMP/min/mg of protein, six experiments). Adenosine A2b

receptor-stimulated adenylyl cyclase activity was measured
in the presence of 100 mM NECA plus 1 mM concentration of
the selective A2a receptor antagonist CSC. Pretreatment
with 10 mM NECA for 30 min reduced A2a receptor-stimu-
lated adenylyl cyclase by 64 6 3% and 57 6 4% in P7 and P10
cells, respectively, but by only 41 6 3% and 29 6 4% in D16
and D19 cells (Fig. 3A; four experiments for each). Pretreat-
ment with 100 mM NECA for 30 min reduced A2b receptor-
stimulated adenylyl cyclase by 60 6 4% and 66 6 5% in P7
and P10 cells but by only 39 6 5% and 37 6 5% in D16 and
D19 cells (Fig. 3B; four experiments for each). In further
experiments, clone D28 was compared with wild-type cells:
A2a desensitization was 55 6 16% in wild-type cells but only
24 6 9% in D28, and A2b desensitization was 63 6 15% in
wild-type cells and 34 6 9% in D28 (four experiments).

The time course of desensitization of A2a and A2b receptor-
stimulated adenylyl cyclase in response to NECA was next
determined for P7 and D16 cells (Fig. 4). The time courses for
desensitization of both responses in P7 were very similar to
those we previously reported in wild-type cells (t1/2 5 15–20
min; Ref. 13); however, the rate of desensitization of A2a and
A2b receptor-stimulated adenylyl cyclase in D16 cells (now
.30 min) was much slower than that in P7 cells. For exam-
ple, after a 20-min treatment with NECA, there was marked

Fig. 1. DNM GRK2 overexpression in NG108–15 cells. Whole-cell ly-
sates (40 mg) were subjected to SDS-polyacrylamide gel electrophore-
sis followed by Western transfer and immunoblotting with a monoclonal
antibody that recognizes GRK2 and DNM GRK2 (A) or a polyclonal
antibody that recognizes GRK3 (B). Lanes 1, 10 ng of purified GRK2 (A)
or 3 ng of GRK3 (B). Lanes 2, wild-type NG108–15 lysate. Lanes 3, P7.
Lanes 4, D19. Lanes 5, D16. Lanes 6, D28.

Fig. 2. Acute adenylyl cyclase activity in DNM GRK2 (D16 and D19)
and pCMVneo (P7 and P10) NG108–15 cells. Whole-cell homogenates
from nonpretreated cells were incubated with or without (BASAL) ag-
onist for 10 min. A2a receptor-stimulated activity was assessed in the
presence of 3 mM CGS21680, and A2b receptor-stimulated activity was
assessed in the presence of 100 mM NECA plus 1 mM CSC. Other drug
concentrations were 0.1 mM secretin, 1 mM iloprost (Ilo), 10 mM sodium
fluoride (NaF), and 10 mM forskolin. Values represent mean 6 standard
error from four separate experiments, each performed in triplicate.
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desensitization of both A2a and A2b responses in P7 cells,
whereas there was very little desensitization in D16. On the
other hand, at 1 hr after NECA, there was marked desensi-
tization of A2a and A2b responses in both P7 and D16, but
desensitization was still greater in the former.

Agonist-induced desensitization of other Gs-coupled
receptor responses in DNM GRK2 cells. To determine
the selectivity of GRK2-induced desensitization, we exam-
ined the desensitization of IP-prostanoid and secretin recep-
tor-stimulated adenylyl cyclase in pCMVneo and DNM
GRK2 cells. The IP-prostanoid response desensitizes slowly
(Fig. 5), whereas the secretin response desensitizes very rap-
idly (Fig. 6). However, unlike the adenosine A2 responses, the
desensitization of secretin and IP-prostanoid receptor-stim-
ulated adenylyl cyclase was the same in pCMVneo and DNM
GRK2 cells (Figs. 5 and 6A). Because the secretin response
desensitizes extremely rapidly, we wanted to ensure that a
possible effect of DNM GRK2 was not missed at very short
time points. Accordingly, we exposed cells to secretin for ;5
sec before washing, but even under these conditions, there
was marked desensitization, which was the same in P10 and
D19 cells (Fig. 6B).

Desensitization of cAMP accumulation in intact
NG108–15 cells. In addition to adenylyl cyclase activity in

cell homogenates, desensitization of Gs-coupled receptor re-
sponses was assessed in intact GRK2 DNM cells. Cells grown
in multiwell plates were incubated with agonist for varying
lengths of time before cAMP content was assessed. These
experiments indicated that in response to 100 mM NECA, A2
(A2a 1 A2b) receptor-stimulated cAMP accumulation was
greater in D16 than in P7 cells (Fig. 7A). In contrast, 33 mM

Fig. 3. Reduced desensitization of (A) A2a and (B) A2b receptor-stim-
ulated adenylyl cyclase activity in DNM GRK2 NG108–15 cells. DNM
GRK2 (D16 and D19) and pCMVneo (P7 and P10) cells received no
pretreatment or were pretreated for 30 min with 10 mM (A) or 100 mM (B)
NECA. Subsequent adenylyl cyclase assays were performed with no
agonist addition (BASAL) or the addition of 3 mM CGS21680 for A2a
receptor stimulation (A) and 100 mM NECA plus 1 mM CSC for A2b
receptor stimulation (B). Values represent mean 6 standard error from
five separate experiments, each performed in triplicate. p, p , 0.05,
Student’s t test, values for D16 and D19 cells significantly different from
those for P7 and P10 cells, respectively.

Fig. 4. Time course of desensitization of adenosine A2a (A) and A2b (B)
receptor-stimulated adenylyl cyclase activity in P7 and D16 cells. Cells
received no pretreatment or were pretreated with 10 mM (A2a) or 100 mM

(A2b) NECA for varying lengths of time. Subsequently A2a (3 mM

CGS21680) and A2b (100 mM NECA plus 1 mM CSC) receptor- stimu-
lated adenylyl cyclase activity was measured. Values represent mean 6
standard error from five separate experiments, each performed in trip-
licate. Desensitization was significantly less for both adenosine recep-
tors in D16 compared with P7 cells (two-way ANOVA, p , 0.05).

Fig. 5. Lack of effect of DNM GRK2 overexpression on the agonist-
induced desensitization of IP-prostanoid receptor-stimulated adenylyl
cyclase activity. P7 and D16 cells received no pretreatment or were
pretreated with 1 mM iloprost for 1 or 2 hr. Values represent mean 6
standard error from five separate experiments, each performed in trip-
licate.
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forskolin produced equivalent increases in cAMP in D16 and
P7 cells (Fig. 7B). Very similar data were obtained in D19
and P10 cells (data not shown). Furthermore, 1 mM iloprost
and 0.1 mM secretin produced similar increases in cAMP
accumulation in D16 and P7 cells (Fig. 7, C and D).

Discussion
This study provides the first evidence to suggest that in

intact cells, the agonist-induced desensitization of natively
expressed adenosine A2 receptors involves GRK2 and/or
other kinases with similar regulatory mechanisms. In addi-
tion, this study underlines the selectivity of GRK-mediated
processes in intact cells because neither the agonist-induced
desensitization of secretin nor IP-prostanoid receptor-stimu-
lated adenylyl cyclase activity was affected by DNM GRK2
overexpression. A recent study (23) indicates that canine A2a

adenosine receptors expressed in Chinese hamster ovary
cells undergo rapid agonist-dependent phosphorylation that
correlates with loss of agonist-stimulated adenylyl cyclase
activity. Agonist-dependent phosphorylation of the A2b recep-
tor has not yet been demonstrated. We have shown previ-
ously that the short term agonist-dependent homologous de-
sensitization of A2a and A2b receptor-stimulated adenylyl
cyclase in NG108–15 cells is not mediated by cAMP-depen-
dent protein kinase (24). Thus, if phosphorylation of these
two A2 receptor subtypes underlies their desensitization in
NG108–15 cells, a GRK-mediated process seems likely. In

the current study, Western blotting analysis indicated that
wild-type NG108–15 cells express significant levels of GRK2
and much lower levels of GRK3. Attempts to identify GRK5
and GRK6 in these cells were, however, equivocal (data not
shown). We therefore decided to overexpress DNM GRK2 in
the cells, and analysis of overexpression indicated that some
of the DNM cells used in this study expressed a .60-fold
excess of DNM GRK2 compared with wild-type GRK2 in
wild-type or plasmid transfected control cells. An excess of
10–20-fold DNM GRK2 was previously shown to be effective
in inhibiting b2-adrenoceptor phosphorylation by wild-type
GRK2 in a reconstitution assay (12).

Recent studies indicate that cellular overexpression of
GRKs or DNM GRK2 can interfere with signaling of phos-
phoinositidase C-linked receptors, possibly by inhibiting the
coupling between receptor and G protein or by inhibiting the
availability of phosphatidylinositol bisphosphate (25, 26).
However, in the current study, the overexpression of DNM
GRK2 did not affect acute agonist-stimulated adenylyl cy-
clase activity in NG108–15 cell homogenates, indicating that
the mutant protein does not have an unexpected interaction
with this signal transduction process. In cells pretreated
with the adenosine A2 receptor agonist NECA, subsequent
A2a and A2b receptor-stimulated adenylyl cyclase activity in
cell homogenates was greater in DNM than in plasmid-trans-
fected control cells. This indicates that there was less A2

receptor desensitization in the DNM cells and, furthermore,
that endogenous GRK2 may mediate, at least in part, the
desensitization of A2a and A2b responses. The time course for
NECA-mediated desensitization of A2a and A2b receptor-
stimulated adenylyl cyclase in DNM GRK2 cells revealed
that mutant overexpression slowed down rather than
stopped desensitization. This could mean either that wild-
type GRK2 still phosphorylates the A2 receptors but at a
slower rate in the presence of DNM GRK2 or that the GRK2
pathway is blocked but mechanisms other than GRK2-medi-
ated phosphorylation are involved. For example, in PC12
cells, activation of the A2a receptor leads to a rapid heterol-
ogous desensitization involving phosphorylation of type VI
adenylyl cyclase (27). However, this cannot be the case in
NG108–15 cells because A2 desensitization is strictly homol-
ogous (28). Another possibility is that down-regulation of A2

receptors occurs, but the available evidence suggests that
much longer periods of agonist exposure (.5 hr) are required
to observe A2a receptor down-regulation (23). Unfortunately,
it is very difficult for us to assess A2a or A2b receptor binding
in NG108–15 cells because we have previously demonstrated
that receptor binding is masked by the presence of a low
affinity, high capacity binding site for adenosine and related
ligands in these cells (28), which is almost certainly a stress
protein (29). Therefore, we cannot formally rule out the pos-
sibility that adenosine receptor expression has changed in
DNM GRK2 cells and that this underlies the altered desen-
sitization in these cells. However, the fact that acute A2

receptor-stimulated adenylyl cyclase activity is the same in
DNM GRK2 and plasmid-transfected cells suggests that
there are no overt differences in A2 receptor density.

The conclusion that GRK2 is likely involved in desensiti-
zation of the A2 responses in NG108–15 cells is further
supported by the results of our intact-cell studies, in which
cAMP accumulation due to NECA was greater in D16 than in
P7 cells. This is similar to the effects of DNM GRK2 overex-

Fig. 6. Lack of effect of DNM GRK2 overexpression on the agonist-
induced desensitization of secretin receptor-stimulated adenylyl cy-
clase activity. A, P7 and D16 cells received no pretreatment or were
pretreated with 0.1 mM secretin for 1 min. B, P10 and D19 cells received
no pretreatment or were pretreated with 0.1 mM secretin for 5 sec.
Values represent mean 6 standard error from four separate experi-
ments, each performed in triplicate.
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pression on b2-adrenoceptor-stimulated cAMP accumulation
in human bronchial epithelial cells (12). Importantly, cAMP
accumulation triggered by forskolin, iloprost, and secretin
was exactly the same in D16 and P7 cells, suggesting the lack
of involvement of GRK2 in these responses. Of further inter-
est, cAMP levels after 4-hr incubation with NECA remained
substantially higher in D16 than in P7 cells, suggesting that
DNM GRK2 has prolonged effects on A2 receptor desensiti-
zation. A similar effect has been observed with desensitiza-
tion of thyrotropin receptor-stimulated cAMP accumulation
in rat thyroid FRTL5 cells transfected with a GRK5 anti-
sense construct (30). In the current study, and somewhat
surprisingly, the rate of forskolin- and iloprost-stimulated
cAMP accumulation decreased markedly with time, suggest-
ing that other factors modulate the rate of cAMP production
in intact cells. Experiments with the cAMP-dependent pro-
tein kinase inhibitor H89 (30 mM; data not shown), however,
indicate that phosphorylation of adenylyl cyclase is not the
cause.

Both the A2a and the A2b receptors contain a number of
serine and threonine residues in the third intracellular loop
and carboxyl tail (31, 32), which may represent targets for

GRK2, as they do in other G protein-coupled receptors such
as the a2C2- (33) and b2- (34) adrenergic receptors. However,
currently, we have no direct evidence for GRK phosphoryla-
tion of adenosine A2 receptors, although the A3 adenosine
receptor is a GRK2 substrate (35). It will be important in the
future to demonstrate that A2 receptors become phosphory-
lated on agonist exposure. Also, we do not know how selective
DNM GRK2 is in inhibiting GRK2 action in intact cells. For
example, at high levels of expression, DNM GRK2 could
block the activity of another GRK. One way to address this in
future studies will be to assess A2 receptor desensitization in
cells overexpressing DNM GRKs other than GRK2.

In sharp contrast to the adenosine A2 receptor subtypes,
the desensitization of secretin- and IP-prostanoid receptor-
stimulated adenylyl cyclase was unaffected in DNM GRK2
cells. The secretin response desensitizes extremely rapidly in
these cells (t1/2 5 a few seconds), and a recent study of
secretin receptors expressed in Chinese hamster ovary cells
indicates that agonist-induced receptor phosphorylation, al-
though rapid, plays a relatively minor part in desensitization
(36). Instead, phosphorylation-independent receptor inter-
nalization seems to be the dominant process in loss of respon-

Fig. 7. cAMP accumulation in intact P7 (E) and D16 (F) cells after the addition of 100 mM NECA (A), 33 mM forskolin (B), 1 mM iloprost (C), or 0.1
mM secretin (D). Values represent mean 6 standard error from four or five separate experiments. After the addition of NECA, cAMP accumulation
was significantly greater in D16 cells than in P7 cells (p , 0.05, two-way ANOVA), but there was no difference after the addition of forskolin,
iloprost, or secretin. Note different scales for fold-increases in cAMP accumulation.
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siveness, which may explain the lack of effect of GRK2 DNM
on secretin desensitization in NG108–15 cells. GRK-medi-
ated receptor phosphorylation and arrestins have, in fact,
been implicated in the mechanism of b2-adrenergic receptor
internalization (37, 38); however, overexpression of DNM
GRK2 in human bronchial epithelial cells inhibited b2-adren-
ergic receptor desensitization but did not affect receptor in-
ternalization (12).

IP-prostanoid receptors, on the other hand, have not been
shown to be a substrate for phosphorylation by GRKs or
other kinases. However, we (39) and others (40) have impli-
cated a relatively slow t1/2 (;1 hr) and concurrent loss of
IP-prostanoid receptors and Gsa in agonist-induced desensi-
tization of IP-prostanoid responsiveness in NG108–15 cells,
and the data from the current study further suggest that
phosphorylation by GRK2, even if it does occur, is not impor-
tant in the desensitization of this response.

It is unclear what determines the selectivity of GRKs for
agonist-occupied receptors in intact cells, but it is clear that
it does not simply relate to the number of serine/threonine
residues present. In a comparison of the mouse or rat amino
acid sequences of the receptors studied here, there are vary-
ing numbers of serine/threonine residues in the putative
third intracellular loops and carboxyl tails (31, 32, 41, 42).
For example, in the carboxyl tail, the A2a receptor contains
18, the A2b receptor contains 9, the secretin receptor contains
9, and the IP-prostanoid receptor contains 15 serine/threo-
nine residues. Other research suggests that acidic amino acid
residues (glutamate and aspartate) in close proximity to the
relevant serine/threonine residues are crucial for GRK-medi-
ated receptor phosphorylation (33), but sequence analysis of
the four receptors studied here does not reveal any obvious
differences in acidic amino acid distribution or content in the
third intracellular loop or carboxyl tail of these receptors (31,
32, 41, 42). Therefore, as-yet-undetermined factors may reg-
ulate the specificity of GRKs for agonist-occupied receptors in
intact cells. In summary, the data presented here further
indicate that dominant negative mutant GRKs can be used to
investigate the involvement of GRKs in agonist-induced
desensitization of G protein-coupled receptor responses. In
particular, it is apparent that different receptors have differ-
ential dependencies on GRKs for agonist-induced desensiti-
zation. It will be interesting in future studies to extend our
investigation to the role of GRKs in the desensitization of
Gi/Go-coupled receptors in these cells.
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