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ABSTRACT: We recently reported that aâ2-adrenergic receptor (â2AR) mutant, Y326A, defective in its
ability to sequester in response to agonist stimulation was a poor substrate for G protein-coupled receptor
kinase (GRK)-mediated phosphorylation; however, its ability to be phosphorylated and sequestered could
be restored by overexpressing GRK2 [Fergusonet al. (1995)J. Biol. Chem. 270, 24782]. In the present
report, we tested the ability of each of the known GRKs (GRK1-6) to phosphorylate and rescue the
sequestration of the Y326A mutant in HEK-293 cells. We demonstrate that in addition to GRK2, GRK3-6
can phosphorylate the Y326A mutant and rescue its sequestration; however, GRK1 was totally ineffective
in rescuing either the phosphorylation or the sequestration of the mutant receptor. We found that the
agonist-dependent rescue of Y326A mutant phosphorylation by GRK2, -3, and -5 was associated with
the agonist-dependent rescue of sequestration. In contrast, overexpression of GRK4 and -6 led mainly to
agonist-independent phosphorylation of the Y326A mutant accompanied by increased basal receptor
sequestration. Our results demonstrate that phosphorylationper se, but not the interaction with a specific
GRK, is required to facilitateâ2AR sequestration.

The regulation of theâ2-adrenergic receptor (â2AR) has
been extensively studied. Agonist activation ofâ2AR
signaling through Gs is followed closely by the inactivation
of receptor responsiveness, primarily as the consequence of
rapid phosphorylation (Dohlmanet al., 1991; Hausdorffet
al., 1990, 1992; Schwinnet al., 1992). Two families of
kinases have been identified as contributing to this process:
the second messenger-activated kinases (e.g., cAMP-depend-
ent protein kinase and protein kinase C) and the G protein-
coupled receptor kinases (GRKs) (Dohlmanet al., 1991;
Schwinnet al., 1992; Lefkowitz, 1993). Six members have
thus far been identified in the GRK family (GRK1-6)
(Ingleseet al., 1993; Premontet al., 1995).
In the systems studied, the phosphorylation of a particular

receptor by a GRK requires agonist-occupancy of the
receptor, whereas second messenger-activated kinases phos-
phorylate either the agonist-bound or the agonist-free forms
of the receptor (Hausdorffet al., 1990; Ingleseet al., 1993).
The exact mechanisms by which GRKs are activated are as
yet unknown. However, the translocation of these cytosolic
proteins to membranes appears to involve a variety of
different mechanisms. These mechanisms include farnesy-
lation (GRK1, rhodopsin kinase) or palmitoylation (GRK41

and -6) of cysteine residues; polybasic domains in the
carboxyl-terminal tail (GRK5); or interaction with the Gâγ

subunits of heterotrimeric G proteins and phospholipid
moieties via a pleckstrin homology domain in the carboxyl
termini of both GRK2 and GRK3 (âARK1 and -2) (Inglese
et al., 1992, 1993; Pitcheret al., 1992, 1995; Stoffelet al.,
1994).
In addition to receptor phosphorylation, agonist stimulation

promotes the removal of cell surface receptors to an
intracellular compartment, probably endosomes (Sibleyet
al., 1986; von Zastrow & Kobilka, 1992; Roettgeret al.,
1995), by a process referred to as sequestration. Although
sequestration of G protein-coupled receptors away from the
cell surface might contribute to the desensitization of G
protein-coupled receptor responsiveness, the primary role of
â2AR sequestration appears to be the reestablishment of
receptor responsiveness (i.e., resensitization), since inhibition
of sequestration does not prevent receptor desensitization but
does inhibit receptor resensitization (Lohseet al., 1990; Yu
et al., 1993; Baraket al., 1994).
Early studies of theâ2AR sequestration using phospho-

rylation site-deficientâ2AR mutants suggested that phos-
phorylation was not required for normal sequestration
(Hausdorffet al., 1989). However, we recently reported that
the sequestration-defectiveâ2AR mutant, Y326A, was a poor
substrate for GRKs and that GRK2 overexpression could
restore the phosphorylation and sequestration of this receptor
mutant (Fergusonet al., 1995). This observation, as well
as the role reported for GRK2 in facilitating m2 muscarinic
acetylcholine receptor sequestration (Tsugaet al., 1994),
clearly demonstrates a previously unappreciated role for
GRK-mediated phosphorylation in G protein-coupled recep-
tor sequestration.
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In the present paper, we test whether this newly described
role for GRK-mediated phosphorylation in facilitating G
protein-coupled receptor sequestration is a property unique
to GRK2 or whether other members of this kinase family
share this ability to rescue the sequestration of the Y326A
mutant.

MATERIALS AND METHODS

Materials

[125I]Pindolol and [32PO4]phosphoric acid (HCl free) were
purchased from Dupont NEN. Isoproterenol, pepstatin A,
and bovine serum albumin were purchased from Sigma.
CGP-12177 was purchased from Research Biochemical
International. Protein A-Sepharose 4B was obtained from
Pharmacia. Human embryonic kidney cells (HEK-293 cells)
were obtained from American Type Culture Collection.
Minimal essential media and Hank’s balance salt solution
were purchased from Life Technologies. Hot Tub DNA
polymerase and the ECL Western blotting system were
obtained from Amersham. Nitrocellulose membranes and
Tween 20 were purchased from BioRad. All other chemicals
were reagent grade.

Methods

Generation ofâ2AR and GRK Mutants.The â2AR and
Y326A mutants were epitope-tagged at their amino terminus
with the 12CA5 peptide sequence as previously described
(Baraket al., 1994).
Subcloning and Expression Vectors.â2AR, Y326A, and

GRK2 cDNAs were in pcDNA1-Amp. GRK1, GRK5, and
GRK6 cDNAs were in pCMV5. GRK4R cDNA was in
pRK5 (Premontet al., 1994). GRK3 cDNA was in pcDNA1.
Cell Transfection.Theâ2AR and Y326A mutants together

with the appropriate GRK were transfected using coprecipi-
tation with calcium phosphate (Cullen, 1987). The total
amount of DNA used per transfection was 10µg per 100
mm dish. The level of receptor expression throughout this
study was 0.5-1.5 pmol/mg and 0.5-4 pmol/mg total
cellular protein in the sequestration and phosphorylation
assays, respectively. Cells were seeded at a density of 2.5
million per 100 mm dish 1 day prior to transfection. They
were incubated with the DNAs for 16-18 h, medium was
removed, and fresh medium was added for 6-8 h. Cells
were trypsinized, seeded in 6 well plates, and used the
following day.
Sequestration Assay.The fraction of sequestered receptor

was determined using CGP-12177 (150 nM final) and [125I]-
pindolol (350-550 pM) and 10µM propranolol or by flow
cytometry analysis as previously described (Hausdorffet al.,
1989; Baraket al., 1994).
Whole Cell Phosphorylation.HEK-293 cells were seeded

1 day after transfection at a density of 0.6-1.5 million cells
per 25 mm well. Cells were labeled with [32PO4]phosphoric
acid (50-100µCi/ml) for 1-2 h in serum-free and phosphate-
free media. Duplicate wells were stimulated with or without
10 µM (-)-isoproterenol (in 500µM ascorbate, final
concentration) for 15 min. The incubation was stopped by
rapid removal of the media and 2-3 rapid washes with 3
mL of ice-cold phosphate-buffered saline. Cells were lysed
in 400µL/25 mm well of RIPA buffer [50 mM Tris, pH 8.0
at 20 °C, 150 mM NaCl, 5 mM EDTA, 1% (v/v) NP-40,

0.5% (w/v) sodium deoxycholate, 0.1% (w/v) sodium dode-
cyl sulfate, 10 mM NaF, 10 mM sodium pyrophosphate, 0.2
mM phenylmethanesulfonyl fluoride, and 1µg/mL pepstatin
A]. Duplicate wells were pooled and centrifuged twice for
15 min at 436000g. The soluble fraction was precleared for
30-60 min with 100µL of a 20% protein A suspension in
RIPA buffer containing 2% (w/v) bovine serum albumin.
Receptors in each sample were immunoprecipitated at 4°C
for 1-2 h with 8-12 µg of 12CA5 monoclonal antibody
and 100µL of a 20% suspension of protein A-Sepharose.
The immunoprecipitate was collected by centrifugation and
washed 3-4 times with RIPA buffer. The immunoprecipi-
tate was eluted from the Sepharose by heating the sample at
65 °C for 15 min in sample buffer containing 5% sodium
dodecyl sulfate (Laemmli, 1970). The amount of sample
buffer was adjusted for each sample to account for the
amount of receptor in the different transfections (-/+ GRK)
and the amount of soluble protein recovered after solubili-
zation for each sample. Proteins were resolved on 12.5%
polyacrylamide gels. Phosphorylation levels were deter-
mined using a PhosphorImager (Molecular Dynamics) and
ImageQuant software. The phosphorylation level in each
experiment was normalized to the agonist-stimulated level
obtained with theâ2AR receptor alone.
Protein Determination.Protein levels were determined

using the BioRad Dc protein assay with bovine serum
albumin as the standard.
Immunoblotting.The expression level for each GRK was

determined by immunoblotting using specific antibodies. The
generation of anti-GRK1, -2, -3, -4, -5, and -6 polyclonal
antisera has been previously described (Arizaet al., 1992;
Ingleseet al., 1992a; Stoffelet al., 1994; Premontet al.,
1994). An equivalent protein amount from the different
transfections was electrophoresed on a 12.5% polyacrylamide
gel and transferred onto a nitrocellulose membrane using a
Millipore semi-dry transfer system. The membranes were
incubated at 4°C overnight in phosphate-buffered saline
containing 3% (w/v) BSA. Primary antibodies were diluted
in PBS-BSA containing 0.05% Tween 20 and incubated
for 1-2 h at room temperature. The membrane was washed
3 times with PBS-0.1% Tween 20 and incubated with HRP-
conjugated secondary antibody (ECL Amersham) in PBS-
BSA-0.05% Tween 20 for 1 h at room temperature. The
membrane was washed 3 or 4 times with PBS-0.1% Tween
20, and the immunoreactivity was detected using the ECL
detection system (Amersham).

RESULTS

Effect of Different GRKs on the Sequestration of theâ2AR
and the Y326A Mutant.In initial experiments, we tested the
ability of each of the known GRKs to rescue the sequestration
defect of the Y326A mutant. To do this, HEK-293 cells
were transfected to express either the wild-typeâ2AR or the
Y326A mutant along with overexpressed GRK1-6. Under
these conditions, all the GRKs were overexpressed as shown
in Figure 1. Results showing the effects of overexpression
of the different GRKs on the sequestration of theâ2AR and
the Y326A mutant are summarized in Figure 2. Under the
conditions tested, none of the kinases, when overexpressed,
adversely affected the ability of the wild-typeâ2AR to
sequester (Figure 2A). However, like GRK2 (Fergusonet
al., 1995), GRK3-6, but not GRK1, exhibited the capacity
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to rescue the sequestration of the Y326A mutant to levels
comparable to that observed for the wild-typeâ2AR follow-
ing agonist stimulation (Figure 2B). However, the mecha-
nism by which this was achieved appeared dependent upon
the particular GRK coexpressed with the sequestration-
defective Y326A mutant. The rescue of Y326A mutant
sequestration by GRK2, -3, and -5 was agonist-dependent,
and in the absence of agonist stimulation, the number of
intracellular receptors was not altered by overexpressing these
kinases. In contrast, overexpression of GRK4 and -6,
particularly GRK4, increased the proportion of mutant
receptors internalized, in the absence of agonist stimulation.
GRK1 overexpression had no effect on the sequestration of
the Y326A mutant.

Effect of the GRKs onâ2AR and Y326A Mutant Phospho-
rylation. The rescue of the Y326A mutant sequestration
phenotype by GRK2 was associated with the reversal of its
phosphorylation deficit (Fergusonet al., 1995). Therefore,
we tested whether the pattern of rescued sequestration by
each of the other members of the GRK family of kinases
was reflected in their relative ability to rescue the Y326A
mutant phosphorylation. As reported previously (Ferguson
et al., 1995), the Y326A mutant served as a poor substrate
for agonist-induced phosphorylation as it was phosphorylated
to ∼25% of the extent of the wild-typeâ2AR (Figure 3).
GRK1 overexpression, consistent with its inability to affect
Y326A mutant sequestration, was unable to rescue agonist-
induced phosphorylation. In contrast, similar to GRK2,
overexpression of GRK3 and -5 resulted in the rescue of
agonist-induced phosphorylation of the Y326A mutant to
levels comparable to that observed for the wild-typeâ2AR
(Figure 3A,B). However, while some agonist-dependent
phosphorylation of the Y326A mutant could be observed
following cotransfection with GRK6, the primary conse-
quence of GRK6 overexpression was to increase the basal
level of receptor phosphorylation for both the wild-type and
mutantâ2ARs. GRK4 differed from the other kinases in
that only agonist-independent phosphorylation of the wild-
type â2AR and Y326A mutant was observed following its
overexpression.

Effect of GRK4 on the Basal Sequestration of Wild-Type
â2AR and Y326A Mutant.Radioligand binding experiments
indicated that one of the primary effects of GRK4 overex-
pression was an increase in the proportion of constitutively
recycling Y326A mutants (Figure 2B). However, radioligand

FIGURE 1: Protein expression level of the different GRKs. Cells
used for the sequestration experiments that were cotransfected with
adrenergic receptors (â2AR or Y326A) alone (-) or with 1 µg of
plasmid encoding for GRK1-6 (+) were used to determine the
expression level of each GRK. Twenty-five micrograms of total
cellular protein was resolved on SDS-PAGE. The proteins were
transferred onto nitrocellulose, and the expression of each GRK
was determined using specific antibody to each GRK and HRP-
conjugated secondary antibodies using the ECL system (see
Methods). Exposures varied from 1 to 10 s. Cotransfection of either
receptor did not affect the expression of the different GRKs.

FIGURE 2: Effect of the different GRKs on the sequestration of
â2AR and Y326A. Cells were transfected withâ2AR (panel A) and
Y326A (panel B) without (mock) or with 1µg of the different
GRKs. Sequestration was determined using [125I]pindolol and CGP-
12177 as described under Materials and Methods. Sequestration is
expressed as the value above basal (- isoproterenol) for the receptor
alone. The values are the mean( standard deviation of 3-5
experiments, except mock-transfected experiments (18 experiments).
Open bars, no isoproterenol; hatched bars,+isoproterenol.

FIGURE 3: Effect of the different GRKs on the phosphorylation of
â2AR and Y326A. Cells were transfected withâ2AR (panel A) and
Y326A (panel B) without (mock) or with 1µg of the different
GRKs. Cells were metabolically labeled with [32PO4], the receptors
were immunoprecipitated and resolved on polyacrylamide gels, and
the radioactivity migrating at the position of the glycosylated
receptor (molecular mass 50-80 kDa) was quantitated using a
PhosphorImager. Data for theâ2AR and Y326A mutant were
normalized to the increase in radioactivity above basal obtained
with â2AR without any additional kinases [(3.6( 1.0)-fold above
basal, 100%]. The results are the mean( standard deviation of
3-5 experiments. Open bars, no isoproterenol; hatched bars,
+isoproterenol.
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binding in the presence of the hydrophilic ligand CGP-12177
cannot distinguish between a static or dynamic population
of internalizing receptors. Therefore, to test whether GRK4
overexpression stimulates increased basal recycling of both
wild-type and mutantâ2ARs in the absence of agonist
stimulation, the following experiment was performed. 12CA5
epitope-tagged wild-type and mutantâ2ARs were prelabeled
with anti-12CA5 monoclonal antibody, and the subsequent
loss of cell surface receptors over a 10 min period, in the
absence or presence of agonist-stimulation, was measured
by flow cytometry. GRK1 was used as a negative control
in these experiments, as it had minimal effects on the
sequestration of both receptors. As shown in Figure 4, while
GRK1 had no effect on the sequestration of each receptor,
overexpression of GRK4 not only resulted in the rescue of
agonist-promoted Y326A mutant sequestration, when mea-
sured by flow-cytometry, but also induced an increased
mobilization (4-5-fold) of cell surface receptor to an
internalized pool even in the absence of agonist stimulation.

DISCUSSION

In the present experiments, we examined whether each of
the members of the GRK family, in addition to GRK2, could
rescue the phosphorylation and sequestration of the Y326A
mutant. In doing so, we found that rescued agonist-promoted
Y326A sequestration by phosphorylation is not a property
unique to GRK2 but is shared by other members of the GRK
family. Nonetheless, the capacity of each of the GRKs to
rescue Y326A mutant sequestration was dependent upon their
ability to phosphorylate the receptor mutant, indicating kinase
subtype specificity for theâ2AR.
The relative ability of each of the GRKs to rescue Y326A

mutant sequestration correlated with their capacity to phos-
phorylate the receptor mutant. Of all of the GRKs tested,
only GRK1 was unable to rescue either Y326A mutant
sequestration or phosphorylation. In contrast, each of the
other kinases influenced the extent of both the sequestration
and phosphorylation of the Y326A mutant. However, the
mechanism by which this was achieved differed depending
upon the kinase tested. Two distinct mechanisms were

observed: (i) agonist-dependent phosphorylation associated
with agonist-dependent rescue of sequestration (GRK2, -3,
and -5); and (ii) agonist-independent phosphorylation leading
to both increased basal recycling (sequestration) of mutant
receptors and rescued agonist-promoted sequestration (GRK4
and -6) as measured by both binding and flow cytometry.
Previously, we proposed that GRK-mediated phosphory-

lation, while able to rescue the sequestration of the Y326A
mutant, was not the primary determinant regulatingâ2AR
sequestration but that it facilitated the interaction of some
other cellular component with the receptor (Fergusonet al.,
1995). We have identified this component asâ-arrestin.
â-Arrestin overexpression rescues Y326A sequestration in
the absence of receptor phosphorylation, and this property
of â-arrestin is potentiated by GRK-mediated phosphoryla-
tion (Fergusonet al., 1996). In Vitro experiments have
demonstrated thatâ-arrestins bind effectively to phospho-
rylated-unactivatedâ2AR and that receptor-â-arrestin bind-
ing is facilitated further by agonist activation (Gurevichet
al., 1995). These observations suggest that the agonist-
independent receptor phosphorylation described here for
GRK4 and -6 might promote the interaction of endogenous
â-arrestins with the receptor, which in turn mediate receptor
sequestration in the absence of agonist activation.
The observed differences in the ability of the various

GRKs to mediate agonist-dependent or -independent phos-
phorylation of the wild-type and mutantâ2ARs might be
linked to proposed differences in the mechanism by which
each kinase is targeted to the plasma membrane. GRK2 and
-3 are thought to be translocated to the plasma membrane in
response to agonist stimulation as a consequence of their
interaction with the Gâγ subunits of heterotrimeric G proteins
via a pleckstrin homology domain in their carboxyl termini
(Kochet al., 1993; Touharaet al., 1994; Pitcheret al., 1995).
The liberation of the Gâγ subunits from GR occurs as a
consequence of agonist stimulation and the subsequent
coupling of theâ2AR to Gs (Gilman, 1987; Birnbaumeret
al., 1990). Therefore, the translocation of GRK2 and -3 to
the membrane might be considered a signal-dependent event,
and the resulting receptor phosphorylation would be primarily
agonist-dependent (Haga & Haga, 1992; Pitcheret al., 1992).
In contrast, membrane targeting of each of the other kinases
involves post-translational modifications that promote lipid
association, such as farnesylation (GRK1), palmitoylation
(GRK4 and -6), or a polybasic carboxyl tail (GRK5), and
would not necessarily be signal-dependent (Ingleseet al.,
1993; Casey, 1995). Isomerization of theâ2AR from its low-
to high-affinity state (R to R*) can occur spontaneously
(independent of agonist stimulation) (Samanaet al., 1993;
Bondet al., 1995). This change in affinity might serve not
only to trigger changes in receptor conformation that promote
coupling but also to influence the relative ability of GRKs
to interact with and phosphorylate the receptor (Baraket al.,
1995). As a consequence, overexpression of GRKs that are
constitutively targeted to the plasma membrane might
effectively interact with and phosphorylate receptors spon-
taneously isomerizing to R* in the absence of agonist
stimulation. Theâ2AR serves as a better substrate for
agonist-independent phosphorylation by a palmitoylated
rather than nonpalmitoylated kinase (Stoffelet al., 1994),
and the fact that palmitoylation is dynamically regulated
(Caseyet al., 1995) might suggest that, in addition to
targeting GRK4 and -6 to the plasma membrane, palmitoy-

FIGURE 4: Effect of GRK1 and GRK4 on basal sequestration of
â2AR and Y326A. Cells were transfected withâ2AR and Y326A
without (mock) or with 1µg of GRK1 or GRK4. Cells were
prelabeled with 12CA5 antibody for 30 min on ice, washed, and
stimulated with 100µM ascorbate(10 µM isoproterenol (final
concentrations) for 10 min at 37°C. Cell surface receptor expression
was measured by flow cytometry as described under Methods.
Values were normalized to paired samples that were kept on ice.
The data represent the mean( standard deviation of 3 experiments.
(-) ISO,-isoproterenol; (+) ISO,+isoproterenol.
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lation may also regulate their enzymatic activity. Alterna-
tively, palmitoylation may be a more effective membrane
targeting signal than a carboxyl tail polybasic domain. In
either case, this might explain why GRK4 and -6, but not
GRK5, substantially increased receptor phosphorylation in
the absence of agonist stimulation.
Theâ2AR has been demonstratedin Vitro to be an effective

substrate for phosphorylation by GRK2, -3, and -5, but a
relatively poor substrate for GRK1, -4, and -6 (Benovicet
al., 1986, 1987, 1991; Benovic & Gomez, 1993; Kunapuli
et al., 1994a; Peiet al., 1994). Figure 2B illustrates the
limitations of heterologous cell expression systems for the
study of receptor-GRK specificity, as overexpression of
kinases that effectively phosphorylate theâ2AR receptorin
Vitro contributes little to the level of receptor phosphorylation
already achieved with endogenously expressed kinases. On
the other hand, the Y326A mutant provides a unique tool
for addressing these questions, at least with respect to the
â2AR. Under control conditions, the Y326A mutant does
not serve as an effective substrate for GRK-mediated
phosphorylation (Fergusonet al., 1995), and as a conse-
quence, the mutant receptor might be expected to provide a
more sensitive assay for the specificity of kinase/receptor
interactions. This was indeed the case, as overexpression
of GRK2, -3 and -5 effectively rescued the phosphorylation
phenotype of the Y326A mutant, whereas GRK1 and -4 were
less effective. The ability of each of the GRKs to rescue
theâ2AR-Y326A mutant phosphorylation recapitulated their
ability to phosphorylate theâ2AR in Vitro, except that the
â2AR may be a better substrate for GRK6 than previously
envisaged (Palczewski & Benovic, 1991; Benovic & Gomez,
1993; Kunapuliet al., 1994; Peiet al., 1994). However,
the effectiveness of GRK1 and -4 to affect the phosphory-
lation and the sequestration of the Y326A mutant could also
be attributable, at least in part, to different expression levels
for these kinases compared to the other kinases. This was
found not to be the case since the use of 10 times the amount
of DNA, which resulted in a marked increase in the
expression level of these two GRKs, did not further increase
the phosphorylation and/or the sequestration of the Y326A
mutant. GRK4 was more effective at rescuing the sequestra-
tion of the Y326A mutant than at rescuing its phosphorylation
(Figures 2-4). The increase in agonist-independent seques-
tration seen with this kinase offers an explanation for this
discrepancy, since constitutively sequestering receptors would
be expected to be constitutively dephosphorylated (Sibley
et al., 1986).
In summary, we have shown that receptor phosphorylation

by GRK2-6 leads to increased receptor sequestration and
that the agonist-dependency of this phenomenon was best
preserved when GRK2, -3, and -5 were overexpressed.
These results support the idea first put forward by Sibleyet
al. (1986), that receptor phosphorylation not only plays a
primary role in receptor desensitization but also may act as
the initial signal leading to receptor sequestration. However,
GRK-mediated phosphorylation does not appear to be
absolutely required for receptor sequestration since phos-
phorylation-deficient mutants sequester either normally as
seen in CHW cells (Hausdorffet al., 1989) or partially as
seen in HEK-293 cells (Fergusonet al., 1995, 1996) or CHO
cells (Barak and Caron, unpublished results). We have
recently shown in HEK-293 cells that the role of phospho-
rylation is probably to promote the interaction of the receptor

with â-arrestins (Fergusonet al., 1996). However, at high
expression levels,â-arrestin could function independently
of phosphorylation and rescue the sequestration of the
phosphorylation-deficientâ2AR mutant (Fergusonet al.,
1996). These results suggest that under normal conditions,
both â-arrestin and GRKs are required forâ2AR receptor
sequestration. However, since we are using receptor mutants
to study the role of phosphorylation and accessory protein
in sequestration, the possibility always exists that phospho-
rylation is not required for the sequestration of the native
â2AR. The different behavior ofâ2AR mutants in various
cell types (e.g., CHW vs HEK-293 cells) might suggest that
different levels of GRK and/orâ-arrestins are present in those
cells, or that different cells could use alternative pathways
for receptor sequestration, i.e., coated pits vs caveolae
(Raposoet al., 1989; von Zastrow & Kobilka, 1992). The
ultimate proof for a role of GRK phosphorylation inâ2AR
receptor sequestration would be achieved by using GRK-
deficient cells generated by gene disruption. Experiments
are currently under way to examine these different possibili-
ties.
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