Biochemistry1996, 35, 4155-4160 4155

Members of the G Protein-Coupled Receptor Kinase Family That Phosphorylate the
B>-Adrenergic Receptor Facilitate Sequestration

Luc Ménard# 8 Stephen S. G. Ferguséfi,Larry S. Barak Lucie Bertrand, Richard T. Premort,
Anne-Marie Colapietrd,Robert J. Lefkowitz] and Marc G. Caron¥

Howard Hughes Medical Institute Laboratories and Departments of Cell Biology, Medicine, and Biochemistry,
Duke Unversity Medical Center, Durham, North Carolina 27710

Receied December 15, 1995; Reed Manuscript Receéd February 9, 1998

ABSTRACT. We recently reported that ge-adrenergic receptoB$AR) 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 [Fergusbal. (1995)J. Biol. Chem. 27024782]. In the present
report, we tested the ability of each of the known GRKs (GRI&L to phosphorylate and rescue the
sequestration of the Y326A mutant in HEK-293 cells. We demonstrate that in addition to GRK2,&RK3

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 phosphoryfagiose but not the interaction with a specific

GRK, is required to facilitat@,AR sequestration.

The regulation of thgg,-adrenergic receptoB$AR) has and -6) of cysteine residues; polybasic domains in the
been extensively studied. Agonist activation BfAR carboxyl-terminal tail (GRK5); or interaction with thesG
signaling through Gs is followed closely by the inactivation subunits of heterotrimeric G proteins and phospholipid
of receptor responsiveness, primarily as the consequence ofnoieties via a pleckstrin homology domain in the carboxyl
rapid phosphorylation (Dohlmaet al., 1991; Hausdorfet termini of both GRK2 and GRK33ARK1 and -2) (Inglese
al., 1990, 1992; Schwinret al., 1992). Two families of et al, 1992, 1993; Pitchest al.,, 1992, 1995, Stoffeét al.,
kinases have been identified as contributing to this process:1994).
the second messenger-activated kinases (e.g., CAMP-depend- In addition to receptor phosphorylation, agonist stimulation
ent protein kinase and protein kinase C) and the G protein- promotes the removal of cell surface receptors to an
coupled receptor kinases (GRKs) (Dohlmenal, 1991; intracellular compartment, probably endosomes (Silgey
Schwinnet al,, 1992; Lefkowitz, 1993). Six members have al., 1986; von Zastrow & Kobilka, 1992; Roettget al.,
thus far been identified in the GRK family (GRKZD) 1995), by a process referred to as sequestration. Although
(Ingleseet al,, 1993; Premongt al, 1995). sequestration of G protein-coupled receptors away from the

In the systems studied, the phosphorylation of a particular cell surface might contribute to the desensitization of G
receptor by a GRK requires agonist-occupancy of the protein-coupled receptor responsiveness, the primary role of
receptor, whereas second messenger-activated kinases pho82AR sequestration appears to be the reestablishment of
phorylate either the agonist-bound or the agonist-free forms receptor responsiveness (i.e., resensitization), since inhibition
of the receptor (Hausdorét al., 1990; Ingleset al., 1993). of sequestration does not prevent receptor desensitization but
The exact mechanisms by which GRKs are activated are asdoes inhibit receptor resensitization (Loheteal., 1990; Yu
yet unknown. However, the translocation of these cytosolic et al, 1993; Baralet al, 1994).
proteins to membranes appears to involve a variety of Early studies of thg8,AR sequestration using phospho-
different mechanisms. These mechanisms include farnesy-ylation site-deficient3,AR mutants suggested that phos-
lation (GRK1, rhodopsin kinase) or palmitoylation (GRK4  phorylation was not required for normal sequestration

(Hausdorffet al., 1989). However, we recently reported that
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In the present paper, we test whether this newly described0.5% (w/v) sodium deoxycholate, 0.1% (w/v) sodium dode-
role for GRK-mediated phosphorylation in facilitating G cyl sulfate, 10 mM NaF, 10 mM sodium pyrophosphate, 0.2
protein-coupled receptor sequestration is a property uniquemM phenylmethanesulfonyl fluoride, anci@i/mL pepstatin
to GRK2 or whether other members of this kinase family A]. Duplicate wells were pooled and centrifuged twice for
share this ability to rescue the sequestration of the Y326A 15 min at 436000. The soluble fraction was precleared for

mutant. 30—60 min with 100uL of a 20% protein A suspension in
RIPA buffer containing 2% (w/v) bovine serum albumin.
MATERIALS AND METHODS Receptors in each sample were immunoprecipitated°@t 4

for 1-2 h with 8-12 ug of 12CA5 monoclonal antibody
and 100uL of a 20% suspension of protein-ASepharose.

[129]Pindolol and F2POyJphosphoric acid (HCI free) were The immunoprecipitgte was collected by c;entrifugation gnd
purchased from Dupont NEN. Isoproterenol, pepstatin A, Washed 3-4 times with RIPA buffer. The immunoprecipi-
and bovine serum albumin were purchased from Sigma. tate was eluted from the Sepharose by heating the sample at
CGP-12177 was purchased from Research Biochemical65 °C for 15 min in sample buffer containing 5% sodium
International. Protein A Sepharose 4B was obtained from dodecyl sulfate (Laemmli, 1970). The amount of sample
Pharmacia. Human embryonic kidney cells (HEK-293 cells) buffer was adjusted for each sample to account for the
were obtained from American Type Culture Collection. @mount of receptor in the different transfections{ GRK)
Minimal essential media and Hank’s balance salt solution @nd the amount of soluble protein recovered after solubili-
were purchased from Life Technologies. Hot Tub DNA zation for each sample. Proteins were resolved on 12.5%
polymerase and the ECL Western blotting system were Polyacrylamide gels. Phosphorylation levels were deter-
obtained from Amersham. Nitrocellulose membranes and Mined using a Phosphorimager (Molecular Dynamics) and
Tween 20 were purchased from BioRad. All other chemicals IMmageQuant software. The phosphorylation level in each

Materials

were reagent grade. experiment was normalized to the agonist-stimulated level
obtained with the3,AR receptor alone.
Methods Protein Determination. Protein levels were determined

using the BioRad Dc protein assay with bovine serum

Generation off,AR and GRK Mutants.The 5,AR and albumin as the standard.

Y326A mutants were epitope-tagged at their amino terminus i i
with the 12CAS5 peptide sequence as previously described mmunoblotting. The expression level for each GRK was
(Baraket al, 1994). determ|r_1ed by |mmun0blott|ng using specific antibodies. The
Subcloning and Expression Vector§;AR, Y326A, and generation of anti-GRK1, -2, -3, -4, -5, and -6 polyclonal
GRK2 cDNAs were in pcDNAL-Amp. GRK1, GRKS, and antisera has been previously described (ABtal., 1992;
GRK6 cDNAs were in pCMV5. GRKd cDNA was in Ingleseet al, 1992a; Stoffelet al, 1994; Premontt al,
PRK5 (Premongt al, 1994) GRk3 CDNA was in pcDNAL 1994). An equivalent protein amount from the different
Cell Transfection..’The 8 AR and Y326A mutants togeth e'r transfections was electrophoresed on a 12.5% polyacrylamide
with the appropriate GRK were transfected using coprecipi- gel and transferred onto a nitrocellulose membrane using &
tation with calcium phosphate (Cullen, 1987). The total Millipore semi-dry transfer system. The membranes were
amount of DNA used per transfection Was ﬂ@.per 100 incubated at 4C overnight in phosphate-buffered saline
mm dish. The level of receptor expression throughout this containing 3% (w/v) BSA. Primary antibodies were diluted
study wés 0.51.5 pmolimg and 054 pmol/mg total in PBS-BSA containing 0.05% Tween 20 and incubated

cellular protein in the sequestration and phosphorylation for_ 1-2 h_at room ter(r:perature. The membrane was washed
assays, respectively. Cells were seeded at a density of 2.§ times with PBS-0.1% ngen 20 and incubated W't.h HRP-
million per 100 mm dish 1 day prior to transfection. They conjugated secondary antibody (ECL Amersham) in PBS
were incubated with the DNAs for 1618 h, medium was BSA—0.05% Tween 20 for 1 h_at room temperature. The
removed, and fresh medium was added fer86h. Cells membrane was washed 3 or 4 times with PEGL% Tween

were trypsinized, seeded in 6 well plates, and used thezo’ an.d the immunoreactivity was detected using the ECL
following day. detection system (Amersham).

Sequestration AssayThe fraction of sequestered receptor RESULTS
was determined using CGP-12177 (150 nM final) ai3dl]

pindolol (350-550 pM) and 1Q«M propranolol or by flow Effect of Different GRKs on the Sequestration of3h&R
cytometry analysis as previously described (Hausdaré., and the Y326A Mutantln initial experiments, we tested the
1989; Baraket al, 1994). ability of each of the known GRKSs to rescue the sequestration

Whole Cell PhosphorylationHEK-293 cells were seeded defect of the Y326A mutant. To do this, HEK-293 cells
1 day after transfection at a density of 8.6.5 million cells were transfected to express either the wild-tgp&R or the
per 25 mm well. Cells were labeled witffiPOy]phosphoric Y326A mutant along with overexpressed GRKA. Under
acid (56-100xCi/ml) for 1—2 h in serum-free and phosphate- these conditions, all the GRKs were overexpressed as shown
free media. Duplicate wells were stimulated with or without in Figure 1. Results showing the effects of overexpression
10 uM (—)-isoproterenol (in 500uM ascorbate, final of the different GRKs on the sequestration of th&R and
concentration) for 15 min. The incubation was stopped by the Y326A mutant are summarized in Figure 2. Under the
rapid removal of the media and-3 rapid washes with 3  conditions tested, none of the kinases, when overexpressed,
mL of ice-cold phosphate-buffered saline. Cells were lysed adversely affected the ability of the wild-typ@&AR to
in 400uL/25 mm well of RIPA buffer [50 mM Tris, pH 8.0  sequester (Figure 2A). However, like GRK2 (Fergusbn
at 20°C, 150 mM NacCl, 5 mM EDTA, 1% (v/v) NP-40, al., 1995), GRK3-6, but not GRK1, exhibited the capacity
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FiGure 1: Protein expression level of the different GRKs. Cells
used for the sequestration experiments that were cotransfected with
adrenergic receptorg4AR or Y326A) alone ) or with 1 ug of
plasmid encoding for GRK16 (+) were used to determine the
expression level of each GRK. Twenty-five micrograms of total
cellular protein was resolved on SB8AGE. The proteins were -50
transferred onto nitrocellulose, and the expression of each GRK MOCK  GRK1  GRK2  GRK3 ~ GRK4  GRKS  GRKE
was determined using specific antibody to each GRK and HRP- 200

conjugated secondary antibodies using the ECL system (see B
Methods). Exposures varied from 1 to 10 s. Cotransfection of either
receptor did not affect the expression of the different GRKs.
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0-30 Ficure 3: Effect of the different GRKs on the phosphorylation of

B2AR and Y326A. Cells were transfected wjthAR (panel A) and
Y326A (panel B) without (mock) or with g of the different
GRKs. Cells were metabolically labeled wifBPQy], the receptors
were immunoprecipitated and resolved on polyacrylamide gels, and

0.20

0.10

FRACTION OF RECEPTOR SEQUESTERED

0.00 —24 2 _— the radioactivity migrating at the position of the glycosylated
X % % % 2 receptor (molecular mass 580 kDa) was quantitated using a
2@ © 6 ¢ ¢ 5] Phosphorimager. Data for the&,AR and Y326A mutant were
normalized to the increase in radioactivity above basal obtained
060l B _ with 8,AR without any additional kinases [(3:6 1.0)-fold above

basal, 100%]. The results are the mearstandard deviation of

050 . 3—5 experiments. Open bars, no isoproterenol; hatched bars,

+isoproterenol.

040
Effect of the GRKs ofi,AR and Y326A Mutant Phospho-

rylation. The rescue of the Y326A mutant sequestration

phenotype by GRK2 was associated with the reversal of its

phosphorylation deficit (Fergusaet 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

19 14 . .

g © mutant phosphorylation. As reported previously (Ferguson

FiGure 2: Effect of the different GRKs on the sequestration of etal, 19,95_)’ the Y326A mutant _Serve‘?' as a poor substrate

B2AR and Y326A. Cells were transfected wjthAR (panel A)and  for agonist-induced phosphorylation as it was phosphorylated

Y326A (panel B) without (mock) or with g of the different to ~25% of the extent of the wild-typg.AR (Figure 3).
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GRKs. Sequestration was determined usi]pindolol and CGP-  GRK1 overexpression, consistent with its inability to affect
12177 as described under Materials and Methods. Sequestration is 305 mutant sequestration, was unable to rescue agonist-
expressed as the value above basakpproterenol) for the receptor . . L

alone. The values are the mean standard deviation of 35 induced phosphorylation. In contrast, similar to GRK2,
experiments, except mock-transfected experiments (18 experiments)overexpression of GRK3 and -5 resulted in the rescue of
Open bars, no isoproterenol; hatched batfisoproterenol. agonist-induced phosphorylation of the Y326A mutant to

levels comparable to that observed for the wild-typaR

to rescue the sequestration of the Y326A mutant to levels (Figure 3A,B). However, while some agonist-dependent
comparable to that observed for the wild-typ#R follow- phosphorylation of the Y326A mutant could be observed
ing agonist stimulation (Figure 2B). However, the mecha- following cotransfection with GRKS, the primary conse-
nism by which this was achieved appeared dependent uporfluence of GRK6 overexpression was to increase the basal
the particular GRK coexpressed with the sequestration- level of receptor phosphorylation for both the wild-type and
defective Y326A mutant. The rescue of Y326A mutant Mutant;ARs. GRK4 differed from the other kinases in
sequestration by GRK2, -3, and -5 was agonist-dependent that only agonist-independent phosphorylation of the wild-
and in the absence of agonist stimulation, the number of type 52AR and Y326A mutant was observed following its
intracellular receptors was not altered by overexpressing theseOVerexpression.

kinases. In contrast, overexpression of GRK4 and -6, Effect of GRK4 on the Basal Sequestration of Wild-Type
particularly GRK4, increased the proportion of mutant S,AR and Y326A MutantRadioligand binding experiments
receptors internalized, in the absence of agonist stimulation.indicated that one of the primary effects of GRK4 overex-
GRK1 overexpression had no effect on the sequestration ofpression was an increase in the proportion of constitutively
the Y326A mutant. recycling Y326A mutants (Figure 2B). However, radioligand
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07 2 e observed: (i) agonist-dependent phosphorylation associated
W [ 2 B2ar (150 | with agonist-dependent rescue of sequestration (GRK2, -3,
58 bl =i ' and -5); and (ii) agonist-independent phosphorylation leading
85 05| to both increased basal recycling (sequestration) of mutant
_.E: receptors and rescued agonist-promoted sequestration (GRK4
gg 04f and -6) as measured by both binding and flow cytometry.
wo | Previously, we proposed that GRK-mediated phosphory-
gn: 03 lation, while able to rescue the sequestration of the Y326A
op oot mutant, was not the primary determinant regulathgR
=a U A . - . .
oy sequestration but that it facilitated the interaction of some
ey other cellular component with the receptor (Fergusbal.,

0o 1995). We have identified this component @srrestin.

CK GRKA1 GRK4 p-Arrestin overexpression rescues Y326A sequestration in

FiGURe 4: Effect of GRKL and GRK4 on basal sequestration of (1€ absence of receptor phosphorylation, and this property
B2AR and Y326A. Cells were transfected withAR and Y326A  Of S-arrestin is potentiated by GRK-mediated phosphoryla-
without (mock) or with 1ug of GRK1 or GRK4. Cells were  tion (Fergusonet al, 1996). In vuitro experiments have
prelabeled with 12CA5 antibody for 30 min on ice, washed, and demonstrated tha-arrestins bind effectively to phospho-

stimulated with 10QuM ascorbate+10 «M isoproterenol (final ; _ i hind
concentrations) for 10 min at 3T. Cell surface receptor expression rylated-unactivateBAR and that recepterg-arrestin bind

was measured by flow cytometry as described under Methods. N9 1S facilitated further by agonist activation (Gurevieh .

Values were normalized to paired samples that were kept on ice.al., 1995). These observations suggest that the agonist-
The data represent the mesrstandard deviation of 3 experiments.  independent receptor phosphorylation described here for
(=) 1SO, —isoproterenol; £) ISO, +isoproterenol. GRK4 and -6 might promote the interaction of endogenous

o o B-arrestins with the receptor, which in turn mediate receptor
binding in the presence of the hydrophilic ligand CGP-12177 sequestration in the absence of agonist activation.

cannot distinguish between a static or dynamic population  The observed differences in the ability of the various
of internalizing receptors. Therefore, to test whether GRK4 GRrks to mediate agonist-dependent or -independent phos-
overexpression stimulates increased basal recycling of bOthphoryIation of the wild-type and mutafARs might be
wild-type and mutanif,ARs in the absence of agonist |inked to proposed differences in the mechanism by which
stimulation, the following experiment was performed. 12CAS g5ch kinase is targeted to the plasma membrane. GRK2 and
epitope-tagged wild-type and mutgi\Rs were prelabeled  _3 gre thought to be translocated to the plasma membrane in
with anti-12CAS5 monoclonal antibody, and the subsequent regnonse to agonist stimulation as a consequence of their
loss of cell surface receptors over a 10 min period, in the jnieraction with the G, subunits of heterotrimeric G proteins
absence or presence of agonist-stimulation, was measured;ia 4 pleckstrin homology domain in their carboxyl termini
by flow cytometry. GRK1 was used as a negative control (kochet al, 1993; Touharat al., 1994; Pitcheet al., 1995).
in these experiments, as it had minimal effects on the Tne |iperation of the @ subunits from G occurs as a
sequestration of both receptors. As shown in Figure 4, while consequence of agonist stimulation and the subsequent
GRK1 had no effect on the sequestration of each receptor,mup"ng of theB.AR to Gs (Gilman, 1987; Birnbaumeet
overexpression of GRK4 not only resulted in the rescue of al., 1990). Therefore, the translocation of GRK2 and -3 to
agonist-promoted Y326A mutant sequestration, when mea-ihe membrane might be considered a signal-dependent event,
sured by flow-cytometry, but also induced an increased 4nq the resulting receptor phosphorylation would be primarily
mobilization (4-5-fold) of cell surface receptor to an agonist-dependent (Haga & Haga, 1992; PiteHer., 1992).
internalized pool even in the absence of agonist stimulation. |, contrast, membrane targeting of each of the other kinases
involves post-translational modifications that promote lipid
DISCUSSION association, such as farnesylation (GRK1), palmitoylation
In the present experiments, we examined whether each of(GRK4 and -6), or a polybasic carboxyl tail (GRK5), and
the members of the GRK family, in addition to GRK2, could would not necessarily be signal-dependent (Inglessal.,
rescue the phosphorylation and sequestration of the Y326A1993; Casey, 1995). Isomerization of fB\R from its low-
mutant. In doing so, we found that rescued agonist-promotedto high-affinity state (R to R*) can occur spontaneously
Y326A sequestration by phosphorylation is not a property (independent of agonist stimulation) (Samaatal., 1993;
unique to GRK2 but is shared by other members of the GRK Bondet al.,, 1995). This change in affinity might serve not
family. Nonetheless, the capacity of each of the GRKs to only to trigger changes in receptor conformation that promote
rescue Y326A mutant sequestration was dependent upon theicoupling but also to influence the relative ability of GRKs
ability to phosphorylate the receptor mutant, indicating kinase to interact with and phosphorylate the receptor (Baatl.,
subtype specificity for thg,AR. 1995). As a consequence, overexpression of GRKs that are
The relative ability of each of the GRKSs to rescue Y326A constitutively targeted to the plasma membrane might
mutant sequestration correlated with their capacity to phos- effectively interact with and phosphorylate receptors spon-
phorylate the receptor mutant. Of all of the GRKSs tested, taneously isomerizing to R* in the absence of agonist
only GRK1 was unable to rescue either Y326A mutant stimulation. Thep,AR serves as a better substrate for
sequestration or phosphorylation. In contrast, each of theagonist-independent phosphorylation by a palmitoylated
other kinases influenced the extent of both the sequestrationrather than nonpalmitoylated kinase (Stofélal., 1994),
and phosphorylation of the Y326A mutant. However, the and the fact that palmitoylation is dynamically regulated
mechanism by which this was achieved differed depending (Caseyet al, 1995) might suggest that, in addition to
upon the kinase tested. Two distinct mechanisms weretargeting GRK4 and -6 to the plasma membrane, palmitoy-
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lation may also regulate their enzymatic activity. Alterna- with S-arrestins (Fergusoet al, 1996). However, at high
tively, palmitoylation may be a more effective membrane expression levels3-arrestin could function independently
targeting signal than a carboxyl tail polybasic domain. In of phosphorylation and rescue the sequestration of the
either case, this might explain why GRK4 and -6, but not phosphorylation-deficien,AR mutant (Fergusoret al,
GRKS5, substantially increased receptor phosphorylation in 1996). These results suggest that under normal conditions,
the absence of agonist stimulation. both g-arrestin and GRKs are required f8sAR receptor

TheS2AR has been demonstratetitro to be an effective ~ sequestration. However, since we are using receptor mutants
substrate for phosphorylation by GRK2, -3, and -5, but a to study the role of phosphorylation and accessory protein
relatively poor substrate for GRK1, -4, and -6 (Benogic in sequestration, the possibility always exists that phospho-
al., 1986, 1987, 1991; Benovic & Gomez, 1993; Kunapuli rylation is not required for the sequestration of the native
et al, 1994a; Peket al, 1994). Figure 2B illustrates the S.AR. The different behavior o,AR mutants in various
limitations of heterologous cell expression systems for the cell types (e.g., CHW vs HEK-293 cells) might suggest that
study of receptorGRK specificity, as overexpression of different levels of GRK and/gf-arrestins are present in those
kinases that effectively phosphorylate {BAR receptorin cells, or that different cells could use alternative pathways
vitro contributes little to the level of receptor phosphorylation for receptor sequestration, i.e., coated pits vs caveolae
already achieved with endogenously expressed kinases. Or{Raposocet al., 1989; von Zastrow & Kobilka, 1992). The
the other hand, the Y326A mutant provides a unique tool ultimate proof for a role of GRK phosphorylation AR
for addressing these questions, at least with respect to thereceptor sequestration would be achieved by using GRK-
B2AR. Under control conditions, the Y326A mutant does deficient cells generated by gene disruption. Experiments
not serve as an effective substrate for GRK-mediated are currently under way to examine these different possibili-
phosphorylation (Fergusoet al., 1995), and as a conse- ties.
quence, the mutant receptor might be expected to provide a
more sensitive assay for the specificity of kinase/receptor REFERENCES
interactions. This was iqdeed the case, as overexpres.sior}\riza, J. L., Dawson, T. M., Simerly, R. B., Martin, L. J., Caron,
of GRK2, -3 and -5 effectively rescued the phosphorylation . 'G., Snyder, S. H., & Lefkowitz, R. J. (1092} Neurosci.
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ability to phosphorylate thg,AR in sitro, except that the Ba(r:ak, L. S., Meard, L., Ferguson, S. S. G., Colapietro, A. M., &

. aron, M. G. (1995Biochemistry 341540715414.

ﬁzA_R may be a better_ substratg for GRK6 than previously Benovic, J. L., & Gomez, J. (1993). Biol. Chem. 26819521
envisaged (Palczewski & Benovic, 1991; Benovic & Gomez,  19527.
1993; Kunapuliet al, 1994; Peiet al, 1994). However, Benovic, J. L., Mayor, F., Jr., Somers, R. L., Caron, M. G., &
the effectiveness of GRK1 and -4 to affect the phosphory-  Lefkowitz, R. J. (1986Nature 322 869-872.
lation and the sequestration of the Y326A mutant could also Benovic, J. L., Mayor, F., Jr., Staniszewski, C., Lefkowitz, R. J.,
be attributable, at least in part, to different expression levels e%]o(\:/im?’ E/' Shégg)\]}' JB'OlAr(r:iL‘g”y ZLGZZ?(?S;QS\?Z'C Lohse
for these kinases compar.ed to the other kln_ases. This wad M., Je'nk'ins”, N. A Glilb'ert;,D. I éo.pel.é\nd, N.'G.,'Cé’ron, M.
found not to be the case since the use of 10 times the amount G _ g Lefkowitz, R. J. (1991)). Biol. Chem. 26614939-14946.
of DNA, which resulted in a marked increase in the Bimbaumer, L., Abramowitz, J., & Brown, A. M. (199@jochim.
expression level of these two GRKSs, did not further increase  Biophys. Acta 1031163-224.
the phosphorylation and/or the sequestration of the Y326A BORdyNFIQé Qi-ﬁkeg, E-l iOhf;igBhgéggnMgan& gk AM, Flzzocrk{gﬁgliiﬁl
mutant. GRK4 was more effective at rescuing the sequestra- - P., Allen, L. F., & ngkowitz, R.J. (1é95)|;|athre'37'21 272—
tion of the Y326A mutant than at rescuing its phosphorylation 574
(Figures 2-4). The increase in agonist-independent seques- casey, P. J. (1998 cience 268221—225.
tration seen with this kinase offers an explanation for this Cheung, A. H., Sigal, I. S., Dixon, R. A., & Strader, C. D. (1989)
discrepancy, since constitutively sequestering receptors would Mol. Pharmacol. 34 132-138.
be expected to be constitutively dephosphorylated (Sibley Cullen, B. (1987)Methods Enzymol. 15584-704.
et al, 1986). Dohlman, H. G., Thorner, J., Caron, M. G., & Lefkowitz, R. J.

. (1991) Annu. Re. Biochem. 60653—688.
In summary, we have shown that receptor phosphorylation Ferguson, S. S. G., Merd, L., Barak, L., Koch, W. J., Colapietro,

by GRK2-6 Igads to increased repeptor sequestration and A-M., & Caron, M. G. (1995)). Biol. Chem. 27004782-24789.
that the agonist-dependency of this phenomenon was beskerguson, S. S. G., Downey, W. E., lll, Colapietro, A.-M., Barak,
preserved when GRK2, -3, and -5 were overexpressed. L.S., Maard, L., & Caron, M. G. (1996%cience 271363~
These results support the idea first put forward by Siletey 366. _

al. (1986), that receptor phosphorylation not only plays a Gilman, A. (1987)Annu. Re. Biochem. 56615-649. .
primary role in receptor desensitization but also may act as urevich. V. V., Dion, S. B., Onorato, J. J., Ptasienski, J., Kim, C.

L . " . M., Sterne-Marr, R., Hosey, M. M., & Benovic, J. L. (1995)
the initial signal leading to receptor sequestration. However,  gio| "chem. 270720-731.

GRK-mediated phosphorylation does not appear to be Haga, K., & Haga, T. (1992). Biol. Chem. 2672222-2227.
absolutely required for receptor sequestration since phos-Hausdorff, W. P., Bouvier, M., O’'Dowd, B. F., Irons, G. P., Caron,
phorylation-deficient mutants sequester either normally as M. G., & Lefkowitz, R. J. (1989)). Biol. Chem. 26412657
seen in CHW cells (Hausdor#t al., 1989) or partially as 12665.

seen in HEK-293 cells (Fergusenal., 1995, 1996) or CHO Ha‘]usfozrgé\l/!.zlgégaron, M. G., & Lefkowitz, R. J. (199BASEB

cells (Barak and Caron, unpublished results). We have Hausdorff, W. P., Campbell, P. T., Otrowski, J., Yu, S. S., Caron,
recently shown in HEK-293 cells that the role of phospho- M. G., & Lefkowitz, R. J. (1991)Proc. Natl. Acad. Sci. U.S.A.
rylation is probably to promote the interaction of the receptor 88, 2979-2983.



4160 Biochemistry, Vol. 35, No. 13, 1996

Hausdorff, W. P., Sung, J., Caron, M. G., & Lefkowitz, R. J. (1992)
Asian Pacific J. Pharmacol.,7149-158.

Inglese, J., Glickman, J. F., Lorenz, W., Caron, M. G., & Lefkowitz,
R. J. (1992)J. Biol. Chem. 2671422-1425.

Inglese, J., Freedman, N. J., Koch, W. J., & Lefkowitz, R. J. (1993)
J. Biol. Chem. 26823735-23738.

Koch, W. J., Inglese, J., Stone, W. C., & Lefkowitz, R. J. (1993)
J. Biol. Chem. 2688256—-8260.
Kunapuli, P., Onorato, J. J., Hosey,
J. Biol. Chem. 2691099-1105.

Laemmli, U. K. (1970)Nature 227 680—685.

Lefkowitz, R. J. (1993)Cell 74, 409-412.

Lohse, M. J., Benovic, J. L., Caron, M. G., & Lefkowitz, R. J.
(1990)J. Biol. Chem. 2653202-3209.

Palczewski, K., & Benovic, J. L. (199T)ends Biol. Sci. 16387
391.

Pei, G., Tiberi, M., Caron, M. G., & Lefkowitz, R. J. (199BJoc.
Natl. Acad. Sci. U.S.A. 9B633-3636.

M. M., & Benovic, J. L. (1994)

Pitcher, J. A., Inglese, J., Higgins, J. B., Arriza, J. L., Casey, P. J.,

Kim, C., Benovic, J. L., Kwatra, M. M., Caron, M. G., &
Lefkowitz, R. J. (1992)Science 2571264-1267.

Pitcher, J. A., Touhara, K., Payne, E. S., & Lefkowitz, R. J. (1995)
J. Biol. Chem. 2701170711710.

Premont, R. T., Koch, W. J., Inglese, J., & Lefkowitz, R. J. (1994)
J. Biol. Chem. 2696832-6841.

Premont, R. T., Inglese, J., & Lefkowitz, R. J. (199ASEB J. 9
175-182.

Ménard et al.

Raposo, G., Dunia, I., Delavier-Klutchko, C., Kaveri, S., Strosberg,
A. D., & Benedetti, E. L. (1989Fur. J. Cell Biol. 50 340-
352.

Roettger, B. F., Rentsch, R. U., Pinon, D., Holicky, E., Hadac, E.,
Larkin, J. M., & Miller, L. J. (1995)J. Cell Biol. 128 1029~

1041.

Samama, P., Cotecchia, S., Costa, T., & Lefkowitz, R. J. (1993)
Biol. Chem. 2684625-4636.

Schwinn, D. A., Caron, M. G., & Lefkowitz, R. J. (1992) the
heart and cardieascular systenfFozzard, H. A., Ed.) pp 1657
1684, Raven Press, New York.

Sibley, D. R., Strasser, R. H., Benovic, J. L., Daniel, K., &
Lefkowitz, R. J. (1986Proc. Natl. Acad. Sci. U.S.A. 89408-
9412.

Stoffel, R. H., Randall, R. R., Premont, R. T., Lefkowitz, R. J., &
Inglese, J. (1994). Biol. Chem. 26927791-27794.

Touhara, K., Inglese, J., Pitcher, J. A., Shaw, G., & Lefkowitz, R.
J. (1994)J. Biol. Chem. 26910217 10220.

Tsuga, H., Kameyama, K., Haga, T., Kurose, H., & Nagao, T.
(1994)J. Biol. Chem. 26932522-32527.

von Zastrow, M., & Kobilka, B. K. (1992)]. Biol. Chem. 267
3530-3538.

Yu, S. S., Lefkowitz, R. J., & Hausdorff, W. P. (1993) Biol.
Chem. 268337—-341.

BI1952961+



