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ABSTRACT

Dephosphorylation of the cyclic AMP-dependent protein kinase
(PKA) site phosphoserine 262 and the G protein-coupled re-
ceptor kinase (GRK) site phosphoserines 355 and 356 of the
B,-adrenergic receptor (B,AR) were characterized in both intact
human embryonic kidney 293 cells and subcellular fractions
and were correlated with the rate of resensitization of isopro-
terenol stimulation of adenylyl cyclase after treatment with iso-
proterenol and blockade by antagonist. Dephosphorylation of
the PKA site after stimulation with 300 pM isoproterenol oc-
curred with a t,,, of 9 min (k = 0.08 £ 0.016/min) in intact cells
in the absence of internalization. Dephosphorylation of the GRK
sites in intact cells after treatment with 1.0 M isoproterenol for
5 min exhibited a lag phase of ~ 5 min, after which dephos-
phorylation proceeded slowly with a t,,, of 18 min (k = 0.039 =
0.006/min). Consistent with the slow rate of GRK site dephos-
phorylation, the phosphatase inhibitors calyculin A and okadaic
acid failed to augment phosphorylation in intact cells during
continuous agonist stimulation indicating that GRK site de-

phosphorylation was minimal. However, both inhibited dephos-
phorylation of the GRK sites after the addition of antagonist.
Slow GRK site dephosphorylation after antagonist treatment
was also demonstrated by the relative stability of internalized
phosphorylated B,AR in cells as observed both by immunoflu-
orescence microscopy using a phospho-site-specific antibody
and by studies of the subcellular localization of the GRK-phos-
phorylated B,AR on sucrose gradients that revealed nearly
equivalent levels of GRK site phosphorylation in the plasma
membrane and vesicular fractions. In addition, dephosphoryla-
tion of the GRK sites by intrinsic phosphatase activity occurred
only in the heavy vesicle fractions. In contrast to the slow rates
of dephosphorylation, the rate of resensitization of isoprotere-
nol stimulation of adenylyl cyclase was 5- and 10-fold faster
(k = 0.43 = 0.009/min; t,,, = 1.6 min), than PKA and GRK site
dephosphorylation, respectively, clearly dissociating the rapid
phase of resensitization (0-5 min) from dephosphorylation.

In any given cell, the concentration of agonist and the rate
constants for phosphorylation and dephosphorylation define
the level of PKA and GRK site phosphorylation of the B,-
adrenergic receptor (3,AR) at various times after agonist
stimulation, and these factors in turn affect the level of
arrestin binding and receptor internalization. During agonist
treatment, the rate constants for internalization and recy-
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cling control the level of the B,ARs in the plasma membrane.
To what extent do internalization and dephosphorylation
correlate with functional resensitization? This question has
been the subject of intense study. Several earlier studies led
to the proposal that internalization was required for dephos-
phorylation and functional resensitization because it ap-
peared that dephosphorylation occurred in endosomes, but
not at the plasma membrane (Sibley et al., 1986; Yu et al.,
1993; Krueger et al., 1997; Zhang et al., 1997, 1999; Krupnick
and Benovic, 1998). Indeed, it is certain that when cells are
stimulated with high agonist concentrations, the B,AR is
rapidly phosphorylated by GRK, and arrestin binds with
high affinity (Benovic et al., 1987; Lohse et al., 1989, 1990a,b,
1992; Sohlemann et al., 1995), precluding phosphatase action

ABBREVIATIONS: PKA, cyclic AMP-dependent protein kinase; GRK, G protein-coupled receptor kinase; B,AR, B,-adrenergic receptor; PP2A,
protein phosphatase 2A; PP1, protein phosphatase 1; HEK, human embryonic kidney; PNGase F, peptide N-glycosidase F; WT, wild type; DMEM,
Dulbecco’s modified Eagle’s medium; AT, ascorbate/thiourea; HE, HEPES/EDTA; ICI-118,551, (*+)-1-[2,3-(dihydro-7-methyl-1H-inden-4-yl)oxy]-
3-[(1-methylethyl)lamino]-2-butanol; PBS, phosphate-buffered saline; CGP-12177, 4-[3-[(1,1-dimethylethyl)lamino]-2-hydroxypropoxy]-1,3-dihy-
dro-2H-benzimidazol-2-one; PAGE, polyacrylamide gel electrophoresis; HV, heavy vesicle; LV, light vesicle.
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on the receptor. Upon internalization, it is likely that low
affinity agonists, such as epinephrine and isoproterenol, dis-
sociate rapidly from the B,AR, followed by arrestin dissocia-
tion, because high affinity arrestin binding requires agonist
binding and GRK site phosphorylation.

Further progress in testing this model was limited by sev-
eral factors. First was the lack of a method for easily mea-
suring the rate constants for phosphorylation and dephos-
phorylation of the PKA and GRK sites independently,
because early studies were based on *2P-labeling experi-
ments. Second was the general lack of studies of the initial
rate of resensitization of functional agonist stimulation after
desensitization. A third problem was that the model did not
allow for the possible scenario in vivo that agonist stimula-
tion at synapses (and possibly in other physiological situa-
tions) is pulsatile, with rapid removal of agonist after stim-
ulation by reuptake, diffusion, and catabolism. That agonist
may be removed quickly in vivo, a situation that precludes
significant internalization, raises the question of how phos-
phorylation is reversed.

With the advent of phospho-site-specific antibodies, meth-
ods became available to probe the PKA and GRK site phos-
phorylation and dephosphorylation in a level of detail not
previously possible. We were first able to determine the rates
of phosphorylation of both the PKA and GRK sites over a
range of agonist concentrations because PKA activation is
highly amplified and easily dissociated from the relatively
unamplified high occupancy-dependent GRK phosphoryla-
tion (Tran et al., 2004). Furthermore, we found that at either
the low (PKA site) or high (GRK site) range of agonist stim-
ulation, the phosphorylation was remarkably stable (Tran et
al., 2004; Vaughan et al., 2006); The ease of following phos-
phorylation in turn allowed us for the first time to examine
dephosphorylation of the PKA and GRK sites independently;
we found that dephosphorylation of the PKA site occurred
without internalization at the plasma membrane after either
washout of agonist or addition of antagonist and that dephos-
phorylation of the GRK site occurred with blockade of inter-
nalization using either sucrose or dominant-negative dy-
namin (Iyer et al., 2006).

Although our prior study showed that PKA and possibly
GRK site dephosphorylations occurred at the plasma mem-
brane, several important questions remained (Kelly, 2006).
First, to what extent does functional resensitization of ago-
nist stimulation of the B,AR and adenylyl cyclase correlate
with the rate constants for dephosphorylation of the PKA and
GRK sites? Second, can GRK site dephosphorylation be dem-
onstrated in either plasma membranes or endosomes by bio-
chemical fractionation, obviating the need for internalization
blockade? Third, given that plasma membrane dephosphor-
ylation occurs, is it probable that the phosphatases accom-
plishing PKA and GRK site dephosphorylations are identi-
cal? Whereas prior studies suggested that PP2A was the
phosphatase involved in GRK site dephosphorylation, PKA
site dephosphorylation was not studied. It should be noted
that, for the most part, the studies of GRK dephosphorylation
were conducted with extracts of a latent PP2A and purified
B2AR phosphorylated in vitro (Yang et al., 1988; Pitcher et
al., 1995). In addition, there was some evidence that PP2B
played a role based on use of FK506 (Shih et al., 1999).

The present work addresses these questions, and demon-
strates: 1) a much faster resensitization of agonist stimula-

tion of adenylyl cyclase relative to either GRK site or PKA
site dephosphorylation; 2) significant GRK site dephosphor-
ylation by intrinsic phosphatase activity in plasma mem-
brane but not endosomal fractions; and 3) a pattern of phos-
phatase inhibitor effects most consistent with PP1, rather
than PP2A, playing the major role in PKA and GRK site
dephosphorylation. Furthermore, we conclude, based on the
much faster resensitization relative to GRK site dephosphor-
ylation, that the rapid phase of resensitization occurs by the
dissociation of arrestin after blockade of agonist stimulation
and that the GRK site phosphorylation causes little to no
desensitization. This conclusion is consistent with recent flu-
orescence resonance energy transfer studies demonstrating
rapid dissociation of B-arrestin from the B,AR after agonist
removal (Krasel et al., 2005), and evidence that GRK phos-
phorylation alone causes little desensitization (Benovic et al.,
1987; Lohse et al., 1990b, 1992; Sohlemann et al., 1995).

Materials and Methods

SuperSignal West Femto maximum sensitivity substrate was pur-
chased from Pierce (Rockford, IL). BA85 nitrocellulose was from
Whatman Schleicher and Schuell BioScience (Keene, NH). Cell cul-
ture reagents were purchased from Mediatech (Herndon, VA). B, AR
agonists, antagonists, and calyculin A were purchased from Sigma-
Aldrich (St. Louis, MO). Okadaic acid was obtained from Alexis
Biochemicals (San Diego, CA). PP1 and PP2A were purchased from
Upstate Biotechnology (Lake Placid, NY). Human embryonic kidney
(HEK) 293 cells were purchased from American Type Culture Col-
lection (Manassas, VA). Peptide N-glycosidase F (PNGase F) and
PP1 inhibitor 2 were purchased from New England Biolabs (Ipswich,
MA). Commercially prepared antibodies to the C terminus of the
B>AR and to the phosphorylated serines 355 and 356 were from
Santa Cruz Biotechnology (Santa Cruz, CA). Custom monoclonal
antibodies were obtained from A and G Pharmaceutical, Inc. (Co-
lumbia, MD). The antibodies were raised against the peptides C-
DRTGHGLRRSpSKF-NH, for the anti-pSer262 PKA site (clone 2G3)
and CKAYGNGYpSpSNGN-NH,, for the anti-pS (Ser355,356) (clone
5C3). Monoclonal antibodies were purified using protein A Sepha-
rose. Species-appropriate fluorescent goat anti-rabbit and anti-
mouse secondary antibodies were obtained from Invitrogen (Carls-
bad, CA).

Constructs and Cell Lines. HEK 293 cells stably expressing
FLAG-WT-B,AR (referred to in the text as WT-B,AR) were used for
the majority of the experiments. For some experiments involving
PKA site dephosphorylation, we used the N-terminal FLAG-tagged
mutant (B,AR-SA3) in which serines 355, 356, and 364 were substi-
tuted with alanines (Vaughan et al., 2006). These substitutions were
made using the QuikChange site-directed mutagenesis kit (Strat-
agene, La Jolla, CA) according to the manufacturer’s instructions.
The mutants were sequenced throughout the entire coding region
and epitope tag to ensure accuracy of the mutagenesis. Plasmids
were stably transfected into HEK 293 cells using FuGene 6 trans-
fection reagent (Roche Molecular Biochemicals, Basel, Switzerland),
and multiple stable clones were selected using 400 ug/ml G418
(Invitrogen) and analyzed with similar results. A431 human epider-
moid adenocarcinoma cells were a gift from Dr. Craig Malbon (State
University of New York at Stony Brook, Stony Brook, NY).

Cell Culture. HEK 293 cells stably transfected with WT-B,ARs
(7-9 pmol/mg) or SA3 (8-10 pmol/mg) mutants and A431 cells were
grown in 5% CO, at 37°C in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal bovine serum. HEK 293 cells
were grown in the same medium as above with the addition of 200
pg/ml G418. When seeding HEK 293 cells for experimentation,
dishes were coated with poly-L-lysine to keep the cells attached
during washes. One hour before cell treatments, the medium was
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removed and replaced with 40 mM HEPES-buffered, NaHCO;-free
DMEM containing 0.5% fetal bovine serum, and cells were equili-
brated without CO, at 37°C.

Intact Cell Phosphorylation and Dephosphorylation Proto-
cols. HEK 293 cells grown to confluence in 12-well plates were
treated at 37°C with B,AR agonists dissolved in the carrier, 10 mM
ascorbate/100 mM thiourea, pH 7 (AT) or AT alone as indicated.
These compounds were diluted 100-fold into the cell incubations, and
control cells received the appropriate concentration of carrier (0.1
mM ascorbate/1 mM thiourea). For intact cell dephosphorylation, the
medium was aspirated and replaced with medium *= 1.0 uM pro-
pranolol. To terminate all treatments in preparation for immuno-
blotting, the medium was removed, and the cells were washed once
rapidly with 1 ml of 20 mM HEPES and 1.0 mM EDTA, pH 7.7 (HE
buffer) at 0-4°C. Cells were solubilized by addition to each well of
200 wl of solubilization buffer at 0—-4°C (20 mM HEPES, pH 7.4, 150
mM NacCl, 0.9% dodecyl-B-maltoside, 20 mM tetrasodium pyrophos-
phate, 10 mM NaF, 0.1 uM okadaic acid, 10 pug/ml benzamidine, 10
pg/ml trypsin inhibitor, and 10 ug/ml leupeptin). The cells were
scraped into the solubilization buffer, transferred to 1.5-ml micro-
centrifuge tubes, and rocked at 4°C for 30 min. The solubilized
extract was clarified by centrifugation at 15,000 rpm for 15 min at
4°C, digested with 150 units of PNGase F for 2 h at 37°C, and heated
for 15 min at 65°C in SDS sample buffer (2% SDS, 10% glycerol, 100
mM Tris, pH 6.8, bromphenol blue, and 10 mM dithiothreitol). Twen-
ty-microliter aliquots of samples were resolved on 12% SDS-poly-
acrylamide gel electrophoresis and transferred to nitrocellulose for
immunoblotting. The membranes were probed for B,AR with phos-
phoserine-specific antibodies, anti-pS(355,356) for the GRK sites at
recommended dilutions, and anti-pS262 (clone 2G3) for the PKA site
at 1.0 pg/ml. Membranes were then washed twice and incubated
with either goat anti-rabbit IgG-horseradish peroxidase at 5 ng/ml
for the polyclonal antibodies or goat anti-mouse IgG-horseradish
peroxidase at 10 ng/ml for the monoclonal antibodies and detected by
SuperSignal reagent. After quantification of B8,AR phosphorylation,
the immunoblots were stripped and reprobed with a B,AR-specific
rabbit anti-C-tail antibody to determine B,AR levels. The blots were
imaged using a charge-coupled device camera system (GeneGnome;
Syngene, Frederick, MD), and bands quantified using Syngene soft-
ware. All results with the anti-phosphoserine—specific antibodies
were normalized to the corresponding levels of B,AR measured with
the anti-C-tail antibody. For averaging data of separate dephosphor-
ylation experiments, the results were first expressed as a fraction of
the control isoproterenol treatment, and then the means = S.E.M.,
where n = 3 or the range (n = 2) were calculated and shown in the
figures.

Dephosphorylation experiments with A431 cells required purifi-
cation of the solubilized extracts using wheat germ agglutinin affin-
ity resin (Vector Laboratories, Burlingame, CA). A431 cells, cultured
in DMEM supplemented with 10% fetal bovine serum, were grown to
confluence in 100-mm dishes. The growth medium was removed and
replaced with 40 mM NaHCO;-free HEPES-buffered DMEM for 1 h.
The cells were treated with AT or 1 uM isoproterenol for 5 min,
washed once with 5 ml of medium, and incubated for various times
with medium containing a 0.1 uM concentration of the antagonist
ICI-118,551. To end the incubation, the medium was removed, and
cells were washed twice with HE and scraped in 500 ul of solubili-
zation buffer. The samples were rocked at 4° for 30 min, then cen-
trifuged for 15 min at 15,000 rpm. For purification, 50 ul of packed
wheat germ agglutinin affinity resin was added to each of the solu-
bilized samples. The tubes were rocked for 90 min at 4° and centri-
fuged briefly to pellet the resin. The pellets were washed twice in
solubilization buffer, and the receptor was eluted with 2X SDS
sample buffer for 15 min at 65°C. Eluates were run on SDS-PAGE,
transferred, and immunoblotted with pS(355,356) and C-tail anti-
bodies.

For the GRK site dephosphorylation experiments with intact cells
involving the phosphatase inhibitor calyculin A, we used suspended
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cells because preliminary studies showed that calyculin A caused
release of HEK 293 cells from the surface similar to that reported
previously for A431 cells (Shih et al., 1999). Cells grown on 100-mm
dishes were stimulated with agonist, washed three times in PBS,
and then washed with 0.02 mM EDTA for 1 min to initiate cell
release, followed by suspension of the cells in 3 ml of HEPES-
buffered NaHCO,-free DMEM. Aliquots of 1 ml were placed in tubes
with or without 100 nM calyculin A and incubated with rocking at
37°C, after which 200-ul aliquots were removed at the times indi-
cated, centrifuged at 600g to collect cells, and then solubilized, trans-
ferred, and immunoblotted as described above. In control experi-
ments, we demonstrated that GRK site phosphorylation and
internalization of the B,AR were unimpaired by suspending the cells.

Membrane Preparation and Adenylyl Cyclase Assays. To
prepare membranes for assay, WT-B,AR cells were treated = ago-
nist, washed 6 times in ice-cold HE buffer, and scraped into HE
buffer containing 10 ug/ml leupeptin and 0.1 uM okadaic acid. The
cells were then lysed in a type B Dounce homogenizer with seven
strokes. The lysate was placed on a step gradient of 23 and 43%
sucrose (w/w) in HE buffer. Membranes at the 23/43 interface were
removed and frozen at —80°C.

For resensitization experiments, cells were treated for 15 min with
AT or isoproterenol, then washed three times (20 s) in warm me-
dium. Cells were then incubated for various times with 100 pM
metoprolol, and membranes were prepared as described above. Ad-
enylyl cyclase activity was determined as described previously (Sei-
bold et al., 2000). In brief, 5 ug of membrane protein was incubated
at 30°C for 10 min in 100 ul of buffer containing 40 mM HEPES, pH
7.7, 6 mM MgCl,, 1 mM EDTA, 100 uM ATP, 1 uM GTP, 0.1 mM
3-isobutyl-1-methylxanthine, 8 mM creatine phosphate, 16 U/ml cre-
atine phosphokinase, and 2 uCi of [a-**P]JATP (30 Ci/mmol; GE
Healthcare, Little Chalfont, Buckinghamshire, UK). Adenylyl cy-
clase activities for six to eight concentrations of agonists were as-
sayed in triplicate, and the ECy, and V. values were determined
using Prism software (GraphPad Software, San Diego, CA).

Internalization. The procedure for measuring internalization of
the B,AR has been described in detail previously (Seibold et al.,
2000) with the following modifications. Cells in 12-well plates were
treated with various concentrations of isoproterenol or AT for the
times indicated in Fig. 2B. Cells were then washed two times with
DMEM (37°C) and three times with ice-cold DMEM, placed on ice,
and then incubated with 10 nM [*H]CGP-12177 with or without 1
uM alprenolol in DMEM. Dishes were then incubated for 1 h on ice
and washed twice with ice-cold PBS to remove unbound [*PH]CGP-
12177; cells released by trypsin were transferred to scintillation vials
for counting.

Immunofluorescence Microscopy. WT-B,AR cells growing on
poly-(L-lysine)-coated coverslips in six-well clusters were treated
with AT or 1 uM isoproterenol for 5 min. Cells were immediately
fixed with 4% paraformaldehyde in PBS containing 1.2% sucrose at
4°C for 10 min or washed five times and incubated in fresh medium
at 37°C for varying times up to 20 min to allow receptor recycling
before fixation. Fixed cells were permeabilized with 0.2% Triton
X-100, blocked using 10% heat-inactivated goat serum, and labeled
using as primary a phospho-site-specific monoclonal antibody di-
rected against pS355,356 (clone 5C3) at 1 pg/ml, and a polyclonal
anti-B,AR C terminus antibody at 2 ug/ml, followed by species-
specific Alexab94-anti-mouse IgG and Alexa488-anti-rabbit IgG,
both at a 1:400 dilution. The coverslips were mounted in Mowiol and
viewed using a DeltaVision deconvolution microscopy system (Ap-
plied Precision Inc., Issaquah, WA) equipped with a Zeiss Axiovert
microscope. Imaging was performed using a Zeiss 100X (1.4 numer-
ical aperture) oil immersion lens, and sections were collected at an
optical depth of 150 nm in the z-plane. Images were optimized using
DeltaVision deconvolution software and transferred to Adobe Photo-
shop 6.0 (Adobe Systems, Mountain View, CA) for the production of
final figures.
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Cell-Free Dephosphorylation Protocols. For assessing de-
phosphorylation in a cell-free assay, HEK 293 cells stably expressing
the WT-B,AR were grown to confluence in 100-mm dishes. To induce
phosphorylation, cells were treated with isoproterenol or vehicle
(AT) at the concentrations and for the times indicated in the figure
legends. To stop the stimulation, cells were rapidly washed three
times with ice-cold HE buffer and scraped into 3 ml of buffer A (50
mM Tris-HCL, pH 7.0, 0.1 mM EDTA, 50 mM B-mercaptoethanol, 40
png/ml bovine serum albumin, 10 ug/ml leupeptin, 1.0 mM benzami-
dine, and 1.0 mM phenylmethylsulfonyl fluoride). Cells were homog-
enized with seven strokes in a Dounce homogenizer, transferred to
microcentrifuge tubes, and centrifuged at 600g for 5 min; the super-
natants pooled (all steps at 0—4°C). For the time course of dephos-
phorylation, the pooled post-600g supernatants were incubated at
37°C in a water bath, and 100-ul aliquots were removed for the times
indicated in the figure legends and mixed with 2X solubilization
buffer. For experiments with phosphatase inhibitors, the pooled su-
pernatant (0.5-1.0 ml) was distributed into tubes containing inhib-
itors and incubated at 37°C; 100-ul aliquots were removed at the
times indicated in the figure legends. The dephosphorylation assay
was stopped by addition of 100 ul of ice-cold 2X solubilization buffer.
Samples were treated with 150 units of PNGaseF for 2 h at 37°C, and
then SDS sample buffer was added. SDS-PAGE, transfer, and West-
ern blotting were as described above.

To determine whether the GRK dephosphorylation was retained
in the particulate fraction, two extensions of the cell-free protocol
were used. First, to measure the dephosphorylation in the crude
particulate fraction, cells were prepared as discussed above in the
cell-free protocol. The post-600g supernatant fractions were pooled,
and 500 pl was centrifuged at 21,000g for 10 min at 0-4°C. The
supernatant was removed, and the pellet was suspended in 500 pl of
buffer A. Aliquots were transferred to tubes for incubation at 37°C,
and samples were removed at the indicated times for measurement
of GRK site dephosphorylation. Second, to measure GRK site dephos-
phorylation in heavy and light vesicle fractions, cells were pretreated
for 20 min with AT or 1.0 uM isoproterenol, washed twice with PBS
(0—4°C), incubated with concanavalin A (0.25 mg/ml in PBS) for 15
min on ice, lysed in HE buffer (containing 10 pug/ml leupeptin, 1 mM
phenylmethylsulfonyl fluoride, and 1 mM benzamidine), and frac-
tionated on a step gradient of 18, 28, and 43% sucrose (w/w) in HE
buffer by ultracentrifugation at 25,000 rpm for 35 min at 4° in a
Beckman SW28 rotor (Beckman Coulter, Fullerton, CA). These gra-
dient procedures allow separation of the “heavy vesicle” plasma
membrane fraction from the “light vesicle” endosomal fraction after
agonist stimulation of the B,AR (Clark et al., 1985; Krueger et al.,
1997). Light vesicles (LV) at the 18/28 boundary and Heavy Vesicles
(HV) at the 28/43 interface were collected (2.5-3.5 ml), and 400-ul
aliquots were placed in microcentrifuge tubes containing a final
concentration of 50 mM B-mercaptoethanol. To assess the action of
purified phosphatases, 0.05 units of either PP1 or PP2A were added
to select tubes. Aliquots were incubated for 20 min at 37°C and then
mixed with 2X solubilization buffer. The solubilized extracts were
processed for Western blot analysis as described above. In some
experiments, full sucrose gradients were prepared as described pre-
viously (Clark et al., 1985). In brief, gradients were formed by lay-
ering 18, 23, 27, 31, 35, and 43% sucrose (w/w) in HE buffer. The
sucrose gradient was prepared 12 h before use and stored at 4°C to
allow a continuous gradient to form. Samples prepared as given
above were added to the gradient tubes and centrifuged at 25,000
rpm for 90 min at 4°C. Fractions (1 ml) were collected, and aliquots
were solubilized and processed for either SDS-PAGE and Western
blotting with C-tail and GRK site antibodies, or for determination of
isoproterenol- stimulated adenylyl cyclase activity as described
above.

Standardization of Okadaic Acid, Calyculin A, and PP1-
Inhibitor 2 IC;, Values by Fluorescent Assay. To determine
whether the phosphatase inhibitors were fully active, we measured
their IC;, values using the fluorescence-based assay RediPlate 96

EnzChek Serine/Threonine Phosphatase Assay Kit from Invitrogen.
The IC;, values for okadaic acid against PP1 and PP2A were deter-
mined using the assay as directed with purified PP1 and PP2A. The
IC;, values for okadaic acid and calyculin inhibitions of PP2A were
0.43 and 0.4 nM, respectively, and for PP1, 23 and 0.4 nM, respec-
tively. For PP1-inhibitor 2, the IC;, for PP1 was 2 nM. These IC;,
values are in excellent agreement with published data for these
phosphatase inhibitors.

Statistical Analysis. The mean *= S.E. was determined for each
treatment group in the individual experiments. Apparent rate con-
stants were calculated using Prism software and nonlinear regres-
sion assuming a one-phase exponential decay. Comparisons between
treatments were performed using Prism one-way analysis of vari-
ance.

Results

Dephosphorylation of the PKA Site in Intact Cells.
We have shown previously that phosphorylation of the B,AR
PKA consensus site occurred rapidly with an EC,, of approx-
imately 30 pM in HEK 293 cells stably expressing B,AR to
levels of 3 to 5 pmol/mg of membrane protein (Tran et al.,
2004). With 300 pM isoproterenol, the level of phosphoryla-
tion reaches a maximum within 2 min and remains constant
for up to 20 min. This allows evaluation of the phosphoryla-
tion and dephosphorylation of the B,AR under pretreatment
concentrations of agonist that do not promote internalization
or GRK site phosphorylation (Tran et al., 2004; Iyer et al.,
2006). To determine the rate of dephosphorylation of the PKA
site, WT-B,AR or B,AR-SA3 cells were stimulated with 300
pM isoproterenol for 10 min, and then medium was aspirated
and immediately replaced with medium with or without 1.0
uM propranolol. Addition of propranolol at this concentration
causes the removal of agonist stimulation within 10 sec
(Stickle and Barber, 1989, 1991; Krasel et al., 2005). Dephos-
phorylation of the PKA site, serine 262, was monitored using
a phospho-site-specific monoclonal antibody and the anti-C-
tail antibody to control for receptor levels. Because similar
rates of dephosphorylation were found in the two cell lines,
the data were combined and plotted as shown in Fig. 1. After
90 min, the level of phosphorylation approached that mea-
sured in controls, representing approximately a 90% decay of
stimulated levels. The rate of dephosphorylation of the PKA
site calculated using Prism software was 0.080 + 0.016/min.

Kinetics of the Dephosphorylation of the GRK Sites
in Intact Cells and in Cell-Free Assays. To examine the
dephosphorylation of the GRK site serines 355 and 356, HEK
293 cells expressing the WT-B,AR were treated with 1.0 uM
isoproterenol for 2, 5, and 20 min. In previous studies, we
demonstrated that this concentration of agonist results in a
rapid (£,5 =~ 40 s), 15- to 20-fold increase in GRK site phos-
phorylation relative to basal levels, followed by only a slight
decline in phosphorylation after 20 to 30 min of stimulation
(Tran et al., 2004). After the various times of agonist treat-
ment, the medium was removed and replaced with medium
containing 1.0 uM propranolol. The data shown in Fig. 2A
are the results from cells stimulated for 5 min with isopro-
terenol. Dephosphorylation of the GRK site was character-
ized by a brief 5-min lag phase followed by an increased rate
of dephosphorylation (Fig. 2A). After 90 min of dephosphor-
ylation, the level of GRK site phosphorylation was indistin-
guishable from control levels. The rate constant calculated
for the data from 5 to 90 min was 0.039 = 0.006/min. Fig. 2A,
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inset, shows the decay of the GRK sites for 30 min after
addition of propranolol for the 2-, 5-, and 20-min treatment
times with isoproterenol. Whereas the decay curves varied
slightly after the various times of stimulation, the differences
were not statistically significant. The lag in the dephosphor-
ylation of the GRK site indicated that time-dependent acti-
vation of phosphatase activity was initiated by the addition
of antagonist that was independent of the time of agonist
stimulation. Because 1.0 uM isoproterenol stimulates
marked internalization over this time period (Morrison et al.,
1996; January et al. 1997, 1998; Seibold et al., 1998, 2000;
Tran et al., 2004; Iyer et al., 2006; Vaughan et al., 2006), we
determined the extent of B,AR internalization during a 20-
min isoproterenol stimulation (Fig. 2B). The loss of surface
receptor was 31, 54, and 71% after 2-, 5-, and 20-min stimu-
lation, respectively. Because the lag and rates of GRK site
dephosphorylations were similar with either 2, 5, or 20 min of
agonist stimulation, there seems to have been no significant
effect of internalization on the rate of dephosphorylation.
Because cell-free dephosphorylation of the B,AR GRK site
had not previously been reported, we explored whether de-
phosphorylation of the GRK sites could be observed in ly-
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Fig. 1. Dephosphorylation of the 8,AR PKA site in intact cells. WT-B,AR
and B,AR-SA3 cells growing in 12-well plates were stimulated with 300
pM isoproterenol (ISO) or carrier (AT) for 10 min. The medium was then
aspirated (0 time point) and replaced with medium = 1.0 uM propranolol
(open symbols). To stop the assay, cells were solubilized at the times
indicated and Western blots were performed by sequential blotting with
anti-pS262 mAb (2G3) and C-tail antibodies (Santa Cruz) as discussed
under Materials and Methods. Results were first corrected for B,AR levels
with C-tail antibody and then normalized to the 10-min isoproterenol
treatment (zero time for the dephosphorylation). Data shown are mean *
S.E. of 10 experiments for the 0 to 30 min values (n = 4 and 6 for
WT-B,AR and B2AR-SA3, respectively) and four experiments for the 60-
and 90-min values. Each experiment was performed in duplicate. The
rate for the dephosphorylation was £ = 0.080 = 0.016/min. A represen-
tative immunoblot is shown below the figure.

sates. WT-B,AR cells were treated with 1.0 uM isoproterenol
for 2, 5, or 20 min, the post-600g supernatant was prepared
in buffer A, and the dephosphorylation kinetics of the GRK
sites was immediately assessed by incubation of the lysate at
37°C. Our data show that the GRK sites are indeed dephos-
phorylated in lysates; however, in contrast to the intact cells,
no lag was observed (Fig. 2C), and the initial rate of dephos-
phorylation was estimated to be ~0.06 to 0.08/min, which is
significantly faster than in the intact cells. The rate of de-
phosphorylation from 0 to 30 min was similar for the 2-, 5-,
and 20-min pretreatment times, although after 20 min of
stimulation, the extent of cell-free dephosphorylation was
somewhat attenuated relative to the earlier treatment times.

Because the GRK site dephosphorylation was studied pri-
marily with overexpressed B,AR, we also examined the GRK
site dephosphorylation in A431 cells that express endogenous
B2AR at approximately 400 fmol/mg. We determined previ-
ously that the kinetics of phosphorylation of this site resem-
bled closely that of HEK 293 cells (Tran et al., 2004). In Fig.
2D, we show that dephosphorylation of the GRK site in A431
cells after a 5-min stimulation with 1.0 uM isoproterenol and
addition of antagonist was ~60% after 60 min (p = 0.005).
The rate of dephosphorylation of the GRK site in A431
seemed even slower than in HEK 293 cells, indicating that
the slow rate of GRK site dephosphorylation observed in
HEK 293 cells was not a function of receptor overexpression
but might vary with cell type.

Immunolocalization of GRK-Phosphorylated p,AR
after Agonist Treatment and Addition of Propranolol.
To monitor the intracellular phosphorylation and dephos-
phorylation of the GRK sites in WT-B,AR, we employed im-
munofluorescence deconvolution microscopy to determine the
subcellular localization of GRK phosphorylated receptors
(Fig. 3). To accomplish this we used a monoclonal antibody
(5C3) that we generated against the GRK site serines 355
and 356 that showed specific binding to the GRK-phosphor-
ylated receptor, but not to the dephosphorylated receptor or
the SA3 mutant (data not shown). The movement of the
B>ARs was followed simultaneously with an antibody di-
rected against the receptor’s carboxyl terminus. Cells were
stimulated with 1.0 uM isoproterenol for 5 min, medium was
removed, and the cells were washed and incubated without
agonist for 20 min. In agreement with the intact cell kinetics
of phosphorylation and internalization, the receptor was
phosphorylated by 5 min and, predictably, had moved to
endosomal vesicles. Although quantitation was not possible,
the phosphorylation state of the B,AR in vesicles was ini-
tially stable after agonist removal, and receptors seemed to
recycle to the plasma membrane, at least in part, in the
phosphorylated states. After 10 min, significant dephosphor-
ylation was observed, a time at which most B,ARs recycled to
the plasma membrane. Some phosphorylated receptors were
observed at the plasma membrane even after 20 min of
recycling. Similar results were obtained using 1.0 uM pro-
pranolol for blockade of agonist action rather than washout
(data not shown).

Effect of Phosphatase Inhibitors on GRK and PKA
Site Dephosphorylation. The time course of dephosphory-
lation of the GRK sites was examined in the presence of
calyculin A and okadaic acid to probe the nature of the
phosphatases involved. Calyculin A is a nonselective PP1 and
PP2A inhibitor, whereas okadaic acid is approximately 20- to
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30-fold more potent as an inhibitor of PP2A versus PP1, as Fig. 4A, WT-B,AR cells were stimulated with 100 nM isopro-
we confirmed using a fluorescence-based assay as described terenol, washed, suspended, and then incubated with 100 nM
under Materials and Methods. In the experiment shown in calyculin A. This treatment completely blocked dephosphor-
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Fig. 2. Dephosphorylation of the B,AR GRK site in intact cells and cell-free assays. HEK 293 cells expressing the WT-B,AR were grown to confluence
in either 12-well plates for intact cell dephosphorylation or 100-mm dishes for cell-free experiments. Cells were pretreated with 1.0 uM isoproterenol
or carrier AT for 2, 5, and 20 min. A, intact cells. After agonist treatment, the medium was aspirated and replaced with medium plus 1 uM propranolol
as indicated by the arrows. Cells were solubilized at the times indicated, treated with PNGase F, and Western blots were performed with Santa Cruz
anti-pS(355,356) and anti-C-tail antibodies.The values from the 5 min isoproterenol treatment are shown in the main panel (n = 7—8 for the 0—30-min
data and n = 3 for the 60- and 90-min data). The inset shows the 0—30-min dephosphorylation after the 2-, 5-, and 20-min treatments with
isoproterenol. A typical Western blot is shown below the figure. The rate of dephosphorylation for the 5-min isoproterenol treatments of intact cells
was k = 0.039 = 0.006/min. Because of the lag phase, the rates were determined with the 5- to 25-min values using a nonlinear regression curve and
a one phase exponential decay equation (GraphPad Prism), setting the 5-min value as the zero time. B, isoproterenol-induced internalization of the
BAR. Cells expressing the WT-B,AR were stimulated with 1.0 uM isoproterenol for the times indicated, and surface receptors were then measured
with [PH]CGP-12177 as described under Materials and Methods. Data presented are the mean + S.E. of four experiments, each performed in triplicate.
C, cell-free dephosphorylation. After isoproterenol treatment, cells were washed three times and lysed in buffer A. Lysates were homogenized, the
post-600g supernatants were pooled and aliquoted into microcentrifuge tubes, and the incubations and Western blots were performed as discussed
under Materials and Methods. For both intact cell and cell-free experiments, Western blots were normalized as described above to the C-tail antibody
and to the control phosphorylation after 2-; 5-, and 20-min isoproterenol treatments before the start of dephosphorylation. Data are shown as the
mean * S.E. of three experiments, each performed in duplicate. D, A431 dephosphorylation. The cells were treated with AT or 1 uM isoproterenol for
5 min, washed, and then incubated with 0.1 uM ICI 118,551 in medium at 37°C and solubilized at the times indicated. Purification and Western blots
were performed as discussed under Materials and Methods. Data shown are means + S.E. of four or five experiments. P values for the 30- and 60-min
dephosphorylations were 0.02 and 0.005, respectively.
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ylation of the GRK site in intact cells (the arrow indicates the
time of the wash and addition of calyculin). Consistent with
the lag and the slow rate of GRK dephosphorylation in intact
cells, there was little augmentation of GRK site phosphory-
lation after addition of calyculin A. To examine this in more
detail calyculin A was added to the intact cells 30 min before
agonist stimulation, and even this more prolonged pretreat-
ment failed to augment GRK site phosphorylation signifi-
cantly (data not shown). Calyculin A was also found to block
dephosphorylation in the post-600g cell-free assay (Fig. 4B).

Similar results were obtained with okadaic acid (1.0 uM)
added 60 min before agonist stimulation; that is, it failed to
significantly augment isoproterenol-stimulated GRK site
phosphorylation before addition of antagonist, although it

o-CT o-pSer Merge

Fig. 3. Cellular localization of GRK site-phosphorylated B,ARs. WT-B,AR
cells were treated with vehicle (AT) or isoproterenol for 5 min and then
immediately fixed or extensively washed and incubated with fresh me-
dium for the indicated times before fixation. Cells were labeled as de-
scribed under Materials and Methods using as primary antibodies the
polyclonal anti-B,AR C-tail antibody (a-CT) to identify all B,ARs and
monoclonal antibody 5C3 against pS(355,356) (a-pSer) to specifically
identify GRK-site phosphorylated receptors. Scale bar, 10 um. In the
merged panel, green (Alexa 488) shows the C-tail antibody, red (Alexa
594) shows the GRK site antibody, and yellow shows the colocalization.

No ISO

10 min 5 min Recycle 3min  ISO 5 min

20 min

blocked GRK site dephosphorylation (Fig. 4C). It was sur-
prising that 0.1 uM okadaic acid was ineffective in blocking
GRK site dephosphorylation (data not shown). The PKA site
dephosphorylation was also examined in intact cells after
stimulation with 300 pM isoproterenol. In contrast to the
GRK site, 1.0 uM okadaic acid failed to inhibit PKA site
dephosphorylation (Fig. 4C), whereas 100 nM calyculin A
blocked it as effectively as that seen with the GRK site (data
not shown).

The cell-free assay in the post-600g lysate also was used to
determine the IC;, values for inhibition of both GRK and the
PKA site dephosphorylation to circumvent the problem of cell
penetration. For the GRK site, WT-B,AR cells were stimu-
lated for 2 min with 1.0 uM isoproterenol, whereas for the
PKA site (pS262), cells were stimulated for 10 min with 300
pM isoproterenol. After stimulation, the post-600g lysate was
incubated with or without various concentrations of either
calyculin A (Fig. 5A) or okadaic acid (Fig. 5B) for 20 min.
Both inhibitors significantly blocked receptor dephosphory-
lation; the IC;, values for calyculin A and okadaic acid were
~10 and 100 nM, respectively, for both the GRK and PKA
sites.

The high IC,, for okadaic acid inhibition of GRK and PKA
site dephosphorylation in the cell-free system suggested that
PP1 activity was involved and that perhaps PP2A was not
the primary phosphatase. To further examine a possible role
for PP1 activity, the inhibition of GRK and PKA site dephos-
phorylation by PP1 inhibitor 2 was monitored in the post-
600g supernatant. GRK site dephosphorylation was inhibited
approximately 35% by 100 nM and 70% by 500 nM inhibitor
2 (Fig. 5C). Although there was a slight inhibition of PKA
dephosphorylation, it was not significant. These data suggest
that PP1 activity is involved in the GRK site dephosphory-
lation. In addition, the IC;, for okadaic acid (100 nM) was
more consistent with inhibition of PP1 (i.e., 5-fold higher
than the control fluorescence-based assays versus 250-fold
higher than expected against PP2A). Although the calyculin
A data suggested that either PP1 or PP2A was involved, they
do not discriminate between the two phosphatases, and the
10 nM IC;, that we observed is 25-fold higher than in the
fluorescence-based assay for either phosphatase. Overall, our
data from both intact cell and cell-free experiments with
inhibitors of GRK site dephosphorylation more strongly sup-
port a role for PP1, although previous cell-free studies have
suggested that a “latent PP2A” was involved (Yang et al.,
1988; Pitcher et al., 1995).

For PKA site dephosphorylation, a role for PP2A also re-
mains questionable given that the cell-free IC;, for okadaic
acid was 250-fold greater than that in the fluorescence-based
assay, where penetration of the inhibitor is not a problem,
and it was ineffective in intact cells. Whereas calyculin A was
approximately 10-fold more potent relative to okadaic acid in
the cell-free assay and in intact cells, it is nonselective for
PP2A. The reason for the reduced potency of both calyculin A
and okadaic acid in our cell-free assays relative to the fluo-
rescence-based assay is unknown, but it is perhaps unsur-
prising given the disruption of possible localization of the
phosphatase activity in cell-free assays and/or the presence
of factors that inhibit their activity.

Dephosphorylation of the GRK Site after Subcellu-
lar Fractionation. To determine the subcellular fraction in
which the cell-free GRK site dephosphorylation occurred, we

2T0Z ‘T Jeqwiadaq uo 1sanb Aq 6o sjeuinofjadse weydjow wol} papeojumod


http://molpharm.aspetjournals.org/

PHARM

aspet’

54 Tranetal.

first stimulated WT-B,AR cells with 1.0 uM isoproterenol for
2 min, homogenized the cells, separated the post-600g lysate
into crude membrane (21,000g) and cytosolic fractions, and
compared the rates of dephosphorylation of the two fractions
with that of the lysate. Within experimental error, the rate of
dephosphorylation seemed similar in the lysate and the
membrane fraction (Fig. 6A), and no activity or receptor was
observed in the cytosolic fraction.

To further probe the subcellular localization of the partic-
ulate fraction phosphatase activity, cells were pretreated for
20 min with carrier or 1.0 uM isoproterenol, and the plasma
membrane (HV) and endosomal (LV) fractions prepared us-
ing either continuous gradients or sucrose step gradients.
Figure 6, B-D, shows a typical profile of the continuous
gradient fractions with regard to 1) 1.0 uM isoproterenol-
stimulated adenylyl cyclase activity, 2) the levels of B,AR
determined by using the C-tail antibody, and 3) the extent of
GRK site phosphorylation. As shown in Fig. 6B, the isopro-
terenol-stimulated adenylyl cyclase activity was found in the
HV fractions with peak activity in fractions 20 to 25 as
previously demonstrated in S49 lymphoma cells (Clark et al.,
1985). We found approximately 50% of the receptors were
shifted to LV fractions 5 to 11 with isoproterenol pretreat-
ment (Fig. 6C), and there were nearly equivalent levels of
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phosphorylation of the receptor in the LV and HV fractions
(Fig. 6D). When phosphorylation was normalized to the total
receptor level, the profile was essentially similar to that in
Fig. 6D.

For further examination of dephosphorylation, experi-
ments were performed using the step gradients to allow more
rapid and efficient handling of the LV and HV fractions (Fig.
6E). As with the continuous gradients, we found that the
levels of GRK site phosphorylation in the LV and HV frac-
tions were nearly comparable when the GRK site phosphor-
ylation was normalized to the total B,AR (C-tail antibody),
and that only the HV fraction showed significant dephos-
phorylation with intrinsic phosphatase activity (p = 0.01). To
determine whether the phosphorylated B,ARs in the LV were
subject to dephosphorylation, purified PP2A and PP1 were
added to the LV fraction. This resulted in an extent of de-
phosphorylation of the LV fraction for both phosphatases
that was comparable with that observed in the HV (Fig. 6E),
although only the PP1l-stimulated dephosphorylation was
significantly different from the 20-min dephosphorylation
control cells (p < 0.05). Addition of the phosphatases to the
HV fraction did not further increase the rate of dephosphor-
ylation (data not shown). Furthermore, we found that recon-
stitution of the LV fraction with the supernatant fraction

Cell-Free

Fig. 4. Inhibition of GRK and PKA site dephos-
phorylation of the B,AR with calyculin A and
okadaic acid in intact cells and cell-free assay. A,
for the intact cell experiment, WT-B,AR cells
were grown to confluence in 100-mm dishes and
stimulated with either 100 nM isoproterenol or
carrier (AT) for 10 min. After agonist treatment
cells were washed, suspended, and incubated
with or without 100 nM calyculin A (CL-A) as
indicated by the arrows. Data shown are
means *= S.E. of four experiments. The augmen-
tation of GRK phosphorylation by calyculin rel-
ative to the control (10 min) was not significant
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at any time point. B, for the cell-free experi-
ments, the post-600g supernatants were incu-
bated with or without calyculin A and solubi-
lized at the times indicated, and Western blots
were performed as discussed under Materials
and Methods. Data were normalized to the C-tail
antibody and then to the maximum level of GRK
site phosphorylation in each experiment. Data
shown are means * S.E. of three experiments. C,
for the effect of okadaic acid on intact cell de-
phosphorylations, WT-B,AR cells in 12-well
dishes were preincubated + 1.0 uM okadaic acid
for 60 min. Cells were then stimulated with ei-
ther 300 pM isoproterenol for either 10 min for
the PKA site dephosphorylation, or 2 min with
1.0 puM isoproterenol for the GRK site dephos-
phorylation. The medium was removed and re-
placed with medium plus 1 uM propranolol, and
cells were incubated for 30 min. The extent of
dephosphorylation was determined by Western
blots as given above. Data shown are the
means * S.E. of three experiments. The effect of
inhibitor 2 was significantly different from con-
trol cells at only the 500 nM level for the GRK
site phosphorylation (p < 0.001).

75 100 125 150
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from the top of the gradient also caused dephosphorylation of
the LV fraction (data not shown), indicating that cytosolic
phosphatase activity does have access to the GRK site in the
endosomal fraction.

Time Course of Resensitization of Adenylyl Cyclase
Activity after Addition of Antagonist. Whereas we pre-
viously have determined the rate of agonist-induced desen-
sitization of adenylyl cyclase activity and the rates of B,AR
recycling to the plasma membrane (Morrison et al., 1996;
Seibold et al., 1998, 2000), we had not determined the ki-
netics of resensitization of adenylyl cyclase after agonist
stimulation. Determination of the rate of resensitization
necessitated a modification of the protocol used for the
dephosphorylation assays. Propranolol cannot be used for the
blockade of agonist stimulation, because its rate of dissocia-
tion is too slow. To circumvent this problem we used 100 uM
metoprolol, a low affinity (240 nM K,) pan-blocker of agonist
stimulation of B;ARs and B,ARs (Contreras et al., 1986;
January et al., 1997, 1998). Cells were stimulated for 15 min
with or without 1.0 uM isoproterenol, rapidly washed three
times with medium at 37°C, and subsequently incubated for
2 to 30 min with medium containing 100 uM metoprolol. To
stop resensitization, cells were washed and lysed, and mem-

55

branes were prepared on sucrose step gradients for assay of
isoproterenol stimulation of adenylyl cyclase activity. The
incubation with metoprolol had no effect on adenylyl cyclase
activity in membranes from controls (AT-treated), demon-
strating effective removal of the antagonist with the wash
procedure (data not shown). The data shown (Fig. 7, A and B)
are normalized to the V. to emphasize the receptor level
desensitization/resensitization, because we have demon-
strated previously that the receptor-level desensitization in
BsAR-overexpressing cells is almost exclusively reflected in
the EC;, shift, and the decrease in V. is downstream of the
receptor (Seibold et al., 2000). In these experiments, we ob-
served a 6-fold increase in the EC;, for isoproterenol stimu-
lation of adenylyl cyclase after the isoproterenol treatment.
After washout of agonist, we found that ~55% and 80% of
activity was restored in just 2 and 5 min of resensitization,
respectively, as assessed by the decrease in the EC;, for
isoproterenol stimulation (p = 0.001 values for the decrease
in EC,, values for all time points relative to control cells).
Longer incubations (20—30 min) were required to fully re-
store activity, consistent with the rates of recycling (Morrison
et al., 1996; Seibold et al., 2000) and dephosphorylation. A
similar rapid phase of resensitization was observed after

Fig. 5. Inhibition of GRK and PKA site
dephosphorylation of the B,AR with caly-
culin A, okadaic acid, and PP1-inhibitor 2
in cell-free assays. To determine the ef-
fective concentrations of calyculin A (A),
okadaic acid (B), and PP1-inhibitor 2 (C),
cells in 100-mm dishes were stimulated
for either 10 min with 300 pM (PKA site)
or 2 min with 1.0 uM (GRK site) isopro-
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terenol, and the post-600g supernatant
was incubated for 20 or 30 min with or
without the various concentrations of in-
hibitors. The dephosphorylation was then
followed in the post-600g lysate, and
Western blots were performed as de-
scribed in Fig. 4. Results were normalized
to the respective control isoproterenol
levels and to the C-tail antibody. Data are
the means *+ S.E. of three experiments
for A and B, each performed in triplicate
(A, p <0.01 for both PKA and GRK at 100
nM; B, p < 0.01 for 100 nM for GRK, and
p < 0.001 for 1000 nM for both PKA and
GRK). For C, GRK data, n = 4 for 100 nM
(p > 0.05) and n = 3 for 500 nM inhibitor
2 (p < 0.05); for PKA data, n = 3, and the
p values were not significant.
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Fig. 6. Dephosphorylation of GRK site of WT-B,ARs in the crude particulate fraction and in heavy and light vesicle fractions. A, WT-B8,AR were grown
to confluence in 100-mm dishes and stimulated with 1.0 uM isoproterenol or carrier AT for 2 min. Cells were then washed, lysed, and homogenized
in buffer A as described under Materials and Methods for the cell-free preparation. The post-600g supernatant (lysate) was then centrifuged at
21,000g, the pellet was suspended in 500 ul of buffer A (membrane), and aliquots were taken for incubation at 37°C for the dephosphorylation. Samples
were removed at the times indicated and solubilized, and Western blots were performed sequentially using anti-pS(355,356) and anti-C tail antibodies.
The post-600g fraction was also incubated in parallel for comparison. B-D, continuous sucrose gradient fractionation. Cells were grown to confluence
in 150-mm dishes, stimulated with 1.0 uM isoproterenol or carrier for 20 min, washed twice in ice-cold PBS, and incubated on ice with concanavalin
A for 15 min. Cells were washed three times in HE buffer, homogenized, and added to the continuous gradients (18, 23, 27, 31, 35, and 43% sucrose)
as described under Materials and Methods. One-milliliter fractions were collected starting with the top of the gradient, and 400-ul aliquots were either
processed for determination of isoproterenol-stimulated adenylyl cyclase activity (B) or solubilized for Western blots using either the C-tail antibody
(C), or GRK site antibody (D). For the Western blots, data were normalized to fraction 6. For figures C and D, the controls (AT) are shown as solid lines
and the isoproterenol-stimulated samples as open bars. E, for measurement of dephosphorylation, samples treated with AT or isoproterenol as given
above were placed on step gradients (18, 28 and 43% sucrose) and centrifuged. Light vesicles at the 18/28 boundary (LV) and heavy vesicles (HV) at
the 28/43 interface were removed and aliquoted into microcentrifuge tubes containing 50 mM B-mercaptoethanol with or without 0.05 units of either
PP1 or PP2A. To measure the dephosphorylation, aliquots were incubated for 20 min and then mixed with 2X solubilization buffer (20’ Dephos + PP1
or PP2A). Western blotting was performed with anti-pS (355,356) and C-tail antibodies as described under Materials and Methods. Western blots were
first normalized to the C-tail antibody and then further normalized to the maximum phosphorylation after 20 min of isoproterenol treatment (CTRL
ISO). Data shown are mean * S.E. of three experiments. Comparison of the values for dephosphorylation of the LV fraction relative to the 20-min
dephosphorylation control was significant for PP1 only (p < 0.05). For the HV fraction, the 20-min dephosphorylation relative to control was significant
(p < 0.05).
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1.0 uM isoproterenol stimulation for either 5 or 30 min (data
not shown).

To compare the rates of dephosphorylation with the rate of
resensitization of adenylyl cyclase activity, the plot shown in
Fig. 8 was constructed using the intact cell data from Figs.
1A, 2A (5-min isoproterenol stimulation only) and 7. The
rates of dephosphorylation of the GRK and PKA sites in
intact cells (=0.039/min and 0.08/min, respectively) after the
lag occurred far more slowly than the rate of resensitization
(~0.43/min).

Discussion

Previous studies of the phosphorylation and dephosphory-
lation of the B,AR have been limited by the lack of methods
for examining quantitatively and independently the dephos-
phorylation of the two key domains that we have shown are
crucial for agonist-induced desensitization (Tran et al., 2004;
Iyer et al., 2006; Vaughan et al., 2006). This limitation also
precluded a thorough correlation of the resensitization of
agonist stimulation of adenylyl cyclase activity with dephos-
phorylation of the two sites. Through the use of a panel of
phospho-site-specific antibodies, we have been able to char-
acterize the phosphorylation and dephosphorylation of the
two domains that we have shown are the sites of PKA and
GRK inhibition of B,AR stimulation (Tran et al., 2004) and to
show that the translocation of arrestin was dependent on the
intact GRK site (Vaughan et al., 2006). We have also shown
that the phosphorylation of the PKA site serine 262 was
exquisitely sensitive to the concentration of epinephrine and
was phosphorylated rapidly with an EC,, of 30 pM in cells
overexpressing the WT receptor. In contrast, the EC;, for
agonist stimulation of GRK site (serines 355 and 356) phos-
phorylation, was 30 nM, approximately 1000-fold higher
(January et al., 1997; Seibold et al., 1998; Tran et al., 2004).
Using the profound differences in the agonist dependence of
PKA and GRK phosphorylation, we were able to demonstrate
that dephosphorylation of the PKA site occurs in the plasma
membrane after rapid removal of agonist stimulation under
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conditions (300 pM isoproterenol) that precluded agonist-
induced GRK site phosphorylation, B-arrestin binding, or
internalization (Iyer et al., 2006). We also found that block-
ade of internalization by two independent methods after high
agonist stimulation had little effect on GRK dephosphoryla-
tion. The present work was initiated with the goals of deter-
mining the rates of dephosphorylation of the two sites, their
relationship to resensitization of the receptor, and further
defining the locale and nature of the phosphatase activity.
Comparison of the Rates of Dephosphorylation of
the PKA and GRK Sites with Resensitization. In studies
presented here, we found that PKA site dephosphorylation
proceeded without a lag with a ¢,,, of =9 min, and that the
GRK site dephosphorylation proceeded with a relatively
slower ¢,,, of ~18 min after a lag phase of ~5-min duration.
The lag phase in GRK site dephosphorylation was not appre-
ciably affected by the time of pretreatment of cells with
isoproterenol in the range of 2 to 20 min, despite significant
differences in the extent of internalization at these time
points. In contrast, resensitization of adenylyl cyclase activ-
ity occurred far more rapidly (¢,,, = 1.6 min) than expected
from the rates of dephosphorylation of the GRK or PKA sites.
Thus, within 2 min of antagonist addition, there was a 2-fold
decrease in the ECj, for isoproterenol stimulation and, after
5 min, a 4-fold reduction in the EC;,; these are times at
which little dephosphorylation was observed, equivalent to
restoration of ~50% and 80% of activity, respectively (Wha-
ley et al., 1994). The rate of receptor resensitization was
approximately 10-fold faster than even the maximum rate of
dephosphorylation of the GRK sites, regardless of whether
agonist stimulation of cells was for 5, 15, or 30 min. It was
also approximately 5-fold faster than PKA site dephosphor-
ylation. The data clearly dissociate the initial rapid rate of
resensitization from dephosphorylation of the GRK site and
demonstrate that recycling of internalized GRK site dephos-
phorylated B,AR is not required for this phase of resensiti-
zation. Whereas previous studies of resensitization sug-
gested that internalization and dephosphorylation were
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Fig. 7. Resensitization of B,AR stimulation of adenylyl cyclase activity after a 15-min treatment with 1.0 uM isoproterenol. WT-B,AR cells in 100-mm
dishes were treated for 15 min with 1.0 uM isoproterenol or carrier AT. To measure resensitization, cells were washed rapidly three times with warm
medium and incubated in medium containing 100 M metoprolol to block residual isoproterenol stimulation. At times from 2 to 30 min after washout,
the medium was removed, cells were washed, and membranes were prepared on sucrose step gradients for adenylyl cyclase assays as given under
Materials and Methods. A, the resensitization was measured by the decrease in the EC,, values for isoproterenol stimulation of adenylyl cyclase

(means * S.E.M.; n = 5). Basal activity was first subtracted and the data normalized to the V,

for each experiment. B, a plot of the EC;, values

max

from the data of Fig. 7TA. All values of the EC, s for the resensitization relative to control were significant (p = 0.001.) The rate constant for the

resensitization was & = 0.43/min.
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required for resensitization (Sibley et al., 1986; Yu et al.,
1993; Pippig et al., 1995; Zhang et al., 1997), the rapid ki-
netics of adenylyl cyclase resensitization and dephosphory-
lation of the GRK and PKA sites individually after cessation
of agonist action were not examined.

The Mechanism of the Rapid Resensitization of Ag-
onist Stimulation. Our data raise the question as to the
mechanism of rapid receptor resensitization. The most plau-
sible explanation is that B-arrestin dissociation, not GRK site
dephosphorylation, is the major determinant of the rapid
phase of resensitization (0—5 min). In this regard, previous in
vitro work with reconstituted B,ARs documented that in
response to high agonist concentrations, arrestin binding to
GRK-phosphorylated receptor was required for the major
desensitization in subsequent assays with reconstituted G,
(Benovic et al., 1987; Lohse et al., 1992). Phosphorylation of
the GRK sites, B-arrestin translocation and binding to the
B2AR, and receptor internalization all occur rapidly (January
et al., 1997; Zhang et al., 1997; Krupnick and Benovic, 1998;
Clark et al., 1999; Seibold et al., 2000; Tran et al., 2004;
Krasel et al., 2005), and high-affinity arrestin binding is
dependent on the synergy between the “activation-recogni-
tion domain” and the “phosphorylation-recognition domain”
(Gurevich and Gurevich, 2004). Therefore, if agonist binding
is abruptly terminated, B-arrestin should rapidly dissociate
from the B,AR even if the receptor is phosphorylated. It was
previously demonstrated that the ¢,,, for the dissociation of
GFP-arrestin from the B,AR in HEK 293 cells was ~6-7 s,
during which time there was little decrease in total receptor
phosphorylation (2 min after removal of agonist). In that
study, a perfusion system was used to rapidly remove ago-
nist, and B-arrestin interaction with the B,AR was measured
by fluorescence resonance energy transfer analysis (Krasel et
al., 2005). With the caveat that the fluorescent C-terminal
tags (enhanced cyan fluorescent protein or yellow fluorescent
protein) may alter B-arrestin affinity and the rate of inter-
nalization (McLean and Milligan, 2000), the kinetics of B-ar-
restin dissociation support the proposal that rapid (0—-5 min)
resensitization is caused by this event.

125
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Fig. 8. Comparison of the time course of PKA and GRK site dephosphor-
ylation with that of resensitization of adenylyl cyclase activity: To di-
rectly compare the kinetics of resensitization of agonist stimulation of
adenylyl cyclase with PKA and GRK site dephosphorylation, the data
from Figs. 1, 2A (data for the 5-min treatment only), and 7 were plotted
normalized to the maximum value in each experiment. Rate constants for
the resensitization and GRK and PKA site dephosphorylations were & =
0.42, 0.039, and 0.080/min, respectively, and ¢,,, values were 1.6, 18, and
8.7 min, respectively.

The mechanisms for B,AR resensitization are obviously
complicated by the fact that recycling of the receptor must
contribute to this process and probably becomes more im-
portant with time (2-20 min) after removal of agonist. The
B2AR recycles with a ¢, of 7 to 8 min (Morrison et al.,
1996; Seibold et al., 2000); thus, recycling would contribute
additional receptor to the plasma membrane with 5 min of
resensitization, although because of the lag in GRK site
dephosphorylation, the B,AR would retain the GRK site
phosphorylation.

On the Nature and Locale of GRK Dephosphoryla-
tion. In addition to our findings of a lag and subsequent very
slow rate of GRK site dephosphorylation, a number of our
other findings support the relative stability of the GRK phos-
phorylation. First, we found little augmentation of GRK site
phosphorylation when dephosphorylation was inhibited by
calyculin A or okadaic acid. Second, the rate of GRK phos-
phorylation (¢ = 1-2/min) exceeded that of dephosphoryla-
tion (& = 0.04/min) by 30-fold, predicting that steady-state
GRK site phosphorylation should be near saturation, as was
demonstrated by mass spectrometry of the B,AR (Trester-
Zedlitz et al., 2005). In addition, we find a near 1:1 ratio of
GRK site phosphorylation to C-tail antibody reactivity using
saturating antibodies (data not shown). Third, the levels of
GRK site phosphorylation in the endosomal fractions were
equivalent to those in the plasma membrane fraction.
Fourth, the B,AR in the heavy vesicle plasma membrane
fraction, but not the endosomal receptor, was dephosphory-
lated by intrinsic phosphatase activity. Fifth, immunofluo-
rescence of the phosphorylated 3,AR in endosomes suggested
that it is initially removed slowly. These data, along with our
previous report (Iyer et al., 2006), clearly do not support the
proposal that dephosphorylation of the GRK site requires
internalization. If that were the case, then the endosomal
level of GRK-phosphorylated receptor should be much re-
duced relative to that in the plasma membrane. Our data do
not rule out the possibility that receptor dephosphorylation
also may occur in the endosomal fraction, because the addi-
tion of purified phosphatases to the endosomal fraction
caused GRK site dephosphorylation (Pippig et al., 1995;
Krueger et al., 1997). Although the acidification of endo-
somes may be required for GRK site dephosphorylation, be-
cause GRK site dephosphorylation in our endosomal frac-
tions was observed upon addition of purified PP1 and PP2A
in a buffered milieu, we did not investigate this possibility
further.

Our data raise the question of what causes the lag in
dephosphorylation of the GRK site. The explanation most
consistent with our findings is that the lag in GRK site
dephosphorylation is caused by the necessity of internalized
receptor (=31 and 71% after 2-and 20-min stimulation with
agonist, respectively) to recycle to the plasma membrane for
dephosphorylation. The 5-min lag time is consistent with
recycling, because we and others have determined previously
that the ¢, for recycling is 7 to 8 min (Morrison et al., 1996;
Seibold et al., 2000; Liang et al., 2004). There are other
possible explanations for the lag. One is that there is a
time-dependent translocation of a phosphatase and associa-
tion with the B,AR, as was shown for the CXCR2 receptor
(Fan et al., 2001), that could include second-messenger reg-
ulation of phosphatase and B,AR scaffolding on AKAPs (Shih
et al., 1999; Malbon et al., 2004). Second, it has been well
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established that PKA phosphorylation of PP1 inhibitor
blocks PP1 activity (Huang et al., 1999; Gupta et al., 2002;
Sike and Shenolikar, 2005). The lag phase in this scenario
could reflect the time required for the rapid hydrolysis of
cAMP and relief of PKA inhibition. A third possibility is
regulation of phosphatase activity by ubiquitination (P. H.
Fishman, personal communication) (Liang and Fishman,
2004; Shenoy and Lefkowitz, 2005). These possibilities are
currently being explored. A related question is the nature of
the phosphatase activities. Our work thus far with the phos-
phatase inhibitors indicates that PP1 plays a role in GRK site
dephosphorylation but does not rule out a possible role for
PP2A in both PKA and GRK site dephosphorylation, al-
though the high IC;, in cell-free or intact cell assays for
okadaic acid is much higher than expected if PP2A is the
major activity. Resolution of the role or roles of PP1 and
PP2A or perhaps other phosphatases for both sites in intact
cell dephosphorylation, and the control of their activity and
localization, will require further study beyond the scope of
the present work.

To summarize, we demonstrate that the relatively slow
kinetics of dephosphorylation of the B,AR PKA and GRK
sites (20 and 10% of the resensitization rate, respectively),
compared with the rapid kinetics of resensitization of agonist
stimulation of adenylyl cyclase, clearly indicate that dephos-
phorylation in itself cannot explain the rapid phase of resen-
sitization. Rather, we propose that the key event in the rapid
restoration of adenylyl cyclase activity after removal of ago-
nist is the fast dissociation of B-arrestin from membrane-
bound B,AR coupled with recycling of the receptor to the
plasma membrane, where any remaining GRK or PKA sites
can be dephosphorylated. Our data support the possibility
that there is a memory of phosphorylation of the GRK sites
that persists even as much activity is restored and that this
in turn could cause more rapid desensitization upon a second
stimulation by agonist, consistent with previous data (Krasel
et al., 2005). Finally, our data support the conclusion that
dephosphorylation of not only the PKA site but also the GRK
site occurs in the plasma membrane, although receptor GRK
site dephosphorylation in early endosomes also may contrib-
ute, particularly if rapid dissociation of agonist and B-arres-
tin are not achieved by perfusion or the addition of antago-
nist. As noted above, in the continued presence of agonist, it
is possible that internalization of the receptor is required for
removal of agonist and B-arrestin intracellularly and the
subsequent reinsertion of the B,AR to the plasma membrane,
as has been proposed (Yu et al., 1993; Pippig et al., 1995;
Krueger et al., 1997; Zhang et al., 1997), although even in
this scheme, our data would support the possibility that
dephosphorylation can occur in the plasma membrane.
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