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The Gi-coupled somatostatin 2A receptor (sst2A) mediates
many of the neuromodulatory and neuroendocrine actions of
somatostatin (SS) and is targeted by the SS analogs used to treat
neuroendocrine tumors. As for other G protein-coupled recep-
tors, agonists stimulate sst2A receptor phosphorylation onmul-
tiple residues, and phosphorylation at different sites has distinct
effects on receptor internalization and uncoupling. To elucidate
the spatial and temporal regulation of sst2A receptor phosphor-
ylation, we examined agonist-stimulated phosphorylation of
multiple receptor GPCR kinase sites using phospho-site-spe-
cific antibodies. SS increased receptor phosphorylation sequen-
tially, first on Ser-341/343 and then on Thr-353/354, followed
by receptor internalization. Reversal of receptor phosphoryla-
tion was determined by the duration of prior agonist exposure.
In acutely stimulated cells, inwhichmost receptors remainedon
the cell surface, dephosphorylation occurred only on Thr-353/
354. In contrast, both Ser-341/343 and Thr-353/354 were rap-
idly dephosphorylated when cells were stimulated long enough
to allow receptor internalization before agonist removal. Con-
sistent with these observations, dephosphorylation of Thr-353/
354 was not affected by either hypertonic sucrose or dynasore,
which prevent receptor internalization, whereas dephosphory-
lation of Ser-341/343 was completely blocked. An okadaic acid-
andfostriecin-sensitivephosphatasecatalyzedthedephosphory-
lationofThr-353/354both intracellularly and at the cell surface.
In contrast, dephosphorylation of Ser-341/343 was insensitive
to these inhibitors. Our results show that the phosphorylation
and dephosphorylation of neighboring GPCR kinase sites in the
sst2A receptor are subject to differential spatial and temporal
regulation. Thus, the pattern of receptor phosphorylation is
determined by the duration of agonist stimulation and compart-
ment-specific enzymatic activity.

Gprotein-coupled receptors (GPCRs)2 are the largest class of
mammalian cell surface receptors. When stimulated by hor-
mones, neurotransmitters, or other signaling molecules,
GPCRs activate heterotrimeric GTP-binding proteins, which
then go on to regulate a variety of enzymes and ion channels to
produce changes in secondmessengers such as cyclic AMP and

calcium (1, 2). These signaling events are exquisitely coordi-
nated to produce the desired effect on cell function. Over-
whelming evidence has shown that within minutes of receptor
activation, GPCR signaling is attenuated by receptor phosphor-
ylation. G protein-coupled receptor kinases (GRKs) phosphor-
ylate ligand-activated GPCRs at cytosolic serine and threonine
residues (3, 4). Once phosphorylated, the activated receptors
recruit arrestins, cytoplasmic proteins that sterically inhibit
receptor-G protein coupling thereby desensitizing this signal-
ing pathway. In addition, because arrestins also bind to numer-
ous cytosolic proteins involved in intracellular signaling and
receptor trafficking, the recruitment of arrestins by phosphor-
ylated GPCRs leads to the endocytosis of cell surface receptors
and to the initiation of G protein-independent signaling events
(5–7). After endocytosis, GPCRs can follow different intracel-
lular trafficking routes (8, 9). Some receptors are sorted to lyso-
somes where they are degraded, whereas others are dephos-
phorylated in endocytic compartments and then recycled to the
cell surface where they are poised for another round of agonist
stimulation.
Because the phosphorylation state of GPCRs determines

both their signaling capacity and their subcellular distribution,
elucidating the mechanisms controlling receptor phosphoryla-
tion and dephosphorylation is key to understanding GPCR reg-
ulation.Wenowknow thatGPCRs are often phosphorylated on
multiple intracellular Ser and Thr residues, although specific
phosphorylation sites have been identified in relatively few
receptors (10). Furthermore, it seems that each GPCR exists in
a mixture of phosphorylation states, with different sites phos-
phorylated to different extents under various conditions (11–
13). Interestingly, experiments with mutant receptors missing
specific Ser/Thr residues have indicated that phosphorylation
of different sites has distinct effects on receptor function (14).
Thus, multisite phosphorylation provides a subtle and complex
regulatory mechanism for GPCRs, as for many other proteins,
and both the phosphorylation and dephosphorylation of indi-
vidual receptor sites are likely to be tightly controlled. A num-
ber ofmathematicalmodels have provided general insights into
the molecular mechanisms utilized by cells to regulate protein
function by multisite phosphorylation (15, 16). At this time,
however, the regulation of GPCR function by multisite phos-
phorylation is too poorly understood to apply such models in a
meaningful way. We know little about how GPCR phosphory-
lation and dephosphorylation at specific receptor residues are
regulated, the kinetics and sequence by which these catalytic
events occur, or even the cellular compartments where changes
in the phosphorylation state of these receptors are brought
about.
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Somatostatin receptors are members of the class A family of
GPCRs. Of the five known somatostatin receptor subtypes, the
sst2A receptor is the most widely distributed in normal tissues
as well as in human tumors (17–19). These receptors play a
critical role in regulating hormone and neurotransmitter
release in the endocrine and neuronal systems and, in addition,
modulate a number of gastrointestinal and exocrine processes.
Because of its inhibitory effect on tumor cell secretion, the
sst2A receptor subtype is an important therapeutic target in the
treatment of a variety of neuroendocrine cancers. In addition, it
is targeted by the radiolabeled somatostatin analogs used for
tumor imaging (20, 21). Thus, modulation of sst2A receptor
function will have important therapeutic as well as physiologi-
cal consequences.
We previously showed that sst2A receptors are rapidly inter-

nalized and desensitized following SS14 treatment (22). Both
these processes dependon agonist-induced receptor phosphor-
ylation, which occurs independently ofG-protein coupling, and
is catalyzed byGRKs (22–24). In fact, site-directedmutagenesis
has shown that different phosphorylation sites are involved in
different aspects of sst2A receptor regulation; phosphorylation
of Thr residues in the C terminus of the receptor is required for
receptor internalization, and Ser phosphorylation mediates
receptor desensitization (25). To develop a better understand-
ing of the functional roles of Ser and Thr residues in the sst2A
receptor, we recently identified a cluster of phosphorylation
sites within the C terminus and showed that GRKs and protein
kinase C (PKC) specifically phosphorylate distinct residues in
this cluster (24). In particular, agonist binding rapidly increased
phosphorylation on a pair of Ser residues, Ser-341 and Ser-343,
and on a pair of Thr residues, Thr-353 and Thr-354 (24). How-
ever, we donot knowhow the phosphorylation anddephospho-
rylation of these sites are coordinated either spatially or tempo-
rally. Therefore, we examined the kinetics of phosphorylation
and dephosphorylation at specific receptor residues under con-
ditions of normal receptor trafficking and when receptor inter-
nalization was blocked. In addition, using selective inhibitors,
we investigated the phosphatases involved in sst2A receptor
dephosphorylation. Our results demonstrate that the regula-
tion ofGPCRphosphorylation ismore complex than previously
recognized. Phosphorylation and the dephosphorylation of
intracellular Ser/Thr residues are individually controlled lead-
ing to an exquisitely choreographed and compartment-specific
sequence of catalytic events that produce a pattern of receptor
phosphorylation that varies in space and time.

EXPERIMENTAL PROCEDURES

Materials—Cell culture reagents and geneticin (G-418) were
purchased from Invitrogen. SS14 was purchased from Bachem
(Torrance, CA). The sst2 antagonist, Coy-14 (26), was synthe-
sized at the Salk Institute and generously provided by Dr. Jean
Rivier. Lactalbumin hydrolysate, leupeptin, phenylmethylsul-
fonyl fluoride, soybean trypsin inhibitor, bacitracin, Nonidet
P-40, andmonoclonal anti-actin antibodieswere obtained from
Sigma. N-Dodecyl �-D-maltoside was purchased from Calbio-
chem. Bradford and electrophoresis reagents were obtained
from Bio-Rad. Agarose-bound wheat germ agglutinin was pur-
chased from Vector Laboratories (Burlingame, CA). �-Protein

phosphatasewas fromNewEnglandBiolabs Inc. (Beverly,MA).
Mousemonoclonal antibody against the hemagglutinin antigen
(HA) was from Covance (Berkeley, CA). Anti-GRK antibodies
against GRK2 (C-15), GRK3 (C-14), GRK5 (C-20), and GRK6
(C-20) were purchased from Santa Cruz Biotechnology, Inc.
(Santa Cruz, CA). Horseradish peroxidase-conjugated goat
anti-mouse or anti-rabbit IgG were from Kirkegaard & Perry
Laboratories (Gaithersburg, MD). 3,3�,5,5�-Tetramethylbenzi-
dine substrate kit was purchased from Pierce; 2,2-azino-di(3-
ethylbenzthiozolinesulfonate-(6)) powder was obtained from
Roche Applied Science. Chemiluminescence Western blotting
detection reagent was purchased fromGEHealthcare. Okadaic
acid was purchased from LC Laboratories, (Woburn, MA), and
fostriecin and FK506 were from Enzo Life Sciences Interna-
tional (Plymouth, PA). All other reagents or chemicals were
purchased from common suppliers.
Plasmids—The generation of the pcDNA3 plasmid contain-

ing the wild type sst2A receptor with three tandem repeats of
the HA epitope at the N terminus has been reported (27). The
HA-tagged mutant receptors in which all the serine (Ser�) or
threonine (Thr�) residues in the third intracellular loop and the
C terminus of the receptor were mutated to alanine have been
described (25). Both the WT and mutant receptors are well
expressed on the cell surface, and the presence of the HA tag
does not interfere with receptor function (25, 27).
Cell Culture—The isolation and properties of clonal CHO

cell lines expressing similar levels of wild type andmutant sst2A
receptors have been reported (25, 27). Cells were cultured at
37 °C and 5% CO2 in Ham’s F-12 medium supplemented with
10% fetal bovine serum and 250 �g/ml G-418. Experimental
cultures were plated in either 24- or 6-well plates in Ham’s
F-12 medium without G-418 and used 2–3 days later for
experiments.
Generation and Characterization of Phospho-site-specific

Antibodies—The synthesis of phosphorylated antigen peptides
and the generation of phospho-site-specific antibodies were
described previously (24). The specificity of each antibody for
phosphorylated and nonphosphorylated forms of the antigen
peptide was determined using a competitive peptide ELISA,
and the results are summarized in supplemental Table 1 (24,
28). In addition, the specificity of the phospho-site-directed
antibodies for phosphorylated sst2A receptor was validated in
Western blots and in an in-cell ELISA (see below). Because each
antibody showed optimal sensitivity in different assays, the
polyclonal antibodies (Ra-454 and Ra-1124) were usually used
for immunoblots, and the mouse monoclonal antibodies (1A2
and 2C12) were used to detect phosphorylated receptor with
the in-cell ELISA. As demonstrated below, the results from the
two assays were in excellent agreement.
In-cell Enzyme-linked Immunoassay for Receptor Phosphor-

ylation—SS14-induced phosphorylation of the sst2A receptor
was measured in intact, fixed cells using phospho-site-specific
monoclonal antibodies in a protocol similar to that described
previously (29). CHO-K1 cells stably expressing thewild type or
a mutant sst2A receptor were washed twice with warm F12LH
medium (Ham’s F-12medium containing 5mg/ml lactalbumin
hydrolysate and 20 mM HEPES, pH 7.4) and were then stimu-
lated at 37 °C with SS14 for the times specified. Treated cells
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were then washed with cold phosphate-buffered saline (PBS)
and fixed for 10 min with �20 °C methanol/acetone (1:1) on
ice. Following fixation, the plates were washed with PBS and
incubated in 5% nonfat driedmilk in 150mMNaCl, 50mMTris,
1 mM EDTA, 10 mM NaF, 100 nM sodium orthovanadate, 1%
Triton X-100, 0.5% sodium deoxycholate, pH 8.0 (RIPS Buffer)
for 1 h at room temperature. Blocked cultures were incubated
overnight at 4 °Cwith a phospho-site-specificmonoclonal anti-
body in either blocking buffer (�Thr(P)-353/354) or in 1% BSA
in PBS (�Ser(P)-341/343). The next day the cells were washed
sequentially with 0.05% Tween in PBS and PBS without deter-
gent and then incubatedwith a horseradish peroxidase-coupled
goat anti-mouse IgG for 1 h at room temperature. After addi-
tional washes, the reaction was developed with 3,3�,5,5�-tet-
ramethylbenzidine substrate and stopped with 10% sulfuric
acid. Absorbance was measured at 450 nm with a Precision
microplate reader (Molecular Devices, Union City, CA).
To dephosphorylate the receptor prior to ELISA, CHO-

sst2A cells preincubated without or with 10 nM SS14 were
washed and fixed with methanol/acetone as described above.
Cells were then incubated with 300 units of �-phosphatase at
37 °C for 3 h in 50 mM HEPES, pH 7.5, containing 0.1 mM

Na2EDTA, 5mM dithiothreitol, 0.01% Brij35, and 2mMMnCl2.
Following enzyme treatment, cells were washed with PBS and
an in-cell ELISA was carried out as described above.
To measure receptor dephosphorylation in intact cells,

CHO-sst2A cells were treated at 37 °C with 10 nM SS14 for the
times indicated, washed with warm F12LH medium, and then
incubated in fresh F12LH medium for various times. The
dephosphorylation incubation was stopped by placing the cells
on ice and fixing with �20 °C methanol/acetone (1:1) for 10
min. The level of receptor phosphorylation was then deter-
mined with the in-cell ELISA.
In experiments in which cells were treated with inhibitors,

we controlled for effects on receptor levels and cell loss by incu-
bating fixed cells with monoclonal anti-HA antibodies instead
of the phospho-specific antibodies. None of the inhibitors used
in our studies had a significant effect on receptor levels/well.
Receptor Purification and Immunoblotting—CHO-K1 cells

expressing wild type or mutant sst2A receptors were cultured
to 70–80% confluency in 6-well plates and stimulated with 10
nM SS14 at 37 °C for various times in F12LH. Cells were then
chilled, washed with 4 °C HEPES-buffered saline (0.15 M NaCl,
20 mM HEPES, pH 7.4, 5 mM EDTA, 3 mM EGTA, 10 mM

sodiumpyrophosphate, 10mM sodium fluoride, 0.1mM sodium
orthovanadate), and scraped into HEPES buffer containing
protease and phosphatase inhibitors (30). Cells were solubilized
in lysis buffer (HEPES-buffered saline containing 4 mg/ml
dodecyl �-maltoside with protease and phosphatase inhibi-
tors), and receptors were purified by lectin affinity chromatog-
raphy as described previously (24). Eluted protein samples were
denatured by the addition of 2� SDS-PAGE sample buffer (62.5
mM Tris-HCl, 2% SDS, 2% �-mercaptoethanol, 6 M urea, and
20% glycerol, pH 6.8) and heating for 15 min at 60 °C. Proteins
were resolved in 10% SDS-polyacrylamide gels and transferred
to polyvinylidene difluoride membranes as reported (31).
Membraneswere blocked for 2 h at room temperature in block-
ing buffer (10mMNaH2PO4, 10% nonfat drymilk, 10% glycerol,

and 0.2% Tween 20) and then incubated overnight at 4 °C with
phospho-site-specific antibodies in the same buffer. Following
a 1-h incubation with HRP-conjugated goat anti-rabbit or anti-
mouse secondary antibodies, receptor bands were visualized
using ECL chemiluminescent reagent. To determine total
receptor levels, the PVDF membranes were stripped and rep-
robed with anti-HA antibody. The relative intensities of recep-
tor bands were determined by scanning densitometry and anal-
ysis using Scion Image (version 1.63; Scion Corp., Frederick,
MD). Band intensity with phospho-site-specific antibodies was
normalized for total receptor levels in the same gel and
expressed as a percentage of the stimulation observed with
maximal SS14.
For detection of GRKs, each CHO cell line expressing either

the wild type or mutant sst2A receptor was grown to 80% con-
fluency in 6-well plates. Cell lysates were prepared in cold
HEPES-buffered saline (0.15 M NaCl, 20 mM HEPES, pH 7.4, 5
mM EDTA, 3mM EGTA) with protease and phosphatase inhib-
itors containing 4 mg/ml dodecyl �-maltoside. The cell extract
was diluted in 2� SDS sample buffer, heated for 15min at 95 °C,
and then analyzed by SDS-PAGE and immunoblotting with
anti-GRK antibodies, as described above. As a loading control,
membranes were stripped and re-probed with anti-actin
antibodies.
Receptor Internalization—The loss of cell surface receptors

upon exposure to SS14 was determined as described previously
(27). Briefly, CHO cells expressing HA-tagged sst2A receptor
were incubated in F12LHwith anti-HAantibody for 2 h at room
temperature to label cell surface receptors. Unbound anti-HA
antibody was then removed by washing, and the cells were
equilibrated at 37 °C for 15 min prior to incubation in the
absence or presence of SS14 for the times shown. Cells were
then chilled to 4 °C, washed with cold PBS, and fixed with 3%
paraformaldehyde. After blocking with 1% bovine serum albu-
min for 30 min at room temperature, cells were incubated with
goat anti-mouse IgG horseradish peroxidase conjugate for 1 h.
Subsequently, cells were washed with PBS to remove unbound
antibody, and the reaction was developed by incubating with
2,2-azino-di(3-ethylbenzthiozolinesulfonate-(6)) for 30 min.
Absorbance was measured at 405 nm.
DataAnalysis—Figures showmean� S.E. (n� 3) ormean�

range (n � 2) of replicate samples in individual experiments
and are representative of multiple independent experiments, as
described. Where error bars are not visible, they fell within
symbol size. Regression analysis was carried out using Prism
(version 4.0; GraphPad Software, San Diego). Values for the
EC50 were calculated by least squares nonlinear regression
analysis of dose-response curves fit to a one-component sig-
moidal curve with a Hill coefficient of �1. Half-times were cal-
culated by nonlinear regression analysis using a one-phase
exponential association for phosphorylation rates or a one-
phase exponential decay for rates of dephosphorylation and
receptor internalization. Differences between treatment
groups were analyzed using either an unpaired t test or two-
way analysis of variance, as appropriate. p values � 0.05 were
considered statistically significant.
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RESULTS

Development of an Immunoassay for Site-specific Receptor
Phosphorylation in Intact Cells—We previously identified four
residues in the C-tail of the sst2A receptor that were rapidly
phosphorylated following stimulation of cells with SS14,
namely Ser-341, Ser-343, Thr-353, and Thr-354 (24). Those
studies were facilitated by phospho-site-specific antibodies
generated to two peptides, one containing phospho-Ser-341
and -343 (Ser(P)-341/343) and the other with phospho-Thr-
353 and -354 (Thr(P)-353/354) (supplemental Table 1). Each
peptide antigenwas used to produce both polyclonal rabbit and
monoclonal mouse antibodies with the expectation that their
sensitivity would vary among different assays (see below). Two
of the antibodies were characterized previously (24), and two
new antibodies were generated for this study. To quantitatively
evaluate phospho-site-specificity, each antibody was tested
with anELISA inwhich antibody binding to the phosphorylated
peptide antigen was competed with varying concentrations of
the antigen itself and with partially phosphorylated and non-
phosphorylated homologs. The results are summarized in sup-
plemental Table 1 and demonstrate that all antibodies bound
the diphosphorylated antigen peptide with an affinity that was
at least 100-fold higher than the affinity for the nonphosphory-
lated homolog. Furthermore, all the antibodies bound mono-
phosphorylated peptides with lower affinity than the corre-
sponding diphosphorylated antigen. Thus, each antibody was
highly specific for the phosphorylated residues present in the
immunizing peptide.
We next determined whether the antibodies recognized the

intact, phosphorylated sst2A receptor (supplemental Fig. 1).
Both untransfected CHO-K1 cells and cells stably transfected
to express the wild type sst2A receptor (CHO-R2) were incu-
bated in the absence and presence of 100 nM SS14 for 15 min.
Cells were solubilized, and the sst2A receptor was isolated as
described under “Experimental Procedures.” Equal concentra-
tions of cell protein were subjected to SDS-PAGE and analyzed
by immunoblotting with one of the phospho-site-directed anti-
bodies and, after stripping, with HA antibody to identify the
monomer and dimer receptor bands and provide a measure of
total receptor concentration (supplemental Fig. 1). None of the
phospho-site-specific antibodies showed any reactivity with
nontransfected CHO-K1 cells either with or without SS14
treatment. Furthermore, none of the antibodies recognized
sst2A receptors prepared from untreated CHO-R2 cells.
However all four phospho-site-specific antibodies reacted
with sst2A receptors from SS14-stimulated CHO-R2 cells.
Together, these results demonstrate that our antibody panel

specifically recognizes the phosphorylated sst2A receptor in
immunoblots. However, use of immunoblots for quantitation
of site-specific receptor phosphorylation is labor-intensive.
Thus, to expedite the measurement of receptor phosphoryla-
tion, we established an ELISA that enabled us to quantitate
site-specific sst2A receptor phosphorylation in intact cells
without the necessity for receptor solubilization and purifica-
tion (Fig. 1). Untransfected CHO-K1 cells or cells stably
expressing sst2A receptors were incubated without or with
SS14 for 30 min. The cells were then fixed, permeabilized,

and incubated with monoclonal �Ser(P)-341/343 (2C12) or
�Thr(P)-353/354 (1A2) followed by a secondary antibody-
linked peroxidase assay as described under “Experimental Pro-
cedures.” The results in Fig. 1 show that, as in immunoblots,
both�Ser(P)-341/343 (panel A) and�Thr(P)-353/354 (panel B)
produceda strong signal incells expressing theWTsst2Areceptor
but only after SS14 stimulation.No signalwas detectedwith either
untransfected CHO-K1 cells or with cells expressing the Ser�/
Thr� mutant receptor in which all the Ser andThr residues in the
IC3 loop and C terminus of sst2Aweremutated to alanine. These
results show that in the whole cell ELISA, as in immunoblots,
�Ser(P)-341/343 and �Thr(P)-353/354 specifically recognized
only the agonist-stimulated sst2A receptor.
To confirm that antibody recognition was dependent on

receptor phosphorylation, we treated CHO-sst2A cells with
SS14 as above and then incubated the fixed, permeabilized cells
without or with �-phosphatase prior to the addition of phos-
pho-site-specific antibodies. The results in Fig. 1, panels C and
D, show that phosphatase treatment eliminated the ELISA sig-
nal produced by both Ser(P)-341/343-specific and Thr(P)-353/
354-specific antibodies in SS14-treated cells.
Together our results demonstrate that the ELISA measures

site-specific sst2A receptor phosphorylation following SS14
stimulation.
Kinetic Analysis of sst2A Receptor Phosphorylation—GPCR

phosphorylation can be catalyzed by multiple kinases that
phosphorylate sometimes overlapping and sometimes distinct
residues, often at different rates (14). Although our previous

FIGURE 1. Phosphorylation-dependent reaction of phospho-site-specific
antibodies with the sst2A receptor. The reactivity of the sst2A receptor with
the �Ser(P)-341/343 and �Thr(P)-353/354 monoclonal antibodies was deter-
mined using the in-cell ELISA described under “Experimental Procedures.”
Each panel shows the mean � S.E. from a single experiment, representative of
at least three independent experiments. Panels A and B, nontransfected CHO
cells or CHO cells stably expressing either the wild type (WT) sst2A receptor or
the Ser�/Thr� mutant receptor were treated in the absence (�) or presence
(f) of 100 nM SS14 for 30 min at 37 °C. Cells were then fixed, blocked, and
incubated with either �Ser(P)-341/343 (panel A) or �Thr(P)-353/354 (panel B).
Both antibodies reacted only with the WT receptor and only after SS14 stim-
ulation. Panels C and D, cells expressing the wild type sst2A receptor were
treated without (�) or with (f) 10 nM SS14 for 30 min at 37 °C. Following
fixation, cells were incubated without or with phosphatase as described
under “Experimental Procedures.” Antibody reactivity was measured with
either �Ser(P)-341/343 (panel C) or �Thr(P)-353/354 (panel D) using the in cell
ELISA. Phosphatase treatment prevents antibody recognition of the WT sst2A
receptor. PPase, phosphatase.
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studies showed that the overall phosphorylation of the sst2A
receptor, as measured by 32PO4 incorporation, occurs with a t1⁄2
of 2 min following SS14 stimulation (22), the kinetics of sst2A
receptor phosphorylation at distinct sites has not been investi-
gated. Therefore, we measured the rates of sst2A receptor
phosphorylation at Ser(P)-341/343 and at Thr(P)-353/354
using both the in-cell ELISA (Fig. 2) and immunoblotting of
isolated receptors (Fig. 3) to directly compare results from the
two assays.
Stimulation of CHO-sst2A cells with 10 nM SS14 increased

phosphorylation at Ser-341/343with a half-times of 0.44� 0.13
min by ELISA (Fig. 2, panel A) and 0.23 � 0.06 min by immu-
noblotting (Fig. 3, panels A and C). Phosphorylation at Thr-
353/354, although still rapid, was about five times slower than
Ser-341/343 phosphorylation in both assays (t1⁄2 of 2.11 � 0.33
min, Fig. 2, panel B, and 1.19� 0.19min, Fig. 3, panels D and F).
Steady state phosphorylation of all sites was maintained for at
least 2 h in the continued presence of agonist. Thus, the two
assays are in excellent agreement and demonstrate that sst2A
receptor phosphorylation occurs sequentially, with Ser-341/
343 being phosphorylated about five times more quickly than
Thr-353/355.
Because receptor phosphorylation occurred in an ordered

manner following agonist stimulation, we next asked whether
phosphorylation of Ser-341/343 was required for Thr-353/354
phosphorylation. Therefore, we compared the rate at which
Thr-353/354 was phosphorylated in the WT receptor and in a
Ser� mutant in which all Ser in the C terminus and IC3 of the

receptor were replaced with Ala. The results in Fig. 3 (panels
D–F) show that the half-time for Thr-353/354 phosphorylation
was increased 4-fold, from 1.19 � 0.19 min in theWT receptor
to 4.80 � 1.92 min in the Ser� mutant. However, because Thr
phosphorylation still occurred in the Ser� receptor, phosphor-
ylation of Ser-341/343 was not essential for phosphorylation of
Thr-353/354.
The observation that mutating upstream Ser residues

reduced the rate of Thr-353/354 phosphorylation prompted us
to examine the reverse situation, namely whether mutation of
downstreamThr sites affected the phosphorylation of Ser-341/
343. The results in Fig. 3 (panels A–C) show that the rate of
Ser-341/343 phosphorylation was decreasedmore than 10-fold
by mutating Thr phosphorylation sites; the half-time for Ser-
341/343 phosphorylationwent from0.23� 0.06min in theWT
receptor to 3.34 � 0.34 min in the Thr� mutant. Thus, even
though Ser-341/343 are phosphorylated prior to Thr-353/354
in the WT sst2A receptor, mutation of the Thr residues mark-
edly reduced the rate of Ser-341/343 phosphorylation.
Wehadpreviously shownthat theWT,Thr�,andSer�cell lines

expressed similar receptor levels (25). To determine whether dif-
ferences in GRK concentrations could account for the observed
differences in the rates of receptor phosphorylation, we compared
GRK expression in the three cell lines. All expressed substantial
amounts ofGRK2and -6 (Fig. 3,panelsG andH), showedvery low
GRK5 levels, andnodetectableGRK3(datanot shown), consistent
withaprevious report (32).TheconcentrationofGRK2and-6was
identical in the three cells lines (Fig. 3,panelsG andH) as expected
because they were derived by transfection of the same parental
cells. Thus, neither differences in receptor density nor differences
inGRKconcentrations can explain the observeddifferences in the
phosphorylation kinetics of the WT receptors and the Thr� and
Ser� mutants. Rather, our results indicate that the rate of sst2A
receptorphosphorylation is inhibitedbymutationsbothupstream
and downstream of substrate Ser/Thr residues and suggest a high
degree of structural specificity for kinase interaction with the
receptor.
Dependence of sst2A Receptor Phosphorylation on Agonist

Activation—To determine whether receptor phosphorylation
at different sites showed the same agonist dependence, we
measured the dose response for SS14-induced sst2A receptor
phosphorylation at Ser-341/343 and Thr-353/354. CHO-sst2A
cells were treated with various concentrations of SS14 for 30
min, and site-specific sst2A receptor phosphorylation was
quantitated using the in-cell ELISA. Phosphorylation of Ser-
341/343 (Fig. 4, panel A) andThr-353/354 (panel B) was equally
sensitive to agonist. SS14 increased Ser-341/343 and Thr-353/
354 phosphorylationwith EC50 values of 1.27� 0.12 and 1.12�
0.13 nM, respectively. A saturating concentration of antagonist
(Coy-14) had no effect on sst2A receptor phosphorylation by
itself but completely blocked the stimulatory effect of SS14 (Fig.
4, panels C and D).
Kinetics and Compartmentalization of sst2A Receptor

Dephosphorylation—Given the striking difference in the rates
of agonist-induced Ser-341/343 and Thr-353/354 phosphory-
lation, we next examined the kinetics of receptor dephosphory-
lation. We first determined whether the presence of excess
antagonist during agonist washout altered the rate of receptor

FIGURE 2. Sequential phosphorylation of the sst2A receptor. CHO-sst2A
cells were stimulated with 10 nM SS14 at 37 °C for the times shown. Cells were
then fixed, and receptor phosphorylation was measured at Ser-341/343
(panel A) or Thr-353/354 (panel B) using the in-cell ELISA. The half-times for
receptor phosphorylation at Ser(P)-341/343 and Thr(P)-353/354 were 0.44 �
0.13 and 2.11 � 0.33 min, respectively (mean � S.E., n � 4), and were signifi-
cantly different (p � 0.01).
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dephosphorylation. In fact, the rate of receptor dephosphory-
lation was unaffected by adding antagonist at the time of SS14
removal (supplemental Fig. 2). Both for this reason and because
under physiological conditions hormone stimulation is re-
versed by simple washout, antagonist was not included in sub-
sequent dephosphorylation incubations.
Some GPCRs must be internalized before they can be

dephosphorylated (33), whereas others do not (29, 31, 34). For
yet a third group, conflicting results have been reported (35–
37). Therefore, we examined sst2A receptor dephosphorylation
after different times of agonist treatment. Our previous studies
showed that the sst2A receptor is internalized with a half-time
of 5 min in CHO-sst2A cells (25), and this was confirmed here

(see below). Furthermore, in preliminary experiments, we
found that receptor endocytosis stopswhen SS14 is removed by
washing the cells (data not shown). Therefore, we stimulated
cells with SS14 for either 2 min (Fig. 5, panel A), at which time
over 80% of the receptor is still at the cell surface, or for 15 min
(Fig. 5, panel B), at which point �70% of the receptor has been
internalized (25). After hormone treatment, cells were washed
and incubated in fresh 37 °C medium. Receptor phosphoryla-
tion was measured by ELISA after various periods of agonist
removal. Little dephosphorylation occurred at Ser-341/343 fol-
lowing a 2-min SS14 challenge (Fig. 5, panel A), whereas this
site was rapidly dephosphorylated (t1⁄2 � 6.7 � 0.6 min) after 15
min of SS14 treatment (Fig. 5, panel B). These results indicate

FIGURE 3. Rate of receptor phosphorylation is reduced by mutation of upstream or downstream phosphorylation sites. CHO cells stably expressing
either the WT receptor or the Ser� or Thr� mutant receptors were stimulated with 10 nM SS14 at 37 °C for various times. Cells were then solubilized, and equal
protein samples from each treatment group were purified by adsorption to WGA-agarose followed by SDS-PAGE and immunoblotting with the phospho-
specific antibodies shown. Subsequently, membranes were stripped and probed with HA antibody to control for receptor loading. The intensity of the receptor
bands was quantitated as described under “Experimental Procedures,” and phosphorylated receptor was normalized for total receptor level and expressed as
a percent of the signal at 15 min. Panels A and B show a representative experiment in which phosphorylation of Ser-341/343 was measured in either the WT
receptor (panel A) or the Thr� receptor (panel B). Panels D and E show a representative experiment in which phosphorylation on Thr-353/354 was determined
in either the WT receptor (panel D) or in the Ser� mutant receptor (panel E). Panels C and F shows the mean � S.E. for site-specific receptor phosphorylation in
WT and mutant receptors from three independent experiments. The half-time for Ser(P)-341/343 phosphorylation was 0.23 � 0.06 min in the WT receptor and
3.34 � 0.34 min in the Thr� mutants (p � 0.0001). The half-time for Thr(P)-353/354 phosphorylation was 1.19 � 0.19 min in the WT receptor and 4.80 � 1.92
min in the Ser� mutants (p � 0.0001). Panels G and H show the level of GRK2 and GRK6, respectively, in the cells expressing WT receptor and the Ser� or Thr�

mutant receptors. Actin was used to determine equal loading.
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that dephosphorylation of Ser-341/343 occurs only after recep-
tor internalization. In fact, the small amount of Ser-341/343
dephosphorylation observed after the 2 min of SS14 treatment
(Fig. 5, panel A) probably represents the dephosphorylation of
receptor internalized during the short agonist exposure.
In contrast to the observations with Ser-341/343, extensive

Thr-353/354 dephosphorylation occurred after both 2 min
(Fig. 5, panel A) and 15min (Fig. 5, panel B) of SS14 stimulation.
Moreover, the rate of Thr-353/354 dephosphorylation was
unaffected by the duration of the preceding agonist treatment
(t1⁄2 � 6.5 � 0.5 min after 2 min and 7.5 � 0.5 min after 15 min
of SS14 stimulation (n � 4)). Thus, in contrast to Ser-341/343,
dephosphorylation of Thr-353/354 can occur either at the cell
surface or after receptor endocytosis. Thus, these results dem-
onstrate a striking spatial discrimination in sst2A receptor
dephosphorylation; although both Ser-341/343 and Thr-353/
354 are dephosphorylated at similar rates after the receptor has
internalized, only Thr-353/354 can be dephosphorylated when
the receptor resides in the plasma membrane.
To further investigate the extent to which dephosphoryla-

tion was spatially constrained, we examined sst2A receptor
dephosphorylation after 15min of SS14 stimulation under nor-
mal conditions and when receptor internalization was blocked.
Pretreatment of cells with hypertonic sucrose is known to dis-
rupt clathrin-coated pits and, as a result, to inhibit clathrin-de-
pendent receptor endocytosis (38). The GTPase dynamin is
essential for clathrin-dependent coated vesicle formation, and
dynasore, a noncompetitive inhibitor of dynamin’s GTPase
activity, has been shown to block dynamin-dependent receptor
endocytosis in cells (39). The results in Fig. 6 (panel A) demon-

strate that both hypertonic sucrose and dynasore prevent SS14-
stimulated sst2A receptor endocytosis. In the absence of inhib-
itors, SS14 elicited rapid receptor internalization (t1⁄2 � 4.9 �
0.8 min) that was completely blocked by sucrose and dynasore.
Because neither sucrose nor dynasore altered the kinetics of

sst2A receptor phosphorylation (data not shown), we preincu-
bated cells for 15 min without or with 0.45 M sucrose or 50 �M

dynasore and then stimulated cells with 10 nM SS14 for 15 min
to achieve maximal phosphorylation (Fig. 6). Thereafter, ago-
nist was removed by washing, and sst2A receptor dephosphor-
ylation was measured in the continued absence or presence of
inhibitor.
As before, receptor dephosphorylation occurred rapidly in

control cells both at Ser-341/343 (t1⁄2 � 7.9min) (Fig. 6, panels B
and C) and at Thr-353/354 (t1⁄2 � 7.6 min) (Fig. 6, panels D and
E). Strikingly, both sucrose (Fig. 6, panel B) and dynamin (Fig. 6,
panel C) completely blocked Ser-341/343 dephosphorylation.
In contrast, neither inhibitor altered the rate of Thr-353/354
dephosphorylation in the same experiments (Fig. 6, panels D
and E). These results confirm the conclusion that dephosphor-
ylation of Ser-341/343 occurs only after receptor endocytosis,
whereas dephosphorylation of Thr-353/354 occurs both at the
cell surface and in endocytic vesicles.

FIGURE 4. Agonist dependence for SS14-induced receptor phosphoryla-
tion. CHO cells stably expressing the sst2A receptor were treated with the
indicated concentrations of SS14 for 30 min at 37 °C. Phosphorylation on
either Ser-341/343 (F) (panel A) or Thr-353/354 (E) (panel B) was measured
using the intact cell ELISA. Each point shows the mean � S.E. of triplicate
samples from a representative experiment. Where not shown, error bars fall
within the symbol size. In multiple independent experiments, the EC50 for
SS14-induced phosphorylation at Ser-341/343 (1.27 � 0.12 nM, n � 11) and
Thr-353/354 (1.12 � 0.13 nM, n � 6) was the same. Panels C and D, CHO cells
expressing the wild type sst2A receptor were incubated for 30 min at 37 °C
without (�) or with (f) 10 nM SS14 either in the absence (Control) or in the
presence of antagonist (Coy-14, 1 �M). Cells were then fixed, and receptor
phosphorylation was determined with the in-cell ELISA using the phospho-
specific antibodies shown. Antagonist did not by itself affect sst2A receptor
phosphorylation but blocked the stimulatory effect of SS14 at both Ser-341/
343 and Thr-353/354.

FIGURE 5. Duration of agonist stimulation determines subsequent recep-
tor dephosphorylation. CHO-sst2A cells were stimulated at 37 °C with 10 nM

SS14 for either 2 min (panel A) or 15 min (panel B). Following a rapid wash, cells
were incubated in fresh 37 °C medium without agonist for the times shown.
Receptor phosphorylation was determined at Ser-341/343 (F) and Thr-353/
354 (E) using the in-cell ELISA. Nonlinear regression curve fitting to a single
exponential decay in multiple independent experiments gave a half-time for
receptor dephosphorylation at Thr-353/354 of 6.5 � 0.5 min (n � 5) after 2
min of SS14 treatment and 7.5 � 0.5 min (n � 4) after 15 min of SS14 stimu-
lation. The half-time for Ser-341/343 dephosphorylation could not be calcu-
lated after 2 min of SS14 treatment because so little of the receptor was
dephosphorylated. The half-time for Ser-341/343 dephosphorylation follow-
ing a 15-min SS14 challenge was 6.7 � 0.6 min (n � 4).
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Dephosphorylation of Ser-341/343 and Thr-353/354 Is Cata-
lyzed by Different Phosphatases—To investigate the phospha-
tases responsible for dephosphorylating the sst2A receptor at
different phospho-sites and in different cellular compartments,
we first examined the effect of okadaic acid. This microbial
toxin specifically inhibits PPP-type protein phosphatases
blocking PP2A, PP4, PP5, and PP6 at nanomolar concentra-
tions and PP1 at micromolar concentrations (40–42).
Because onlyThr-353/354 is dephosphorylated at the plasma

membrane, we examined the effect of okadaic acid on receptor

dephosphorylation at this phospho-site under conditions where
receptor internalization was minimal (Fig. 7). Cells were either
incubated with SS14 for 2 min, such that most of the receptors
remained at the cell surface (Fig. 7, panel A), or incubated with
SS14 for 15min in thepresenceof 0.45M sucrose toblock receptor
endocytosis (Fig. 7, panel B). Agonist stimulation was carried out
in the absence or presence of okadaic acid, and then cells were
washed to remove SS14 and incubated further in fresh medium
without agonist but in the continued absence or presence of oka-
daic acid and/or sucrose. Okadaic acid blocked Thr-353/354
dephosphorylation under both conditions.
To examine the effect of okadaic acid on the dephosphory-

lation of internalized receptors, CHO-sst2A cells were pre-
treated with 10 nM okadaic acid and then incubated with SS14
for 15 min. Receptor dephosphorylation was then measured
after agonist washout as before. Okadaic acid had little effect on
Ser-341/343 dephosphorylation (supplemental Fig. 3, panel A),
whereas it again completely blocked the dephosphorylation of
Thr-353/354 (supplemental Fig. 3, panel B). Hence, different
phosphatasesmust catalyze the dephosphorylation of the inter-
nalized sst2A receptor at Ser-341/343 and at Thr-353/354.
PP1 and PP2A show large differences in their sensitivity to

inhibition by okadaic acid (40–42). Thus, we next determined

FIGURE 6. Inhibition of receptor internalization selectively blocks recep-
tor dephosphorylation at Ser-341/343. CHO-sst2A cells were equilibrated
in the absence (F) or presence of either 0.45 M sucrose (E) or 50 �M dynasore
(ƒ) for 15 min at 37 °C. Panel A, cells were then stimulated with 10 nM SS14 for
the times shown in the continued absence or presence of either sucrose or
dynasore. After washing with cold PBS, cells were fixed, and cell surface recep-
tors were measured by ELISA as described under “Experimental Procedures.”
Surface receptors at each time point were expressed as the percentage of the
nonstimulated control group (t � 0). Panel A shows that the rate of receptor
internalization in untreated cells followed first order kinetics. In three inde-
pendent experiments, the half-time for sst2A receptor internalization was
4.9 � 0.8 min for untreated cells, and sucrose and dynasore completely
blocked sst2A receptor internalization. Panels B–E, rate of receptor dephos-
phorylation was measured in untreated CHO-sst2A cells (F) or in the pres-
ence of either 0.45 M sucrose (E) or 50 �M dynasore (ƒ). Cells were preincu-
bated with inhibitors as above and then stimulated with 10 nM SS14 for an
additional 15 min to allow phosphorylation to reach a steady state. Following
a rapid wash, cells were incubated at 37 °C for the times shown in fresh
medium without SS14 in the continued absence (F) or presence of either
sucrose (E) (panels B and D) or dynasore (ƒ) (panels C and E). Following fixa-
tion, receptor phosphorylation was measured on Ser-341/343 (panels B and C)
and Thr-353/354 (panels D and E) with an in-cell ELISA. Nonlinear regression
curve fitting to a single exponential decay in nine independent experiments
gave a half-time of 7.9 � 0.9 min for Ser-341/343 dephosphorylation and
7.6 � 0.4 min for Thr-353/354 dephosphorylation in untreated cells. In the
presence of sucrose or dynasore, Ser-341/343 dephosphorylation was largely
blocked. In contrast, dephosphorylation of Thr-353/354 was unaffected by
the endocytosis inhibitors (t1⁄2 was 9.5 � 1.4 min (n � 3) with sucrose and
10.9 � 1.4 (n � 2) with dynasore).

FIGURE 7. Okadaic acid inhibits dephosphorylation of cell surface recep-
tors at Thr-353/354. Dephosphorylation of cell surface receptors was deter-
mined in CHO-sst2A cells in two ways. Panel A, cells were treated with 10 nM

SS14 for 2 min. Panel B, cells were treated with 10 nM SS14 for 15 min in the
presence of 0.45 M sucrose to block receptor internalization. In both experi-
ments, cells were preincubated for 15 min without (F) or with (E) 10 nM

okadaic acid prior to the SS14 stimulation. Following a rapid wash to remove
agonist, cells were incubated for the times shown in fresh 37 °C medium
without SS14 in the continued absence (F) or presence (E) of the phospha-
tase inhibitor. Cells were then fixed, and receptor phosphorylation at Thr-
353/354 was measured with an in-cell ELISA. In two independent experi-
ments the half-time for Thr-353/354 dephosphorylation was 7.2 � 0.4 min
after 2 min of SS14 stimulation and 7.1 � 0.5 min following 15 min of SS14
stimulation in the presence of sucrose. Okadaic acid blocked Thr-353/354
dephosphorylation under both conditions.
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the effect of a range of okadaic acid concentrations on receptor
dephosphorylation at both Thr-353/354 and Ser-341/343 (Fig.
8). To allow receptor endocytosis, CHO-sst2A cells were incu-
bated with SS14 for 15 min in the absence and presence of
various concentrations of okadaic acid, washed to remove ago-
nist, and then incubated without agonist for an additional 15
min to permit receptor dephosphorylation. Consistentwith our
previous results, okadaic acid potently blocked Thr-353/354
dephosphorylation (IC50 of 2.45 � 0.4 nM) (Fig. 8, panel A).
However Ser-341/343 dephosphorylation was unaffected even
at a concentration of 1 �M okadaic acid (Fig. 8, panel A). These
results support the conclusion that a PP2A-like phosphatase
catalyzes sst2A receptor dephosphorylation at Thr-353/354.
Dephosphorylation of Ser-341/343 is catalyzed by a different
phosphatase, one that is insensitive to even high okadaic acid
concentrations.

We next used sensitivity to okadaic acid to compare the
enzymes responsible for Thr-353/354 dephosphorylation at the
cell surface and in endosomal compartments. CHO-sst2A cells
were incubated with SS14 either for 2 min or for 15 min in the
absence and presence of varying okadaic acid concentrations.
After washing to remove agonist, cells were incubated for an
additional 15 min without SS14 in the continued presence of
okadaic acid. As shown in Fig. 8, panel B, okadaic acid inhibited
Thr-353/354 dephosphorylation with the same potency after
stimulating cells with SS14 for 2 min (IC50 2.95 � 0.52 nM) and
for 15 min (IC50 2.45 � 0.40), indicating that Thr-353/354
dephosphorylation is catalyzed by the same phosphatase both
at the plasma membrane and in endocytic vesicles.
Although PP2A and PP1 account for the majority of okadaic

acid-sensitive phosphatase activity in cells, protein phospha-
tases 5 and 6 are also inhibited by low concentrations of okadaic
acid. Because fostriecin inhibits PP2A and PP4 at concentra-
tions that are 10,000-fold lower than required for PP5 inhibi-
tion (42), we also examined the effect of this shellfish toxin on
sst2A receptor dephosphorylation. The results in Fig. 9 show
that 5 nM fostriecin had the same effect on Thr-353/354
dephosphorylation as okadaic acid; it blocked receptor dephos-
phorylation both at the cell surface (Fig. 9, panel A) and intra-
cellularly (Fig. 9, panel B). In contrast, fostriecin had no effect
on Ser-341/343 dephosphorylation (Fig. 9, panel C). These
results show that dephosphorylation of Thr-353/354 is cat-
alyzed by PP2A or PP4 and further support the conclusion
that Ser-341/343 dephosphorylation involves a different
phosphatase.
In an effort to identify the phosphatase responsible for sst2A

dephosphorylation at Ser-341/343, we determined the effect of
FK506, a potent inhibitor of protein phosphatase 2B (calcineu-
rin). However, 1 �M FK506 did not affect sst2A receptor
dephosphorylation at Ser-341/343 (supplemental Fig. 4). Fur-
thermore, as expected, FK506 did not inhibit sst2A receptor
dephosphorylation at Thr-353/354 either before (data not
shown) or after (supplemental Fig. 4) internalization. Thus, the
phosphatase responsible for Ser-341/343 dephosphorylation
must belong to a phosphatase class, such as PP2C, that is insen-
sitive to known inhibitors.
Table 1 summarizes the effect of inhibitors on sst2A receptor

dephosphorylation. Together, the results demonstrate that
site-specific sst2A receptor dephosphorylation is catalyzed by
at least two different phosphatases.

DISCUSSION

GPCR signaling and trafficking are stringently regulated by
receptor phosphorylation, which usually occurs onmultiple Ser
and Thr residues in the receptor C terminus or third intracel-
lular loop. Studies with individual GPCRs have suggested that
phosphorylation at different sites within these highly phos-
phorylated receptor domains can have distinct consequences
for receptor activity, such that the functional state of the recep-
tor is determined by the particular phosphorylated species that
can exist (10, 43–46). In fact, this is the case for the sst2A recep-
tor; phosphorylation of Thr residues is necessary for rapid ago-
nist-induced internalization, whereas phosphorylation of Ser
residues is responsible for receptor uncoupling (25). Yet

FIGURE 8. Distinct phosphatases catalyze sst2A receptor dephosphoryla-
tion at different phospho-sites. Panel A, CHO-sst2A cells were preincubated
with the indicated concentrations of okadaic acid for 15 min and then stimu-
lated for 15 min with 10 nM SS14 in the continued absence or presence of the
phosphatase inhibitor. The cells were then washed and incubated in fresh
medium without agonist but with okadaic acid for an additional 15 min at
37 °C to allow receptor dephosphorylation to occur. Residual receptor phos-
phorylation at Ser-341/343 (F) and Thr-353/354 (E) was measured with the
in-cell ELISA and expressed as the percent inhibition of the dephosphor-
ylation observed in control cells. In multiple independent experiments, oka-
daic acid blocked Thr-353/354 dephosphorylation with an EC50 of 2.45 � 0.40
nM (n � 4) but did not affect Ser-341/343 dephosphorylation even at 1 �M.
Panel B, to determine whether okadaic acid inhibition of receptor dephos-
phorylation at Thr-353/354 was affected by the cellular location of the recep-
tor, CHO-sst2A cells were preincubated with various concentrations of oka-
daic acid and then treated with 10 nM SS14 for either 2 min (F) or 15 min (E)
at 37 °C in the continued presence of the phosphatase inhibitor. The cells
were then washed and incubated in fresh medium without agonist but with
okadaic acid for an additional 15 min at 37 °C to allow receptor dephosphor-
ylation to occur. Residual phosphorylation at Thr-353/354 was measured with
the in-cell ELISA and expressed as the percent inhibition of the dephosphor-
ylation observed in control cells. The EC50 for okadaic acid inhibition of Thr-
353/354 dephosphorylation after 2 and 15 min of SS14 stimulation was
2.95 � 0.52 and 2.45 � 0.40 nM, respectively.
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because measurement of receptor phosphorylation at individ-
ual phospho-sites is experimentally difficult in intact cells, the
detailed regulation of GPCR phosphorylation has been investi-
gated for only a few receptors and is not fully understood with
any GPCR.
To understand the biochemical mechanisms that control

GPCR activity, we characterized the phosphorylation and
dephosphorylation of two pairs of GRK sites in the C terminus
of the sst2A somatostatin receptor in intact cells. Use of phos-
pho-site-specific antibodies and a sensitive ELISA allowed us to

quantitate wild type receptor phosphorylation directly and
avoid the uncertainties inherent in mutagenesis-based studies.
We found that receptor phosphorylation occurred rapidly and
in a sequential manner. Mutation of either the pair of residues
that are phosphorylated first (Ser-341/343) or the pair phos-
phorylated subsequently (Thr-353/354) reduced the rate at
which the remaining sites were modified suggesting a stringent
structural requirement for GRK catalysis that is independent of
the hierarchy of receptor phosphorylation. Unexpectedly, the
two pairs of phospho-sites were dephosphorylated by distinct
phosphatases and in different cellular compartments. Follow-
ing removalof agonist,Thr-353/354was subject todephosphor-
ylation both at the cell surface and in endocytic vesicles, and
these reactions were catalyzed by a PP2A/PP4 phosphatase.
In contrast, Ser-341/343 was dephosphorylated only after
receptor internalization, and the enzyme involved was
insensitive to available inhibitors for different phosphatase
classes. Thus, the phosphorylation state of the sst2A recep-
tor is controlled by multiple enzymes acting in specific cel-
lular compartments and, as a result, depends on the duration
of receptor activation.
We used two different experimental methods to measure

sst2A receptor phosphorylation in intact cells. Immunoblot
analysis was used to detect the phosphorylation of purified
receptors, as described in detail previously (24). Accurate quan-
titation of receptor phosphorylation was performed with a
rapid in-cell ELISA. The specificities of the antibodies used for
immunoblotting and ELISA were very similar (supplemental
Table 1), and as shown by multiple control experiments, all
antibodies reacted only with the phosphorylated form of the
sst2A receptor (Fig. 1 and supplemental Fig. 1). When com-
pared, results from immunoblotting and in cell ELISA agreed
closely.
Although the sst2A receptor can be phosphorylated by PKC

as well as by GRKs, the phosphorylation reactions investigated
here are catalyzed only by GRKs. Early studies, looking at over-
all phosphorylation by 32PO4 labeling showed that agonist-in-
duced receptor phosphorylation did not involve second mes-
senger-activated kinases (22, 23, 47). More recently, using
phospho-site-specific antibodies, we showed that neither for-
skolin nor phorbol 12-myristate 13-acetate stimulated sst2A
receptor phosphorylation at Ser-341/343 or Thr-353/354,
whereas SS14 rapidly increased phosphorylation at all these
sites (24). Finally, siRNA knockdown of GRK2 inhibited SS14-
stimulated receptor phosphorylation at both Ser-341/343 (24)
and Thr-353/354.3 Thus, the phosphorylation reactions exam-
ined here are catalyzed by GRK2 and possibly other GRKs as
well. This conclusion is consistent with our observation that
phosphorylation of Ser-341/343 and Thr-353/354 shows the
same agonist dose dependence because receptor phosphoryla-
tion by second messenger-activated kinases often occurs at
much lower agonist concentrations thanGRK-catalyzed recep-
tor phosphorylation (48, 49).
Several studies have compared the kinetics of GRKs and a

secondmessenger-activated kinases to phosphorylate different
receptor residues in intact cells (46, 48, 49). However, to our

3 Q. Liu and A. Schonbrunn, unpublished observations.

FIGURE 9. Fostriecin inhibits sst2A receptor dephosphorylation at Thr-
353/354 but not at Ser-341/343. Panel A, CHO-sst2A cells were preincu-
bated without (F) or with (E) 5 nM fostriecin for 15 min at 37 °C and then
stimulated with 10 nM SS14 for either 2 min (panel A) or 15 min (panels B and
C) in the continued absence or presence of the phosphatase inhibitor. Follow-
ing a rapid wash to remove agonist, cells were subsequently incubated for the
times shown in fresh 37 °C medium without SS14 in the continued absence or
presence of fostriecin. Cells were then fixed, and the residual receptor phos-
phorylation was measured with the in-cell ELISA. The graphs show the results
of replicate samples in a representative experiment. In multiple independent
experiments, the half-time for dephosphorylation of Thr-353/354 in control
cells was 6.9 � 1.1 min (n � 2) after 2 min of agonist exposure (cell surface
receptors) and 7.3 � 0.1 min (n � 2) after 15 min of agonist exposure (inter-
nalized receptors). Fostriecin blocked Thr-353/354 dephosphorylation both
at the cell surface and intracellularly. In contrast, Ser-341/343 dephosphoryla-
tion was unaffected by fostriecin; the half-time for Ser-341/343 dephosphor-
ylation was 8.6 � 0.7 min (n � 2) min and 7.00 � 1.0 (n � 2) min in the absence
and presence of fostriecin, respectively.
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knowledge, the rates with which multiple identified GRK sites
are phosphorylated has only been determined for rhodopsin
(11, 50) and the chemokine receptor CXCR4 (46). Thus, it is
interesting to compare the phosphorylation kinetics of the two
peptide-activated receptors with the kinetics of rhodopsin
phosphorylation. After a flash of light, three Ser residues are
phosphorylated in a sequential manner in rhodopsin, with half-
times of 0.26 min (Ser-343), 1.4 min (Ser-338), and 13.9 min
(Ser-334) (11). Upon exposure to SS14 the sst2A receptor is also
phosphorylated sequentially and at remarkably similar rates;
the half-times for phosphorylation on Ser-341/343 and Thr-
353/354 were �0.3 and 1.7 min (summarized in Fig. 10). How-
ever, in rhodopsin the sites closest to the C terminus are phos-
phorylated the fastest, whereas in the sst2A receptor, the Ser
residues closest to the plasma membrane are phosphorylated
first, and the distal Thr are phosphorylated more slowly. The
sequence of GRK-mediated CXCR4 phosphorylation is even
more complex; GRK-catalyzed phosphorylation occurs first at
Ser-339 followed by Ser-324/325 and then Ser-330 (46). Thus, a
general pattern for multisite phosphorylation of GPCRs by
GRKs has yet to emerge.
The reason for a time lag in the GRK-catalyzed phosphoryla-

tion of residues only a few amino acids apart in all three recep-
tors is unknown. We tested the hypothesis that Ser-341/343
phosphorylation was required for the subsequent phosphory-
lation of Thr-353/354 by comparing the rate of Thr-353/354
phosphorylation in WT receptors and in receptors lacking the
Ser phosphorylation sites. Indeed, mutating Ser-341/343 to Ala
slowed the rate of Thr-353/354 phosphorylation 4-fold,
although it did not block it entirely. Unexpectedly, however,
mutating Thr-353/354 to Ala also reduced the rate of Ser-341/
343 phosphorylation, even though Ser-341/343 is phosphory-
lated prior to Thr-353/354 in the WT receptor. These results
suggest that mutations affect the phosphorylation of distal
receptor residues because of the structural changes they pro-
duce rather than by interfering with the normal phosphoryla-
tion sequence. Although Ser/Thr mutations often disrupt
GPCR phosphorylation at distal sites, our results suggest that
such an effect does not demonstrate that receptor phosphory-
lation occurs in a particular order.
An important unanswered question for GPCR regulation is

whether dephosphorylation and reactivation of receptors
require endocytosis orwhether these processes can occur at the
plasma membrane. Thus, one of our most striking and unex-
pected findings was that dephosphorylation of two neighboring
GRK sites in the C-tail of the sst2A receptor occurs in different
cellular compartments. Because the sst2A receptor internalizes
with a half-time of 5 min in the CHO-sst2A cells used in this

study (Fig. 6) (25), receptor phosphorylation precedes receptor
endocytosis (Fig 10), consistent with mutagenesis studies
showing that phosphorylation is required for rapid sst2A recep-
tor internalization (25). Our kinetic measurements show that a
short pulse of agonist will lead to the plasma membrane accu-
mulation of receptor initially phosphorylated on Ser-341/343
and then on both Ser-341/343 and Thr-353/354 (Fig 10). Fol-
lowing washout of agonist after such a brief stimulation, Thr-
353/354 is rapidly dephosphorylated, whereas dephosphoryla-
tion of cell surface receptors at Ser-341/343 does not occur.
Thus, a new steady state will be established inwhich cell surface
receptors are phosphorylated on Ser-341/343 but not on Thr-
353/354 (Fig 10). This will be the phosphorylation state of sst2A
receptors following recovery from a short pulse of agonist, as
occurs in neurons. In contrast, longer exposure of cells to ago-
nist, as occurs during endocrine or pharmacological stimula-
tion, will lead to the intracellular accumulation of phosphory-
lated receptors (25). Removal of agonist after the receptor has
been internalized permits receptor dephosphorylation at both
Ser-341/343 and Thr-353/354 (Fig 10), and the internalized
dephosphorylated receptor is then recycled to the cell surface
over the next hour.4

The compartment-specific dephosphorylation of adjacent
GRK sites in the sst2A receptor is particularly interesting
because previous studies with other GPCRs differ as to whether
endocytosis is required for receptor dephosphorylation. For
example, internalization of CXCR2 receptors is essential for
receptor dephosphorylation following agonist stimulation (33).
In contrast, the �2-adrenergic receptor (37, 36) and the thyro-
tropin-releasing hormone receptor (29) can be dephosphory-
lated both at the cellmembrane and intracellularly.However, to
our knowledge, the sst2A receptor provides the first example of
a GPCR in which neighboring GRK sites are dephosphorylated
in distinct compartments. An important consequence of such
site-specific dephosphorylation is that the phosphorylation
state of the receptor will be determined by its subcellular distri-
bution and will therefore vary with the time of agonist stimula-
tion (Fig 10). Such differential dephosphorylation may explain
why inhibitors of internalization can prevent resensitization of
GPCRs in which some dephosphorylation occurs on the cell
surface (35, 37).
The phosphatases that catalyze GPCR dephosphorylation

have not been identified, and their sensitivity to inhibitors var-
ies greatly. For example, okadaic acid inhibits the dephosphor-
ylation of �2-adrenergic, CCR5, and �-opioid receptors (48, 51,
52) but does not affect TRH receptor dephosphorylation (29).

4 Y. J. Kao, M. Ghosh, and A. Schonbrunn, submitted for publication.

TABLE 1
Effect of phosphatase inhibitors on site-specific sst2A receptor dephosphorylation
A indicates no inhibition.

Inhibitor Target phosphatase

Phospho-site

Thr(P)-353/354 Ser(P)-341/343
intracellularCell surface Intracellular

Okadaic acid 10 nM PP2A, PP4, PP5, PP6 Block Block A
Okadaic acid 1 �M PP1, PP2A, PP4, PP5, PP6 Block Block A
Fostriecin 5 nM PP2A, PP4 Block Block A
FK506 1 �M PP2B A A A
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In intact cells, okadaic acidwill inhibit PP2A, PP4, PP5, and PP6
at concentrations of 10–100 nM, although it will also inhibit
PP1 at a concentration of 1 �M or greater (41, 42). In our study,
okadaic acid did not affect sst2A receptor dephosphorylation at
Ser-341/343, even at a concentration of 1�M. In contrast, nano-
molar concentrations of okadaic acid blocked receptor dephos-
phorylation at Thr-353/354. Interestingly okadaic acid was
equipotent at inhibiting Thr-353/354 dephosphorylation at the
cell surface and intracellularly, suggesting that the same en-
zyme is responsible for catalyzing Thr-353/354 dephosphor-
ylation in both compartments. Fostriecin, a potent inhibitor of
PP2A and PP4 but not of PP1 and PP5 (42) also had phospho-
site-specific effects on sst2A receptor dephosphorylation,
inhibiting Thr-353/354 dephosphorylation without affecting
dephosphorylation at Ser-341/343. Inhibition of PP2B with
FK506 did not block either Ser-341/343 or Thr-353/354
dephosphorylation. Together these results demonstrate that
at least two different phosphatases catalyze sst2A receptor
dephosphorylation (Table 1 and Fig 10). A PP2A/PP4 phos-
phatase dephosphorylates the receptor at Thr-353/354, and
an inhibitor-resistant phosphatase catalyzes Ser-341/343
dephosphorylation. Unfortunately, inhibitors have yet to be
identified for some phosphatase classes (e.g. PP2C) (42), and
as a result, the nature of the phosphatase catalyzing sst2A
receptor dephosphorylation at Ser-341/343 remains to be
characterized. Thus, phosphatases that catalyze sst2A recep-
tor dephosphorylation are determined both by the compart-
ment in which the receptor is localized and the particular
phospho-site serving as substrate. How this precise specific-
ity is achieved at a molecular level will be an important area
for future investigation.

In conclusion, we show that an unexpectedly complex set
of enzymaticmechanisms regulate the phosphorylation state of
the sst2A somatostatin receptor. Depending on the duration of
agonist exposure and the extent of receptor internalization, this
receptor exists in different phosphorylated forms on the cell
surface and in intracellular compartments. After agonist stim-
ulation, phosphorylation of plasma membrane receptors
occurs rapidly and in a specific order followed by a somewhat
slower rate of receptor internalization. Because receptor
dephosphorylation is compartment-specific, recovery of a fully
dephosphorylated, resensitized receptor at the cell surface can-
not occur unless the receptor is internalized prior to agonist
washout. After a short burst of agonist stimulation, partially
dephosphorylated receptors accumulate on the plasma mem-
brane. Because different phosphorylation sites on the sst2A
receptor have specific effects on receptor function (25), the pat-
tern of sst2A receptor phosphorylation is likely to be physiolog-
ically important. Neuronal sst2A receptors are subject to short
bursts of peptide stimulation and may not have sufficient time
to internalize before stimulation halts. In contrast, sst2A recep-
tors in the pituitary undergo longer pulses of agonist exposure.
In patients with sst2A receptor-containing endocrine tumors,
chronic exposure to somatostatin causes the accumulation of
intracellular phosphorylated receptors (53). The extent to
which such complex regulatory mechanisms occur with other
GPCRs is currently unknown, although it is clear that multiple
forms of phosphorylated receptors are produced in cells upon
agonist stimulation (12, 13, 46). Because the sequence and
kinetics of GPCRphosphorylation and dephosphorylation have
been determined at multiple phospho-sites in only a few
instances, the existence, the nature, and the functional impor-

FIGURE 10. Specificity in the phosphorylation and dephosphorylation of neighboring GRK sites in the sst2A receptor. Upon binding of SS14, the sst2A
receptor is activated and becomes rapidly phosphorylated by GRKs first on Ser-341/343 and subsequently on Thr-353/454. In the continued presence of
agonist, the phosphorylated receptor is internalized. However, if agonist is removed while the receptor is on the cell surface, Thr(P)-353/354 are rapidly
dephosphorylated by an okadaic acid and fostriecin-sensitive phosphatase, shown as PP2A. In contrast, phosphorylated Ser-341/343 are resistant to dephos-
phorylation while the receptor is on the plasma membrane. If agonist is removed after the receptor has been internalized, the receptor is dephosphorylated at
both Ser-341/343 and at Thr-353/354 by two different phosphatases. An okadaic acid/fostriecin-sensitive phosphatase (shown as PP2A) again dephosphory-
lates Thr-353/354 in internalized receptors. In contrast, Ser-341/343 is dephosphorylated by a phosphatase (PPx), which is resistant to okadaic acid and
fostriecin as well as FK506 and thus may belong to the PP2C phosphatase families, for which no inhibitors have been identified. Dephosphorylated sst2A
receptors are recycled back to the plasma membrane for another round of signaling.
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tance of partially phosphorylated receptor states remain to be
characterized. Our studies show that such information will be
essential for a full understanding of the activity of differentially
phosphorylated receptor states and their significance in GPCR
signaling.
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