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A Ser/Thr cluster within the C-terminal domain of the rat
prostaglandin receptor EP3a is essential for agonist-induced
phosphorylation, desensitization and internalization
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1 Two isoforms of the rat prostaglandin E, receptor, rEP3a-R and rEP3f-R, differ only in their
C-terminal domain. To analyze the function of the rEP3-R C-terminal domain in agonist induced
desensitization, a cluster of Ser/Thr residues in the C-terminal domain of the rEP3a-R was mutated to
Ala and both isoforms and the receptor mutant (rEP3a-ST341-349A-R) were stably expressed in
HEK?293 cells.

2 All rEP3-R receptors showed a similar ligand-binding profile. They were functionally coupled to
Gi and reduced forskolin-induced cAMP-formation.

3 Repeated exposure of cells expressing the rEP3x-R isoform to PGE, reduced the agonist induced
inhibition of forskolin-stimulated cAMP-formation by 50% and led to internalization of the receptor
to intracellular endocytotic vesicles. By contrast, Gi-response as well as plasma membrane localization
of the rEP3-R and the rEP3x-ST341-349A-R were not affected by prior agonist-stimulation.

4 Agonist-stimulation of HEK293-rEP3a-R cells induced a time- and dose-dependent phosphoryla-
tion of the receptor most likely by G protein-coupled receptor kinases and not by protein kinase A or
protein kinase C. By contrast, upon agonist-stimulation the rEP3-R was not phosphorylated and the
rEP30-ST341-349A-R was phosphorylated only weakly.

5 These results led to the hypothesis that agonist-induced desensitization of the rEP3¢-R isoform
is mediated most likely by a GRK-dependent phosphorylation of Ser/Thr residues 341-349.
Phosphorylation then initiates uncoupling of the receptor from Gi protein and receptor internalization.
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Introduction

Prostaglandin E, (PGE,) regulates a variety of physiological
and pathophysiological processes (Narumiya et al., 1999;
Kobayashi & Narumiya, 2002 and references within). It binds
to specific PGE,-receptors (EP-R), which belong to the class of
G protein-coupled ectoreceptors (GPCR) with seven trans-
membrane domains. Four subtypes of EP-R have been
described, which differ in their affinity to synthetic ligands
and their G protein-coupling specificity: EP1-R is linked to
Gq and to an as yet not identified G protein and mediates
an increase in cytosolic Ca’" concentration most likely by
activation of Ca®*-channels; EP2-R and EP4-R couple to Gs
and increase intracellular cAMP, while EP3-R couples to Gi
and decreases hormone-stimulated cAMP formation (Coleman
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et al., 1994). These receptors display an overall sequence
identity of about 40% with the putative transmembrane
domains being most conserved (Coleman et al., 1994).

EP3-R is expressed in a wide range of tissues. It has been
shown to be involved in acid-induced duodenal bicarbonate
secretion and maintenance of mucosal integrity (Takeuchi
et al., 1999), PGE,-regulated tumor-associated angiogenesis
and tumor growth (Amano et al., 2003) and it is the primary
receptor conferring LPS- and IL-1f-stimulated fever genera-
tion (Ushikubi et al., 1998).

There exist EP3-R isoforms, which differ only in their
C-terminal domain and are generated by alternative splicing
(Pierce & Regan, 1998). The expression pattern of EP3-R
isoforms differs between various cell types. In rat sensory
neurons, which release neuropeptides upon PGE,-stimula-
tion via EP3-R, only the EP3y-R but not the EP3a-R or the
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EP3p-R isoform is expressed (Southall & Vasko, 2001). In
human tissues the EP3V-R and EP3RVI-R isoforms were
found to be highly expressed in the uterus only (Kotani et al.,
2000).

It has been reported that EP3-R isoforms differ in their
ability to activate Gq and Gs in addition to Gi (Namba et al.,
1993) and in their degree of constitutive, agonist-independent
Gi activation (Jin et al., 1997). In addition, the different C-
terminal ends of EP3-R isoforms are likely to confer different
agonist-induced desensitization characteristics. Of the two
mouse EP3-R isoforms, mEP3a-R and mEP3p-R, only the
mEP3a-R  underwent agonist-induced desensitization and
internalization (Negishi er al., 1993). The importance of the
C-terminal domain for EP3-R desensitization was also shown
in studies using a receptor hybrid consisting of the N-terminal
main portion of the nondesensitizable rEP3f-R up to the end
of the seventh transmembrane domain and the C-terminal
portion of the Gs-coupled, desensitizable human EP4-R (hEP4-
R) (Neuschifer-Rube et al., 1997a). For this receptor hybrid,
which was exclusively coupled to Gi (Neuschifer-Rube et al.,
1997b), the C-terminal domain of EP4-R was necessary and
sufficient to confer agonist-induced receptor desensitization.

Based on a model developed from studies of the f2-
adrenergic receptor, desensitization of G protein-coupled
receptors is initiated by receptor phosphorylation, which
facilitates binding of the adaptor protein f-arrestin to the
ligand-activated receptor. f-Arrestin binding to the receptor
physically prevents further activation of G proteins by the
ligand-occupied receptor, a phenomenon called “‘uncoupling’
(Pitcher et al., 1992). Receptor phosphorylation can be
catalyzed either by second messenger-activated kinases like
protein kinase A (PKA) or protein kinase C (PKC) or by G
protein coupled receptor kinases (GRK) (Lohse, 1993;
Premont et al., 1995).

Besides uncoupling, ligand-induced receptor endocytosis,
also called receptor internalization or sequestration, may
further contribute to receptor desensitization. Receptor
sequestration is believed to result from specific interactions
of the agonist-occupied receptor with components of the
endocytotic machinery (Ferguson, 2002 and references within).
For many, GPCRs receptor sequestration is a phosphorylation
dependent process. In these cases, binding of f-arrestin targets
the agonist-activated and phosphorylated receptor to clathrin
coated pits (Laporte et al., 1999). However, uncoupling and
sequestration are not always associated. For example, muta-
tion of phosphorylation sites in the N-formyl peptide receptor
(Maestes et al., 1999) or suppression of m2-muscarinic
acetylcholine receptor phosphorylation by dominant-negative
GRK2K?2R  quppressed uncoupling but left sequestration
unaffected (Pals-Rylaarsdam et al., 1995). On the other hand,
mutation of defined receptor phosphorylation sites of the
lutropin/chorion gonadotropin receptor hindered receptor
internalization but had no effect on uncoupling from the G
protein (Lazari et al., 1998).

In contrast to the rEP3f-R, the C-terminal domain of the
rEP3a-R contains a cluster of five Ser/Thr residues that may
serve as a target for agonist-induced phosphorylation. The
current study analyzes the function of this Ser/Thr cluster in
agonist-induced phosphorylation, uncoupling and internaliza-
tion of rEP3a-R. For this purpose, Ser/Thr residues within this
cluster were mutated to alanines. rEP30-R, rEP3$-R and the
rEP3¢-ST341-349A-R mutant with or without a C-terminal

GFP/CFP-tag were stably expressed in HEK293 cells and
agonist-induced receptor phosphorylation, uncoupling and
internalization were analyzed biochemically and by in vivo
confocal laser scanning microscopy.

We found that upon agonist-stimulation only the rEP3a-R
was phosphorylated, desensitized and internalized. Both
uncoupling and internalization of the rEP3«-R were dependent
on the presence of the Ser/Thr cluster in its C-terminal domain.
Therefore, agonist-stimulated desensitization of rEP3o-R is
most likely secondary to a GRK-mediated phosphorylation
of Ser/Thr residues 341-349.

Methods

Plasmid construction

The cDNAs for rEP3a-R and rEP3f-R were cloned from rat
hepatocytes (Neuschéfer-Rube et al., 1994; Boie et al., 1997)
and inserted into the pcDNALI vector (Invitrogen, Karlsruhe).
A FLAG-octapeptide sequence was inserted after the initiator
methionine of both receptors as described previously
(Neuschidfer-Rube et al., 1999), using pcDNAI-rEP3¢-R as
template for epitope tagging of rEP3a-R. cDNAs encoding
FLAG-tagged receptors were subcloned into the expression
vector pcDNA3 (Invitrogen). Mutations of Ser and Thr in the
341-349 cluster to Ala in rEP3o were generated by PCR-based
site-directed mutagenesis with proof-reading Powerscript-
Polymerase (PAN-Systems, Aichenbach; Germany) and the
following program: 3’ 95°, 35 x (1’ 95°, 1’ 55°, 2" 72°), 10/ 72°.
A 420bp 5 fragment was generated from pcDNA3/FLAG-
rEP30-R using rEP3-f as forward primer and rEP3amut-r
as reverse primer (Table 1). A 190bp 3’ fragment was
produced with primers rEP3omut-f and SP6-r (Table 1). The
PCR products were fused by PCR with both overlapping
fragments as template and the primers rEP3-f and SP6-r. The
PCR product was digested with BamHI and Xbal and ligated
into pcDNA3/FLAG-rEP3«-R, which was digested with the
same enzymes generating plasmid pcDNA3/FLAG-rEP3a-
ST341-349A-R. For generation of the cDNA for a rEP3f-R-
GFP fusion protein, an Agel site was inserted at the 3’ site
of the FLAG-rEP3$-R ¢cDNA by PCR using FLAG-rEP3-3-
Eco-f as forward primer and rEP3f-Age-r as reverse primer.
The resulting PCR-product was digested with EcoRI and Agel
and inserted in the EcoRI/Agel site of pEGFP-N1 (BD
Clontech, Heidelberg, Germany). For generation of the
cDNAs for FLAG-rEP3¢-R-CFP and FLAG-rEP3¢-ST341-
349A-R-CFP fusion proteins, an in-frame Xbal site was
created 3’ of the respective cDNA by PCR as described above
using rEP3e-Xbal-r as a reverse primer. The resulting PCR-
product was digested with EcoRI and Xbal and inserted in
frame in the EcoR1/Xbal site of pcDNA3-CFP. For generation
of the cDNAs coding for FLAG-rEP3x-S355-361A-R-CFP
or FLAG-rEP30-ST341-361A-R fusion proteins, 468 bp PCR
products were generated using the primer combination rEP3-f/
rEP3omut2-r and the plasmids pcDNA3/FLAG-rEP3a-R-
CFP or pcDNA3/FLAG-rEP30-ST341-349A-R-CFP as tem-
plates. PCR products were digested with BstEIl and Xbal
and cloned into the plasmid pcDNA3/FLAG-rEP3«-R-CFP,
which was digested with the same enzymes. All cDNAs were
sequenced to exclude that mutations other than the ones
intended were introduced by PCR artifacts.
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Table 1 Sequence of the oligonucleotides employed for epitope-tagging and site-directed mutagenesis

Primer Sequence Position

rEP3-f 5-TCTGGTGGTGACCTTTGCCTGCAACCTGGC 769-798

rEP3omut-f 5-GACCACGCCAACTATGCTGCCGCCGCTGCCGCCT 1130-1177
TGCCCTGCCCAGGC

rEP3omut-r 5'-GCCTGGGCAGGGCAAGGCGGCAGCGGCGGCAGC 1177-1130
ATAGTTGGCGTGGTC

rEP3omut2-r CGGCGGTCTAGAGCTCTTTCTAGCTGGTCAGCCCACATC 1213-1168
AGGACTGCGGCGCCT

rEP3a-Xbal-r 5-CGGCGGTCTAGAGCTCTTTCTAGCTGGTCACTCCA 1213-1190
CAT

rEP3p-Age-r 5-CGGACCGGTGCTCCTTCCCTGGGGGAAGAAATTC 1290-1268

SP6-r 5-GCGACGTCTAGCATTTAGGTGACAC pcDNA3: 1028-1004

Sequence is given in the 5’ to 3’ direction. Recognition sites for restriction enzymes are underlined. Mutations are shown in bold. Position
refers to the position in the published sequence GenBank AccNo. E06014.

Cell culture and transfection

HEK?293 cells were cultured in DMEM containing 10% (vv™")
FCS, penicillin (100 Uml™") and streptomycin (100 ugml™").
For generation of receptor expressing cell lines, HEK293 cells
were seeded at a density of 1.5 x 10° cells 10cm™" diameter
plate. After 24 h, cells were transfected with expression vectors
for rEP3-R or rEP3-R-GFP/CFP fusion proteins using a
modified calcium-phosphate method, including 5% bovine
serum and 2.5 ugml~' 25-hydroxycholesterol (Sigma, Heidel-
berg, Germany) in the transfection medium. Cells were selected
with G-418 at 0.5mgml™" in complete DMEM. Clonal cell
lines were isolated by single-cell cloning and tested for receptor
expression by PGE, binding.

Membrane isolation and PGE, binding assay

Transfected cells were scraped into a hypotonic homogeniza-
tion buffer containing S0 mM Tris-HCI pH 7.5, SmM EDTA
and 0.2mM Pefabloc SC (Biomol, Hamburg, Germany),
10 ugml™" leupeptin and 10 ugml™' soybean trypsin-inhibitor
as protease inhibitors. Cells were incubated on ice for 10 min
and disrupted by vigorous vortexing. A crude membrane
fraction was prepared by centrifugation of the homogenate at
35,000 x g for 20min. The resulting pellet was suspended in
binding buffer containing 25mM MES/NaOH pH 6.2, 10 mM
MgCl, and | mM EDTA. Membranes were stored at —70°C.
PGE, binding was assayed by incubating membranes (20—
50 ug protein) with 0.5-5nM [*’H]JPGE, and various concentra-
tions of unlabeled PGE, in 100 ul binding buffer for 1h at
20°C. Nonspecific binding was determined in the presence of
25uM PGE,. Free ligand was removed by rapid vacuum
filtration through GF 52 filters (Schleicher & Schiill, Dassel,
Germany). Filters were washed five times with 4 ml ice-cold
binding buffer. Radioactivity retained on the filter was
counted in 5ml Rotiszint 22 (Roth, Karlsruhe, Germany).
Binding constants were calculated by nonlinear regression
analysis (LIGAND, Munson & Rodbard, 1980).

Cell surface ligand binding

Cells in 24-well plates (1 x 10°cells/well) were washed once
with incubation buffer (HEPES buffered salt solution pH 7.4
containing 15 mM HEPES, 4.7mM KCI, 140 mM NaCl, 1.2 mMm
KH,PO,, 11mM glucose and 2.2mM CaCl,) and then

incubated for 2h at 4°C with 100 ul 5nM [PHIPGE,+ 10 uM
PGE, to determine nonspecific binding in the same buffer.
Binding was performed at 4°C to inhibit ligand-induced
internalization during the incubation period. Plates were
washed three times with ice-cold incubation buffer and cell
associated radioactivity was released by lysing cells in 400 ul
0.3M NaOH, 1% (wv~') SDS. The radioactivity in the cell
lysates was counted in 5ml Rotiszint 22.

cAM P-formation (desensitization assay)

Stably transfected HEK293 cells were cultured in 3.5cm
diameter plates to a density of 5 x 10° cells/plate. Cells were
washed three times with 1ml incubation buffer and then
preincubated in 1 ml of the same buffer with or without 100 nM
M&B28767 for 10min. The agonist was removed by two
washes with incubation buffer, followed by an acid wash with
S0mM glycine, 150mM NaCl pH 3 for Imin and two
additional washes with incubation buffer. Cells were preincu-
bated with 1ml incubation buffer containing 1 mM IBMX
at 37°C for 10 min. Then M&B28767 (1 uM) and forskolin
(100 uM) were added in a volume of 10 ul buffer to the final
concentration indicated. After incubation for 10min, the
reaction was stopped by removing the buffer and snap-freezing
the cells in liquid nitrogen. Cells were lysed in 500 ul of 10 mM
HCI containing 1 mM IBMX for 1h at 4°C. The lysate was
centrifuged at 25,000 x g and cAMP in the supernatant was
quantified using a '*IcCAMP assay kit by Amersham
(Braunschweig, Germany).

Ligand internalization assay

Receptor expressing HEK293 cells grown in 24-well plates
(1 x 10° cells/well) were washed three times with incubation
buffer and preincubated in the same buffer for 10 min at 37°C
with or without 100 nM M&B28767. The agonist was removed
as described for the desensitization assay. Cells were then
incubated for 2h at 4°C with 100 ul 5nM [PHIPGE,+ 10 uM
PGE, to determine non-specific binding in the same buffer.
Cells were washed three times with ice-cold incubation buffer
and cell-associated radioactivity was released by lysing cells in
150 pljwell 5% (wv~") Triton X-100. The radioactivity in the
cell lysates was counted in 5Sml Rotiszint 22.
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Intact cell phosphorylation

Receptor expressing HEK293 cells in six-well plates were
washed two times with phosphate-free DMEM and prelabeled
for 60 min with 150 uCiml~" (**P)orthophosphate in 500 ul of
the same medium containing 10% (vv~') FCS, which had been
dialyzed extensively against 10mM HEPES buffer pH 7.5
containing 150 mM sodium chloride (cutoff 10-20 kDa). After
cell labeling, various reagents in a volume of 500ul in
phosphate-free DMEM containing 10% (vv~') dialyzed FCS
were added for 10min at 37°C unless otherwise indicated.
Where indicated, cells were treated with 400 nM staurosporine
20min before stimulation. After stimulation, medium was
removed and the cells were washed once with ice cold 10 mM
HEPES buffer pH 7.5 containing 150mM sodium chloride
before immunoprecipitation.

Immunoprecipitation

Cells grown in six-well plates at 5 x 10° well were scraped into
800 pl lysis buffer/well (1% (vv~") Triton X-100, 0.05% (wv™")
SDS, 50mM HEPES pH 7.5, 150 mM sodium chloride, SmM
EDTA, 10 mM sodium fluoride, 10 mM sodium pyrophosphate
and 0.2mM Pefabloc SC, 10 ugml™" leupeptin and 10 uygml™!
soybean trypsin-inhibitor) transferred to microfuge tubes and
centrifuged at 4°C for 30 min at 35,000 x g to remove insoluble
material. The supernatant was precleared for 60 min at 4°C
with 100 ul 10% (vv~") Sepharose 4B in lysis buffer containing
0.1% (wv~") bovine serum albumin. The precleared super-
natant was incubated for 4h at 4°C with an immune complex
of 1ug of mAb o-GFP and 100ul 10% (vv~'") Protein-G
Sepharose FF in lysis buffer containing 0.2% (wv~") bovine
serum albumin, which was preformed by incubation for 60 min
at 4°C. Immune complexes were collected by centrifugation
and washed four times with ice cold lysis buffer. Bound
receptor proteins were displaced from the immune complexes
by incubating for 60 min at 37°C and 10min at 60°C under
vigorous shaking with Lammli sample buffer containing 5%
(vv™") B-mercaptoethanol. The amount of receptor proteins
loaded onto SDS-PAGE was equalized by parallel determina-
tion of cell surface ligand binding of receptor expressing cells
as described above. Proteins were either transferred to PVDF
membrane for Western blotting or gels were stained with
Coomassie-blue and dried for PhosphorImager analysis.
Phosphorylated bands were quantified using Quantity One
(Bio-Rad, Madison, U.S.A.).

Western blotting

Membrane proteins of transfected (normalized for receptor
content by PGE,-binding assay) or control cells treated with
100 nM M&B28767 for 0 or 5min were solubilized in Lammli
sample buffer under reducing conditions for 30 min at 37°C
and 15min at 60°C with vigorous shaking, separated on 7.5%
SDS—polyacrylamide gels and transferred onto PVDF mem-
brane (Millipore, Bedford, U.S.A.). After blocking with 5%
(wv™!) skim milk in TBS, 0.1% (vv™') Tween-20 (TBS-T)
GFP/CFP-tagged receptor proteins were detected by incubat-
ing immunoblots overnight with 0.4 ugml™' mAb o-GFP
antibodies in 5% (wv~') skim milk in TBS-T at 4°C followed
by horseradish peroxidase-conjugated anti-mouse IgG
(1:20,000 dilution, Dianova, Hamburg, Germany). Antigen—

antibody complexes were visualized with the Super-Signal
System (Pierce, Rockford, U.S.A.) according to the manufac-
turer’s specifications.

Monitoring of agonist-induced rEP3-R-GFP/CFP
translocation in living cells by confocal laser scanning
microscopy (receptor internalization)

Confocal microscopy was performed using a Zeiss laser
scanning microscope (LSM 510). FLAG-tagged rEP3o-R-
CFP, rEP30-ST341-349A-R-CFP and rEP3p-R-GFP expres-
sing cells were grown on glass coverslips for 24h and then
transferred into a heated (37°C) microscope stage filled with
1 ml Krebs—HEPES buffer pH 7.4 and treated with 100 nm
M&B28767 for 0-30 min. Images were collected sequentially
using a single line excitation with optical sections less than
0.9uM (GFP, lexc: 488nm, LP filter: 505nm; CFP, lexc:
458 nm, BP filter: 462-505 nm).

Materials

All materials were of analytical grade and from commercial
sources. [PHJPGE,, **Pi, Sepharose Cl-4B and Protein-G
Sepharose FF were obtained from Amersham/Pharmacia
(Freiburg, Germany), unlabeled PGE, and IBMX were
purchased from Calbiochem-Novabiochem (Bad Soden,
Germany). M&B28767 was a generous gift from Rhone-
Poulenc Rorer (Dagenham, GB). Cell culture media were
obtained from Biochrom (Berlin, Germany). Primers (Table 1)
were synthesized by NAPS (Goéttingen, Germany) and MWG
(Ebersberg, Germany). The antibody to GFP was from Roche
(Mannheim, Germany). The plasmid pcDNA3-CFP was
kindly supplied by Dr M. Schifer. The sources of other
materials are given in the text.

Results

To study the function of the Ser/Thr cluster 341-349 within the
rEP30-R C-terminal domain in agonist-induced rEP3-R
desensitization, we mutated these Ser/Thr residues to alanine
(Figure 1) and generated HEK293 cell lines stably expressing
rEP-3-R isoforms and the mutated receptor.

Characterization of the ligand binding and signaling
properties of rEP3-R isoforms and the rEP3a-R receptor
mutant

Binding properties of the receptor proteins were characterized
by saturation binding assays in membranes of cells expressing
rEP-3-R isoforms or the mutated receptors. The Ky-values for
PGE, binding were in the range of 1.3—5nM and did not differ
significantly between the receptors (Table 2). The B, values
for PGE,-binding ranged from 0.3pmolmg ' membrane
protein in cells expressing the rEP30-ST341-349A-R-CFP to
4pmolmg~' membrane protein in cells expressing the rEPo-R-
CFP (Table 2). rEP3-R isoforms and the receptor mutant were
coupled to Gi. Treatment of receptor expressing cells with
100nM of the EP3-R specific agonist M&B28767 inhibited
cAMP-formation induced by 1 uM forskolin by 70% (rEP3a-R
and rEP30-ST341-349A-R) or 50% (rEP3p-R) (Figure 2).
Stimulation with 100nM M&B28767 alone had no effect
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EP30. 337-I-R-D-H{DN-Y-2EEEDE) L-P-C-P-GEXS) V-L-M-W{8) D-Q-L-E-R-366

EP30:ST341-349A 337-I-R-D-H-A-N-Y-A-A-A-A-A-A-L-P-C-P-G{SYS) V-L-M-W{E)D-Q-L-E-R-366

EP30:S355-361A

337-I-R-D-H{D)N-Y-2LXSXKSXKTKS) L-P-C-P-G-A-A-V-L-M-W-A-D-Q-L-E-R-366

EP30tST341-361A 337-I-R-D-H-A-N-Y-A-A-A-A-A-A-L-P-C-P-G-A-A-V-L-M-W-A-D-Q-L-E-R-366

EP33 337-M-M-N-N-K-K-R{-F-I-A-I-P-AL) LLM-R- 1SS P-R-E-G-362

Figure 1 C-terminal domain of rEP3-R isoforms and Ser/Thr to Ala mutations. C-terminal peptides, which differ between the two
isoforms, are shown. Potential phosphorylation sites are marked by circles. Ser/Thr to Ala mutations are highlighted in bold.

Table 2 Binding characteristics of rEP-R isoforms
and the rEP3¢-R mutant

Receptor K, (M) B, (pmolmg™')
rEP3a-R 5041.03)  0.6+0.06 (3)
rEP3f-R 39402 (3)  2.5+0.57 (3)
rEP30-ST341-349A-R 1.3+£0.3 (3) 0.4+0.03 (3)
rEP34-R-CFP 34402 (3) 424035 (3)
rEP3$-R-GFP 21408 (3)  2.0+0.49 (3)
rEP30-ST341-349A-R-CFP  1.6+0.9 (4) 0.3+0.06 (4)
EP34-8355-361A-R-CFP  32+0.5(3)  0.6+0.01 (3)
rEP30-ST341-361A-R-CFP  3.1+0.1 (3) 0.6+0.07 (3)

Membranes from HEK293 cells stably expressing EP3-R
isoforms or the receptor mutant were prepared and examined
for PHJPGE,-binding. K, and B, values were determined by
nonlinear regression analysis of saturation binding assays.
Details are described in the Methods section. Values are
means +s.e.m. from the numbers of independent experiments
(indicated in parentheses).
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Figure 2 M&B28767-induced uncoupling of rEP3-R isoforms and
the rEP30-ST341-349A-R mutant. HEK293 cells stably expressing
rEP3a-R, rEP3p-R or the rEP30-ST341-349A-R mutant were
exposed where indicated to 100nM of the EP3-R agonist
M&B28767 for 10 min. The agonist was then removed by an acid
wash followed by extensive washing with incubation medium (see
Methods). cAMP formation was determined by radioimmunoassay
in cell cultures after stimulation for 10 min with 1 uM forskolin and
10nM M&B28767. Values are means +s.e.m. and are expressed as a
percent of control cells tested in parallel that were not exposed to the
agonist in the preincubation period. Student’s ¢-test for paired
samples: *P<0.05.

on cAMP-formation (not shown). Therefore the different
C-terminal ends or mutation of the Ser/Thr cluster in rEP3¢-R
had no apparent influence on the binding and signaling
properties of the receptor.

Agonist-induced uncoupling from Gi

Cells, stably expressing either the wild-type rEP3a-R or rEP3 -
R isoform or the rEP3x-ST341-349A-R mutant were pre-
incubated with a saturating concentration of the EP3-R
agonist M&B28767 (100 nM) for 10 min. The agonist was then
completely removed (see Methods). In cells expressing the
rEP3-R M&B28767-dependent inhibition of forskolin-in-
duced cAMP formation in a second stimulation phase was
not attenuated by prior agonist treatment. However, in cells
expressing rEP30-R agonist-dependent inhibition of forskolin-
stimulated cAMP-formation was reduced to about 50% in a
second, compared to a first stimulation phase, which reflects
uncoupling of the rEP3o-R from Gi protein (Figure 2).
Mutation of Ser/Thr residues 341-349 in rEP3a-R completely
abolished agonist-induced uncoupling (Figure 2) underscoring
the importance of this Ser/Thr cluster for agonist-induced
uncoupling of EP3-R from the Gi signaling chain.

Agonist-induced internalization of the rEP3-R

Agonist-induced rEP3-R internalization was assayed bio-
chemically by analyzing the reduction of cell surface-accessible
PGE,-binding sites and by laser scanning microscopy.
Preincubation with 100nM M&B28767 for 10min did not
affect cell surface PGE,-binding of rEP3f-R expressing cells,
but reduced the number of binding sites on rEP3«-R
expressing cells by 50% (Figure 3). This receptor internaliza-
tion was abolished in cells expressing rEP3xz-ST341-349A-R,
which lacks the cluster of Ser/Thr residues in the C-terminal
domain. Apparently, Ser/Thr residues in this cluster are
essential determinants for agonist-induced receptor internali-
zation.

In addition to the biochemical rEP3-R internalization,
agonist-induced translocation of GFP/CFP-tagged rEP3-R
from the plasma membrane into intracellular compartments
was monitored for 30min in living cells by laser scanning
microscopy. In the absence of agonist, all receptors were
expressed predominantly at the plasma membrane (Figure 4).
Agonist treatment of rEP3-R expressing cells did not change
the distribution of the receptor neither for short (5Smin) nor
for long (30 min) periods of agonist exposure. In contrast,
cells expressing rEP3a-R-CFP exhibited receptor translocation
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Figure 3 M&B28767-induced internalization of rEP3-R isoforms
and the rEP3u¢-ST341-349A-R mutant. HEK293 cells stably expres-
sing TEP30-R, rEP3f-R or the rEP30-ST341-349A-R mutant were
exposed where indicated to 100 nM of the EP3-R agonist M&B28767
for 10 min. The agonist was then removed by an acid wash followed
by extensive washing with incubation medium (see Methods). Cells
were then incubated with 5nM [PH]PGE, for 2h at 4°C. Unspecific
cell surface binding was determined in the presence of 10 uM PGE,.
Unbound ligand was removed, cells were lysed and radioactivity in
the cell lysate was counted. Values are means+s.e.m. and are
expressed as a percent of control cells tested in parallel that were not
exposed to the agonist in the preincubation period. Student’s #-test
for paired samples: *P <0.05.

from the plasma membrane to intracellular endocytotic
vesicles within Smin of M&B28767 addition (Figure 4). After
prolonged agonist exposure, these endocytotic vesicles grew in
size and number with a maximum after 10 min and were still
observed 30 min after agonist treatment. Receptor internaliza-
tion was completely abolished by the mutation of Ser/Thr
residues 341-349. The receptor remained located predomi-
nantly at the plasma membrane despite stimulation of cells
expressing this receptor mutant with M&B28767 for 30 min.
These results are consistent with those obtained by the
biochemical internalization studies and emphasize the impor-
tance of the Ser/Thr cluster in the C-terminal domain of
rEP30-R for agonist-induced receptor internalization.

The possibility would be envisaged that the C-terminal
extension of the receptor protein with the GFP-tag might
affect the agonist-dependent internalization. The results,
however, indicate that the C-terminal CFP-tag neither
inhibited the agonist-induced internalization of the wild-type
rEP3¢-R nor caused a subcellular redistribution of the receptor
proteins in the absence of the ligand.

Immunological detection of rEP3-R-GFP fusion proteins

rEP3-R-GFP/CFP fusion-proteins were immunprecipitated
with «-GFP antibody and visualized in Western blots with
the same antibody (Figure 5). All three receptor proteins
appeared as a broad band with an apparent molecular weight
of 90-100kDa. This band corresponds to the predicted
molecular weight of the fusion protein of complex-glycosylated
rEP3-R and the 27kDa GFP/CFP protein fused to the C-
terminal end of rEP3-R (Boer et al., 2000). In untransfected
HEK293 cells, a band with a similar molecular weight was

also detected. However, this band was by far less intense and
might represent a fragment of the o-GFP antibody used for
immunoprecipitation, as this band was absent in Western blots
of membrane proteins derived from nontransfected HEK293
cells (not shown). The intensity of the receptor bands was
quantified densitometrically. Apparently, equal amounts of the
receptor protein were present in all lanes. As the amount of
total protein applied to the lanes was normalized to the cell
surface PGE,-binding on the cells from which the samples were
obtained, the close similarity in quantity of immunoreactive
protein in the different lanes indicates that the determination
of cell surface binding on intact cells is a valid approach for the
quantification for the subsequent phosphorylation studies.

Agonist-induced EP3-R phosphorylation

To study agonist-induced phosphorylation of expressed
receptors, cells expressing GFP/CFP-tagged receptors were
labeled with *’P; and stimulated with 100nM of the EP3-R
agonist M&B28767 for 10 min. A phosphorylated protein was
immunoprecipitated with the a-GFP antibody from solubilized
proteins of cells expressing the rEP3x-R-CFP stimulated with
M&B28767 (Figure 6). This protein comigrated with the
rEP30-R-CFP detected by Western blot and was absent in
nontransfected control cells. In contrast, no phosphorylated
protein was immunoprecipitated from rEP33-R-GFP expres-
sing cells with or without agonist-stimulation (Figure 6a).
Elimination of Ser/Thr residues 341-349 in the rEP3u-R
C-terminal domain led to a dramatic reduction of basal
and agonist-induced phosphorylation of the rEP3a-R-CFP
(Figure 6a). In contrast, elimination of Ser residues 355-361
reduced M&B28767-induced phosphorylation slightly but not
significantly (Figure 6b). Substitution of all Ser/Thr residues
in the rEP32-R C-terminal domain by alanine (rEP3x-ST341-
361A-R) completely blocked receptor phosphorylation
(Figure 6b). Thus, Ser/Thr residues within the cluster Ser/
Thr 341-349 appear to be the main target site for agonist-
induced phosphorylation of the receptor and phosphorylation
of Ser residues 355-361 contribute only to a minor extent.

M&B28767-induced phosphorylation of the rEP3a-R-CFP
was dose-dependent with an apparent ECs, between 1 and
10nM and a maximum at 100nM M&B28767 (Figure 7a).
Phosphorylation of rEP3a-R-CFP thus occurred in an agonist-
concentration range similar to the Ky value of the receptor
revealing that only the agonist-occupied receptor was a kinase
substrate. rTEP3a-R-CFP phosphorylation was rapid, and was
detected as early as 2min after agonist treatment (Figure 7b)
with maximum at 5min and was sustained for at least 60 min
in the presence of agonist (Figure 7b).

Inhibition by staurosporine of second messenger kinase
but not agonist-induced phosphorylation of the
rEP30-R-CFP

To investigate which kinases affect agonist-induced rEP3a-R-
CFP phosphorylation, receptor expressing cells were treated
with agonist or with both specific activators and inhibitors
of the second messenger-dependent kinases PKC or camp-
dependent PKA. Forskolin, which increases intracellular
cAMP concentration by activating adenylate cyclase leading
to activation of PKA, had no significant effect on rEP3a-R-
CFP phosphorylation (Figure 8). In contrast, the phorbolester
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Figure 4 M&B28767-induced subcellular redistribution of rEP3-R isoforms and the rEP3¢-ST341-349A-R mutant. HEK293 cells
stably expressing GFP- or CFP-tagged rEP3a-R, rEP3f-R or rEP30-ST341-349A-R were transferred to a heated (37°C) microscope
stage filled with 1 ml Krebs—HEPES buffer pH 7.4 and the distribution of the receptors was visualized before and after treatment
with 100 nM M&B28767 on a Zeiss 510 inverted LSM (lexc =488 nm for GFP and 462 nm for CFP, lem =515nm for GFP and
505 nm for CFP). Representative confocal microscopic images of receptor fluorescence in the cells treated with M&B28767 for 0, 5,

10 and 30 min at 37°C are shown. Scale bars =10 uM.

PMA, a potent PKC activator, led to a slight but significant
increase in TEP3a-R-CFP phosphorylation (Figure 8) but to a
much lesser extent than the agonist M&B28767.

Staurosporine at a concentration of 400 nM, which blocks
PKA and PKC activity, inhibited PMA-induced rEP3a-
R-CFP phosphorylation and decreased basal receptor phos-
phorylation. In contrast, staurosporine had no effect on
M&B28767-induced phosphorylation, indicating that neither
PKC nor PKA are involved in agonist-induced rEP3z-R-CFP
phosphorylation (Figure 8).

Discussion

The biological effects elicited by prostanoid receptors, like
those of many other GPCRs, are regulated by an attenuation

of their intracellular signal transduction in response to short-
or long-term ligand exposure. Recent studies showed that the
C-terminal domain of prostanoid receptors plays an important
role in this desensitization process. Variations of the mEP3-R
C-terminal domain generated by alternative splicing resulted in
differences in rapid agonist induced receptor desensitization
(Negishi et al., 1993). The role of the C-terminal domain in EP-
R desensitization is also emphasized by the finding that the
C-terminal domain of the desensitizable EP4-R was sufficient
to confer a rapid agonist-induced GRK-mediated phosphor-
ylation and desensitization in a hybrid receptor in which it was
substituted for the homologous domain of the non-desensitiz-
able rEP3-R (Neuschéfer-Rube ef al., 1997a). In contrast, the
third intracellular loop of the EP4-R was neither necessary nor
sufficient to mediate agonist-induced desensitization of this
hybrid receptor (Neuschifer-Rube et al., 1997a). The current

British Journal of Pharmacology vol 145 (8)



F. Neuschafer-Rube et a/

Phosphorylation and desensitization of the rat EP3 receptor 1139

M&B28767 - + -+ = + = +
kDa
67 —
- - ﬂ
> ] Q 4
00&0 Q—'cj( o QF 5 & 5
S S o
(8“5’ & rbhca‘” 5
A rbb:\'
S

Figure 5 Immunological detection of rEP3a-CFP-R, rEP3-GFP-
R and rEP3a-ST341-349A-CFP-R. Receptor proteins of transfected
cells were immunoprecipitated with «-GFP antibodies, resolved by
SDS-PAGE under reducing conditions and transferred to PVDF
membrane. Receptor proteins were detected with a sandwich of
monoclonal o-GFP and horseradish-peroxidase-conjugated anti-
mouse antiserum visualized with enhanced chemiluminescence as
described in Methods.

study aimed to analyze the structures and mechanism that are
involved in agonist-induced desensitization of rat EP3-R
isoforms.

rEP3-R C-terminal domain and desensitization

In a previous study, it was shown that the mouse EP3u-R
underwent rapid agonist-induced desensitization in contrast to
the C-terminal splice variant EP3f-R (Negishi ez al., 1993).
Supporting this previous finding, the rat EP3«-R also under-
went agonist-induced uncoupling from Gi (Figure 2) and was
rapidly internalized after agonist-treatment (Figures 3 and 4).
In contrast, signaling by the rat EP35-R was not affected by
prior agonist-stimulation. One main structural difference
between the two C-terminal splice variants is the number
and the pattern of Ser/Thr residues in the part of the C-
terminal domain that is encoded by the differentially spliced
region of the mRNAs. The rEP3a-R contains nine Ser/Thr
residues, which are all conserved between mouse and rat EP3a-
R, five of which are clustered in the proximal half. In contrast,
rEP3S-R contains only five Ser/Thr residues that are less
conserved between rat and mouse, that is, S344T and S353G,
and are not clustered. Clusters of Ser/Thr residues in the C-
terminal domain of many GPCR were shown to be important
determinants for receptor desensitization, acting as targets for
agonist-induced receptor phosphorylation and/or as binding
sites for the adaptor protein f-arrestin (Oakley et al., 2001).
For the angiotensin II receptor and the substance P receptor
to name but a few it was shown that Ser/Thr cluster in the
C-terminal domain was essential for the formation of stable
complexes with the adaptor protein f-arrestin, leading to a
sustained sequestration of the receptor (Oakley ef al., 2001).
The cluster Ser/Thr 345-349 might fulfill such a function in
the C-terminal domain of the EP3a-R. In support of this
hypothesis, elimination of all Ser/Thr residues in this cluster in
the rEP30-ST341-349A-R blocked both agonist-induced un-
coupling from Gi and redistribution of the receptor into
intracellular compartments.
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Figure 6 M&B28767-induced phosphorylation of rEP3-R isoforms
and receptor mutants. **Pi-labeled HEK293 control cells or cells
stably expressing GFP/CFP-tagged rEP3R isoforms or the rEP3a-
ST341-349A-R-CFP (a) or rEP32-S355-361A-R-CFP or rEP3a-
ST341-361A-R-CFP (b) mutants were stimulated for 10 min at 37°C
with 100nM M&B28767. Receptors were immunoprecipitated with
o-GFP antibodies and normalized for cell surface receptor expres-
sion. Receptor proteins were resolved under reducing conditions by
SDS-PAGE and phosphorylation was determined by Phosphor-
Imager analysis after 2d. Agonist-induced receptor phosphorylation
was expressed relative to that obtained in rEP3a-R-CFP expressing
cells not exposed to M&B28767. The upper panel shows a
representative Phosphorlmager analysis and the lower panel the
quantitative analysis from pooled data from at least three
independent experiments. Data are means +s.e.m.
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rEP3-R desensitization by phosphorylation

For many GPCRs agonist-induced uncoupling and internali-
zation depend on the phosphorylation of the receptor either by
second messenger-dependent kinases or GRKs (Lohse, 1993;
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Figure 7 Dose and time dependence of M&B28767-stimulated
rEP30-R-CFP phosphorylation. (a) *?Pi-labeled HEK293 cells
expressing the rEP3x-R-CFP were stimulated for 10min at 37°C
with the concentrations of M&B28767 indicated. Receptor phos-
phorylation was analyzed as described in the legend to Figure 6.
(b) **Pi-labeled HEK293 cells expressing the rEP30-R-CFP were
stimulated for the times indicated at 37°C with 100 nM M&B28767.
The upper panels show a representative Phosphorlmager analysis
and the lower panel the quantitative analysis from pooled data from
three independent experiments. Receptor phosphorylation is ex-
pressed as percent of phosphorylation in unstimulated rEP3o-R-
CFP cells. Data are means+s.e.m.

Premont ef al, 1995). For the regulation of prostanoid
receptor signaling this is not always the case. Of the two C-
terminal isoforms of the human thromboxane A, receptor
(TPa-R and TPf-R), which were both phosphorylated and
uncoupled from Gq protein upon agonist-stimulation, only the
TPp-R isoform was internalized (Parent ez al., 1999). For the
human IP-R, phosphorylation of the receptor by PKC was
a prerequisite for agonist-induced uncoupling whereas PKC
was not essential for IP-R internalization (Smyth et al., 2000).
In the case of the human EP4-R maximal agonist-induced
phosphorylation of the receptor greatly enhanced the stability
of receptor/f-arrestin complexes but was not essential for
receptor internalization (Neuschifer-Rube et al., 2004). The
current study provides evidence that agonist-stimulated
phosphorylation may be essential for both uncoupling and
internalization of the rEP3-R. Stimulation of cells expressing
the rEP3¢-R with the agonist M&B28767 led to a dose- and
time-dependent receptor phosphorylation (Figure 7a and b)
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Figure 8 Phosphorylation of the rEP3a-R-CFP by M&B28767 and
activators and inhibitors of second-messenger-dependent kinases.
Pi-labeled HEK?293 cells expressing the rEP3a-R-CFP were
preincubated without or with 400nM staurosporine for 20min
at 37°C prior to cellular stimulation. Cells were then stimulated
for 10min at 37°C with 100nM M&B28767, 2 uM PMA or 50 um
forskolin + I mM IBMX. Receptors were immunoprecipitated with
o-GFP antibody, resolved by SDS-PAGE and phosphorylation
determined by Phosphorlmager analysis after 2d. The upper panels
show a representative PhosphorImager analysis and the lower panel
the quantitative analysis from pooled data from three independent
experiments. Receptor phosphorylation is expressed as percent of
phosphorylation of untreated cells in the absence of staurosporine.
Data are means+s.e.m.; ¥P<0.05 compared to basal levels.

and induced both its uncoupling and internalization. By
contrast, M&B28767 neither induced phosphorylation
nor uncoupling or internalization of the rEP3f-R, stably
expressed in HEK?293 cells (Figures 2—4 and 6). Mutation of
Ser/Thr residues 341-349, which may act as potential
phosphorylation sites, attenuated M&B28767-induced phos-
phorylation of the rEP3¢-R and completely blocked uncou-
pling and internalization. Interestingly, mutation of Ser/Thr
residues 341-349 also blocked basal phosphorylation of the
rEP30-R, indicating a small fraction of constitutive active
receptor as described for the mouse rEP3x-R (Hasegawa et al.,
1996).

In contrast, mutation of Ser residues 355-361 in the distal
part of the C-terminal did not affect M&B28767-induced
phosphorylation of the rEP3a-R. This result ruled out that
loss of agonist-induced phosphorylation by mutation of Ser/
Thr residues 341-349 was due to affecting the secondary
structure of the C-terminal domain disturbing access to Ser
355-366.

Therefore, phosphorylation of the rEP3o-R at Ser/Thr
residues between 341 and 349 seemed to be essential for
agonist-induced desensitization of the rEP3-R. However,
additional phosphorylation that depends on the presence
of Ser/Thr residues in the rEP3¢-R C-terminal domain,
or other parts of the receptor, that is, Ser or Thr residues in
the first, second or third intracellular loop, cannot be ruled
out.
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Kinases involved in rEP30-R phosphorylation

Agonist-dependent  receptor phosphorylation could be
mediated either through second messenger-dependent kinases
or GRK. Examples exist for both mechanisms. The human IP-
R, which increases cAMP-formation at low iloprost concen-
trations and InsP;-formation at high iloprost concentrations,
was phosphorylated and desensitized by high iloprost con-
centrations only (Smyth ez al., 1998). Phosphorylation and
desensitization were inhibited by staurosporine, thus inferring
a PKC-dependent mechanism. In HEK?293 cells cotransfected
with the Gs-coupled DP-R and either the human TPa-R or
TPp-R isoform stimulation with PGD, led to a heterologous
PKA-dependent, but PKC-independent phosphorylation and
desensitization of the TPa-R (Foley et al., 2001). Conversely,
GRK-dependent phosphorylation of Ser and Thr residues in
the C-terminal domain has been shown to mediate receptor
desensitization of the f1-adrenergic receptor (Freedman et al.,
1995), the endothelin receptor (Freedman et al., 1997), the
delta opioid receptor (Pei et al., 1995) and the angiotensin II
receptor (Oppermann et al., 1996) to name but a few. A
function of GRKs in phosphorylation and desensitization of
prostanoid receptors has been shown for the human throm-
boxane receptor and the human EP4-R (Neuschéfer-Rube
et al., 1999; Zhou et al., 2001). The involvement of GRKs in
agonist-stimulated rEP3a-R phosphorylation and desensitiza-
tion is supported by several lines of evidence.

First, a PKA-dependent phosphorylation of rEP3a-R as the
sole mechanism of desensitization seems to be unlikely, since in
HEK?293 cells stably transfected with either one of the rEP3-R
isoforms, cAMP formation did not increase after agonist
exposure and therefore PKA was not activated. By contrast,
agonist-induced stimulation of cAMP-formation was de-
creased.

Second, PKA activation by forskolin, which led to a massive
increase in cAMP formation in HEK 293 cells (not shown), had
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