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Identification of a Ser/Thr cluster in the C-terminal domain of the human
prostaglandin receptor EP4 that is essential for agonist-induced 3-arrestini
recruitment but differs from the apparent principal phosphorylation site
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hEP4-R (human prostaglandin E, receptor, subtype EP4) is a
G;,-linked heterotrimeric GPCR (G-protein-coupled receptor).
It undergoes agonist-induced desensitization and internalization
that depend on the presence of its C-terminal domain.
Desensitization and internalization of GPCRs are often linked
to agonist-induced B-arrestin complex formation, which is
stabilized by phosphorylation. Subsequently S-arrestin uncouples
the receptor from its G-protein and links it to the endocytotic
machinery. The C-terminal domain of hEP4-R contains 38 Ser/
Thr residues that represent potential phosphorylation sites.
The present study aimed to analyse the relevance of these
Ser/Thr residues for agonist-induced phosphorylation, interaction
with B-arrestin and internalization. In response to agonist
treatment, hEP4-R was phosphorylated. By analysis of proteolytic
phosphopeptides of the wild-type receptor and mutants in which
groups of Ser/Thr residues had been replaced by Ala, the principal

phosphorylation site was mapped to a Ser/Thr-containing region
comprising residues 370-382, the presence of which was neces-
sary and sufficient to obtain full agonist-induced phosphorylation.
A cluster of Ser/Thr residues (Ser-389—Ser-390-Thr-391—
Ser-392) distal to this site, but not the principal phosphorylation
site, was essential to allow agonist-induced recruitment of -
arrestinl. However, phosphorylation greatly enhanced the
stability of the B-arrestinl-receptor complexes. For maximal
agonist-induced internalization, phosphorylation of the principal
phosphorylation site was not required, but both S-arrestinl
recruitment and the presence of Ser/Thr residues in the distal
half of the C-terminal domain were necessary.

Key words: desensitization, G-protein-coupled receptor kinase,
internalization, phosphopeptide sequencing, prostaglandin re-
ceptor.

INTRODUCTION

PGE, (prostaglandin E,) regulates a variety of physiological and
pathophysiological processes ([1,2] and references cited therein).
It binds to specific PGE, receptors, EP-Rs, which belong to the
class of GPCRs (G-protein-coupled receptors) with seven trans-
membrane domains. Four subtypes of EP-R have been identified
that differ in their affinity for synthetic ligands and in their G-
protein coupling specificity: EP1-Rs are linked to G, and to an as
yet unidentified G-protein, and mediate an increase in cytosolic
Ca*" concentration, most probably by activation of Ca*" channels;
EP2-Rs and EP4-Rs couple to G, and increase intracellular cAMP;
and EP3-Rs couple to G; and decrease hormone-stimulated
cAMP formation [3]. These receptors display an overall sequence
identity of approx. 40 %, with the putative transmembrane
domains being most highly conserved [3].

The EP4-R is widely distributed throughout the body, and its
mRNA can be detected in almost every tissue. The EP4-R has
been shown to be involved in the induction of bone formation
[4] and in intestinal mucin secretion during inflammation [5],
and it is the primary receptor conferring PGE,-dependent renal
vasodilatation [6]. The majority of the offspring of gene knockout
mice lacking the EP4-R die soon after birth as a consequence

of impaired closure of the ductus arteriosous [7], inferring a
central role for this receptor in the development of the vascular
system. The EP4-R, in contrast with the second G,-linked EP-
R, the EP2-R, undergoes rapid agonist-induced desensitization
[8]. It has a long serine- and threonine-rich C-terminal domain.
Agonist-induced desensitization, but not G-protein coupling, was
lost following truncation of the C-terminal domain of the hEP4-R
(human EP4-R) [9]. Conversely, the C-terminal domain of the
hEP4-R conferred agonist-induced desensitization in a receptor
hybrid in which it replaced the analogous region of the non-
desensitizable EP38-R [10]. Apparently, the C-terminal domain
of the hEP4-R was necessary and sufficient to confer agonist-
induced receptor desensitization.

Based on a model developed from studies of the f,-adren-
ergic receptor, desensitization of GPCRs is initiated by receptor
phosphorylation, which facilitates binding of the adaptor protein
B-arrestin to the ligand-activated receptor. Receptor phosphoryl-
ation is not an absolute prerequisite for interaction with -
arrestin, but it markedly increases the affinity of B-arrestin for
the agonist-occupied receptor [11]. B-Arrestin binding to the
receptor physically prevents further activation of G-proteins by
the ligand-occupied receptor, a phenomenon called uncoupling
[12]. Receptor phosphorylation can be catalysed either by second

Abbreviations used: DMEM, Dulbecco’s modified Eagle’s medium; (h)EP4-R, (human) prostaglandin E, receptor, subtype EP4; FCS, fetal calf serum;
GFP, green fluorescent protein; GPCR, G-protein-coupled receptor; GRK, G-protein-coupled receptor kinase; HEK, human embryonal kidney; IBMX,

isobutylmethylxanthine; PGE,, prostaglandin E,.
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Table 1

Sequences of oligonucleotides employed for site-directed mutagenesis

Sequences are given in the 5’ to 3’ direction. 5-Overhanging primer sequences are shown in lower case. Recognition sites for restriction enzymes are underlined. Translated sequences are shown
in upper case. The sequence coding for the FLAG epitope is shown in bold, italic lower case. It is preceded by a Kozak sequence (italic) inserted to enhance translation efficiency. Mutations are
shown in bold. Sequences that were re-introduced into the cDNA of hEP4-ST335-484A-R are shown in bold, italic upper case. ‘Positions’ refers to the positions in the published sequence (GenBank

accession number L25124).

Primer Sequence Pasition
FLAG-hEP4-f 5'-gcggegaagcttccaccatggactacaaggacgacgacgacaag TCCACTCCCGGGGTCAATTCGTCC 589-612
hEP4-SnaBl-r 5-GAGCACTGTCTTACGTAGG AGGATATATATCC 15961565
hEP4-SnaBl-f 5'-GGATATATATCCTCCTACGTAAGACAGTGCTC 1565-1596
hEP4-Xba-r 5'-gcggcegtctagaCTACTATATAC ATTTTTCTGATAA 2051-2032
hEP4-SnaBl/Kpnl-f 5’—cggcgg@cegmCTACGTAAGGCAGTGCTCGCTAAAGCAATAG 1577-1609
hEP4-3-r. 5'-tccCCCGGGCGATGAAGGCGCGAGCGTGGCCTGCCATAGCAGCAGCTGCCCTTTGACT 1739-1681
hEP4-6-r 5-TGTGCAGCGTCTGCGGCCTCTGCTATTCGCAAAGCCCTCAGTGCGGCGGCGTCTTCCTGG 1916-1857
hEP4-6-f 5-GACGCCGCCGCACTGAGGGCTTTGCGAATAGCAGAGGCCGCAGACGCTGCACAGGGTCAG 1864-1923
hEP4-2-f 5'-g9cGGGGCCCGCAGGGAGCGCGCCGGACAGCACTGCGCAGACGCTCAAAGG 1639-1689
hEP4-5-r 5-CTGCCTCCAAGGCCATTTTCAGCGAGGTCTGGCAGTGCGAGGTCT 1820-1776
hEP4-4-f 5'-tccCCCGGGAGCTGAACGAGATCGCCGCTGCAGCTCAAGCCCTCCTGCCAG 17301777
hEP4-7-f 5-ACGCAGAGGCTGTCTTACTGGTGGATGAGGCTGGTGGGGCCGGCAGG 1925-1971
hEP4-7-r 5-CCGGCCCCACCAGCCTCATCCACCAGTAAGACAGCCTCTGCGTCCTGA 1967-1920
hEP4-8-r 5’—gctctﬂTTATATACATTTTTCTGCTAAGTTCAGTGCTTCAGCGGGAAATGCG/-\CTTGCAGGGCGGCCCCCT 2052-1987
hEP4-9-f 5-GCTGAAGGAGATCGCCGCTGCAGCTCAGACCCTCCTGCCAG 17371777
hEP4-9-r 5-CTGGCAGGAGGGTCTGAGCTGCAGCGGCGATCTCCTTCAG 17771738
hEP4-10-f 5-GCTGAAGGAGATCAGCAGTACATCTCAGGCCCTCCTGCCAG 17371777
hEP4-10-r 5-CTGGCAGGAGGGCCTGAGATGTACTGCTGATCTCCTTCAG 17771738

messenger-activated kinases such as protein kinase A or protein
kinase C, or by GRKs (GPCR kinases) [13,14].

In addition to uncoupling, ligand-induced receptor endocytosis
may contribute to desensitization; this process is known as
receptor internalization or sequestration. Receptor sequestration
is believed to involve clathrin-coated or caveolin-rich vesicles
[15,16] and to result from specific interactions of the agonist-
occupied receptor with components of the endocytotic machinery.
The molecular mechanisms that trigger internalization of agonist-
occupied receptors vary among different receptors ([17] referen-
ces cited therein). For many GPCRs, receptor sequestration
depends on phosphorylation. In these cases, binding of -
arrestin, which also has a high affinity for proteins of the
endocytotic machinery, such as clathrin and the adaptor protein
AP-2, targets the agonist-activated and phosphorylated receptor to
clathrin-coated pits [18]. However, uncoupling and sequestration
are not always linked. Mutation of phosphorylation sites in
the N-formyl peptide receptor [19] or suppression of m2-
muscarinic acetylcholine receptor phosphorylation by dominant-
negative GRK2X*® suppressed uncoupling but left sequestration
unaffected [20], whereas mutation of defined receptor phos-
phorylation sites of the lutropin/chorionic gonadotropin receptor
retarded receptor internalization but had no effect on uncoupling
from the G-protein [21].

In a previous study, it was shown that the C-terminal domain
of the hEP4-R was phosphorylated by agonist stimulation both in
the wild-type hEP4-R and in a G;-coupled EP3-R/hEP4-R hybrid.
Agonist-induced receptor phosphorylation was augmented by
GRK overexpression [22], indicating that GRKs most probably
phosphorylate the C-terminal domain of the receptor in response
to the agonist. Unlike protein kinase A and protein kinase C, GRKs
lack a common consensus motif for receptor phosphorylation,
and it was, therefore, impossible to predict which of the 38
serine/threonine residues in the hEP4-R C-terminal domain may
serve as substrate(s) for GRK-dependent phosphorylation.

The present work aimed at identifying those Ser/Thr residues
in the C-terminal tail of the hEP4-R that undergo agonist-
induced phosphorylation and/or confer agonist-induced receptor—
B-arrestin interaction and internalization. For this purpose,
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potential phosphorylation sites were gradually eliminated by
site-directed mutagenesis, and phosphorylated residues were
identified by radio Edman degradation of the agonist-exposed
wild-type receptor. The interaction of the receptor with GFP
(green fluorescent protein)-labelled B-arrestinl was studied by
in vivo confocal laser microscopy, and receptor internalization
was monitored by measuring the sequestration of radioactively
labelled ligand from the cell surface.

It was found that agonist-induced phosphorylation, interaction
with S-arrestinl and internalization of the hEP4-R depended on
the presence of different clusters of Ser/Thr residues in the C-
terminal receptor domain. Maximal receptor phosphorylation was
not required for internalization, but was required for formation of
stable hEP4-R—g-arrestinl complexes. Maximal internalization
depended on agonist-induced hEP4-R—g-arrestinl interactions
and the additional presence of Ser/Thr residues in the distal half
of the C-terminal domain that were required neither for arrestin
recruitment nor for maximal phosphorylation.

EXPERIMENTAL
Materials

All materials were of analytical grade and from commercial
sources. [*'H]PGE,, [**P]P;, Sepharose CL-4B and Protein G—
Sepharose Fast Flow were obtained from Amersham/Pharmacia
(Freiburg, Germany), and unlabelled PGE, and IBMX
(isobutylmethylxanthine) were purchased from Calbiochem-
Novabiochem (Bad Soden, Germany). Cell culture media were
obtained from Invitrogen (Karlsruhe, Germany). Primers (Table 1)
were synthesized by NAPS (Géttingen, Germany) and MWG
(Ebersberg, Germany). Anti-FLAG monoclonal antibody M2
was from Sigma (Heidelberg, Germany). The sources of other
materials are given in the text.

Plasmid construction

Cloning of the cDNA for a FLAG-epitope-tagged hEP4-R
cDNA was carried out as described previously [22]. cDNAs
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for mutant receptors containing Ser/Thr — Ala mutations in the
C-terminal domain were generated by PCR-based site-directed
mutagenesis using proof-reading Powerscript-Polymerase (PAN-
Systems, Aichenbach, Germany) and the following programme:
3 min at 95 °C, followed by 35 cycles of 1 min at 95 °C, 1 min
at 55 °C and 2 min at 72 °C, and a final step of 10 min at 72 °C.
For a detailed protocol, see the Appendix. The plasmid encoding
B-arrestinl—enhanced GFP has been described recently [23].

Cell culture and transfection

HEK?293 (human embryonal kidney 293) cells were cultured
in DMEM (Dulbecco’s modified Eagle’s medium) containing
10% (v/v) FCS (fetal calf serum), penicillin (100 units/ml)
and streptomycin (100 pug/ml). For generation of receptor-
expressing cell lines, HEK293 cells were seeded at a density
of 1.5 x 10° cells/10 cm diameter plate. After 24 h, cells were
transfected with expression vectors for wild-type or mutant hEP4-
R using a modified calcium phosphate method including 5 %
(v/v) bovine serum and 2.5 pg/ml 25-hydroxycholesterol (Sigma)
in the transfection medium. Transfectants stably expressing
either wild-type hEP4-R or receptor mutants were isolated in
DMEM containing 10% (v/v) FCS, penicillin (100 units/ml),
streptomycin (100 pg/ml) and 0.5 mg/ml G-418 as a substrate of
the selection marker aminoglycoside phosphotransferase (NEO).
Clonal cell lines were isolated by single-cell cloning and tested
for expression by PGE, binding. For expression of GFP-tagged -
arrestinl, cell lines expressing wild-type or mutant hEP4-R were
seeded on to poly-L-lysine-coated glass cover slips at a density
of 2 x 10° cells/3.5 cm diameter plate. After 24 h, cells were
transfected with Lipofectamine (Invitrogen) with an expression
vector for GFP-tagged S-arrestinl. Assays were performed 24 h
after transfection.

Membrane isolation and PGE; binding assay

Transfected cells were scraped into a hypotonic homogenization
buffer containing 50 mM Tris/HCI, pH 7.5, 5mM EDTA and
0.2mM Pefabloc SC (Biomol, Hamburg, Germany), with
10 pg/ml leupeptin and 10 pg/ml soybean trypsin inhibitor as
protease inhibitors. Cells were swollen for 10 min on ice and
then disrupted by vigorous vortexing. A crude membrane fraction
was prepared by centrifugation of the homogenate at 35000 g
for 20 min. The resulting pellet was suspended in binding buffer
containing 25 mM Mes/NaOH, pH 6.2, 10 mM MgCl, and 1 mM
EDTA. Membranes were stored at —70 °C. PGE, binding was
assayed by incubating membranes (20-50 ng of protein) with
0.5-5nM [*H]PGE, and various concentrations of unlabelled
PGE, in 100 ul of binding buffer for 1 h at 20 °C. Non-specific
binding was determined in the presence of 25 uM PGE,. Bound
and unbound ligand were separated by rapid vacuum filtration
through GF 52 filters (Schleicher & Schiill, Dassel, Germany).
Filters were washed five times with 4 ml of ice-cold binding
buffer. Radioactivity retained on the filter was counted in 5 ml
of Hydroluma (Baker, Deventer, The Netherlands). Binding
constants were calculated by non-linear regression analysis
(LIGAND [24]).

Cell surface ligand binding

Cells in 24-well plates (1 x 10° cells/well) were washed once
with a Hepes-buffered salt solution (15 mM Hepes, 4.7 mM KCl,
1.2 mM KH,PO,, 11 mM glucose and 2.2 mM CaCl,) and then
incubated for 2 h at 4 °C in 200 ul of buffer containing 5 nM
[*H]PGE,, in the presence or absence of 10 M unlabelled PGE,
to determine non-specific binding in the same buffer. Plates were

washed three times with ice-cold Hepes-buffered salt solution,
and cell-associated radioactivity was released by lysing cells in
400 pl of 0.3 M NaOH/1 % (w/v) SDS. The radioactivity in the
cell lysates was counted in 5 ml of Hydroluma.

cAMP determination

Receptor-expressing cells were harvested in homogenization buf-
fer and crude membranes were prepared as described above. Mem-
branes were suspended at a protein concentration of 1 pg/ml in
60 mM Tris/HCI, pH 7.5, containing protease inhibitors as above.
cAMP formation was determined by incubating 30 ul of this
membrane suspension with 50 ul of assay mixture (4 mM ATP,
20 mM MgCl,, 2 mM dithiothreitol, 20 uM GTP, 2 mM IBMX,
4 mM EDTA, 10 mM phosphocreatine and 20 units/ml creatine
kinase, pH 7.5) and PGE, at the concentrations indicated in a
total volume of 100 ul for 5 min at 37 °C. The reaction was
terminated by heating the mixture to 95 °C for 10 min. cAMP in
the supernatant was determined by RIA (Amersham Pharmacia)
according to the manufacturer’s instructions.

Intact cell phosphorylation and immunoprecipitation

Receptor-expressing  HEK293 cells in six-well plates were
washed two times with phosphate-free DMEM and prelabelled
for 60 min with 150 wCi/ml [**P]P; in 500 11 of the same medium
containing 10% (v/v) FCS that had been dialysed extensively
against 10 mM Hepes buffer, pH 7.5, containing 150 mM NaCl.
After cell labelling, PGE, was added for 10 min at 37 °C in a
volume of 500 pl of phosphate-free DMEM containing 10 % (v/v)
dialysed FCS. After stimulation, the medium was removed and
the cells were washed once with ice-cold 10 mM Hepes buffer,
pH 7.5, containing 150 mM NaCl. Cells were scraped into 800 ul
of lysis buffer/well [1 % (v/v) Triton X-100, 0.05 % (w/v) SDS,
50 mM Hepes, pH 7.5, 150 mM NaCl, 5 mM EDTA, 10 mM NaF,
10 mM sodium pyrophosphate, 0.2 mM Pefabloc SC, 10 pg/ml
leupeptin and 10 pg/ml soybean trypsin inhibitor], transferred to
Microfuge tubes and centrifuged for 30 min at 35000 g to remove
insoluble material. The supernatant was precleared for 60 min
at 4 °C with 100 ul of 10% (v/v) Sepharose 4B in lysis buffer
containing 0.1% (w/v) BSA. The precleared supernatant was
incubated for 2 h at 4 °C with an immune complex of 15 ug of
anti-FLAG monoclonal antibody M2 and 100 il of 10% (v/v)
Protein G—Sepharose FF in lysis buffer containing 0.2 % (w/v)
BSA, which was preformed by incubation for 60 min at 4 °C.
Immune complexes were collected by centrifugation and washed
five times with ice-cold lysis buffer. Bound receptor proteins
were displaced from the immune complexes by incubation for
60 min at 37 °C and 10 min at 60 °C under vigorous shaking with
Laemmli sample buffer containing 5 % (v/v) B-mercaptoethanol.
The amount of receptor proteins loaded on to SDS/PAGE was
equalized by parallel determination of cell surface ligand binding
by receptor-expressing cells as described above. Gels were
stained with Coomassie Blue and dried for Phosphorlmager
analysis. To quantify receptor phosphorylation, the intensity of
PhosphorImager bands was calculated using Quantity One (Bio-
Rad, Madison, WI, U.S.A.).

Mapping of phosphorylation sites

Receptor-expressing HEK293 cells ina 10 cm diameter plate were
labelled with 2 mCi of [**P]P; for 5 h, stimulated with 1 uM PGE,
for 10 min, lysed in 2.4 ml of lysis buffer and immunoprecipitated
as described above.

© 2004 Biochemical Society
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Generation of tryptic peptides

Immunoprecipitated proteins were separated by SDS/PAGE and
blotted on to a PVDF membrane. Phosphorylated receptors were
detected by phosphorimaging and the corresponding bands
were cut out. The membrane pieces were blocked for 1h at
room temperature with cleavage buffer [SO0 mM (NH,)HCO;]
containing 0.1% (v/v) Tween 20 and washed five times with
cleavage buffer. Receptors were cleaved with 1 g of modified
sequencing-grade trypsin (Promega) in 200 ul of cleavage buffer
for 12 h at 37 °C. Peptides released into the supernatant were
vacuum dried and oxidized with 50 ul of performic acid for
1h on ice. Reactions were diluted with 500 ul of water, frozen
and vacuum dried. Another digestion with 1 ug of trypsin was
performed in 50 ul of cleavage buffer for 12 h at 37 °C.

Generation of CNBr/endoproteinase GIuC peptides

Immunoprecipitated proteins on Protein G—Sepharose FF beads
were cleaved for 16 h with 250 1 of 100 mM CNBrin 70 % (v/v)
formic acid. The reaction was diluted with 500 ul of water and
centrifuged (15000 g for 5 min). The supernatant containing the
released peptides was frozen and vacuum dried. The dried peptides
were dissolved in 500 ul of water and freeze-dried three times to
remove residual formic acid. Peptides were redissolved in 100 p1
of 25 mM (NH,)HCO; and cleaved with 2 1g of sequencing-grade
endoproteinase GluC (Roche, Mannheim, Germany) for 16 h at
25°C.

Two-dimensional mapping of phosphopeptides

Samples were vacuum-dried, dissolved in 10 ul of electrophoresis
buffer (formic acid/acetic acid/water, 46:156:1790, by vol.,
pH 1.9), and phosphopeptides were separated by electrophoresis
on cellulose thin layer plates (Merck, Darmstadt, Germany)
in the first dimension (1000 V, 45 min, electrophoresis buffer)
followed by chromatography in the second dimension (isobutyric
acid/butan-1-ol/pyridine/acetic acid/water (1250:38:96:58:558,
by vol.) for 16h at room temperature. Plates were dried,
phosphopeptides were visualized by phosphorimaging and the
corresponding spots were scraped off the plates. Peptides were
extracted with 2 x 250 ul of 20 % (v/v) acteonitrile/0.1 % (v/v)
trifluoroacetic acid in a sonicated water bath and vacuum-
dried. Peptides (40-500 c.p.m.) were sequenced on a solid-phase
sequencer (ABI 477); 10-20 sequencing cycles were performed.
The eluates of each cycle were spotted on to membranes and their
2P content was quantified by phosphorimaging.

Molecular mass determination of CNBr-derived peptides

CNBr-derived peptides from PGE,-stimulated hEP4-Rs were
generated as described above. Peptides were separated by
SDS/PAGE on 16.5% Tris/Tricine peptide gels according to
Schagger and von Jagow [25]. Gels were dried and analysed using
a PhosphorImager after 2 days. Molecular masses of **P-labelled
peptides were calculated by comparison with “C-labelled peptide
molecular mass standards (Amersham Pharmacia).

Monitoring of agonist-induced B-arrestin1—GFP translocation
in living cells by confocal laser scanning microscopy

Confocal microscopy was performed using a Zeiss laser scanning
microscope (LSM 510). hEP4-R wild-type or mutant receptor-
expressing cells were grown on glass cover slips for 24 h and
then transiently transfected with a S-arrestinl-GFP expression
vector using Lipofectamine (Invitrogen). After 24 h, cells were
transferred to a tempered (37 °C) microscope stage filled with 1 ml

© 2004 Biochemical Society

of Krebs—Hepes buffer, pH 7.4, and treated with 1 uM PGE, for
0-30 min. Images were collected sequentially using single-line
excitation (488 nm).

Internalization assay

Cells were seeded in 24-well plates at a density of 1 x 10° cells/
well. Assays were performed 48 h later. Cell surface ligand
binding was performed for 2h at 4 °C or for 30 min at 37 °C
as described above. Plates were placed on ice and washed three
times with ice-cold Hepes-buffered salt solution. Surface-bound
ligand was eluted for 2 x 5 min with 200 ul of ice-cold 50 mM
glycine/HCl, pH 3.0, containing 150 mM NaCl. The residual cell-
associated radioactivity was released by lysing cells in 400 ul of
0.3M NaOH/1% (w/v) SDS. The radioactivity in the pH 3.0
eluate and in the cell lysate was counted in 5 ml of Hydroluma.

RESULTS

According to the paradigm of the 8,-adrenergic receptor, agonist-
dependent phosphorylation and B-arrestin recruitment are related
[11]. Therefore, experiments to map the site of phosphorylation
of the hEP4-R were carried out first. The C-terminal domain of
the hEP4-R contains 38 Ser or Thr residues that are potential sites
for agonist-induced receptor phosphorylation. In order to confine
the range within the C-terminal domain, which contains the
relevant phosphorylation sites, mutants were generated that lacked
all or some of the potential phosphorylation sites (Figure 1).
cDNAs of wild-type and mutant receptors were sequenced to
exclude the possibility that mutations other than the ones intended
were introduced by PCR artifacts. The cDNAs were cloned into
the expression vector pcDNA3 for transfection of HEK293 cells.
Clonal cell lines expressing wild-type or mutant receptors were
generated.

Characterization of the ligand binding and signal transduction
properties of wild-type hEP4-R and receptor mutants

The binding properties of the receptor proteins were characterized
by saturation binding assays in membranes of the cells. The K,
value for PGE, binding was approx. 2nM, and did not differ
significantly between the wild-type hEP4-R and the mutants
(Table 2). The cell clones selected expressed the respective
receptor proteins to similar levels. The maximal binding capacity
was approx. 2 pmol/mg of membrane protein, and there were no
statistically significant differences between cell lines expressing
the wild-type receptor or the receptor mutants. Wild-type and
mutant receptors both coupled to G;. Control of coupling, which
was shown previously to be dependent on the presence of an
intact C-terminal domain in the EP3-R [26], was not affected by
the mutants. The ECs, for PGE,-stimulated cAMP formation in
membranes of the cell lines varied between 0.5 and 8 nM (Table 2).
However, the differences in ECs, values between mutant and wild-
type receptors did not attain statistical significance. ECs, values
were thus all in the range of the K, values.

Localization of the main phosphorylation sites in the C-terminal
domain of the hEP4-R by characterization of receptor mutants

Stimulation of cells expressing the wild-type hEP4-R with 1 uM
PGE, for 10 min resulted in phosphorylation of the receptor
protein (Figure 2). The hEP4-R protein was immunoprecipitated
with the anti-FLAG M2 antibody, and the proteins in the
precipitate were separated by SDS/PAGE. The phosphorylated
receptor appeared as a single broad band of approx. 80 kDa by
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Figure 1

Potential phosphorylation sites are represented by black bars.

Table 2 Binding and signalling characteristics of wild-type and mutant
hEP4-Rs

Membranes from HEK293 cells stably expressing wild-type or mutant hEP4-Rs were prepared
and examined for [*H]PGE, binding and PGE,-induced cAMP formation. Ky and By values
were determined by non-linear regression analysis of saturation binding assays. cAMP formation
was stimulated by 10-1"-10—° M PGE,. ECs, values were determined by non-linear regression
analysis. Details are described in the Experimental section. Values are means + S.E.M. from the
numbers of independent experiments indicated in parentheses.

Receptor Kqg (nM) Brax (pmol/mg) ECsp (NM)

hEP4-R wild type 30+13(4) 1.0+0.4(4) 22+06(3)
hEP4-ST335-484A-R 32+10(4) 1.2+0.3(4) 1.7+09(3)
hEP4-ST335-405A-R 39+19(3) 14+04(3) 11401 (3)
hEP4-ST428-484A-R 1.6+03(3) 20+05(3) 06+05(3)
hEP4-ST335-382A-R 23+09(3) 20+01(3) 27+16(3)
hEP4-ST389-392A-R 29+09(3) 14404 (3) 83+26(3)
hEP4-ST335-354,389-484A-R 40+33(3) 1.8+0.7(3) 27+30(7)
hEP4-ST335-382,394-484A-R 17403(3) 20+05(3) 47+12(3)

phosphorimaging (Figure 2). In accordance with previous
observations [22], this phosphorylation was neither mimicked by
receptor-independent activation of protein kinase A or protein
kinase C nor inhibited by staurosporine (results not shown),
and thus was most probably mediated by GRKSs. It was shown
previously that the C-terminal domain of the hEP4-R was
necessary and sufficient to confer agonist-induced receptor
phosphorylation [22]. In line with these results, the mutant
hEP4-ST335-484A-R, in which all 38 potential phosphorylation
sites were replaced by Ala, was no longer phosphorylated upon
agonist exposure (Figure 2). Similarly, substitution with Ala of
all potential phosphorylation sites in the proximal part of the C-
terminal domain of the hEP4-R (hEP4-ST335-405A-R) resulted
in a decrease in agonist-induced receptor phosphorylation to
approx. 20% of the level observed with the wild-type receptor
(Figure 2). In contrast, a receptor mutant lacking all potential
phosphorylation sites in the distal part of the C-terminal domain,
but retaining the phosphorylation sites in the proximal part (hEP4-
ST428-484A-R), was phosphorylated to a similar extent as the
wild-type receptor upon stimulation with PGE, (Figure 2).
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Figure 2 Effects of Ser/Thr — Ala mutagenesis on PGE,-induced hEP4-R
phosphorylation

[*2P]P;-labelled HEK293 cells stably expressing FLAG-tagged wild-type or mutant hEP4-Rs
were stimulated for 10 min at 37 °C with 1 1M PGE,. Receptors were immunoprecipitated with
anti-FLAG M2 antibody and normalized for cell surface receptor expression. Receptor proteins
were resolved under reducing conditions by SDS/PAGE and phosphorylation was determined by
Phosphorlmager analysis after 2 days. Agonist-induced receptor phosphorylation was calculated
by subtracting the values of basal phosphorylation in the absence of stimulus for each receptor
variant, and was normalized to that obtained in cells expressing wild-type hEP4-R. The
upper panel shows a representative Phosphorimager analysis, and the lower panel shows
the quantitative analysis from pooled data from at least three independent experiments. Data are
means + S.E.M.; *P < 0.05 compared with cells expressing wild-type hEP4-R.

Thus agonist-dependent phosphorylation appeared to depend

predominantly on the presence of Ser/Thr residues in the proximal
part of the C-terminal domain. Therefore this region was studied
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in more detail. The proximal part of the C-terminal domain
contains two clusters of Ser/Thr residues. The first cluster is
located around amino acid 370, and the second cluster around
amino acid 390. Replacement by Ala of all Ser/Thr residues
up to Ser-382, including the first cluster (hEP4-ST335-382A-
R), reduced agonist-induced phosphorylation by approx. 70 %,
whereas replacement of Ser/Thr residues in the second cluster
(hEP4-ST389-392A-R) led to only a 40 % decrease in agonist-
induced phosphorylation (Figure 2). This indicated that the Ser
and Thr residues around the first cluster might be more relevant for
agonist-induced receptor phosphorylation than those around the
second cluster. This hypothesis was strengthened by the analysis
of two additional mutants. A mutant containing only Ser/Thr
residues in the region 359-382, including the first cluster (hEP4-
ST335-354,389-484A-R), was phosphorylated to a comparable
extent as the wild-type receptor, whereas a mutant containing
only the second cluster (hEP4-ST335-382,394-484A-R) showed
almost no agonist-induced phosphorylation (Figure 2).

In conclusion, analysis of mutant receptors indicated that PGE,-
induced hEP4-R phosphorylation depended predominantly on
the presence of Ser/Thr residues within the region 359-382. The
possibility cannot be excluded that Ser/Thr residues in the region
389-392 (Ser-389-Ser-390-Thr-391-Ser-392) and/or Ser/Thr
residues in the distal part of the C-terminal domain might
also be subject to agonist-induced phosphorylation; however, it
appeared that they contributed to total agonist-induced receptor
phosphorylation to a much lesser extent.

Identification by radio Edman degradation of phosphorylation sites
in the wild-type receptor and the mutant receptor
hEP4-ST335-354,389-484A-R

In order to identify those amino acids in the C-terminal
domain of the hEP4-R that are phosphorylated upon agonist
stimulation, proteolytic fragments of the C-terminal domain
of the agonist-stimulated *’P-labelled wild-type receptor and
receptor mutant hEP4-ST335-354,389-484A-R were isolated by
two-dimensional separation and then subjected to radio Edman
degradation. A tryptic digest of the wild-type receptor yielded
four **P-labelled peptides that could be separated by two-
dimensional chromatography (Figure 3A). Peptide 1 contained
most (60%) of the radioactivity. The residual radioactivity
was distributed equally among the other three peptides. Tryptic
cleavage of the mutant hEP4-ST335-354,389-484A-R, which
contained only the potential Ser/Thr phosphorylation sites within
the region encompassing residues 359382, yielded the same four
phosphopeptides as the wild-type receptor and one additional
phosphopeptide (peptide 5) that contained a minor fraction of the
radioactivity (Figure 3A). Notably, there was no phosphorylated
tryptic fragment that appeared exclusively in the digest of the
wild-type receptor. Therefore, upon agonist stimulation, the vast
majority of the *P radioactivity in the wild-type receptor must
have been incorporated into Ser/Thr residues within region 359—
382 that are also present in the mutant receptor. There are three
potential tryptic fragments in this region. In order to assign these
tryptic fragments to the phosphopeptides, the phosphopeptides
were extracted and sequenced (Figure 3B). Radioactivity eluted
in the first sequencing cycle of peptide 1 (Figure 3B), in the
second sequencing cycle of peptide 2, in the fourth sequencing
cycle of peptide 3, in the second and the sixth sequencing cycles of
peptide 4, and in the second and third sequencing cycles of peptide
5. Peptide 4 was only successfully sequenced from the mutant
hEP4-ST335-354,389-484A-R. Peptide 1, which contained most
of the radioactivity, could not be assigned to one particular tryptic
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fragment, since a serine or threonine residue was located at
position 1 in all of the three tryptic fragments containing potential
phosphorylation sites between Ser-359 and Ser-382. Only one
tryptic fragment in the relevant part of the C-terminal domain
contains a Ser/Thr residue at position 2. Therefore peptide 2 was
assigned to the tryptic fragment Thr-369-Arg-378 phosphorylated
at Ser-370. Peptide 3 was assigned to the tryptic fragment Ser-
379—Arg-383 phosphorylated at Ser-382. Peptide 4 represented
tryptic fragment Thr-369-Arg-378 with a double phosphorylation
at Ser-370 and Ser-374, and peptide 5 was assigned to the same
tryptic fragment with phosphorylation at Ser-370 and Ser-371
(Figure 3B).

Radio Edman degradation of tryptic fragments of the C-
terminal domain did not allow us to assign the main phospho-
peptide to one particular tryptic fragment. Therefore the agonist-
exposed, **P-labelled wild-type receptor was cleaved with CNBr
(cleavage after methionine), and the resulting phosphopeptides
were separated by SDS/PAGE. CNBr cleavage of the hEP4-R
C-terminal domain yielded two hypothetical fragments including
Ser/Thr residues between Ser-359 and Ser-382 (fragment 1, Val-
271-Met-373; fragment 2, Ser-374-Met-421), with calculated
molecular masses of 11.6 and 5.1 kDa respectively (Figure 4A).
Two major *P-labelled peptides were separated by SDS/PAGE
of the CNBr fragments of the wild-type receptor. Peptide 1,
which contained most (60 %) of the radioactivity, had an apparent
molecular mass of 6.3 kDa, whereas peptide 2, which contained
20 % of the total radioactivity, had a molecular mass of approx.
11.7 kDa. Phosphorylation of the hEP4-R was shown to lead to
retardation in the electrophoretic mobility of the receptor protein
[27]. Therefore peptide 1 most probably represented fragment 2
(Ser-374-Met-421), while peptide 2 represented fragment 1 (Val-
271-Met-373). Under this assumption, the major phosphopeptide
1 of the tryptic map would represent fragment Ser-379-Arg-383,
phosphorylated at Ser-379 (Figure 3B). In an attempt to further
support this hypothesis, the agonist-exposed, **P-labelled wild-
type receptor was cleaved with CNBr and subsequently with
endoproteinase GluC (cleavage after glutamic acid). The resulting
phosphopeptides were separated as described above. The majority
of the radioactivity was concentrated in one peptide (Figure 4B),
which was purified and subjected to radio Edman degradation. The
radioactivity eluted in sequencing cycles 1, 4, 6 and 9 (Figure 4B).
There is only one potential CNBr/GluC fragment that contains
Ser/Thr residues in these positions, i.e. fragment Ser-374—Glu-
384. The phosphorylated amino acids then correspond to Ser-374,
Ser-377, Ser-379 and Ser-382. With the exception of Ser-377, all
of these phosphorylated residues had also been detected in the
tryptic fragments (Figure 3B).

Although the analysis of the phosphopeptides after tryptic
cleavage and CNBr/GluC cleavage did not yield 100 % congruent
results, and do not allow us to identify single amino acids as
major substrates for agonist-induced phosphorylation, the data
from the phosphopeptide analysis together with the analysis of
the phosphorylation behaviour of the mutant receptors strongly
support the hypothesis that the main site of agonist-induced
receptor phosphorylation in the hEP4-R C-terminal domain is
located proximal of Ser-382, presumably between Ser-370 and
Ser-382, whereas Ser/Thr residues distal of Ser-382 were not
relevant for maximal agonist-induced receptor phosphorylation.

Agonist-induced subcellular redistribution of g-arrestin1—GFP in
cells expressing wild-type and mutant hEP4-Rs

Agonist-induced receptor phosphorylation and receptor—f-
arrestin interactions are related for most GPCRs [28]. In order



EP4 receptor phosphorylation, arrestin interaction and internalization 579

Wild e
. s 13 100 Pﬂpﬁdﬁ 1 Pasition Sequence
'E. £ 3 " 358-368  S(359)GQHCSDSOR
g _:_::_ - 386-378  T(369)SSAMSGHSR
% _g 4 ' 2 20 379-383  S(3TY)FISR
E E g 1. i 100 Peptide 2 Position  Sequence
ES e 359-368 SGOHCSDSQR
) (61%) —_ 60
7 - 369-378  TS(3T0)SAMSGHSR
3 6 4 < 2 379-383  SFISR
+ —
E]ectmphnrﬁis -E‘ 100 Peptida 3 Position  Sequence
Migration (cm) E 60 359- 388 SGOHCSDSAR
© 360-378  TSSAMSGHSR
ST335-?-24. 3!!'9-484A :g 20 379-383  SFIS(382)R
o
== 13 14 100 Peptide 4 Position Sequence
£E 5 4 ::' -~ 35 . 368 SGQHCSDSQR
E _E_ 11 . ‘ 29 359 - 378 TS{IT0)SAMS(374)GHSR
g5 20 379 - 383 SFISR
© = 1.
E Lg‘ I:BI‘%] 100 ngﬁde 5 Pasition Sequence
£= 7 80 359- 368 SGQHCSDSAR
Qo 389 - 378 TS(370)S(371)AMSGHSR
* 8 6 4 20 379 - 383 SFISR
—
Electrophoresis 12345678910

Migration (cm)

Sequencing Cycle

Figure 3 Analysis of tryptic phosphopeptides generated from wild-type hEP4-R and mutant hEP4-ST335-354,389-484A-R

(R) %2P;-labelled HEK293 cells stably expressing FLAG-tagged wild-type hEP4-R or mutant hEP4-ST335-354,389-484A-R were stimulated for 10 min at 37 °C with 1 M PGE,. Following
immunoprecipitation and SDS/10 %-PAGE, isolated proteins were transferred on to PVDF membranes and analysed using a Phosphorlmager. The 3 P-labelled receptors were digested in situ with
trypsin and the resulting peptides were separated on TLC plates by high-voltage electrophoresis and subsequent chromatography. -+ indicates the polarity during electrophoresis. Thereafter,
phosphopeptides were localized by Phosphorimager analysis and the relative contributions of each peptide to total radioactivity were quantified. (B) Phosphopeptides were eluted and subjected to
10 cycles of Edman degradation. Cleaved phenylthiohydantoin-amino acids were collected and analysed using a Phosphorlmager to locate the positions of the phosphorylation sites. The content of
32p radioactivity of each sequencing cycle was quantified and expressed in arbitrary units (AU). Phosphorylation sites were identified by scanning potential tryptic fragments, which include Ser/Thr
residues between Ser-359 and Ser-382, for Ser/Thr residues at the respective positions determined by phosphopeptide sequencing (n= 1). Identified phosphorylation sites are highlighted in bold.

to analyse the interdependence of the phosphorylation and
B-arrestin interaction of the hEP4-R, cells expressing either wild-
type or mutant receptors were transfected transiently with a g-
arrestin]-GFP expression vector. The PGE,-induced subcellular
redistribution of S-arrestinl-GFP was monitored for 30 min in
living cells by laser scanning microscopy.

In the absence of agonist, B-arrestinl-GFP was distributed
uniformly in the cytoplasm of cells expressing wild-type or mutant
hEP4-Rs (Figure 5). Only a small amount of S-arrestinl-GFP
was located in the nucleus. The intracellular distribution of 8-
arrestinl was thus similar to its distribution reported previously
for HEK293 cells [29]. In cells expressing wild-type hEP4-R, 8-
arrestin1-GFP was redistributed from the cytoplasm to the plasma
membrane within 2 min of PGE, addition (Figure 5). After longer
agonist exposure, B-arrestinl-GFP was redistributed from the
plasma membrane to endocytotic vesicles. These vesicles were
first detected after 5 min, grew in size and number to a maximum at
10 min, and were still observed after 30 min of agonist treatment.
In contrast, in cells expressing the mutant receptor hEP4-ST335-
484 A-R that lacks all Ser/Thr residues in the C-terminal domain,
PGE, induced neither acute recruitment of B-arrestinl-GFP to
the plasma membrane nor its redistribution into intracellular
vesicles upon prolonged agonist exposure. Similarly, substitution
of all Ser/Thr residues in the proximal half of the C-terminal
domain (mutant hEP4-ST335-405A-R) abolished PGE,-induced
B-arrestin]—-GFP translocation (Figure 5). In cells expressing the
mutant hEP4-ST428-484A-R, which retains the Ser/Thr residues

in the proximal half but lacks all of them in the distal half of the
C-terminal domain, B-arrestin]-GFP was recruited to the plasma
membrane within 2 min of stimulation by PGE,. In contrast with
cells expressing wild-type hEP4-R, however, the majority of the
B-arrestin]-GFP remained at or close to the plasma membrane
even after prolonged agonist treatment, and only a very small
amount of S-arrestin]l-GFP trafficked into endocytotic vesicles
(Figure 5), which were smaller in number and size than in cells
expressing wild-type receptor. These results indicate that Ser/Thr
residues in the proximal part of the hEP4-R C-terminal domain
are essential for the receptor—g-arrestinl interaction. In addition,
Ser/Thr residues in the distal part appear to be necessary for effi-
cient direction of hEP4-R—f-arrestin1 complexes into endocytotic
vesicles.

The proximal part of the C-terminal domain also contains
the main site of agonist-induced phosphorylation of the hEP4-
R, which appears to be located between Ser-370 and Ser-382.
To analyse if these phosphorylation sites are identical with the
Ser/Thr residues required for the recruitment of B-arrestinl-GFP
to the plasma membrane, §-arrestin1-GFP translocation was stud-
ied in cells expressing receptor mutants hEP4-ST335-354,389—
484A-R (retaining the putative main site of phosphorylation) and
hEP4-ST335-382A-R (lacking the putative main site of phos-
phorylation, but retaining all Ser/Thr residues distal of this site).
Surprisingly, no B-arrestin]l-GFP translocation was observed
in cells expressing hEP4-ST335-354,389-484A-R (Figure 5),
although the receptor was phosphorylated to a similar extent as
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Figure 4 Analysis of CNBr and CNBr/endoproteinase GluC phosphopeptides generated from wild-type hEP4-R

(A) [*P]P;-labelled HEK293 cells stably expressing FLAG-tagged wild-type hEP4-R were stimulated for 10 min at 37 ©C with 1 ..M PGE,. Following immunoprecipitation, receptors were digested
in situ with CNBr on immune complexes. Phosphopeptides were resolved by SDS/PAGE on 16.5 % Tris/Tricine gels and analysed using a Phosphorlmager. Molecular masses of the phosphopeptides
were estimated relative to "C-labelled low-molecular-mass standard peptides (n=2). The potential molecular masses of hypothetical CNBr fragments including potential phosphorylation sites
between Ser-359 and Ser-382 were calculated using GenePro5. (B) Phosphopeptides generated by CNBr cleavage of wild-type hEP4-R were subsequently digested with endoproteinase GIuC. The
resulting peptides were separated and analysed by Phosphorlmager and phosphopeptide sequencing as described above for tryptic peptides. The main CNBr/endoproteinase GluC phosphopeptide
was subjected to 20 cycles of Edman degradation. Phosphorylation sites were identified by scanning of potential CNBr/endoproteinase GluC fragments, which include phosphorylation sites between
Ser-359 and Ser-382, for Ser/Thr residues at the respective positions determined by phosphopeptide sequencing (n=1). Identified phosphorylation sites are highlighted in bold.

wild-type hEP4-R (Figure 2). In contrast, in cells expressing
hEP4-ST335-382A-R, B-arrestinl-GFP was recruited to the
plasma membrane within 2 min of stimulation by PGE, (Figure 5),
but no translocation of B-arrestinl-GFP into endocytotic vesicles
was observed after prolonged agonist treatment. S-Arrestinl—
GFP remained at or close to the plasma membrane until 10 min of
agonist exposure, and then returned gradually into the cytoplasm,
where most of it was evenly distributed after 30 min of agonist
exposure. These results led to the hypothesis that the presence
of the Ser/Thr cluster comprising residues 389-392 might be
mandatory for the interaction of the hEP4-R with B-arrestinl. To
prove this concept, PGE,-induced B-arrestin]1-GFP translocation
was monitored in cells exclusively lacking Ser/Thr residues 389—
392 (hEP4-ST389-392A-R) or containing this cluster as the
only Ser/Thr residues in the C-terminal domain (hEP4-ST335—
382,394-484A-R). Substitution of the Ser/Thr cluster 389—392
by Ala completely abolished translocation of S-arrestinl-GFP
to the plasma membrane in hEP4-ST389-392A-R-expressing
cells (Figure 5), and p-arrestinl-GFP did not redistribute
into intracellular vesicles after prolonged agonist exposure. In
contrast, in cells expressing hEP4-ST335-382,394-484A-R, a
small but significant amount of B-arrestin1-GFP was recruited to
the plasma membrane within 2 min of agonist stimulation. Plasma
membrane localization of B-arrestin1-GFP in these cells was very
transient, and it was redistributed from the plasma membrane back
to the cytoplasm within 10 min of agonist treatment (Figure 5).
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Agonist-induced internalization of wild-type and mutant hEP4-Rs

Agonist-induced receptor internalization was tested by measuring
internalization of the ligand-occupied receptor. This was mon-
itored by the decrease in cell surface-accessible radioactively la-
belled ligand at 37 °C, a temperature that permits internalization,
in comparison with that at4 °C, a temperature that does not permit
internalization (Figure 6). At a concentration of 5 nM [*H]PGE,
45 % of the PGE, binding sites were internalized into intracellular
compartments (Figure 6). This receptor internalization was
abolished in cells expressing the hEP4-ST335-484A-R mutant,
which lacks all Ser/Thr residues in the C-terminal domain.
Thus Ser/Thr residues in the hEP4-R C-terminus are apparently
essential determinants of agonist-induced receptor internalization.
Substitution by Ala of Ser/Thr residues either in the proximal part
(hEP4-ST335-405A-R) or in the distal part (hEP4-ST428-484A-
R) of the C-terminal domain reduced PGE,-induced receptor
internalization to 20% of total specific cell surface binding
(Figure 6), indicating that Ser/Thr residues in both parts of
the C-terminal domain are involved in receptor internalization.
In cells expressing the hEP4-ST335-354,389—484A-R mutant,
which was phosphorylated to a similar extent as the wild-type
receptor (Figure 2) but did not interact with S-arrestinl-GFP
(Figure 5), internalization was severely impaired (Figure 6).
In contrast, agonist-induced receptor internalization was not
significantly different from that in cells expressing wild-type
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Figure 5 PGE,-induced subcellular redistribution of g-arrestin1-GFP in cells expressing wild-type or mutant hEP4-Rs

HEK293 cells stably expressing wild-type or mutant hEP4-Rs were transiently transfected with an expression vector for g-arrestini—GFP. After 24 h, cells were transferred to a heated (37 °C)
microscope stage filled with 1 ml of Krebs/Hepes buffer, pH 7.4, and the distribution of B-arrestin1-GFP was visualized before and after treatment with 1 .M PGE, on a Zeiss 510 inverted laser
scanning microscope (excitation = 488 nm, emission =515 nm). Shown are representative confocal microscopic images of B-arrestin1—GFP fluorescence in the same cells treated with PGE, for
0,2, 10 or 30 min at 37 °C. White arrows highlight g-arrestin1—GFP recruitment in cells expressing the mutant hEP4-ST335-389,394-484A-R. Scale bars =10 em.

hEP4-R in cells expressing the hEP4-ST335-382A-R mutant
(Figure 6), which upon agonist stimulation was phosphorylated to
a significantly lesser extent than the wild-type receptor (Figure 2),
but interacted with pB-arrestinl-GFP (Figure 5). Selective
elimination of the Ser/Thr 389-392 cluster, which appeared to
be essential for the agonist-induced B-arrestin]-GFP interaction,
reduced agonist-induced internalization to a similar extent as the
complete elimination of all Ser/Thr residues in the proximal half
of the C-terminal domain. Agonist-induced internalization was
almost abolished in cells expressing a receptor that contained
only the Ser/Thr 389392 cluster (i.e. no other Ser/Thr residues)
(Figure 6).

In conclusion, agonist-induced internalization of the hEP4-R
seems not to depend primarily on its phosphorylation. Rather, the
interaction with B-arrestinl is a prerequisite. In order to obtain
maximal agonist-induced internalization, however, additional
Ser/Thr residues distal to those responsible for the interaction
with B-arrestin are required.

DISCUSSION

The signalling of PGE, via the EP4-R is modulated by
desensitization of this PGE, receptor subtype. Previous studies
showed that the C-terminal domain is necessary and sufficient
to confer desensitization of the hEP4-R [7]. Desensitization
of many GPCRs is linked to GRK-dependent and/or second

messenger-activated kinase-dependent receptor phosphorylation.
The C-terminal domain of the hEP4-R has been shown to undergo
agonist-induced phosphorylation [22], and contains 38 Ser/Thr
residues that may serve as potential substrate for these kinases.
Sequential truncation and site-directed mutagenesis led to the
hypothesis that only some of these potential phosphorylation
sites are relevant for desensitization [30]. However, no study has
directly assessed which amino acids in the C-terminal domain
of the hEP4-R are necessary for the interaction with B-arrestin
and the internalization of the receptor, and which Ser/Thr residues
are phosphorylated upon agonist stimulation.

Mapping of phosphorylation sites

Replacement of all Ser/Thr residues in the C-terminal domain
of the hEP4-R with Ala resulted in a complete loss of agonist-
induced phosphorylation, indicating that such phosphorylation is
restricted to the C-terminal domain (Figure 2). In accordance with
this result, a truncation mutant lacking the C-terminal domain was
no longer phosphorylated [27]. Substitution of blocks of Ser/Thr
residues revealed that the phosphorylation of the hEP4-R occurred
predominantly in the proximal part of the C-terminal domain
(Figure 2). Ser/Thr residues in the region comprising residues
359-382 appeared to be necessary and sufficient for maximal
PGE,-induced phosphorylation. These findings are supported
indirectly by previous studies in which this cluster of potential
phosphorylation sites had been shown by sequential truncation

© 2004 Biochemical Society
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Figure 6 PGE;-induced internalization of wild-type and mutant hEP4-Rs

HEK293 cells expressing wild-type or mutant hEP4-Rs were incubated with 5 nM [*HIPGE;
for 2 hat 4 °C or for 30 min at 37 °C. Unspecific cell surface binding was determined in the
presence of 10 M PGE,. Unbound ligand was removed and cell surface-bound [*H]PGE, was
eluted by two subsequent incubations with acidic buffer (pH 3) for 5 min. The remaining cells
were lysed and radioactivity in the eluate and the cell lysate was counted. Receptor internalization
was calculated as the decrease in the percentage of [*H]PGE, cell surface binding in relation
to whole-cell [*HIPGE, binding at 37 ©C compared with 4 °C. Data are means + S.E.M. from
at least three independent experiments performed in triplicate; *P < 0.05 for ratio of specific
[*HIPGE, cell surface binding in relation to whole-cell specific [*HIPGE, binding at 37 °C
compared with 4 °C; 7P < 0.05 compared with cells expressing wild-type hEP4-R.

and block mutation to be required for PGE,-induced hEP4-R
desensitization [30].

The range of Ser/Thr residues in the C-terminal domain that was
most relevant for agonist-induced phosphorylation was further
narrowed by radio Edman degradation of **P-labelled proteolytic
fragments of the wild-type hEP4-R C-terminal domain. This
method also excluded potential artifacts resulting from the
compensatory use of secondary phosphorylation sites after elim-
ination of the principal phosphorylation sites (see below). One
major phosphorylated peptide was identified after CNB1r/GluC
cleavage in which Ser-374, Ser-377, Ser-379 and Ser-382 were
phosphorylated (Figure 4B). All of these phosphorylation sites
are located in the potential hEP4-R wild-type CNBr fragment
Ser-374-Met-421, which contained 60% of the total radio-
activity incorporated into the hEP4-R upon agonist stimulation.
Analysis of tryptic fragments revealed Ser-370 as an additional
phosphorylation site in the wild-type hEP4-R, and confirmed
the phosphorylation of Ser-379 and Ser-382 (Figure 3A). The
range of amino acids that according to radio Edman degradation
appeared to be phosphorylated in the ligand-occupied receptor
(residues 370-382) overlapped by 100 % with the block of Ser
residues whose elimination had been shown previously to be
essential for agonist-induced desensitization of the hEP4-R [30].

The results obtained by sequencing of the main tryptic
phosphopeptide and the main CNBr/GluC phosphopeptide are
somewhat discordant, in that the CNBr/GluC fragment contained
four phosphorylated serine residues, Ser-374, Ser-377, Ser-379
and Ser-382, pairs of which should have been found in the
tryptic fragments as well. However, tryptic peptides with a double
phosphorylation of Ser-379/Ser-382 or Ser-377/Ser-379 were not
detected. The main tryptic phosphopeptide appeared to contain
an isolated phosphorylation of Ser-379, while only minor tryptic
phosphopeptides were found with an isolated phosphorylation of
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Ser-370 or Ser-382 and a double phosphorylation at Ser-370/Ser-
374. Taken together, the data indicate that serine residues between
Ser-370 and Ser-382 represent the predominant phosphorylation
sites, but that the ratio of phosphorylation of single serines in
this sequence can vary between experiments. Although radio
Edman degradation did not permit the identification of single
Ser/Thr residues as the exclusive substrate(s) for GRK-mediated
phosphorylation of the hEP4-R, these results, together with the
analysis of mutant receptors lacking groups of Ser/Thr residues,
provided strong evidence that the principal phosphorylation sites
for agonist-induced phosphorylation of the hEP4-R are located
between Ser-370 and Ser-382.

Elimination of all potential phosphorylation sites in the
proximal part of the C-terminal domain (mutant hEP4-ST335—
405A-R) resulted in a marked decrease in, but not a complete
loss of, agonist-induced receptor phosphorylation (Figure 2).
This might indicate that potential phosphorylation sites in the
distal part of the C-terminal domain may also serve as substrates
for GRKs, although they contributed to the agonist-induced
receptor phosphorylation to a much lesser extent than the Ser/
Thr residues in the putative principal phosphorylation site.
However, the possibility cannot be excluded that the residual phos-
phorylation in this mutant represents only a compensatory use
of the distal phosphorylation sites in a receptor lacking the
principal proximal phosphorylation sites. This latter possibility
is supported by the finding that a tryptic digest of the agonist-
exposed wild-type receptor yielded no phosphopeptide that was
absent from the mutant hEP4-ST335-354,389-484A-R that lacks
all phosphorylation sites in the distal part of the C-terminal domain
(Figure 3A).

Agonist-induced hEP4-R—p-arrestin interaction

Recruitment of S-arrestin to the ligand-occupied receptor is
generally a key step in initiation of the desensitization of GPCRs
[28]. Phosphorylation of the receptor does not always appear
to be a prerequisite for S-arrestin recruitment, but often greatly
enhances the stability of the S-arrestin—receptor complex. The
hEP4-R seems to follow this general rule. Apparently, two
different neighbouring regions in the C-terminal domain were
required for initial and sustained interaction of the hEP4-R with
B-arrestinl. The cluster of Ser/Thr residues in the region 389—
392 was absolutely essential for agonist-induced pB-arrestinl
recruitment (Figure 5), but this cluster apparently contributed
little to agonist-induced receptor phosphorylation. The presence
of Ser/Thr residues in the region between Ser-370 and Ser-
382, which appeared to be the main site of agonist-dependent
receptor phosphorylation (Figure 2), was not necessary for the
interaction of B-arrestinl with the ligand-occupied receptor;
however, phosphorylation of these residues apparently was crucial
for the formation of stable receptor—g-arrestinl complexes, since
B-arrestinl redistribution was weaker and more transient in all
mutants lacking this site but retaining the Ser/Thr 389-392
cluster (Figure 5). The present results are somewhat contradictory
to results published previously [30]. In that study a receptor
mutant that was truncated after amino acid 383, and thus lacked
the Ser/Thr 389-392 cluster but retained the putative main
phosphorylation sites within region 370-382, showed the same
agonist-induced desensitization as the wild-type receptor [30]. In
contrast with the present study, these authors analysed the agonist-
induced hEP4-R—g-arrestinl interaction only for the wild-type
receptor, but not for the truncated receptor mutant lacking
the potential B-arrestinl interaction site [31]. The possibility
therefore cannot be ruled out that truncation of a main portion of
the hEP4-R C-terminal domain in this mutant may have induced
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an artificial conformation that allowed a receptor—fS-arrestin
interaction in the absence of the newly identified B-arrestin in-
teraction site.

There are other examples of GPCRs in which phosphorylation
and B-arrestin interaction are not strictly correlated. For instance,
elimination of Ser/Thr residues in the C-terminal domain of
rhodopsin that were not identical with the preferred target
sites of GRK-mediated phosphorylation had only a small effect
on rhodopsin phosphorylation, but dramatically decreased the
rhodopsin—arrestin interaction [32]. On the other hand, transloca-
tion of B-arrestinl to the plasma membrane was clearly observed
in cells expressing a phosphorylation-deficient C5a receptor
mutant lacking the preferred phosphorylation site [33].

GPCRs can be subdivided in two classes with respect to their
interaction with B-arrestin. Class A receptors, such as the f,-
adrenergic receptor and the endothelin A receptor, have a higher
affinity for S-arrestin2 than for S-arrestinl, and the agonist-
induced formation of B-arrestin—receptor complexes is transient,
despite phosphorylation of the receptor molecule [29,34]. In
contrast, class B receptors, such as the angiotensin II receptor
and the substance P receptor, have similar affinities for the two
B-arrestin isoforms, and activation of these receptors by agonist
leads to the formation of stable complexes that are located in
intracellular vesicles after prolonged agonist exposure [29,34].
The molecular determinants contributing to the formation of
stable receptor—f-arrestin complexes have been shown to be
clusters of Ser/Thr residues in the C-terminal receptor domains
[34]. Structurally, the hEP4-R belongs to the class B receptors,
containing four clusters of Ser/Thr residues: cluster 1, residues
369-371; cluster 2, 389-394; cluster 3, 428-430; cluster 4, 437—
443. In cells expressing the wild-type hEP4-R, PGE, stimulation
led to a rapid recruitment to the plasma membrane of S-
arrestinl, which formed a complex with the activated receptor.
After prolonged agonist treatment, B-arrestinl was found to
be located in endocytotic vesicles, indicating the formation of
stable complexes with internalized hEP4-R. As expected, wild-
type hEP4-R behaved as a typical class B receptor. However,
despite the presence of the putative B-arrestinl recruitment site
(Ser/Thr cluster 389-392) and the putative main phosphorylation
site (residues 370-382) in cells expressing the mutant hEP4-
ST428-484A-R, B-arrestinl accumulated in intracellular vesicles
upon agonist stimulation to a much lesser extent than in cells
expressing the wild-type receptor (Figure 5). Rather, S-arrestinl
remained at or close to the plasma membrane. No redistribution
back into the cytosol was observed. This indicates that although
B-arrestinl formed stable complexes with the phosphorylated
mutant receptor, these S-arrestinl-receptor complexes were
not internalized efficiently. This is in line with the results of
measurements of receptor internalization.

Agonist-induced hEP4-R internalization

Wild-type hEP4-R underwent agonist-induced internalization: the
number of cell surface-accessible binding sites was reduced by
45 % after 30 min of agonist exposure (Figure 6). This is in line
with previous reports [27,35]. Substitution of all Ser/Thr residues
in the C-terminal domain by Ala resulted in an almost complete
loss of agonist-induced internalization (Figure 6), similar to what
was observed after truncation of the C-terminal domain [27].
Internalization of GPCRs is often mediated by binding of -
arrestin to the agonist-activated receptor [17]. This was shown for
the 8,-adrenergic receptor [15], the V, vasopressin receptor [36]
and the CCRS5 receptor [37] to name but a few. Surprisingly,
complete abrogation of the hEP4-R—f-arrestinl interaction
(hEP4-ST335-405A-R and hEP4-R-ST389-392A-R mutants)

did not result in the complete loss of agonist-induced receptor
internalization. Rather, agonist-induced internalization amounted
to approx. 50 % of that of the wild-type receptor. In addition,
Ser/Thr residues in the distal part of the C-terminal domain,
which appeared not to contribute to B-arrestinl recruitment or
stabilization of the B-arrestinl-receptor complex, were necessary
to obtain maximum agonist-induced internalization (mutant
hEP4-ST428-484A-R compared with wild-type hEP4-R),
indicating that a mechanism independent of B-arrestinl complex-
formation contributed to agonist-induced internalization.
Notably, this S-arrestinl-independent mechanism and arrestinl
recruitment, but not stabilization of the p-arrestinl-receptor
complex by phosphorylation (hEP4-ST335-382A-R), appeared
to be necessary to maintain full agonist-induced receptor internali-
zation. These results are in line with findings of a previous study
reporting that elimination of residues 370-382 did not affect
hEP4-R internalization, and that agonist-induced internalization
was improved by co-expression of S-arrestin and inhibited
by co-expression of dominant-negative B-arrestin-(319—418) or
dominant-negative dynamin I K44 A, suggesting a S-arrestin- and
dynamin-dependent pathway of hEP4-R internalization [31,35].
The present results are, however, in striking contrast to the results
of the same study [35], which showed that truncation of the hEP4-
R C-terminal domain after Ser-382 did not affect agonist-induced
internalization, suggesting that Ser/Thr residues distal to Ser-382
are not involved in hEP4-R internalization. A possible explanation
might be that positive and negative regulatory elements are present
in the hEP4-R C-terminal domain that co-operate in controlling
the internalization of hEP4-R. Truncation of the C-terminal
domain might have resulted in the loss of negative regulatory
elements that counteract arrestin-mediated internalization in the
wild-type receptor and whose action needs to be compensated by
additional elements in the distal C-terminal domain. A similar
situation was described for the physiological relevance of C-
terminal Ser residues in bradykinin B, receptor internalization,
where substitution of one Ser residue by Ala inhibited receptor
internalization, whereas substitution of another Ser significantly
enhanced bradykinin-induced internalization [38].

Conclusion

Ser/Thr residues in the C-terminal domain of the hEP4-R
contribute to agonist-induced B-arrestinl recruitment, receptor
phosphorylation and receptor internalization in a complex way.
Thus the Ser/Thr cluster comprising residues 389—392 appears to
be crucial for the initial interaction of the ligand-occupied receptor
with B-arrestinl; however, these residues appear not to contribute
significantly to agonist-induced receptor phosphorylation.
Phosphorylation of the putative principal phosphorylation sites
within the region comprising residues 370-382, however, appears
to contribute to the stabilization of the hEP4-R—pg-arrestinl
complex. Additional Ser/Thr residues in the distal half of the C-
terminal domain appear to be required for maximally efficient
internalization of this complex. These Ser/Thr residues by
themselves may confer a weaker, B-arrestinl-independent inter-
nalization of the agonist-occupied receptor. Apart from serving
as potential phosphorylation sites, Ser/Thr residues distal to the
370-382 region might contribute to stabilization of the C-terminal
domain in a certain conformation that is required for its function
in agonist-induced hEP4-R desensitization and internalization.
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APPENDIX

Generation of mutant receptors
hEP4-ST335-484A-R

First, a SnaBI restriction site was introduced at position 1582
of the hEP4-R cDNA for further cloning steps. A 1000 bp 5’
fragment was generated with FLAG-hEP4-f as forward primer
and hEP4-SnaBI-r as a reverse primer containing the mutation
(see Table 1). A 500 bp 3’ fragment was produced with hEP4-
SnaBI-f (Table 1) and the primer hEP4-Xba-r. A PCR product
containing the entire open reading frame was generated with both
overlapping fragments as template and the primers FLAG-hEP4-
f and hEP4-Xba-r. The PCR product was digested with HindIII
and Xbal and then ligated into the HindIII-Xbal site of pcDNA3,
generating plasmid pcDNA3/hEP4-R-wt. The plasmid served as
a template for PCR with primer pair hEP4-SnaBI/Kpnl-f and
hEP4-Xba-r (Table 1) to amplify a cDNA fragment coding for the
C-terminal domain of the receptor. In addition a Kpnl site was
added at the 5'-end of the fragment, and Ser/Thr residues in the
region 335-338 were mutated to alanine. The PCR product was
digested with Kpnl and Xbal and then ligated into the Kpnl-Xbal
site of pBluescript (Stratagene, La Jolla, CA, U.S.A), generating
plasmid pBs/hEP4Ct-ST335-338A. Ser/Thr residues in the region
369-382 were mutated to alanine by PCR using pcDNA3/hEP4-
R-wt as a template with primer pair EP4-SnaBI/KpnI-f and
hEP4-3-r. The PCR product was digested with SnaBI and Smal
and inserted into pBs/hEP4Ct-ST335-338A, which was digested
by the same enzymes, generating plasmid pBs/hEP4Ct-ST335—
338,369-382A. For mutation of Ser/Thr residues in the region
428-443,2a1300 bp 5’ fragment was generated with primer FLAG-
hEP4-f as forward primer and hEP4-6-r as reverse primer
containing the mutation (pcDNA3/hEP4-R-wt as a template)
(Table 1). A 200bp 3’ fragment was produced with primers
hEP4-6-f and hEP4-Xba-r (Table 1). The PCR products were
fused by PCR with both overlapping fragments as template and
the primers FLAG-hEP4-f and hEP4-Xba-r. The PCR product
was digested with Styl and Xbal and then ligated into hEPACt-
ST335-338,369-382A, which was digested with the same
enzymes, generating plasmid hEP4Ct-ST335-338,369-382,428—
443A. Ser/Thr residues in the regions 354-366 and 400405 were
eliminated by PCR with the primer pair hEP4-2-f and hEP4-5-r
using plasmid pBs/hEP4Ct-ST335-338,369-382A as a template.
The PCR product was digested with Drall and Styl and ligated
into the Drall-Styl site of hEP4Ct-ST335-338,369-382,428—
443A, generating plasmid hEP4Ct-ST335-382,400-443A. The
plasmid served as template to eliminate Ser/Thr cluster 389-392
using primer pair hEP4-4-f and hEP4-7-r, or to eliminate Ser/Thr
residues in the region 448—484 using primer pair hEP4-7-f and
hEP4-8-r. The two PCR products were fused by PCR using primer
pair hEP4-4-f and hEP4-8-r, and the respective PCR product
was digested with Smal and Xbal and ligated into pBshEP4Ct-
ST335-382,400-443A digested with Smal and Xbal, generating
plasmid pBs/hEP4Ct-ST335-484A. The cDNA fragment coding
for the entire C-terminal domain lacking all Ser/Thr residues was
digested with SnaBI and Xbal and the corresponding region
of pcDNA3/hEP4-wt was substituted with the cDNA fragment,
generating the expression plasmid pcDNA3/hEP4-ST335-
484A-R.

hEP4-ST335-405A-R

Plasmid pcDNA3/hEP4-R-wt was digested with SnaBI and Styl
and the resultant fragment was substituted with the corresponding
region of pcDNA3/hEP4-ST335-484A-R.

© 2004 Biochemical Society

hEP4-ST428-484A-R

Plasmid pcDNA3/hEP4-R-wt was digested with Styl and Xbal
and the resultant fragment was substituted with the corresponding
region of pcDNA3/hEP4-ST335-484A-R.

hEP4-ST335-382A-R

Plasmid pcDNA3/hEP4-R-wt was digested with SnaBI and Smal
and the resultant fragment was substituted with the corresponding
region of pcDNA3/hEP4-ST335-484A-R.

hEP4-ST335-354,389-484A-R

Plasmid pcDNA3/hEP4-ST335-484A-R was digested with Drall
and Smal and the resultant fragment was substituted with the
corresponding region of pcDNA3/hEP4-R-wt.

hEP4-ST389-392A-R/hEP4-ST335-382,394-484A-R

For mutation or re-introduction of Ser/Thr residues 389-392, a
1200 bp 5" fragment was generated with primer FLAG-hEP4-f
as forward primer and hEP4-9-r or hEP4-10-r as a reverse primer
containing the mutation (pcDNA3/hEP4-R-wt or pcDNA3/hEP4-
ST335-484A-R as a template) (Table 1). 3’ Fragments of 300 bp
were produced with primers hEP4-9-f or hEP4-10-f and hEP4-
Xba-r (Table 1). The PCR products were fused by PCR, with
both overlapping fragments as template and the primer pair
FLAG-hEP4-f and hEP4-Xba-r. The PCR products were digested
with SnaBI and Xbal and then ligated into pcDNA3/hEP4-
R-wt or pcDNA3/hEP4-ST335-484A-R, which were digested
with the same enzymes, generating plasmids pcDNA3/hEP4-
ST389-392A-R and pcDNA3/hEP4-ST335-382,394-484A-R
respectively.

REFERENCES

1 Narumiya, S., Sugimoto, Y. and Ushikubi, F. (1999) Prostanoid receptors: structures,
properties, and functions. Physiol. Rev. 79, 1193-1226

2 Kobayashi, T. and Narumiya, S. (2002) Prostanoids in health and disease; lessons from
receptor-knockout mice. Adv. Exp. Med. Biol. 507, 593-597

3 Coleman, R. A, Smith, W. L. and Narumiya, S. (1994) International Union of
Pharmacology classification of prostanoid receptors: properties, distribution, and
structure of the receptors and their subtypes. Pharmacol. Rev. 46, 205229

4 Machwate, M., Harada, S., Leu, C. T, Seedor, G., Labelle, M., Gallant, M., Hutchins, S.,
Lachance, N., Sawyer, N., Slipetz, D. et al. (2001) Prostaglandin receptor EP4 mediates
the bone anabolic effects of PGE,. Mol. Pharmacol. 60, 36-41

5 Belley, A. and Chadee, K. (1999) Prostaglandin E, stimulates rat and human colonic
mucin exocytosis via the EP4 receptor. Gastroenterology 117, 1352—1362

6 Purdy, K. E. and Arendshorst, W. J. (2000) EP1 and EP4 receptors mediate prostaglandin
E, actions in the microcirculation of rat kidney. Am. J. Physiol. Renal Physiol. 279,
R755-R764

7 Nguyen, M., Camenisch, T., Snouwaert, J. N., Hicks, E., Coffman, T. M.,
Anderson, P. A., Malouf, N. N. and Koller, B. H. (1997) The prostaglandin
receptor EP4 triggers remodelling of the cardiovascular system at birth. Nature (London)
390, 78-81

8 Nishigaki, N., Negishi, M. and Ichikawa, A. (1996) Two Gs-coupled prostaglandin E
receptor subtypes, EP2 and EP4, differ in desensitization and sensitivity to the metabolic
inactivation of the agonist. Mol. Pharmacol. 50, 10311037

9 Bastepe, M. and Ashby, B. (1997) The long cytoplasmic carboxyl terminus of the
prostaglandin E; receptor EP4 subtype is essential for agonist-induced desensitization.
Mol. Pharmacol. 51, 343-349

10 Neuschéfer-Rube, F., Hanecke, K. and Piischel, G. P. (1997) The C-terminal domain of the
human EP4 receptor confers agonist-induced receptor desensitization in a receptor hybrid
with the rat EP3beta receptor. FEBS Lett. 415, 119-124
11 Gurevich, V.V, Dion, S. B., Onorato, J. J., Ptasienski, J., Kim, C. M., Sterne-Marr, R.,

Hosey, M. M. and Benovic, J. L. (1995) Arrestin interactions with G protein-coupled
receptors. Direct binding studies of wild type and mutant arrestins with rhodopsin,
beta2-adrenergic, and m2 muscarinic cholinergic receptors. J. Biol. Chem. 270, 720-731



EP4 receptor phosphorylation, arrestin interaction and internalization

585

12

13

14

15

16

17

18

19

20

21

22

23

24

25

Pitcher, J., Lohse, M. J., Codina, J., Caron, M. G. and Lefkowitz, R. J. (1992)
Desensitization of the isolated beta 2-adrenergic receptor by beta-adrenergic receptor
kinase, CAMP-dependent protein kinase, and protein kinase C occurs via distinct
molecular mechanisms. Biochemistry 31, 3193-3197

Lohse, M. J. (1993) Molecular mechanisms of membrane receptor desensitization.
Biochim. Biophys. Acta 1179, 171188

Premont, R. T., Inglese, J. and Lefkowitz, R. J. (1995) Protein kinases that phosphorylate
activated G protein-coupled receptors. FASEB J. 9, 175-182

Goodman, Jr, 0. B., Krupnick, J. G., Santini, F., Gurevich, V. V., Penn, R. B., Gagnon,
A. W, Keen, J. H. and Benovic, J. L. (1996) Beta-arrestin acts as a clathrin adaptor in
endocytosis of the beta2-adrenergic receptor. Nature (London) 383, 447-450
Sabourin, T., Bastien, L., Bachvarov, D. R. and Marceau, F. (2002) Agonist-induced
translocation of the kinin B1 receptor to caveolae-related rafts. Mol. Pharmacol. 61,
546-553

Ferguson, S. S. (2002) Evolving concepts in G protein-coupled receptor endocytosis: the
role in receptor desensitization and signaling. Pharmacol. Rev. 53,1-24

Laporte, S. A., Oakley, R. H., Zhang, J., Holt, J. A., Ferguson, S. S., Caron, M. G. and
Barak, L. S. (1999) The beta2-adrenergic receptor/beta arrestin complex recruits the
clathrin adaptor AP-2 during endocytosis. Proc. Natl. Acad. Sci. U.S.A. 96, 3712-3717
Maestes, D. C., Potter, R. M. and Prossnitz, E. R. (1999) Differential phosphorylation
paradigms dictate desensitization and internalization of the N-formy! peptide receptor.
J. Biol. Chem. 274, 29791-29795

Pals-Rylaarsdam, R., Xu, Y., Witt-Enderby, P., Benovic, J. L. and Hosey, M. M. (1995)
Desensitization and internalization of the m2 muscarinic acetylcholine receptor are
directed by independent mechanisms. J. Biol. Chem. 270, 29004—29011

Lazari, M. F., Bertrand, J. E., Nakamura, K., Liu, X., Krupnick, J. G., Benovic, J. L. and
Ascoli, M. (1998) Mutation of individual serine residues in the C-terminal tail of the
lutropin/choriogonadotropin receptor reveal distinct structural requirements for
agonist-induced uncoupling and agonist-induced internalization. J. Biol. Chem. 273,
18316-18324

Neuschéfer-Rube, F., Oppermann, M., Méller, U., Boer, U., and Piischel, G. P. (1999)
Agonist-induced phosphorylation by G protein-coupled receptor kinases of the EP4
receptor carboxyl-terminal domain in an EP3/EP4 prostaglandin E, receptor hybrid.
Mol. Pharmacol. 56, 419-428

Dery, 0., Thoma, M. S., Wong, H., Grady, E. F. and Bunnett, N. W. (1999) Trafficking of

proteinase-activated receptor-2 and beta-arrestin-1 tagged with green fluorescent protein.

beta-Arrestin-dependent endocytosis of a proteinase receptor. J. Biol. Chem. 274,
18524-18535

Munson, P. J. and Rodbard, D. (1980) Ligand: a versatile computerized approach for
characterization of ligand-binding systems. Anal. Biochem. 107, 220239

Schagger, H. and von Jagow, G. (1987) Tricine-sodium dodecy! sulfate-polyacrylamide
gel electrophoresis for the separation of proteins in the range from 1 to 100 kDa.

Anal. Biochem. 166, 368-379

Received 27 November 2003/6 January 2004; accepted 6 January 2004
Published as BJ Immediate Publication 6 January 2004, DOI 10.1042/BJ20031820

26

27

28

29

30

31

32

33

34

35

36

37

38

Irie, A., Sugimoto, Y., Namba, T., Asano, T., Ichikawa, A. and Negishi, M. (1994) The
C-terminus of the prostaglandin-E-receptor EP3 subtype is essential for activation of
GTP-binding protein. Eur. J. Biochem. 224, 161-166

Slipetz, D., Buchanan, S., Mackereth, C., Brewer, N., Pellow, V., Hao, C., Adam, M.,
Abramovitz, M. and Metters, K. M. (2001) Sequestration and phosphorylation of the
prostaglandin E, EP4 receptor: dependence on the C-terminal tail. Biochem. Pharmacol.
62, 997-1012

Krupnick, J. G. and Benovic, J. L. (1998) The role of receptor kinases and arrestins in G
protein-coupled receptor regulation. Annu. Rev. Pharmacol. Toxicol. 38, 289-319
Oakley, R. H., Laporte, S. A., Holt, J. A., Caron, M. G. and Barak, L. S. (2000) Differential
affinities of visual arrestin, beta arrestin, and beta arrestin2 for G protein-coupled
receptors delineate two major classes of receptors. J. Biol. Chem. 275, 17201-17210
Bastepe, M. and Ashby, B. (1999) Identification of a region of the C-terminal domain
involved in short-term desensitization of the prostaglandin EP4 receptor. Br. J. Pharmacol.
126, 365-371

Desai, S. and Ashby, B. (2001) Agonist-induced internalization and mitogen-activated
protein kinase activation of the human prostaglandin EP4 receptor. FEBS Lett. 501,
156-160

Zhang, L., Sports, C. D., Osawa, S. and Weiss, E. R. (1997) Rhodopsin phosphorylation
sites and their role in arrestin binding. J. Biol. Chem. 272, 14762—14768

Braun, L., Christophe, T. and Boulay, F. (2003) Phosphorylation of key serine residues is
required for internalization of the complement 5a (C5a) anaphylatoxin receptor via a
beta-arrestin, dynamin, and clathrin-dependent pathway. J. Biol. Chem. 278,
4277-4285

Oakley, R. H., Laporte, S. A., Holt, J. A., Barak, L. S. and Caron, M. G. (2001) Molecular
determinants underlying the formation of stable intracellular G protein-coupled
receptor-beta-arrestin complexes after receptor endocytosis. J. Biol. Chem. 276,
19452-19460

Desai, S., April, H., Nwaneshiudu, C. and Ashby, B. (2000) Comparison of
agonist-induced internalization of the human EP2 and EP4 prostaglandin receptors: role
of the carboxyl terminus in EP4 receptor sequestration. Mol. Pharmacol. 58, 1279-1286
Bowen-Pidgeon, D., Innamorati, G., Sadeghi, H. M. and Birnbaumer, M. (2001) Arrestin
effects on internalization of vasopressin receptors. Mol. Pharmacol. 59, 1395-1401
Kraft, K., Olbrich, H., Majoul, I., Mack, M., Proudfoot, A. and Oppermann, M. (2001)
Characterization of sequence determinants within the carboxyl-terminal domain of
chemokine receptor CCR5 that regulate signaling and receptor internalization. J. Biol.
Chem. 276, 34408-34418

Prado, G. N., Mierke, D. F, LeBlanc, T., Manseau, M., Taylor, L., Yu, J., Zhang, R.,
Pal-Ghosh, R. and Polgar, P. (2001) Role of hydroxy! containing residues in the
intracellular region of rat bradykinin B(2) receptor in signal transduction, receptor
internalization and resensitization. J. Cell. Biochem. 83, 435-447

© 2004 Biochemical Society



