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Role of the ERC motif in the proximal part of the second intracellular loop
and the C-terminal domain of the human prostaglandin F2α receptor (hFP-R)
in G-protein coupling control
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The human FP-R (F2α prostaglandin receptor) is a Gq-coupled
heptahelical ectoreceptor, which is of significant medical interest,
since it is a potential target for the treatment of glaucoma and
preterm labour. On agonist exposure, it mediates an increase in
intracellular inositol phosphate formation. Little is known about
the structures that govern the agonist-dependent receptor activ-
ation. In other prostanoid receptors, the C-terminal domain has
been inferred in the control of agonist-dependent receptor activ-
ation. A DRY motif at the beginning of the second intracellular
loop is highly conserved throughout the G-protein-coupled recep-
tor family and appears to be crucial for controlling agonist-depen-
dent receptor activation. It is replaced by an ERC motif in the FP-R
and no evidence for the relevance of this motif in ligand-dependent
activation of prostanoid receptors has been provided so far. The
aim of the present study was to elucidate the potential role of
the C-terminal domain and the ERC motif in agonist-controlled
intracellular signalling in FP-R mutants generated by site-directed

mutagenesis. It was found that substitution of the acidic Glu132 in
the ERC motif by a threonine residue led to full constitutive activ-
ation, whereas truncation of the receptor’s C-terminal domain led
to partial constitutive activation of all three intracellular signal
pathways that had previously been shown to be activated by the
FP-R, i.e. inositol trisphosphate formation, focal adhesion kinase
activation and T-cell factor signalling. Inositol trisphosphate
formation and focal adhesion kinase phosphorylation were further
enhanced by ligand binding in cells expressing the truncation
mutant but not the E132T (Glu132 → Thr) mutant. Thus C-terminal
truncation appeared to result in a receptor with partial constitutive
activation, whereas substitution of Glu132 by threonine apparently
resulted in a receptor with full constitutive activity.

Key words: constitutively active mutant, ERC motif, G-protein-
coupled receptor, prostaglandin F2α receptor, site-directed muta-
genesis, structure–function relationship.

INTRODUCTION

The hFP-R [human F2α PG (prostaglandin) receptor] is one of the
eight subtypes of prostanoid receptors that belong to the class of
rhodopsin-like G-protein-coupled ectoreceptors with seven trans-
membrane domains [1,2]. It binds PGF2α and, with approx. 3-fold
lower affinity, PGD2, both of which may be considered to be
physiological ligands [3]. The affinity of the receptor for other pro-
stanoids is lower by approximately two to three orders of magni-
tude. The receptor couples with Gq, thereby activating phos-
pholipase C and increasing intracellular inositol trisphosphate and
Ca2+ levels [3]. In addition, the FP-R has been shown to activ-
ate Rho-dependent signal cascades [4], presumably through an
interaction with G12/13. Two C-terminal splice variants have been
described for the ovine and bovine FP-R [5,6] that differ in their
signal transduction properties; however, these C-terminal splice
variants have been observed in no other species. The FP-R is of
great clinical interest. Knockout mice lacking the FP-R are de-
fective in the delivery of their pups [7,8]. Similarly, although
through a different mechanism, the FP-R is of central physiologi-
cal importance in the control of labour in women and attempts are
being made to develop drugs that interfere with PGF2α signalling
as a therapeutic approach to prevent preterm labour [9]. In ad-
dition, FP-R agonists have been devised for the treatment of
glaucoma owing to the FP-R-dependent increases in uveoscleral
outflow [10].

To date, only little is known about the structures of prosta-
noid receptors that govern the agonist-dependent control of down-
stream intracellular signalling. In previous studies, a conserved
aspartate residue in transmembrane domain 7 of the FP-R or the
EP3-R [11–13] and a phenylalanine residue in the second intra-
cellular loop of the TP-R [14] have been implicated in ligand-
dependent control of G-protein activation. Studies with splice
variants of the EP3-R [15–19] as well as truncation mutants of
the EP3-R [15,16] and studies with hybrid receptors in which the
EP3-R C-terminal domain was replaced by C-terminal domains of
other prostanoid receptors [20,21] imply a function of the C-ter-
minal domain of prostanoid receptors in agonist-dependent coupl-
ing control. For many other GPCRs (G-protein-coupled recep-
tors), the proximal part of the second intracellular loop has been
shown to be crucial in agonist-dependent control of G-protein ac-
tivation (see [22] and references therein). A DRY motif is highly
conserved in this region in most GPCRs. Substitution of the ar-
ginine residue in this conserved motif resulted in mutants with de-
creased efficiency in ligand-dependent G-protein activation [23],
whereas replacement of the aspartate residue in this motif with any
other amino acid resulted in receptor mutants with different
degrees of constitutive agonist-independent activity [24], the mu-
tation to D142T (Asp142 → Thr) being the most active. The func-
tion of the conserved tyrosine residue was not systematically
analysed. Notably, the sequence motif DRY is changed to an ERC
motif in most prostanoid receptors including the human FP-R [3].

Abbreviations used: FAK, focal adhesion kinase; GPCR, G-protein-coupled receptor; hFP-R, human F2α prostaglandin receptor; Lef, lymphoid enhancer
factor; PG, prostaglandin; Tcf, T-cell factor.
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There are no studies so far that address the question of whether
this ERC motif in prostanoid receptors fulfils the same function
as the DRY motif in other GPCRs.

It was therefore the purpose of the present study to analyse a
possible contribution of the C-terminal domain and the ERC motif
to the agonist-dependent and -independent activation of the down-
stream intracellular signal chain by the human FP-R. To this end,
mutations were generated by site-directed mutagenesis in which
the C-terminal domain was truncated after 10 amino acids distal
to the putative end of transmembrane domain 7 at a site that
corresponds to the natural splice site of the ovine FP-R [5]. In
additional mutants, amino acids were substituted individually or
in combination in the ERC motif. It was found that truncation
of the C-terminal domain and substitution of glutamate residue
by a threonine residue in the ERC motif yielded receptors with
partial or full constitutive activity, implying a role of both the C-
terminal domain and the second intracellular loop in the control
of agonist-dependent FP-R activation.

EXPERIMENTAL

Materials

All materials were of analytical grade and from commercial
sources indicated in the text. Oligonucleotides were custom syn-
thesized (MWG-Biotech, Ebersberg, Germany).

PCR-based site-directed mutagenesis

The FLAG–hFP cDNA, which had previously been amplified
from human placenta [11] and had been cloned into pcDNA3,
served as template for PCR-based site-directed mutagenesis.
Mutations were generated using Power script polymerase (PAN
Biotech, Aidenbach, Germany) according to the following pro-
gramme: 3 min 95 ◦C, 35 times (1 min 95 ◦C, 1 min 55 ◦C and
2 min 72 ◦C) and 10 min 72 ◦C. The following primer combi-
nations were used hFP318Stop-R: hFP318Stop-f (CTCTATA-
AGCTTTAGAGTCAATGC) and hFP-r (cggcgtctagaCTAGGTG-
CTTGCTGATTTCTCTGC). The PCR-product was digested with
HindIII (recognition sequence contained in the forward sequence)
and XbaI (recognition site contained in the reverse primer shown
underlined). The resulting fragment was cloned into FLAG-hFP-
pcDNA3 and digested with the same enzymes. The mutants
hFP-E132D-R, hFP-C134Y-R and hFP-E132D/C134Y-R were
generated using a degenerate primer: 5′-fragment T7-primer
(TAATACGACTCACTATAGGGAGA), hFP-ERC/DRY-r [CC-
AATA(C/T)ACCG(G/C)TCAATGGCCATCACAC]; 3′-fragment
hFP-R-ERC-DRY-f [GTGTGATGGCCATTGA(G/C)CGGT(A/
G)TATTGG] and hFP-r. The 5′- and 3′-receptor fragments were
used as mega primers in a PCR including the flanking primers,
T7-primer and hFP-r, to generate the cDNA containing the entire
translated region of the mutated FLAG-tagged hFP-Rs (where
hFP-R stands for human FP-R). The final cDNA constructs were
cloned into the XhoI–XbaI site of pcDNA3 and identified by se-
quencing. hFP-E132T-R: 5′-fragment T7-primer, hFP-E132T-r
(CCGCGTAATGGCCATCACAC); 3′-fragment hFP-E132T-f
(GTGTGATGGCCATTACGCGG), hFP-r. The fragments were
combined, cloned and characterized as above. The cDNAs for the
wild-type receptor and all receptor mutants were finally subcloned
into the KpnI–ApaI site of pcDNA5/FRT. The final products were
sequenced to confirm the successful introduction of the mutations
and to exclude additional mutations due to PCR artefacts. All
sequencing reactions were performed by automated sequencing
employing a Beckman Coulter capillary DNA sequencer CEQ

2000 XL with the corresponding sequencing kit provided by the
company and universal flanking vector primers.

Expression of the mutant receptor proteins

HEK-293-FlpIn cells (Invitrogen, Groningen, The Netherlands;
where HEK-293 stands for human embryonic kidney 293) were
cultured in Dulbecco’s modified Eagle’s medium containing 5 %
(v/v) fetal calf serum, 1% penicillin/streptomycin and 100 µg/
ml zeocin. They were transfected with the respective hFP-R con-
structs at the DNA concentration indicated by the modified
calcium phosphate procedure described previously [25]. After
transfection, the culture was continued for 24 h without zeocin.
Unless otherwise indicated, experiments were started 24 h after
transfection. For the integration of expression plasmids into the
genome, cells were co-transfected with the respective hFP-R con-
structs and a 10-fold excess of the FlpIn-recombinase plasmid.
After transfection, the culture was continued for 24 h without
zeocin and then continued under selection with hygromycin.

Membrane isolation and PGF2α binding assay

Membrane preparation and binding assays were performed essen-
tially as described previously [25,26]. For membrane prepar-
ations, cells expressing the wild-type or mutant receptor proteins
were scraped into a homogenization buffer containing 50 mM
Tris/HCl (pH 7.5), 5 mM EDTA and 0.2 mM Pefabloc SC (Bio-
mol, Hamburg, Germany), 10 µg/ml leupeptin and 10 µg/ml
soya-bean trypsin inhibitor as protease inhibitors. After homogen-
ization by vigorous pipetting and vortex-mixing, a crude mem-
brane fraction was prepared by centrifugation of the homogenate
at 100000 g. The resulting pellet was suspended in binding buffer
containing 10 mM Mes/NaOH (pH 6.2), 10 mM MgCl2 and 1 mM
EDTA and stored at −70 ◦C. Protein was determined by a method
described by Bradford [27]. For saturation binding assays, 150 µg
of protein membranes were incubated with 0.5–5 nM [3H]PGF2α

(6.7 TBq/mmol) and increasing concentrations of unlabelled
PGF2α in 100 µl of binding buffer for 1 h at 20 ◦C. Non-specific
binding was determined in the presence of 10 µM PGF2α . Bound
and unbound ligands were separated by rapid vacuum filtration
through GF 52 filters (Schleicher and Schuell, 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
Rotiszint (Roth, Karlsruhe, Germany). Binding constants were
calculated by non-linear regression analysis (LIGAND) [28].

Cell surface ligand binding

Transfected cells in 24-well plates (5 × 104 cells/well) were
washed once with incubation buffer (Hepes-buffered salt solution,
pH 7.4, containing 15 mM Hepes, 4.7 mM KCl, 140 mM NaCl,
1.2 mM KH2PO4, 11 mM glucose and 2.2 mM CaCl2) and then in-
cubated for 2 h at 4 ◦C with 100 µl of 5 nM [3H]PGF2α . An excess
of unlabelled PGF2α (10 µM) was added into some of the wells to
determine non-specific binding. Plates were washed three times
with ice-cold incubation buffer and cell-associated radioactivity
was released by lysing cells in 400 µl of 0.3 M NaOH and 1%
(w/v) SDS. The radioactivity in the cell lysates was counted in
5 ml of Rotiszint 22.

Determination of PGF2α-stimulated inositol phosphate formation

HEK-293-FlpIn cells transiently transfected with cDNAs for FP-
R mutants, 24 h before the experiment, were labelled by replac-
ing the culture medium with inositol-free Dulbecco’s modified
Eagle’s medium containing 10% (v/v) dialysed fetal bovine
serum and 1 µCi/ml myo-[3H]inositol. After 24 h, free inositol was

c© 2005 Biochemical Society



Constitutively active mutants of the human prostanoid FP receptor 319

removed by extensive washing. Cells were then incubated with
Krebs–Henseleit buffer (110 mM NaCl, 5.5 mM KCl, 2.5 mM
CaCl2, 1.2 mM MgCl2, 1.2 mM KH2PO4, 20 mM NaHCO3 and
11 mM glucose) containing 10 mM LiCl to inhibit degradation of
inositol phosphates. PGF2α was added to the cells to a final con-
centration of 1 µM where indicated. After 15 min, the reaction
was stopped by removing the buffer and freezing the cells in liquid
N2. Cells were scraped into 750 µl of 10 mM formic acid. The
homogenate was neutralized with 3 ml of 10 mM ammonia and
loaded on to 1.5 ml of DOWEX (1 × 8, 200–400 mesh) formate
columns. Columns were washed with 4 ml of 0.04 M ammonium
formate/0.04 M formic acid (pH 5.0) and inositol phosphates were
eluted with 4 ml of 2 M ammonium formate/2 M formic acid
(pH 5.0). Radioactivity in aliquots of the fractions was determined
using Rotiszint scintillant.

Determination of FAK (focal adhesion kinase) phosphorylation

Cells that had been selected by hygromycin for integration of the
vector containing the respective receptor cDNAs were seeded on
3.5 cm poly-L-lysine-coated tissue culture plates at a density of
3 × 105 cells. Cells were stimulated with 1 µM PGF2α for 5 min,
24 h after seeding. The medium was removed, cells were washed
once with PBS and then homogenized in 800 µl of lysis buffer
[1% (v/v) Triton X-100, 0.05% SDS, 50 mM Hepes (pH 7.5),
150 mM NaCl, 5 mM EDTA, 10 mM NaF, 2 mM sodium ortho-
vanadate, 10 mM sodium pyrophosphate, 2 mM Pefabloc SC,
10 µg/ml leupeptin and 10 µg/ml soya-bean trypsin inhibitor].
The homogenate was centrifuged at 4 ◦C for 30 min at
35000 g. The supernatant was preabsorbed for 1 h at 4 ◦C with
100 µl of 10% (v/v) Sepharose 4B in lysis buffer containing 1%
(w/v) BSA. Sepharose was removed by centrifugation and the
supernatant was incubated with 1 µg of anti-FAK antibody (Santa
Cruz Biotechnology, Heidelberg, Germany) at 4 ◦C overnight. Im-
mune complexes were then precipitated by incubation with 100 µl
of Protein G–Sepharose in lysis buffer containing 1% BSA for
1 h at 4 ◦C. The precipitate was washed twice with wash buffer
(10 mM Pipes, pH 7.0, and 100 mM NaCl) containing 0.5% (v/v)
Nonidet P40 and once with wash buffer without Nonidet P40. The
final precipitate was incubated in Laemmli SDS sample buffer for
5 min at 95 ◦C. Proteins were separated by PAGE and blotted on
to PVDF membranes. After adding blocking buffer [5% (w/v)
skimmed milk in 20 mM Tris/HCl (pH 7.0), 138 mM NaCl and
0.1% (v/v) Tween 20], proteins were detected first with a phos-
photyrosine-specific primary antibody (mAK 4G10; Upstate Bio-
technology, Lake Placid, NY, U.S.A.) and again detected after
stripping with an FAK-specific antibody (Santa Cruz Biotechno-
logy), the appropriate peroxidase-coupled secondary antibodies
and subsequent detection by chemiluminescence according to the
instructions of the manufacturer (Pierce, Rockford, IL, U.S.A.).

Tcf (T-cell factor)/Lef (lymphoid enhancer factor) reporter gene
assay

FP-R-dependent activation of the Tcf/Lef pathway was deter-
mined in a reporter gene assay essentially as described by Fujino
[29]. Briefly, cells were co-transfected with the cDNA of the FP-R-
mutant of interest, pCMV-β-Gal and either the luciferase reporter
gene construct (pTOPFLASH) or a negative control (pFOP-
FLASH). The medium was replaced by fresh medium +−1 µM
PGF2α , 24 h after transfection. After 24 h, cells were washed twice
with PBS and stored in liquid N2. Cells were lysed in 100 µl of
lysis buffer (Promega, Mannheim, Germany) and luciferase was
determined according to the manufacturer’s instructions (Pro-
mega). As a control for transfection efficiency, β-galactosidase

Table 1 Binding properties of wild-type and mutant human FP-Rs

K d values were determined by non-linear regression analysis of saturation binding assays with
membranes of cells expressing the respective receptor construct. The maximum specific binding
capacity Bmax was calculated from specific binding at a single concentration (5 nM) taking into
account the K d value. Values are means +− S.E.M. for at least three independent experiments.
WT, wild-type.

Receptor K d (nM) Bmax (fmol/mg)

hFP WT 13.4 +− 6.0 2560 +− 366
hFP 318Stop 13.4 +− 2.9 1130 +− 89
hFP E132D 9.8 +− 1.6 5450 +− 1010
hFP C134Y 13.7 +− 3.0 1942 +− 521
hFP E132D,C134Y 9.5 +− 1.7 4211 +− 709
hFP E132T 14.2 +− 4.7 2563 +− 283

activity was determined photometrically at 405 nm in 1 µl of the
same lysates transferred into 100 µl of ONPG buffer (100 mM
sodium phosphate, pH 7.5, 13 mM MgSO4 and 6 mM 2-nitro-
phenyl-β-galactopyranoside).

RESULTS

Ligand binding properties of wild-type and mutant FP-Rs

Crude membranes were prepared from HEK-293-FlpIn cells that
had been selected by hygromycin treatment for the expression of
the wild-type FP-R and the mutant receptors. Saturation binding
assays were performed with these membranes. Wild-type and
mutant receptors bound to PGF2α with an apparent Kd of approx.
10 nM (Table 1). No significant difference in the Kd values
was observed between the wild-type and the mutant receptors.
The level of receptor expression in membranes of transiently
transfected cells varied between 1 and 5 pmol/mg of membrane
protein (Table 1) when cells were transfected with 10 µg of
DNA/106 cells.

Agonist-induced and constitutive second messenger formation
in cells expressing wild-type or mutant FP-Rs

Cells transiently transfected with the cDNAs for wild-type or
mutant FP-Rs were labelled with myo-[3H]inositol. Basal and
agonist-induced inositol phosphate accumulation was determined
in these cells. Basal inositol phosphate formation in wild-type
receptor-expressing cells was set at 100 % in each experiment to
account for potential differences in labelling efficiency between
the experiments. Basal inositol phosphate formation was margin-
ally higher in wild-type receptor-expressing cells when compared
with the mock-transfected controls (2229 +− 783 d.p.m./106 cells
versus 1870 +− 831 d.p.m./106 cells, means +− S.D.). This dif-
ference, however, was not statistically significant. On stimulation
with 1 µM PGF2α , inositol phosphate formation did not change in
mock-transfected cells but increased by 4–5-fold above the basal
value in cells expressing the wild-type FP-R (Figure 1A). Inositol
phosphate formation elicited by saturating concentrations of the
agonist was similar in cells expressing wild-type or mutant re-
ceptors, indicating that all receptors coupled efficiently with
the downstream signal chain. However, basal inositol phosphate
formation was significantly higher in cells expressing either
the truncated receptor hFP-318Stop-R or receptors in which
Glu132 had been replaced either by aspartate (hFP-E132D-R) or
a threonine residue (hFP-E132T-R) when compared with mock-
transfected or wild-type receptor-transfected cells. The agonist-
independent inositol phosphate formation was most pronounced
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Figure 1 Basal and agonist-induced inositol phosphate formation in cells
transiently transfected with cDNAs for wild-type and mutant hFP-R proteins

Transiently transfected HEK-293-FlpIn cells were labelled with myo-[3H]inositol for 24 h. Inositol
phosphate formation was determined in non-stimulated cells and cells exposed to 1 µM PGF2α

for 15 min. Inositol phosphates were extracted with 10 mM formic acid. Radioactively labelled
inositol phosphates (IP) were separated from other labelled compounds by ion exchange
chromatography on DOWEX formate and quantified by liquid scintillation counting. To allow
pooling of data of independent transfection experiments with varying labelling efficiency, inositol
phosphate formation is expressed as percentage of the basal inositol phosphate formation in
wild-type expressing (wt) cells in the same experiment (A). The number of [3H]PGF2α binding
sites was determined in crude membranes of parallely transfected wells and the amount of inositol
phosphate formed was corrected for the different expression levels of the receptor proteins
(B). The values are means +− S.E.M. for 3–7 independent experiments. n.c., not calculated.
Statistics: Student’s t test for unpaired samples; #, significantly larger than wild-type control
P < 0.05.

in cells expressing the hFP-E132T-R. In these cells, it reached
almost the same extent as the agonist-induced inositol phosphate
formation in cells expressing wild-type receptor. Substitution
of Cys134 by tyrosine (hFP-C134Y-R) did not enhance agonist-
independent basal inositol phosphate formation. Basal inositol
phosphate formation was not elevated in cells expressing the
double mutant E132D,C134Y, although the isolated substitution
E132D appeared to increase agonist-independent inositol phos-
phate formation to some extent.

The disadvantage of transient transfection is the variability in
transfection efficiency between different experiments, which lead
to variations in receptor expression levels between experiments,
even if the plasmid concentration for transfection is kept constant.
Ligand binding was therefore determined in membranes of plates
transfected in parallel in all individual experiments. This allowed a
correction of basal and agonist-induced inositol phosphate form-
ation for receptor density in each individual experiment. After
correction for the receptor density, basal inositol phosphate form-
ation remained significantly higher in cells expressing the FP-R
truncated receptor and the mutant receptor, in which Glu132 had
been replaced by a threonine residue, indicating that these re-
ceptors might be constitutively active. In addition, agonist-stimu-

Figure 2 Dependence of agonist-dependent and agonist-independent
inositol phosphate formation on the receptor density

HEK-293-FlpIn cells were transfected with increasing concentrations of the receptor cDNA
indicated. After 24 h, cells were labelled with myo-[3H]inositol for 24 h. Inositol phosphate
formation was determined in non-stimulated cells (�) and cells exposed to 1 µM PGF2α for
15 min (�). Inositol phosphates were separated from inositol by chromatography as described
in the caption of Figure 1. Parallel plates were used to determine the receptor density by binding
of [3H]PGF2α to intact cells. Unspecific binding was determined in the presence of 10 µM
unlabelled PGF2α . Values are means +− S.E.M. for triplicate determinations for at least three
independent experiments.

lated inositol phosphate formation in cells expressing the C-ter-
minally truncated mutant appeared to be higher than in wild-type-
transfected cells (Figure 1B).

To corroborate this finding further, the dependence of basal
and agonist-induced inositol phosphate formation on the receptor
density was analysed systematically for the wild-type and the
two receptor mutants with putative constitutive activity, the hFP-
318Stop-R and the hFP-E132T-R (Figure 2). Cells were trans-
fected with varying concentrations of cDNAs ranging from 0.5 to
25 µg/106 cells for the respective receptors. The number of PGF2α

binding sites was determined in triplicate for each individual
transfection and each concentration of transfected cDNA. Binding
to the surface of the intact cell instead of to the crude membrane
preparations was determined in these experiments since only cell
surface receptors are functionally relevant. In parallel wells, the
basal and agonist-induced inositol phosphate formation was
determined in these cells. The inositol phosphate formation
was then plotted as a function of the receptor density. At no recep-
tor concentration was basal inositol phosphate formation different
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from untransfected controls in cells expressing the hFP-R wild-
type. On stimulation with a 1 µM saturating concentration of the
agonist, inositol phosphate formation increased as a function of
receptor density, reaching a maximum of approx. 5-fold above
basal values at approx. 30 fmol of receptor/well corresponding
to approx. 120 fmol/106 cells. In contrast with cells transfected
with the FP-R wild-type, basal inositol phosphate formation was
significantly higher than in the mock-transfected controls in cells
expressing the hFP-318Stop-R at receptor concentrations higher
than 16 fmol/well. This agonist-independent inositol phosphate
formation increased with increasing receptor concentrations,
indicating that the receptor activated the downstream signal chain
also when not occupied by the ligand. Notably, however, at any
given receptor concentration, the basal inositol phosphate form-
ation was further enhanced by saturating concentrations of the
agonist, indicating that the receptor in the absence of ligand was
not fully active towards the downstream signal chain. As with the
wild-type receptor, the maximal activation of the downstream sig-
nalling chain by a receptor saturating concentration of agonist was
achieved with a receptor density of 32 fmol of receptor/well. How-
ever, maximal inositol phosphate formation was 8-fold over basal
values and not merely 5-fold over basal values as with the wild-
type receptor, indicating that the coupling efficiency of the trunc-
ated receptor was higher. Similar to cells expressing the truncated
receptor, cells expressing the E132T mutant receptor showed an
agonist-independent inositol phosphate formation that increased
with increasing receptor concentrations. However, in marked
contrast with the truncated receptor in cells expressing the E132T
mutant, this agonist-independent inositol phosphate formation
was almost as high as in the presence of saturating concentrations
of the agonist at any given receptor concentration. In summary,
the wild-type receptor did not display basal constitutive activ-
ity, the stop-mutant appeared to be partially constitutively active
but the receptor-dependent inositol phosphate formation was
further enhanced by ligand binding, whereas the E132T mutant
showed almost full constitutive activity.

Agonist-induced and constitutive activation of alternative FP-R
intracellular signal pathways in cells expressing wild-type or
mutant FP-Rs

It has previously been shown that FP-Rs, in addition to enhancing
inositol trisphosphate formation, can activate a Rho-dependent
intracellular signal chain thereby increasing the phosphorylation
of p125 FAK and inducing cell rounding [4]. Therefore the
question was addressed whether the partial constitutive activity of
the truncated receptor and the full constitutive activity also extend
to the Rho-dependent signalling. Cells expressing the truncated
receptor had a morphology and growth behaviour that was not dif-
ferent from wild-type receptor-expressing cells. In contrast, cells
expressing the E132T mutants grew much more slowly and did
not spread properly on the tissue culture plate but rather grew
in small clusters and tended to detach from the culture plate (re-
sults not shown). The poor growth made it impossible to passage
E132T mutant-expressing cells by more than a few generations,
since cultures were overgrown by cells that had lost receptor ex-
pression. Basal phosphorylation of FAK was low in cells express-
ing the wild-type FP-R and was enhanced about 3-fold by PGF2α

(Figure 3). In cells expressing the truncated FP-R basal FAK,
phosphorylation was only marginally higher than in wild-type
receptor-expressing cells and was increased to a similar extent
by PGF2α . Consistent with the aberrant growth behaviour of cells
expressing the E132T mutant receptor, in these cells FAK in the
absence of PGF2α was phosphorylated to a similar extent as in
wild-type receptor-expressing cells in the presence of the agonist.

Figure 3 Constitutive activation of FAK in cells expressing the FP-E132T
receptor

Cells expressing wild-type FP-R or the indicated receptor mutant were incubated for 5 min in
the presence or absence of 1 µM PGF2α , washed with PBS buffer and then lysed. The lysate was
centrifuged and the supernatant was subjected to an immunoprecipitation with an FAK-specific
antibody. Immunoprecipitated proteins were separated by SDS/PAGE and blotted on to PVDF
membranes. Proteins were quantified with a phosphotyrosine-specific antibody (pFAK) and
after stripping and restaining with an FAK-specific antibody, an appropriate peroxidase-labelled
secondary antibody and a chemiluminescence substrate. Total (FAK) and phosphorylated (pFAK)
immunoreactivities on the same blot are given. Values were normalized to the values of FAK
and pFAK in the absence of PGF2α in cells expressing the wild-type (Wt) receptor. They are
means +− S.E.M. for three independent experiments. Statistics: Student’s t test; a, significantly
different from wild-type non-stimulated control; and b, significantly different from respective
non-stimulated cells.

Phosphorylation was not further enhanced significantly by PGF2α

in cells expressing the E132T mutant. In conclusion, this receptor
mutant appeared to activate constitutively the Rho-dependent
signalling also.

Evidence has been provided that an activation of Rho might lead
to the release of β-catenin from cadherins and thereby activate
Tcf-dependent transcription [30] and that PGF2α might increase
transcription under the control of such a promoter by Rho activ-
ation [29,31]. Therefore the transcriptional activity from a Tcf/
Lef promoter was analysed in cells co-transfected with a Tcf-luci-
ferase reporter gene construct and either wild-type or mutant
FP-Rs (Figure 4). PGF2α increased luciferase expression under
the control of this promoter to approx. 3-fold in cells express-
ing the wild-type receptor. Agonist-independent luciferase ex-
pression was 2-fold higher in cells expressing the truncated
receptor. Luciferase expression was further enhanced by PGF2α to
the same final activity as in wild-type receptor-expressing cells,
although this difference between basal and agonist-induced
luciferase activity was not statistically significant in these cells
(Figure 4). Basal luciferase activity in cells expressing the E132T
mutant receptor was already as high as in wild-type receptor-
expressing cells in the presence of PGF2α and was not further
enhanced by the agonist. In summary, these results indicate that a
partial or full agonist-independent activation of downstream sig-
nal chains by the truncated and E132T FP-R mutant respectively
was not restricted to the activation of the Gq-dependent signalling
but extended also to the presumably G12/13- and Rho-dependent
signalling.
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Figure 4 Constitutive activation of the transcription of a luciferase reporter
gene from a Tcf-controlled promoter in cells expressing either the truncated
hFP-R318 Stop mutant or the hFP-R E132T mutant

Cells were co-transfected with plasmids containing the cDNA for the receptor mutant indicated,
either a plasmid pTOPFLASH containing the luciferase gene under the control of Tcf/Lef to monitor
the β-catenin/Tcf/Lef-dependent activation of transcription or the plasmid pFOPFLASH, in
which the Tcf-site was mutated, as a negative control and a plasmid containing the β-galacto-
sidase gene under a cytomegalovirus promoter to monitor transfection efficiency. Cells were
exposed to medium with (grey bars) or without (black bars) 1 µM PGF2α , 24 h after transfection,
and cultured for an additional 24 h. Cells were lysed. Luciferase and β-galactosidase activities
were determined with appropriate assays in cell lysates. Values were calculated as follows:
luciferase activity of pFOPFLASH-transfected cells was subtracted from the activity in the
corresponding pTOPFLASH-transfected cells. The ratio between this pTOPFLASH-specific
activity and the β-galactosidase activity was determined. The ratio obtained with wild-type
(Wt) FP-R-expressing cells in the absence of PGF2α was set at 100 % for every experiment.
Values are means +− S.E.M. for three independent experiments. Statistics: Student’s t test; a,
significantly different from wild-type non-stimulated control; and b, significantly different from
respective non-stimulated cells.

Receptor internalization

The FP-R has been shown to undergo a presumably protein kinase
C-dependent desensitization and internalization, both in cellular
systems that naturally express the receptor [32] and after hetero-
logous expression [33,34]. It was therefore assumed that the con-
stitutively active receptor mutant might be internalized in the
absence of an agonist to a greater extent than the wild-type re-
ceptor. To test this hypothesis, clathrin-dependent internalization
of the receptor was suppressed by co-transfection of an haemag-
glutinin-tagged GTPase-deficient K44A dominant negative dyna-
min [35]. Surprisingly, the number of cell surface accessible bind-
ing sites was increased approx. 2-fold by dominant negative
dynamin in cells expressing either wild-type or the fully consti-
tutively active E132T mutant receptor (Figure 5), whereas cell
surface receptor expression was not affected in cells expressing
the truncated receptor mutant. These results show that, at variance
with the expectations, the constitutively active mutant receptor
was not internalized to a larger extent than the wild-type recep-
tor in the absence of a ligand. The results also support previous
findings that the C-terminal domain of the FP-R is essential for
clathrin-mediated receptor internalization [34].

DISCUSSION

The highly conserved DRY motif at the beginning of the second
intracellular loop, which is replaced by an ERC motif in the hu-
man FP-R and most other prostanoid receptors, as well as the
C-terminal domain have been implicated in agonist-dependent G-
protein coupling control in many GPCRs. In line with this general
principle, mutants of the human FP-R in which either the acidic
residue of the ERC motif was replaced by a threonine residue or

Figure 5 Increase in cell surface accessible PGF2α binding sites by co-
expression of dominant negative dynamin K44A with wild-type receptor and
FP-R 132T mutant but not with the C-terminally truncated FP-R 318 Stop
mutant

Cells were co-transfected with a plasmid containing the cDNA for the FP-R wild-type or
the receptor mutant indicated and either an expression plasmid containing the cDNA for an
haemagglutinin-tagged dominant negative dynamin K44A (grey bars) or green fluorescent
protein under the same promoter (black bars). Cell surface binding of [3H]PGF2α was determined
at 4◦C, 48 h after transfection, as described in the Experimental section. Specific binding in
cells co-transfected with the green fluorescent protein plasmid was set at 100 % in each case.
Values are means +− S.E.M. for three independent experiments. Statistics: Student’s t test; a,
significantly different from control.

the C-terminal domain was truncated had enhanced constitutive
activity (Figures 1–4).

Dependence of agonist-induced and agonist-independent inositol
phosphate formation in hFP wild-type receptor-expressing cells
on the receptor density

According to the widely accepted model, GPCRs exist in at least
two different conformational states: an inactive state, which pre-
cludes the activation of the G-protein, and an active state, which
allows the activation of the G-protein. Ligand binding shifts the
equilibrium from the inactive state to the active state [36]. The ex-
tent of G-protein activation and hence the rate of second mes-
senger formation depends on the amount of receptor in the active
state. At receptor saturating concentrations of the ligand or with
constitutively active receptors in the absence of the ligand, the rate
of second messenger formation should thus increase with increas-
ing receptor numbers within a certain range of receptor concen-
trations. In line with this model, a linear dependence on receptor
density of basal agonist-independent inositol phosphate formation
has previously been described for the angiotensin II type 1A recep-
tor [37]. For the wild-type FP-R, a dependence of second
messenger formation on receptor density in the presence of satu-
rating agonist concentrations was also observed at a calculated
receptor concentration between approx. 20 and 120 fmol/106 cells
(5–30 fmol/well, Figure 2). Below a concentration of 10 fmol/
106 cells, there was no detectable increase in inositol phosphate
formation at receptor-saturating PGF2α concentrations, whereas
an increase in the FP-R concentration above 120 fmol/106 cells
did not result in a further increase in agonist-dependent inositol
phosphate formation (Figure 2). In theory, any GPCR should
activate the downstream signalling chain also in the absence of a
ligand if expressed at sufficiently high levels to allow an increase
in the absolute number of receptor molecules in the active state
above the threshold value needed to elicit a detectable change in
second messenger formation. With the wild-type FP-R, a ligand-
independent second messenger formation was not observed even
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if the receptor levels were 2-fold higher than those required for
maximal agonist-induced second messenger formation. This in-
dicates that the equilibrium between the inactive and active state
in the wild-type FP-R, in contrast with e.g. the angiotensin II
type 1A receptor [37], is far on the side of the inactive state.

Function of the ERC motif

There is a detailed hypothesis regarding how the DRY motif in
GPCRs might control receptor activation. This hypothesis is sup-
ported by molecular modelling and characterization of mutant
receptors [36]. According to this hypothesis, the acidic residue of
the DRY motif is essential to keep the receptor in the inactive state.
It prevents the positively charged arginine residue in the motif
from forming other interactions that will directly or indirectly lead
to the activation of the G-protein. The acidic residue may interact
either directly with the arginine residue or stabilize a polar pocket
formed by transmembrane domains 1, 2 and 7 that buries the argi-
nine residue. Current findings with the FP-R suggest that the
ERC motif might play a similar role in this receptor. Substitution
with a threonine residue, which in the human α1B-adrenergic re-
ceptor led to maximal constitutive activity [24], resulted in an
agonist-independent inositol phosphate formation (Figure 1B)
that increased with the amount of receptor expressed in transfected
cells (Figure 2). The receptor appeared to be almost fully con-
stitutively active since at any given receptor concentration, inositol
phosphate formation was not significantly enhanced by the agonist
(Figures 1B and 2). The curves of second messenger formation
as a function of receptor density in the presence and absence of
an agonist were almost congruent. Thus the equilibrium between
the receptor in the active and inactive conformation appeared to
be shifted almost completely to the active conformation by substi-
tution of Glu132 with the threonine residue. The receptor concen-
tration needed for half-maximal second messenger formation and
the maximal agonist-induced second messenger formation were
similar to the values determined for the wild-type receptor. Hence,
the coupling efficiency of the receptor apparently was not affected
by the substitution of Glu132 with a threonine residue.

Conservative substitution of the glutamic residue by aspartic
residue had only a questionable effect on basal inositol phosphate
formation. The absolute increase in agonist-independent inositol
phosphate formation, which was observed in cells transfected with
this receptor (Figure 1A), can probably be attributed to the higher
average expression level in these cells since no difference between
wild-type and mutant receptor was observed when inositol phos-
phate formation was corrected for receptor density (Figure 1B).
In addition, there was no increase in basal inositol phosphate
formation in cells expressing the double mutant, in which Glu132

had been replaced by an aspartic residue and Cys134 had been
replaced by a tyrosine residue. The possibility that the receptor is
kept in the inactive state only by either the combination Glu132 and
Cys134 or the combination Asp132 and Tyr134 appears to be unlikely,
since the isolated substitution of Cys134 by tyrosine neither in-
creased the basal level nor interfered with the agonist-induced
inositol phosphate formation. However, the observation that the
wild-type receptor did not confer agonist-independent inositol
phosphate formation over a wide range of receptor concentrations
(Figure 2), even exceeding the average receptor concentration of
the experiments in Figure 1, might indicate that, compared
with the wild-type receptor, substitution of Glu132 by an aspartic
residue led to a slight shift in the equilibrium between the different
receptor conformations towards the active state.

Apparently, the conformational change supposedly caused by
the substitution of Glu132 by a threonine residue resulted not only
in the activation of the Gq-dependent downstream signal chain but

also conferred activation of the probably G12/13- and Rho-depen-
dent signalling, resulting in a phosphorylation of FAK (Figure 3)
and an increase in reporter gene transcription under the control of
a Tcf-dependent promoter (Figure 4).

Function of the C-terminal domain

Agonist-independent inositol phosphate formation was increased
in cells expressing high levels of the FP-R mutant lacking the
C-terminal domain (Figures 1 and 2). At all receptor concen-
trations, inositol phosphate formation was further increased by
saturating concentrations of the agonist. To achieve a similar in-
crease in second messenger formation, higher concentrations of
the receptor were needed in the absence of an agonist than in its
presence. Hence, truncation led to a receptor with partially consti-
tutive activity. Little is known regarding how the C-terminal
domain might contribute to agonist-induced receptor activation. It
was assumed that, in prostanoid receptors, it sterically hinders the
interaction of the inactive receptor with the G-proteins [15].
The idea that the receptor’s C-terminal domain interferes with the
receptor G-protein interaction in a rather unspecific mode is
also supported by the finding that the degree of constitutive
activity in C-terminal splice variants of the EP3-R in different
species directly correlates with the length of the C-terminal do-
main rather than with conserved sequence motifs [15]. In addition,
the constitutive activity that was caused by a truncation of the
EP3-R [16] was abolished by substitution of the EP3-R C-ter-
minal domain with the structurally completely unrelated but larger
domains of the human EP4-R [21] or I-type PG receptor [20]. Thus
the C-terminal domain might not contain structural motifs that are
involved in switching from inactive to active forms of receptors
or are needed to restrain the receptor in its inactive conformation as
discussed in [38], but rather the C-terminal domain of prostanoid
receptors might interfere in the interaction with the G-protein of
both the inactive and the active receptors as also proposed for
the EP3 receptor [16]. In line with such a hypothesis, maximal
agonist-induced inositol phosphate formation for each receptor
appeared to be higher in cells expressing the C-terminally trunc-
ated mutant when compared with the cells expressing the wild-
type FP-R (Figures 1B and 2). At variance with such a hypothesis,
half-maximal inositol phosphate formation at saturating ligand
concentrations was observed at similar concentrations of the
wild-type receptor and the C-terminally truncated receptor.
The observation that C-terminal truncation enhanced G-protein
coupling efficiency also contrasts with metabotropic glutamate
receptors in which the C-terminal domain appears to confer more
efficient coupling with the G-protein [39], and reduced coupling
is observed in splice variants with shorter C-terminal domains.

In addition to its role in coupling control, the C-terminal domain
of prostanoid receptors has been implicated in clathrin-dependent
receptor internalization. Thus different splice variants of the
EP3-R differ in their agonist-induced desensitization [40] and
internalization. Similarly, the C-terminal domain of the EP4-R is
necessary and sufficient to confer agonist-induced phosphoryl-
ation, desensitization and clathrin-dependent internalization
[25,41]. Of the two ovine FP-R splice variants, only the one with
the full-length C-terminal domain was internalized in a clathrin-
dependent manner [31,34]. In line with the general concept that
the C-terminal domain of the prostanoid receptor is essential for
clathrin-dependent internalization, in the present study, it was
shown that the cell surface expression of the truncated FP-R
mutant was not affected by interruption of the clathrin-dependent
internalization with dominant negative dynamin K44A (Figure 5),
whereas the cell surface expression of wild-type receptor and
E132T mutant receptor, which both contain the full-length
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C-terminal domain, was enhanced by the co-expression of do-
minant negative dynamin K44A.
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