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1 Heterologous desensitization or intermolecular cross-talk plays a critical role in regulating
intracellular signalling by diverse members of the G-protein-coupled receptor superfamily. We have
previously established that the a and b isoforms of the human thromboxane A2 receptor (TP) undergo
differential desensitization of signalling in response to 17 phenyl trinor prostaglandin (PG)E2, an
agonist of the EP1 subtype of the PGE2 receptor (EP) family.

2 Herein, we investigated the molecular basis of TPa and TPb desensitization in human embryonic
kidney (HEK) 293 cells and in renal mesangial cells in response to 17 phenyl trinor PGE2 and in
response to the PGF2a receptor (FP) agonist PGF2a, and sought to identify the target site(s) of those
desensitizations.

3 Our results demonstrated that TPa and TPb receptors are subject to desensitization in response to
both EP1 and FP receptor activation and that these effects are mediated by direct protein kinase
(PK)C phosphorylation of the individual TP isoforms within their unique carboxyl-terminal (C)-tail
domains.

4 Moreover, deletion/site-directed mutagenesis and metabolic labelling studies identified Thr337,
within TPa, and Thr399, within TPb, as the specific target residues for PKC phosphorylation and EP1-
and FP-mediated desensitization of TPa and TPb signalling, respectively.

5 Hence, in conclusion, while the TPa and TPb diverge within their C-tail domains, they have
evolved to share a similar mechanism of PKC-induced phosphorylation and desensitization in
response to EP1 and FP receptor activation, though it occurs at sites unique to the individual TP
isoforms.
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Introduction

The prostanoids consisting of the prostaglandins (PGs) and

thromboxanes (TXs) act in an autocrine and paracrine manner

to regulate diverse physiologic and pathophysiologic processes

(Narumiya et al., 1999). The five primary prostanoids PGD2,

PGE2, PGF2a, PGI2 (prostacyclin) and TXA2 signal through

specific G-protein-coupled receptors (GPCRs) termed prosta-

noid-DP, EP (EP1–EP4), FP, IP and TP, respectively, and

signal mainly through activation (DP, EP2, EP4, IP) or

inhibition (EP3) of adenylyl cyclase and through activation

of phospholipase (PL)Cb (EP1, FP, TP) (Coleman et al., 1994;

Narumiya et al., 1999). These autocoids mediate a variety of

specific effects in diverse cell and tissue types, and depending

on their actions on various types of smooth muscle (SM), such

as vascular or bronchial SM, their receptors are further

classified into the relaxant (DP, EP2, EP4, IP), contractile (EP1,

FP, TP) and inhibitory (EP3) receptors (Narumiya et al., 1999).

The prostanoids may also influence neuronal activity, by either

inhibiting or stimulating neurotransmitter release; they may

modulate fever generation, pain perception, sleep induction,

secretion and motility within the gastrointestinal tract, as well

as the regulation of ion and water transport within the kidney

(Narumiya et al., 1999). More specifically, PGF2a regulates

luteolysis of the corpus luteum in the estrous cycle (Narumiya

et al., 1999), while TXA2 and PGI2 (prostacyclin) play a

critical, dynamic role in vascular haemostasis, regulating

platelet activation status and vascular tone (Armstrong,

1996; Wise & Jones, 1996; Narumiya et al., 1999). Hence, it

is apparent that primary physiologic roles have been ascribed

to many of the prostanoids and their receptors and those

primary functions have been largely corroborated by observa-

tions from receptor knockout studies in mice (Narumiya et al.,

1999; Sugimoto et al., 2000). However, the existence of

overlapping ligand specificities and the co-existence of more

than one prostanoid receptor type, subtype or isoform

(Kiriyama et al., 1997; van der Vuurst et al., 1997; Fennekohl
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et al., 1999) within a given cell/tissue adds greatly to the

diversity of other actions of a given prostanoid within a

particular cell or tissue type and greatly increases the

complexity of downstream signalling resulting from prosta-

noid receptor activation (Narumiya et al., 1999). For example,

the kidney is a major site of PG/TX synthesis (Breyer, 1998);

while Northern blot analysis has confirmed the abundant co-

expression of contractile EP1, FP and TP receptors within the

kidney (Sugimoto et al., 2000) and each of these receptors can

mediate contraction of renal mesangial cells (Breyer, 1998), the

relative roles of these individual prostanoids in renal function

and the possibility of intermolecular cross-talk/counter-reg-

ulation of their responses remain to be investigated.

TXA2 is a potent vasoconstrictor within the kidney,

decreasing glomerular filtration rates (Wilkes et al., 1989;

Spurney et al., 1993a, b; Breyer, 1998), and can greatly

exacerbate renal dysfunction, such as the inflammatory

condition glomerulonephritis (Badr, 1992; DeRubertis &

Craven, 1993). In humans, TXA2 signals through two TP

receptor isoforms termed TPa and TPb that arise through

differential splicing and that are identical for their N-terminal

328 amino acids but differ within their carboxyl terminal (C)-

tail domains (Hirata et al., 1991; Raychowdhury et al., 1994).

Whereas the relevance of two receptors for TXA2 in humans,

but not in other species thus far investigated, is unknown,

there is substantial evidence that they exhibit critical differ-

ences in signalling and patterns of expression (Miggin &

Kinsella, 1998; Coyle et al., 2002) and therefore it is likely that

TPa and TPb have distinct physiologic/pathophysiologic roles

(Kinsella, 2001). While both TPa and TPb mediate identical

ligand binding and Gq-dependent activation of PLCb, their
primary effector (Raychowdhury et al., 1994; Habib et al.,

1997; Walsh et al., 1998; Walsh M. et al., 2000; Kinsella, 2001),

they oppositely regulate adenylyl cyclase activity (Hirata et al.,

1996) and TPa, but not TPb, mediates activation of the novel

G protein/tissue transglutaminase Gh (Vezza et al., 1999).

Additionally, while both TPs undergo agonist-induced phos-

phorylation (Habib et al., 1997; 1999), TPb, but not TPa, is
subject to internalization and downregulation following

prolonged exposure to the TXA2 mimetic U46619 (Parent

et al., 1999; 2001). In studies investigating cross-talk between

TXA2 and other prostanoids, it was established that signalling

by TPa, but not TPb, is subject to prostacyclin and PGD2-

mediated desensitization and inhibition of signalling, involving

direct protein kinase (PK) A phosphorylation of TPa within its

unique C-tail domain (Walsh M.T. et al., 2000; Foley et al.,

2001). Moreover, consistent with the latter, it is now evident

that TPa, but not the TPb, is a target for nitric oxide-induced

desensitization that occurs through a PKG mechanism

involving direct phosphorylation of TPa at S331 within its

unique C-tail domain (Reid & Kinsella, 2003). These latter

studies point to an essential role for TPa in vascular

haemostasis and point to a redundant or an, as yet,

unidentified role for TPb in this essential physiologic process

(Walsh M. et al., 2000; Foley et al., 2001; Reid & Kinsella,

2003). In other studies investigating possible cross-talk

between the TP isoforms and the contractile EP1 receptor, it

was established that TPa and TPb are also subject to

differential desensitization or inhibition of signalling in

response to the EP1 agonist 17 phenyl trinor PGE2 (Walsh &

Kinsella, 2000). While EP1-mediated desensitization of both

TPa and TPb signalling occurred through a GF 109302X

sensitive, H-89-insensitive mechanism, implying an involve-

ment of PKC (Walsh & Kinsella, 2000), the precise mechanism

of EP1-mediated TPa/TPb desensitization remains to be

investigated.

Thus, in the current study, we sought to investigate the

molecular basis of the differential sensitivities of TPa versus
TPb to EP1-mediated desensitization and to identify those

residues/sites within TPa and TPb specifically targeted by EP1

signalling. Moreover, since FP receptors are abundantly co-

expressed along with the TPs and EP1 receptors, such as in the

kidney where they bring about contraction of renal mesangial

cells (Watabe et al., 1993; Abramovitz et al., 1994; Breyer,

1998; Sugimoto et al., 2000), we sought to investigate the

intermolecular cross-talk mediated by the EP1 and FP receptor

agonists 17 phenyl trinor PGE2 and PGF2a on TP signalling

within primary human mesangial cells (11hMCs), comparing it

to that which occurs to the individual TPa and TPb receptors

stably overexpressed in human embryonic kidney (HEK) 293

cells. Our results demonstrated that TPa and TPb receptors are

subject to desensitization in response to both EP1 and FP

receptor activation and that these effects are mediated by

direct PKC phosphorylation at sites unique to the individual

TP receptors, whereby Thr337 and Thr399 have been identified

as the specific phospho-target residues within TPa and TPb,
respectively.

Experimental procedures

Materials

17 phenyl trinor PGE2, SC-19220, Misoprostol, U46619 and

[3H]SQ29,548 were obtained from the Cayman Chemical

Company, Ann Arbor, MI, U.S.A. PGF2a and Tri Reagentt

were obtained from Sigma, Saint Louis, MO, U.S.A. FURA2/

AM, D-myo-inositol 1,4,5-trisphosphate, 3-deoxyhexasodium

salt was from Calbiochem, Darmstadt, Germany. [32P]ortho-

phosphate (8000–9000Cimmol�1) was from DuPont NEN,

Boston, MA, U.S.A. [3H]IP3 (20–40Cimmol�1) was obtained

from American Radiolabelled Chemicals Inc, Saint Louis, MI,

U.S.A. Monoclonal anti-haemagglutinin (HA) HA.11 (MMS-

101R), clone 16B12, was obtained from BABCO, Richmond,

CA, U.S.A. Chemiluminescence Western blotting kit, rat

monoclonal anti-HA 3F10 peroxidase-conjugated IgG,

was obtained from Roche Molecular Biochemicals, Indiana-

polis, IN, U.S.A. Polyvinylidene difluoride membrane was

obtained from Amersham, Buckinghamshire, U.K. AH6809

was obtained from Tocris, U.K. Gaq (C19) specific anti-

body was obtained from Santa Cruz Laboratories, Santa Cruz,

CA, U.S.A. N-[2-((p-bromocinnamyl)amino)ethyl]-5-isoquino-

linesulfonamide, 2HCL (H-89) and 2-[1-(3-dimethylaminopro-

pyl)-1H-indol-3-yl]-3-(1H-indol-3-yl)-maleimide (GF 109203X)

were obtained from Calbiochem, Darmstadt, Germany.

Quick Change Mutagenesis Kit was obtained from Stratagene,

La Jolla, CA, U.S.A. RNasin, deoxyribonucleotides, moloney

murine leukaemia virus (MMLV) Reverse Transcriptase

(RT) and Taq DNA polymerase were obtained from

Promega, Madison, WI, U.S.A. All oligonucleotides were

synthesized by Sigma Genosys, Saint Louis, MO, U.S.A.

Primary human mesangial cells (11hMCs) were purchased

from BioWhittaker Inc, East Rutherford, NJ, U.S.A.
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MCDB131 medium was obtained from Gibco, Invitrogen

Incorporation, Carlsbad, CA, U.S.A.

Methods

Subcloning and site-directed mutagenesis of TPa and TPb

TheplasmidspCMV:TPa,pBluescriptIIKS:TPb,pcDNA3:TPa,
pcDNA3:TPb, pcDNA3:TPD328 and pcDNA3:TPaS329A have

been described previously (Kinsella et al., 1997; Walsh et al.,

1998; Walsh et al., 2000). To facilitate amino-terminal epitope

tagging of proteins with the HA epitope tag (Field et al., 1988),

the cDNAs encoding TPa, TPb, TPD328 and TPaS329A were

subcloned in-frame into the HindIII–EcoRI sites of pHM6

(Roche Molecular Biochemicals) to generate the plasmids

pHM :TPa, pHM :TPb, pHM :TPD328 and pHM :TPaS329A,
respectively.

Deletion of the amino acids carboxyl to Leu336 of TPa was

achieved by conversion of Thr337 codon to a Stop codon

(Thr337, ACG to Stop337, TAA). Site-directed mutagenesis was

performed by PCR mutagenesis using pCMV:TPa as template

and oligonucleotides 50-GAGAAGCTTG ATG TGG CCC

AAC GGC AGT TCC-30 (sense primer; nucleotides þ 1 to

þ 21 of TPa sequence are underlined) and 50-CT CTA AGC

TTA GAC CTG GGG CTG GAG GGA-30 (antisense primer;

sequences complimentary to nucleotides þ 993 to þ 1008 of

TPa sequence are underlined, and the mutator in-frame stop

codon is in boldface italics). PCR amplifications were

performed using Expand High Fidelitys Taq DNA polymer-

ase, and the resulting PCR-amplified cDNA was subcloned

into the HindIII–EcoRI site of pHM6 to generate

pHM :TPaD336.
Conversion of Thr337 to Ala337 of TPa was performed by

PCR mutagenesis using pCMV :TPa as template and oligo-

nucleotides 50-GAGAAGCTTG ATG TGG CCC AAC GGC

AGT TCC-30 (sense primer; nucleotides þ 1 to þ 21 of TPa
sequence are underlined) and 50-TCTC GAA TT CTA CTG

CAG CCC GGA GCG CTG CGC GAG CTG GGG CTG

GAG-30 (antisense primer; sequences complimentary to

nucleotides þ 996 to þ 1029 of TPa sequence are underlined,

and the sequence complementary to mutator Thr (ACG) to

Ala (GCG) codon is in boldface italics). PCR amplifications

were performed using Expand High Fidelitys Taq DNA

polymerase, and the resulting PCR-amplified cDNA was

subcloned into the HindIII–EcoRI site of pHM6 to generate

pHM :TPaT337A.
Conversion of Ser331 to Ala331 of TPa, herein designated

TPaS331A, was performed using the Stratagene Quick Change

site-directed mutagenesis kit using pHM :TPa as template and

oligonucleotides 50-G CCC AGG TCG CTG GCC CTC CAG

CCC C-30 (sense primer where the sequence corresponding to

mutator Ser (TCC) to Ala (GCC) is in boldface italics) and 50-
G GGG CTG GAG GGC CAG CGA CCT GGG C-30

(antisense primer; the sequence complimentary to mutator Ser

(TCC) to Ala (GCC) codon is in boldface italics), resulting in

the generation of the plasmid pHM :TPaS331A.
Deletion of the amino acids carboxyl to Ile367of TPb was

achieved by conversion of Thr368 codon to a Stop codon

(Thr368, ACA to Stop368, TGA). Site-directed mutagenesis was

performed by PCR mutagenesis using pBluescriptIIKS:TPb as

template and oligonucleotides 50-GAGAAGCTTG ATG

TGG CCC AAC GGC AGT TCC-30 (sense primer; nucleo-

tides þ 1 to þ 21 of TPb sequence are underlined) and 50-
TCTC GAAT TCA AAT CCC AGC AGC TCG GGA-30

(antisense primer; sequences complimentary to nucleotides

þ 1086 to þ 1101 of TPb sequence are underlined, and the

mutator in-frame stop codon is in boldface italics). PCR

amplifications were performed using Expand High Fidelitys

Taq DNA polymerase, and the resulting PCR-amplified

cDNA was subcloned into the HindIII–EcoRI site of pHM6

to generate pHM :TPbD367.

Conversion of Thr399 to Ala399 of TPb was performed by

PCR mutagenesis using pBluescriptIIKS:TPb as template and

oligonucleotides 50-GAGAAGCTTG ATG TGG CCC AAC

GGC AGT TCC-30 (sense primer; nucleotides þ 1 to þ 21 of

TPb sequence are underlined) and 50-TCTC GAAT TCA ATC

CTT TCT GGA CAG AGC CTT CCC TGC TGG AGG TTC

AAA AGG-30 (antisense primer; sequences complimentary to

nucleotides þ 1182 to þ 1221 of TPb sequence are underlined,

and the sequence complementary to mutator Thr (ACA) to

Ala (GCA) codon is in boldface italics). PCR amplifications

were performed using Expand High Fidelitys Taq DNA

polymerase, and the resulting PCR-amplified cDNA was

subcloned into the HindIII–EcoRI site of pHM6 to generate

pHM :TPbT399A.

Conversion of Ser404 to Ala404 of TPb was performed by

PCR mutagenesis using pBluescriptIIKS : TPb as template and

oligonucleotides 50-GAGAAGCTTG ATG TGG CCC AAC

GGC AGT TCC-30 (sense primer; nucleotides þ 1 to þ 21 of

TPb sequence are underlined) and 50-TCTC GAAT TCA ATC

CTT TCT GGC CAG AGC CTT CCC TGT-30 (antisense

primer; sequences complimentary to nucleotides þ 1197 to

þ 1221 of TPb sequence are underlined, and the sequence

complementary to mutator Ser (TCC) to Ala (GCC) codon is

in boldface italics). PCR amplifications were performed using

Expand High Fidelitys Taq DNA polymerase, and the

resulting PCR-amplified cDNA was subcloned into the

HindIII–EcoRI site of pHM6 to generate pHM :TPbS404A.

Conversion of Thr399 and Ser404 to Ala399 and Ala404 of TPb
was performed by PCR mutagenesis using pHM :TPbT399A as

template and oligonucleotides 50-GAGAAGCTTG ATG

TGG CCC AAC GGC AGT TCC-30 (sense primer; nucleo-

tides þ 1 to þ 21 of TPb sequence are underlined) and 50-
TCTC GAAT TCA ATC CTT TCT GGC CAG AGC CTT

CCC TGC-30 (antisense primer; sequences complimentary to

nucleotides þ 1197 to þ 1221 of TPb sequence are underlined,

and the sequence complementary to mutator Ser (TCC) to Ala

(GCC) codon is in boldface italics). PCR amplifications were

performed using Expand High Fidelitys Taq DNA polymer-

ase, and the resulting PCR-amplified cDNA was subcloned

into the HindIII–EcoRI site of pHM6 to generate

pHM :TPbT399A,S404A. All plasmids and their corresponding

mutations were verified by double-stranded DNA sequence

analysis (MWG Biotech Ltd). The plasmid pCMV:Gaq has

previously been described (Kinsella et al., 1997; Hayes et al.,

1999).

Cell culture and transfections

Primary human mesangial cells (11hMCs) were obtained from

BioWhittaker Inc. and were routinely cultured in MCDB131

medium supplemented with 10% foetal bovine serum (FBS)

and maintained at 371C in 5% CO2. HEK 293 cells were
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obtained from the American Type Culture Collection (Man-

assas, VA, U.S.A.) and were cultured in minimal essential

medium with Earle’s salts (MEM) supplemented with 10%

FBS and maintained at 371C in 5% CO2. HEK.TPa and

HEK.TPb cell lines stably overexpressing TPa and TPb,
respectively, were previously described (Walsh M.T. et al.,

2000). Routinely, HEK 293 cells were plated in 10 cm culture

dishes at a density of 2� 106 cells per dish in 8ml media

approximately 48 h prior to transformation, and thereafter

were transiently transfected with 10mg pADVA (Gorman et al.,

1990) and 25mg of pcDNA-, pCMV- or pHM-based vectors

using the calcium phosphate/DNA co-precipitation procedure

essentially as previously described (Kinsella et al., 1997). For

transient transfections, cells were harvested at 48 h post

transfection. To create the HEK.TPa, HEK.TPb, HEK.TPD328,

HEK.TPaS329A, HEK.TPaS331A, HEK.TPaT337A, HEK.TPbD367,

HEK.TPbT399A, HEK.TPbS404A, HEK.TPbT399A,S404A cell lines

stably overexpressing the HA-epitope tagged forms of TPa,
TPb or their respective variants, HEK 293 cells were

transfected with 10mg of Sca1-linearized pADVA plus 25mg
of the appropriate Pvu1-linearized pHM :TPa, pHM :TPb,
pHM :TPD328, pHM :TPaS329A, pHM :TPaS331A, pHM :TPa-
T337A, pHM :TPbD367, pHM :TPbT399A, pHM :TPbS404A,

pHM :TPbT399A,S404A plasmids, respectively. At 48 h post-

transfection, G418 (0.8mgml�1) selection was applied and

after approximately 21 days individual G418-resistant colonies

were selected and individual pure clonal stable cell lines/

isolates were examined for TP expression by evaluation of

their radioligand-binding properties.

Radioligand-binding studies

Cells were harvested by centrifugation at 500� g at 41C for

5min and washed three times with ice-cold Ca2þ /Mg2þ -free

phosphate-buffered saline (PBS). TP radioligand-binding

assays were carried out at 301C for 30min in 100 ml reactions
in the presence of 0–40 nM [3H]SQ29,548 for Scatchard

analysis or in the presence of 20 nM [3H]SQ29,548 for

saturation radioligand-binding experiments as previously

described (Kinsella et al., 1997). Protein determinations were

carried out using the Bradford (1976) assay.

Measurement of intracellular calcium ([Ca2þ]i)
mobilization

Measurements of intracellular calcium mobilization ([Ca2þ ]i)

were made by monitoring the intensity of fluorescence from

FURA2/AM preloaded cells as previously described (Kinsella

et al., 1997). Briefly, HEK 293 stably overexpressing the

various TP receptors were transiently transfected with

pCMV :Gaq approximately 48 h prior to harvesting. There-

after, either 11hMCs cells or HEK 293 cell lines were harvested

by scraping, were then washed twice in ice-cold PBS and then

resuspended in HBSSHB (modified Ca2þ /Mg2þ -free Hank’s

buffered salt solution, containing 10 mM HEPES, pH 7.67,

0.1% bovine serum albumin (BSA)) buffer at 107 cellsml�1 and

incubated in the dark with 5 mM FURA2/AM for 45min at

371C. Cells were collected by centrifugation (900� g, 5min),

washed once in an equal volume of HBSSHB, and were finally

resuspended in HBSSHB buffer at 107 cellsml�1 and kept at

room temperature in the dark until use. For each measurement

of [Ca2þ ]i mobilization, aliquots of cells were diluted to

0.825� 106 cellsml�1 in HBSSHB buffer containing 1mM

CaCl2 and FURA2 fluorescence was recorded (2ml aliquots

of cells) at 371C with gentle stirring with a Perkin-Elmer-Cetus

LS50-B spectrofluorometer at excitation wavelengths of 340

and 380 nm and an emission wavelength of 510 nm, respec-

tively.

Cells were stimulated with the TP agonist U46619 (1 mM) at

50 s, or with 17 phenyl trinor PGE2 (1 mM), PGF2a (1 mM), or

Misoprostol (0.7 mM) at 50 s, followed by stimulation with

U46619 (1 mM) at 150 s. Alternatively, cells were pre-incubated

in the presence of various kinase inhibitors {N-[2-((p-bromo-

cinnamyl)amini)ethyl}-5-isoquinolinesulphonamide, 2HCL}

(H-89, 10mM), 2-[1-(3-dimethylaminopropyl)-1H-indol-3-yl]-

3-(1H-indol-3-yl)-maleimide] (GF 109203X, 50 nM), or the

EP1 antagonist SC-19220 (0.6 mM) for 5min prior to stimula-

tion with the above ligands. In all cases, the drugs (agonists,

antagonists and kinase inhibitors in ethanol or DMSO) were

diluted in vehicle HBSSHB, at the appropriate concentration

such that addition of 20ml of the diluted drug/inhibitor to 2ml

of cells resulted in the correct working concentration. The

vehicle had no effect on [Ca2þ ]i mobilization by either TP

isoforms and had no effect on experimental data. A rapid,

transient rise and fall in intracellular [Ca2þ ]i levels in response

to ligand stimulation was interpreted as receptor-mediated

[Ca2þ ]i mobilization. The calibration of the signal was

performed in each sample by adding 0.2% Triton X-100 to

obtain the maximal fluorescence ratio (Rmax), and then 1mM

EGTA to obtain the minimal fluorescence ratio (Rmin). The

ratio of the fluorescence at 340 nm to that at 380 nm is a

measure of [Ca2þ ]i (Grynkiewicz et al., 1985), which assumes a

Kd of 225 nM Ca2þ for FURA2/AM. The results presented in

the figures are representative profiles from at least four

independent experiments, and are plotted as changes [Ca2þ ]i
mobilized (D[Ca2þ ]i (nM)) as a function of time (s) upon ligand

stimulation. Changes in [Ca2þ ]i mobilization were determined

by measuring the peak rises in intracellular [Ca2þ ]i mobilized

(D[Ca2þ ]i), and were calculated as mean changes in

D[Ca2þ ]i7s.e.m. (nM), and values are reported at the end of

each figure legend, where appropriate.

Measurement of IP3 levels

Measurement of intracellular IP3 levels in HEK 293 cells was

made on the basis of competition between unlabelled IP3 and a

fixed concentration of [3H]IP3 for binding to an IP3-binding

protein derived from bovine adrenal glands, as described

previously (Godfrey, 1992; Walsh et al., 2000). Routinely, cells

were harvested by scraping, washed twice in ice-cold PBS and

were then resuspended at approximately 2� 106 cells/200 ml in
HEPES-buffered saline (HBS; 140 nM NaCl, 4.7mM KCl,

2.2mM CaCl2, 1.2mM KH2PO4, 11mM glucose, 15mM

HEPES-NaOH, pH 7.4) supplemented with 10mM LiCl. Cells

(200ml) were pre-incubated at 371C for 10min; where

appropriate, kinase inhibitors (H-89, 10mM; GF 109203X,

50 nM) or vehicle (HBS) were added after 5min and cells were

further incubated for 5min at 371C. Thereafter, cells were

stimulated with either U46619 (1 mM), 17 phenyl trinor PGE2

(1 mM), or PGF2a (1 mM) for 1min at 371C. Alternatively, cells

were stimulated with either 17 phenyl trinor PGE2 (1 mM) or

PGF2a (1 mM) for 1min, followed by centrifugation at

3500 r.p.m. for 3min, removal of buffer plus ligand and

resuspension in 200ml HBS prior to re-stimulation with
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U46619 (1 mM) for 1min at 371C. All ligands and kinases were

pre-diluted in HBS to a concentration such that 50ml added to

200 ml of cell suspension in HBS would give the desired final

concentration. To determine the basal IP3 levels, an equivalent

volume (50 ml) of the vehicle HBS was added instead of ligand.

The level of IP3 produced was quantified by radio competition

assay, essentially as previously described (Godfrey, 1992).

Levels of IP3 produced by ligand-stimulated cells over basal

stimulation, in the presence of HBS, were expressed in pmol

IP3mg�1 protein7s.e.m. and as fold stimulation over basal

(fold increase7s.e.m.). In all cases, four independent experi-

ments were performed, each in duplicate.

Measurement of agonist-mediated TP phosphorylation

Whole-cell phosphorylation assays were performed essentially

as previously described (Walsh et al., 2000). Briefly, cells

(2� 106 cells 10 cm�1 dish) were transiently transfected with

pCMV :Gaq. Approximately, at 48 h after transfection, cells

were washed once in phosphate-free Dulbecco’s modified

Eagle’s medium (DMEM), 10% dialysed FBS, and were

metabolically labelled for 60min in the same medium

(2ml 10 cm�1 dish) containing 100 mCiml�1 [32P]orthophos-

phate (8000–9000Cimmol�1) at 371C, 5% CO2. Where

appropriate, the kinase inhibitor GF 109203X (50 nM) or an

equivalent volume of the vehicle (phosphate-free DMEM,

10% dialysed FBS) were added during the labelling period.

Thereafter, specific ligand (20 ml) or an equivalent volume of

the vehicle (phosphate-free DMEM, 10% dialysed FBS) were

added to 2ml labelling media on cells to give the final desired

concentration of ligand (17 phenyl trinor PGE2, 1mM; or

PGF2a, 1mM) and cells were incubated at 371C, 5% CO2 for

10min. Reactions were terminated by transferring the dishes to

ice and aspirating the labelling medium. Cells were then

washed twice in ice-cold PBS (3ml per dish) and lysed with

0.6ml radioimmune precipitation (RIP) buffer (50mM Tris-Cl,

pH 8.0, 150mM NaCl, 1mM EDTA, 1% Nonidet P-40 (v v�1),

0.5% deoxycholate (w v�1), 0.1% SDS (w v�1), 0.5% sodium

fluoride, 25mM sodium pyrophosphate, 1mgml�1 leupeptin,

0.5mM phenyl-methylsulphonyl fluoride (PMSF), 10mgml�1

aprotinin, 10mgml�1 antipain and 1mM sodium orthovana-

date). Following 15min incubation on ice, cells were harvested

by scraping and disrupted by sequentially passing through

hypodermic needles of decreasing bore size (G20, G21, G23

and G26), and soluble cell lysates were harvested by

centrifugation for 15min at 13,000� g at RT. HA-epitope-

tagged TP receptors were then immunoprecipitated using the

anti-HA 101R antibody (1 : 300 dilution) at RT for 2 h

followed by the addition of 10 ml of protein G-Sepharose 4B

(Sigma) and further incubation at R.T for 1 h. Immune

complexes were collected by centrifugation at 13,000� g at

R.T for 5min and were washed three times in 0.5ml of RIP

buffer and finally resuspended in 1� immunoprecipitation (IP)

buffer (10% b-mercaptoethanol (v v�1), 2% SDS (w v�1), 30%

glycerol (v v�1), 0.025% bromophenol blue (w v�1), 50mM

Tris-HCl, pH 6.8; 40 ml). Samples were loaded without boiling

onto 10% polyacrylamide gels, analysed by SDS–polyacryl-

amide gel electrophoresis (PAGE), and thereafter electro-

blotted onto polyvinylidene difluoride (PVDF) membranes,

essentially as described previously (Hayes et al., 1999).

Electroblots were then exposed to Eastman Kodak Co. Xomat

XAR film to detect 32P-labelled proteins. Thereafter, blots

were subject to phosphorimage analysis, and the intensities of

phosphorylation relative to basal phosphorylation were

determined and then expressed in arbitrary units of intensity

relative to basal levels. In parallel experiments, cells were

incubated under identical conditions in the absence of

[32P]orthophosphate; HA-tagged TP receptors were immuno-

precipitated from the same cell lines using the anti-HA 101R

antibody (1 : 300 dilution) and immunoblots were screened

using the anti-HA 3F10 horseradish peroxidase conjugate

antibody (1 : 600 dilution); immunoreactive proteins were

visualized using the chemiluminescence sytem, as described

by the manufacturer (Roche).

Reverse transcriptase–polymerase chain reaction
(RT–PCR)

Total RNA was isolated from monolayer HEK 293 cells using

Tri Reagentt (Sigma), essentially as described by the supplier.

Conversion of total RNA to first strand (11) cDNA involved

moloney murine leukaemia virus (MMLV) RT. Briefly, total

RNA (1.4 mg) was denatured for 10min at 701C in the presence

of random hexamer oligonucleotides (100mM), then chilled on

ice 10� reaction buffer, deoxynucleotides, RNasin and

MMLV RT (Promega) were then added to give a final

reaction mix of 50mM Tris-HCl, pH 8.3, 75mM KCl, 3mM

MgCl2, 10mM DTT, 40U RNasin, 0.8mM deoxyribonucleo-

tide triphosphate, 400 MMLV RT in a total volume of 25 ml. 11
cDNA synthesis was performed at 371C for 40min, then at

421C for 40min. Reactions were heat inactivated at 801C for

10min. In each RT experiment, the following negative control

reactions were routinely carried out: (a) 11 cDNA reactions

carried out in the absence of MMLV RT; (b) all RT reagents

excluding template RNA. Aliquots (3.5 ml) of 11 cDNA were

then used as templates in subsequent PCR reactions (25 ml)
using primer pairs selective for EP1: primer A: 50

GACGCCGCTCCCGACG 30 (sense primer) and primer B:

50 AGAGGCGAAGCAGTTGGCG 30 (antisense primer) of

the human EP1 gene (Funk et al., 1993) or FP: primer C: 50

CTTGGTGTTTCATTGTTGTGC 30 (sense primer) and

primer D: 50 CTAGGTGCTTGCTGATTTCTC 30 (antisense
primer) of the human FP gene (Abramovitz et al., 1994).

In each case, EP1- and FP-selective primer pairs were

designed to span across intron 2 of the respective EP1 and FP

genes to distinguish between products derived from first-strand

cDNA to those that might be generated due to trace genomic

DNA present in the total RNA preparations. In each PCR

experiment, the following negative control reactions were

routinely carried out for each primer pair: PCR reactions

carried out in the absence of any template cDNA. Following

amplification, products of the PCR reactions (7 ml) were

analysed by routine agarose gel electrophoresis and the

DNA/ethidium bromide complexes were visualized under

ultraviolet light and photographed using a UVP GDS8000

gel documentation system.

Data analyses

Radioligand-binding data were analysed using GraphPad

Prism V3.0. programme (GraphPad Software Inc., San Diego,

CA, U.S.A.). Statistical analysis was carried out using the

unpaired Student’s t-test using the Statworks Analysis
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package. P-values p0.05 were considered to indicate a

statistically significant difference.

Results

Effect of 17 phenyl trinor PGE2 and PGF2a on U46619-
mediated [Ca2þ]i mobilization

In the current study, we sought to investigate the molecular

basis of the differential sensitivities of TPa versus TPb to EP1

signalling and to identify those residues/sites within TPa and

TPb specifically targeted by EP1 agonists (Walsh & Kinsella,

2000). Moreover, in view of the shared Gq/PLCb effector

signalling mechanism between the EP1 and FP receptors,

we sought to investigate whether the TP isoforms are subject

to a similar FP-mediated cross-regulation/desensitization

mechanism.

Thus, TP isoform signalling was investigated in HEK 293

cell lines stably overexpressing TPa (HEK.TPa cells) or TPb
(HEK.TPb cells) and in primary human renal mesangial cells

(11hMCs) which have been confirmed to endogenously express

both TPa and TPb isoforms (data not shown). It has been

reported that for efficient TPa and TPb coupling to PLCb
activation in HEK 293 cells, it is necessary to co-transfect cells

with a member of the Gq family of heterotrimeric G proteins

(Kinsella et al., 1997; Walsh et al., 1998). Hence, throughout

these studies, HEK 293-based cell lines were routinely co-

transfected with pCMV :Gaq, encoding Gaq (Kinsella et al.,

1997). While stimulation of HEK.TPa cells and HEK.TPb
cells, transiently co-transfected with pCMV :Gaq, with the TP

agonist U46619 mediated a substantial rise in intracellular

calcium ([Ca2þ ]i) mobilization (Figure 1a and d), consistent

with previous reports (Walsh & Kinsella, 2000), 17 phenyl

trinor PGE2 significantly impaired signalling through both

TPa (Figure 1b, P¼ 0.0005) and TPb (Figure 1e, P¼ 0.0076)

isoforms. Moreover, while stimulation of HEK.TPa and

HEK.TPb cells, transiently co-transfected with pCMV :Gaq,
with the FP agonist PGF2a each mediated a moderate, though

significant, rise in [Ca2þ ]i mobilization (Figure 1c and f), it

significantly impaired signalling through both TPa (Figure 1c,

P¼ 0.0001) and TPb (Figure 1f, P¼ 0.0059). The IC50’s of

PGF2a in HEK.TPa and HEK.TPb cells were 0.4 and 0.2mM,

respectively. While stimulation of 11hMCs with U46619

yielded a substantial rise in [Ca2þ ]i mobilization (Figure 1g),

pre-stimulation of 11hMCs with both 17 phenyl trinor PGE2

(Figure 1h) and PGF2a (Figure 1i) each mediated a moderate,

though significant, rise in [Ca2þ ]i mobilization and each

significantly impaired TP signalling in response to secondary

stimulation with U46619 (Figure 1h, P¼ 0.0004; Figure 1i,

P¼ 0.0003). The presence of mRNA encoding EP1 and FP

receptors in HEK 293 cells (Figure 1k) and 11hMCs (data not

shown) was confirmed by RT–PCR.

Whereas we have previously established that the antagonist

AH6809 significantly impaired 17 phenyl trinor PGE2-

mediated desensitization of both TPa and TPb, owing to its

lack of EP receptor selectivity (Narumiya et al., 1999), these

data did not fully exclude the possibility that 17 phenyl trinor

PGE2 may be acting through other EP subtypes, such as

through the EP2/EP3/EP4 subtypes. Thus, we extended this

investigation by examining the effect of the EP1 selective

antagonist SC-19220 (Inoue et al., 1999). Pre-stimulation of

HEK.TPa cells and HEK.TPb cells (Figure 2a and b) and

11hMCs (data not shown) with SC-19220 inhibited 17 phenyl

trinor PGE2 induced [Ca2þ ]i mobilization and impaired 17

phenyl trinor PGE2 induced desensitization of TP signalling in

response to secondary stimulation with U46619 (Figure 2a,

P¼ 0.44; Figure 2b, P¼ 0.13, respectively). Moreover, the

EP2/EP3/EP4 agonist Misoprostol (Bunce et al., 1991; Walt,

1992; Smith et al., 1994; Talpain et al., 1995) did not yield

significant increases in [Ca2þ ]i mobilization and did not

significantly affect subsequent U46619-mediated [Ca2þ ]i mo-

bilization by TPa (Figure 2c, P¼ 0.085), TPb (Figure 2d,

P¼ 0.84) or 11hMCs (data not shown).

Effect of H-89 and GF 109203X on 17 phenyl trinor
PGE2- and PGF2a-mediated desensitization of TPa and
TPb signalling

To investigate whether the second-messenger PKs may be

involved in 17 phenyl trinor PGE2 and/or PGF2a mediated

cross-desensitization of TP signalling in 11 hMCs, and in the

respective HEK 293 cell lines, the effect of H-89, a PKA

inhibitor, and GF 109203X, a PKC inhibitor, on U46619-

mediated [Ca2þ ]i mobilization was examined. Pre-incubation

of 11hMCs with H-89 had no significant effect on either 17

phenyl trinor PGE2- (Figure 3a, P¼ 0.87) or PGF2a (Figure 3c,

P¼ 0.0778) -mediated desensitization of [Ca2þ ]i mobilization

in response to U46619. In contrast, GF 109203X significantly

impaired 17 phenyl trinor PGE2 (Figure 3b, P¼ 0.0006) and

PGF2a (Figure 3d, P¼ 0.0003) cross-desensitization of

U46619-mediated [Ca2þ ]i responses.

H-89 had no significant effect on either PGF2a or 17 phenyl

trinor PGE2-mediated desensitization of U46619 responses in

either HEK.TPa cells (Figure 4a, panel and inset, P¼ 0.312

and 1.0, respectively) or HEK.TPb cells (Figure 4c, panel and

inset, P¼ 0.756 and 0.561, respectively). However, GF

109203X significantly impaired both PGF2a- and 17 phenyl

trinor PGE2-mediated desensitization of the U46619 responses

in both HEK.TPa cells (Figure 4b, panel and inset, P¼ 0.0001

and 0.0005, respectively) and HEK.TPb cells (Figure 4d, panel

and inset, P¼ 0.0056 and 0.0068, respectively). Moreover,

neither PGF2a nor 17 phenyl trinor PGE2 had any effect on

U46619-mediated [Ca2þ ]i mobilization by TPD328 (Figure 4e

and f; Figure 4f, panel and inset, P¼ 0.13 and 0.336,

respectively), a variant of TP devoid of those residues unique

to TPa and TPb. Taken together, these results indicate that

EP1- and FP-mediated desensitization of TPa and TPb, either
endogenously expressed in 11hMCs or stably overexpressed in

HEK 293 cells, occurs through a H-89-insensitive, GF

109203X-sensitive mechanism and that the target sites of this

desensitization are located within the unique C-tail regions of

TPa and TPb at sites distal to Arg328.

Investigation of the mechanism of 17 phenyl trinor PGE2-
and PGF2a-mediated cross-desensitization of TPa
signalling

Analysis of the unique C-tail sequences of both TPa and

TPb identified the presence of several Ser/Thr residues that

may represent target residues for phosphorylation. Thus, a

combination of bioinformatic approaches, using the Phospho-

Base program for protein sequence analysis (Blom et al., 1998),

as well as site-directed/deletion mutagenesis were employed

208 L.P. Kelley-Hickie & B.T. Kinsella PKC-mediated phosphorylation of TPa and TPb

British Journal of Pharmacology vol 142 (1)



to investigate whether any of these putative phosphory-

lation sites within either TPa and/or TPb represent potential

target sites for either EP1- or FP-mediated desensitization.

Figure 5a and b, respectively, illustrates the C-tail sequences

of TPa and TPb and highlights the entire repertoire of

site-directed or deletion mutations that were established
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Figure 1 Effect of 17 phenyl trinor PGE2 and PGF2a on U46619-mediated [Ca2þ ]i mobilization. HEK.TPa cells (panels (a–c)) or
HEK.TPb cells (panels (d–f)), transiently co-transfected with pCMV :Gaq, and 11 hMCs (panels (g–i)) were either stimulated with
1mM U46619 alone (panels (a, d) and (g)), or were pre-stimulated with either 1 mM 17 phenyl trinor PGE2 (panels (b, e) and (h)) or
with 1 mM PGF2a (panels (c, f) and (i)) prior to stimulation with 1mM U46619, where ligands were added at the times indicated by the
arrows. Data presented are representative profiles from at least four independent experiments and are plotted as changes in
intracellular Ca2þ mobilization (D[Ca2þ ]i, nM) as a function of time (second, s). The actual mean changes in [Ca2þ ]i mobilization
(nM7s.e.m.; n¼ 4) were as follows. Panel (a) U46619, D[Ca2þ ]i¼ 14276.3 nM; panel (b) 17 phenyl trinor PGE2, U46619,
D[Ca2þ ]i¼ 4872.6, 6773.4 nM; panel (c) PGF2a, U46619, D[Ca2þ ]i¼ 4273.8, 3973.2 nM; panel (d) U46619,
D[Ca2þ ]i¼ 13776.3 nM; panel (e) 17 phenyl trinor PGE2, U46619, D[Ca2þ ]i¼ 3673.3, 9376.2 nM; panel (f) PGF2a, U46619,
D[Ca2þ ]i¼ 4073.3, 36717.8 nM; panel (g) U46619, D[Ca2þ ]i¼ 13974.7 nM; panel (h) 17 phenyl trinor PGE2, U46619,
D[Ca2þ ]i¼ 3772.3, 6674.7 nM; panel (i) PGF2a, U46619, D[Ca2þ ]i¼ 4172.9, 2078.8 nM; panel (j) HEK.TPa (lanes 1 and 2) or
HEK.TPb (lanes 3 and 4) cells transiently co-transfected with the control vector pCMV5 (lanes 1 and 4) or with pCMV :Gaq (lanes 2
and 3) were analysed by SDS–PAGE (75mg whole-cell protein analysed/lane) followed by Western blot analysis using anti-Gaq
antibody (C-19). Data presented are representative immunoblots from four independent experiments. The relative position of the
46 kDa molecular size marker is indicated to the left of panel (j). Panel (k) RT–PCR analysis of the human FP cDNA (lane 2;
443 bp) and the EP1 cDNA (lane 4; 398 bp) amplified from total RNA isolated from HEK 293. The negative control PCRs, where
amplification FP and EP1-selective primers were added to the reaction without any template cDNA, are shown in lanes 1 and 5,
respectively. Molecular size DNA markers ranging from 517 to 350 bp are shown in lane 3.
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Figure 2 Effect of SC-19220 and Misoprostol on U46619-mediated [Ca2þ ]i mobilization. HEK.TPa cells (panels (a) and (c)) and
HEK.TPb cells (panels (b) and (d)), transiently co-transfected with pCMV :Gaq, were either pre-incubated with 0.6 mM SC-19220 for
15min prior to stimulation with 1 mM 17 phenyl trinor PGE2 followed by 1mM U46619 (panels (a) and (b), respectively), or were
stimulated with 0.7 mM Misoprostol (panels (c) and (d)) prior to stimulation with 1 mM U46619, where ligands were added at the
times indicated by the arrows. Data presented are representative profiles from at least four independent experiments and are plotted
as changes in intracellular Ca2þ mobilization (D[Ca2þ ]i, nM) as a function of time (second, s). The actual mean changes in [Ca2þ ]i
mobilization (nM7s.e.m.; n¼ 4) were as follows: 1mM U46619, D[Ca2þ ]i¼ 14576.3 nM for HEK :TPa10; 1 mM U46619,
D[Ca2þ ]i¼ 13974.7 nM for HEK :TPb3 (data not shown); panel (a) 17 phenyl trinor PGE2, U46619, D[Ca2þ ]i¼ 4272.1,
13973.2 nM; panel (b) 17 phenyl trinor PGE2, U46619, D[Ca2þ ]i¼ 5573.5, 15972.2 nM; panel (c) Misoprostol, U46619,
D[Ca2þ ]i¼ 2172.3, 12874 nM; panel (d) Misoprostol, U46619, D[Ca2þ ]i¼ 1972.4 nM, 13778.1 nM.
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Figure 3 Effect of H-89 and GF 109203X on 17 phenyl trinor PGE2- and PGF2a-induced inhibition of U46619-mediated [Ca2þ ]i
mobilization in 11 hMCs. 11 hMCs (panels (a–d)) were pre-incubated for 10min with either 10 mM H-89 (panels (a) and (c)) or with
50 nM GF 109203X (panels (b) and (d)), followed by pre-stimulation with 1mM 17 phenyl trinor PGE2 (panels (a) and (b)) or with
1mM PGF2a (panels (c) and (d)) prior to stimulation with 1 mM U46619, where ligands were added at the times indicated by the
arrows. Data presented are representative profiles from at least four independent experiments and are plotted as changes in
intracellular Ca2þ mobilization (D[Ca2þ ]i, nM) as a function of time (second, s). The actual mean changes in [Ca2þ ]i mobilization
(nM7s.e.m.; n¼ 4) were as follows: 1 mM U46619 alone, D[Ca2þ ]i¼ 13273.1 nM (data not shown). Panel (a) 17 phenyl trinor PGE2,
U46619, D[Ca2þ ]i¼ 3272.2, 6573.6 nM; panel (b) 17 phenyl trinor PGE2, U46619, D[Ca2þ ]i¼ 1271.8, 12974.2 nM; panel (c)
PGF2a, U46619, D[Ca2þ ]i¼ 1771.3, 4273.1 nM; panel (d) PGF2a, U46619, D[Ca2þ ]i¼ 1271.4, 13073.9 nM.
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to identify their target sites for either EP1- or FP-mediated

desensitization.

In terms of TPa sequences, the following variants were

initially generated: TPaS329A in which Ser329 was mutated to

Ala329, thereby disrupting the phosphorylation site within TPa
(RPRS329LSL); TPaS331A in which Ser331 was mutated to Ala331,

thereby disrupting the potential phosphorylation site

(RSLS331LQP) and TPaD336, a truncated variant of TPa devoid

of all C-tail residues distal to Leu336 (Figure 5a).

Stable cell lines overexpressing HA-epitope-tagged forms of

these TPa variants were established and were initially

characterized by Scatchard analysis (Table 1). Neither the

presence of the HA-epitope tag nor the specific mutation per se

affected the radioligand-binding properties (Kd or Bmax) of the
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Figure 4 Effect of H-89 and GF 109203X on 17 phenyl trinor PGE2- and PGF2a-induced inhibition of U46619-mediated [Ca2þ ]i
mobilization in HEK 293 cells. Panels/insets (a–d) HEK.TPa cells (panels/insets (a) and (b)) or HEK.TPb cells (panels/insets (c) and
(d)), transiently co-transfected with pCMV :Gaq, were pre-incubated for 10min with either 10 mM H-89 (panels/insets (a) and (c)) or
with 50 nM GF 109203X (panels/insets (b) and (d)). Thereafter, cells were stimulated with either 1mM 17 phenyl trinor PGE2 prior to
stimulation with 1 mM U46619 (insets (a–d)) or with 1 mM PGF2a prior to stimulation with 1 mM U46619 (panels (a–d)), where ligands
were added at the times indicated by the arrows. Panels/insets (e) and (f) HEK.TPD328 cells, transiently co-transfected with
pCMV :Gaq, were stimulated with 1 mM U46619 alone (panel (e)), or were stimulated with 1mM 17 phenyl trinor PGE2 prior to
stimulation with 1 mM U46619 (inset (f)) or with 1 mM PGF2a prior to stimulation with 1 mM U46619 (panel (f)). Data presented are
representative profiles from at least four independent experiments, and are plotted as changes in intracellular Ca2þ mobilization
(D[Ca2þ ]i, nM) as a function of time (second, s). Actual mean changes in [Ca2þ ]i mobilization (nM7s.e.m.; n¼ 4) were as follows:
1mM U46619, D[Ca2þ ]i¼ 15675.5 nM for HEK :TPa, and 1 mM U46619, D[Ca2þ ]i¼ 13673 nM for HEK :TPb (data not shown);
panel (a) PGF2a, U46619, D[Ca2þ ]i¼ 2073.4, 27.379.6 nM, inset A: 17 phenyl trinor PGE2, U46619, D[Ca2þ ]i¼ 5474.3,
6774.1 nM; panel (b) PGF2a, U46619, D[Ca2þ ]i¼ 3674.2, 13974.5 nM, inset (b) 17 phenyl trinor PGE2, U46619,
D[Ca2þ ]i¼ 4975.3, 13575.7 nM; panel (c) PGF2a, U46619, D[Ca2þ ]i¼ 3573.9, 3072.6 nM, inset (c) 17 phenyl trinor PGE2,
U46619, D[Ca2þ ]i¼ 5074.8, 9771.2 nM; panel (d) PGF2a, U46619, D[Ca2þ ]i¼ 6075.8, 13674.7 nM, inset (d) 17 phenyl trinor
PGE2, U46619, D[Ca2þ ]i¼ 3473.2, 14076.7 nM; panel (e) U46619, D[Ca2þ ]i¼ 14677.9 nM; panel (f) PGF2a, U46619,
D[Ca2þ ]i¼ 1271.8, 12974.2 nM; inset (f) 17 phenyl trinor PGE2, U46619, D[Ca2þ ]i¼ 4274.3, 13378.9 nM.
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TPa or its variant receptors (Table 1). Moreover, stimulation

of HEK.TPaS329A, HEK.TPaS331A and HEK.TPaD336 cells, each
transiently co-transfected with Gaq, with U46619 (1 mM) led to

efficient [Ca2þ ]i mobilization (Figure 6a, d and g, respectively)

that was not significantly different to that of HEK.TPa cells.

Pre-stimulation of both HEK.TPaS329A or HEK.TPaS331A cells

with either 17 phenyl trinor PGE2 (Figure 6b, P¼ 0.01;

Figure 6e, P¼ 0.0007) or PGF2a (Figure 6c, P¼ 0.0001;

Figure 6f, P¼ 0.0001) each desensitized [Ca2þ ]i mobilization

in response to secondary stimulation with U46619 to levels

that were not significantly different from those of the wild-type

TPa (P40.05). However, in contrast, pre-stimulation of

HEK.TPaD336 cells with either 17 phenyl trinor PGE2

(Figure 6h, P¼ 0.85) or PGF2a (Figure 6i, P¼ 0.86) did not

affect subsequent U46619-mediated [Ca2þ ]i mobilization.

Further bioinformatic analysis (Blom et al., 1998) identified

the presence of a unique consensus PKC phosphorylation site

within the C-tail of TPa, with the sequence PQLT337QRS of

TPa, where Thr337 represents the putative target residue for

PKC phosphorylation. Thus, to investigate whether this latter

consensus site may represent a target site for either 17 phenyl

trinor PGE2- or PGF2a-mediated desensitization of TPa, the
critical Thr337 was mutated to Ala337 to generate the variant

TPaT337A. A stable HEK 293 cell line overexpressing a HA-

epitope-tagged TPaT337A was established and was characterized

by Scatchard analysis (Table 1). Stimulation of TPaT337A cells,

transiently co-transfected with Gaq, with U46619 led to

efficient [Ca2þ ]i mobilization (Figure 6j). Moreover, pre-

stimulation of HEK.TPaT337A cells with either 17 phenyl trinor

PGE2 (Figure 6k, P¼ 0.746) or PGF2a (Figure 6l, P¼ 0.63) did

not significantly desensitize agonist-mediated [Ca2þ ]i mobili-

zation in response to secondary stimulation with U46619.

To further investigate the effects of EP1 and FP activation

on TPa signalling, the effect of 17 phenyl trinor PGE2 or

PGF2a on U46619-induced IP3 generation by TPa and

TPaT337A was evaluated. Stimulation of HEK.TPa and

HEK.TPaT337A cells with U46619 resulted in a three-fold

increase in IP3 levels (Figure 7a/b and c, respectively). Pre-

incubation of HEK.TPa cells with either 17 phenyl trinor

PGE2 or PGF2a each mediated a modest, though significant

rise in IP3 levels (Figure 7a and b, respectively), but each

significantly reduced agonist-mediated IP3 generation in

response to secondary stimulation of cells with U46619

(Figure 7a, Po0.003; Figure 7b, Po0.0001, respectively).

Moreover, GF 109203X, but not H-89, blocked both 17 phenyl

trinor PGE2- and PGF2a-mediated desensitization of TPa
signalling (Figure 7a, Po0.01; Figure 7b, Po0.0002, respec-

tively). In contrast, pre-incubation of HEK.TPaT337A cells with

either 17 phenyl trinor PGE2 (P40.6) or PGF2a (P40.6) did

not significantly reduce U46619-mediated IP3 generation by

TPaT337A (Figure 7b).

Thereafter, whole-cell phosphorylation assays were per-

formed to establish whether TPa or TPaT337A are direct targets

for either EP1- or FP-induced PKC phosphorylation. Initially,
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Figure 5 Amino-acid sequence of the C-tail domains of TPa and TPb. The amino-acid sequence of the C-tail domains of TPa
(residues 321–343) and of TPb (residues 321–407) are illustrated in panels (a) and (b), respectively, where residues unique to TPa
(residues 329–343) and TPb (residues 329–407) are underlined in each case. Amino-acid residues that were mutated in TPa or TPb to
generate TPaS329A (S329A), TPaS331A (S331A), TPaT337A (T337A) or TPbT399A (T399A), TPbS404A (S404A) are indicated by the solid
arrows in the respective panels (a) and (b), while those residues that were converted to Stop codons to generate the truncation
mutants (indicated by the D symbol) following amino acids TPD328 (R328), TPaD336 (L336) or TPbD367 (I367) within TPa and/or TPb
are indicated by the open arrow heads in panels (a) and (b), respectively. An additional mutant TPbT399A,S404A was established
whereby both Thr399, Ser404 were converted to Ala399, Ala404 in TPb (not shown in panel (b)).

Table 1 Scatchard analysis

Cell lines Kd (nM7s.e.) Bmax (pmolmg�1

protein7s.e)

HEK.TPa 10.571.1 4.5270.05
HEK.TPD328 7.070.9 2.3370.10
HEK.TPaS329A 9.670.9 6.0170.16
HEK.TPaS331A 6.371.2 4.0070.04
HEK.TPaD336 7.872.1 4.4370.04
HEK.TPaT337A 6.571.7 4.2370.04
HEK.TPb 9.970.5 3.6470.02
HEK.TPbD367 6.771.9 3.0870.03
HEK.TPbT399A 7.371.7 3.0770.04
HEK.TPbS404A 9.473.1 3.5470.04
HEK.TPbT399A,S404A 8.371.8 3.5970.05

For Scatchard analysis, radioligand-binding assays were
carried out on HEK 293 cells stably overexpressing HA-
epitope-tagged forms of wild TPa or TPb or their respective
variant receptors using the TP antagonist [3H]SQ29,548
(50.4Cimmol�1, 0–40 nM) and 75 mg whole-cell protein per
assay. Radioligand-binding data were analysed using
GraphPrism 3 (GraphPad Software Inc.) to determine the
Kd and Bmax values. Data presented are the mean values of
four independent experiments7standard error (s.e.). Control
HEK 293 cells expressed 15474.1 fmolmg�1 protein7s.e.
(n¼ 3).
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the ability of the anti-HA 101R antisera to immunoprecipitate

the HA-epitope-tagged TPa or TPaT337A from their respective

stable cell lines, but not from the control HEK 293 cell line,

was confirmed (Figure 8c). Discrete protein bands of

approximately 39 kDa and broad protein bands of 46–

60 kDa, representing the nonglycosylated and glycosylated

forms of TPa and TPaT337A, were immunoprecipitated from

HEK.TPa and HEK.TPaT337A cells, but were not present in the

immunoprecipitates from control HEK 293 cells (Figure 8c).

Stimulation of HEK.TPa cells with either 17 phenyl trinor
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Figure 6 Effect of 17 phenyl trinor PGE2 and PGF2a on U46619-mediated [Ca2þ ]i mobilization by TPaS329A, TPaS331A, TPaD336 and
TPaT337A. HEK.TPaS329A cells (panels (a–c)), HEK.TPaS331A cells (panels (d–f)), HEK.TPaD336 cells (panels (g–i)) and HEK.TPaT337A

cells (panels (j–l)), transiently co-transfected with pCMV :Gaq, were stimulated with 1 mM U46619 alone (panels (a, d, g) and (j)),
or were pre-stimulated with 1 mM 17 phenyl trinor PGE2 (panels (b, e, h) and (k)) or with 1mM PGF2a (panels (c, f, i) and (l)) prior
to stimulation with 1mM U46619, where ligands were added at the times indicated by the arrows. Data presented are representative
profiles from at least four independent experiments and are plotted as changes in intracellular Ca2þ mobilization (D[Ca2þ ]i, nM)
as a function of time (second, s). The actual mean changes in [Ca2þ ]i mobilization (nM7s.e.m.; n¼ 4) were as follows:
panel (a) U46619, D[Ca2þ ]i¼ 13976.5 nM; panel (b) 17 phenyl trinor PGE2, U46619, D[Ca2þ ]i¼ 4079.3, 8779.4 nM; panel (c)
PGF2a, U46619, D[Ca2þ ]i¼ 3973.6, 2673.2 nM; panel (d) U46619, D[Ca2þ ]i¼ 15675.7 nM; panel (e) 17 phenyl trinor PGE2,
U46619, D[Ca2þ ]i¼ 6172.3, 8275.3 nM; panel (f) PGF2a, U46619, D[Ca2þ ]i¼ 3173.4, 2272.2 nM; panel (g) U46619,
D[Ca2þ ]i¼ 17778.2 nM; panel (h) 17 phenyl trinor PGE2, U46619, D[Ca2þ ]i¼ 4173.8, 17576.1 nM; panel (i)
PGF2a, U46619, D[Ca2þ ]i¼ 5774.5, 17977.3 nM; panel (j) U46619, D[Ca2þ ]i¼ 13077.5 nM; panel (k) 17 phenyl trinor PGE2,
U46619, D[Ca2þ ]i¼ 3973.1, 13374.3 nM; panel (l) PGF2a, U46619, D[Ca2þ ]i¼ 2373.5, 13576.1 nM.
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PGE2 or PGF2a resulted in a significantly higher level of TPa
phosphorylation relative to the level of basal phosphorylation

observed in vehicle-treated cells (Figure 8a, lanes 1, 2, 4).

Pre-incubation of HEK.TPa cells with GF 109203X signifi-

cantly impaired TPa phosphorylation in response to

subsequent stimulation with 17 phenyl trinor PGE2 or

PGF2a (Figure 8a, lanes 3 and 5). On the other hand,

stimulation of HEK.TPaT337A cells with 17 phenyl trinor

PGE2 or PGF2a did not increase the level of phosphorylation

of TPaT337A relative to vehicle-treated cells (Figure 8b, lanes 1,

2, 4), and pre-incubation of HEK.TPaT337A cells with GF

109203X had no significant effect on the level of TPaT337A

phosphorylation (Figure 8c, lanes 3 and 5). Taken together,

these data confirm that TPa is subject to EP1- and

FP-mediated desensitization through a GF 109203X-sensitive

PKC mechanism and establish that Thr337, located within the

unique C-tail of TPa, represents the target site for both 17

phenyl trinor PGE2 and PGF2a-induced phosphorylation and

desensitization of signalling.

Investigation of the mechanism of 17 phenyl trinor PGE2-
and PGF2a-mediated cross-desensitization of TPb
signalling

Similarly, analysis of the amino-acid sequence of the unique C-

tail domain of TPb identified the presence of several Ser/Thr

residues (15 in total) that may represent potential protein

phosphorylation sites. Therefore, to localize the region within

the C-tail of TPb specifically targeted by PKC in response to

EP1/FP activation TPbD367, a truncated variant of TPb devoid

of those residues distal to amino acid 367 was initially

generated. Neither the presence of the HA-epitope tag nor

the specific mutation per se affected the radioligand-binding

properties (Kd or Bmax) of TPb or its variant receptors (Table 1).

Stimulation of HEK.TPbD367 cells, transiently co-transfected

with Gaq, with U46619 yielded efficient [Ca2þ ]i mobilization

(Figure 9a) to levels that were not significantly different to that

of TPb itself. Pre-stimulation of HEK.TPbD367 cells with either

17 phenyl trinor PGE2 (Figure 9b, P¼ 0.84) or PGF2a

(Figure 9c, P¼ 0.92) did not significantly impair [Ca2þ ]i
mobilization in response to secondary stimulation with

U46619. These data indicate that the target site for both 17

phenyl trinor PGE2 and PGF2a-mediated desensitization of

TPb signalling is located distal to Ile367.

Further sequence analysis identified the presence of two

putative PKC consensus phosphorylation sites within TPb
distal to Ile367, with the sequence EPPT399GKALS404RKD,

where Thr399 and Ser404 represent the putative phospho-targets

(Blom et al., 1998). Hence, site-directed mutagenesis was

employed to generate the variant TPbT399A,S404A, TPbT399A and

TPbS404A, whereby critical Thr399 and Ser404 were mutated to

Ala399 and Ala404 either collectively or individually. Scatchard

analyses confirmed that the mutations per se did not affect the

ligand properties of the variant TPb receptors (Table 1) and

stimulation of HEK.TPbT399A,S404A, HEK.TPbT399A and

Figure 7 Effect of 17 phenyl trinor PGE2 and PGF2a on U46619-
mediated IP3 generation by TPa and TPaT337A. HEK.TPa cells
(panels (a) and (b)) or HEK.TPaT337A cells (panel (c)), transiently co-
transfected with pCMV :Gaq, were stimulated at 371C with 1 mM
U46619 (U46619), 1 mM 17 phenyl trinor PGE2 (17 PT), 1 mM PGF2a

(PGF2a) for 1min or pre-stimulated with either 1 mM 17 phenyl
trinor PGE2 or 1 mM PGF2a for 1min, followed by 1 mM U46619 for
1min (17 PT, U4; PGF2a, U4). Alternatively, cells, were pre-
incubated with 10 mM H-89 for 5min prior to pre-stimulation with
either 1 mM 17 phenyl trinor PGE2 or 1mM PGF2a for 1min, followed
by 1 mM U46619 for 1min (H-89, 17 PT, U4; H-89, PGF2a, U4) or
with 50 nM GF 109203X for 5min prior to pre-stimulation with
either 1 mM 17 phenyl trinor PGE2 or 1mM PGF2a for 1min, followed
by 1mM U46619 for 1min (GF, 17 PT, U4; GF, PGF2a, U4). In each
case, basal levels of IP3 were determined by exposing cells to the
vehicle HBS under identical incubation conditions. Levels of IP3

produced in ligand-stimulated cells relative to the vehicle (HBS)-
treated cells (basal IP3) were expressed as fold stimulation of basal
(fold increase in IP37s.e.m.; n¼ 4). Data presented are the mean
values of four independent experiments, each carried out in
duplicate. The basal level of IP3 in HEK :TPa cells was
0.4270.07 nmolmg�1; HEK.TPaT337A cells was
0.3870.05 nmolmg�1. The asterisks indicate that U46619-mediated
IP3 generation was significantly reduced following pre-stimulation
with 17 phenyl trinor PGE2 and/or PGF2a compared to cells
stimulated with U46619 alone. In addition, the asterisks indicate
that GF 109203X significantly blocked 17 phenyl trinor PGE2- or
PGF2a-mediated inhibition of U46619-induced IP3 generation by
TPa, where *, ** and *** indicate Pp0.05, Pp0.02 and Pp0.001,
respectively.
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HEK.TPbS404A cells with U46619 each led to efficient [Ca2þ ]i
mobilization (Figure 9d, g and j) to levels that were not

significantly different from that of TPb. Stimulation of

HEK.TPbT399A,S404A cells with either 17 phenyl trinor PGE2

(Figure 9e, P¼ 1) or PGF2a (Figure 9f, P¼ 0.8) did not

significantly impair [Ca2þ ]i mobilization in response to

secondary stimulation with U46619, indicating that either

Thr399 or Ser404 or both represent the target site(s) for 17

phenyl trinor PGE2- and/or PGF2a-mediated desensitization of

TPb signalling. Stimulation of HEK.TPbT399A cells with either

17 phenyl trinor PGE2 (Figure 9h, P¼ 0.33) or PGF2a

(Figure 9i, P¼ 0.91) had no significant effect on U46619-

mediated [Ca2þ ]i mobilization. On the other hand, stimulation

of HEK.TPbS404A cells with either 17 phenyl trinor PGE2 or

PGF2a significantly desensitized [Ca2þ ]i mobilization in

response to secondary stimulation with U46619 (Figure 9k,

P¼ 0.0004; Figure 9l, P¼ 0.0001). These data indicate that

Thr399, but not Ser404, represents a target site for EP1- and FP-

mediated desensitization of TPb signalling.

Consistent with this, while stimulation of HEK.TPb and

HEK.TPbT399A cells with U46619 resulted in approximately

three-fold increases in IP3 levels (Figure 10a–c, respectively),

pre-incubation of HEK.TPb cells with either 17 phenyl trinor

PGE2 or PGF2a significantly reduced U46619-mediated IP3

generation (Figure 10a, Po0.016; Figure 10a, Po0.0013). In

contrast, stimulation of HEK.TPbT399A cells with either 17

phenyl trinor PGE2 (P¼ 0.6) or PGF2a (P¼ 0.7) did not

significantly reduce U46619-mediated IP3 generation by

TPbT399A (Figure 10b). Moreover, pre-incubation of cells with

GF 109203X, but not H-89, blocked both 17 phenyl trinor

PGE2- and PGF2a-mediated desensitization of TPb signalling

(Figure 10a, Po0.004; Figure 10a, Po0.001).

Thereafter, whole-cell phosphorylation assays were per-

formed to establish whether TPb or TPbT399A are direct targets

for either EP1- or FP-mediated phosporylation. Initially, the

ability of the anti-HA 101R antisera to immunoprecipitate the

HA-epitope tagged TPb or TPbT399A cells from their respective

stable cell lines was investigated (Figure 11c). Discrete protein

bands of approximately 46 kDa and broad protein bands of

50–60 kDa, representing the nonglycosylated and glycosylated

forms of TPb and TPbT399A, respectively, were immunopreci-

pitated from HEK.TPb and HEK.TPbT399A, but were not

present in the immunoprecipitates from control HEK 293 cells

(Figure 11c). Stimulation of HEK.TPb cells with either 17

phenyl trinor PGE2 or PGF2a resulted in a significantly higher

level of TPb phosphorylation than the level of basal

phosphorylation observed in vehicle-treated cells (Figure 11a,

lanes 1, 2, 4). Moreover, pre-incubation of cells with GF

109203X blocked the increase in TPb phosphorylation in

response to both 17 phenyl trinor PGE2 or PGF2a induced

(Figure 11a, lanes 3 and 5). Stimulation of HEK.TPbT399A cells

with either 17 phenyl trinor PGE2 or PGF2a did not result in

any significant increase in TPbT399A phosphorylation relative

to vehicle-treated cells (Figure 11b, lanes 1, 2, 4) and pre-

incubation of cells with GF 109203X had no effect on that

level of TPbT399A phosphorylation (Figure 11b, lanes 3 and 5).

Thus, taken together, these data confirm that TPb is subject to

EP1- and FP-mediated desensitization through a GF 109203X-

sensitive, PKC mechanism and establish that Thr399, located

within the unique C-tail of TPb, represents the target site for

both 17 phenyl trinor PGE2 and PGF2a desensitization.

Discussion

We have previously established that 17 phenyl trinor PGE2

acting through the EP1 subtype of the PGE2 receptor (EP)

family significantly impaired signalling through TPa and TPb
and that this counter-regulation/heterologous desensitization

of TP signalling occurred through a GF 109203X-sensitive
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Figure 8 EP1- and PGF2a-mediated phosphorylation of TPa and TPaT337A. HEK.TPa (panel (a)) and HEK.TPaT337A (panel (b))
cells were labelled with [32P]orthophosphate for 60min and then stimulated for 10min with vehicle HBS (lane 1), 1 mM 17 phenyl
trinor PGE2 (lane 2), 1mM PGF2a (lane 4); alternatively, cells were labelled for 60min with [32P]orthophosphate in the presence of
50 nM GF 109203X prior to stimulation for 10min with 1 mM 17 phenyl trinor PGE2 (lanes 3) or 1 mM PGF2a (lanes 5). HA-tagged
TPa and TPaT337A receptors were immunoprecipitated, subjected to SDS–PAGE, electroblotted onto a PVDF membrane, followed
by exposure to Xomat XAR-5 film (Kodak) for 14 days. Thereafter, blots were subject to Phosphor Image analysis and the
intensities of phosphorylation relative to basal levels were determined and expressed, in arbitrary units, as follows: TPa, vehicle, 0.4-
fold; 17 phenyl trinor PGE2, 3.1-fold; GF 109203X, 17 phenyl trinor PGE2, 1.6-fold; PGF2a, 3.4-fold; GF 109203X, PGF2a, 1.9-fold;
TPaT337A, vehicle, 0.6-fold; 17 phenyl trinor PGE2, 0.8-fold; GF 109203X, 17 phenyl trinor PGE2, 0.7-fold; PGF2a, 1-fold; GF
109203X, PGF2a, 0.9-fold. Panel (c) HEK 293 cells overexpressing HA-epitope-tagged TPa (lane 1), HA : TPaT337A (lane 2), or as
controls, HEK 293 cells (lane 3) were immunoprecipitated with anti-HA 101R antibody, subjected to SDS–PAGE/Western blotting,
followed by screening with the anti-HA 3F10 peroxidase-conjugated antibody and chemiluminescence detection. The relative
positions of the molecular weight markers (kDa) are indicated to the left and right of panels (a) and (c), respectively. The arrow to
the left of the panels indicates the position of the phosphorylated TPa receptor. These data are representative of three independent
experiments.
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mechanism, implying a possible involvement of PKC in that

desensitization (Walsh & Kinsella, 2000). Moreover, the

variant TPD328 devoid of those residues unique to TPa and

TPb did not undergo EP1-mediated desensitization, suggesting

that the site(s) of EP1-mediated desensitization may be located

within the respective unique C-tail domains of TPa and TPb
(Walsh & Kinsella, 2000). In the current study, we sought to

extend these studies by defining the molecular basis of the

apparent differential sensitivities of TPa and TPb to EP1-

mediated desensitization by identifying those residues/sites

within TPa and TPb specifically targeted by EP1 signalling.

Moreover, since FP receptors are abundantly co-expressed

along with the TPs and EP1 receptors in the kidney, such as in

renal mesangial cells (Watabe et al., 1993; Abramovitz et al.,

1994; Breyer, 1998; Sugimoto et al., 2000), we sought to

investigate the effect of 17 phenyl trinor PGE2 and PGF2a on

TP signalling within primary human mesangial cells

(11hMCs), comparing it to that which occurs to the individual

TPa and TPb receptors stably overexpressed in HEK 293 cells.

Stimulation of HEK.TPa, HEK.TPb cells and 11hMCs with

the TXA2 mimetic U46619 each yielded substantial rises in

[Ca2þ ]i mobilization. Moreover, while stimulation of the latter
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Figure 9 Effect of 17 phenyl trinor PGE2 and PGF2a on U46619-mediated [Ca2þ ]i mobilization by TPbD367, TPbT399A,S404A,
TPbT399A and TPbS404A. HEK.TPbD367 cells (panels (a–c)), HEK.TPbT399A,S404A cells (panels (d–f)), HEK.TPbT399A cells (panels (g–i))
and HEK.TPbS404A cells (panels (j–l)), transiently co-transfected with pCMV :Gaq, were stimulated with 1 mM U46619 alone (panels
(a, d, g) and (j)), or were pre-stimulated with 1mM 17 phenyl trinor PGE2 (panels (b, e, h) and (k)), or with 1 mM PGF2a (panels (c, f,
i) and (l)) prior to stimulation with 1 mM U46619, where ligands were added at the times indicated by the arrows. Data presented are
representative profiles from at least four independent experiments and are plotted as changes in intracellular Ca2þ mobilization
(D[Ca2þ ]i, nM) as a function of time (second, s). Actual mean changes in [Ca2þ ]i mobilization (nM7s.e.m.; n¼ 4) were as follows.
Panel (a) U46619, D[Ca2þ ]i¼ 18177.5 nM; panel (b) 17 phenyl trinor PGE2, U46619, D[Ca2þ ]i¼ 5572.7, 18276.2 nM; panel (c)
PGF2a, U46619, D[Ca2þ ]i¼ 8574.1, 17975.4 nM); panel (d) U46619, D[Ca2þ ]i¼ 18076.5 nM; panel (e) 17 phenyl trinor PGE2,
U46619, D[Ca2þ ]i¼ 6073.4, 18075.2 nM; panel (f) PGF2a, U46619, D[Ca2þ ]i¼ 5174.5, 18274.7 nM; panel (g) U46619,
D[Ca2þ ]i¼ 16375.5 nM; panel (h) 17 phenyl trinor PGE2, U46619, D[Ca2þ ]i¼ 3973.5, 15574.7 nM; panel (i) PGF2a, U46619,
D[Ca2þ ]i¼ 6075.8, 16276.4 nM; panel (j) U46619, D[Ca2þ ]i¼ 15875.3 nM; panel (k) 17 phenyl trinor PGE2, U46619,
D[Ca2þ ]i¼ 4172.3, 8374.3 nM; panel (l) PGF2a, U46619, D[Ca2þ ]i¼ 1173.4, 1272.2 nM.
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cell types with 17 phenyl trinor PGE2 and PGF2a each also

yielded significant rises in [Ca2þ ]i mobilization, confirming the

expression of functional endogenous EP1 and FP receptors in

both HEK 293 cells and 11 hMCs, pre-stimulation of those

cells with either ligand significantly desensitized TPa and TPb
signalling in HEK.TPa and HEK.TPb cells, respectively, and

TP signalling in 11 hMCs. The EP1 selective antagonist SC-

19220 blocked 17 phenyl trinor PGE2-mediated desensitization

of TP signalling, confirming that the latter agonist is acting

through the EP1, rather than through EP2, EP3, or EP4

subtypes of the PGE2 receptor family. Neither 17 phenyl

trinor PGE2 or PGF2a affected signalling by TPD328. Pre-

stimulation of cells with the PKC inhibitor GF 109203X

significantly impaired both EP1- and FP-mediated desensitiza-

tion of TP signalling in the respective HEK 293 cell lines and in

11hMCs, while the PKA inhibitor H-89 had no effect on TP

signalling regardless of the cell type or ligand used. Hence,

these data imply that both TPa and TPb undergo EP1 and

FP-mediated desensitization through a PKC-dependent

mechanism at site(s) located within their respective unique

C-tail domains.

Differences in the complement of Ser/Thr residues within

the C-tail domains of TPa and TPb indeed imply that they may

be subject to independent regulation by the second messenger

kinases, such as has been previously reported to occur during

their differential PKA-mediated desensitization in response to

PGI2, PGD2 and nitric oxide (Walsh et al., 2000; Foley et al.,

2001; Reid & Kinsella, 2003). Hence, a combination of site-

directed/deletion mutagenesis approaches was employed to

identify the site(s) within the individual TPa and TPb receptors

specifically targeted EP1- and FP-mediated desensitization.

Initially, it was established that the specific mutations per se

did not affect the ligand binding or intracellular signalling

properties of the variant TPa and TPb receptors under study.

In the case of the TPa isoform, pre-stimulation of both

HEK.TPaS329A or HEK.TPaS331A cells with either 17 phenyl

trinor PGE2 or PGF2a each desensitized U46619-mediated

[Ca2þ ]i mobilization to levels that were not significantly

different from those of the wild-type TPa. These data confirm

that neither Ser329 nor Ser331 represent the site of EP1- or FP-

induced PKC desensitization, and are entirely consistent with

previous reports demonstrating that Ser329 and Ser331 are

specific targets for PKA (Walsh et al., 2000; Foley et al., 2001)

and PKG (Wang et al., 1998; Yamamoto et al., 2001; Reid &

Kinsella, 2003) phosphorylation, respectively. On the other

hand, pre-stimulation of HEK.TPaD336 cells with either 17

phenyl trinor PGE2 or PGF2a did not affect subsequent

U46619-mediated [Ca2þ ]i mobilization, indicating that the site

of PKC desensitization is located distal to Leu336.

Thereafter, further bioinformatic analysis predicted the

presence of a unique consensus PKC phosphorylation site

(PQLT337QRS) within the C-tail of TPa, where Thr337

represents the putative phospho-target residue. Mutation of

the critical Thr337 established that neither 17 phenyl trinor

PGE2 or PGF2a significantly desensitized U46619-mediated

[Ca2þ ]i mobilization by TPaT337A. Moreover, while both 17

phenyl trinor PGE2 and PGF2a each mediated modest though

significant rises in IP3 generation in both HEK.TPa and

HEK.TPaT337A cells, each of them reduced U46619-mediated

IP3 generation by TPa but neither ligand affected U46619-

mediated IP3 generation by TPaT337A. Whole-cell phosphoryla-

tion assays established that pre-stimulation of HEK.TPa cells

with either 17 phenyl trinor PGE2 or PGF2a significantly

increased the level of TPa phosphorylation relative to vehicle-

treated cells, while pre-incubation of those cells with GF

Figure 10 Effect of 17 phenyl trinor PGE2 and PGF2a on U46619-
mediated IP3 generation by TPb and TPbT399A. HEK.TPb cells
(panels (a) and (b)) or HEK.TPbT399A cells (panel (c)), transiently co-
transfected with pCMV :Gaq, were stimulated at 371C with 1 mM
U46619 (U46619), 1 mM 17 phenyl trinor PGE2 (17 PT), 1 mM PGF2a

(PGF2a) for 1min, or were pre-stimulated with either 1 mM 17 phenyl
trinor PGE2 or 1 mM PGF2a for 1min, followed by 1 mM U46619 for
1min (17 PT, U4; PGF2a, U4). Alternatively, cells were pre-
incubated with 10 mM H-89 for 5min prior to stimulation with either
1 mM 17 phenyl trinor PGE2 or 1mM PGF2a for 1min, followed by
1 mM U46619 for 1min (H-89, 17 PT, U4; H-89, PGF2a, U4) or with
50 nM GF 109203X for 5min prior to stimulation with either 1 mM
17 phenyl trinor PGE2 or 1mM PGF2a for 1min, followed by 1 mM
U46619 for 1min (GF, 17 PT, U4; GF, PGF2a, U4). In each case,
basal levels of IP3 were determined by exposing cells to the vehicle
HBS under identical incubation conditions. Levels of IP3 produced
in ligand-stimulated cells relative to the vehicle (HBS)-treated cells
(basal IP3) were expressed as fold stimulation of basal (fold increase
in IP37s.e.m.; n¼ 4). Data presented are the mean values of four
independent experiments, each carried out in duplicate. The basal
level of IP3 in HEK.TPb cells was 0.3170.06 nmolmg�1, and in
HEK :TPbT399A cells was 0.3270.05 nmolmg�1. The asterisks
indicate that U46619-mediated IP3 generation was significantly
reduced following pre-stimulation with 17 phenyl trinor PGE2 and/
or PGF2a compared to cells stimulated with U46619 alone. In
addition, the asterisks indicate that GF 109203X significantly
blocked 17 phenyl trinor PGE2- or PGF2a-mediated inhibition of
U46619-induced IP3 generation by TPb, where *, ** and ***
indicate Pp0.05, Pp0.02 and Pp0.001, respectively.
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109203X impaired TPa phosphorylation in response to both

ligands. On the other hand, neither 17 phenyl trinor PGE2 nor

PGF2a increased the level phosphorylation of TPaT337A. Taken
together, these data confirm that TPa is subject to EP1- and

FP-mediated desensitization through a GF 109203X-sensitive,

PKC mechanism, and establish that Thr337, located within the

unique C-tail of TPa, represents the target site for both 17

phenyl trinor PGE2 and PGF2a-induced phosphorylation.

In terms of EP1- and FP-mediated desensitization of TPb
signalling, due to the abundance of Ser/Thr residues represent-

ing potential phospho-targets, deletion mutagenesis was

initially used to generate the truncated variant TPbD367 devoid

of those residues distal to Ile367. Pre-stimulation of TPbD367

with either 17 phenyl trinor PGE2 or PGF2a did not

significantly impair U46619-mediated [Ca2þ ]i mobilization,

indicating that the target site for both EP1- and FP-mediated

desensitization of TPb signalling is located distal to Ile367.

Further sequence analysis identified two putative PKC

consensus phosphorylation sites distal to Ile367 within TPb
(EPPT399GKALS404RKD), where Thr399 and Ser404 represent

the putative phospho-targets. Hence, Thr399 and Ser404 were

mutated both collectively or individually to generate the

variants TPbT399A,S404A, TPbT399A and TPbS404A. Stimulation of

HEK.TPbT399A,S404A cells with either 17 phenyl trinor PGE2 or

PGF2a did not desensitize U46619-mediated [Ca2þ ]i mobiliza-

tion, indicating that either Thr399 or Ser404 or both represent

the target site(s) for both EP1- and FP-mediated desensitiza-

tion of TPb signalling. While 17 phenyl trinor PGE2 or PGF2

had no effect on U46619-mediated [Ca2þ ]i mobilization by

TPbT399A, both ligands significantly desensitized signalling by

TPbS404A. These data indicate that Thr399, but not Ser404,

represents a target site for EP1- and FP-mediated desensitiza-

tion of TPb signalling. Moreover, while both 17 phenyl trinor

PGE2 and PGF2a each reduced U46619-mediated IP3 genera-

tion by TPb and TPbS404A (data not shown), neither ligand

affected U46619-mediated IP3 generation by TPbT399A or

TPbT399A,S404A (data not shown). Whole-cell phosphorylation

assays established that both 17 phenyl trinor PGE2 or PGF2a

increased the level of TPb phosphorylation, while the PKC

inhibitor impaired both EP1- and FP-mediated TPb phosphor-

ylation in response to either ligand. On the other hand, neither

17 phenyl trinor PGE2 nor PGF2a increased the level

phosphorylation of TPbT377A. Thus, taken together, these data

confirm that TPb is subject to EP1- and FP-mediated

desensitization through a GF 109203X-sensitive, PKC me-

chanism, and establish that Thr399, located within the unique

C-tail of TPb, represents the target site for both 17 phenyl

trinor PGE2 and PGF2a desensitization.

Thus, in this study, we have established that the TPa and

TPb isoforms of the human TP are subject to desensitization/

intermolecular cross-talk mediated through the EP1 and FP

agonists, and show that this occurred by PKC phosphoryla-

tion at sites unique to the individual TP isoforms, pointing to

further differences in the regulation of responses to TPa and

TPb. Intermolecular cross-talk has been extensively demon-

strated between different GPCRs and their intracellular

signalling pathways (Morris et al., 1991; Maggio et al., 1993;

Chuang et al., 1996; Ozaki et al., 1997; Sulakhe et al., 1997;

Selbie & Hill, 1998) and between GPCRs and members of the

tyrosine kinase receptor family; for example, Chuang et al.

(1996) and Selbie & Hill (1998). While such cross-talk provides

potential regulatory mechanisms for the coordination and

control of signalling events between different receptors, such as

between the TP(s) and other receptor whose activities may

impinge upon each other, such mechanisms are not necessarily

predictable. For example, in A7r5 vascular smooth muscle

cells transiently transfected with the TPa receptor, stimulation

with the TXA2 mimetic I-BOP leads to activation of the

mitogen-activated protein kinase (MAPK) cascade with

concomitant tyrosine phosphorylation of not only phos-

phoinositide 3-kinase, but also of TPa itself (Morinelli et al.,

1997). As stated, TPa, but not TPb, is subject to prostacyclin/
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Figure 11 EP1- and PGF2a-mediated phosphorylation of TPb and TPbT399A. HEK.TPb (panel (a)) and HEK.TPbT399A (panel (b))
cells were labelled with [32P]orthophosphate for 60min and then stimulated for 10min with the vehicle (lane 1), 1 mM 17 phenyl
trinor PGE2 (lane 2), 1mM PGF2a (lane 4); alternatively, cells were labelled for 60min with [32P]orthophosphate in the presence of
50 nM GF 109203X prior to stimulation for 10min with 1 mM 17 phenyl trinor PGE2 (lane 3) or 1 mM PGF2a (lane 5). HA-tagged TPb
and TPbT399A were immunoprecipitated, subjected to SDS–PAGE, electroblotted onto PVDF membrane, followed by exposure to
Xomat XAR-5 film (Kodak) for 14 days. Thereafter, blots were subject to Phosphor Image analysis and the intensities of
phosphorylation relative to basal levels were determined and expressed, in arbitary units, as follows: TPb, vehicle, 0.6-fold; 17
phenyl trinor PGE2, 4.7-fold; GF 109203X, 17 phenyl trinor PGE2, 1.8-fold; PGF2a, 3.1-fold; GF 109203X, PGF2a, 1.9-fold;
TPbT399A, vehicle, 0.5-fold; 17 phenyl trinor PGE2, 0.7-fold; GF 109203X, 17 phenyl trinor PGE2, 0.8-fold; PGF2a, 0.8-fold; GF
109203X, PGF2a, 0.9-fold. Panel (c) HEK 293 cells overexpressing HA-epitope-tagged TPb (lane 1), HA : TPbT399A (lane 2), or as
controls, HEK 293 cells (lane 3) were immunoprecipitated with anti-HA 101R antibody, subjected to SDS–PAGE/Western blotting,
followed by screening with the anti-HA 3F10 peroxidase-conjugated antibody and chemiluminescence detection. The relative
positions of the molecular weight markers (kDa) are indicated to the left and right of panels (a) and (c), respectively. The arrow to
the left of the panels indicates the position of the phosphorylated TPb receptor. These data are representative of three independent
experiments.
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PGI2-induced desensitization mediated through direct PKA

phosphorylation of TPa at Ser329, thereby revealing the

important physiologic differences between the TP isoforms

within the vasculature (Walsh et al., 2000). Similarly, in

another study, Wang et al. (1998) identified the human platelet

TP(s) as substrate(s) for cGMP-dependent protein kinase G

(PKG) and proposed that direct TP phosphorylation by PKG

may provide a mechanism for the inhibitory effects of the

vasodilatory autocoid nitric oxide (NO) on TP responses

within the vasculature. It has been recently established that,

similar to that which occurs with prostacyclin, TPa but not

TPb undergoes NO-induced desensitization of signalling

through a PKG mechanism involving direct phosphorylation

of TPa at Ser331 within its C-tail domain (Reid & Kinsella,

2003). Moreover, these studies also clearly demonstrated that

TPa undergoes both NO- and prostacyclin-mediated desensi-

tization that occurs through entirely independent mechanisms

involving direct PKG phosphorylation of Ser331, in response to

NO, and PKA phosphorylation of Ser329, in response to

prostacyclin, within the unique C-tail domain of TPa. On the

other hand, signalling by TPb is unaffected by either NO or

prostacyclin (Walsh et al., 2000; Reid & Kinsella, 2003).

Moreover, the PKC-dependent, EP1/FP receptor-mediated

regulation of the TP isoforms reported herein is not

predictable simply due to coincident activation of PKC

associated with EP1/FP receptor/PLC coupling. For example,

we and others (Thomas et al., 1995; Habib et al., 1997; 1999;

Kinsella et al., 1997) have established that signalling by the TP

receptors expressed in platelets or HEK 293 cells is not subject

to desensitization due to thrombin activation of the PLC/PKC

system and vice versa.

While EP1, FP and TP receptors are each broadly classified

as members of the contractile subgroup of prostanoid

receptors (Narumiya et al., 1999), functionally they are

primarily associated with distinct physiologic processes and

each exhibit distinct patterns of expression (Narumiya et al.,

1999; Sugimoto et al., 2000). Consistent with the latter, mice

deficient in each of these receptors display unique character-

istic phenotypes including a reduction in carcinogen-induced

colorectal cancer in EP1-deficient mice (Ushikubi et al., 1998;

Watanabe et al., 1999; Sugimoto et al., 2000), loss of

parturition affecting both ovulation and fertilization in FP-

deficient mice (Sugimoto et al., 1997; Hizaki et al., 1999;

Kennedy et al., 1999) and increased bleeding tendency

associated with TP-deficient mice (Thomas et al., 1998). While

EP1, FP and TP receptors are also abundantly expressed in the

kidney (Sugimoto et al., 2000) and they are each reported to

mediate efficient contraction of renal vascular SM and

mesangial cells through Ca2þ -dependent mechanisms (Mene

et al., 1989), their role in renal function as garnered from

mouse knockout studies remains to be clearly established.

While the precise intrarenal distribution of the FP has not yet

been reported, in situ hybridization has localized the EP1

largely to the cortical collecting duct (Hebert et al., 1991;

Hebert, 1994). Similarly, in situ hybridization studies in the rat

confirmed the abundant expression of the TP within the

glomerulus, arterioles and epithelium lining the urinary pelvis

and an absence of/reduced expression in the proximal tubule,

cortical thick limb or the collecting duct (Abe et al., 1995).

However, despite this knowledge, the relative roles of the

individual EP1, FP and TP prostanoid receptors within the

kidney remain largely unknown and the significance of two TP

isoforms, namely TPa and TPb, to renal function in humans

remains to be investigated. The study of the intermolecular

cross-talk by the latter prostanoid receptors and their ligands

on TPa/TPb signalling reported herein sheds some novel

insight on how the TP isoforms are regulated, such as within

renal mesangial cells.
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