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Abstract

We have characterized the rat prostanoid EP , EP , EP and EP receptor subtypes cloned from spleen, hepatocyte andror kidney1 2 3a 4

cDNA libraries. Comparison of the deduced amino acid sequences of the rat EP receptors with their respective homologues from mouse
and human showed 91% to 98% and 82% to 89% identity, respectively. Radioreceptor binding assays and functional assays were

Ž .performed on EP receptor expressing human embryonic kidney HEK 293 cells. The K values obtained with prostaglandin E for theD 2

prostanoid receptor subtypes EP , EP , EP and EP were approximately 24, 5, 1 and 1 nM, respectively. The rank order of affinities for1 2 3a 4

various prostanoids at the prostanoid receptor subtypes EP , EP and EP receptor subtypes was prostaglandin E sprostaglandin2 3a 4 2

E ) iloprost)prostaglandin F )prostaglandin D )U46619. The rank order at the prostanoid EP receptor was essentially the same1 2a 2 1

except that iloprost had the highest affinity of the prostanoids tested. Of the selective ligands, butaprost was selective for prostanoid EP ,2

M&B28767 and sulprostone were selective for EP and enprostil displayed dual selectivity, interacting with both prostanoid receptor3a

subtypes EP and EP . All four receptors coupled to their predominant signal transduction pathways in HEK 293 cells. Notably, using a1 3a

novel aequorin luminescence assay to monitor prostanoid EP mediated increases in intracellular calcium, both iloprost and sulprostone1

were identified as partial agonists. Finally, by Northern blot analysis EP transcripts were most abundant in liver and kidney whereas3

prostanoid EP receptor mRNA was expressed in spleen, lung and testis and prostanoid EP receptor mRNA transcripts were2 1

predominantly expressed in the kidney. The rat prostanoid EP probes also detected additional and abundant transcripts present in all the1

tissues examined. These were found to be related to the expression of a novel protein kinase gene and not the prostanoid EP gene1
wBatshake, B., Sundelin, J., 1996. The mouse genes for the EP prostanoid receptor and the novel protein kinase overlap. Biochem.1

xBiophys. Res. Commun. 227, 1329–1333 . q 1997 Elsevier Science B.V.
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1. Introduction

Prostaglandin E is thought to be an important mediator2

of the inflammation and pain responses as demonstrated in
Ža number of in vitro and in vivo models Coleman et al.,

.1989 and references within . In particular, a recent study
Ž .by Mnich et al. 1995 showed that neutralizing mono-

clonal antibodies to prostaglandin E were effective in an2

) Corresponding author. Tel.: q1-514-4288525; fax: q1-514-4288615;
e-mail: mark_abramovitz@merck.com.

1 Both authors contributed equally to this publication and are listed in
alphabetical order.

in vivo mouse model of nociception, implicating prosta-
glandin E as the major prostanoid mediating the pain2

response.
The physiological and pathophysiological actions of

prostaglandin E are mediated through interaction with2
2 Žspecific G-protein-coupled EP receptors Coleman et al.,

.1989; Davies and MacIntyre, 1992 which belong to the
superfamily of G-protein coupled receptors. There are four

2 Prostanoid receptors are designated following the recommendation of
the IUPHAR Commission on Receptor Nomenclature and Classification
Ž .Watson and Girdlestone, 1993 .
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subtypes of the prostaglandin E receptor, EP , EP , EP2 1 2 3
Žand EP , which have been cloned from both human Funk4

et al., 1993; Adam et al., 1994; Regan et al., 1994; Bastien
. Žet al., 1994 and mouse Sugimoto et al., 1992; Watabe et

.al., 1993; Honda et al., 1993; Katsuyama et al., 1995 and
which couple to different major signal transduction path-

2q Ž .ways; namely elevation of intracellular Ca EP and1
Ž .stimulation EP , EP or inhibition of adenylyl cyclase2 4

Ž .EP . Rat prostanoid receptors cloned include the EP3 1
Ž . ŽOkuda-Ashitaka et al., 1996 , EP Takeuchi et al., 1993,3

. Ž1994; Neuschafer-Rube et al., 1994 and EP Sando et al.,¨ 4
.1994 . In addition, several different isoforms of the EP3

Žsubtype have also been identified Breyer et al., 1994a,b;
.Schmid et al., 1995 , which are produced by alternative

splicing and differ only in the length and amino acid
composition of their carboxyl-terminal regions.

Rat in vivo models of inflammation and pain are widely
Ž .used in pharmacology Chau, 1989 . In order to evaluate

the true therapeutic utility of prostanoid EP receptor lig-
ands in these models it is necessary to establish the relative
potencies of these compounds at the four rat prostanoid
receptor EP subtypes. This information can then be corre-
lated with similar results using the human homologues.

We report here, therefore, the molecular cloning of the
four rat prostaglandin E receptor subtypes, EP , EP ,2 1 2

EP and EP . As a result the prostanoid receptor EP3a 4

subtypes have been characterized in terms of radioligand
binding and functional activities in assays performed under
comparable experimental conditions. In addition, expres-
sion of prostanoid receptor subtypes, EP , EP and EP ,1 2 3

has been delineated by Northern blot analysis.

2. Materials and methods

2.1. Chemicals

Prostaglandin E , prostaglandin D , prostaglandin F ,2 2 2 a

prostaglandin E , 17-phenyl-v-trinor-prostaglandin E ,1 2
Ž .11-deoxy-prostaglandin E , 19 R -OH-prostaglandin E ,1 2

w Ž . x Ž . w wwŽ X .AH23848; 1a Z ,2 b ,5a - " -7- 5- 1,1 -biphenyl -4-
x x Ž . xyl methoxy -2- 4-morpholinyl -3-oxocyclopentyl -4-hep-

tenoic acid: AH6809; 6-isopropoxy-9-oxoxanthene-2-
w Žcarboxylic acid: butaprost; 3-hydroxy-2- 4-hydroxy-4- 1-

. xpropylcyclobutyl -1-butenyl -5-oxo-methyl ester: enprostil;
Ž .DL -9-keto-11a ,15a-dihydroxy-16-phenoxy-17,18,19,20-
tetranorprosta-4,5,13-trans-trienoic acid methyl ester:

w w Ž . Ž ) . x Ž .GR63799X; 1 R- 1 a Z ,2 b R ,3a - y -4-benzo-
. w .ylamino phenyl-7- 3-hydroxy-3-phenoxypropoxy -5-oxo-

x wcyclopentyl -4-heptenoate: iloprost; 5- hexahydro-5-hy-
Ž . Ž .droxy-4- 3-hydroxy-4-methyl-1-octen-6-ynyl -2 1H -pen-

xtalenylidene pentanoic acid: M&B28767; 15S-hydroxy-
9-oxo-16-phenoxy-v-tetranorprost-13E-enoic acid: miso-
prostol; prost-13-en-1-oic acid,11,16-dihydroxy-16-meth-

Ž .yl-9-oxo-,methyl ester, 11a ,13E : SC19220; 1-acetyl-
Ž w xw x2- 8-chloro-10,11-dihydrodibenz b,f 1,4 oxazepine-10-

. wcarbonyl hydrazine: sulprostone; 5-heptenamide,7- 3-hy-

Ž .droxy-2- 3-hydroxy-4-phenoxy-1-butenyl -5-oxocyclopen-
x Ž . w w Ž . Ž ) . xxtyl -N- methylsulfonyl - 1R- 1a Z ,2 b 1E,3R ,3a :

U46619; 11a ,9a-epoxymethano-15S-hydroxy-prosta-
5Z,13E-dienoic acid. AH6809 and GR63799X were kind
gifts from Glaxo Group Research and Amersham Life
Science, respectively. All other ligands were from

Ž .BIOMOL Research Plymouth Meeting, PA or Cayman
Ž .Chemical Ann Arbor, MI .

2.2. Cloning of the rat EP prostanoid receptor1

Ž 6 .The rat kidney cDNA library 1.0–1.2=10 plaques
was probed with two degenerate oligomers, end-labeled

w32 x Ž .with P gATP NEN, Mississauga, Ont. , based on
transmembrane domain VII of the prostanoid TP, EP and1

X Ž . Ž .EP receptors 5 -ATA A,C AC CCA GGG A,G TC3
Ž . Ž . XCA A,G GAT CTG G,A TT-3 and the prostanoid EP4

X Ž . Ž . Ž .receptor 5 -TA A,G ATC CAG GG A,G TC T,C AGG
Ž . XATG GG G,A TT-3 . The 163 positive phage clones were

picked and plated for hybridization with two additional
Žoligomers, derived from the published mouse Watabe et

. Žal., 1993 and human prostanoid EP receptor Funk et al.,1
. X1993 sequences, 5 -CTC CAG CAG ATG CAC GAC

ACC AC-3X in transmembrane domain VI and 5X-GGC
TGC ATG GTC TTC TTC GGC CTG T-3X in transmem-
brane domain III. These clones did not extend far enough
5X to hybridize to the oligomer in transmembrane domain
III and only 4 clones contained the transmembrane domain
VI region. Clone 9-2, the longest, was subcloned into

Ž .bluescript pKS Stratagene, La Jolla, CA at the EcoRI
site and the ends were sequenced on an ABI-373 stretch

Žautomated sequencer Perkin-ElmerrApplied Biosystems,
.Foster City, CA .

To obtain the complete rat prostanoid EP receptor, a1

spleen cDNA library was screened with a rat prostanoid
Ž .EP DNA probe. Rat genomic DNA Clontech was used1

as template for amplification by polymerase chain reaction
Ž .PCR , with the oligomers from transmembrane domain III
and VI, described above, and Taq DNA polymerase
Ž .Boehringer Mannheim , as follows: denaturation at 958C
for 60 s, annealing at 588C for 30 s and extension at 728C
for 50 s, for 40 cycles on a DNA thermal cycler 480
Ž .Perkin Elmer . The resulting rat prostanoid EP receptor1

DNA fragment was purified with a gel extraction kit
Ž . w32 xQiagen, Chatsworth, CA then labeled with P -dCTP by
random prime labeling with T7 DNA polymerase using the
T7 Quick prime kit following the manufacturer’s protocol
Ž .Pharmacia, Baie d’Urfe, Que. . Five positive clones were´

Ž .identified, but only one clone clone 8-1 contained the
putative start codon.

The full-length rat prostanoid EP receptor coding se-1

quence was constructed by joining the 5X rat spleen clone
8-1 to the 3X rat kidney clone 9-2 and by removing the 5X

and 3X unspliced introns. First the 3X intron was removed
Ž . Žusing gene splicing by overlap extension SOEing Hor-

.ton et al., 1990 . For both clones, a DNA fragment adja-
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cent to the intron sequence was amplified by PCR using
Ž .the Pfu DNA polymerase Stratagene and the following

oligonucleotides; SOE-1s 5X-GTC GCT CTC GAC GTT
TCC GAG-3X and SOE-2a 5X-GAT GGC CAA CAC CAC
CAA TAC CAG CAG GGG GCT CCA GCA GAT-3X for
the rat spleen clone 8-1, SOE-3s 5X-GTA TTG GTG GTG
TTG GCC ATC-3X and SOE-4a 5X-GAG GCG AAG CAG
TTG GCG CAG CA-3X for the rat kidney clone 9-2. The
PCR protocol was as follows: denaturation at 958C, 60 s;
annealing at 608C, 60 s; and extension at 728C, 15 s for 25
cycles. The two fragments were gel purified and mixed for
PCR amplification with SOE-1s and SOE-4a. The resulting
intronless rat prostanoid EP receptor PCR fragment was1

digested with PÕuII and Pst I and gel purified. The PCR
fragment was subsequently ligated to the 5X rat spleen EP1

clone 8-1 at the PÕuII site and to the 3X rat kidney
prostanoid EP receptor clone 9-2 at the Pst I site in the1

bluescript pKS vector. The construct was sequenced on
Žboth strands using vector derived primers or primers Re-

.search Genetics, Cambridge, MA generated from the de-
termined sequence and the ORF sequence was identical to
that of the original clones 8-1 and 9-2 above.

Finally, the 5X intron sequence was removed using the
following amplification strategy. The 5X end of the con-
struct was replaced by an amplified DNA fragment which

Ž .contained a Kozak consensus sequence Kozak, 1984
adjacent to the putative rat prostanoid EP receptor start1

codon. The oligomers 5X-ATC TAC GGT ACC CTC TTG
GCC GCC ACC ATG AGC CCC TAC GG-3X and 5X-TCC
TGC AGT ATA CAG GCG AAG-3X were used with the
Pfu DNA polymerase and the following PCR protocol:
denaturation at 958C, 60 s; annealing at 558C, 60 s;
extension at 728C, 20 s for 25 cycles. A unique AccI
restriction site in the rat prostanoid EP receptor sequence1

allowed for the ligation of the new 5X end, digested with
Asp718I and AccI, to the remaining rat prostanoid EP1

receptor sequence, digested with AccI and HindIII, in the
Ž . Ž .expression vectors pCEP4 and pcDNA3.1 y Invitrogen

previously cut with Asp718I and HindIII. The new frag-
ment was sequenced and found to be correct. The resulting
rat prostanoid EP receptor constructs were used in trans-1

fection experiments for receptor binding and signal trans-
duction assays.

2.3. Cloning of the rat prostanoid EP receptor2

Ž 6 .The rat spleen cDNA library 1.0–1.2=10 plaques
Žwas screened with a mixture of 2 oligonucleotides mEP2-

.1F and mEP2-2F derived from the mouse prostanoid EP2
Ž Xreceptor sequence. The mEP2-1F primer 5 -GAA AGC

X .CCA GCC ATC AGC TC-3 , 20-mer and the mEP2-2F
Ž X Xprimer 5 -TGG CGC GCC GCT GGC GTG GGG AC-3 ,
.23-mer were both derived from transmembrane domain I

of the mouse prostanoid EP receptor. These oligonucleo-1

tides were end-labeled as above and hybridized to the rat
Žspleen cDNA library yielding two positive clones l17.1

.and l22.1 from which the DNA was obtained by the plate
lysis method. EcoRI digestion of both clones to release the
inserted DNA indicated that both phage clones contained
2.5 kb inserts. These were then subcloned into pBluescript

Ž . Ž .KS 17-RI-8, 22-RI-5 . Cycle sequencing as above re-
vealed that both clones were identical and contained the rat
prostanoid EP receptor sequence from 43 nt upstream of2

the start codon up to transmembrane domain VI. They also
contained an unspliced intron which is located at the end
of transmembrane domain VI.

In order to find a clone containing the 3X end of the rat
prostanoid EP receptor, an oligonucleotide derived from2

the mouse prostanoid EP receptor sequence between2

transmembrane domain VI and transmembrane domain VII
ŽmEP2-4R, TTC CTT TAG GGA AGA GGT TTC AT,

.23-mer , was radiolabeled and used to screen the same
cDNA library. Two positive clones were obtained and their
sequence determined by sequencing the purified phage

Ž .DNA directly. These 2 clones l19A1 and l21A1 were
also identical and contained the rat EP receptor sequence2

from transmembrane domain IV up to 200 nt after the stop
codon.

In order to reconstitute the full-length cDNA sequence,
the pBS 17-RI-8 clone was first digested with SmaI in
order to remove the intron sequence present in this clone.
One SmaI site is located in the transmembrane domain VI
sequence with the second SmaI site in the polylinker
region of pBluescript KS. The resulting plasmid contains
the rat prostanoid EP receptor sequence 43 nt upstream of2

the starting ATG up to transmembrane domain VI. Then, a
377 nt SmaI–DraI fragment from clone l19A1, contain-
ing the sequence from transmembrane domain VI to 50 nt
after the stop codon, was gel-purified and cloned into the
SmaI-cut pBS 17-RI-8 clone. After verifying the orienta-
tion of the inserted 377 nt fragment by PCR using the rat
prostanoid EP specific primer, mEP2-4R, and the vector-2

derived KS primer, the complete sequence was obtained on
Ž .both strands by cycle sequencing as above using vector-

derived primers as well as sequence-specific primers.

2.4. Cloning of the rat prostanoid EP receptor3a

( )q2.4.1. Hepatocyte purification and poly A RNA prepara-
tion

ŽHepatocytes were isolated from male Wistar rats 200–
. Ž .260 g according to Meredith 1988 without the use of

collagenase by perfusion with Ca2q-free Krebs–Henseleit
buffer containing 2 mM EDTA as described previously
Ž .Puschel et al., 1993 . Detritus and non-parenchymal cells¨
were removed by repeated sedimentation of hepatocytes at
50=g and subsequent centrifugation through a gradient

Ž .containing 58% Percoll. Poly A q RNA was isolated
from these purified hepatocytes by CsCl gradient centrifu-

Ž .gation followed by affinity purification on oligo- dT beads
Ž .Qiagen, Rathingen .
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2.4.2. PCR-amplification of prostanoid EP receptor cDNA3

fragments
First strand cDNA was synthesized by reverse transcrip-

Ž . Ž .tion using oligo- dT Pharmacia, Freiburg as a12 – 18

primer. PCR was carried out using 1–10 ng first strand
cDNA as a template and oligonucleotide primers corre-

Žsponding to position 769–798 and 1471–1500 numbers
.corresponding to GenBank accession number D10204 of

Žthe mouse prostanoid EP sequence Sugimoto et al.,3
.1992 . Thirty-five cycles of PCR were performed using the

following protocol: 40 s 958C, 40 s 608C and 1.5 min
728C. A 640 nt and a 730 nt fragment were amplified and

Ž .cloned into PUC18 Pharmacia . Nucleotide sequence
analysis was carried out on double stranded templates
using the dideoxy chain termination method. To generate
digoxigenin-labelled probes for screening a cDNA library,
5% of the dTTP were replaced by 11-digoxygenin-dUTP
during the PCR.

2.4.3. Prostanoid EP receptor cDNA cloning3a

Rat hepatocyte cDNA was prepared from hepatocyte
Ž . Ž .poly A q RNA by an oligo- dT priming method using a

Ž .cDNA synthesis kit Pharmacia and inserted into the
Ž .EcoRI site of lgt11 Gibco-BRL DNA with EcoRI adap-

Ž . 6tors including an internal NotI site Pharmacia . The 10
clones derived from this library were screened by hy-
bridization with the cloned 640 and 730 bp prostanoid EP3

Ž .receptor probes labeled with digoxigenin see above . Posi-
tive plaques were isolated and analyzed with restriction
digestion and PCR. The cDNAs of three clones were
amplified by PCR using primers flanking the EcoRI
cloning site, subcloned into PUC18 and sequenced. The
sequences of the three clones were found to be identical. A
2.1 kb NotI cDNA fragment of clone 15r2 was subcloned
into the eukaryotic expression vector pRcrCMV. The
insert was then excised by a PÕuII-NotI double digestion
and cloned into pCEP4 cut with PÕuII and NotI. Both the
5X end and the 3X end of this clone were then verified by

Žsequencing using two vector-derived primers pCEP for-
.ward primer and EBV reverse primer .

2.5. Cloning of the rat prostanoid EP receptor4

The oligonucleotide probe 5X-CAG ATG GTC ATC
TTA CTC ATC GC-3X based on transmembrane domain

VI of the published rat prostanoid EP receptor sequence4
Ž .Sando et al., 1994 was used to screen a rat kidney cDNA

Ž 6 .library 1.0–1.2=10 plaques . The 18 positive phage
clones were rehybridized with the oligonucleotide 5X-ATG
TCC ATC CCC GGA GTC AAC GC-3X located at the
start codon. From the 8 positive clones hybridizing to both
probes, clone 3-4 and 7-2 were subcloned into bluescript

Ž .pKS at the EcoRI site and sequenced as above on both
strands. The clone 3-4 was digested with HindIII and
BamHI, removing about 360 nt of 5X non-coding, and
subcloned into pCEP4 and pcDNA3.

( )2.6. Rat EP receptor expression in HEK 293 EBNA cells
and cell membrane preparation

Ž .HEK 293 EBNA cells were maintained in culture in
Dulbecco’s modified Eagle’s growth medium containing
10% heat-inactivated fetal bovine serum, 1 mM sodium
pyruvate, 100 urml penicillin G, 100 mgrml streptomycin
sulfate and under selection using 250 mgrml GE-

Ž . ŽNETICINe G418 Life TechnologiesrBRL, Burlington,
. Ž .Ont. . HEK 293 EBNA cells were then transfected with

pCEP4 expression vectors containing rat EP receptor cod-
Žing cDNA using LipofectAMINEe reagent Life Tech-

.nologiesrBRL according to the manufacturers’ instruc-
tions. Transfected cells were either harvested 48–72 h

Žpost-transfection for the radioligand binding and aequorin
.luminescence assays or maintained in culture for several

weeks with the addition of 200 mgrml hygromycin B
Ž .Boehringer Mannheim to select for cells expressing the
rat prostanoid receptor subtypes, EP , EP and EP recep-2 3a 4

Ž .tors used in the cAMP assays . Cells were harvested by
Žincubation in enzyme-free cell dissociation buffer Life

.TechnologiesrBRL , washed in ice-cold phosphate-
Ž .buffered saline pH 7.4 and resuspended in 10 mM

Ž .HEPESrKOH pH 7.4 containing 1 mM EDTA. Mem-
branes were prepared from harvested cells by differential

Žcentrifugation 1000=g for 10 min, then 160,000=g for
.30 min, all at 48C following lysis of the cells by nitrogen

cavitation at 800 psi for 30 min on ice in the presence of
Žprotease inhibitors 2 mM phenylmethylsulfonylfluoride,

10 mM E-64, 100 mM leupeptin and 0.05 mgrml pep-
.statin . The 160,000=g pellets were resuspended in 10

Fig. 1. Amino acid sequence comparisons of the rat, mouse and human EP receptors. The deduced amino acid sequences of the rat, mouse and human
Ž . Ž . Ž . Ž .prostanoid receptor subtypes a EP , b EP , c EP and d EP are shown aligned using GCG Wisconsin DNA software. Non-conserved amino acids1 2 3a 4

compared with the rat sequences are shown. The transmembrane domains I–VII are indicated by overlines. Dashes indicate gaps introduced in the
Ž) .sequences for alignment purposes. The termination codon is indicated by . Residues which varied between our predicted amino acid sequences and the

data base sequences are as follows: the prostanoid EP receptor had an Arg and Ala for Pro at positions 161 and 162 compared with the sequences for rat3
Ž . Žprostanoid EP3a receptor GenBankrEMBL Accession number, D14869: Takeuchi et al., 1993 and prostanoid EP3g receptor D16443: Takeuchi et al.,

. Ž . Ž . Ž . Ž .1994 ; the prostanoid EP receptor had His CAC for Leu CTC at position 214 and Gln CAG for His CAC at 396 compared with the sequence for rat4
Ž . Ž .prostanoid EP receptor D28860: Sando et al., 1994 . The two amino acid differences are also present in mouse Honda et al., 1993; D13458 , rabbit4

Ž . Ž .Breyer et al., 1994a; L47207 and human Bastien et al., 1994; L28175 prostanoid EP receptors.4
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Ž .mM HEPESrKOH pH 7.4 containing 1 mM EDTA at
approximately 5–10 mgrml by Dounce homogenization
Ž .Dounce A; 10 strokes , frozen in liquid nitrogen and
stored at y808C.

2.7. Radioligand binding assays

Rat EP receptor equilibrium competition binding assays
were performed in a final incubation volume of 0.2 ml in

Ž .10 mM MESrKOH pH 6.0 containing 1 mM EDTA, 10
Ž . w3 xmM MgCl 3 mM MgCl for EP and H prosta-2 2 3a

wglandin E 1 nM for EP and 0.5 nM for EP , EP and2 1 2 3a

ŽEP 185 Cirmmol; Amersham Life Science, Oakville,4
.xOnt. . Prostanoid EP assays also contained 100 mM3a

GTPg S. The reaction was initiated by addition of mem-
Žbrane protein approximately 62 mg for EP , 27 mg for1

.EP , 2 mg for EP and 13 mg for EP from the 160,0002 3a 4

=g fraction. Ligands were added in dimethylsulfoxide
Ž . Ž .Me SO which was kept constant at 1% vrv in all2

incubations. Non-specific binding was determined in the
presence of 1–10 mM of prostaglandin E . Incubations2

were conducted for 60 min at 308C and terminated by
Žrapid filtration through a 96-well GFrC Unifilter Canberra

. ŽPackard, Ont. prewetted in cold 10 mM MESrKOH pH
.6.0 . The Unifilters were washed with 3–4 ml of the same

buffer, dried for 90 min at 558C and the residual radioac-
tivity bound to the individual filters determined by scintil-
lation counting with addition of 50 ml of Ultima Gold F
Ž .Canberra Packard . Specific binding was calculated by
subtracting non-specific binding from total binding and
accounted for 90–95% of the total binding and was linear
with respect to the concentrations of radioligand and pro-
tein used. Total binding represented 5–10% of the radioli-
gand added to the incubation media.

( )2.8. cAMP assays in HEK 293 EBNA cells expressing the
rat EP receptors

Ž .HEK 293 EBNA cells were harvested at approximately
80% confluence by incubation in enzyme-free cell dissoci-
ation buffer, washed once with Hanks’ Balanced Salt

Ž .Solution HBSS and resuspended in HBSS. The cAMP
generation assay was performed in 0.2 ml HBSS contain-
ing 100 mM of the phosphodiesterase type IV inhibitor

Ž .RO-20-1724 BIOMOL Research, Plymouth Meeting, PA
to prevent hydrolysis of cAMP. Assays were performed in
both the absence and presence of 12.5 mM forskolin to

Ž .measure both stimulation EP and EP and inhibition2 4
Ž .EP of cAMP production, respectively. RO-20-1724,3a

forskolin and test ligands were added to the incubation
mixture in Me SO or ethanol to a final vehicle concentra-2

Ž .tion 1% vrv which was kept constant in all samples. The
5 Žreaction was started by addition of 1=10 cells EP ,2

. 5 Ž .EP or 2=10 cells EP per incubation. Samples were4 3a

incubated at 378C for 10 min and the reaction terminated

by immersing the samples in boiling water for 3 min. Cell
viability was always G96% as determined by trypan blue
exclusion. Measurement of cAMP was performed by scin-

w125 x Ž .tillation proximity assay using I cAMP Amersham .

2.9. Aequorin luminescence assay in HEK 293 cells ex-
pressing the rat prostanoid EP receptor1

HEK 293 cells which stably express apo-aequorin,
Ž .AEQ-17 HEK 293 cells 24 , were transiently transfected

with rat prostanoid EP in pcDNA3.1 using the lipofec-1

tAMINEe transfection protocol as described above. Two
days after transfection, the cells were charged by incuba-

Žtion for 4 h at 378C in Ham’s F12 medium with 0.1%
. Žfetal bovine serum, 25 mM Hepes at pH 7.3 GIBCO

.BRL, Missisauga, Ontario containing 30 mM of reduced
Ž .glutathione Sigma, St. Louis, MO and 8 mM of coelen-
Ž .terazine cp Molecular Probes, Eugene, OR . After charg-

ing the harvested cells were rinsed once and resuspended
in Ham’s F12 medium at 5=105 cellsrml. Test com-
pounds were diluted in Hank’s balanced salt solution
Ž . ŽHBSS containing 25 mM Hepes at pH 7.3 GIBCO BRL,

.Missisauga, Ont. and 100 ml aliquots dispensed into a
96-well plate. The 96-well plate was then inserted into a

ŽLuminoskan luminometer Labsystems, Needham Heights,
. 4 Ž .MA and 5=10 cells in 100 ml volume were injected

into each well, starting with well A1. Light emission was
Ž .recorded for 30 s Peak 1 , after which 100 ml of 0.3%

Ž .vrv Triton X-100 in HBSS was added to solubilize the
cells and the light emission was measured for another 10 s
Ž .Peak 2 . Fractional luminescence was determined at each
ligand concentration by dividing the area under Peak 1 by
the sum of the area under Peak 1 plus Peak 2.

2.10. Northern blot analysis

Ž . ŽA rat Multiple Tissue Northern MTN blot Clontech,
. ŽPalo Alto, CA containing 8 different tissues heart, brain,

.spleen, lung, liver, skeletal muscle, kidney and testis was
Ž .hybridized with the following probes: 1 a 350 nt PCR

probe obtained by amplifying the rat prostanoid EP recep-1

tor in pCEP4 with a forward primer covering the ATG
Ž Xstart codon 5 -ATC TAC GGT ACC CTC TTG GCC

X .GCC ACC ATG AGC CCC TAC GG-3 and a reverse
primer spanning an AccI site, 350 nt 3X to the start codon
Ž X X. Ž .5 -TCC TGC AGT ATA CAG GCG AAG-3 . 2 A

X Ž .5 -intron probe termed intron 1 probe prepared by ran-
dom priming a 160 nt PCR fragment obtained by amplify-

Ž .ing a cDNA clone clone 8.1 in pBluescript KS , which
contained an unspliced 5X-intron, using the vector-derived
SK forward primer and an intron-specific reverse primer
Ž X X . Ž .5 -CTG CGT AGA TAA AAA GAG GGC AC-3 . 3 A

X Ž . Ž .3 -intron probe 410 nt termed intron 2 probe obtained
using two 3X-intron specific primers, rat prostanoid EP1

Ž X . Ž Xreceptor 3 intron F 5 -GCG CAG TCG CTC CTC AAG
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Fig. 2. Activation of aequorin luminescence in AEQ17-HEK293 cells transiently expressing the rat prostanoid EP receptor. The fractional luminescence1
Ž . Ž . Ž . Ž . Ž . Ž . Ž .responses to prostaglandin E ` , iloprost B , sulprostone ' , prostaglandin E I , prostaglandin F v , U46619 ^ and prostaglandin D l2 1 2 a 2

of pcDNA3.1-rEP transfected AEQ17-HEK293 cells are plotted as a function of their concentrations. Duplicates for each sample are shown.1

X. Ž X .CCA A-3 and rat prostanoid EP receptor 3 intron R1
Ž X X.5 -GCG AGA GAA GCA GGT GTG AGC C-3 used to
amplify the cDNA clone 9.2 which contained an unspliced

X Ž . Ž .3 intron. 4 A 748 nt rat novel protein kinase 25 PCR
specific probe obtained from a rat spleen cDNA library
after 2 rounds of PCR amplification using a forward novel

Ž Xprotein kinase-1F primer 5 -CCT GAT GTG TGA GAA
X.GCG GAT-3 and a reverse novel protein kinase-2R

Ž X X.primer 5 -GAA CTC CTC ATC GAA GTT GCT G-3 .
This PCR fragment amplifies the DNA corresponding to
amino acids 660 to 908 of the novel protein kinase protein.
Ž .5 a 1.2 kb full-length rat prostanoid EP receptor probe.2

Ž .The rEP2 KS -41 clone was digested with Asp718 and
NotI to release the complete rat prostanoid EP receptor2

Ž .DNA. 6 A rat EP receptor probe prepared by digesting3

the rEP -pRCrCMV plasmid with HindIII to isolate the3a
X X Žfull-length receptor plus 200 nt of the 5 and 3 -UTR 1.5

.kb .
w32 xAll fragments were labeled with P -dCTP by random

Ž .priming as described above and added to the blot which
was pre-hybridized for 1 h at 688C in Express Hybrid

Ž .solution Clontech, Palo Alto, Ca . The incubation was
carried out at the same temperature for 2 h. The blot was
then washed once in 2= SSCr0.05% SDS for 30 min at
room temperature and then at 508C for 30 min in 0.1=

SSCr0.1% SDS. Exposure was carried out on a Kodak
XAR film with intensifying screens for 4–7 days at y808C.

3. Results

3.1. Cloning of the rat EP receptors 3

3.1.1. Rat prostanoid EP receptor cloning1
Ž .To construct the open reading frame ORF of the rat

prostanoid EP receptor two clones were used, the 5X clone1
Ž . Xclone 8-2 derived from a spleen cDNA library and the 3

Ž .clone clone 9-1 derived from a kidney cDNA library,
X X Žwith both the 5 and the 3 introns removed see Section 2

.for details . The ORF is 1215 nt and encodes for a 405
amino acid protein with a predicted relative molecular
mass of 43,053 Da. There are 3 potential N-glycosylation

Ž .sites Asn 7, 24 and 34 , 6 potential protein kinase C
Žphosphorylation sites Ser 241, 281, 287, 374, 393, and

3 The nucleotide sequences for the rat EP , EP , EP and EP1 2 3a 4

receptors have been submitted to the GenBankrEMBL Data Bank with
the accession numbers U68037, U94708, X83855 and U94709, respec-
tively.
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.396 and two potential protein kinase A phosphorylation
Ž .sites Ser 71 and Thr 72 . The rat prostanoid EP receptor1

shares 96% and 84% amino acid identity with the mouse
Ž .and human prostanoid EP receptor, respectively Fig. 1a .1

3.1.2. Rat prostanoid EP receptor cloning2

Two overlapping clones were identified from a rat
spleen cDNA library which together spanned the full
length ORF of the rat prostanoid EP receptor. The two2

clones were then spliced together to reconstitute the full
Ž .length ORF see Section 2 for details with 43 nt of

5X-UTR and 37 nt of 3X-UTR. The ORF is 1017 nt and
encodes for a 357 amino acid protein with a predicted
relative molecular mass of 39,776 Da. There is one poten-

Ž .tial N-glycosylation site Asn 6 and 5 potential protein
Žkinase C phosphorylation sites Ser 150, 230, 241, 247 and

.335 . Rat prostanoid EP receptor shares 91% and 82%2

amino acid identity with mouse and human prostanoid EP2
Ž .receptor, respectively Fig. 2b .

3.1.3. Rat prostanoid EP receptor cloning3a

Three cDNA clones were isolated from a rat hepatocyte
cDNA library in lgt11 using mouse prostanoid EP recep-3

Ž .tor PCR derived probes see Section 2 for details . Clone
15r2 contained an open reading frame of 1098 nt and
could be translated into a 366 amino acid protein. The
protein displayed 97% and 85% sequence identity with the
mouse prostanoid EP receptor and human prostanoid3a

Ž .EP receptor, respectively Fig. 1c .3-I

The sequence-deduced molecular mass was 40,059 Da.
The C-terminal domain was more hydrophilic than in the

Žrat or mouse prostanoid EP receptor Neuschafer-Rube¨3b

. Ž .et al., 1994 . Protein kinase A PKA phosphorylation sites
Ž . ŽSer 59 and 64 and N-glycosylation sites Asn 16 and

.194 described for the mouse mastocytoma prostanoid
ŽEP receptor and the rat kidney EP receptor Takeuchi3b 3a

.et al., 1994 were preserved. The carboxyl-terminal do-
main of rat prostanoid EP receptor contains 7 Ser and 23a

Thr residues that might be potential phosphorylation sites.
None of these sites, however, correspond to the consensus
sequences for protein kinase A or protein kinase C.

3.1.4. Prostanoid EP receptor cloning4
Ž .The rat prostanoid EP receptor cDNA clone 3-4 ,4

Žcloned from a rat kidney cDNA library see Section 2 for
. Xdetails , contained approximately 600 nt of 5 -UTR, a 1464

nt ORF and only a short 6 nt 3X-UTR. The ORF encodes
for a 488 amino acid protein with a predicted relative
molecular mass of 53,373 Da. There is one potential

Ž .N-glycosylation site Asn 7 , nine potential protein kinase
ŽC phosphorylation sites Ser 45, 262, 357, 369, 430, 460,
.484 and Thr 433 and 480 and an additional two potential

Ž .protein kinase A phosphorylation sites Ser 222 and 373 .
The rat protanoid EP receptor shares 98% and 89% amino4

acid identity with mouse and human prostanoid EP recep-2
Ž .tor, respectively Fig. 1d .

( )3.2. Expression of rat EP receptors in HEK 293 EBNA
cells

3.2.1. Receptor binding studies
Saturation analysis was performed to determine the

Ž .affinity of prostaglandin E for the rat EP receptors K2 D

as well as the level of receptor expression attained in the
Ž .HEK 293 EBNA cell line, as defined by maximum num-

ber of detectable prostaglandin E specific binding sites2
Ž . Ž .B Table 1 . Prostaglandin E displayed the highestmax 2

affinity for the prostanoid EP and EP receptors with K3a 4 D

values of approximately 1 nM. The K values obtainedD

for prostanoid EP receptor and prostanoid EP receptor1 2

were approximately 25-fold and 5-fold higher, respec-
tively. These data are comparable to the values obtained

Žfor the human EP receptors in this cell line Abramovitz et
.al., submitted to Biochem. Biophys. Acta . In every case

the data conformed to a single-site binding model except
for prostanoid EP receptors where a second site of lower2

affinity was also detected. The highest level of high affin-
ity receptor expression was obtained for the prostanoid
EP receptor with a B of 22 pmolrmg protein. Simi-3a max

lar levels of high affinity expression were obtained for the
prostanoid EP receptor and prostanoid EP receptor at1 2

approximately 3 pmolrmg protein with the lower affinity
site observed for the prostanoid EP receptor being 10-fold2

more abundant. The level observed for prostanoid EP4

receptor was somewhat lower at 0.9 pmolrmg protein.
These results are also similar to those obtained for the

Ž .expression of the human EP receptors in HEK 293 EBNA
Ž .cells see above . Membranes from wild type and mock-

Ž . Ž .transfected vector alone HEK 293 EBNA cells were
w3 xtested for their ability to bind H prostaglandin E and2

Ž .were negative in both cases data not shown .
Equilibrium competition binding assays were performed

to determine the affinities of prostanoids and related
Ž .analogs at the rat prostanoid EP receptors Table 2 . In

Table 1
w3 xSaturation analysis of H prostaglandin E specific binding to HEK2

Ž .293 EBNA cell membranes expressing rat EP , EP , EP and EP1 2 3a 4

receptors

Ž . Ž .Rat prostanoid K nM B pmolrmg proteinD max

receptor one-site two-site one-site two-site

EP 24"2 nd 3.3"1.3 nd1

EP 5.3"2.3 233"33 3.1"1.6 30"202

EP 0.83"0.16 nd 22"5 nd3a

EP 1.1"0.6 nd 0.9"0.5 nd4

Saturation analyses were conducted using the binding assay protocol
described in Section 2 and using a radioligand concentration ranging
10-fold above and below the determined K . Non-specific binding wasD

determined with 1000-fold excess of prostaglandin E . Non-linear trans-2

formation of the deduced specific binding saturation isotherms was
performed using Accufit Saturation Two-Site data analysis software
Ž .Beckman Instruments, CA . Values are mean"s.e.m. where ns3 with
nd indicating not detected under these experimental conditions.
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Table 2
w3 x Ž .Competition for H prostaglandin E specific binding to HEK 293 EBNA cell membranes expressing rat EP , EP , EP and EP receptors by2 1 2 3a 4

prostanoids and related analogs

Ž .Ligand K nMi

EP EP EP EP1 2 3a 4

prostaglandin E 22 6.8 0.9 1.12

prostaglandin E 95 10 1.1 0.661

prostaglandin D 5680 4800 1280 12402

prostaglandin F 423 2360 213 5702 a

iloprost 11.5 1410 47 277
U46619 6750 7220 16200 2330
AH6809 1300 522 40700 )100000
SC19220 26400 )100000 )100000 )100000

Ž .butaprost free acid 38700 65 11815 15700
Ž .butaprost methyl ester )100000 2580 39650 40400

M&B28767 508 1370 0.3 24
sulprostone 94 )100000 0.7 43600
GR63799X 978 )100000 73 632
enprostil 192 )20000 74 )20000
misoprostol 38300 15200 1090 26300

Ž .AH23848 racemic 33300 )100000 4080 9380
Ž .AH23848 y 23500 )100000 12000 8010

17-phenyl-v-trinor-prostaglandin E 25 874 4.3 542

11-deoxy- prostaglandin E 2980 30 3.2 1.11
Ž .19 R -OH-prostaglandin E )1350 148 150 302

Rat EP receptor equilibrium competition binding assays were performed as described in Section 2. Non-specific binding was determined using 1 mM
prostaglandin E . Specific binding was calculated by subtracting non-specific binding from total binding. Sigmoidal equilibrium competition curves were2

constructed by plotting percentage maximum specific binding at each competing ligand concentration and analyzed by a validated custom designed
software employing a simplex driven non-linear least-squares curve fitting routine based on a four parameter equation to determine the inflection point
Ž . Ž . Žw x .InPt of the curve. Equilibrium inhibition constants K were derived from the equation K s InPtr1q radioligand rK where K is the equilibriumi i D D

dissociation constant. In cases where the InPt could not be determined the concentration of ligand required to inhibit 50% of the maximum specific binding
Ž .IC was substituted.50

Žgeneral, the rank order of affinities for prostanoids with
iloprost and U46619 employed as mimetics of the unstable

.prostaglandin I and TXA , respectively was as previ-2 2

Ž .ously shown Coleman et al., 1994 for the prostanoid EP
receptor subtypes with prostaglandin E sprostaglandin2

E ) iloprost)prostaglandin F )prostaglandin D )1 2 a 2

Table 3
Activation of rat EP receptor signal transduction pathways by selected prostanoids and related analogs

Ž .Ligand EC nM50

EP EP EP EP1 2 3a 4

prostaglandin E 37 2.1 0.41 0.222

prostaglandin E 333 3.4 0.45 0.171

prostaglandin D )25000 30000 13 23002

prostaglandin F 790 7050 4.2 11102 a
aŽ .iloprost 1.6 72% 1130 0.63 1200

U46619 )25000 21400 149 8120
Ž .butaprost free acid 68 )100000

M&B28767 3680 0.55
aŽ .sulprostone 32 72% 0.42

enprostil
11-deoxy- prostaglandin E 25 0.321
Ž .19 R -OH-prostaglandin E 51 302

Ž . ŽcAMP generation assays were performed using HEK 293 EBNA cells in the absence and presence of 12.5 mM forskolin to measure both stimulation EP2
. Ž . Ž .and EP and inhibition EP of cAMP production, respectively, at each ligand concentration. Aequorin luminescence assays EP were performed using4 3a 1

HEK 293 cells which stably express apo-aequorin. In this case, fractional luminescence was determined at each ligand concentration by dividing the area
under Peak 1 by the sum of the area under Peak 1 plus Peak 2. Sigmoidal concentration–response curves were analyzed as described for the radioligand
binding assay in Table 2. The concentration of agonist required to produce a half-maximal response for that agonist has been defined as EC .50
a The maximal response for a given agonist has been calculated as a percentage of the maximal response elicited by 1 mM prostaglandin E except as2

indicated by where agonists produced 72% of the maximal response obtained with 3 mM prostaglandin E .2
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U46619. The main exception to this rank order, was the
affinity of iloprost for the prostanoid EP receptor which1

was similar to prostaglandin E . This has also been shown2

in other prostanoid EP receptor tissues and cell lines1
Ž .Funk et al., 1993; Coleman et al., 1994 . Several more
selective ligands were also evaluated and their affinities
are shown in Table 2. In summary, butaprost is selective
for the prostanoid EP receptor, M&B28767 and sulpros-2

tone are selective for the prostanoid EP receptor, being3a

equipotent with prostaglandin E , but retain reasonable2

affinity for the prostanoid EP receptor and the prostanoid4

EP receptor, respectively, and, finally, enprostil has dual1

selectively interacting with both the prostanoid EP recep-1

tor and protanoid EP receptor. In the case of butaprost,3a

although it is routinely synthesized as the methyl ester this
ligand is 40-fold more potent at prostanoid EP receptor in2

the free acid form. The additional ligands tested displayed
differential affinities at the four EP receptors without being
markedly selective for a particular subtype.

3.2.2. Functional studies
Second messenger assays monitoring the predominant

Ž Ž .signal transduction pathways calcium mobilization EP1
Ž . Ž .and stimulation EP and EP or inhibition EP of2 4 3a

.cAMP production demonstrated that the rat EP receptors
were functional and efficiently coupled when expressed in

Ž .the HEK 293 EBNA cell line. The EC values obtained50

for selected ligands in these assays are given in Table 3 for
all four EP receptors and follow the profile observed in
competition binding assays. Of note is the activity of
butaprost which has an EC of 68 nM in cAMP stimula-50

tion assays using the prostanoid EP receptor, but is2

inactive at the prostanoid EP subtype at a concentration4

up to 100 mM.
Using an aequorin luminescence assay, in which the rat

prostanoid EP receptor was transiently transfected into1

AEQ17-HEK 293 cells stably expressing apo-aequorin
Ž .Button and Brownstein, 1993 , the EC for prostaglandin50

E was 37 nM, prostaglandin F was 25-fold less potent2 2 a

and prostaglandin D and U46619 were weak agonists at2
Ž .30 mM Fig. 2, Table 3 . Iloprost and sulprostone behaved

like potent partial agonists with EC values of 1.6 and 3250

nM, respectively, and percent maximal stimulation of 72%
Ž .for both compounds relative to prostaglandin E Fig. 2 .2

Second messenger responses were also measured in
non-transfected and mock-transfected wild type HEK

Ž .293 EBNA cells challenged with prostaglandin E ,2

prostaglandin F , prostaglandin D , U46619 and iloprost.2 a 2
Ž .In the aequorin assay prostaglandin E 1 mM alone gave2

rise to a small increase in luminescence. This peak of
luminescence was delayed compared with receptor-media-
ted responses. Similarly, only challenge with prostaglandin
E resulted in stimulation of cAMP production in these2

Ž .cells. The magnitude of the response was very low -5%
compared with that obtained for prostanoid EP receptor or2

prostanoid EP receptor expressing cells and the EC was4 50

considerably higher at 300 nM. This endogenous response,
therefore, did not compromise the results obtained with
receptor expressing cells. These prostanoids were negative
under the conditions used to measure inhibition of cAMP

Ž .production data not shown .

3.3. Northern blot analysis

3.3.1. Rat prostanoid EP receptor1

Poly Aq RNA from eight different rat tissues was
probed with a rat prostanoid EP receptor cDNA fragment1
Ž . Ž .ORF probe Fig. 3A . Five transcripts of different sizes
were detected: three high molecular weight bands, includ-
ing one prominent transcript of approximately 7.0 kb
which was expressed in all eight tissues and two additional
transcripts, approximately 5.0 and 4.4 kb which were seen
only in the kidney. In order to account for these high
molecular weight bands and in light of the fact that all of
the cDNA clones isolated contained unspliced introns we
wanted to determine which of the bands detected repre-
sented putative processed transcripts. The blot was, there-
fore, reprobed alternatively with the 5X intron, located just

Ž . Xupstream of the start codon intron 1 probe and the 3
intron, located near the C-terminal end of transmembrane

Ž .domain VI intron 2 probe of rat prostanoid EP receptor.1

The hybridization patterns obtained with the intron 1 and
intron 2 probes was compared with that using the ORF

Ž .probe. The intron 1 probe Fig. 3B. did not detect the two
Ž .smaller molecular weight species 5.0 and 4.4 kb seen in

Ž .the kidney probed with the ORF probe Fig. 3A . The
intron 2 probe, however, did detect the 5.0 kb but not the

Ž .4.4 kb kidney transcript Fig. 3C . In addition, the intron 2
probe hybridized to another band of approximately 1.8 kb,
which was detected in most tissues, but did not cross react
with either the ORF probe or the intron 1 probe.

Ž .During these experiments, Batshake and Sundelin 1996
reported the tail to tail arrangement of the mouse prostanoid
EP receptor gene and the novel protein kinase gene1
Ž . XMukai and Ono, 1996 showing that the long 3 UTR of
the novel protein kinase gene completely overlapped the
prostanoid EP receptor gene. We, therefore, probed the1

Žsame Northern blot with a coding region fragment amino

Ž .q ŽFig. 3. Northern blot analysis of eight different rat tissues probed with EP , novel protein kinase, EP and EP . The blot containing poly A RNA 21 2 3a

. Ž . Ž . Ž . Ž . Ž . Ž . Ž . Ž .mg from eight different tissues: 1 heart; 2 brain; 3 spleen; 4 lung; 5 liver; 6 skeletal muscle; 7 kidney; 8 testis; was hybridized successively
32 Ž Ž . Ž . Ž .using P-labeled cDNA fragments as described in Section 2 as follows: A rat EP ORF probe; B rat EP intron 1 probe; C rat EP intron 2 probe;1 1 1

Ž . Ž . Ž . Ž .D rat novel protein kinase probe; E rat EP cDNA probe; F rat EP cDNA probe. The positions of the RNA markers kb on the gel are indicated on2 3
Ž . Ž .the right side and other specific bands kb see text for details on the left side.



( )Y. Boie et al.rEuropean Journal of Pharmacology 340 1997 227–241 237



( )Y. Boie et al.rEuropean Journal of Pharmacology 340 1997 227–241238

. Žacid 660 to 908 of the novel protein kinase gene see
.Section 2 . As shown in Fig. 3D the pattern observed was

similar to that seen with prostanoid EP receptor based1

probes, with two additional bands, one approximately 4.0
kb and another prominent band of approximately 3.1 kb,
detected in all tissues.

3.3.2. Rat prostanoid EP receptor2

Expression of the rat prostanoid EP receptor was de-2
Ž .tected in spleen, lung and testis Fig. 3E . Multiple tran-

scripts can be seen in each lane ranging in size from
approximately 3.0 kb down to approximately 1.6 kb. The
smallest band was apparent only in the testis.

3.3.3. Rat prostanoid EP receptor3

Northern blot analysis using the entire rat prostanoid
EP receptor cDNA as a probe identified abundant ex-3a

pression in kidney and in liver, with very weak expression
in lung and skeletal muscle and barely detectable expres-

Ž .sion in heart and brain Fig. 3F . Two major transcripts
Ž .were apparent in kidney and liver 7.0 and 2.2 kb , with an

additional minor band of size 1.6 kb seen only in liver.
The 2.4 kb band detected in skeletal muscle was unique to
this tissue. Of note, this probe would not discriminate
between the three alternatively spliced forms of the rat
prostanoid EP receptor, EP , EP or EP .3 3a 3b 3g

4. Discussion

In the present study all four rat prostanoid EP receptor
subtypes have been cloned and characterized with respect
to both radioligand binding and functional properties using
the same heterologous expression system. Northern blot
analysis has been used to examine tissue distribution of
prostanoid receptor subtypes EP , EP and EP .1 2 3a

Comparison of the deduced amino acid sequences of EP
Žreceptor homologues from rat, human and mouse see Fig.

.1 revealed that, in general, rat receptors are more related
Ž .to mouse receptors )90% amino acid identity than they

Ž .are to human receptors 82%–89% amino acid identity . It
is of note, however, that the rat and human prostanoid EP4

receptors are similar with respect to the initiating methion-
ine which differs in the mouse being located 30 amino
acids further upstream. Additional differences between the
sequences occur mainly outside of the seven transmem-
brane domains with transmembrane domain VII being the
most highly conserved, not only between species homo-
logues but also between all eight prostanoid receptors
Ž .Boie et al., 1995 . Most of the putative post-translational

Žmodification sites N-glycosylation, protein kinase C and
.protein kinase A phosphorylation have been conserved

across species.
Transient expression of the rat EP receptors in HEK
Ž .293 EBNA cells was very efficient, with B values allmax

in the pmolrmg protein range. The rank order of potencies

of prostanoids, at the rat EP receptors, as assessed in
radiobinding assays was similar to that obtained with the
mouse and human EP homologues. As observed for the
human receptors, prostanoid EP and EP receptors consis-3 4

tently displayed higher affinities for prostaglandin E as2

compared to prostanoid EP receptor and prostanoid EP1 2
Ž .receptor Abramovitz et al., submitted .

The majority of compounds tested behaved in a similar
manner across species. AH6809 was the only example
found of a compound which might display species differ-
ences with respect to inhibition of receptor binding, even
though the rat prostanoid EP receptor is 96% and 84%1

identical to the mouse and human prostanoid EP receptor,1

respectively, at the amino acid level. This putative
prostanoid EP receptor antagonist has IC values against1 50

Ž . Žthe rat, human Funk et al., 1993 , and mouse Watabe et
.al., 1993 prostanoid EP receptors of 1300 nM, 500 nM1

and )10 mM, respectively. However, the IC value for50

prostaglandin E at the mouse prostanoid EP receptor2 1
Ž .Watabe et al., 1993 was also higher than determined for
the rat and human.

The free acid form butaprost was found to be 40-fold
more active than the methyl ester form in the equilibrium
binding assays. The free acid form is probably the hydroly-
sis product that is active in in vivo and in in vitro whole
cellrtissue assay systems. This has also been found to be
the case for an IP receptor agonist, SM-10906, which was
found to be much more potent than the methyl ester form

Ž .SM-10902 Oka et al., 1994 . It has previously been
suggested that other methyl ester compounds such as
misoprostol act as pro-drugs which are converted to their

Ž .active forms by esterases Tsai et al., 1991 . These results
suggest that the a-carboxyl group on these compounds is
an important determinant for binding. The conserved argi-
nine residue in transmembrane domain VII, which occurs
in all prostanoid receptors, has been implicated in the
binding of prostanoid receptor ligands by hydrogen bond-

Ž .ing with the a-carboxyl group Sugimoto et al., 1993 .
All four EP receptors were shown to be functional when

Ž .expressed in HEK EBNA 293 cells. The effectiveness of
Ž .the ligands tested in stimulating EP and EP or inhibit-2 4

Ž .ing EP intracellular cAMP production was as predicted3a

from previous reports employing recombinant receptors
Ž .and from pharmacological studies Coleman et al., 1994 .

In general, the potencies in functional assays paralleled the
affinities determined in the receptor binding assays. All the
ligands tested were full agonists in these systems of high
receptor reserve. These data also confirmed that butaprost
is highly selective for the prostanoid EP receptor versus2

the prostanoid EP receptor subtype and that sulprostone is4

a potent full agonist at the prostanoid EP receptor.3a

Previously, we have used the photoprotein aequorin in
Xenopus oocytes to identify the human prostanoid EP1
Ž . Ž .Funk et al., 1993 and FP Abramovitz et al., 1994
receptors. Recently, an aequorin luminescence assay for
G-protein coupled receptors using mammalian cells has



( )Y. Boie et al.rEuropean Journal of Pharmacology 340 1997 227–241 239

Ž .been described by Button and Brownstein 1993 . This
assay was used to assess the functional coupling of the rat
prostanoid EP receptor to the mobilization of intracellular1

Ca2q. AEQ17-HEK 293 cells which constitutively express
apo-aequorin in the cytoplasm of the cell were used as a
very sensitive indicator of intracellular Ca2q fluctuations
Ž .Button and Brownstein, 1993 . The rank order of poten-

Žcies of prostanoids in this assay was as predicted Coleman
.et al., 1989, 1994 . Iloprost, however, behaved like a

potent partial agonist. This result is in agreement with
Ž .those of Dong et al. 1986 who showed in three different

contractile models, bullock iris sphincter, rat stomach fun-
dus strip and guinea-pig tracheal, that iloprost behaved as a
partial agonist. They also found in the same study that
prostaglandin I was much less potent than iloprost. Al-2

though iloprost is used extensively as a prostaglandin I2

analogue at the EP receptor these data should be inter-1

preted with caution since its agonist properties are proba-
bly modulated by the receptor reserve present in individual
tissuesrcells. Interestingly, sulprostone which is a selec-
tive prostanoid EP rEP agonist, and a full agonist in the1 3

prostanoid EP receptor cAMP inhibition assay used here,3

was also a partial agonist in the aequorin assay. Sulpros-
tone had an EC of 32 nM which is comparable to that50

for prostaglandin E , but the maximal stimulation was the2

same as that achieved with iloprost. Sulprostone is not
reported to act as a partial agonist. This compound, how-
ever, has never been previously tested at the prostanoid
EP receptor in a functional assay containing exclusively1

the prostanoid EP receptor. This is important, since other1

compounds, heretofore assumed to be full agonists at the
individual prostanoid receptors, may in fact be partial
agonists.

When a Northern blot of eight different rat tissues was
probed with the rat prostanoid EP receptor coding region,1

a major transcript of 7.0 kb was detected in most of the
tissues in addition to two minor species, one just above
and one just below the 7.0 kb band. The kidney was the
only tissue for which unique bands were seen. Interest-

Ž .ingly, Watabe et al. 1993 only detected transcripts in the
mouse kidney by Northern blot when they used an anti-
sense riboprobe. Since the prostanoid EP receptor is1

Ž .known to be expressed in the mouse Watabe et al., 1993
Ž .and human Abramovitz et al., 1995 kidney we wanted an

explanation for these ubiquitous higher molecular weight
bands. The same higher molecular weight bands were also
visualized upon reprobing the blot successively with intron
1 and intron 2 of the rat prostanoid EP receptor gene. The1

only band which clearly did not hybridize with either of
these probes was a 4.4 kb band unique to the kidney and
representing the processed transcript. The most probable
explanation for the occurrence of these higher molecular
weight bands comes from a recent study by Batshake and

Ž .Sundelin 1996 . They reported that the mouse prostanoid
Ž .EP receptor gene Batshake et al., 1995 is completely1

overlapped by a novel protein kinase gene in a tail-to-tail

manner. Two novel protein kinase transcripts have been
detected as widely expressed in rat tissue, a 3.1 kb or short

Ž .form and a 6.8 kb or long form Mukai and Ono, 1996 .
However, only the long form of novel protein kinase
would be detected using any one of the three rat prostanoid
EP receptor probes described above. The long form would,1

therefore, encompass both rat prostanoid EP receptor1

intron 1 and 2 as well as the coding region. The high
molecular weight bands were indeed confirmed as novel
protein kinase transcripts by reprobing the same Northern
blot with a coding region fragment of the novel protein
kinase gene. Under these conditions the long and the short
forms of novel protein kinase can be readily detected in all

Ž .tissues Fig. 3D . This would also help to explain why the
potential prostanoid EP receptor clones we have isolated1

from various mouse and rat cDNA libraries almost always
contained putative protanoid EP receptor introns since1

they were most likely novel protein kinase related clones.
The only transcript which cannot be rationalized by the

presence of novel protein kinase mRNA is the 5 kb band
detected in the kidney with both the ORF and intron 2
probes but not the intron 1 probe. This transcript legiti-
mately represents a rat prostanoid EP receptor mRNA1

species containing an unspliced intron 2. It has been
Ž .recently suggested by Okuda-Ashitaka et al. 1996 that

this transcript is expressed as a variant form of the
prostanoid EP receptor which has ligand binding but no1

functional properties.
This overlap of prostanoid EP receptor and novel1

protein kinase transcripts does not appear to occur in the
human as it does in both rat and mouse. Using a human
Northern blot, only a 3.1 kb novel protein kinase transcript

Ž .can be detected Mukai and Ono, 1996 and for human
prostanoid EP receptor the major transcript is 1.6 kb1
ŽFunk et al., 1993; Boie and Abramovitz, unpublished

.observations . The gene for human EP is on chromosome1
Ž .19p13.1 Duncan et al., 1995 and, although plausible, it

has yet to be determined if the tail to tail configuration for
the prostanoid EP receptor and novel protein kinase genes1

in human is as in mouse and rat. The physiological rele-
vance of this configuration is not known, but certainly it
would become important if both genes are transcribed
within the same cell where they could play a role in

Žregulation Batshake and Sundelin, 1996, and references
.within . This would also have implications in making a

prostanoid EP receptor knockout mouse since the knock-1

out vectors would have to be constructed to leave the
novel protein kinase gene intact.

The prostanoid EP receptor was principally detected in2

spleen, lung and testis. This limited expression is in marked
contrast to the distribution of the prostanoid EP receptor,4

which is the most ubiquitously expressed of all the
Žprostanoid receptors Honda et al., 1993; An et al., 1993;

Sando et al., 1994; Boie and Abramovitz, unpublished
.observations . Although the major signal transduction

pathway for both receptors is through elevation of intra-
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cellular cAMP, their tissue distribution patterns suggests
that the two receptors may play very different roles.

Abundant expression of the rat prostanoid EP receptor3

was limited to liver and kidney, with minor expression in
lung and skeletal muscle. The expression in the liver was
unexpected since the prostanoid EP receptor was barely3

Ž .detectable in mouse Sugimoto et al., 1992 or human liver
Ž .Schmid et al., 1995; Abramovitz et al., 1995 by Northern
blot analysis. The prostanoid EP receptor seems to be3

involved in a negative feedback inhibition loop that re-
strains glucagon-stimulated glycogenolysis in hepatocytes
via a glucagon-elicited prostanoid release from non-

Ž .parenchymal cells Hespeling et al., 1995 . The physio-
logical role of the EP receptor on hepatocytes has so far3

been studied only in rat models.
In conclusion, we have cloned and characterized the

four rat prostaglandin E prostanoid receptor subtypes,2

EP , EP , EP and EP . Although their sequences are1 2 3a 4

highly conserved with those of mouse and human, the
amino acid differences could be important when compar-
ing the potencies of compounds, especially novel antago-
nists, across species. Having the four rat EP receptors
expressed in the same cell line as their human counterparts
will allow a direct comparison of both receptor binding
and functional properties. This will support the understand-
ing of pharmacological models in the rat and allow the
predictions from preclinical models to be extrapolated into
the clinical environment.
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