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Abstract

Prostaglandin E; (PGE) has been shown to negatively regulate adipogenesis. To explore to what extent PGE; inhibits the dif-
ferentiation of cells to adipocytes and to examine whether its effect could be due to EP4 receptor signaling, we used microarrays to
analyze the gene expression profiles of 3T3-L1 cells exposed to a differentiation cocktail supplemented with PGE;, AE1-329 (an EP4
agonist), or vehicle. The differentiation-associated responses in genes such as adipocytokines and enzymes related to lipid metabo-
lism were largely weakened upon PGE; treatment. In particular, the expression of peroxisome proliferator activated receptor-y and
CCAAT/enhancer binding protein-u, genes playing a central role in adipogenesis, was greatly suppressed. PGE; appears to be inef-
fective to a subclass of insulin target genes such as hexokinase 2 and phosphofructokinase. Similar responses were produced in the
differentiation-associated genes upon AE1-329 treatment. These resulis suggest that PGE; inhibits a crucial step of the adipocyte

differentiation process by acting on the EP4 receptor in 3T3-L1 cells,

© 2004 Elsevier Inc. Ali rights reserved.

Keywords. Prostanoid; Receptor subtype; Fat cell; Aspirin-like drugs; Gene expression profile

Adipogenesis is a crucial aspect in controlling body
fat mass [1,2]. Acquisition of the mature adipocyte phe-
notype is a highly regulated process in which preadipo-
cytes undergo differentiation resulting in both increased
size and number of mature adipocytes in the adipose
tissue. It has been shown that cyclooxygenase (COX)
products such as prostaglandin (PG) E; and PGF, in-
hibit adipocyte development [3-7]. A recent study sug-
gested that COX-2 might be involved in body fat
regulation [8]. Mice heterozygous for the COX-2 gene
showed increased body weight by about 30%, with
fat pads enlarged 2- to 3-fold compared with those of

* Corresponding author. Fax; +81 798 41 2792.
E-mail address: aichikaw@mwu. mukogawa-u.ac.jp (A. Ichikawa).
! These authors contributed equally to this work.
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wild-type animals. PGE, production in adipose tissue
from COX-2 null mice was only 20% of that of wild-
type mice. These results suggested that COX-2 as well
as PGE, participates in the negative regulation of adi-
pocyte differentiation. The actions of PGE, are medi-
ated by four EP subtypes with different signaling
pathways [9,10]. However, there has been no literature
addressing which EP receptor is involved in the nega-
tive regulation of adipocyte differentiation [11]. We re-
cently found that EP4 is the predominant EP receptor
expressed in 3T3-L1 preadipocytes, and PGE; signifi-
cantly decreases triglyceride content in cells subjected
to a differentiation program, and this inhibition was
completely reversed by the addition of an EP4 antago-
nist [27]. In this study, we used oligonucleotide micro-
arrays to test to what extent PGE; inhibits adipocyte
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differentiation and whether EP4 is responsible for its
inhibitory action. PGE; and an EP4-specific agonist
elicited much the same response in 3T3-L1 cells sub-
jected to the differentiation program, and most of these
responses were mimicked by treatment with a cAMP
analogue. These results suggest that PGE; suppresses
adipocyte differentiation via EP4 receptor activation
and cAMP-dependent signaling.

Materials and methods

Reagents. Dibutyryl cyclic AMP (dbcAMP) was purchased from
Sigma (St. Louis, MO). PGE, was purchased from Funakoshi (Tokyo,
Japan). AE1-329 (an EP4 agonist) was a generous gift from ONO
Pharmaceuticals (Osaka, Japan) [12,13). All other chemicals were
commercial products of reagent grade.

Cell culture, RNA isolation, and oligonucleotide microarray. 3T3-L1
preadipocytes were grown to confluence in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% fetal bovine serum (FBS)
and 4 mM glutamine. Differentiation was initiated by addition of the
differentiation medium which contained 10% FBS, 4 mM glutamine,
0.5mM isobutylmethylxanthine (IBMX), 0.25pM dexamethasone,
and 5 pg/ml insulin. After 2 days, the culture medium was changed to
adipocyte growth medium containing 10% FBS, 4 mM glutamine, and
5ug/ml insulin and re-fed every 2 days for an additional 6 days.
Vehicle (0.01% ethanol only), PGE; {1 uM in 0.01% ethanol), an EP4
agonist, AE1-329 (1 uM in 0.01% ethanol), or dibutyryl cyclic AMP
{10 mM in 0.01% ecthanol) was added to both the differentiation
medium and adipocyte growth medium. Total RNA at each time point

was isolated by a combination of the acid guanidinium thiocyanate-
phenol-chloroform extraction method [14] and RNeasy column
chromatography (Qiagen, Hilden, Germany). The obtained RNA was
labeled and prepared for hybridization to GenChip Murine Genome
U74v.2 oligonucleotide arrays (Aflymetrix, Santa Clara, CA) using
standard methods.

Microarray data analysis. We used the robust multi-array analysis
(RMA) [15] expression measure that represents the log transform of
(background corrected and normalized) intensities of the GeneChips.
The RMA measures were computed using the R package program,
which is freely available on the web site (http://www.bioconduc-
tor.org). We then removed all genes whose maximum minus minimum
values were less than 2 (2-fold change), and selected 2268 genes, which
were diflerentially expressed across all samples. Using the k-means
clustering algorithm, these genes were classified into nine clusters on
the basis of similarity of their expression profiles. Since we considered
that chronic treatment of the cells with dbcAMP might elicit an excess
response in 3T3-L1 cells, the dbcAMP data were used only for con-
sideration of cAMP contribution in the effects of PGE; or the EP4
agonist. Microarray analysis was independently repeated at least two
times and similar results were obtajned.

Results and discussion

We used oligonucleotide microarrays to test to what
extent PGE, inhibits adipocyte differentiation and
whether EP4 is responsible for its inhibitory action. A
preadipocyte cell line, 3T3-L1 cells were primed with
insulin, dexamethasone, and IBMX for 2 days followed

A r?pmssion:;uc.mn B
Ctrl PGE2 _EP4A zu= sy
Day 0.2 8 0 2 8 0 2 8 "IN

Differentiation-associated

cL4
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PGE2 & EP4A

IR R . |-+ specitc

CL7 PGE2 & EP4A
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Fig. 1. Differentiation-regulated gene expression in 3T3-L1 preadipocytes. (A) Representation of mRNA expression levels of 3T3-L] cells on day 2
and § of the differentiation program compared with untreated cells (day 0). 3T3-L1 cells grown to confluency were exposed to a differentiation
cocktail supplemented with PGE; (PGE,), AE1-329 (EP4A), or vehicle (Ctrl). Each gene is represented by a single row. Colored bars represent the
ratio of hybridization measuremnents between corresponding time points and day 0 profiles, according to the scale shown. {B) Genes are placed in
groups corresponding to pairwise overlaps shown in the accompanying Venn diagrams.

_22_



Y. Sugimoto et al. | Biochemical and Biophysical Research Communications 322 (2004} 911-917

by treatment with insulin for an additional 6 days. We
isolated total RNA from untreated cells (day 0), the cells
on day 2, and day & of the differentiation program in the
presence or absence of the agonist, and the obtained
RNA was labeled and hybridized to microarrays. Of
the ~12,000 genes represented on the oligonucleotide ar-
ray, the genes whose maximum minus minimuem values
were greater than 2 (2-fold change) were selected, and
regarded as differentially expressed genes (2268 genes).
Using the k-means clustering algorithm, these genes
were classified into nine clusters on the basis of similar-
ity of the expression profiles of the day 8 samples treated
with PGE,, AE1-329, and vehicle (control) (Fig. 1).
Among them, a total of 1991 genes changed their expres-
sion significantly upon standard differentiation treat-
ment (clusters 1-6); 1581 genes were up-regulated
(clusters 1, 3, 4, and 6) and 410 genes were down-regu-
lated (clusters 2 and 5). Of such differentiation-associ-
ated genes, 956 genes (48%, clusters 1 and 2) were
unaffected upon both PGE; and AE1-329 treatment
{Fig. 1). Since these clusters include a number of genes
regulated by insulin such as phosphofructokinase, hexo-
kinase, and glucose transporter I (Table 1), an input of
EP4 signaling may be ineffective to such a subclass of

Table 1

Differentiation-regulated genes insensitive to PGE;, AE1-329, and dbcAMP

913

insulin target genes. On the other hand, differentiation-
associated expression changes were inhibited upon treat-
ment with PGE; and an EP4 agonist in 907 genes (45.6%
of differentiation-associated genes, clusters 3-5}, and 231
genes in particular which were drastically induced upon
differentiation treatment were completely suppressed by
both reagents (cluster 4). It should be noted in cluster 4
that the expression of two key factors which play a cen-
tral role in adipocyte differentiation, peroxisome prolif-
erator activated receptor-y (PPARY), and CCAAT/
enhancer binding protein & (C/EBPa), was completely
abolished [16,17] (Table 2). PPARy and C/EBPa were
induced by 10.6- and 4.0-fold upon control treatment
but PGE, inhibited their expression by -7.0- and
—4.0-fold, and an EP4 agonist inhibited their expression
by —5.3- and —5.0-fold, respectively. Such suppression
by both reagents was already observed on day 2 (data
not shown). Accordingly, the expression levels of the
genes known as differentiation markers were generally
lowered upon both agonist treatments; suppression
was apparent in the genes encoding adipocytokines
(growth hormone releasing hormone, adipsin, resistin,
and adiponectin) and enzymes related to lipid metabo-
lism (fatty acid-coenzyme A ligase, diacylglycerol

Gene symbol  Gene title d8cirl vs A0 d8PGE; vs A0 dJSEP4A vs d0  d8cAMP vs d0  GenBank Accession No.
log, (fold) logs(fold) log; (fold) log; (fold)
Cluster 1
Pfp Phosphofructokinase platelet 2.9 2.7 30 32 AJR53802
Hk2 Hexokinase 2 28 23 2.6 26 Y11666
Sic2al Sohute carrier family 2 2.7 2.8 30 23 M22998
(glucose transporter 1)
Pla2gl2 Phospholipase A2 group XII 23 1.7 2.2 1.2 Al345798
Gpil Glucose phosphate isomerase 1 21 22 2.3 21 M14220
Pl Phosphofructokinase liver B-type 2.0 1.9 1.9 2.0 103928
HmoxI Heme oxygenase 1 2.0 1.6 1.9 1.0 X56824
Facld Fatty acid-coenzyme A ligase L7 20 23 1.9 ABQO33887
long chain 4
Adm Adrenomedullin 1.6 22 1.8 19 U77630
Pgki Phosphoglycerate kinase 1 1.6 1.5 1.7 1.6 M15668
Aldol Aldolase 1 A 1.6 . 1.3 14 1.3 AV102160
Cluster 2
Rpl32 Ribosomal protein L32 -3.7 -3i3 -34 =34 AV216394
Adam3 A disintegrin and metalloprotease =31 -32 -3.5 -31 X64227
domain 3 (ADAM3)
Coxvib2 Cytochrome ¢ oxidase subunit Vib -30 -29 -29 -2.8 AlI893329
FPrphl! Peripherin 1 =2.8 -3.0 =27 -2.8 X15475
Ogn Osteoglycin -2.5 -17 =21 -24 AAGATTOY
Neamnl Neural cell adhesion molecule 1 -2.3 -20 =21 —~1.8 AV324706
Flub Filamin B 22 -2.3 -1.9 -2.1 AV271299
Csflr Colony stimulating factor 1 receptor —2.1 20 -1.6 —1.5 AV028184
Cdhls Cadherin 15 -20 -19 -19 -19 AV232449
Fmod Fibromodulin -19 -18 -1.7 -17 AV240231

The Jist represents differentiation-induced (cluster 1} or differentiation-decreased genes (cluster 2) whose expression levels were unaffected upon
PGE,, AE1-329, and dbcAMP treatment. The change in expression level during the differentiation program for 8§ days in the presence of vehicle
(d8citl), PGE; (d8PGE,), AE1-329 (d8EP4A), and dbcAMP (d8cAMP) is indicated as a logarithm of the fold-change vs the expression level of
untreated cells (d0). Representative genes with the largest changes are shown.
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Table 2

Differentiation-regulated genes sensitive to PGE,, AE1-329, and dbcAMP

Gene symbol  Gene title d8ctxl d8PGE; dSEP4A d8cAMP GenBank

vs d0 vs d8ctrl vs d8ctrl vs d8ctrl Accession No.
loga (fold) loga(foid)  logz(fold) log (fold)

Cluster 4
Fsp27 Fat-specific gene 27 5.6 —4.4 —4.1 -4.0 M61737
Ghrh Growth hormone releasing hormone 32 -34 -27 -2.7 M31658
Facl2 Fatty acid-coenzyme A ligase long chain 2 4.6 -217 -33 ~2.5 U15977
Adn Adipsin 5.4 -3.7 -22 -10 X04673
Pparg Peroxisome proliferator activated receptor-y 34 -28 -24 -2.4 U10374
Retn Resistin 30 ~2.6 -2.8 -29 AATIB169
Lipe Lipase hormone sensitive 31 -2.5 -25 -19 U69543
Acrp30 Adiponectin 5.8 -2.5 —~2.2 -2.9 U49%15
Cebpa CCAAT/enhancer binding protein (C/EBP} o 2.0 -2.0 -22 -1.7 M62362
Pex Pyruvate carboxylase 2.5 -2.0 -22 -1.6 M97957
Lpin! Lipin 1 27 -2.0 -18 -23 Al846934
Licds Leukotriene C4 synthase 27 -2.0 =20 =11 U27195
Dgatl Diacylglycerol O-acyltransferase 1 33 -19 -2.0 -1.9 AF078752
Gpdl Glycerol-3-phosphate dehydrogenase 1 1.8 -19 -138 -1.8 M25558
Itgab Integrin « 6 28 -1.8 -27 -23 X69902
Hadhd Hydroxyacyl-coenzyme A debydrogenase 2.5 -1.6 -18 =16 AWI122615
Acadm Acetyl-coenzyme A dehydrogenase medium chain 21 -1.5 -18 -1.9 V07159
Cat Catalase 25 -1.5 -16 -1.3 M29394
Cox7al Cytochrome ¢ oxidase subunit VIla | 1.0 -1.5 -14 -1.3 AF037370
Sle25al0 Solute carrier family 25 (dicarboxylate transporter) 1.5 -15 -13 -1.3 AAB83883

Cluster 5
Gip2 Interferon a-inducible protein -24 2.0 1.6 0.8 AV152244
ifi3 Interferon-induced protein tetratricopeptide repeats 3~ 2.6 1.5 12 0.9 U43086
Ifi203 Interferon activated gene 203 -1.2 14 09 0.7 AF022371
Ifi47 Interferon y inducible protein -19 14 0.9 0.5 M63630
Lox Lysyl oxidase -1.0 13 1.0 1.0 D10837
Thbs! Thrombospondin 1 -14 1.1 08 1.7 M62470
Ifi202b Interferon activated gene 202B -0.9 1.1 0.7 0.6 AV229143
Ifil Interferon inducible protein 1 -1.1 1.1 0.6 0.4 u19119
Fbini Fibulin 1 -1.3 1.0 09 1.0 X70853
Timp2 Tissue inhibitor of metatloproteinase 2 -0.7 L0 0.6 1.0 X62622

The lst represents genes of the differentiation-induced (cluster 4) or differentiation-decreased group (cluster 5) whose changes in expression levels
were suppressed upon PGE;, AE1-329, and dbcAMP treatment (bold values). The change in expression level during control treatment for 8 days
{d8ctrl} is indicated as a logarithm of the fold-change vs the expression level of untreated cells (d0), and the effect of PGE, (d8PGEz), AE1-329
(dSEP4A), and dbcAMP (d8cAMP) is indicated as a logarithm of the fold-change vs the expression level of the day 8 control (d8ctrl). Representative

genes with the largest changes are shown.

acyltransferase, and hormone sensitive lipase). More-
over, both PGE, and an EP4 agonist suppressed re-
sponses of the genes mnegatively regulated upon
differentiation treatment (cluster 5); both reagents re-
versed differentiation-dependent decreases in the
expression levels of a number of interferon-y target
genes such as Ifit3 and Ifi203. Since PPARY has been
shown to down-regulate interferon-y-induced genes in
leukocytes [18], an increase in the expression levels of
interferon-y-induced genes was thought to be a result
of PGE;-¢licited suppression of PPARy-dependent sig-
naling. Thus, PGE, and an EP4 agonist shared a broad
range of suppressive responses especially in differentia-
tion-associated genes, indicating that PGE; and an EP4
agonist are equivalent in their inhibitory effect on adi-
pocyte differentiation. Suppression of the differentia-
tion-associated response was also observed in each

gene upon treatment with dbcAMP (Table 2). These re-
sults indicated that PGE, suppresses some crucial step
of the adipocyte differentiation process via EP4 recep-
tor activation, presumably in a cAMP-dependent man-
ner. Interestingly, there were a small number of genes
that were suppressed by AE1-329 more effectively than
by PGE, (cluster 6; 128 genes, 6% of the genes with al-
tered expression upon differentiation) (Table 3). It is
currently unknown why AE1-329 might affect such
genes more effectively than PGE,, but there may be
an induction of EP subtypes subsequently inhibiting
EP4 signaling. Indeed, we found that expression of
the EP1 receptor gene was induced during the differen-
tiation program [27]. If EPl-induced Ca?* signaling
could antagonize EP4-elicited actions, some of the
EP4-selective actions could be dismissed in PGE; treat-
ment. However, we could not entirely exclude the
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Table 3
Differentiation-induced genes preferentially sensitive to an EP4 agonist

Gene symbol  Gene title dSctrl vs d0  d8PGE; vs dBctrl  dSEP4A vs d8ctrl  d8cAMP vs d8ctrl  GenBank Accession No..
log, (fold)  loga(fold) loga{fold) log; (fold)

Cluster 6
Coléa2 Procollagen type VI a 2 0.9 -0.2 ~1.6 -0.7 Z18272
Kitl Kit ligand 1.7 -0.1 -1.6 -23 M57647
Ceni2 Cyclin L2 1.7 =0.01 -1.6 -1.7 U373s1
Ier2 Immediate early response 2 0.7 0.04 -1.1 -1.1 M59821
iers Immediate early response 5 0.5 0.3 -1.0 -0.7 AF079528
Cyp51 Cytochrome P450 51 0.7 -02 -1.0 -11 AW122260
Prken Protein kinase C v 1.1 0.06 —0.9 -0.7 AW124627
Prges Prostaglandin E synthase 0.5 0.1 -0.8 0.2 AI060798
Uhela Ubiquitin protein ligase E3A 0.8 -0.1 -0.8 -0.8 Ug2122
Colda2 Procollagen type IV a 2 0.9 -0.1 -0.8 -0.8 X04647
Col3al Procollagen type Il a 1 0.5 0.1 -0.8 -04 AAG655199

The list represents differentiation-induced genes whose expression levels were decreased more efficiently by AE1-329 than by PGE, (cluster 6, bold
values). The change in expression level during the control treatment for 8 days (d8ctrl) is indicated as a logarithm of the fold-change vs the expression
level of untreated cells (d0), and the effect of PGE; (d8PGE;), AE1-329 (d8EP4A), and dbcAMP (d8cAMP) is indicated as a logarithm of the fold-
change vs the expression level of the day 8§ controt (d8ctrl). The representative genes with the largest changes are shown,

Table 4
PGE,- and AE1-329-induced genes not altered upon differentiation treatment
Gene symbol Gene title dBetrl d8PGE; d8EP4A d8cAMP GenBank
vs d0 vs dBctrl vs @8ctrl vs dctrl Accession No.
log; (fold) log, (fold} logz(fold) loga(fold)
Cluster 7
Cmkorl Chemokine orphan receptor 1 0.2 18 1.5 33 AF000236
Agpl Aquaporin 1 -0.2 13 13 1.0 L02914
Gjal Gap junction membrane channel protein e 1 0.3 12 1.7 3.0 Mé63801
Prgst Prostaglandin-endoperoxide synthase 1 (COX-1) -0.04 1.1 0.8 1.1 M34141
Gla Galactosidase « -0.3 1.0 1.6 14 L46651
Procr Protein C receptor endothelial -0.3 1.0 1.5 0.9 L39017
Psmb8 Proteosome subunit B type 8 ~0.09 0.8 1.2 0.8 U22033
Fkbpll FK506 binding protein 11 -0.3 0.8 1.1 0.6 AW122851
Prgs? Prostaglandin-endoperoxide synthase 2 (COX-2) 0.2 0.8 1.0 14 ME8242
Pla2g7 Phospholipase A2 VII (PAF acetylhydrolase) -0.1 0.8 0.8 0.5 U34277
Timpl Tissue inhibitor of metalloproteinase 1 -0.3 0.7 0.5 1.7 V00755
Pla2gda Phospholipase A2 group IVA (cPLA2) -0.1 0.6 0.6 0.3 M72394

The list represents differentiation-independent genes whose expression levels were increased both by AE1-329 and PGE; (cluster 7, bold values). The
change in expression level during control treatment for 8 days (d8ctrl) is indicated as a logarithm of the fold-change vs the expression level of
untreated cells (d0), and the effect of PGE; (d8PGE;), AE1-329 (d8EP4A), and dbcAMP (d8¢cAMP) is indicated as a logarithm of the fold-change vs
the expression level of the day 8 control (d8ctrl). Representative genes with the largest changes are shown.

possibility that the non-agonistic nature of AE1-329
may alter the expression levels of the genes in cluster 6.

On the other hand, either agonist treatment also af-
fected expression levels in a group of genes not altered
upon differentiation treatment. For example, both
PGE, and AE1-329 increased the expression levels of a
class of genes (cluster 7; 149 genes) (Table 4}. This group
includes rate-limiting enzymes of PG synthesis; prosta-
glandin-endoperoxide synthase 1 (COX-1), COX-2,
and cytosolic phospholipase A,. Since such genes were
also up-regulated upon dbcAMP treatment, PGE; may
stimulate endogenous PG synthesis by EP4 receptor
activation and the resultant increase in intracellular
cAMP. Such positive-feedback regulation in PGE; ac-
tions, which has been described in other systems

[19,20], may contribute to the inhibitory actions of
PGE, on differentiation. Moreover, 2 group of genes
were down-regulated by AE1-329 more efficiently than
by PGE, (cluster 8; 59 genes) (Table 5). In contrast, a
small group of genes was up-regulated by PGE; more
efficiently than AE1-329 (cluster 9; 69 genes). The exis-
tence of genes showing different responses to an EP4
agonist and to PGE; may be due to a non-agonistic or
toxic effect of AE1-329, because the effect of the agonist
was not always mimicked by dbcAMP in these genes.
PGs have long been thought to contribute to fat cell
development, but the role of PGs in the regulation of
adipocyte differentiation is complex and remains unclear
[11]. One of the reasons of its complexity is that different
classes of PGs exert opposing effects on differentiation.
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Table 5

PGEs-induced or AE1-329-decreased genes not associated with differentiation

Gene symbol Gene title d8ctrl d8PGE; d8EP4A d8cAMP GenBank

vs d0 vs d8ctrl vs dBctrl vs dSetrl Accession No.
log (fold) log, (fold) log, (fold) log, (fold)

Cluster 8
Cyplbl Cytochrome P450 family 1 subfamily b 1 02 -0.1 -1.3 =0.7 X78445
PfikI PFTAIRE protein kinase 1 02 0.1 -1.1 -0.7 AF033655
Fgfe2 Fibroblast growth factor receptor 2 0.2 -0.1 —0.9 =0.7 M23362
Rin2 Ras and Rab interactor 2 0.1 0.1 -0.9 -0.1 AlB35968
Litr! Interleukin 1 receptor type I 0.2 0.3 -0.9 -0.2 M20658
Agpt Angiopoietin 0.1 04 -0.9 -0.2 U83509
Nfib Nuclear factor I/B 02 0.2 —0.7 ~1.2 Y07686
Cxell2 Chemokine (C-X-C motif) ligand 12 —0.2 04 —-0.6 -0.7 L12029
Skd3 Suppressor of K* transport defect 3 0.1 0.4 -0.6 -0.2 AIR37887

Cluster 9
Timp3 Tissue inhibitor of metalloproteinase 3 0.2 1.6 0.3 11 126437
Rbpl Retinol binding protein 1 cellular =0.2 14 04 23 X60367
Cdh2 Cadherin 2 -0.1 0.9 0 0.5 M31131
Collal Procollagen type I & 1 0.1 08 -0.1 0.2 U03419
Hgf Hepatocyte growth factor 0.2 0.7 0.1 1.6 X72307
Vdr Vitamin D receptor -0.1 0.6 0.1 16 AWO061016
Pip Prolactin induced protein -0.1 0.6 0.1 1.3 ABO017918
Angpti2 Angiopoietin-like 2 ¢ 05 0 12 AlIB40158
Ereg Epiregulin 0.2 0.5 0 0.8 D30782

The list represents differentiation-independent genes whose expression levels were decreased only by AE1-329 (cluster 8, bold values) or induced only
by PGE, (cluster 9, bold values). The change in expression level during control treatment for 8 days (d8ctrl) is indicated as a logarithm of the fold-
change vs the expression level of untreated ceHs (d0), and the effect of PGE; (d8PGE;), AE1-329 (d8EP4A), and dbcAMP (d8cAMP} is indicated as a
logarithm of the fold-change vs the expression level of the day 8 control (d8ctrl). Representative genes with the largest changes are shown.

For example, both PGI; and PGE,, the two PGs predom-
inantly synthesized by fat cells, appear to have opposing
effects on early adipogenesis [21,22]; PGI; promotes adi-
pocyte differentiation, whereas PGE; inhibits differentia-
tion. We hypothesized that the complex role of PGs in
adipogenesis may be explained by the expression of multi-
ple prostanoid receptors in preadipocytes. Indeed, we
[27] as well as another group have found the expression
of multiple PG receptor genes in 3T3-L1 cells [23]. The
current results indicate that PGE; and an EP4-specific
agonist share much the same response in 3T3-L1 cells with
differentiation-reversed profiles, suggesting that PGE,
suppresses adipocyte differentiation via EP4 receptor acti-
vation and cAMP-dependent signaling. Indeed, require-
ment of a cAMP-dependent pathway in arachidonic
acid-dependent inhibition of adipocyte differentiation
has been pointed out [24]. Recently, Yokota et al. [25]
demonstrated that adiponectin, one of the adipocytokines
secreted from fat cells, exerts an inhibitory effect on adipo-
cyte differentiation as a negative-feedback loop. Intercst-
ingly, they suggested that this effect of adiponectin is
mediated by an endogenous COX-2- and PGE,-depen-
dent pathway., Moreover, Yan et al. [26] reported that
both a COX-1- and COX-2-inhibitor enhances differenti-
ation of 3T3-L1 cells, indicating that both COX isozymes
participate in the negative regulation of adipogenesis.
Involvement of EP4 signaling in these systems is an inter-
esting issue to be examined in the future.

_26_

Acknowledgments

This work was supported in part by a grant from the
Sankyo Foundation of Life Science, and Grants-in-Aid
for Scientific Research on Priority Areas from the Min-
istry of Education, Culture, Sports, Science and Tech-
nology of Japan and from the Ministry of Health and
Labor of Japan. We thank Drs. 8. Narumiya and E. Segi
for their kind instruction on the Affymetrix GenChip
system, and also thank Drs. M. Imagawa and 8. Tanaka
for their invaluable advice on this study. We are grateful
to Dr. Helena A. Popiel, and Ms. Sachiko Terai-Yamag-
uchi for careful reading and secretary assistance.

References

[1] F.M. Gregoire, C.M. Smas, H.S. Sul, Understanding adipocyte
differentiation, Physiol. Rev, 78 (1998) 783-809.

[2] ED. Rosen, B.M. Spiegelman, Molecular regulation of adipo-
genesis, Annu. Rev. Cell Dev. Biol. 16 (2001) 145-171.

[3] P.B. Curtis-Prior, Prostaglandins and obesity, Lancet 1 (1975)
8597-899.

[4] LH. Williams, S.E. Polakis, Differentiation of 3T3-L1 fibroblasts
to adipocytes. The effect of indomethacin, prostaglandin El and
cyclic AMP on the process of differentiation, Biochem. Biophys.
Res. Commun. 77 (1977) 175-186.

{5] P. Verrando, R. Negrel, P. Grimaldi, M. Murphy, G. Ailhaud,
Differentiation of ob 17 preadipocytes to adipocytes. Triggering



Y. Sugimoto et al. | Biochemical and Biophysical Research Communications 322 (2004) 911-917 917

effects of clofenapate and indomethacin, Biochim. Biophys. Acta
663 (1981) 255-265.

[6] D.A. Casimir, C.W. Miller, J.M. Ntambi, Preadipocyte differen-
tiation blocked by prostaglandin stimulation of prostanoid FP2
receptor in murine 3T3-L1 cells, Differentiation 60 (1996) 203-
210.

[71 C.W. Miller, D.A. Casimir, JM. Ntambi, The mechanism of
inhibition of 3T3-L1 preadipocyte differentiation by prostaglandin
Flalpha, Endocrinology 137 (1996) 5641-5650.

[8] J.N. Fain, L.R. Baltou, S.W. Bahouth, Obesity is induced in mice
heterozygous for cyclooxygenase-2, Prostaglandins Other Lipid
Mediat. 65 (2001) 199-209.

[9] M. Negishi, Y. Sugimoto, A. Ichikawa, Prostaglandin E receptors,
J. Lipid Mediat. Cell Signal. 12 (1995) 379-391.

[10] Y. Sugimoto, S. MNarumiya, A. Ichikawa, Distribution and
function of prostanoid receptors: studies from knockout mice,
Prog. Lipid Res. 39 (2000) 289-314.

[11] S. Kim, N. Moustaid-Moussa, Secretory, endocrine and auto-
crine/paracrine function of the adipocyte, J. Nutr. 130 (2000)
3110831158,

[12] T. Suzawa, C. Miyaura, M. Inada, T. Maruyama, Y. Sugimoto,
F. Ushikubi, A. Ichikawa, 8. Narumiya, T. Suda, The role of
prostaglandin E receptor subtypes (EP1, EP2, EP3 and EP4) in
bone resorption: an analysis using specific agonists for the
respective EPs, Endocrinology 141 (2000) 1554-1559.

[13] K. Yoshida, H. Qida, T. Kobayashi, T. Maruyama, M. Tanaka,
T. Katayama, K. Yamaguchi, E. Segi, T. Tsuboyama, M.
Matsushita, XK. Iio, Y. Ito, Y. Sugimoto, F. Ushikubi, 5.
OChuchida, K. Kondo, T. Nakamura, S. Narumiya, Stimulation
of bone formation and prevention of bone loss by prostaglandin E
EP4 receptor activation, Proc. Natl. Acad. Sci. USA 99 (2002)
45804585,

[14] P. Chomeczynski, N. Sacchi, Single-step method of RNA isolation
by acid guanidinium thiocyanate-phenol-chloroform extraction,
Anal. Biochem. 162 (1987) 156-159.

[15] R.A. Irizarry, B.M. Bolstad, F. Cellin, L.M. Cope, B, Hobbs,
T.P. Speed, Summaries of Affymetrix GeneChip probe level data,
Nucleic Acids Res. 31 (2003) el 5.

[16] P. Tontonoz, E. Hu, B.M. Spiegelman, Regulation of adipocyte
gene expression and differentiation by peroxisome proliferator
activated receptor gamma, Curr. Opin. Genet. Dev. 5 (1995) 571-
576.

[17] H.S. Camp, D. Ren, T. Leff, Adipogenesis and fat-cell function in
obesity and diabetes, Trends Mol. Med. 8 (2002) 442-447.

[18] J.S. Welch, M. Ricote, T.E. Akiyama, F.J. Gonzalez, CK. Glass,
PPARgamma and PPARdelta negatively regulate specific subsets
of lipopolysaccharide and IJFN-gamma target genes in macro-
phages, Proc. Natl. Acad. Sci. USA 100 (2003) 6712-6717.

[19] T. Oshima, T. Yoshimoto, 8. Yamamoto, M. Kumegawa, C.
Yokoyama, T. Tanabe, cAMP-dependent induction of fatty acid
cyclooxygenase mRNA in mouse osteoblastic cells (MC3T3-E1),
). Biol. Chem. 266 (1991) 13621-13626.

{20 Y. Takahashi, Y. Taketani, T. Endo, S. Yamamoto, M. Kumeg-
awa, Studies on the induction of cyclooxygenase isozymes by
various prostaglandins in mouse osteoblastic cell line with
reference to signal transduction pathways, Biochim. Biophys.
Acta 1212 (1994) 217-224.

[21] G. Vassaux, D. Gaillard, G. Ailhaud, R. Negrel, Prostacyclin is a
specific effector of adipose cell differentiation. Its dual rele as a
cAMP- and Ca(2+)-glevating agent, I. Biol. Chem. 267 (1992)
11087-11092.

[22] G. Vassaux, D. Gaillard, C. Darimont, G. Ailhaud, R. Negrel,
Differential response of preadipocytes and adipocytes to prosta-
cyclin and prostaglandin E2: physiological implications, Endocri-
nology 131 {1992) 2393-2398.

[23] J.D. Borglum, $.B. Pedersen, G. Ailhaud, R. Negrel, B. Richelsen,
Differential expression of prostaglandin receptor mRNAs during
adipose cell differentiation, Prostaglandins Other Lipid Mediat. 57
(1999) 305-317.

[24] R.K. Petersen, C. Jorgensen, A.C. Rustan, L. Froyland, K.
Muller-Decker, G. Furstenberger, R. K. Berge, K. Kristiansen, L.
Madsen, Arachidonic acid-dependent inhibition of adipocyte
differentiation requires PKA activity and is associated with
sustained expression of cyclooxygenases, J. Lipid Res. 44 (2003)
2320-2330.

[25] T. Yokota, C.8. Meka, K.L. Medina, H. Igarashi, P.C. Comp,
M. Takahashi, M. Nishida, K. Oritani, J. Miyagawa, T. Funah-
ashi, Y. Tomivama, Y. Matsuzawa, P.W. Kincade, Paracrine
regulation of fat cell formation in bone marrow cultures via
adiponectin and prostaglandins, J. Clin. Invest. 109 (2002) 1303-
1310.

[26] H. Yan, A. Kermouni, M. Abdel-Hafez, D.C. Lau, Role of
cyclooxygenases COX-1 and COX-2 in modulating adipogenesis
in 3T3-L1 cells, J. Lipid Res. 44 (2003) 424-429.

[27] H. Tsuboi, Y. Sugimoto, T. Kainoh, A. Ichikawa. Prostancid
EP4 receptor is involved in suppression of 3T3-L1 adipocyte
differentiation. Biochem. Biophys. Res. Commun. 322 (2004), in
press.

_27_



THE JOURNAL OF BIOLGGICAL CHEMISTRY
@© 2004 by The American Society for Biochemistry and Molecular Biology, Inc.

Vol, 279, No. 12, Issue of March 19, pp. 11016-11026, 2004
Printed in U S.A.

A Cluster of Aromatic Amino Acids in the i2 Loop Plays a Key
Role for G, Coupling in Prostaglandin EP2 and EP3 Receptors*

Received for publication, July 10, 2003, and in revised form, December 28, 2003
Published, JBC Papers in Press, December 29, 2003, DOI 10.1074/jbc.M307404200

Yukihiko Sugimoto#, Toshiyuki Nakatoi, Ayumi Kita$, Yuko Takahashi, Noriyuki Hatae,
Hiroyuki Tabata, Satoshi Tanaka, and Atsushi Ichikawa$

From the Department of Physislogical Chemistry, Graduate School of Pharmaceutical Sciences, Kyoto University,

Sakyo-ku, Kyoto 606-8501, Japan

To assess the structural requirements for G, coupling
by prostaglandin E receptors (EPs), the G,~coupled EP2
and G;-coupled EP3f receptors were used to generate
hybrid receptors. Interchanging of the whole i2 loop and
its N-terminal half (i2N) had no effect on the binding of
both receptors expressed in HEK293 cells. Agonist-in-
duced cAMP formation was observed in wild type EP2
but not in the i2 loop- or i2N-substituted EP2. Wild type
EP3g left cAMP levels unaffected, whereas i2 loop- and
i2N-substituted EP3 gained agonist-induced adenylyl
cyclase stimulation. In EP2, the ability to stimulate
cAMP formation was lost by mutation of Tyr'*® into Ala
but retained by mutations into Phe, Trp, and Leu. Con-
sistent with this observation, substitution of the equiv-
alent His'® enabled EP38 to stimulate cAMP formation
with the rank order of Phe > Tyr > Trp > Leu. The point
mutation of His'*® into Phe was effective in another EP3
variant in which its C-terminal tail is different or lack-
ing. Simultaneous mutation of the adjacent Trp'?! to Ala
but net at the following Tyr'*? weakened the acquired
ability to stimulate cAMP levels in the EP3 mutant. Mu-
tation of EP2 at adjacent Phe'*! to Ala but not at Tyr'4®
reduced the efficiency of agonist-induced cAMP forma-
tion. In Chinese hamster ovary cells stably expressing
G,-acquired EP3 mutant, an agonist-dependent cAMP
formation was observed, and pertussis toxin markedly
augmented ¢cAMP formation. These results suggest that
a cluster of hydrophobic aromatic amino acids in the i2
loop plays a key role for G, coupling.

Individual members of the superfamily of G protein-coupled
receptors (GPCRs)! efficiently interact only with a subset of the
many structurally similar G protein heterotrimers (1-3). The
spectrum of cellular responses triggered by activation of a
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specific GPCR is determined by the type of G proteins recog-
nized by the activated receptor. It is therefore very important
to elucidate the molecular basis governing the selectivity of
receptor/G protein interaction for understanding cellular signal
transduction.

Accumulating evidence indicates that multiple receptor re-
gions of GPCRs are involved in G protein coupling and deter-
mining the selectivity of G protein recognition. Numerous stud-
ies have shown that the second intracellular loop (i2 loop), the
membrane-proximal portions of the third intracellular loop (i3
loop), and the N-terminal segment of the cytoplasmic tail all
contain amino acids predicted to play roles in regulating selec-
tivity of receptor/G protein interactions {4, 5). Traditional mu-
tagenesis approaches, including the use of hybrid receptors and
alanine-scanning mutagenesis techniques, have led to impor-
tant insights into the structural basis underlying the selectiv-
ity of receptor/G protein interactions (6). For example, intra-
cellular loop 1 (il loop) is less important in determination of G
protein selectivity but may indirectly contribute to G protein
recognition. The i2 loop and i3 loop are of critical impertance in
determining the selectivity of receptor/G protein coupling and
the efficiency of G-protein activation. The C-terminal tail plays
a role in constraining basal activity, by preventing access of the
G-protein to the receptor surface. Despite such information, it
still remains controversial which receptor elements are critical
for G protein selectivity and activation, and thus it is still
difficult to predict whether a particular receptor can couple to
a G protein.

Prostaglandin E; (PGE,), one of the best known arachido-
nate metabolites, exhibits a broad range of biological actions in
diverse tissues through their binding to specific receptors on
the plasma membrane (7). We and other groups have revealed
the primary structures of eight types of prostanoid receptors,
including four subtypes of PGE receptors (EP1, EP2, EP3, and
EP4), and demonstrated that they belong to the subfamily of
rhodopsin-type (class I) GPCRs (8, 9). Prostanoid receptors
thus have several unique features specific to prostanoid recep-
tors in addition to those in common with other rhodopsin-type
receptors; for example, they contain fewer basic or acidic amino
acids throughout their putative transmembrane domains (10).
To assess the roles of such unique structural features, we have
investigated the properties of receptors with mutations within
such unique regions and demonstrated that the arginine resi-
due within the putative seventh transmembrane domain con-
served in all prostanoid receptors is important not only for
interaction with the carboxylic acid group of agonists but alse
for partienlar signal activation {11-14). Furthermore, we found
that the aspartate residue within the seventh transmembrane
domain of the EP3 receptor plays a key role in governing G
protein association and activation (15). On the other hand,

This paper is available on line at hitp://www.jbc.org
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multiple EP3 receptor isoforms exist, which are different only
in their C-terminal structures (16, 17). We found that these
isoforms are different in their constitutive G; activities and
thus concluded that the C-terminal tail plays a role in con-
straining the basal activity, by preventing access of the G; to
the receptor surface (18-21), Thus, structurally close members
of the GPCR subfamily such as the prostanoid receptors are
useful not only for understanding prostanoid receptor-specific
events but also for elucidating the general molecular basis of
the structure and function relationship of GPCRs, including G
protein selectivity.

To gain new insight into the mechanisms governing recep-
tor/G protein coupling selectivity, here we designed a series of
experiments using two members of the prostanoid receptors,
aiming to identify structural requirements for selective G, cou-
pling. We first constructed G,-coupled EP2 and G;-coupled EP3
hybrid receptors with the il, i2, or i3 loops interchanged and
examined possible functional interchanges in G, coupling in
these mutant receptors. Second, we searched for the functional
amino acids critical for G, coupling.

EXPERIMENTAL PROCEDURES

Materials—Sulprostone and butaprost were generous gifis from Dr.
M. P. L. Caton of Rhene-Poulenc Ltd. [5,6,8,11,12,14,15-*H]PGE, (185
Ci/mmol) and a **I-labeled cAMP assay system were obtained from
Amersham Biosciences. Forskolin was from Sigma, and pertussis toxin
was from Seikagaku (Tokyo, Japan). All other chemicals were of rea-
gent grade.

Construction of ¢DNAs for the mEP2, mEP38, EP2-based, and EP3-
based Mutant Receptors—The functional ¢DNAs for mouse EP2
{(mEP2), EP38 (mEP3g), EP3v, and T335 were previously cloned or
generated in our laboratory {16, 22}, The construction of pcDNA3-based
expression plasmids (Invitrogen) encoding for wild-type mEP2 and
mEP38 has been described previously (23). Various EP2/EP3 chimerie
receptors and various mutant EP2 and EP3 receptors were prepared by
standard PCR-based mutagenesis techniques (QuikChange™ site-di-
rected mutagenesis kit; Stratagene, La Jolla, CA). For EP2-based chi-
meras, the following mEP2 receptor sequences were replaced with the
corresponding mEP38 receptor segments: EP2-il, mEP2 47-67 —
mEP33 50-64; EP2-i2, mEP2 136-151 — mEP38 133-148; EP2-i3,
mEP2 222-262 — mEP33 231-256;, EP2-i2N, mEP2 136-143 —
mEP3B 133-140; EP2-i2C, mEP2 144-151 — mEP33 141-148. For
EP3-based chimeras, the following mEP38 receptor sequences were
replaced with the corresponding mEP2 receptor segments; EP3-il,
mEP33 5064 « mEP2 47-67; EP3-i2, mEP38 133-148 — mEP2 136
151; EP3-3, mEP3g 231-256 — mEP2 222-262; EP3-i2N, mEP383
133-140 — mEP2 136-143; EP3-i2C, mEP33 141-148 -» mEP2 144
151. Single amino acid substitutions in mEP2, mEP38, EP3y, and T335
were introduced in a similar manner. All PCR-derived sequences were
verified by dideoxy sequencing of the mutant plasmids.

Cell Culture, Transient Expression, and Surface Expression of EP2-
based or EP3-based Mutant Receptors in HEK233 Cells—HEK293 cells
were maintained in Dulbecco’s modified Eagle’s medium with 10%
heat-inactivated fetal bovine serum under humidified air containing 5%
CO, at 37 °C, For transfection using the LipofectAMINE 2000 reagent
(Invitrogen), cells in 60-mm tissue culture dishes were incubated at
37 °C for 4 h with a transfection mixture composed of 3 ml of Dulbecco’s
modified Eagle’s medium, containing 10% heat-inactivated fetal bovine
serum, 1 ug of DNA, and 16 pl of Lipofect AMINE 2000 reagent. For the
cAMP assay, HEK293 cells were then trypsinized, and aliquots of
recovered cells were transferred to 24-well tissue culture plates. Sur-
face expression of receptor proteins on HEK cell membranes was con-
firmed by an immunofluorescence assay using antibodies against the
N-terminal region of the mouse EP2 and EP3 receptors under nonper-
meahilized conditions.

PGE,-binding Assay—The harvested HEK293 cells expressing each
receptor were homogenized using a Potter-Elvehjem homogenizer in 20
mM Tris-HCl (pH 7.5), containing 10 my MgCl,, 1 mMm EDTA, 20 M
indomethacin, and 0.1 mM phenylmethylsulfonyl flucride. After centrif-
ugation at 250,000 X g for 20 min, the pellet was washed, suspended in
20 mM Mes-NaCH (pH 6.0) containing 10 mm MgCl, and 1 mM EDTA,
and was used for the PH]PGE,-binding assay. The membranes (50 pg)
were incubated with various concentrations of PHIPGE, at 30 °C for
1h, and [*H)PGE, binding to the membranes was determined by adding
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a 1000-fold excess of unlabeled PGE, into the incubation mixture. The
specific binding was calculated by subtracting the nonspecific binding
from the total binding.

Measurement of cAMP Formation—Cyclic AMP levels in HEK293
cells were determined as reported previously (24). The receptor-ex-
pressing HEK293 ecells cultured in 24-well plates (2 X 10° cells/well)
were washed with HEPES-buffered saline containing 140 mM NaCl, 4.7
mum KCl, 2.2 mm CaCl,, 1.2 mum MgCl,, 1.2 mm KH,PO,, 11 mM glucose,
10 pM indomethacine, and 15 mM HEPES, pH 7.4, and preincubated for
10 min, Reactions were started by the addition of test reagents along
with 100 uM Ro-20-1724. After incubation for 10 min at 37 °C, reac-
tions were terminated by the addition of 10% trichloroacetic acid. The
content of cAMP in the cells was measured by radisimmunoassay with
a ¢cAMP assay system {Amersham Biosciences).

Stable Expression of mEP38, EP3-HI40F, mEFP2, and EP2-YI43A in
the Chinese Hamster Ovary (CHQ) Cells—cDNAs for mEP33, EP3-
H140F, mEP2, and EP2-Y143A were transfected inte CHO cells using
the LipofectAMINE PLUS system according to the manufacturer’s in-
structions, and stable transformants were cloned as described previ-
cusly (16). CHO cells expressing each receptor (5 X 10° cells) were
pretreated with or without PT (20 ng/mi) for 7 h before the addition of
the agonist. The cells expressing EP3 receptors were incubated at 37 °C
for 10 min with or without sulprostone in the absence or presence of 10
uM forskolin, The cells expressing EP2 receptors were incubated at
37 °C for 10 min with or without butaprost. The cAMP contents were
determined as described above,

Statistical Analysis—All data shown are expressed as means + SE.
of three independent experiments. Statistical analysis was carried out
by Student’s ¢ test. p values of <0.005 were considered to indicate a
significant difference.

RESULTS

Agonist Binding Properties in Hybrid EP2-EP3 Receptors—
Wild type and mutant EP receptors analyzed in this study were
transiently expressed in HEK293 cells and assayed for their
ability to mediate agonist-dependent stimulation of adenylyl
eyclase (mediated by G,). Consistent with its reported profile,
the wild-type EP2 receptor (mouse, mEP2) caused a pro-
nounced increase in intracellular cAMP levels upon stimula-
tion with butaprost, an EP2 agonist. On the other hand, sul-
prostone stimulation of the wild type EP33 receptor (mouse,
mEP3p) left cAMP levels unaffected. To explore the structural
basis underlying G, coupling, a series of hybrid EP2/EP3 re-
ceptors were created in which the intracellular demains were
systematically exchanged between the two wild type receptors
(Fig. 14). EP2-i1 and EP3-i1 represent EP2 and EP3# with
interchanged il loops, respectively. Moreover, we created hy-
brid receptors in which the N-terminal (i2N) or C-terminal
halves of the i2 loops (i2C) were individually exchanged be-
tween the wild type receptors as described below. For every
mutant receptor used in this study, the expression of receptor
proteins in HEK293 cells was examined by immunoflucrescent
analysis using antibodies against the N-terminal region of the
mouse EP2 and EP3 receptors under nonpermeabilized condi-
tions, and membrane surface expression and the expression
levels of each mutant receptor were found to be comparable
with those of wild-type receptors (Fig. 1A and data not shown).

Saturation binding studies showed that among the EP2-
based hybrid receptors, EP2-i2, EP2-i2N, and EP2-i2C retained
the ability to bind to the agonist [PH|PGE, with high affinity,
but EP2-i1 and EP2-i3 failed to bind to the agonist (Table I).
The EP2-i2, EP2-i2N, and EP2-i2C hybrid receptors exhibited
K, values close to that obtained for the wild type EP2 receptor
(Table I). FHIPGE, binding to these mutants was displaced by
the addition of butaprost with K; values similar to that of the
wild type EP2 receptor (K for butaprost, 1.7-3.0 pMm), These
three hybrid receptors were expressed at levels similar to that
found for the wild-type EP2 receptor (B, = 803-1110 fmol/
mg; Table I). On the other hand, al! EP3-based hybrid receptors
except for EP3-i1 retained the ability to bind to [PHIPGE,.
These hybrid receptors exhibited K, values close to that ob-
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Fic. 1. Structures and agonist-dependent G, activities of EP2/EP3 hybrid receptors. A, diagrams showing structures of mEP2, mEP38,
and the 10 mutant receptors used in this study and immunocytochemistry showing surface expression of the wild-type receptors and their
chimeras. The part of the receptors derived from mEP2 is shown in black, and that from mEP38 is shown in gray. The amino acid sequences of
the i1-i3 loops of EP2 and EP3 are shown below the diagrams, and the region interchanged between the two receptors is boxed. Extracellular
N-terminal sequences were detected using corresponding antibodies on nonpermeabilized transfected HEK293 cells. The surface expression was
visualized using secondary antibodies labeled by fluorescence. Background was compared using cells transfected with empty vector, pcDNA3
(Mock). B and C, agonist-dependent cAMP formation in HEK293 cells expressing mEP2 and EP2-based mutant receptors (B) and in HEK 293 cells
expressing mEP33 and EP3-based mutant receptors (C). HEK293 cells expressing each receptor or pcDNA3-transfected HEK 203 cells were seeded
and cultured for 24 h before the assay (2 X 10° cells/well). For the mEP2 and EP2-based mutant receptors, the cells were stimulated for 10 min
by adding media with the indicated concentrations of butaprost, an EP2-selective agonist (B). For the mEP3p and EP3-based mutant receptors,
the cells were stimulated for 10 min by adding media with the indicated concentrations of sulprostone, an EP3-selective agonist (C). Amino acid
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TasLE 1
Summary of binding properties in mEP2, mEP38, and their mutant receptors
The binding activities for [*"HJPGE, of mEP2, mEP38 and the mutant receptors expressed in HEK293 cells were assessed by Scatchard plot
analysis, and the K, and B, values are shown, NP, not performed; ND, not detected (for the EP2-based and EP3-based mutant receptors).

Receptor Ky Bz K; for selective agoniat®
nM fmolimg protein pM or nM

mEP2 192x21 934 + 97 1.8 £ 0.09
EP2-i1 ND ND NP

EP2-i2 23311 1110 = 83 22+011
EP2-i3 ND ND NP

EP2-i2N 162+ 1.4 1040 * 96 1.7 £ 0.15
EP2-i2C 122+ 18 803 £ 71 3.0>012
EP2-Y143A 320=x289 709 + 82 33+029
EP2-Y143F 194 +22 638 * 65 23018
EP2-Y143W 21117 749+ 38 20 *051
EP2-YAA 128 + 2.0 110 = 14 NP

mEP3j 2.24 £ 0.33 1680 = 123 43 *0.18
EP3-il ND ND NP

EP3-i2 153 =021 1520 * 142 15 =009
EP3-i2 143 +0.18 1503 * 64 1.1 = 0.10
EP3-i2N 2.89 = 0.32 1610 = 105 23+0.15
EP3-i2C 1.99 = 0.13 1920 + 99 3.1x0.24
EP3-H140Y 3.14 = 0.26 1010 * 118 4.0 =039
EP3-H140F 2.68 = 0.26 1092 + 95 3.6*0.78
EP3-H140A 323 >035 1170 x 87 29049
EP3-YAA 1.86 = 0.22 1840 % 124 NP

@ K, values for butaprost (uM) and for sulprostone (nM) are indicated, respectively.

tained for the wild type EP3 receptor (Table I). [PH]PGE,
binding to EP3-i2, EP3-i3, EP3-i2N, and EP3-i2C was dis-
placed by the addition of sulprostone with X; values similar to
that of the wild type EP3 receptor (X, for sulprostone, 1,1-4.3
nM). These four EP3 hybrids were expressed at levels similar to
that found for the wild-type EP3 receptor (B,,, = 1503-1920
fmol/mg; Table I). Consistent with the previous reports (16, 25),
wild type EP3 showed an ~10-fold higher affinity to ["HJPGE,
than wild type EP2. In this transient expression system in
HEK293 cells, the expression levels of wild type EP3 were also
about 1.5-fold higher than wild type EP2,

Agonist-dependent Stimulation of Adenylyl Cyclase by Hy-
brid EP2-EP3 Receptors—The hybrid receptors showing con-
siderable binding affinities for PGE, (EP2-i2, EP2-i2N, EP2-
i2C, EP3-i2, EP3-i2N, EP3-i2C, and EP3-i3) were then
subjected to cAMP formation analysis. Wild-type mEP2 medi-
ated a butaprost-dependent increase in cAMP. In contrast, the
mutant EP2 receptor (EP2-i2) containing the EP3 receptor
sequence in the i2 loop almost completely lost the ability to
mediate agonist-dependent stimulation of adenylyl cyclase;
butaprost failed to elicit a significant increase in cAMP produc-
tion over the background level (Fig. 1B). These results sug-
gested that the i2 loop of EP2 might be essential for G, cou-
pling. On the other hand, substitution of the i3 loop of the EP3
receptor with the EP2 receptor resulted in a mutant receptor
(EP3-i3) that was similar to the wild type EP3p receptor and
lacked the ability to mediate stimulation of adelylyl cyclase.
However, the mutant EP3 receptor (EP3-i2) in which the i2
loop was replaced with the corresponding EP2 receptor se-
quence gained the ability to stimulate cAMP production with
high efficacy (9.8 = 0.91 pmol/well) and high sulprostone po-
tency (ECgp = 21 * 1.9 nm) (Fig. 1C). Furthermore, a mutant
EP2 receptor (EP2-i2C) in which the C-terminal half region of
the i2 loop was replaced with the corresponding EP3 receptor
sequence was able to stimulate ¢cAMP formation in a fashion
similar to the wild-type EP2 receptor. In contrast, a mutant
EP2 receptor (EP2-i2N) containing the EP3 receptor sequence

in the N-terminal half of the i2 loop again lost the ability to
mediate agonist-dependent stimulation of cAMP accumulation.
Consistent with these results, substitution of the C-terminpal
half region of the i2 loop of the EP3 receptor with the EP2
sequence resulted in a mutant receptor (EP3-i3C) that lacked
the ahility to mediate stimulation of adenylyl cyclase. However,
a mutant EP3 receptor (EP3-i3N} in which the 12N region was
replaced with the homologous EP2 receptor sequence gained
the ability to stimulate cAMP production with high sulprostone
potency (ECy, = 23 * 2.1 nM) and high efficacy (22.3 = 1.9 pmeol
of cAMP/well). It should be noted that the maximal response by
EP3-i2N was significantly higher than EP3-i2. These results
suggested that the N-terminal half of the i2 loop in the EP2
receptor (8 amino acids shown in Fig. 1C) is required for G,
coupling, and/or the corresponding region of the EP3 inhibits
G, coupling. From these results, we speculated that the i2N
region of the EP2 receptor may contain a key amino acid
residue required for selective G, coupling.

Effects of Point Mutations at Tyr'*® on G, Coupling of the
EP2 Receptor—Among the 8 amino acids in the i2N region, 3
amino acids were identical between mEP2 and mEP38, which
were candidates for key amino acids (Fig. 24). In addition, the
rat EP2 receptor containg an Ala residue at position 138 in-
stead of Ser, indicating that Ser®® is less important for G,
coupling. We therefore constructed four mutant receptors with
Ala mutations at each of the four candidate positions (EP2-
Y136A, EP2-G140A, EP2-Y1414, and EP2-Y143A). Among
these mutants, EP2-Y136A showed cAMP formation in an ag-
onist dose-dependent manner similar to wild type EPZ2,
whereas EP2-G140A and EP2-Y141A showed high efficacies of
cAMP preoduction similar to that of the wild type receptor,
although they showed rightward shifted butaprost dose-re-
sponse curves. In contrast, EP2-Y143A failed to increase eAMP
formation above background levels (Fig. 2B). The binding prop-
erties of EP2-Y143A was similar to those of the wild-type
receptor (Table 1), suggesting that loss of cAMP producing
activity is due to a loss of G, coupling and that Tyr!? in EP2

sequences within the i2 loop of mEP2 and its hybrid receptors (B} and those of mEP3 and its hybrid receptors (C) are shown above the graphs.
The EP3-derived sequences are boxed, and amino acids common in mEP2 and mEP38 receptors are presented in boldface letters. The cAMP
contents were determined as described under “Experimental Procedures.” The results shown are the means * S.E. of triplicate determinations. *,

» < 0.005 versus pcDNA3; #, p < 0.005 versus EP3-i2 (EP2-i2N).
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A EP2-i2N B
\n
jb' <
i
HWEP2 YLSIGYP Y|FY 60 k- W pcDNA3 %]
TEP2 YLAIGHP Y|FPY QO mEP2 *
EP2-1i2N ALAIRAP H|FY - & EP2-Y136A *
mEP3B ALAIRAP H |WY © A EP2-G140A
F10. 2, Effects of point mutations in EP2-Y136A .. Aevorr. . .. 2 | OEP2.Y1MA |
the i2 loop on agonist-dependent EP2-G140A A % 40 A EP2.Y143A
cAMP formation of mEP2 receptors. EP2_Y141A . AL E
A, structures of single amino acid-mu- £D2-¥143A ol ' ;\ * o
tated EP2 receptors. B, butaprost dose- EP2-¥143P rrorerrres * ol
dependent cAMP accumulation. HEK293 - et L % 20 k
cells (2 X 10° cella/well) were treated with EPZ-Y143D .. ,..... - B =
different concentrations of butaprost, and EP2-Y143N .. ....oen N o, 3]
cAMP production was measured in cells EP2-Y143R .. ....... R ..
expressing mEP2 and EP2 with point mu- EP2-Y143T +v vsvwsns I s )
tations at different positions. C, effects of EPZ-Y143L .. ....... L .. 0 0 8 7 6 5
substitutions of Tyr'4? with various kinds EP2-Y143W .. ....... W ..
of amino acids in the mEP2 receptor on EP2-Y143F .. ....... F .. butaprost ( -logM )
butaprost-induced cAMP  formation.
HEK293 cells (2 X 10% cells/well) were
treated with 0.1 pM butaprost, and cAMP C
production was measured in cells express- D
ing mEP2 and EP2 point mutants at
Tyr™%, The resulting increases in cAMP
levels (-fold increase above basal) were pcDNAZ 80 - W peDNA j
determined. D, butaprost dose-dependent mEP2 pe
cAMP accumulation in EP2 with point O mEP2
mutations at Tyr'*%. The cAMP contents EP2-Y143A - A EPZ2-Y143A
were determined as described under “Ex- ] | A EP2-Y143L A
perimental Procedures.” The results EP2-Y143P g 60 0O EP2-Y143W :
shown are the means > S.E. of triplicate 5 ® EP2-Y143F
determinations, *, p < 0.005 versus EP2-Y143D g *
pcDNAS; #, p < 0.005 versus mEP2. EP2-Y$43N a 40 4
EP2-Y143R a
EP2-Y1431 =
‘g 20 =
EP2-¥Y143L
EP2-Y143W
EP2-Y143F 0
n . 0 8 7 6 5

0

plays a critical role for G, coupling. We further examined the
effects of various amino acid substitutions of Tyr!*® of EP2 on
agonist-induced cAMP accumulation. All mutant EP2 receptors
with single amino acid substitutions showed binding properties
similar to the wild-type EP2 receptor (Table I and data not
shown). Substitution of Tyr!*® with Phe (EP2-Y143F) resulted
in a receptor stimulating cAMP production with an efficiency
higherthan thatofthe wild-type EP2 receptor (Fig. 2D). Agonist-
dependent cAMP accumulation was observed in EP2-Y143W
and EP2.Y143L, but their agonist dose dependence was lower
than that of the wild type EP2 receptor. Substitution with
other residues resulted in a great loss in the ability to stimulate
the cAMP response (Fig. 2C). The potency order of mutants in
butaprost-induced cAMP producing ability was as follows: EP2-
Y143F > wild type > EP2-Y143W, EP2-Y143L > EP2-Y143N,
EP2-Y143D, EP2-Y143R, EP2-Y143P, EP2-Y1431, EP2-
Y143A = 0. These results suggested that the aromatic ring
nature of tyrosine at this position in the EP2 receptor appears
to be required for G, coupling with high efficiency.
Substitution of His**® with an Uncharged Aromatic Residue
Is Sufficient to Confer G, Coupling on the EP3 Receptor—In
order to explore whether a single or a few amino acid mutations
can confer G, coupling on mEP38, we constructed three mutant
EP3 receptors, EP3-H140Y, EP3-R137G/H140Y, and EP3-

5 10 15
Increase in cAMP (fold)

butaprost ( -logM )

A133Y/H140Y, all of which include conversion of His'*® into
Tyr (Fig. 34). Surprisingly, all three mutant EP3 receptors
exerted sulprostone-dependent cAMP formation in a fashion
similar to that of the mutant EP3-i2N receptor (Fig. 3B). This
finding indicated that the single amino acid substitution of
His*? into Tyr is sufficient to confer G, coupling on EP38. We
further constructed mutant EP3 receptors with His*? replaced
with various amino acids {(Fig. 34). All mutant EP3 receptors
with single amino acid substitutions showed [*HIPGE, binding
properties similar to the wild-type EP3 receptor (Table I and
data not shown). Substitution of His'*° with Phe resulted in a
mutant EP3 receptor (EP3-H140F) with the most potent ahility
to stimulate eAMP production; its maximal ¢cAMP production
was 2-fold that of the EP3-H140Y receptor (Fig. 3D). Moreover,
the mutant receptors with His*® replaced with Trp and Leu
(EP3-H140W and EP3-H140L) exerted moderate and slight
increases in cAMP aceumulation upon sulprostone stimulation,
respectively. The ECy, values for sulprostone of these four
mutant receptors were similar (~8.5-20 nm). In contrast, the
mutant EP3 receptors with substitution of His?*° into other
amine acids elicited no significant increase in cAMP levels (Fig.
3C). The potency order of mutants for sulprostone-induced
cAMP-producing activity was as follows; EP3-H140F > EP3-
H140Y > EP3-H140W > EP3-H140L > EP3-H140D, EP3-
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M pcDNA3
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mEP3p ER[ALAIRAP H|WY — 25| AmEP® L
FiG. 3. Effects of mutations in the i2 EP3-12N ER|YLSIOYP X WY o
loop on agonist-induced cAMP pro- mEP2 ER|YLSIGYP Z|FY -E 20r
duction of mEP38 receptors. A, struc- EP3-A133Y/HI40Y .« ¥ovvuuoe T 44 o
tures of single or double amino acid-mu- EP3-R137G/HL40Y .. .... G.. ¥ .. E 15F
tated EP3 receptors. B, sulprostone dose- EP3I-H140Y .. ... cee. X .. g
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cAMP levels (-fold increase above basal) C D
were determined. D, sulprostone dose-de-
pendent ¢AMP formation in EP3 with
point mutations at His™?, HEK293 cells pcDNA3 | W pcDNA3 ]
were treated with the indicated concen- mEP3p 50 A mEP3 *
trations of sulprostone, and cAMP pro- EP3-H140Y O EP3-H140Y
duction was measured in cells expressing ~ = L A EP3-H140L |
mEP3# and mutant EP3 receptors. The EP3-H140A ® 40 O EP3-H140W
cAMP contents were determined as de- £P3-H140P E @ EP3.H140F
scribed under “Experimental Proce- e
dures.” The results shown are the EP3-H140D £ 30
means * S.E. of triplicate determina- EP3-H{140N =
tions. *, p < 0.005 versus pcDNA3; #,p <
0.008 versus EP3.H140Y. EP3-H1401 g 20
EP3-H140R 10(
EP3-H140L 10
EP3-H140W
EP3-H140F ¥

0

Increase in cAMP (fold}

H140N, EP3-H140R, EP3-H140A, EP3-H140P, EP3-H140I,
wild-type mEP38 = 0. The binding affinities of EP3 mutants
for PGE, and sulprostone were similar to that of the wild-type
receptor (Table I and data not shown), suggesting that the
difference in the cAMP response was not caused by an altered
binding affinity for the agonist. These results indicate that
substitution of His'*° into a noncharged aromatic residue is
sufficient to confer G, coupling on the EP3 receptor. Moreover,
the preference of aromatic residues in the efficiency of G,
coupling at the equivalent positions in both EP3 and EP2
receptors suggested that this amino acid contributes to G,
coupling in similar mechanisms for both EP2 and EP3
receptors.

A Cluster of Aromatic Residues at the Center of the i2 Loop Is
Required for Efficient G, Coupling—The present study sug-
gested that the bulky aromatic amino acid at the center of the
i2 loop may be one of determinants for G, coupling in prostan-
oid receptors. However, when we examined the sequences of
the i2 loop of the prostanoid receptors, we found that the EP2
receptor has two more aromatic amino acids, Phe'** and
Tyr'45, just after Tyr'*3. The existence of three aromatic amino
acids at this position is conserved among all members of G,-
coupled prostanoid receptors. Interestingly, the EP3 receptors
of various species also contain the latter two aromatic residues,
Trp*4* and Tyr'*?, just after the key position, His**? (Fig. 4). As
shown above (Fig. 1, B and C), interchanging the i2C regions

0
5 10 15 20 0 & 8 7 & 5
sulprostone ( -logM )

had little effect on the ability of the EP2 and EPS3 receptors to
stimulate adenylyl eyclase activity, suggesting less importance
of the i2C region for G, coupling. However, this interchange did
not alter the existence of the latter two aromatic residues in the
cluster, We therefore hypothesized that the latter two residues
in the cluster may have potential roles in G, coupling in the
prostanoid receptors, and we examined the effects of mutations
at both or either aromatic residues in the EP2 and G, coupling-
acquired EP3 receptors (Fig. 5). In the EP2 receptor, simulta-
neous alanine mutations of Phe'*4 and Tyr*® (EP2-YAA) led to
a great reduction in the efficiency of agonist-induced cAMP
production. A single alanine mutation at Phe'** (EP2-YAY)
resulted in a significant reduction of the butaprost-dependent
¢AMP response, whereas mutation of Tyr™* to Ala (EP2-YFA)
led to a slight increase in the efficiency of the agonist-induced
¢AMP response. The rank order of eAMP-producing activity (at
10~% u) of these mutants was as follows: EP2-YFA > mEP2
(YFY) > EP2-YAY > EP2-YAA > EP2-Y143A (AFY) = 0.
These results suggest that Tyr!*® is the most critical for G,
coupling, but Phe'* is also required for highly efficient cou-
pling, and Tyr'*® contributes to G, coupling only when an
aromatic residue is not present at position 144. We investi-
gated whether a similar tendency could be observed in the
G,-acquired EP3 mutant. As discussed above, EP3-H140Y
(YWY), which has a cluster of three aromatic residues at the
center of the i2 loop, exhibited agonist-dependent adenylyl
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|

Prostanoid receptors |

12N i2C
EP2 mouse EMLSIG!P’T’FRRHLSRR Gs
rat ERYLAIGHP) 1|[PY |[RRRVSRR
rabbit ERYLSIGHP|Y|[PY |0CcRITRR
dog ERYLSIGRP| 7||*¥ [QREVIRR
human  ERYLSIGHP|T|[rT|QRRVSAS
EP4 mouse  ERYLAINHA|¥||P¥ [sHYvDRR o8
rat ERYLAINHA| Z[|PY [SHYVDKR
FiG. 4. Amino acid sequence align- :::bit ﬁi,’ﬁi:ﬁ : :: gz%ﬁ
ment of the i2 loop of prostanoid re- nhuman  ERYLATINHA| Y|Py |sHRYVDRR
ceptors and other GPCRs, The class of DP mouse ECWLSLGHP| Fl|PY |QREVTLR Gs
G protein to which each receptor can cou- rat ECHLSLGHP| F[FY |CRAITAR
ple is indicated to the right. Note that human  ECWLSLGHP| ®||P¥ [RRHITLR
His'*° is conserved among the EP3 recep- IP mouse  ERCLALSHP|YJLY|RQLDGPR Gs,Gq
tors from various species. The amino ac- rat ERCLALSHP | T||LY | AQLDGER
ids equivalent to Tyr'** of EP2 are boxed. human  ERCLALSHP| Ti|LY | AQLDGPR
Among the prostanoid receptors, EP3 and EP3 mouse ERALATRAP|B|WY |AsmMRTR 6i
G,-coupled receptors have bulky hydro- rat ERALAIRAP| | /wy [AsumxTR
phobic residues at the boxed pesitions rabbit ERALAIRAP| u|lwy |ASHMETR
(boxed). Uncharged aromatic and leucine pig ERALAIRAP| H||lwy |ssaMrTS
residues (Phe, Tyr, Trp, and Leu) are in- bovine ERALATRAP|H||WY [SSHMKTS
dicated in boldface type. human  ERALATRAP|H|/WY [ASHMETR
EP1l mouse ERCVGVTQP| L||IH |AARVSVA GQ
rat ERCVGVTQP| L{| 18 | AARvSVA
humas  ERCVGVTRP|L||LB |AARVSVA
FP mouse ERCIGVINF|IjPB|STKITSX &g
rat ERCIGVTNP| L{|FH |STKITSK
ovice  ERCIGVTEP|I||PA|STRITTK
bovine ERCIGVTEP|I|PA|STRITIR
human  ERCIGVTKER|I|Fu|sTrITSK
TP mouee ERFVGITRP|F|[SR |[PTATSRR Gq,Gi
human  ERYLGITRP|F|[sR|pavasor
A 136 143144 151 B 133 140141 148
mEP2 YLSIGYPY PFIRRHLSR mEP3f ALAIRAPH WYASHMKT
EP2-Y143A YLSIGYPA FYRRHLSR EP3-A149Y YLSIGYPY WYASHMKT
EP2-YAA esses s oY ABResenes EP3-¥YAA crnaessY RRverres
EP2-YAY sscesseY BAYenences EP3-YAY R L
EP2-YFA s vaar oY BEAr e s v EP3-YWA “er v vs¥ WAsevisn
B pcDNA3 * W pcDNA3
80} 0 mEP2 4 50 0O EP3-H140Y E
- ® EP2-Y143A « @ mMEP3f ®
-T-J O EP2-YAA ! , — O EP3-YAA
2 gol| 2 EP2-YAY e A 3 40 AEP3YAY 7
'CE', A EP2-YFA u :;h A EP3-YWA
= g 30
% 40| £ - a
x < 20
3 5t s
20} R 13
/- 10
= 0

0 8 7 8 5
butaprost (-logM)

0

9 8

7 6 5
sulprostone {-logM)

I GPCRs with & hydrophobic amine acid

12N 2C
hpf2-AR DRYFAITSP q RKY QSLLT Gs
hD1-R DRYWAISSP|FIRY ERKMT Gs
hH2-R DRYCAVMDP]| L|RY PVLVT Gs
hM2-R DRYFCVTKP|L]|TY PVRRT Gi
hD2-R DRYTAVAMP M|LY NTRYT Gi
hAL-R DRYLRVKIP| L{RY EMVVT Gi
hM1-R DRYFSVTRF|L| SY RARRT Gy
h¥3-R DRYFSITRP(L{TY RAERT Gg
hSP-R DRYMAIIRP|{L|QP RLSAT &g
hRhod ERYVVVCKP|M|SN FRFGE Gt
GPCRs with a non-hydrophobic amino acid J
hEDG2 ERYITMLKM |[K(LH NGSNN Gi
hEDG3 ERHLTMIKM |R|PY DANKR Gi,Gq,G12
hCXCR4 DRYLAIVHA|T|RS QRPRK Gi
hCXCRE DRFIVVVKA|T|KA YNQQA Gi

Fic. 5. Effects of mutations at the
amino acids following Tyr'** (mEP2)
or Tyr'*® (EP3-H140Y) in the i2 loop
on agonist-induced G, activity of
mEP2 and EP3-H140Y receptors. A,
butaprost dose response of cAMP accumu-
lation in cells expressing wild type and
mutant EP2 receptors. HEK293 cells (2 X
10° cells/well) were treated with the indi-
cated concentrations of butaprost, and
cAMP production was meagured in cells
expressing mEP2 and mutant EP2 recep-
tors. B, sulprostone dose-response of
¢AMP accumulation in cells expressing
wild type and mutant EP3 receptors.
HEK293 cells (2 X 10* cells/well) were
treated with the indicated concentrations
of sulprostone, and cAMP production was
measured in cells expressing mEP38 and
mutant EP3 receptors. Amino acid se-
quences within the i2 loop of the wild type
and mutant EP2 receptors (A), and those
of the wild type and mutant EP3 recep-
tors (B) are shown above the graphs. The
¢AMP contents were determined as de-
scribed under “Experimental Proce-
dures.” The results shown are the
means = S.E. of triplicate determina-
tions. *, p < 0.005 versus pcDNA3; #,p <
0.005 versus mEP2 (EP2-YFA and EP2-
YAY) or EP3-H140Y (EP3-YAY); t, p <
0.005 versus EP2-YAY (EP2-YAA).

cyclase activity, whereas wild type EP38 (HWY) showed no
response upon sulprostone treatment. Simultaneous introduc-
tion of Ala residues at positions Trp'¥! and Tyr!*? led to a
complete loss of the ability to stimulate cAMP formation (EP3-
YAA). A single alanine mutation at Trp*** (EP3-YAY) resulted
in a receptor almost unable to stimulate cAMP production,
whereas mutation of Tyr**? to Ala left agonist-dependent
cAMP levels unaffected (EP3-YWA). The rank order of these
mutants in cAMP-producing activity was as follows: EP3-
YWA = EP3-H140Y (YWY) > EP3-YAY > EP3-YAA, mEP38
(HWY) = 0. Thus, similar results were obtained for the EP3

- 34

point mutants, indicating that the existence of a hydrophobic
aromatic residue at position 140 is the most critical, but Trp'4!
and Tyr'#? also contribute significantly and little to G, cou-
pling, respectively. These results suggest that a cluster of aro-
matic residues at the center of the i2 loop plays a key role in
high efficiency G, coupling of the prostanoid receptors.

A Gain-of-function Mutation Does Not Alter Intrinsic G; Ac-
tivity of the EP3 Receptor—In this study, we used the mEP33
Teceptor as a prostanoid receptor that does not couple to stim-
ulation of adenylyl cyclase and found that the point mutation at
His'*? is sufficient to confer G, coupling on the EP3 receptor.
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Fic. 6. Pertussis toxin treatment augmented agonist-induced
¢AMP accumulation in CHO cells expressing the EP3-H140F but
not in CHO cells expressing EP2-Y143A receptor. 4, CHO cells
expressing mEP3( or EP3-H140F (4 X 10° cells) were pretreated with
or without pertussis texin (PT; 20 ng/ml) for 7 h. The cells were then
incubated at 37 °C for 10 min with the indicated concentrations of
sulprostone in the absence or presence of 10 M forskolin (FSK). B, CHO
cells expressing mEP2 or EP2-Y143A (4 X 10° cells) were pretreated
with or without pertussis toxin and incubated at 37 °C for 10 min with
the indicated concentrations of butaprest. The cAMP contents were
determined as described under “Experimental Procedures.” The results
shown are the means = S.E. of triplicate determinations. ¥, p < 0.005
versus wild-type EP3 or EP2 receptor; #, p < 0.005 versus none (PT) or
forskolin only (FSK + PT).

Since the bulky hydrophobic amino acid equivalent to His? of
EP3 was proposed to be impoertant in the general interaction
with G proteins, we examined whether this point mutation
affects intrinsic G, activity. We established CHO cells stably
expressing the G, coupling-acquired mutant EP3 receptor
(CHO-EP3H140F} and compared its functional properties with
those of CHO cells expressing wild-type EP38 (CHO-EP3B). As
observed in HEK293 cells, the two EP3 receptors showed sim-
ilar binding affinities (EP33, K, = 2.84 nv; EPSH140F, K, =
3.17 nM), but the expression level of EP3H140F was lower than
that of EP38 cells (CHO-EP38, B, ., = 1240 fmol/mg; CHO-
H140F, B,,,, = 367 fmol/mg). In CHO-EP3p cells, sulprostone
did not elicit cAMP formation but inhibited forskelin-induced
cAMP formation in a dose-dependent manner with an ECg, of
3.1 nm (Fig. 6A). This inhibition by sulprostene was completely
abolished by pretreatment of the cells with pertussis toxin. In
contrast, in CHO-EP3H140F cells, sulprostone dose-depend-
ently stimulated cAMP formation with an ECy, of 22 oM, and
the compound exhibited no more inhibition against forskolin-
induced ¢cAMP production. However, once the cells were pre-
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treated with pertussis toxin, sulprostone-induced ¢AMP forma-
tion was significantly potentiated even in the presence of
forskolin. It should be noted that the potentiating effects of
pertussis toxin were significantly observed even at 1072 M,
suggesting that this mutant receptor is capable of G; coupling
with high efficiency. These results indicate that the EP3-
H140F receptor still has an intrinsic G; activity. Thus, we
conclude that the H140F point mutation is sufficient to confer
G, coupling with high efficiency on the EP3g receptor without
affecting intrinsic G; coupling. We further established CHO
cells stably expressing the wild-type EP2 (CHO-EP2) and EP2-
Y143A receptor (CHO-EP2Y143A) and examined the effects of
pertussis toxin on cAMP formation. The two cell lines exhibited
same order of PGE, binding sites, but the CHO-EP2Y143A
cells did not show any cAMP responses upon butaprost treat-
ment (Fig. 6B). Moreover, pertussis toxin failed to restore
butaprost-induced cAMP response, indicating that loss of ago-
nist-induced cAMP-producing activity in EP2-Y143A is not a
result of gain of G, activity.

A Gain of Funetion Is Independent of the C-terminal Struc-
ture of the EP3 Receptor—We previously reported that mouse
EP3 isoforms with different C-terminal tails (EP3e, EP38, and
EP3vy) and C-terminal truncated form (T335) differ in their
agonist-dependent G, activity (21), Since these isoforms are
different only in C-terminal structure, we previously demon-
strated that the C-terminal tail could play a role in G, coupling
of EP3 receptor. Based on this notion, the effects of i2 loop
mutations can be explained by modification of the C-terminal
function in G, coupling. To explore this possibility, we exam-
ined the effects of H140F mutation on cAMP-producing activity
in other EP3 isoforms (Fig. 7). We employed EP3y and C-
terminally truncated T335, both of which increased cAMP lev-
els in an agonist-dependent manner when expressed in CHO
cells (21). In our previcus report, the G, activity elicited by
EP3y observed in CHO cells requires more than 1078 » of
agonist, and its maximal response is not as high as EP2 or EP4
receptors, and thus the G, coupling is considered to be less
efficient. Indeed, the increase in cAMP formation by wild-type
EP3v or T335 was hard to detect even in the presence of 1075
M of agonist in the current expression system. On the other
hand, introduction of H140F mutation into EP3y or T335 re-
sulted in a receptor showing agonist-dependent cAMP-produc-
ing activity with similar EC, values around 10~ % M. Moreover,
a significant increase in basal cAMP levels in the absence of
agonist was observed in both EP3y-H140F and T335-H140F
but not in EP38-H140F. The increase in basal cAMP levels by
the T335-H140F was significantly higher than that by the
EP3v-H140F. Instead, the agonist-dependent increase in cAMP
levels in the mutant T335 appeared lower than that in the
mutant EP3vy. However, in the current system, we could hardly
detect cAMP increases with any significant difference in wild-
type EP3y and T335 even in the presence of 10~% M agonist.
These results suggested that the effects of i2 loop mutation on
G, coupling of EP3 are independent of C-terminal structure,
which is likely to govern the balance of constitutive and ago-
nist-induced G protein activation as observed in the G; activity
of the EP3 isoforms.

DISCUSSION

One of the most important findings in this study is the “gain
of function” of G, activity of the EP3 receptor by a point muta-
tion; conversion of the amino acid His!*® at the center of the i2
loop into an uncharged aromatic residue is sufficient to confer
G, coupling with high efficiency on the EP3 receptor (Fig. 3},
The importance of the aromatic moiety of the equivalent amino
acid was also demonstrated in G, coupling of the EP2 receptor
(Fig. 2). Previously, the importance of bulky hydrophobic amine
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acid residues at the position corresponding to Tyr!*? of mEP2
in G protein coupling has been pointed out in studies on several
kinds of rhodopsin-type receptors (26 -29). This site is located
at the C-terminal end of a highly conserved i2 loop motif with
the following most common sequence: DRYXX{V or NXXPL,
where X is any amino acid (2). The last residue in the consensus
sequence, Leu, is replaced with Phe or Met in some members of
G,-coupled receptors. According to the report by Moro et ol
(27), Leu!®! in the human M1 muscarinic receptor, which is
equivalent to Tyr**? of the mEP2 receptor, is critical for stim-
ulation of phosphatidylinositol turnover (G, coupling). More-
over, they showed that introduction of the equivalent point
mutation F139A into the B, adrenoreceptor caused a signifi-
cant loss in isoproterenol-induced cAMP accumulation (G, cou-
pling). Based on these findings, they concluded that the bulky
hydrophebic amino acid at this position is an important amino
acid that governs general coupling with any kind of G protein.
However, the current finding that conversion of His**? into Phe
in the EP3 receptor failed to alter G; coupling (Fig. 6) may
suggest that EP3 does not require the particular amino acid at
this position for efficient G; coupling. Indeed, the importance of
the hydrophobic amine acid at the corresponding position has
not been reported for G;-coupled receptors. However, the His
residue is completely conserved in EP3 receptors derived from
various species and is quite unique to EP3 in the GPCR family
(Fig. 4). Interestingly, the His residue observed at the key
position of EP3 also has a positively charged imidazole strue-
ture, which is ineffective in G, coupling. This can also be
interpreted to signify that the His residue participates in the G;
gelectivity of EP3 receptor by preventing efficient G, coupling.
In this respect, G;-coupled receptors contain a nonhydrophobic
amino acid at this position; the EDG2 and EDG3 receptors
have a basie amino acid, and chemokine reeeptors, CXCR4 and
CXCRS6, have a threonine residue (Fig. 4). The variety of amino
acids at this position in G;-coupled receptors may reflect a
variety in the way to exert their G, selectivity and the existence
of some other domains such as the C-terminal region of the i3
loop to be required for G, activation with high efficiency as
suggested for the M2 muscarinic receptor (30, 31).

The current study indicated that both EP2 and EP3 require
one of the following amino acid residues: Phe, Tyr, Trp, or Leu
at position 143 and 140, respectively, for efficient G, coupling.
However, the identity of the side chain moiety (Phe, Tyr, Trp,
or Leu) affected different parameters of G, coupling between
EP2 and EP3. In the EP2 receptor, the identity of aromatic
moiety seems to affect the ECg, values of cAMP production only
slightly, suggesting that G, coupling of the EP2 is also gov-
erned by other domains such as the i3 loop, as suggested by
previous studies (32). In contrast, in the EP3 receptor, the
identity of the aromatic moiety affected the maximal ¢cAMP

EP3p

EP3y

A pcDNA3 |
@ wild-type
O H140F |

5§ 0 9 8 7 6 5§ 0 9876 5
sulprostone(-logM)

8 7 &

response without great changes in ECg, values. Thus, it seems
that the G, activation efficiency by EP3 completely depends on
the side chain moiety at this position, indicating an absclutely
pivatal role of this amino acid in G, coupling of EP3. However,
we cannot entirely exclude the possibility that the amino acid
identity may alter the G, activation efficiency, which is usually
included in outcomes in a detection system for G, activity.
Previously, we reported that three C-terminal variants,
EP3qa, EP3B, and EP3y, and C-terminal truncated T335 differ
in their agonist-dependent G, activity (EP3y > T335 > EP3« >
EP38 = 0) (21). Since these variants are different only in
C-terminal sequence, we speculated that the C-terminal tail
may function as a key regulator of G, coupling of EP3 receptor;
B-tail prevents and y-tail allows the interaction of G, with the
common structure of the EP3 receptor. However, the current
study demonstrated that “G,-excitable” EP3y further acquired
drastic G, activity, and such gain of function by the H140F
mutation is repreduced in C-terminally truncated T335 (Fig.
7). Thus, the gain of G, activity is independent of C-terminal
structure. In our previous report, the G, activity elicited by
EP3y observed in CHO cells requires agonist concentrations of
more than 10~ M, and its maximal response is still not as high
as that observed for EP2 or EP4 receptors, and thus the activity
is considered to be less efficient. Indeed, the agonist-dependent
G, activity of wild-type EP3y was undetectable in the current
expression system. In contrast, the acquired G, activity in the
mutant receptor is comparable to EP2 and EP4 in terms of the
degree of maximal activity and agonist dose dependence and is
thought to be essentially different from intrinsic G, activity
appearing in EP3vy. However, the common EFP3 structure that
allows intrinsic G, activity may serve as a premise factor for
point mutation resulting in gain of G, coupling with high effi-
ciency. Whether an introduction of a cluster of aromatie resi-
dues at the center of i2 loop enables other G;-coupled receptors
to gain G, coupling is an interesting issue to be examined. We
also previously reported that EP3 variants are different also in
their constitutive G, activity (T335 > EP3vy > EP3a > EP3j =
0) (18, 21). It is quite interesting that H140F mutants exhibited
basal G, activity with rank order of T335 > EP3y > EP3g = 0,
which is in good accordance with the potency order of consti-
tutive G, activity in EP3 variants. Moreover, it should be noted
that the agonist-dependent G, activity in the mutant T335
appeared less than that in the mutant EP3y; the G; activity
elicited by T335 receptor has been shown to be completely
constitutive. These results suggested that the effects of i2 loop
mutation on G, coupling of EP3 is independent of C-terminal
structure, which is likely to govern the balance of constitutive
and agonist-induced G protein activation as observed in the G;
activity of the EP3 isoforms. Importantly, these results suggest
a general role for the C-terminal tail in G protein coupling; the
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C-terminal tail plays a critical role in constraining the consti-
tutive activity irrespective of class of coupling G proteins.

One of the remarkable findings in this study is that a cluster
of aromatic amino acids beginning with Tyr!*? or the corre-
sponding residue is required for G, coupling with high effi-
ciency in prostanoid receptors (Fig. 5). This feature, the exist-
ence of three bulky aromatic amino acids following the
conserved proline residue, is unique to G,-coupled prostanoid
receptors (Fig. 4), The 3 amino acids just after the proline in the
four G,-coupled prostanocid receptors are YFY, FFY, or YLY,
whereas the other members contain HWY, LIH, IFH, or FSR.
The present study demonstrated that the existence of an un-
charged aromatic residue at the first position is the most crit-
ical for G, coupling. However, the simultaneous introduction of
alanine mutations at the following two residues resulted in a
significant loss of efficiency in G, activity in EP2 and EP3-
H140Y receptors. Moreover, the existence of an aromatic resi-
due (Phe!** in EP2 and Trp*! in EP3) at the second position
appears to be required for G, coupling with high efficiency. In
contrast, the Tyr residue at the third position is dispensable if
the first two residues are aromatic, but this residue is likely to
take part in G, coupling in the absence of an aromatic residue
at the second position. Based on these results, we concluded
that G, coupling is controlled by the three aromatic amino acids
following the conserved Pro residue with a rank erder of con-
tribution of first > second > third residue in the prestanoid
receptors.

How does the arematic residue contribute to G, coupling
with high efficiency? The rank order of amino acids critical for
efficient G, coupling of EP2 and EP3 receptors is as follows;
Phe > Tyr > Trp > Leu =*> other amino acids = 0 (Figs. 2 and
3). There is no doubt that the C-terminal 5 amino acids of the
Ga subunit are important for its selective binding to the recep-
tors; both G, and G, families contain a Tyr residue at -4
from the C-terminal end, whereas the G; family contains a
quite different aming acid, cysteine, at this position (33-35).
Recently, Liu ef al. demonstrated that the aromatic moiety of
the Tyr residue conserved at —4 from the C-terminal end of the
Ga, and Ge, plays a key role in receptor/G protein interactions
with high efficiency (36). By point mutation analysis, they
demonstrated that agonist-induced Ga,, activation is con-
trolled by the identity of the —4 residue with the rank crder of
Phe > Tyr > Trp >> other amino acids, Although they did not
examine the effect of the Leu mutation, the three most effective
amino acids, Phe, Tyr, and Trp are completely identical to the
amino acids eritical for G, coupling at the key position in both
EP2 and EP3 receptors. From these results, we speculate that
the bulky aromatic amino acid in the i2 loop takes part in
recognition of the Tyr residue conserved in G, and G, through
a mechanism such as 7 electron interactions. In such case, a
cluster of aromatic residues may contribute to strengthen the
interaction with or to accelerate the recognition of the tyrosine
residue at the —4-position of G,. Recently, Erlenbach et al. (29)
employed an yeast screening system, in which random muta-
tions were introduced into the G,-coupled vasopressin V2 re-
ceptor, to detect amino acid mutations affecting receptor inter-
action with the C-terminal tail of G proteina. They found that
a single amino acid substitution at Met'*® into Leu or Trp
within the i2 loop equivalent to Tyr'*? of mEP2 allowed the V2
receptor to couple to both G, and G, (29). They also discussed
the possibility that Met!*® is a strong candidate site for inter-
action with G proteins based on the analogy of the high reso-
lution x-ray structure of bovine rhodopsin. According to the
original report, the i2 loop exhibits an L-like structure when
viewed parallel to the membrane plane but lacks regular sec-
ondary structure {37). Because the ¢ytoplasmic extension of TM
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III and the N-terminal segment of the i2 loop show considerable
sequence homology among GPCRs of the rhodopsin family, it is
likely that the i2 loop of the EP2 receptor adopts a structure
similar to that observed in rhodopsin. If this is correct, the
cluster of aromatic residues from Tyr**? to Tyr'*5 is predicted
to be located just N-terminal of the bend of the L-like structure
that is a characteristic feature of the i2 loop where it is easily
accessible for interactions with G proteins. Taken together, we
propose a cluster of aromatic amino acids in the i2 Joop as a
strong candidate for an interaction site with the G, protein.

The current study demonstrated that interchanging of the i2
loop or the N-terminal or C-terminal half region of the i2 loop
between EP2 and EP3 left the individual binding affinities and
the specificity and expression levels of the receptors unaffected.
These results may reflect the fact that the i2 loops do not
directly contribute to the formation of the ligand binding
pocket. On the contrary, the interchanging of the il loops
resulted in loss of binding ability of both receptors. Although all
EP receptors can recognize PGE, as a natural ligand, it has
long been suggested that each EP receptor recognizes different
functional groups of agonists (38). Since it was recently pro-
posed that both TM 1 and II contribute to receptor recognition
of different functional groups of prostanoid ligands (89), the il
loop of the prostanecid receptors may be eritical in the formation
of subtype-specific ligand binding pockets. Interchanging of the
i3 loops differently affected the binding properties of the wild
type receptor; EP2 lost but EP3 retained the ability to bind to
PGE,. This finding may reflect the fact that EP2 requires an i3
loop of appropriate length to form a binding pocket that can
hold prostaglandin derivatives with a bulky structure {25).

In summary, we have demonstrated that a cluster of aro-
matic amino acids at the center of the i2 loop plays a key role
in G, coupling, at least in the prostanoid receptors. This study
will be of help to understand the molecular mechanisms of G
protein coupling selectivity by the individual GPCRs.
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