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Two molecular species of urotensin II (UII) were
solated from porcine spinal cords and identified as
he endogenous ligands of a G-protein-coupled orphan
eceptor, SENR (sensory epithelium neuropeptide-
ike receptor), which is identical to GPR14. We estab-
ished a CHO cell line stably expressing the rat SENR
nd investigated several tissue extracts to evoke the
esponse mediated by the SENR. Extract from porcine
pinal cords showed an activity of arachidonic acid
etabolites release from SENR-expressing cells and
as purified using HPLC. Two active substances were

solated and their sequences were determined as GPT-
ECFWKYCV and GPPSECFWKYCV, which were re-
ealed to be porcine UII. Synthetic UII peptides
aused arachidonic acid metabolites release activity
n the rat SENR-expressing cells with an EC50 value of
nM. Three cDNAs encoding the precursor proteins of
orcine UII were cloned from a porcine spinal cord
DNA library; 2 consist of 121 amino acid residues and
he other, which seemed to be a splicing variant, con-
ist of 85 residues. © 1999 Academic Press

Many orphan G-protein-coupled receptors (GPCRs),
hich are characterized by their seven membrane-

panning regions, were recently identified as the result
f rapid progress in genetic analysis technologies and
n exponential increase in genomic information. Their
nidentified endogenous ligands are potential targets
or innovative drug discovery research since they may
e involved in biological events that have yet to be
nvestigated. This so-called “reverse pharmacology” [1]
pproach has yielded valuable data and is one of the

Abbreviations used: UII, urotensin II; SENR, sensory epithelium
europeptide-like receptor; EC50, median effective concentration;
PCR, G-protein-coupled receptor; TFA, trifluoroacetic acid.
1 Corresponding author. Fax: 181-298-64-5000. E-mail: Mori_
asaaki@takeda.co.jp.
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ost interesting techniques in current pharmaco-
enomics studies. Some ligands of orphan GPCRs,
hich play a significant physiological role in various
iological systems, have been discovered by several
aboratories [2–6]. Recently, motilin [7] and melanin-
oncentrating hormone (MCH) [8–12] were identified
s the endogenous ligands of the orphan receptors,
PR38 and SLC-1, respectively. While these peptides
ere previously known from their biological activity,

heir receptor was not known. MCH is considered an
mportant peptide in obesity, and mice lacking the

CH gene show a phenotype of leanness due to hypo-
hagia and an increased metabolic rate [13]. The iden-
ification of MCH as the ligand of the SLC-1 receptor
as independently, and almost simultaneously re-
orted by 5 groups, including our laboratory [8–12].
SENR (sensory epithelium neuropeptide-like recep-

or), or GPR14, is an orphan GPCR which was obtained
rom the rat genome by Tal et al. [14] and Marchese et
l. [15], independently. This receptor showed homology
o somatostatin receptor subtype 4 and to the k, d, or m
pioid receptors [15]. RNase protection analysis dem-
nstrated that the mRNA of the receptor is expressed
n neural and sensory tissues such as the retina, cir-
umvallate papillae, and olfactory epithelium [14]. We
stablished a CHO cell line to express the rat SENR to
nvestigate the ligand in several tissue extracts which
ould evoke secondary signaling in the cells. We found
hat the peptide fraction prepared from porcine spinal
ord caused a release of arachidonic acid metabolites
rom SENR-expressing CHO cells. This finding allowed
s to isolate and identify urotensin II (UII) as the
ndogenous ligand of the SENR.

ATERIALS AND METHODS

Preparation of the CHO cell line expressing the rat SENR. Rat
ENR cDNA was obtained using PCR from the reverse-transcriptase
roduct of the poly (A)1 RNA derived from rat whole brain extract
Clontech) as the template using the primers 59-GTCGACATGGCT-
0006-291X/99 $30.00
Copyright © 1999 by Academic Press
All rights of reproduction in any form reserved.
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TGAGCCTGGAGTCTACAAC-39 and 59-ACTAGTATTGCACAGT-
CACTCTCAGAGAAGG-39, which were designed to amplify the full

oding region of the rat SENR cDNA [14] and to add extension
equences at the 59- and 39-ends which were recognized by SalI and
peI, respectively. The 945th nucleotide from the initiation codon
as reported to be G in GPR14 [17], although it was C in the cDNA
mplified in the present study and in the reported sequence of the
ENR [16]. The rat SENR cDNA was then introduced into an ex-
ression vector plasmid, pAKKO-111H [16], which equipped the SRa
romoter and dhfr gene as the selection marker, using the SalI and
peI sites. The constructed vector was then transfected to CHO

dhfr2) cells by the calcium phosphate method using a CellPhect
ransfection kit (Amersham Pharmacia Biotech). The CHO cells ex-
ressing the rat SENR receptor were selected and established using
selection medium deficient in nucleotides.

Assay for arachidonic acid metabolites release. CHO cells ex-
ressing the rat SENR were plated on 24-well plates at 5 3 104

ell/well and incubated for 24 h and 9.25 kBq/well of [3H]-arachidonic
cid (NEN Life Science Products) was incorporated into the cells.
fter incubation for 16 h, the cells were washed with Hank’s buffered
alt solution (HBSS) supplemented with 0.05% bovine serum albu-
in (BSA) and were exposed to the sample dissolved in 500 ml of
BSS supplemented with 0.05% BSA. After incubation for 30 min,
50 ml of culture supernatant was mixed with scintillation cocktail

FIG. 1. HPLC profiles of the final purification step on a semi-m
ractionated. The activity was recovered as peaks at 32.2% (purified
124
nd the released radioactivity was measured using a scintillation
ounter.

Extraction and isolation of the endogenous ligand of the rat SENR
eceptor from the porcine spinal cord. One kilogram of spinal cords
rom 50 pigs obtained from a slaughterhouse were homogenized in 10

of 70% acetone containing 1.0 M acetic acid and 20 mM HCl on the
ame day in which the animals were sacrificed. The homogenate was
entrifuged to obtain the supernatant and 10 L of 70% acetone
ontaining 1.0 M acetic acid and 20 mM HCl was added to the
recipitates. The latter mixture was stirred overnight and centri-
uged. The supernatants obtained were combined and concentrated
o remove the solvent, and were then extracted with diethylether to
liminate the lipids. The solution was then applied to a C-18 column
YMCgel ODS-AM 120-S50, 30 3 240 mm (YMC)) and the column
as eluted with 500 ml of 60% acetonitrile in 0.1% TFA. The eluate
as concentrated and lyophilized and the lyophilized powder (ca.
.9 g) was dissolved into 10% acetonitrile in 0.1% TFA and applied to
PLC with a C-18 column (TSKgel ODS-80Ts, 21.5 3 300 mm

Tosoh)) and a gradient elution of 10% to 60% acetonitrile in 0.1%
FA for 80 min after elution with 10% acetonitrile in 0.1% TFA for
0 min. Elution was at a flow rate of 5.0 ml/min and 10-ml fractions
2 min) were collected from 10 to 130 min. Each fraction was assayed
nd the activity was detected in 2 fractions (fr. 31 and fr. 32). Each
raction was separately purified using the following procedure. The

bore C-18 column (Wakosil-II 3C18HG). The eluate was manually
m fr. 31, A) or 32.5% (purified from fr. 32, B) of acetonitrile.
icro
fro
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ractions were lyophilized, reconstituted with 10 mM ammonium
ormate in 10% acetonitrile, and processed using cation exchange
hromatography on an SP-5PW column (20 3 150 mm, Tosoh). The
olumn was eluted with a gradient of 10 mM to 300 mM ammonium
ormate in 10% acetonitrile for 30 min at a flow rate of 5.0 ml/min.
he active fractions eluted with about 140 mM ammonium formate
ere lyophilized and dissolved into 10% acetonitrile in 0.1% TFA.
he solutions were further purified using a diphenyl column (Vydac
19-TP54, 4.6 3 250 mm (Separation Group)) and a gradient of 26%
o 31% acetonitrile in 0.1% TFA for 20 min at a flow rate of 1.0
l/min. The active substances from 2 fractions were eluted when the

oncentrations of acetonitrile reached 27.1% and 27.6% and were
hen lyophilized. The lyophilized materials were dissolved with 100
l of dimethylsulfoxide and 400 ml of 10% acetonitrile in 0.1% TFA
nd were subjected to a cyanopropyl column on a Develosil CN-UG-5
4.6 3 250 mm, Nomura Chemical). The column was eluted with a
radient of 28.5% to 33.5% of acetonitrile in 0.1% TFA for 20 min at
flow rate of 1.0 ml/min and the eluate was manually fractionated by
eaks. The activity was recovered with peaks which appeared at
9.7% or 29.9% of acetonitrile. The eluate containing these active
eaks were diluted 2-fold with water and applied to a C18 semi-
icrobore column (Wakosil-II 3C18HG, 2.0 3 150 mm (Wako Pure
hemical)). The column was eluted with a gradient of 30% to 35%
cetonitrile in 0.1% heptafluorobutyric acid for 20 min at a flow rate

FIG. 1—
125
f 0.2 ml/min. The activity was recovered as single peaks at 32.2%
from fr. 31) or 32.5% (from fr. 32) of acetonitrile.

Sequence analysis of the purified ligands. The amino terminal
mino acid sequences of the active materials were determined using
Procise 494 Protein Sequencer (PE Applied Biosystems).

Synthesis of porcine and human UII. Porcine UII-1 and -2 and
uman UII were chemically synthesized using an ABI 430A peptide
ynthesizer (PE Applied Biosystems) utilizing the Boc-strategy. Af-
er deblocking all the protecting groups by hydrogen fluoride treat-
ent, the peptides were air-oxidized to form intramolecular disulfide

onds between two cysteines.

Cloning and sequencing of cDNAs encoding porcine UII precursor
roteins. PCR using porcine genomic DNA (Clontech) as the tem-
late and primers 59-GATTTCTCTGGACAAGATCC-39 and 59-ACG-
AGACCTTTATGACACAGACT-39, which were designed according

o the reported cDNA sequence of human prepro-UII [17], yielded a
enomic sequence encoding a part of porcine prepro-UII. The full
ength cDNA encoding porcine UII precursor protein was cloned
sing a probe derived from this partial sequence.
Poly (A)1 RNA fraction was purified from total RNA extracted from
porcine spinal cord and a cDNA library was established using the
uperScript l System for cDNA Synthesis and l ZipLox Cloning

ntinued
Co
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Stratagene). The cDNA library was then screened by hybridization
sing a probe corresponding to the above-mentioned partial DNA
equence and 9 positive plaques were independently obtained. Plas-
ids containing cDNAs encoding porcine prepro-UII were excised

rom the positive plaques using the Cre/lox P system and DNAs were
urified from E. coli transformed with the plasmids. The purified
NAs were sequenced using an ABI Prism 377 DNA Sequencer (PE
pplied Biosystems) and a DyeDeoxy Terminator Cycle Sequence
it (PE Applied Biosystems). Seven of 9 clones covered the full

ength of the open reading frame and 3 nucleotide sequences encod-
ng prepro-UII were obtained.

ESULTS

Isolation and identification of UII as the endogenous
igand of the rat SENR. Using the established CHO
ells stably expressing the rat SENR, we examined the
ntracellular secondary signaling evoked by the ex-
racts prepared from several tissues and found that the
xtract of porcine spinal cords showed release activity
or arachidonic acid metabolites form the cells. Start-
ng with 50 porcine spinal cords, we purified the active
ubstances using a combination of HPLC processes. In
he first step using a semi-preparative C18 column, the
ctivity was recovered in 2 successive fractions (fr. 31
nd fr. 32). Each fraction was separately subjected to
he same subsequent chromatographic procedure and 2
ctive substances, which showed different behavior in
ach purification step, were obtained (Fig. 1). The iso-
ated materials, estimated at about 10 pmol, were then
ubjected to N-terminal amino acid sequence analysis
sing a protein sequencer.
The active substance from fractions 31 and 32 af-

orded the sequences, GPTSEXFWKYXV and GPP-
EXFWKYXV, respectively. The 2 Xs in the sequences

ndicate that no amino acids were detected in the cor-
esponding sequencing steps. Although the 6th and
1th residues remained unidentified, we assumed that
oth Xs were cysteines forming an intracellular disul-
de bond, since these sequences showed homology to
sh or human UII [17, 18]. Thus the sequences of the
ctive substances were determined as GPTSECF-
KYCV (porcine UII-1) and GPPSECFWKYCV (por-

ine UII-2), that is, the ligands of the rat SENR in
orcine spinal cord are two molecular species of porcine
II (Fig. 2).

Biological activity of synthetic UII. Porcine UII-1
nd -2 were synthesized utilizing a solid phase peptide
ynthesizer. Since the chromatographic behaviors of
he active substances isolated from spinal cords were
ndistinguishable from those of the synthetic peptides,
he ligand structures of the SENR were unambigu-
usly confirmed. The synthetic porcine UII-1 and -2
voked a release of arachidonic acid metabolites from
he SENR-expressing CHO cells in a dose-dependent
anner, with an estimated EC50 value of 1.0 nM (Fig.

). Human, frog and fish UII were also tested and
howed a release activity for arachidonic acid metabo-
126
ites similar in intensity to that for porcine UII (Fig. 3).
omatostatin or cortistatin, which share the partial
mino acid sequence with UII, Phe-Trp-Lys in a Cys-
ys ring structure, failed to show any activity.

Cloning of cDNAs encoding porcine UII precursor
roteins. We employed PCR using primers derived
rom the reported nucleotide sequence of human UII
nd porcine genome as a template and obtained a frag-
ent of genomic DNA sequence that encodes a part of

he precursor protein of UII. Using this partial se-
uence as a probe, 3 cDNAs encoding precursor pro-
eins of porcine UII were cloned by plaque hybridiza-
ion using a cDNA library established from a porcine
pinal cord. Two of the 3 sequences were of the same
ength in the open reading frame with 1 nucleotide
hange, which caused no amino acid change, and en-
oded a precursor protein of 121 amino acids (Fig. 4).
nother cDNA seemed to be a splicing variant encod-

ng an 85 amino acid protein. The mature UII peptide
as located at the C-terminus of the precursor pro-

eins, as is the case of human, frog, and carp UII [17,
9]. All the cDNA analyzed gave the sequences of the
recursor proteins for porcine UII-2.

ISCUSSION

UII is known as a piscine neuropeptide distributed in
rophysis of teleost fish and is reportedly involved in
ignificant regulatory functions, such as cardiovascu-
ar regulation, osmoregulation concerning seawater
daptation, and regulation of lipid metabolism [20].
iochemical or immunohistochemical studies have
emonstrated UII in skate, lamprey, and frog, indicat-
ng its broad physiological significance in lower verte-
rates [20]. Furthermore, the occurrence of UII-like
mmunoreactivity in the gastropod Aplysia california
as been reported [21], suggesting some physiological
unctions of UII or a UII-like substance in inverte-
rates.

FIG. 2. Comparison of amino acid sequences of UII peptides.
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A cardiovascular activity of fish UII in mammals, by
xogenous administration, has also been reported.
oby UII was intravenously injected in rats and

howed a hypotensive effect that seemed to be medi-
ted by nitric oxide or prostaglandins [22, 23]. The
omplex effect of fish UII on isolated vascular smooth
uscle, which is relaxative in low doses and contractile

n high doses, was also demonstrated [24]. These ob-
ervations suggest that UII or a related peptide is
roduced in mammalian tissues. A cDNA encoding hu-
an UII precursor protein was recently cloned [17],

ndicating that mammalian UII is present and func-
ions as a neuropeptide similar to its piscine counter-
art. In the present study, we isolated the porcine UII
rom spinal cords as the endogenous ligand of the
ENR, indicating that the processed UII peptide actu-
lly exists in mammalian tissues and plays several
hysiological roles that involve the SENR.
The deduced precursor protein of porcine UII con-

ists of a typical signal sequence spanning 19 amino
cids, a long intervening sequence, and, at the
-terminus, the mature UII peptide flanked by 3 basic

FIG. 3. Arachidonic acid metabolites release activity of UII pepti
h), human UII ({), frog UII (}), and fish UII (‚) were applied to the
1 3 1026 M). CHO cells expressing the rat SLC-1 receptor [8] were
s percentages of the released radioactivity from cells compared wit
127
mino acids (Lys-Lys-Arg) as a processing site (Fig. 4).
shorter cDNA, probably a splicing variant, was iso-

ated and also encodes a precursor protein of the same
II peptide. All the cDNA obtained from the positive
laques encoded the prepro-form of porcine UII-2. The
iversity of the 3rd residue in UII-1 and -2 is probably
ue to the polymorphism at this position. It is notewor-
hy that the UII peptides were isolated from the spinal
ords of 50 pigs whereas the cDNA library was estab-
ished from just 1 spinal cord. The amino acid sequence
f porcine prepro-UII exhibits high overall identity to
uman prepro-UII (61.6%) but low identity to that of
arp UII-a (9.9%). The highly conserved C-terminal
egion of UII (CFWKYCV) was also completely pre-
erved in porcine UII. Unlike human UII, the
-terminal region of porcine UII peptides also shows
igh homology to several fish UII peptides (Fig. 2). For
xample, porcine UII-1 differs from sturgeon UII [18]
n only 1 residue at the 2nd position. In addition,
orcine UII is composed of 12 amino acid residues,
hich is equal to the fish UII peptides but not to frog or
uman UII.

from the rat SENR-expressing CHO cells. Porcine UII-1 (■) and -2
lls. Somatostatin-14 (1) and cortistatin-14 (3) were also challenged
ated with porcine UII-2 (Œ) as a control. The activity was indicated
hat of cells to which no samples were applied.
des
ce

tre
h t
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Itoh et al. reported that radiolabeled goby UII
howed specific binding to the membrane from the rat
horacic aorta with a dissociation constant of 5.9 3 1029

, suggesting the presence of a functional receptor of
II [25]. Itoh et al. also reported that the C-terminal

egion of goby UII is essential for the contractile effect
n the rat artery [25]. Our results suggested that all
he UII peptides tested induced a similar intensity of
elease activity of arachidonic acid metabolites in the
at SENR-expressing CHO cells regardless of their
tructural diversity in the N-terminal region, which is
onsistent with their observations. Thus, it is conceiv-
ble that the SENR may function as the receptor of UII
n this system.

The cDNA of human UII is reportedly abundant in
he spinal cord and in situ hybridization studies have
hown that the UII gene is expressed in motoneurons
17]. On the other hand, Tal et al. demonstrated that
he SENR mRNA is distributed in neural and sensory
issues [14]. These reports regarding the distribution of
he ligand and its receptor do not necessarily imply
pecific biological functions of UII, nor do they satis-
actorily interpret the cardiovascular effects of the pep-
ide. The presence of UII in mammals has only been
evealed recently and its physiological significance in
he mammalian system remains to be identified. The

FIG. 4. Nucleotide and deduced amino acid sequences of the
orcine prepro-UII. The noncoding sequence is shown in lowercase.
otted line indicates the nucleotide sequence employed as a probe.
he assumed splicing sites are indicated by arrows. The 3rd codon of
sp43 was C in 3 clones and T in 4 out of 7 clones. Box indicates the
ature UII peptide. Underline indicates the processing site flanking

he mature peptide. Asterisks indicate the termination codon.
128
dentification of the SENR as the receptor of UII will be
contribution to the understanding and ultimate res-

lution of many of these issues.
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