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ABSTRACT

 

—A novel membrane guanylyl cyclase (membrane GC), OlGC8, was identified in the medaka
fish 

 

Oryzias latipes

 

 by the isolation of full-length cDNA (4958 bp) and genomic DNA (14.3 kbp) clones.
Phylogenetic analysis indicated that OlGC8 does not belong in any known vertebrate membrane GC sub-
family. OlGC8 consists of an extracellular domain (214 residues), a transmembrane segment (19 residues),
and an intracellular protein kinase-like domain (284 residues) and a cyclase catalytic domain (228 resi-
dues), although the extracellular domain is about half the length (around 450 residues) of other known ver-
tebrate membrane GCs. OlGC8 transiently expressed in COS-7 cells exhibited only basal guanylyl cyclase
activity. None of the known ligands (rat ANP, BNP, CNP, and C-ANF) and various medaka fish tissue
extracts, which activated OlGC1, OlGC2, and OlGC7 differentially, stimulated basal activity, suggesting that
OlGC8 is an orphan receptor. The 

 

OlGC8

 

 gene consists of 24 exons and exists as a single copy on the
medaka fish genome. Northern blot hybridization showed that a 5 kb-

 

OlGC8

 

 mRNA was expressed in the
kidney and the testis at a high level and a 3.3 kb-

 

OlGC8

 

 mRNA was expressed only in the brain. The
RNase protection, RNA Ligase-Mediated Rapid Amplification of cDNA Ends (RLM-RACE), and reverse
transcription-polymerase chain reaction (RT-PCR) analyses demonstrated that the 3.3 kb-

 

OlGC8

 

 mRNA
detected in the brain is transcribed from the second transcription initiation site, and contains an intron at
the position prior to the catalytic domain, the translation product of which appears to be a protein lacking
the cyclase catalytic domain.
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INTRODUCTION

 

Guanylyl cyclase (GC), an enzyme converting GTP to
cGMP, is found in various cellular compartments of many
organisms, in soluble and/or membrane-bound forms
(Drewett and Garbers, 1994; Wedel and Garbers, 2001).
Membrane GC contains a single transmembrane segment
that divides the protein into approximately two halves of
equal length; an extracellular domain and an intracellular
domain are also present that consist of protein kinase-like
and cyclase catalytic domains. To date, various membrane

GC isoforms have been identified in vertebrates and
invertebrates through the isolation of a full-length cDNA
clone. Some of these membrane GCs are cell-surface
receptors for peptides such as natriuretic peptides and heat-
stable enterotoxins, but the others remain presumed orphan
receptors (Garbers and Lowe, 1994; Wedel and Garbers,
2001). Phylogenetic analyses of various membrane GCs
from mammals and medaka fish have shown that verte-
brates have three major subfamilies of membrane GCs: (i)
a natriuretic peptide subfamily, (ii) an enterotoxin/guanylin
receptor subfamily, and (iii) a sensory organ-specific GC
subfamily (Kusakabe and Suzuki, 2000). Natriuretic pep-
tides such as atrial natriuretic peptide (ANP), brain natri-
uretic peptide (BNP), and C-type natriuretic peptide (CNP)
activate the receptor/membrane GCs (GC-A and GC-B)
upon binding to the extracellular domain (Chang 

 

et al

 

., 1989;
Chinkers 

 

et al

 

., 1989; Lowe 

 

et al

 

., 1989; Schulz 

 

et al

 

., 1989).
The extracellular domain of GC-A or GC-B is similar to that

 

The nucleotide sequence data reported in this paper have been
submitted to the DDBJ, EMBL, and GenBank nucleotide sequence
databases, and is available under accession number AB054814
for genomic DNA of 

 

OlGC8

 

.
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of the NPR-C receptor (clearance factor), which contains an
NP-binding domain and a short cytoplasmic tail and is not
coupled to the activation of guanylyl cyclase (Füller 

 

et al

 

.,
1988).

The kinase-like domain of membrane GCs appears
necessary for the stimulation of guanylyl cyclase activity
upon ANP-binding to the extracellular domain, since dele-
tion of the kinase-like domain destroys the ability of ATP to
activate the cyclase catalytic domain (Chinkers and Gar-
bers, 1989). The cyclase catalytic domain of various
sources of membrane GCs are identical to each other and
similar to that of both the 

 

α

 

1

 

- and 

 

β

 

1

 

-subunits of soluble GC
(Koesling 

 

et al

 

.,1988; Koesling, 1990; Nakane 

 

et al

 

., 1988)
and adenylyl cyclase (Krupinski 

 

et al

 

., 1989). The protein
kinase-like/cyclase catalytic domain arrangement is seen in
all membrane GCs found in mammals, medaka fish, sea
urchins, nematodes, 

 

Drosophila

 

, and yeast (Chang 

 

et al

 

.,
1989; Chinkers 

 

et al

 

., 1989; Kusakabe and Suzuki, 2000;
Lowe 

 

et al

 

., 1989; Schulz 

 

et al

 

., 1989; Shimiz 

 

et al

 

., 1996,
Suzuki 

 

et al

 

., 1999).
The medaka fish 

 

Oryzias latipes

 

 possesses all types of
membrane GC isoforms that have been identified and
characterized in mammals (Kusakabe and Suzuki, 2000).
OlGC1 and OlGC2 and OlGC7 are medaka fish homologs
of mammalian GC-A and GC-B, respectively (Takeda and
Suzuki, 1999; Yamagami 

 

et al

 

., 2001), and OlGC6 is a
medaka fish homolog of mammalian GC-C (Mantoku 

 

et al

 

.,
1999). In addition to these isoforms, four membrane GCs
(OlGC3, OlGC4, OlGC5, and OlGC-R2) have been identi-
fied in the sensory organs of medaka fish (Hisatomi 

 

et al

 

.,
1999; Seimiya 

 

et al

 

., 1997). In mammals, three membrane
GCs (GC-D, RetGC-1/GC-E, and RetGC-2/GC-F) have
been identified in the sensory organs; GC-D is expressed in
a subpopulation of rat olfactory sensory neurons (Fülle 

 

et
al

 

., 1995), and two retina-specific membrane GCs (RetGC-
1/GC-E and RetGC-2/GC-F) have been isolated and
characterized from human retina (Lowe 

 

et al

 

., 1995; Shyjan

 

et al

 

., 1992; Yang 

 

et al

 

., 1995). RetGC-1/GC-E and RetGC-
2/GC-F are activated by the Ca

 

2+

 

-binding proteins such as
GCAP-1 and GCAP-2 by binding to the intracellular domains
(Dizhoor 

 

et al

 

., 1994; Laura 

 

et al

 

., 1996). To date, no extra-
cellular ligand has been identified for these sensory organ-
specific membrane GCs, implicating that they remain
presumed orphans (Garbers and Lowe, 1994).

Recently, a novel membrane GC (GC-G) was identified
in rat jejunum and skeletal muscle and its molecular nature
was characterized (Schulz 

 

et al

 

., 1998). The domain organi-
zation of GC-G is the same as that seen in known mem-
brane GCs, and the Cys residues within the extracellular
domain of GC-G are conserved. However, ligands for the
other membrane GCs, such as natriuretic peptides or heat-
stable enterotoxins, fail to stimulate GC-G. Furthermore, no
specific ligand or intercellular activating protein for GC-G
has been isolated to date. Therefore, GC-G appears to rep-
resent a cyclase-coupled orphan receptor.

It is known that fish (e.g., medaka fish, zebrafish, and

the Japanese pufferfish Fugu) contain more members in the
same gene family than do mammals (Meyer and Schartl,
1999). For example, mammals have two natriuretic peptide
receptor genes, 

 

GC-A

 

 and 

 

GC-B

 

, whereas medaka fish con-
tain three different natriuretic peptide receptor genes,

 

OlGC1

 

, 

 

OlGC2

 

, and 

 

OlGC7

 

. Moreover, medaka fish pos-
sess four different sensory organ-specific membrane GC
genes, whereas mammals possess three of them. These
findings may be explained by the hypothesis that an
additional (third) entire genome duplication took place dur-
ing the evolution of actinopterygian fish that other verte-
brates did not undergo. This hypothesis might be extended
to other membrane GCs, the subtypes of which have not yet
been found in medaka fish. Recently, the second isoform of
GC-C was cloned from the intestine of the European eel

 

Anguilla anguilla

 

 (Comrie 

 

et al

 

., 2001). To understand the
comprehensive system of signal transduction via cGMP in
medaka fish, we examined whether medaka fish possess
additional membrane GC genes. Amplification of cDNA frag-
ments encoding GCs by reverse transcription-polymerase
chain reaction (RT-PCR) using various medaka fish tissues,
we found a membrane GC, 

 

OlGC8

 

, which is structurally and
biologically novel. Here, we report its enzymatic nature,
genomic structure, tissue-specific expression pattern, and
spliced variants.

 

MATERIALS AND METHODS

 

Animals and embryos

 

Mature adults of the orange-red variety of the medaka fish 

 

O.
latipes

 

 were purchased from a dealer. Embryos of 

 

O. latipes

 

 Hd-rR
inbred strain were kindly provided by Professor Akihiro Shima, Uni-
versity of Tokyo. The embryos were kept in indoor tanks under arti-
ficial reproductive conditions (10 hr dark and 14 hr light at 27

 

°

 

C)
and were fed on Otohime B2 (Nisshin Seifun Group Inc., Tokyo,
Japan).

 

Preparation of RNA

 

Total RNA was isolated from various adult organs of the
orange-red variety of 

 

O. latipes

 

 by the acid guanidinium thiocyanate-
phenol-chloroform extraction method (Chomczynski 

 

et al

 

., 1987).
Poly(A)

 

+

 

RNA was prepared using Oligotex-dT30 (Roche, Basel,
Switzerland), according to the manufacturer’s protocol.

 

Amplification of cDNA fragments for membrane GCs by RT-
PCR

 

Three degenerate oligonucleotide primers (P2, 5’-GAYATHGT-
NGGNTTYAC-3’; P6, GTRTTNACNTRTCNCC-3’; P7, 5’-ARRCAR-
TANCKNGGAT-3’) were synthesized based on the amino acid
sequences of 3 conserved regions (DIVGFT, MPRYCL, GDTVNT)
in known membrane GCs and these primers were used to amplify
membrane GC cDNA fragments from cDNA reverse-transcribed
total RNA of the medaka fish ovary, as described previously
(Seimiya 

 

et al

 

., 1997). The product was purified, subcloned into the
plasmid vector pBluescript II KS(–) (Stratagene, La Jolla, CA, USA),
and sequenced.

 

5’- and 3’-Rapid Amplification of cDNA Ends (5’- and 3’-RACE)

 

To obtain a full-length cDNA sequence of a new membrane GC
clone referred to as 

 

OlGC8

 

, the 5’- or 3’-portion of the cDNA was
amplified by the 5’- or 3’-RACE method (Frohman 

 

et al

 

., 1988),
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respectively, using the 5’-RACE System for Rapid Amplification of
cDNA Ends, Ver 2.0 (Gibco BRL, Groningen, The Netherlands) or
the 3’-Full RACE Core Set (Takara Shuzo Co., Ltd. Tokyo, Japan),
as described previously (Yamagami 

 

et al

 

., 2001).
Total RNA (2 

 

µ

 

g) isolated from the adult medaka fish ovary was
reverse-transcribed with gene-specific antisense oligonucleotide
primers (GSP1, GSP4, GSP7, and GSP10) and used as a template
for 5’-RACE with the Abridged Anchor Primer (Life Technologies,
Groningen, The Netherlands) and other gene-specific antisense
oligonucleotide primers (GSP2, GSP5, GSP8, and GSP11). Amplifi-
cation in the 5’-RACE was performed as follows: denaturation at
94

 

°

 

C for 5 min followed by 30 cycles of denaturation for 30 sec at
96

 

°

 

C, annealing for 1 min at 58

 

°

 

C, 61

 

°

 

C, 63

 

°

 

C, and 58

 

°

 

C, respectively,
and extension for 90 sec at 72

 

°

 

C, and the final extension was
carried out at 72

 

°

 

C for 10 min. To enrich the 5’-RACE products, a
one-fifteenth volume of the primary products was reamplified by
PCR using the Abridged Anchor Primer and nested primers (GSP3,
GSP6, GSP9, and GSP12). PCR was performed under the same
conditions as those used for GSP2, except for the amplification
cycle (25 cycles) and the annealing temperature (58

 

o

 

C, 61

 

°

 

C, 62

 

°

 

C,
and 55

 

°

 

C, respectively). On the other hand, 3 

 

µ

 

g of total RNA was
reverse-transcribed with an Oligo dT-3’ sites Adaptor Primer
(Takara Shuzo) for the 3’-RACE method. The cDNA was amplified
by PCR with the 3’ sites Adaptor Primer (Takara Shuzo) and
another gene-specific oligonucleotide primer (GSP13). A one-fif-
teenth volume of the PCR product was amplified by PCR with 3’
sites Adaptor Primer and another gene-specific oligonucleotide
primer (GSP14). Amplification was performed under the same con-
ditions as those used for GSP2, except for the amplification cycle
and the annealing temperature (30 cycles at 63

 

°

 

C and 25 cycles at
62

 

°

 

C, respectively). The gene-specific primers used were comple-
mentary to the following nucleotide positions: 4281–4301 (GSP1),
3735–3754 (GSP2), 2568–2589 (GSP3), 1421–1440 (GSP4), 4252–
4272 (GSP5), 3534–3555 (GSP6), 2538–2559 (GSP7), 1359–1377
(GSP8), 4147–4166 (GSP9), 3450–3471 (GSP10), 2511–2531
(GSP11), 1268–1286 (GSP12), 3643–3661 (GSP13), and 3809–3830
(GSP14). The RACE products overlapped at 53–655 bp with the 5’
or 3’ end of the isolated cDNA clone.

 

Molecular phylogenetic analysis

 

The deduced amino acid sequence of 

 

OlGC8

 

 was compared
with those of various membrane GCs using the Clustal W program
(Thompson 

 

et al

 

., 1994) and the sequence editor SeqPub (Gilbert,
Indiana University, Bloomington, IN, USA). The unrooted phylo-
genetic tree was constructed using the aligned sequences by the
neighbor-joining algorithms in the PROTRAS program of PHYLIP
ver. 3.572 (Felsenstein, 1989) and the Clustal W program (Saitou
and Nei, 1987). For the neighbor-joining analysis, the evolutionary
distance was estimated using Kimura’s empirical method for protein
distances (Kimura, 1983). The following GenBank/EMBL/DDBJ
accession numbers for the sequences were used: X14773 (rat GC-
A); M26896 (rat GC-B); M55636 (rat GC-C); L37203 (rat GC-D);
L36029 (rat GC-E); L36030 (rat GC-F); AF024622 (rat GC-G); AB
004921 (OlGC1); AB030274 (OlGC2); AB000899 (OlGC3);
AB000900 (OlGC4); AB000901 (OlGC5); AB007192 (OlGC6);
AB023489 (OlGC7).

 

Expression of OlGC8 or medaka fish natriuretic peptide recep-
tors in COS-7 cells

 

The whole protein-coding region of the 

 

OlGC8

 

 cDNA (nucle-
otides 2151-4865) or the cDNA (nucleotides 3827-4865) correspond-
ing to the catalytic domain of OlGC8 (CAT-8) was amplified by
RT-PCR using the medaka kidney RNA. The primers used for the
amplification were 5’-TTCATCGTCCGTCCATCAGTCC-3’ (sense)
and 5’-CGTCAAACACGTGTGACGCTG-3’ (antisense) for the
whole protein, and those for the CAT-8 amplification were 5’-TCG-
GTGCCGTTCTCATAACCC-3’ (sense) and 5’-CGTCAAACACGT-

GTGACGCTG-3’ (antisense). A medaka fish natriuretic peptide
receptor/membrane GC (e.g., 

 

OlGC1

 

, 

 

OlGC2

 

 or 

 

OlGC7

 

) was also
amplified by RT-PCR using the following primers: 5’-AGAATTCAA-
GACGGTCGAGTGTCCTCTCC-3’ and 5’-CCGCTCGAGCGGGC-
GACTCAGATAACGTAC-3’ for 

 

OlGC1

 

, and 5’-CAGAAGCTTCAC-
CTGCTGGAAGTGGACC3’ and 5’-CATCTAGACCTCCTGTCATC-
TCATTGGC-3’ for 

 

OlGC2

 

, and 5’-GGAATTCTGGCTTATCATCAT-
GGC-3’ and 5’-CCTCTAGAGTCCTTCATCCGTTTGAGTTATCC-3’
for 

 

OlGC7

 

. The amplified cDNA was subcloned into the expression
vectors pCR

 

®

 

3.1 using the Eukaryotic TA Cloning

 

®

 

 Kit (Invitrogen).
COS-7 cells were maintained in Dulbecco’s modified Eagle

medium (DMEM) plus 10% heat-inactivated fetal bovine serum
(FBS) (HyClone

 

®

 

, Logan, UT, USA), 100 U/ml penicillin, 100 U/ml
streptomycin, and 292 

 

µ

 

g/ml glutamine (GIBCO

 

TM

 

) under 5% CO

 

2

 

-
95% air at 37

 

°

 

C in a humidified atmosphere. One day before trans-
fection, cells were plated at 4

 

×

 

10

 

5 

 

cells per well in a six-well plate
(for the intracellular cGMP assay; Fig. 3C), at 2

 

×

 

10

 

6 

 

cells per 10-
cm dish (for the assay of the GC activity in the membrane fraction;
Fig. 3D), or at 8

 

×

 

10

 

4 

 

cells per well in a 24-well plate (for the intra-
cellular cGMP assay; Fig. 4). Cells were transfected by lipofection
with the plasmid DNA (2 

 

µ

 

g of DNA/7.5 

 

µ

 

l of LIPOFECTAMINE
2000 (LF2000) Reagent per well in a six-well plate; 6 

 

µ

 

g of DNA/
22.5 

 

µ

 

l of LF2000 Reagent per 10-cm dish; 0.8 

 

µ

 

g of DNA/2 

 

µ

 

l of
LF2000 Reagent per well in a 24-well plate) according to the man-
ufacturer’s protocol (Life Technologies, Inc.). As a control, pCR3.1
vector was transfected alone. Forty-eight hr after the addition of the
respective construct DNA, the intracellular cGMP concentrations
and the GC activity in the membrane fractions were determined.

 

Preparation of membranes and assay of membrane GC activity

 

For the preparation of the membrane fractions, COS-7 cells
were plated in three 10-cm dishes and harvested 48 hr after trans-
fection. Cells expressing OlGC8 were washed twice with 5 ml of
ice-cold phosphate-buffered saline (PBS) and then were scraped
into a 0.5 ml dish containing an ice-cold solution consisting of the
homogenization buffer and 1:1000 dilution of a Protease Inhibitors
Mixture and DMSO solution for Mammalian Cell and Tissue
Extracts (Wako Pure Chemical Industries, Ltd. Osaka, Japan). Cells
were homogenized with a glass homogenizer and centrifuged for 1
hr at 2

 

°

 

C at 100,000

 

×

 

g. The resulting membrane pellet was washed
twice with 500 

 

µ

 

l of the homogenization buffer. The membranes
were resuspended in 200 

 

µ

 

l of the homogenization buffer and used
for assaying the membrane GC activity or for the Western blot
analysis.

Assays of membrane GC activity were performed in a 100 

 

µ

 

l
reaction mixture consisting of 50 mM NaCl, 0.25 mM IBMX, 0.1%
BSA, 5 mM creatine phosphate, creatine phosphokinase (10 U), 1
mM GTP, 1 mM ATP, 5 mM MgCl

 

2

 

/3 mM MnCl

 

2, and 25 mM
HEPES, pH 7.4, as well as 0.1% Triton X-100, as indicated. The
reaction was started by the addition of a membrane fraction to the
reaction mixture and continued for 10 min at 37°C and stopped by
addition of a 10% solution of trichloroacetic acid (TCA) to give a
final concentration of 5%. TCA in the reaction solution was
extracted with diethyl ether, and then the cGMP concentration was
determined by PROTOCOL 1 of the cGMP enzyme immunoassay
(EIA) system (Amersham Pharmacia Biotech., Buckinghamshire,
UK) according to the manufacturer’s protocol.

Immunological methods
A polyclonal antibody against OlGC8 was created in rabbits

using a synthetic peptide, YMTTESICGPWIPDDGKIF, correspond-
ing to the amino acid sequence of a part of the extracellular domain
(residues 114–132). The Western blot analysis was carried out
essentially by the method of Towbin et al. (1979). The proteins of
the membrane fractions prepared from COS-7 cells transfected with
the OlGC8 plasmid were separated on a 6% sodium dodecyl sulfate
(SDS)-polyacrylamide gel and transferred electrophoretically to an
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ImmobilonTM PVDF membrane (Millipore, Bedford, MA, USA). After
incubation with Block Ace (Dainippon Pharmaceutical Co. Ltd.,
Osaka, Japan) at 4°C overnight, the membrane was washed with
PBST (137 mM NaCl, 2.7 mM KCl, 8.1 mM Na2HPO4, 1.5 mM
KH2PO4, and 0.1% Tween 20) and incubated in a 1:1000 dilution of
anti-OlGC8 rabbit anti-serum for 1 hr at room temperature. The
membrane was washed three times with PBST and then reacted
with a 1:3000 dilution of a horseradish peroxidase-linked anti-rabbit
antibody (Amersham Pharmacia Biotech.) in PBST. After washing
the membrane three times with PBST, the antibody-reacted protein
bands were visualized using an enhanced chemiluminescence
(ECL) detection kit (Amersham Pharmacia Biotech.).

Tissue extraction
Brain (402.1 mg), heart (96.7 mg), kidney (257.4 mg), testis

(117.1 mg), and ovary (352.6 mg) tissues were obtained from 100
mature adult individuals of the orange-red variety of O. latipes and
were homogenized in a five-fold weight/volume homogenization
buffer containing 10% glycerol, 100 mM NaCl, 1 mM EDTA, and 50

mM HEPES, pH 7.4. The homogenate was then boiled for 10 min
and cooled before centrifugation at 10,000 × g for 30 min at 4°C.
The resulting supernatant sample (500 µl) was used for further
experiments.

Intracellular cyclic GMP formation in intact COS-7 cells
The intracellular cGMP concentrations increased by transiently

expressed membrane GC in intact COS-7 cells were determined by
the method described by Koller et al. (1991). For the determination
of cGMP accumulation in COS-7 cells expressing the appropriate
plasmid DNA, the medium was exchanged with DMEM (without
additives) containing 0.1 mM 3-isobutyl-1-methylxanthine (IBMX) at
37°C. After 10 min, the medium was exchanged with DMEM con-
taining 0.1 mM IBMX without additives (Fig. 3C, or controls in Fig.
4) or with 1 µM each the following rat natriuretic peptide: ANP (28
amino acids), BNP-32, CNP (32-53), and C-ANF (4-23) (des [Gln18,
Ser19, Gln20, Leu21, Gly22] ANF (4-23)-NH2) (Peninsula Laborato-
ries, Inc., San Carlos, CA, USA) or the medium was exchanged
with 20 µl medaka fish tissue extract, and incubated for an addi-

Table 1. Primers used in LA-PCR analysis of the OlGC8 gene

Primer No. sense primers sequence
position
in cDNA Primer No,. antisense primers sequence

position
in cDNA Exon No.

annealing
temp.(°C)

3’-15 5’-CGATTCCACATTAACGGCTGG-3’ 1263–1283 5’-23 5’-GTTTGCAGGACACTCGTGACGT-3’ 2532–2511 1~ 5 62

3’-13 5’-TTCATCGTCCGTCCATCAGTCC-3’ 2151–2172 5’-18 5’-AGTCAGACAGCTGGTGTTGCTG-3’ 3111–3090 2~10 60

3’-12 5’-TGTGGCGATTGTCCCATGA-3’ 2869–2887 5’-10 5’-CTGAAGACGTCTCCAGCTAGC-3’ 3668–3648 8~14 60

3’-19 5’-GAGGTTCCAAACATCGCC-3’ 3310–3327 5’-04 5’-GTACGGCGTGCTGCTGCTGG-3’ 4167–4148 12~20 63

3’-05 5’-CAACGCTAGCTGGAGACGT-3’ 3644–3662 5’-01 5’-GAGGATGCCGTTCTCCTGAGG-3’ 4302–4282 14~21 63

3’-08 5’-GTACAAGGTGGAGACCATCGG-3’ 4233–4253 5’-C1 5’-CGTCAAACACGTGTGACGCTG-3’ 4866–4846 20~24 63

Fig. 1. Molecular phylogenetic analysis of the amino acid sequences of medaka fish and rat membrane GCs. The amino acid sequences of
the catalytic domains of GCs were subjected to phylogenetic analysis (see “Materials and Methods”).
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tional 10 min. The reaction was stopped by replacing the medium
with lysis reagent 1 working solution (cGMP EIA system) and the
plate was shaken on a microplate shaker for 10 min at room tem-
perature. The cGMP concentration was estimated by PROTOCOL
3 of the cGMP EIA system according to the manufacturer’s protocol.

Southern blot hybridization
The Southern blot was carried out with the same membrane as

that used in the previous study (Yamagami et al., 2001). The mem-
brane was reprobed with boiled 0.5% SDS solution before pre-
hybridization. A 319-bp OlGC8 genomic DNA fragment (nucleotides

3552–3780) was labeled with [α-32P] dCTP using the Random
Primer DNA Labeling kit Version 2 (Takara Shuzo) and was used
as a probe. The membrane was washed twice with 2×SSC contain-
ing 0.1% SDS and once with 1×SSC containing 0.1% SDS at 50°C
for 15 min.

Isolation and characterization of a genomic DNA clone for
OlGC8 from a medaka fish bacterial artificial chromosome
(BAC) library

High-density replica membranes of an O. latipes Hd-rR inbred
strain genomic BAC library were uesd for the screening (Matsuda

Fig. 2. The nucleotide and deduced amino acid sequences of OlGC8 cDNA. The deduced amino acid sequence is indicated by the single-let-
ter code. The signal peptide sequence is indicated by lower-case letters. The amino acids are numbered relative to the predicted signal cleav-
age site (+1). A potential N-linked carbohydrate binding site is underlined. Open boxes denote cysteine residues in the extracellular domain. A
stop codon is indicated by an asterisk. Open boxes (I) ~ (IV) indicate the extracellular, transmembrane, kinase-like, and cyclase catalytic
domains, respectively. Open box (A) indicates the region used for the probe in the RNase protection analysis. The first and second transcrip-
tion initiation sites are indicated by an open circle. The upstream-pointing arrow inside the 5’-UTR designates the site used to form the primers
for the primer extension analysis (see Fig. 7). The downstream-pointing arrows inside the 5’-UTR designate the site which was deleted by
splicing in the testis tissue samples (see Fig. 9A). The four arrowheads point out the sites of introns 1, 2, 17, and 18.
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et al., 2001). The membrane preparation and the screening method
were essentially performed as described previously (Yamagami et
al., 2001). To isolate the BAC clone containing the OlGC8 gene, the
hybridization was carried out using a probe made by PCR using the
O. latipes Hd-rR inbred strain genomic DNA as a template and the
following primers: the 5’-C1 primer (5’-CAGGTGGTGGACTTCCT-
CAAC-3’) and the 3’-5 primer (5’-CAACGCTAGCTGGAGACGT-3’).
Genomic DNA was isolated from one individual of O. latipes Hd-rR
inbred strain, as described previously (Yamagami et al., 2001).

QIAGEN plasmid midi and maxi kits (QIAGEN, Hilden, Ger-
many) were used for BAC DNA isolation from the bacterial culture.
Based on the nucleotide sequence of the OlGC8 cDNA, various
specific oligonucleotide primers were designed to amplify the intron
regions of positive BAC clones and to effectively carry out sequenc-
ing (Table 1). Long and accurate polymerase chain reaction (LA-
PCR) was performed using a combination of these primers under
the following conditions: after an initial denaturing step of 5 min at
94°C, the PCR was carried out with 30 cycles of denaturation for
20 sec at 98°C, followed by annealing and extension for 20 min at
59–68°C (depending on the primers), and a final extension at 72°C
for 10 min. Primers positioned in the exon were used to determine
the intron size by PCR of the positive BAC clone DNA used as a

template. The PCR product was also subcloned into the plasmid
vector pBluescript II KS(–) or KS(+) (Stratagene) and sequenced.

Primer extension analysis
In order to identify the transcription start site, a primer exten-

sion experiment was carried out as described previously (Yamag-
ami et al., 2001). A 32P-end-labeled oligonucleotide primer (5’-TGT-
CAGGAATGTTTGGACGC-3’ ; 5×104cpm) was hybridized with 5 µg
of the medaka fish ovary poly(A)+RNA under the following condi-
tions: hybridization took place in a total of 20 µl of 10 mM Tris-HCl
(pH 8.3) containing 1 mM EDTA and 0.25 M KCl kept at 65°C for
90 min and then at room temperature for 90 min or in a 10 µl solu-
tion containing 2 M NaCl and 50 mM PIPES (pH 6.4) kept at 85°C
for 2 min and then at 56°C for overnight.

Northern blot hybridization
Northern blot analysis was performed using poly(A)+RNA (7.5

µg) isolated from the adult medaka fish brain, gill, kidney, testis, and
ovary, and a nucleotide fragment corresponding to the OlGC8
cDNA (nucleotides 1607–2115 or 2151–2937) was used as a probe
according to a previously described procedure (Yamagami et al.,
2001). The membrane was washed twice with 2×SSC containing

Fig. 3. Guanylyl cyclase activity in COS-7 cells overexpressing OlGC8. (A) The schematic diagram of OlGC8 and GC8-CAT. OlGC8 con-
tained an extracellular domain, a transmembrane domain, and intracellularly, a kinase-like domain and a catalytic domain. GC8-CAT encoded
only the catalytic domain. (B) Immunoprecipitation of OlGC8 expressed in COS-7 cells. The COS-7 cells transfected with OlGC8 or the expres-
sion vector (pCR3.1) were homogenized and immunoprecipitated with the polyclonal antibody specific to the extracellular domain of OlGC8
and the cells were analyzed on a 6% polyacrylamide gel, as described in Materials and Methods. The arrowhead indicates a 95 kDa-protein
which was the only protein to specifically react with the antibody. (C) The cGMP concentrations in COS-7 cells transfected with OlGC8, GC8-
CAT, and pCR3.1 expression vector in a 6-well plate. Cells were incubated twice for 10 min at 37°C in the presence of 0.1 M IBMX. The trans-
fection and cGMP assay were carried out four times independently, and the data are expressed as means ± S.D. (D) Membranes of COS-7
cells expressing OlGC8 in the 10-cm dish were assayed for GC activity. Membrane fractions were incubated in a reaction mixture in the pres-
ence of 5 mM Mg2+, 5 mM Mg2+ and 0.1% Triton X-100, 5 mM Mn2+, or 5 mM Mn2+ and 0.1% Triton X-100 for 10 min at 37°C and the reaction
was stopped by the addition of TCA (at a final concentration of 5%).
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0.1% SDS at 42°C for 15 min and with 0.1×SSC containing 0.1%
SDS for 10 min at 50°C.

RNase protection analysis
An RNase protection experiment was carried out using the total

RNA (10 µg) prepared from various adult medaka fish organs and
an antisense cRNA probe transcribed from the 5’-noncoding region
corresponding to nucleotides 2029-2336 of the OlGC8 cDNA, as
described previously (Yamagami et al., 2001). A plasmid containing
a cDNA fragment of the 3’-noncoding region (1741-1840) of
medaka fish cytoplasmic actin gene OlCA1 (Kusakabe et al., 1999)
was used as a template for the synthesis of a cRNA probe.

RNA Ligase-Mediated Rapid Amplification of cDNA Ends (RLM-
RACE), and Riverse Transcription-Polymerase Chain Reaction
(RT-PCR)

To confirm the sequence of the 3.3 kb-OlGC8 mRNA, the 5’-
portion of the cDNA was amplified by the RLM-RACE method
(Maruyama and Sugano, 1994) using the First ChoiceTM RLM-
RACE Kit (Ambion, Austin, TX, USA). This experiment was carried
out using the total RNA (5 µg) isolated from the adult medaka fish
brain and the 5’ RLM-RACE kit according to the manufacturer’s
standard protocol. After the reaction of reverse transcription, PCR
was performed as follows: denaturation at 94°C for 3 min followed
by 30 cycles of denaturation for 30 sec at 96°C, annealing for 30

Fig. 4. GC activity of OlGC8 and three medaka natriuretic peptide receptors with various medaka fish tissue extracts or rat natriuretic pep-
tides. COS-7 cells expressing the appropriate receptor (OlGC1, OlGC2, OlGC7, or OlGC8) or empty expression vector (pCR3.1) in a 24-well
plate were treated with the medaka fish tissue extract (A), with 1 µM rat natriuretic peptides (B), or with medium alone, and then the intra-
cellular cGMP concentrations were determined. Transfection and cGMP assays were performed four times independently, and the resulting
values are expressed as means ± S.D. (A) medaka fish tissue extracts: 1, brain; 2, heart; 3, kidney; 4, testis; 5, ovary; 6, control (medium
alone). (B) rat natriuretic peptides: 1, ANP; 2, BNP; 3, CNP; 4, C-ANF; 5, control (medium alone).
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sec at 60°C, and extension for 2.5 min at 72°C, and the final exten-
sion was carried out at 72°C for 10 min. The 5’-RACE Outer Primer
and gene-specific antisense oligonucleotide primer 5’-23 (nucle-
otides 2511–2532) were used for Outer 5’ RLM-RACE PCR. A 1:25
volume of the primary products was reamplified by PCR using the
same conditions as those given above; Inner 5’-RACE Inner Primer
was used for this experiment, and gene specific primer 5’-63 (nucle-
otides 2313–2333) was used for Inner 5’ RLM-RACE PCR.

For RT-PCR to detect that no excision of introns had taken
place, 5 µg of total RNA from various adult medaka fish organs was
used as a template to synthesize the first-strand cDNA using an
oligo(dT) primer according to the manufacturer’s protocol (Super
Script Preamplification System for First Strand cDNA Synthesis).
The cDNA fragment containing the catalytic domain of OlGC8 was
amplified by PCR from the of medaka fish brain. The primer pair
used was as follows: 5’-TCGGTGCCGTTCTCATAACCC-3’ (identi-
cal to nucleotides 3828-3848) and 5’-CGTCAAACACGTGTGAC-
GCTG-3’ (complementary to nucleotides 4846–4866).

To determine the sequences of several spliced variants from
the testis, we carried out RT-PCR using the testis and kidney first
strand cDNA of medaka fish. The primer pair used was as follows:
5’-CCTGTGATCTCCTGCACGCTC-3’ (identical to nucleotides 1288–
1308 in the genome) and 5’-AGCAGTTCTCTCCGTTGGCGTC-3’
(complementary to nucleotides 3849–3870 in the genome). The
RACE and RT-PCR products were purified and subcloned into the
plasmid vector pBluescript II KS(–) (Stratagene).

Other methods
SDS-polyacrylamide gel electrophoresis (SDS-PAGE) was car-

ried out essentially as described by Laemmli (1970). The protein
concentration was determined by the method of Schacterle and Pol-
lack (1973). The nucleotide sequence was determined by the
dideoxy chain termination method (Sanger et al., 1977) with an
Applied Biosystems 377 sequencer or a 3100 Genetic Analyzer,
and analyzed with DNASIS software (Hitachi Software Engineering
Co., Yokohama, Japan) and GENETY X-MAC/version 7.2.0. (Soft-
ware Development Co., Ltd. Tokyo, Japan).

Alignment of the amino acid sequences was carried out using
ClustalW available on WWW Service at the European Bioinforma-
tics Institute (URL; http://www.ebi.ac.uk/clustalw) (Thompson et al.,
1994). Transcription-factor binding sequences within the enhancer
element were scanned using the TFSEARCH program from
GenomeNet (http://www.rwcp.or.jp/papia/) (Heinemeyer et al.,
1998). Genome sequences held on the Ensembl Genome Browser
(http://www.ensembl.org/) and the Fugu database (UK HGMP-RC;
http://fugu.hgmp.mrc.ac.uk) were analyzed using the BLAST or
TBLASTN search programs available at the site.

RESULTS

Isolation and characterization of cDNA clone encoding
OlGC8

The comparison of the nucleotide and deduced amino
acid sequences of a 341 bp-cDNA fragment obtained from
the medaka fish ovary by RT-PCR with those of known ver-
tebrate and invertebrate membrane GCs indicated that the

Fig. 5. Alignment of the amino acid sequence of OlGC8 with that of three medaka fish natriuretic peptide receptor/membrane GC homologs.
The signal peptide sequence is indicated by lowercase letters. The identical amino acid residues among four proteins are indicated by aster-
isks below the sequence. Gaps in the sequence are indicated by dashes (–). The locations of introns are indicated by vertical bold lines. Open
boxes indicate the transmembrane, kinase-like, and cyclase catalytic domains. Open circles indicate the conserved Cys and His-Trp residues.
The open circle by the striped line in catalytic domain is represented by E, was reported in the mutagenesis analysis (Wedel et al., 1997).
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cDNA fragment is similar but not identical to those of other
known membrane GCs (Fig. 1). We obtained the full-length
cDNA clone (referred to as OlGC8) by repeated 5’-RACE (4
times) and 3’-RACE, the products of which overlapped at
46-1150 bp with the end of the clone that had been isolated.
The complete OlGC8 cDNA was 4958 bp in length and con-
sisted of a 2196-bp 5’-untranslated region (UTR), a 2577-bp
open reading frame (ORF), and a 186-bp 3’-UTR. Termina-
tion codons occurred in all three frames upstream of the
putative initiation codon (ATG) and the nucleotides around
the putative initiation codon fit the preferred sequence con-
text for the initiation of protein synthesis in eukaryotic
mRNAs (Kozak, 1983). The ORF of OlGC8 cDNA predicted
a protein of 859 amino acids and contains an amino-terminal
signal sequence of 21 amino acids (Kyte and Doolittle,
1982; von Heijne, 1983). The mature protein with 838 amino
acids was composed of a rather small extracellular domain
(residues 1–214), a transmembrane segment (residues
215–233), an intracellular protein kinase-like domain (resi-
dues 266–549), and a cyclase catalytic domain (residues
569–796). The comparison of the amino acid sequence of
OlGC8 with those of other known membrane GCs indicated
a very low degree of similarity in the extracellular domain.
There were 14 Cys residues in the extracellular domain of
OlGC8, and only one potential N-linked carbohydrate bind-
ing site was identified in the domain (Fig. 2). The amino acid
sequence identity in the catalytic domain of OlGC8 to that of
rat GC-G, rat GC-A, rat GC-B, and medaka fish OlGC1 was
56%, 61%, 61%, and 62%, respectively.

Expression of OlGC8 activity
To confirm whether or not the OlGC8 gene encodes an

active GC, the whole cDNA or the cDNA fragment for the
catalytic domain was expressed in COS-7 cells and the GC
activity was measured (Fig. 3A). As shown in Fig. 3B, West-
ern blot analysis using the antibody specific to the extra-
cellular domain of OlGC8 demonstrated that a 95 kDa protein
was the only protein that specifically reacted with the anti-
body when the membrane proteins prepared from COS-7
cells transfected with the OlGC8 construct for the whole pro-
tein were used. The molecular mass of the former protein
corresponded to a molecular weight of 93,780, as calculated
based on the amino acid composition of OlGC8. As shown
in Fig. 3C, the cGMP concentrations in COS-7 cells trans-
fected with the OlGC8 construct for the whole protein or with
a 283 amino acid fragment (the putative catalytic domain)
were significantly higher than those with vector (pCR3.1)
alone. The membrane fractions prepared from COS-7 cells
transfected with the OlGC8 construct for the whole protein
exhibited higher GC activity in the presence of Mn2+/Triton
X-100 than that in the presence of Mn2+ alone (Fig. 3D).

To examine whether or not adult medaka fish tissues
contain specific ligands for OlGC8 in addition to the already
isolated and characterized putative medaka fish natriuretic
peptide receptors (OlGC1, OlGC2, and OlGC7), we tested
the effects of various medaka fish tissue extracts on COS-7

cells transfected with the OlGC8 construct as well as the
OlGC1, OlGC2 or OlGC7 construct. As shown in Fig. 4A,
the cGMP concentrations in COS-7 cells transfected with
the OlGC8 construct retained the basal level in the presence
as well as in the absence of tissue extract. However, the
cGMP concentrations in COS-7 cells transfected with the
OlGC1 construct were increased by addition of the brain
extracts and those transfected with the OlGC2 construct
were increased by heart extract. Both the brain and heart
extracts increased the cGMP concentrations in COS-7 cells
transfected with the OlGC7 construct. As shown in Fig. 4B,
rat BNP and CNP activated OlGC1, which was expressed in
COS-7 cells; rat ANP activated both OlGC1 and OlGC2,
although rat C-ANF did not stimulate the activity of OlGC1
and OlGC2 expressed in COS-7 cells. Moreover, all of the
rat natriuretic peptides (ANP, BNP, CNP, and C-ANF) stim-
ulated the GC activity of OlGC7 expressed in COS-7 cells
much more effectively than they stimulated the GC activity
of OlGC1 and OlGC2, which were expressed similarly in the
COS-7 cells; however, OlGC8 remained at a constant low
level of activity with or without tissue extract or rat natriuretic
peptides.

The comparison of the deduced amino acid sequence
of OlGC8 with those of three putative medaka fish natriuretic
peptide receptors, OlGC1, OlGC2 and OlGC7 is shown in
Fig. 5. The positions and the number of Cys residues in the
extracellular domain differ between OlGC8 and the other
three OlGCs. The His-Trp residues, which are considered to
be the ligand-binding site and are conserved in the three

Fig. 6. Genomic Southern hybridization analysis. Genomic DNA
(10 µg) from a single individual of the O. latipes Hd-rR inbred strain
was digested with BamHI, EcoRI, or HindIII. The blot was hybridized
with a 32P-labeled OlGC8 cDNA probe.
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putative medaka fish natriuretic peptide receptors, were not
seen in OlGC8 in the corresponding positions.

Genomic Southern analysis
Southern blot hybridization using the medaka fish (Hd-

rR strain) genomic DNA demonstrated that the OlGC8 probe
produced only one positive signal in each of the three lanes
(Fig. 6). The size of the band in each lane was consistent
with that of the DNA fragment obtained from digestion of the
genomic DNA by the restriction enzymes, suggesting that a
single OlGC8 gene exists in the medaka fish genome.

Characterization of a genomic DNA clone for OlGC8
A genomic BAC library of the O. latipes Hd-rR strain

was screened with a genomic DNA fragment of OlGC8
(nucleotides 3644–4866, including exons/introns 14–24)
used as a probe. By sequencing a positive BAC clone, we
obtained a complete nucleotide sequence of the OlGC8
gene with 14.3 kbp consisting of 24 exons and a promoter
region (Fig. 7). The nucleotide sequences of all the splice
junctions were in good agreement with the GT/AG rule
(Mount, 1982). The exon-intron organization and the exon
sizes were completely different from those of mammalian
GC-A or medaka fish natriuretic peptide receptor/membrane
GCs (Fig. 5). The 5’-UTR of the OlGC8 cDNA was rather big
and there was an intron 1 at the end of the 5’-UTR.

Identification of the 5’-end nucleotide of the OlGC8 tran-
scripts by primer extension analysis

As shown in Fig. 7 (box at the lower left), a primer
extension analysis demonstrated that the 5’-end nucleotide
was at the nucleotide position 2196 bp (G) upstream of the
putative initiation codon, as shown by using poly(A)+ RNA
from the ovary; this finding indicated that the complete
OlGC8 cDNA is 4958 bp in length and possesses a 2196-
bp 5’-untranslated region (UTR). There was no typical TATA
box in the 5’-flanking region upstream of the first putative
transcription initiation site of the OlGC8 gene.

Tissue-specific expression of different sizes of the
OlGC8 transcripts

As shown in Fig. 8A, Northern blot hybridization using
poly(A)+ RNA from the adult medaka fish tissues and using
a cDNA fragment corresponding to the 5’-UTR as a probe
(Fig. 7, probe A) demonstrated the existence of a 5 kb-
OlGC8 transcript in the kidney and testis. However, when a
cDNA fragment corresponding to exon 2 to exon 8 encoding
the extracellular domain of OlGC8 (Fig. 7, probe B) was
used as a probe for hybridization using the same mem-
brane, another signal at a position corresponding to 3.3 kb
was detected with the brain poly(A)+RNA, whereas a signal
at 5 kb was also detected with poly(A)+RNA from the kidney
and testis (Fig. 8B). To clarify how the 3.3 kb-mRNA was

Fig. 7. Genomic structure and schematic diagram of cDNA of OlGC8 and identification of the transcription initiation site by primer extension
analysis of the OlGC8 gene. The open boxes indicate 5’- and 3’-untranslated regions, and the solid boxes show protein coding regions in the
genomic structures. Introns are indicated by lines. Two schematic diagrams of cDNAs are presented under the genomic structure. Exon num-
bers are shown in the cDNA structure. ECD, extracellular domain; TM, transmembrane domain; KLD, kinase-like domain; CYC, cyclase cata-
lytic domain. The numbers inside the open boxes indicate the nucleotide position in the cDNA. The regions of the probe using Northern blot
analysis are shown as two bars under the structure of the cDNA. A lack of excision of introns 17 and 18 is indicated by two striped boxes inside
the 3261 bp-cDNA. The box at the lower left indicates the results of the primer extension analysis. A radiolabeled antisense oligonucleotide
primer corresponding to the 20 bp (183–202; indicated by an arrow in Fig. 2) for OlGC8 was hybridized with 5 µg of poly(A)+RNA isolated from
the medaka fish ovary. In order to produce the sequence ladder, a dideoxy DNA sequencing reaction of OlGC8 genomic DNA was performed
using the same antisense oligonucleotide primer. The corresponding nucleotide in the sequencing ladder is marked by an asterisk (*). The
hybridization was carried out at 65°C for 90 min and then was continued at room temperature (RT) for 90 min, and the other hybridization was
performed at 85°C for 2 min and then was maintained at 56°C overnight.
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produced in the brain, an RNase protection assay was car-
ried out using a probe complementary to the 306 bases of
the 5 kb-mRNA (Fig. 9A, striped arrow). As shown in Fig. 9B
(arrowhead A), a strong signal at 306 bp due to the 5 kb-
OlGC8 transcript was detected with poly(A)+RNA from the
kidney and testis, and a weak signal at 306 bp due to the 5
kb-OlGC8 transcript was detected with that from the ovary
and brain. Another band migrated between 154 and 201 bp,
which was thought to be the result of the protection of the
last 168 bp of the probe (Fig. 9A, arrow C; Fig. 9B, arrow-
head C); this latter band was detected only in the case of
the brain poly(A)+RNA. On the other hand, several different
bands with weak intensity were detected in the poly(A)+RNA
of the kidney and testis; these bands were located some-
what under the 220 bp marker, a finding which was attrib-
uted to the protection of the last 210 bp of the probe (Fig.
9A, arrow B; Fig. 9B, arrowhead B). Moreover, three weak
bands migrated between 75 bp and 134 bp, and were
detected in the testis samples (Figs. 9A and 9B, arrow d, e, f).

A variety of sizes of OlGC8 transcripts were detected in
the brain samples, and were also detected in the samples
from the kidney and testis; the presence of these different
transcripts in the kidney and testis were confirmed by RT-
PCR (Fig. 8). A band protected at about 210 bp was due to
an mRNA which was thought to be spliced starting at 1010
bp (Fig. 9A, broken line and arrow in 5’-UTR) to 2126 bp of
the cDNA nucleotides (Fig. 9A, arrow B). The nucleotide
position at 2126 bp was located at the first intron, and the
nucleotide position at 2227 bp was located at the second
intron. As seen in the RT-PCR products, we detected sev-
eral different sizes of OlGC8 transcripts in the testis, most
likely due to a deletion from somewhere between the nucle-
otide position at 1010 bp to the first or second intron site
(Fig. 9A, arrow B, d), or else due to deletion of a nucleotide

near intron 2 (Fig. 9A, arrow e, f). This finding was in good
agreement with the RNase protection analysis, which
revealed that a fragment of approximately 80-90 bp cDNA
was protected between 75 bp to 134 bp (Fig. 9B, asterisk*)
when the testis sample was examined.

Identification of the 5’-end nucleotide of the 3.3 kb-
mRNA by RNA Ligase-Mediated Rapid Amplification of
cDNA Ends (RLM-RACE) and Riverse Transcription-
Polymerase Chain Reaction (RT-PCR)

Since Northern blot and RNase protection analyses
indicated that a 3.3 kb-mRNA is a major OlGC8 transcript in
the adult medaka fish brain, it became important to assign
the 5’-end nucleotide of the 3.3 kb-mRNA in order to clarify
how this mRNA was formed. We employed the RLM-RACE
method for the assignment of the 5’-end nucleotide. The
nucleotide was detected at the nucleotide position at 2168
bp (A) downstream of the first transcription site using the
adult medaka fish brain total RNA; this site was referred to
as the second putative transcription initiation site. The size
of an mRNA transcribed from the second putative transcrip-
tion initiation site was estimated to be 2790 b. To determine
whether or not the second transcription initiation site was for
the 3.3 kb-mRNA, we amplified a partial OlGC8 mRNA
expressed in the medaka fish brain by RT-PCR using
OlGC8 specific primers, and we obtained two cDNA frag-
ments of different sizes that encoded the catalytic domain.
Subsequent sequencing of these RT-PCR products
revealed that the shorter cDNA fragment (1039 bp) corre-
sponded to the normal OlGC8 cDNA and the longer cDNA
fragment (1510 bp) corresponded to a OlGC8 cDNA with
intron 17 (178 bp) and intron 18 (293 bp) (Fig. 7, striped
boxes in the schematic cDNA structure depicted at the bot-
tom).

Fig. 8. Northern blot analysis of the OlGC8 transcripts in various adult medaka fish organs. (A) and (B) Northern blot analysis was carried out
using poly(A)+RNA (7.5 µg) from the brain, gill, kidney, testis, and ovary. The radioactive bands are indicated by arrowheads. The positions
and sizes of the RNA markers are shown on the left. The same blot was hybridized with a 32P-labeled cDNA probe for a portion of the 5’-UTR
(A) or the extracellular domain (B) of OlGC8 (see Fig. 7).
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Fig. 9. Schematic diagram of OlGC8 cDNA expressed in kidney, brain, or testis, and the position of the probe used for RNase protection anal-
ysis and depiction of the regions of several protected bands, and RNase protection analysis of OlGC8 transcripts. (A) The upper schematic
diagram denotes cDNA expressed in the kidney and testis. The second schematic diagram indicates cDNA expressed in the brain. The lower
four diagrams denote spliced variants of cDNA expressed in the testis. The grey bar indicate probe using RNase protection analysis, and the
protected bands are shown as black bars (A, B, C, d, e, f) pointed at by black or white arrows. The black arrows indicate that the sequence of
the protected band represented by the bar was confirmed by sequencing, and the white arrows indicate that the sequence of the protected
band indicated by the bar remains unknown. (B) RNase protection analysis of the OlGC8 transcripts in various adult medaka fish organs. Total
RNA (10 µg) obtained from various medaka fish organs was hybridized with an antisense cRNA probe (172 nucleotides) for OlGC8. An anti-
sense cRNA probe for OlCA1 (100 nucleotides) was used as an internal control. After digestion with RNase, the protected fragments were sep-
arated by electrophoresis on a 6% polyacrylamide/7 M urea gel and autoradiographed.
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DISCUSSION

In this study, we isolated a new membrane GC (OlGC8)
from the medaka fish, O. latipes, which does not belong to
any known membrane GC groups, e.g., natriuretic peptide
receptors, sensory organ-specific GCs, heat-stable entero-
toxin/guanylin receptors, or orphan receptor-type GC (such
as rat GC-G) (Schulz et al., 1998). The OlGC8 cDNA con-
tained a long 5’-UTR (2196 bp) and a short extracellular
domain-coding region (641 bp), the size of which was only
half that of other known membrane GCs. The intron/exon
boundaries of the OlGC8 gene were completely different
from those of the other known medaka fish membrane GC
genes (OlGC1-OlGC7). On the other hand, the amino acid
sequences of the intracellular kinase-like and cyclase cata-
lytic domains of OlGC8 were similar to those of the putative
medaka fish natriuretic peptide receptors (OlGC1, OlGC2,
and OlGC7) (Fig. 5), and were also similar to the other
known vertebrate membrane GCs (data not shown). Further-
more, the whole protein, overexpressed in COS-7 cells,
showed an increase in intracellular cGMP concentrations in
the cells (Fig. 3C). It was also found that membrane frac-
tions prepared from OlGC8-transfected COS-7 cells exhib-
ited GC activity in the presence of Mn2+, and much higher
activity in the presence of Mn2+ and Triton X-100 (Fig. 3D),
which is typical for membrane GCs (Potter and Garbers,
1992). Therefore, we concluded that the OlGC8 gene is a
novel type of membrane GC gene.

It has previously been reported that the natriuretic pep-
tide receptor/membrane GCs are regulated negatively by a
kinase-like domain and that they are activated by the bind-
ing of ligands to the extracellular domain or by the binding
of intracellular activators to the kinase-like domain (Chinkers
and Garbers, 1989; Sharma, 2002). Wedel et al. (1997)
reported that a single point mutation (Glu974 to Ala) within
the catalytic domain of rat GC-A results in a constitutively
hyperactive enzyme due to a release from negative regula-
tion by a protein kinase-like domain; that finding indicated
that Glu974 is a key amino acid residue for negative regula-
tion by the protein kinase-like domain. As shown in Fig. 3C,
the whole protein and the catalytic domain alone of OlGC8
expressed in COS-7 cells increased the intracellular cGMP
concentrations in the cells to almost the same levels as
those observed with or without the addition of any known
ligands such as ANP, BNP, CNP, and C-ANF; this finding
suggests that the kinase-like domain of OlGC8, the catalytic
domain of which contained an Asn residue in the position
corresponding that of Glu974 in the catalytic domain of GC-
A (Fig. 5), did not suppress the catalytic domain of OlGC8.
However, as shown in Fig. 4A, the tissue extracts prepared
from the kidney and testis, in which the OlGC8 gene was
expressed abundantly, and natriuretic peptides (e.g., ANP,
BNP, CNP, and C-ANF) did not activate OlGC8 expressed
in COS-7 cells, whereas OlGC1, OlGC2, and OlGC7,
expressed similarly in COS-7 cells, were differentially acti-
vated tissue-specifically by the extracts and natriuretic pep-

tides (Fig. 4B). It has previously been reported that the
extracellular domain of the known natriuretic peptide recep-
tors possesses five to seven conserved Cys residues con-
sidered to be important for the formation of specific
conformations for ligand-binding (Itakura et al., 1994; Stults
et al., 1994) and conserved His-Trp residues considered to
be the ligand-binding site (Iwashina et al., 1994). As shown
in Fig. 5, the extracellular domains of OlGC1, OlGC2, and
OlGC7 contain such conserved residues, although there
were no such conserved residues in the extracellular
domain of OlGC8. All of these findings, when taken
together, indicate that it is difficult for ligands such as ANP,
BNP, CNP, and C-ANF to bind to the extracellular domain
of OlGC8, and that no small peptidic ligand specific for
OlGC8 is present in these medaka fish tissues. Therefore,
we presume that OlGC8 is a novel orphan receptor-type
membrane GC, although the present findings do not rule out
the possibility that the medaka fish contains unknown pro-
tein factors such as GCAP1 or GCAP2 which may regulate
OlGC8 by binding to its intracellular domain. However, the
mechanisms responsible for the regulation of OlGC8 activity
remain unclear at this point in time.

It has previously been reported that GC-A is activated
by both ANP and BNP, both of which are synthesized and
secreted from the heart (Bloch et al, 1986; Forssmann et al.,
1998), and that GC-B is activated by CNP, which is synthe-
sized in the brain (Koller et al., 1991; Sudoh et al., 1990). In
a previous study, we suggested that OlGC1, OlGC2, and
OlGC7 are the medaka fish homolog of the respective mam-
malian natriuretic peptide receptor (Takeda and Suzuki,
1999; Yamagami et al., 2001), i.e., OlGC1 is the homolog of
GC-B, and OlGC2 and OlGC7 are the homologs of GC-A;
however, no medaka fish natriuretic peptide has been iso-
lated to date. Actually, as shown in Fig. 4, OlGC1 was acti-
vated significantly by CNP as well as by the medaka fish
brain extracts, and OlGC2 was activated by ANP and the
medaka fish heart extracts. On the other hand, the ligand
specificity of OlGC7 was rather broad and OlGC7 was acti-
vated by various medaka fish tissue extracts (brain, heart,
kidney, testis, and ovary) and by various natriuretic peptides
(ANP, BNP, CNP); in fact, OlGC7 was even activated by C-
ANF, which is known to bind only to the natriuretic peptide
clearance receptor, NPR-C (Anand-Srivastava et al., 1990).
To the best of our knowledge, no paper has yet demon-
strated the activation of any type of natriuretic peptide
receptor by C-ANF. Along these lines, OlGC7 is known to be
a unique natriuretic peptide receptor; the activation of
OlGC7 by C-ANF and various medaka fish tissue extracts
suggests that the extracellular domain of OlGC7 is structur-
ally similar to that of NPRC, although the residues Ile188 and
Asn205 in the extracellular domain of human NPRC, which
are important for modulating hormone specificity (Engel and
Lowe, 1995), are not conserved in the extracellular domain
of OlGC7. It is known that the Japanese eel Anguilla japon-
ica contains ANP and CNP and a unique natriuretic peptide,
VNP, instead of BNP; it also contains two known natriuretic
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peptide receptors, NPR-A (GC-A) and NPR-B (GC-B), and
natriuretic peptide clearance receptors (NPR-C and NPR-D)
(Takei and Hirose, 2002). These findings led us to the con-
clusion that in addition to ANP, BNP, and CNP, medaka fish
may contain an as of yet unknown ligand, the structure of
which is similar to C-ANF and modulate OlGC7.

In the present study using Northern blot analysis, we
demonstrated that the 5 kb-OlGC8 transcript was expressed
in the kidney and testis and the 3.3 kb-OlGC8 transcript was
exclusively expressed in the brain (Fig. 8). Moreover, primer
extension analysis and RLM-RACE demonstrated that the
OlGC8 gene had two tissue-specific putative transcription
initiation sites. A database search revealed that there is no
TATA sequence upstream of these two putative transcrip-
tion initiation sites, although there are several consensus
sequences that bind to GATA-1, Cdx-A, and USF upstream
of the putative first transcription initiation site and to GATA-
1, Cdx-A, and AML-1 upstream of the putative second tran-
scription initiation site. Therefore, we presumed that the
OlGC8 gene has TATA-less promoters above the consen-
sus sequences, and that these promoters may contribute to
the regulation of the tissue-specific expression of the OlGC8
gene; however, an Sp1-binding consensus sequence, which
is typical for TATA-less promoters, was not seen upstream
of either of the putative transcription initiation sites.

When an OlGC8 mRNA was transcribed from the sec-
ond putative transcription initiation site and two introns (17
and 18) remained, the size of the resulting transcript was
3261 bp, which was in good agreement with the results
obtained by Northern blot and RNase protection analyses
(Figs. 8 and 9B); these results indicated that such transcrip-
tion and the lack of excision of introns 17 and 18 might
occur in the brain. The insertion (or lack of excision) of intron
17 led to the appearance of a new stop codon in the coding
region just prior to the catalytic domain, and the resultant
mRNA was translated into a protein of 609 amino acids
(66.2 kDa) lacking the cyclase catalytic domain. On the
other hand, the 5 kb-mRNA for OlGC8 was formed by tran-
scription from the first transcription initiation site in the
kidney and testis, provided the intron excision occurred cor-
rectly, and was translated to an active membrane GC of 893
amino acids. Although we are not aware of the biological
significance of the OlGC8 lacking the catalytic domain, this
form of OlGC8 might play a role as a dominant negative pro-
tein that inhibits the active form of OlGC8.

On the other hand, using RNase protection and RT-
PCR analyses on various OlGC8 mRNAs, we demonstrated
several spliced variants of the OlGC8 gene, in addition to
different transcripts such as a 5 kb-mRNA and a 3.3 kb-
mRNA. In this study, it was also shown that the major form
of splicing in the testis produced a 5 kb-mRNA that was
translated to the active form of OlGC8; the alternative minor
splicing reactions, which occurred in the testis exclusively,
produced several spliced variants (shown in Figs. 9A and
9B). The spliced variants lacking half of the 5’-UTR and
exon 2 would be translated from different first Met positions

to produce a variety of sizes of proteins containing no puta-
tive signal peptide. Since genomic Southern blot analysis
showed that a single copy of the OlGC8 gene was present
on the medaka fish genome (Fig. 6), we presumed that the
several mRNA species observed here were generated from
a single common gene, and that the variety in their 5’-UTR
might exert an influence on the degradation of the mRNA
(Fen and Daniel, 1991) and/or the various forms might help
to differentially compartmentalize the mRNA by allowing it to
be translated either immediately or by helping store it for
later use (Schmidt and Schiblar, 1995). Thus, it is plausible
that the translation of the OlGC8 mRNA is differentially reg-
ulated and that the relative abundance of a particular mRNA
species may not be correlated with its translation product. In
this regard, it should be mentioned that differences in the 5’-
untranslated region have been suggested as exerting an
influence on the stability of the mRNA and the efficiency of
translation, thereby rendering the post-transcriptional control
possible (Griffin et al., 2001). The alternative promoter
usage and splicing found in the OlGC8 gene may thus pro-
vide a mechanism for tissue-specific regulation of OlGC8
gene expression at both the translational and transcriptional
level.

Since the OlGC8 gene and the biological activity of its
translation product are very unique in terms of the mode of
its transcription and translation in comparison with those of
known membrane GCs, one may consider the question of
whether the OlGC8 gene exists only in the medaka fish O.
latipes, or if this gene also occurs in other species. GenBank
Nucleotide Sequence Database search revealed that a 576-
bp fragment of human mRNA (XM 095884) similar to a part
of extracellular and kinase-like domains of OlGC8, although
any similar sequences to OlGC8 were not found in the other
species genome database, such as mouse, rat, zebrafish, or
mosquito except the fugu database. The Japanese puffer-
fish Fugu rubripes has been used as a model vertebrate
because of its minimal genome size of only 400 Mb, which
is one-fifth the size of the medaka fish O. latipes (Naruse et
al., 2000; Wittbrodt et al., 2002; Venkatesh et al., 2000).
Recently, the draft sequence data of the whole genome
obtained by a whole shotgun genome sequencing program
(The Fugu Genome Consortium 2002) in the form of
unordered contigs (scaffolds) were made publically available
on two web sites, i.e., at the UK HGMP-RC site (http://
fugu.hgmp.mrc.ac.uk) and at the Ensembl Genome Browser
site (http://www.ensembl.org/). A database search revealed
that fugu genome might possess two OlGC8 homologs, chr-
scaffolds 261 for the whole OlGC8 protein, chr-scaffolds
10823 for the extracellular domain of OlGC8, and chr-scaf-
folds 5558 for the kinase-like and catalytic domain of
OlGC8. These results suggest that the existence of the
OlGC8 gene is not restricted to the medaka fish and that its
translation product(s) may play an important biological role
in general, or else that its product(s) might have played a
role in the diversification of a membrane GC gene during
gene evolution. In conclusion, OlGC8 is a novel membrane
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GC gene; its transcription and translation products are dis-
tinctive and thus future studies on the guanylyl cyclase
might reveal its important and tissue-specific functions.
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