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We isolated the cDNA and genomic DNA encoding a membrane guanylyl cyclase of medaka
fish (designated as OlGC8), and determined their complete nucleotide sequences. The open
reading frame for OIGC6 cDNA predicted a protein of 1,075 amino acids. Phylogenetic
analysis indicated that OIGC8 is a member of the enterotoxin/guanylin receptor family. We
also determined the partial genomic structure of the gene of another membrane guanylyl
cyclase of medaka fish, OIGC2, which is a member of the natriuretic peptide receptor
family. The intron positions relative to the protein-coding sequence are highly conserved
in the intracellular domains of OlGC8, OIGC2, mammalian GC-A, and GC-E. Despite their
divergent primary structures, some intron positions also seem to be conserved in the
extracellular domains of different membrane guanylyl cyclase genes. Northern blot
analysis demonstrated that an OIGC8 transcript of 3.9 kb is only present in the intestine,
while reverse transcription (RT)-PCR analysis demonstrated that the OIGC8 transcript is
present in the kidney, spleen, liver, pancreas, gallbladder, ovary, testis, brain, and eye.
RT-PCR also demonstrated that OIGCE is only expressed zygotically and that transcripts
are present from 1 day after fertilization, i.e. long before the intestinal tissues begin to
develop.
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brane guanylyl cyclase.

Guanylyl cyclase (GC) catalyzes the conversion of GTP to
c¢GMP, which is a ubiquitous second messenger in intracel-
lular signaling cascades and is responsible for a wide
variety of physiological responses (1). There are two forms
of guanylyl cyclase, a soluble form (soluble GC) and a
membrane form (membrane GC). A soluble GC is a
heterodimer composed of « and £ subunits (2), and is
activated by nitric oxide (NO) or carbon monoxide (1). Both
subunits possess a catalytic domain in the C-terminal part,
which is conserved in both membrane GCs and adenylyl
cyclases (3). A membrane GC consists of a single polypep-
tide with a molecular mass of about 150-200 kDa. One of
the richest sources of membrane GC is sea urchin sperma-
tozoa, in which the enzyme appears to serve as a cell surface
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receptor for a small egg peptide named resact (SAP-IIA),
which possesses both chemokinetic and chemoattractant
properties (4-6), and causes marked elevation of the cGMP
level in spermatozoa. A ¢cDNA encoding a membrane GC
was first isolated from a sea urchin testis cDNA library (7).
Since then, a number of membrane GCs have been isolated
from a number of animal tissues. These include a natri-
uretic peptide receptor and an enterotoxin/guanylin recep-
tor.

In mammals, ¢cDNA clones for seven membrane GCs
(GC-A, GC-B, GC-C, GC-D, GC-E, GC-F, and GC-G) have
been isolated and characterized (8-14). In all cases, the
predicted protein contains an extracellular domain, a
kinase-like domain, and a cyclase catalytic domain. GC-A
and GC-B are activated through the binding of natriuretic
peptides, such as ANP, BNP, and CNP, to their extracel-
lular domain (8, 9, 15-17). GC-D, GC-E, and GC-F are
activated by an intracellular activator (18). GC-C has been
suggested to be the receptor for Escherichia coliheat-stable
enterotoxin (STa) (10, 19, 20). Two endogenous peptides,
guanylin and uroguanylin, have been identified and suggest-
ed to be normal ligands for GC-C (21, 22). Both peptides
stimulate the cyclase and compete in STa binding to the
enzyme, although there is no direct evidence to indicate
that GC-C is the principal or only protein that binds to these
peptides. The cyclase is expressed in the mammalian
intestine at a high level, as well as in other tissues at lower
levels (10, 23-27). Since all mammals appear to express
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GC-C and are susceptible to STa-induced acute secretory
diarrhea, it is assumed that the evolutionary pressure to
retain a functional receptor/GC-C is due to its having an
essential role in the normal regulation of intestinal or other
tissues, and/or its requirement as an essential protective
agent against, for example, certain enteric infections. The
gene encoding GC-C, gucy2, has been mapped to distal
chromosome 6 in the mouse, and chromosome 12pl2 in
man (28), for which no genetic diseases have yet been
described. GC-C deficient mice are viable, fertile, and
develop normally, but are resistant to STa-induced diar-
rhea and to enterotoxigenic bacteria that produce STa (29,
30).

Vertebrate membrane GCs can be grouped into three
major subfamilies, (i) natriuretic peptide receptors, (ii)
enterotoxin/guanylin receptors, and (iii) sensory organ-
specific GCs (31). While the exon-intron organizations of a
natriuretic peptide receptor GC gene (32, 33) and sensory
organ-specific GC genes (34, 35) have been reported, the
entire exon-intron organization of the enterotoxin/guanyl-
in receptor/GC-C gene has not yet been clarified.

In Drosophila and medaka fish, some membrane GC
transcripts as well as a soluble GC are present in unfertil-
ized eggs, and in embryos of early developmental stages
(31, 36-38). These facts suggest that the cGMP signaling
pathway mediated by membrane and soluble GCs is in-
volved in the early development of these animals. Despite
the rapidly accumulating information concerning the tis-
sue/cell distributions and the physiological roles of mem-
brane GCs, there have been few reports regarding the
importance of the cGMP pathway during vertebrate devel-
opment. In this study, in order to determine the develop-
mental roles of membrane GCs in vertebrates, we have
characterized a homolog of mammalian GC-C in the
medaka fish, Oryzias latipes, a species allowing both
classical and molecular genetic analyses. We report here
the primary structures of cDNA and genomic DNA encod-
ing a fish homolog of mammalian GC-C, and the expression
of this homolog in adult tissues and during embryogenesis.
We also discuss the evolution of membrane GC genes based
on the exon-intron organizations of various membrane GCs
in vertebrates.

MATERIALS AND METHODS

Animals and Embryos—Mature adults of the orange-red
variety of medaka fish, O. latipes, were purchased from a
local dealer. They were kept in indoor tanks under artificial
reproductive conditions (10 h dark, 14 h light, 27°C) and
fed on TetraMin flakes (TetraWerke). Naturally spawned
and fertilized eggs were collected, and the embryos were
cultured as described previously (31). The developmental
stage was expressed in days and the day of fertilization was
referred to as day 0. Hatching usually occurred on day 10.

Preparation of RNA, ¢cDNA Library Construction, and
Screening—Total RNA was extracted according to the
AGPC method (39). Poly(A)-rich RNA was isolated using
Oligotex-dT30 <Super> (Roche), according to the manu-
facturer’s protocol. Using poly(A)-rich RNA isolated from
the intestines of mature adult medaka fish, an oligo-dT
primed cDNA library was constructed in the AZAP II
vector using a ZAP-cDNA Synthesis Kit (Stratagene).

Total RNA (3 xg) from rat intestine was used as the

Vol. 125, No. 3, 1999

477

template to synthesize the first strand of cDNA using an
oligo(dT) primer according to the manufacturer’s protocol
(SuperScript Preamplification System for First Strand
cDNA Synthesis; Life Technologies). A 1,357-bp fragment
of rat GC-C cDNA (nucleotides 1352-2729) was amplified
by PCR (30 cycles; 94°C for 30 s, 55°C for 30 s, and 72°C for
3 min) with a pair of oligonucleotide primers, 5'-ATTGCC-
CTCCTTGTGCTCAGA-3" and 5-CAAAGGTCCCCATG-
AAGCTGA-3, cloned into a plasmid vector, pBluescript II
KS(—) (Stratagene), and then used as a probe for the
screening of the ¢cDNA library. Approximately 4.0X10°
plaques were screened with the **P-labeled random-primed
c¢DNA probe as described previously (31).

5'-Rapid Amplification of cDNA Ends (5'-RACE)—To
determine the full-length ¢cDNA sequence of OIGCS6, a
5 -portion of the cDNA was amplified by the 5 -RACE
method (40) using the 5-RACE System for Rapid Am-
plification of ¢cDNA Ends, Version 2.0 (Life Technologies).
One hundred nanograms of poly(A)-rich RNA from the
intestine was reverse-transcribed with a gene-specific
antisense oligonucleotide primer (GSP1, GSP4, or GSP7).
The ¢cDNA was tailed with dCTP using terminal deoxynu-
cleotidyl transferase, and then amplified by PCR with an
Abridged Anchor Primer (Life Technologies) and another
gene-specific antisense oligonucleotide primer (GSP2,
GSP5, or GSP8). A one-tenth volume of the PCR product
was amplified by PCR with the Abridged Universal Am-
plification Primer (Life Technologies) and another gene-
specific antisense oligonucleotide primer (GSP3, GSPS6, or
GSP9). Four different PCR conditions were used: for GSP2,
GSP8, and GSP9, denaturation at 94°C for 3 min followed
by 35 amplification cycles (94°C for 30 s and 68°C for 2 min)
and final extension at 72°C for 9 min; for GSP3, 30 am-
plification cycles (94°C for 30 s, 60°C for 30 8, and 72°C for
1 min) and final extension at 72°C for 9 min; for GSP5, 35
amplification cycles (94°C for 30 s, 61°C for 30 s, and 72°C
for 2 min) and final extension at 72°C for 9 min; and for
GSP6, 30 amplification cycles (94°C for 30 8, 62°C for 30 s,
and 72°C for 2 min) and final extension at 72°C for 9 min.
The PCR products were cloned into pBluescript IT KS(—)
and sequenced. The gene specific primers used were com-
plementary to: nucleotide positions 1843-1861 (GSP1),
1779-1803 (GSP2), 1758-1781 (GSP3), 1175-1192
(GSP4), 1140-1165 (GSP5), 1121-1146 (GSP6), 616-635
(GSP7), 602-629 (GSP8), and 556-583 (GSP9). Each
5-RACE product overlapped, by 54-158 bp, the 5 end of
the clone that had been isolated, and the sequences of these
overlapping regions were identical (Fig. 1).

Sequence Comparison—The amino acid sequence of
01GC6 was compared with those of known membrane GCs
using DNASIS software (Hitachi Software Engineering).
The GenBank/EMBL/DDBJ accession numbers for the
sequences used are: X14773, rat GC-A (8); M26896, rat
GC-B (9); M55636, rat GC-C (10); L37203, rat GC-D
(11); L36029, rat GC-E (12); L36030, rat GC-F (12);
M73489, human GC-C (19); D17513, pig GC-C (41);
774734, guinea pig GC-C (Kruhoeffer, M., Cetin, Y.,
Kaempf, U., and Forssmann, W.G., unpublished data);
D49837, frog (Xenopus laevis) GC-C (MacFarland, R.T.,
unpublished data); AB000899, OIGC3 (31); AB000900,
01GC4 (31); AB000901, OIGC5 (31); and D21101, sea
urchin (Hemicentrotus pulcherrimus) spermatozoa GC
(42).
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Reverse Transcription-Polymerase Chain Reaction (RT-
PCR)—Total RNA (1 ug) was used as the template to
synthesize the first strand cDNA using an oligo(dT) primer
according to the manufacturer’s protocol (SuperScript
Preamplification System for First Strand cDNA Synthesis;
Life Technologies). The cDNA fragment containing the 3’
untranslated region (UTR) of OIGC6 was amplified by PCR
using a pair of oligonucleotide primers, 5'-ACAACGGAG-
AACGT-CCAGCGT-3 and 5-GTAACGAGGCAACATG-
GCTGC-3'. As an internal control, the cDNA fragment of 3’
UTR of medaka cytoplasmic actin gene OICAIl was am-
plified as described previously (31). The PCR conditions
used were: denaturation at 95°C for 5 min followed by 25
amplification cycles (95°C for 30 s, 60°C for 30 s, and 72°C
for 1 min) and final extension at 72°C for 9 min, using either
a 1/10 volume of the cDNA reaction mixture or 1 pg of
plasmid DNA (positive control) as a template. To eliminate
the possibility of PCR amplification due to contaminating
genomic DNA, the same reaction was carried out without
reverse-transcriptase as a control experiment. One-tenth
(OIGC6) or one-twelfth of the PCR products was separated
on a 1.2% NuSieve/0.4% SeaKem GTG agarose (FMC) gel.
The DNA fragment was transferred to a nylon membrane
(Hybond-N +, Amersham) with 0.4 M NaOH as the trans-
ferring solution, and the membrane was washed with 2%
SSC. The membranes were prehybridized for 2 h at 42°C in
5X SSPE (1 X SSPE: 0.15 M Na(Cl, 8.65 mM sodium phos-
phate, and 1.25 mM EDTA, pH 7.4) containing 0.5% SDS,
5 X Denhardt’s solution, 100 yg/ml denatured herring
sperm DNA, and 50% formamide. ?*P-labeled probes were
synthesized by the random primer method. The probe (10°
cpm/ml) was added to the prehybridization solution, fol-
lowed by incubation overnight at 42°C. The membranes
were washed with 2 X SSC containing 0.1% SDS for 40 min
at 65°C and then twice with 0.1 X SSC containing 0.1% SDS
for 40 min at 65°C. The size of the DNA was estimated
using 1 kbp ladder (Life Technologies) bands as standards.
Imaging of radioactive signals was performed with a FUJIX
Bio-Imaging Analyzer BAS2000 (Fuji Photo Film).

Northern Blot Hybridization—Poly(A)-rich RNA (2 xg)
or total RNA (30 ug) was separated on a 1% agarose gel
containing 6.7% formaldehyde. The RNA was transferred
to a nylon membrane (Hybond-N+, Amersham) and
probed with random-primed 3*P-labeled cDNA (nucleotide
positions 3214-3486) of OIGC6 as described previously
(31). Imaging of radioactive signals was performed with the
FUJIX Bio-Imaging Analyzer BAS2000.

Cloning and Characterization of Genomic DNA Clones—
Three degenerate oligonucleotide primers (P2, P6, and P7)
were synthesized based on the amino acid sequences of
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three conserved regions (DIVGFT, DTVNTA, and MPRY-
CL; residues 797-802, 913-918, and 905-910, respective-
ly, in OIGC6) in a known membrane GC (31). Another
oligonucleotide primer (Exon18: 5'-GTCGTTACGCTGCT-
CAA-3’) was synthesized based on the nucleotide sequence
of exon 18 of OIGCI, another membrane GC gene of
medaka fish (Takeda, K. and Suzuki, N., unpublished data).
These four primers were used to amplify genomic DNA
fragments encoding GC by PCR. A 586-bp genomic DNA
fragment encoding a different membrane GC of medaka
fish, OIGC2, was amplified by nested PCR using oligonu-
cleotide primers P2/P6 and then P7/Exonl8. Genomic
DNA clones containing the OIGC2 gene were isolated by
screening a medaka fish (white strain) genomic DNA
library constructed in A FIX II (Stratagene) using the *?P-
labeled 586-bp fragment as a probe. Approximately 9x 10°
plaques were screened as described previously (31). The
isolated genomic DNA clones contained part of the OIGC2
gene corresponding to exons 18-22 of the rat GC-A gene
(32). An OIGC2 genomic fragment corresponding to exons
16 and 17 of the rat GC-A gene was further obtained by
PCR using a pair of oligonucleotide primers (5 -TGGAGG-
AGCGGACTCAAG-3 and 5-TCCATGGGCGTGCTCT-
CT-3’) synthesized based on the nucleotide sequence of
OIGC2 ¢cDNA (Muramatsu, R. and Suzuki, N., unpublished
data).

To isolate genomic DNA clones containing the OIGC6
gene, the medaka fish genomic DNA library was screened
with a 197-bp fragment of the OIGC2-coding region and an
0OIGC6 cDNA fragment (nucleotides 3051-3622) as probes.
The OIGC2 probe encoded the N-terminal part (amino acid
residues 1-67 in Fig. 6) of the cyclase catalytic domain,
which is highly conserved among known GCs. The probe
was labeled with *2P-dCTP by the random primer method
and used to screen 4.5 X 10° plaques as described previously
(31). The OIGC6E probe was labeled with digoxigenin
(DIG)-dUTP using DIG-High Prime (Boehringer Mann-
heim) and then used to screen approximately 4.5x10°
plaques, according to the manufacturer’s protocol. The
phage DNAs of positive clones were purified using a
QIAGEN Lambda Midi Kit (Qiagen) and then digested with
Notl. The insert DNAs were digested with BamHI, EcoRI,
and/or Sall, and then analyzed by Southern hybridization
using OIGC6 probes. The digested fragments were sub-
cloned into pBluescript vectors (Stratagene). The sub-
cloned genomic DNA fragments were used directly as
templates to determine the nucleotide sequences.

Other Methods—The sequences of the cDNA and geno-
mic DNA fragments in pBluescript vectors (Stratagene)
were determined by the dideoxy chain termination method

Fig. 1. Schematic diagram of cDNA

0.5 kb clones for OIGCS. The structure pre-

IS'L'TRISP ECD TM™] KD

§'-RACE product 2

partial length cDNA

— dicted for the medaka fish OIGC6 cDNA
is presented at the top. SP, signal pep-
tide; ECD, extracellular domain; TM,

CYC ICTR transmembrane domain; KD, protein
kinase-like domain; CYC, cyclase cata-

lytic domain. The lower lines represent
partial length cDNA clones obtained on
library screening and with the 5-RACE

5'-RACE product 3 §'-RACE product 1

method (see “MATERIALS AND
METHODS”).
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(43) with Applied Biosystems 373A and 377 DNA sequenc-
ers or a LI-COR sequencer model 4000L (LI-COR), and
analyzed with DNASIS software, GENETYX-MAX/ver-
sion 9.01 or ATSQ 3.01 (Software Development).
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RESULTS

Isolation and Characterization of a cDNA Clone Encod-
ing a Medaka Fish Membrane GC—By repeated screening
of a medaka fish intestine cDNA library with a ¢cDNA
fragment of rat GC-C as a probe, one positive clone of 2.0
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CACCTGGCACACATGATCCTGGCGTGT CT GGAGCGCCGCTCCCOGGGGT CCGTTCGGAGGAA GAAGCAGCACGCGGACCAGGGCAAAAAT GATGAAGACGAGGA GT CAGGGGTGGAGTCT (3360)
HLAHMTITLACLERRSRGSVYRRKIEKTI QHADO QG KNDTETDTETESTG GV E S (1032
GAGAGCAGCCAACCCGAGTATCTCCACCTGGCCACAGT GGACAACACGCTGAGCACCTTCCTTTAGAGAACACGCGTGAACACCAGGCGTTTGTTTTGAACTGCAGCCATGTTGCCTCGT (3480)
(1053)
TACAACCTGCAGATCCTCACAGAGAAGCAGCTAAAAACTCCTGAACTTTGAGGAGACTTTCTGACTTTTTCCTCTGAAGTTGAGCTTGATTCATTCATTAAATCAAATCTGATAGTCAAA (3600)
(3622)

AAAAAAAAAAAAAAAAAAAAAA

Fig. 2. The nucleotide and deduced amino acid sequences of
OIlGCB cDNA. The deduced amino acid sequence is indicated by a
single letter code. The signal peptide sequence is indicated by lower-
case letters. The amino acids are numbered relative to the predicted
signal cleavage site (+1). The predicted transmembrane sequence is

Vol. 125, No. 3, 1999

indicated by a shaded box. The potential N-linked carbohydrate
binding sites are underlined. The asterisk (=) denotes a stop codon.
Open boxes (I), (II), and (III) indicate the extracellular, kinase-like,
and cyclase catalytic domains, respectively.
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kbp was isolated and designated as OQIGC6. Comparison of  with that of enterotoxin/guanylin receptor/GC-C indicated
the deduced amino acid sequence of the OlGC6 cDNA clone  that the ¢cDNA clone lacked the 5'-portion of the coding

(A)

at GC-B
Rat GC-B ————
Ral GC-A ————]

Sea urchin GC
Human GC-C
Rat GC-C
Guinea pig GC-C
Frog GC-C
OIGC6
Rat GC-F
OIGC4
Rat GC-D
OHGCS
OI1GC3
10 20 3e 49 50 60 70 80 %9 100
016C6 VQDTGQCMDGI-TVNVILLEDEESPWSLKYVGGQILEATEKDAAINAEEGMEFNLTVNFEGFNTTLYRQR S GAEKLNKLMVTGEL QCAVLGPT
fFrog GC-C DLLEANCMSGSLTMNYIMLNDSMTEWNIKAVQEAYSIGMHVVTKDLEREGIKVTINADFQTFNTDLYATPQCYSS GVEKLKNLRHTRRLGCYILGPT
Human GC-C SQVSQNCHNGSYETSVLMMGNSAFAEPLKNLEDAYNEGLEIVRGRLQNAGL NVTVNAT FMY SDGLIHNSG SS GLOLLRKISNAQRM LIGPS
Rat GC-C SQVRQKCHNGTYEISVLMMDNSAYKEPLQNLRDAVEEGLDIVRKALREAELNVTVNATFIYSDGLIHKSG SS GLDLLREITRDRKM LMGPS
Pig GC-C SSYSQNCHNGSYEISVLMMNNSAFPESLDNLKAVYNEGYNIVRQRLLEAGLTVTVNATFYYSEGYIYKSS SS GLDLLRTISSEKRMGCYLLGPS

Guinea pig GC-C SQISQNCHNGSYEITVLMMNNYAFQESLESLKTAVNKGLDIVKQRLQEAALYVTVNATFIHSDGL IHKSGOCRSSTCEGLDLLREIARQKRMQCALMGPS

110 120 130 140 150 160 17 180 190 200 210
YATFATADVEKGFNLSTPIISAGSFGS AMNLQRL LPPARKISDFFINFWK-EKFTIKP-KWRTAYVYKRQPNTEDICLWY IGALEADGRFLYNVS - -RTILRHPG
ATYQMLSLKNTFGY --PLISAGSFGL HRSLARMLLPARKITY FFKEFWQYEDF - IKPKKWQSVY IY KWOGNTESICFWY INALESGYSYFNNALKFKEILRTEG
STFQMY -LDTELSY --PMISAGSFGL KETLTRLMSPARKLMY FLYNFWKTNDLPFKTY SWSTSYVYKNGTETEDICFWYLNALEASYSY FSHEL GFKVVLRQDK
STFQMY -LDTELNY - -PMISAGSFGLSCDYKETLTRILPPARKLMY FLVDFWKVNNAPFKTFSWNSSYVYKNGSEPEDICFWY LNALEAGYSY FSEVLSFKDVLRRSE
STFQMY -LOTDLNY - -PMISAGSFGL SCDYKETLTRLMS PARKLMY FLYDFWKVNNFPFKPF SWNTAYVFKNSTESEDICTWYLNALEAGY SY FSQKLS FKEMLRGNE
STYQMY -LDTELNY - -PMISAGSFGL SCDHKETL TRMMS PARKLMY FLYDFWKASNLPFKSFSWNTSYYFKNGTE SEHCFWY INALEAGY SYFSQVLGFKEMLRGNE

220 230 249 25@ 260 270 280 299 300 310 320
DLKOVLDSQENRT SNLFIUCGSPTDLKEVKNISDAADNLDILFILIDLYNDVYYTNTTSHPE-MRNVLYL TMPDTRTYTIKPOLTGN - - DTMNDOYMAAY HDAVL LV GQVM
ELMKYLQ-ENNHKSNVI PNDIWNLHRKVAIPQ--DKYLILLDIFNTVYYDNK-SSPYYMENVLYVTQRPSNM-SKISNQTGIAKLLEDNYAAGYLDGYLLFGHIL
EFQDILM-DHNRKSNYI PEFLYKLKGDRAVAE--DIVIILVDLFNDQYLEDNVTAPOYMKRYLYLTLSPGNS-LLNSSFSRNLSPTKRDFALAYLNGILLFGHML
QFQEILM-GRNRKSNKY PETFYNVKGDLKVAD--DTVVILVDLFSNHY FEDDTRAPEYMDNYLYLTLPPEKF-IANASYSGRFPSERSDFSLAYLEGTLLFGHML
EFQNILM-HQNRKSNVI PETVHTLKGGRAVAE - -DTVIILYDLFNDHY FMDNVTAPDYMKNVLVLTLPPENS-VSNSSFSKDLSLYKNDFTLAYMNGYLL F GHML
ELQKILK-DPNRRSNVIV PQTMESLKIDWTATE--DTVIILYOLFNNYYLEENATAPOYMKNVLYLTLPPGNS-TINTSLSKESLQEFSDFALAYLDGILL FGHML

330 340 350 360 370 380 390 400 410 420 Match (%)
RDIAIRNPAEMQGMEYYNTNY FRNYSFNGIGGHYKLDSY GORDYNFSYIYTSTD-NKYKILFSFDTENNRTKQMDPSPTFINTKA-LPDDKPGQRTS. .. 100.0
KKF-LGSYDINQTFSFIDQ--FRNISIIGALGPLILDAAGDRELNLTLLYSSTATNNYTELIQFDTSTRQTTVMDTSPNFINKNHRLPSOVPQSGPH. .. 40.2
KIF-LENGENITTPKFAHA--FRNLTFEGYDGPYTLDOWGDY DSTMVLLYTSVOTKKYKVLLTYDTHYNKTYPYDMSPTFTWKNSKLPNDITGRGPQ. ..  35.4
QTF-LENGESVTTPKFARA --FRNLTFQGLEGPVTLDDS GDIDNIMCLLYVSLOTRKYKVLMAYDTHKNQTIPYATSPNFIWKNHRLPNDVPGLGPQ. .. 33.3
KIF~LEKREDVTTSKFAHA--FRNITFEGHMGPVTLDNCGDIDNTMFLLYTSYDTSKYKVLLTYDTRKNYTNPVOKSPTFINKNHKLPNDIPGRGPQ. ..  35.0@
KTF-LRNGENTTAHKFAHA - -FRNLTFEGSTGPYTLODS GDIDNTMYLLYTSYOTKKFKPLLFYDTRINQTTPIDTHPTFIWKNHRLPHDIPGLGPH. .. 32.5

Fig. 3. Phylogenetic tree and alignment of the amino acid lular domain (412 residues) of OlGC6 was compared with those of
sequences of membrane GCs. (A) The amino acid sequences of the various vertebrate GC-Cs. Six conserved cysteine residues are indicat-
catalytic domains of various membrane GCs were subjected to ed by open boxes. The sources, references, and accession numbers for
phylogenetic analysis. (B) The amino acid sequence of the extracel- the GC sequences are given in the text.
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region. Therefore, the 5'-RACE method (40) was adopted
to obtain the 5'-portion of OIGC6 cDNA (Fig. 1). The
primary and secondary 5 -RACE reactions produced a
741-bp ¢cDNA fragment and a 617-bp cDNA fragment,
respectively. However, neither fragment seemed to contain
the initiation codon. The tertiary 5'-RACE reaction result-
ed in the isolation of a 583-bp cDNA fragment containing
the putative initiation codon. The full-length ¢cDNA se-
quence of OIGC6 is shown in Fig. 2. The OIGC6 cDNA
consists of a 198-bp 5" UTR, a 3,228-bp open reading frame
(ORF), and a 174-bp 3° UTR with a poly(A) tail. Termina-
tion codons are present in all three frames upstream of the
putative initiation codon. In addition, nucleotides around
the initiation codon fit the preferred sequence context for
the initiation of protein synthesis in eukaryotic mRNAs
(44). The open reading frame (ORF) of OIGC6 cDNA
encodes a polypeptide of 1,075 amino acids. Hydropathy
analysis (data not shown) involving the method of Kyte and
Doolittle (45) predicted that the O1GC6 polypeptide con-
tains a 22-residue amino-terminal signal sequence (46),
and that the cleavage of the signal sequence would result in
a mature protein of 1,053 amino acids (Fig. 2). Sequence
comparison of OlGC6 with known membrane GCs suggest-
ed that OIGCS6 is closely related to mammalian enterotox-
in/guanylin receptors such as rat GC-C, which is speci-
fically expressed in the intestine. The mature OlGC6
protein comprises an extracellular domain (residues 23-
429), a single transmembrane domain (residues 430-453),
and intracellular protein kinase-like (residues 474-754)
and cyclase catalytic (residues 778-1,006) domains, which
are highly conserved among invertebrates and vertebrates
(Figs. 1, 2, and 3A). However, as shown in Fig. 3B, the
amino acid sequence of the extracellular domain of O1GC6
i8 less conserved except for the relative positions of
cysteine, which are more highly conserved among the
extracellular domains of enterotoxin/guanylin receptor/
GC-Cs than among their protein kinase-like and cyclase
catalytic domains.

Expression of the OIGC6 Gene—On Northern blot
analysis, an OIGC6 transcript of 3.9 kb was detected with
RNA from the adult intestine, whereas no signal was
detected for the eye, brain, or liver (Fig. 4A). As shown in
Fig. 4B, however, the OIGC6 transcript was also detected
in the kidney, spleen, liver, pancreas, gallbladder, ovary,
testis, brain, and eye of adult fish on RT-PCR analysis, in
which the 3" UTR of the OIGC6 transcript was amplified
and detected by Southern hybridization using a 3?P-labeled
probe. The signal due to OIGC6 in the intestine was as
strong as that in the pancreas and gallbladder. The signals
in tissues other than the intestine, pancreas, and gallblad-
der were relatively weak and were not detectable on
ethidium bromide staining (data not shown). The temporal
expression patterns of QIGC6 during the embryogenesis of
medaka fish were examined by RT-PCR analysis. The
0OIGC6 transcript was first detected on Day 1, the signal
becoming more distinct during later embryogenesis (Fig.
4C).

Genomic Structures of Medaka Fish Membrane GC
Genes—Two overlapping clones containing the OIGC6 gene
were isolated from a medaka genomic library. The com-
plete nucleotide sequence of the 18,696-bp genomic region,
including the entire OIGC6 gene, was determined. The
sequence analysis showed that the OIGC6 gene is about 16
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kbp in length and contains 27 exons (Fig. 5). The nucleotide
sequences of all the splice junctions showed good agreement
with the GT/AG rule. It has been demonstrated that all
membrane GCs are composed of four domains: an extracel-
lular domain, a transmembrane domain, a kinase-like
domain, and a catalytic domain. In the OIGC6 gene, exons
1-10 correspond to the extracellular domain, exon 11 to the
transmembrane domain, exons 12-20 to the kinase-like
domain, and exons 21-27 to the catalytic domain (Fig. 5 and
Table I). To determine the structural and evolutionary
relationships between the OIGC6 and other membrane GC
genes, we isolated genomic DNA clones encoding another
membrane GC of medaka fish, OIGC2. The OIGC2 genomic
clones contained the 3’-part of the gene encoding the
catalytic domain, and consisted of six exons and five introns
(Fig. 5 and Table I). None of the OIGC2 genomic and cDNA
clones obtained 80 far contains a more 5'-part of the coding
region. Comparison of the deduced amino acid sequence of
O1GC2 with those of known membrane GCs indicated that
OIGC2 is a member of the natriuretic peptide receptor GC
subfamily.
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Fig. 4. Northern blot and RT-PCR analyses of the OIGCS
transcript in adult medaka fish and during embryogenesis. (A)
Northern blot analysis of total RNA from the brain, eye, liver, and
intestine. The radioactive band is indicated by an arrowhead. The
positions and sizes of RNA markers are shown on the right. The blot
containing 30 ug of total RNA was hybridized -with a *?P-labeled
c¢DNA probe for OIGC6. Northern blot analysis of poly(A)-rich RNA
gave the same results (data not shown). (B) Detection of the OIGC6E
transcript on RT-PCR in various adult organs. (C) Detection of the
OIGC6 transcript in embryos at various developmental stages from
UF (unfertilized eggs) to Day 9 (embryos cultured for 9 days after
fertilization; hatching stage). A transcript of medaka cytoplasmic
actin gene OICA 1 was amplified as an internal control. RT+ and RT —
represent amplification with and without reverse transcriptase,
respectively. The PCR products were hybridized with a **P-labeled
¢DNA probe for OIGC6 or OICAL.
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Fig. 5. Restriction enzyme map and structural organization of
TGA  ATAAA two medaka fish membrane GC genes. (A) Entire 0!IGC6 gene. (B)
E Partial OIGC2 gene. Open boxes indicate 5 leader and 3’ trailer
PC22 clone sequences, while solid boxes show protein coding regions. Introns and
__l untranscribed regions are indicated by lines. B, H, S, and E denote
E E BamHI, HindIll, Sacl, and EcoRI sites, respectively. The lower lines
OLGC-2G] clone L l 2kbp show the alignment of two overlapping genomic DNA clones in the AFIX

II vector.

TABLE I. Exon-intron organizations of the OIGC8 and OIGC2 genes.
0IGC6 0IGC2 Functional
Exon/intron No. Exon size (bp) Intron size (bp) Exon/intron No.* Exon size (bp) Intron size (bp) domain®
1 403 1,422 - - - ECD
113 699 — — — ECD
3 68 830 - - - ECD
4 216 714 - - - ECD
5 119 225 - - - ECD
6 103 452 - - - ECD
7 115 1,164 - — - ECD
8 142 129 - - - ECD
9 83 503 - - - ECD
10 109 255 - - - ECD
11 82 652 - - - ™
12 103 72 - - - KD
13 57 81 - - - KD
14 72 97 - - - KD
15 105 91 - - - KD
16 87 1,668 - - - KD
17 133 65 — - - KD
18 138 68 - - - KD
19 77 80 — - - KD
20 92 80 - - - KD
21 159 1,273 16 >73 70 CYC
22 194 471 17 124 1,722 CYC
23 0 0 18 69 111 CYC
23 175 71 19 175 187 CYC
24 99 79 20 99 222 CYC
26 95 73 21/22 1,069 CYC
26 77 345 CYC
27 382

*Exon numbers of corresponding regions of the mammalian GC-A gene (32). *Exons coding for the extracellular (ECD), transmembrane (TM),

kinase-like (KD), and cyclase catalytic (CYC) domains.

The positions of introns in the OIGC6 and OIGC2 genes
relative to the primary structure of the protein were
compared with those in two mammalian membrane GC
genes, GC-A (32) and GC-E (34). The intron positions are
highly conserved in the cyclase catalytic domain and also
conserved to some extent in the kinase-like domain (Fig. 6).

On the other hand, the numbers and positions of introns are
variable and less-conserved in the genomic DNA region
encoding the extracellular domain. However, a few intron
positions seem to be conserved between OIGC6 and
mammalian GC-A and/or GC-E (Fig. 6). The transmem-
brane domain is encoded by a single exon in each gene.

J. Biochem.
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olges 1 MSTFNLWLSVLCAFG--VSASCVQDTGQCHDG-ITVNVILLEDEE S PWSLKYVGGQI LEATERDARINAEEGMEPNLTVNFEGFNTTLYR---~Q 8
Ge-E 1 MSAWLLPAGGLPGARFCVPARQSPSSFSRVLRWPRPGLPGLLLLLLLPSPSALSAVFKVGVLGPWACDPIFARARPDLAARLAANRLNRDFGLDGGPRFE 10
GC-a 1 MPGSRRVRPRLRALL - - LLPPLLLLRGGHASDLTVAVVLPLTNTSYPWSWARVGPAVELALAR - - ~VKARPDLLPGWTVR - — - MVLGS---~8 8
0lGcs RGCITSACEGAEKL LGCA-VLGPTCTYATEATAQVEKGENLSTPI ISAGSFGS---SCDYAMNLORLLPPARKISDFF INFWKEKFTIKPRW 18
GC-E VALLPEPCLTPGSLGAVSSALSRVSG-LVGPVNPAGCRPAEL- - LAQEAGVALVPWGCPG -~ --TRAAGTTAPAVTPAADALYVLLRAFRWARVALITAP 19
GC-A ENAAGVCSDTAAPLAAVDLKWEHSPAVFLGPGCVYSAAPVGR - - FTAHWRVPLLTAGAPALGIGVKDEYALTTRTGPSHVKLGDPVTALHRRLGWEHQ~~ 17
olGecé RTAYVYK-RQPNTBchBYIGALzADGRFLvuvs---RTILRBPGDLRDVLDSQBNRTsﬂigILCGSPTDszvaIsnAADNL-—DILPILIDLYNDVY 27
GC-E QDLWVEAGRALSTALRARGLPVALVTSMETSDRSG-AREALGRIRDGPRVRVV IMVMHSVILGGE ~-RQRYLLEAAEELALTDG--~SLVFLPFDTLHYAL 28
GC-A -ALVLYADRLGDDRPCPPIVEGLYNRVRERLNI TVNHQEFVEGDPDHY PRLERAVRRKGRVTY ICSSPDAFRNLMLLALNAGLTGEDYVFFELDVFGQSL 27
01GC6 ——mmmmmmmmmem YTNTTSMPEMRN-VLVLTHPDT - - o——— ==~ RTYTTKPDLTGND- YMAAYHDAVLLVGQVMRDIATRNPAEMQGMEY 34
GC-E SPGPEALA—-=——- AFVNSSQ DAVLTLTRRCPPGGSVQDSLRRAQEHQELPLDLNLK LFGTTYDAVFLLAGGVKRARTAVGGGWVSGASY 38
GC-A KSAQGLVPQKPWERGDGQDRS QAAKIITYKEPDNPEYLEPLKQLKLLADKKENFTVE IPASPEDGLLLYVQAVTETLAQGG--~TVIDG 37
B i
01GCs VNTN-YFRNVSPNFIGGHYKLD--SYGDRDVNFSVIYTSTDN ILPSFDTENNRTKQMDPSPTF IWT~KALPDD = - —mm == —— KPGSELETQDIIV 43
GC-E ARQVREAQVSGFCGVLGRTEE PSPVLLDTDASGEQLFATHLLD LRSAGTPMHF PRGGPAPGPDPSCWFDPDV = - —— —— = — 1C PGLVFV 47
GC-A ENITQRMWNRSF! YLKID-~RNGDRDTDF SLWDMDPETGAF RV LNYNGTSQBLMAVSEHKL YWPLGY PPPDVPRCGEDNEDPACNQDEFSTLEVL 47
Transmembran [—>Kinaae—like domain
olgcs VVLG-VTVAVVATLAFI NRKDRRLR~—-——— KRWSHINPDLISLLE-—~—nmnmnx NNEHNIVS ---EEERKKMCQIRRA--LYDEXIL--VIIX 51
GC-E GFLLVIGNGLTGAFLAH HMQMAS - - ~GPNKIILTLEDVTFLHPPGGSSREWOGSRSSLATR - - SASDIRSVPEQPQESTNVGL WVWLK 56
GC-A ALVGSLSLISFLIVSFFI LERELVSELWRVRWEDLQPSSLERHLR -~ ==~ SAGSRLTLSGRESNYGSLLTTEGQPQVFAKTA VAVK 56
*
01GCs ELK-KSDGNPNKAQRIELNALHIDYYSLTKEFYGTVKFDQG-———— VFGVFEYGQRGS NDKVSYPEGTFHDWEFKISVMYDI YLHASDI 60
GC-E KFPGEHHMATRPATKTAFSKIRELREENVAL YLGLF LAGTADS PATPGEGI LAVVSEHCARGSLHDLLAQRE - IKLDWHFKSSLLLDL YLHHRGV 66
GC-A RVN-RKRIELTREKVLFELNHNRDVQNEHLTRFVGACTDPPN—-—- -~ ICILTEYCPRGSIQOILEN~—--- ESTTLDWMPRYSLTNDI LENGAI 65
0lGcé QVHGRLKSTNCVVDNRMVVKITDFGCNAFLS - REH-——————-| WTAPEHLRKEGTSQK-~---GDVYSPAT ICQE IVLRRSTFYTEASLK~ 68
GC-E - AHGRLKSRNCVVDGRFVLKVTDHGHGRLLEAQRVLPEPPSAE - - —~DOLWTAPELLRDPSLERRGTLAGDVFSLAT IMQEVVCR~STPYAMLELT~ 75
GC-A CSHGNLKSSNCVVDGRFVLKITDYGLESFRD-——-— PEPEQGH LWTAPELLRMASPPARGEQAGDVYSFGIILQETALRSGVFYVEGLDLS 74
Kinase-like domain — Catalytic domain
0lGCcs KLSRVITSY---FRPDLNLETASEREAEVYMLIKSCWEEDPEKRPDFKKVENLLGK I K IHNQDNE 8YMDNMMRRLQMY SKNLEHLVEERTALYKAERD 78
GC-E VIQRVRSPP-PLCRPLVSHDQAP-—-MECIQLMTQCWAEHPELRP - ——~SMDLTF SINKGRKTNIIDSMLRMLEQYSSNLEDLIRERTEELEQEKQ 85
GC-A IIERVTRGEQPPFPRPSMDLQSHL-~~EELGQLMQORCWAE DPQERPPFQQIRLALRKF NIGENS - -~ ~-SNI LDNLLSRMEQYANNLEELVEERTQAYLEERR 83
olcc2 LVEERTQAYHEEKR 1
*
olces RADRLNPMLLEHPVVKSLKESGAVEPELYDEVTIYPSDIVGFTTLCQYSTPMEVVDMLNDI YKGF DS IVDHHDVYKVETIGDAYMVASGLPNRNGNMHAY 88
GC-E KTDRLLTQMLEESVAEALKMGTSVEPEYFEEVTLYFSDIVGFTTISAMSEPTEVVDLLNDLYTLFDAT IGAHDVYKVETIGDAYMVASGLPQRNGQRHAA 95
GC-A KAEALLYQILHHSVAEQLKRGETVQAEAFDSVTIYFSDIVGFTALSAESTP NDLYTCFDAVIDNPDVYKVETIGDAYMVVSGLPVRNGQLHAR 93
olec2 KAEALLYQILHHSVAEQLKRGETVQAEAFDSVSIYPSDIVGEFTALSARSTP NDLYTCFDAVIDNFDVYKVETIGDAYMVVSGLPVRNGKLHGR 11
01GC6 DICRMALDILEFMGTFQLRHLVGIPVWIRIGVH AAGVVGVKMPRYCLEGDTVNTASRMESTG IHVSEPTIQILQRTNCKPEYEMRGETYLXG 98
GC-E EIANMSLDILSAVGSFRMREMPEVPVRIRIGLH AGVVGLTMPRYCLFGDTVNTASRMESTG IHVNMSTVRILRSLDQGPQMECRGRTELKG 105
GC-A EVARMALALLDAVRSFRIRHRPQRQLRLRIGIH CAGVVGLXMPRYCLFGDTVNTASRMESN! IHLSSETKAVLEEFDG-PELELRGDVEMKG 103
olGC2 EIARMALALLDTVRTFRIRERPEQQIKLRIGIH CAGVVGLXMPRYCLFGDTVNTSSRMESS IHVSAATRDVLIEPNS-PQLELRGDIDIKG 21
olGCs MTYWLTGESGQDYDLPTPPTIENVORLOQHLAHMILACLERRSRGEVRRKKQHADQGKNDE DEESGVESES8QPEYLHLATVDNTLETFL 107
GC-E IEDTYWLVGRLGFNKPIPKPPDLQHJASNHGISLQE I PPERRKKLEKARPGQFTGK 110
GC-A TYWLLGERGCSTRG 105
olGc2 XGKMTTYWLLGESDSQ 22

Fig. 6. Comparison of the relative positions of introns in the
0lGCe8, 0OlGC2, and mammalian GC genes. The amino acid se-
quences of OIGC6, OIGC2, rat GC-A, and mouse GC-E were aligned
using the ClustalW program (47) and MacVector version 6.0.1

We determined the nucleotide sequence of the 5'-flank-
ing region of the OIGC6 gene. Five E-box (CANNTG)
motifs, the consensus sequence of binding sites for bHLH
transcription factors (48), are present within 150 bp
upstream of the 5" end of OIGC6 ¢cDNA. The 5’ flanking
region of the OIGC6 gene also contains binding consensus
sequences for transcription factors known to be expressed
in the mammalian intestine, such as Cdx-2, a member of
the caudal family of homeodomain proteins (49) and of the
GATA family of transcription factors (50).

DISCUSSION

In vertebrates, three major groups of membrane GCs have
been demonstrated: (i) natriuretic peptide receptors, (ii)
enterotoxin/guanylin receptors, and (iii) sensory organ-
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(Oxford Molecular). The positions of introns in the genes are indicated
by boxed amino acid residues where introns interrupt the coding
sequence. Asterisks (#) indicate intron positions conserved in the
0IGC6 and mammalian GC genes.

specific GCs (31). In the present study, we identified
0O1GC6, a homolog of enterotoxin/guanylin receptor/GC-C,
in the medaka fish intestine. Northern blot analysis indicat-
ed that OIGC6 is expressed predominantly in the adult
intestine. On the other hand, RT-PCR analysis demonstrat-
ed that OIGC6 is expressed abundantly not only in the
intestine but also in many other organs, such as the kidney,
spleen, liver, pancreas, gallbladder, ovary, testis, brain,
and eye. This suggests that a member of the heat-stable
enterotoxin/guanylin receptor/GC-C subfamily plays pre-
viously unrecognized roles in these organs. STa binding has
been detected in many extraintestinal organs of the North
American opossum, including the liver and kidney,
although GC-C has not been directly demonstrated as a
binding protein (25). In the rat, GC-C mRNA has been
reported to be expressed in the testis and placenta, and in
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the fetal, neonatal, and regenerating liver (26, 27). Using
RT-PCR, however, Carrithers et al. (51) demonstrated
that human GC-C mRNA was only expressed in the intesti-
nal tract and in tumors derived from intestinal tissues. On
the other hand, Gao et al. (52) found mRNA for GC-C was
expressed in rat pancreas and highly expressed in cultured
insulinoma cells. Future studies on medaka fish will eluci-
date the role of enterotoxin/guanylin receptor/GC-C in
extraintestinal tissues.

There have been few reports on the expression patterns
of heat-stable enterotoxin/guanylin receptor/GC-C genes
during vertebrate development. Qur results demonstrated
that the transcript of OIGC6 is present in embryos on Day
1. The intestinal tissues develop at much later stages,
suggesting that OIGC6 plays a role in early embryos
different from that in the adult intestine. The c¢cGMP
signaling pathway mediated by Ol1GC6 may be involved in
the early development of fish. In Drosophila, membrane
GCs are expressed during oogenesis and early development
(36, 37). In medaka fish, OIGC3 and OIGC5 are expressed
both maternally and zygotically, while OIGC4 is only
expressed zygotically (31). In mice, expression of GC-C is
seen by embryonic day 12 in the developing intestine and is
also detected transiently in the neonatal liver (53). The
c¢GMP signaling pathways mediated by membrane GCs that
regulate cogenesis and early development may thus have
been conserved in vertebrates and invertebrates.

In the present study, we characterized the entire genomic
structure of OIGCE, including 27 putative exons, 26 in-
trons, and the 5'-flanking region. We also determined the
genomic DNA sequence encoding the catalytic domain of
O1GC2. The exon-intron organizations of the OIGC6 and
OIlGC2 genes were compared with those of the mammalian
GC-A and GC-E genes. Each of the four functional and
structural domains of OlGC6 is encoded by a group of
exons. That is, introns are located at the boundaries
between different domains, as reported for mammalian GC
genes (32-35). This conserved feature suggests that “exon-
shuffling” events played an important role in the establish-
ment of the basic structure of the ancestral membrane GC
gene.

The intron positions are highly conserved in the genomic
region encoding the intracellular domain. In the catalytic
domain-coding region, the intron positions are identical in
the OIGC6 and GC-E genes, and are also highly conserved
in OIGC6 and GC-A. GC-A contains one additional intron
(intron 17) in the catalytic domain-coding region. An intron
at this position is also present in OIGC2, consistent with the
high degree of sequence similarity between OIGC2 and
mammalian GGC-A. On the other hand, OIGC2 lacks an
intron close to the 3’ end of the catalytic domain-coding
region (intron 25 of OIGC6 and intron 21 of GC-A). Since
this intron is conserved among OIGC6, GC-A, and GC-E, it
has been probably lost in the ancestral gene of OIGC2.
0IGC6 and mammalian GC-E have an intron near the 3’
end of the coding region. The intron positions are also well
conserved in the kinase-like domain-coding region. This
conservation of the exon-intron organization in the intra-
cellular-coding region suggests a common origin of these
domains.

The amino acid sequences of the extracellular domains of
membrane GCs are highly divergent and only limited
sequence similarity has been found between different
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subfamilies of membrane GCs. The present study showed
that the number of introns is variable in the extracellular
domain-coding region of membrane GC genes. For exam-
ple, seven introns interrupt the extracellular domain of
OlGC6, while only two introns are present in the corre-
sponding region of mouse GC-E (34). However, our analy-
gis also revealed that the relative positions of some introns
seem to be conserved even in the extracellular domain-
coding region among the three major subfamilies of
membrane GCs. This implies that the extracellular do-
mains of the three different groups of membrane GCs
evolved from a common ancestor. Cysteine residues are
conserved in the extracellular domains of nematode and
vertebrate GCs (54). The conserved intron positions and
cysteine residues in the extracellular domain suggest that
all membrane GCs originated from a common ancestral
protein consisting of extracellular, transmembrane, pro-
tein kinase-like, and catalytic domains.

The authors would like to thank the staff members of the Research
Center for Molecular Genetics and the Center for Animal Experi-
ments, Hokkaido University, for allowing the use of equipment for
probe radiolabeling and culturing of medaka fishes.
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