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Abbreviations

ANP atrial natriuretic peptide or A-type natriuretic peptide

BNP _ brain natriuretic peptide or B-type natriuretic peptide
CNP C-type natriuretic peptide

DNP natriuretic peptide of Dehdroaspis anguisticeps
VNP ventricle natriuretic peptide

NPR-A natriuretic peptide receptor type A

NPR-B natriuretic peptide receptor type B

NPR-C natriuretic peptide receptor type C

cGMP 3", 5'-cyclic guanosine monophosphate

DMEM Dulbecco's modified Eagle's medium

PCR polymerase chain reaction

IBMX 3-isobutyl-1-methylxanthine

DASPMI 2-(4-dimethylaminostyryl)-1-methylpyridinium iodide
bp base pairs

MOPS 4-morpholinepropanesulfonic acid

PIPES 1,4-piperazinediethanesulfonic acid

GC guanylyl cyclase



SUMMARY

A comparative study of natriuretic peptide receptor NPR-B was
performed by cloning and expressing, in COS-1 cells, the cDNA for
NPR-B gill of the eel Anguilla japonica. This receptor exhibited a strong
guanylyl cyclase activity in requnSe to C-type natriuretic peptide (CNP).
Immunohistochemical studies demonstrated that the CNP/NPR-B system is
the one of the most important systems in "chloride cells" which are
located on the gill and involved in homeostasis of water and ions.
Resembling other mammalian NPR-B receptors, the eel NPR-B receptor
consists of a ligand-binding extracellular‘domain, a hydrophobic
transmembrane domain, a kinase-like domain and a guanylyl cyclase
domain. Sequence comi)arisons among eel and mammalian receptors
revealed a relatively low degree of similarity (ca. 44%) in the
extracellular domain, as compared to a very high degree of similarity (ca.
84%) in the cytoplasmic regulatéry and catalytic domains. The low
degfee of similarity allowed identification of the amino acid residues or
candidate regions that might be important for ligand-binding activity.

An immunohistochemical study demonstrated that a highly specific
antiserum against NPR-B stained the chloride cells in freshwater-adapted
eels. Northern blot analy,sis and measurements of the intracellular
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accumulation of cGMP also revealed that, in the chloride cells, the ﬁlRNA
for NPR-B was abundant and CNP stimulated the marked elevation of
levels of cGMP. After transfer of eels from freshwater to seawater, both
the mRNA for NPR-B and the response of cGMP to CNP almost
disappeared within several days. After complete adaptation to seawater, a
marked elevation of the levels of cGMP by ventricle natriuretic peptide
(VNP) instead of CNP was observed in the chloride cells. This

- observation strongly suggests the existence of new receptors that respond
to VNP.

RNase protection analysis of the mRNA for eel NPR-B also
demonstrated that the mRNA was predominantly located in the liver as
well as in the gills with moderate to low levels in the brain, ventricle,
esophageal sphincter, stomach, posterior intestine, and kidney. When eels
were transferred from freshwater to seawater, the high levels of NPR-B
mRNA in the liver and atrium decreased markedly. Similar changes are
known to occurlin the levels of CNP. These results suggested thét
CNP/NPR-B system might play an important role in the successful

adaptation of the eels to changes in salinity.
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INTRODUCTION

The natriuretic peptide system is one of the most important
homeostatic systems that re g_ulaté natriuresis and vascular tension for
maintenance of salt and water balance and blood pressure in mammals.
~ This system consists of three structurally related ligands, atrial natriuretic
peptide (ANP) (21, 33) brain natriuretic peptide (BNP) (60, 69, 73, 74),
and C-type natriuretic peptide (CNP) (75), which share a common
structural motif that consists of an émino acids disulfide loop of 17 (59).
The physiological importance of this system is underlined by the existence
of closely related peptide in the venom of green mamba Dendroaspis
angusti‘ceps (DNP) (68). ANP and BNP are mainly synthesized in the

heart as endocrine peptides (they are found at concentration of
1012.10710 M in the plasma) (1, 2, 50, 85) and act on vascularized

organs, namely, blood vessels and kidney (7, 8, 13, 14, 88). These two
peptides control cardiovascular function and body-water homeostasis.
CNP has unique structural and physiological properties as compared to

the other two peptides. The plasma concentration of CNP is undetectable
even by radioimmunoassay (<1 012 M) (51, 86). Consequently, so low as

to be, CNP should be considered to be a paracrine, autocrine or

neurocrine peptide. It lacks the carboxy terminal tail found in the other



two peptides and is synthesized in the central nervous system (42),
vascular endothelial cells (76), tracheal epithelial cells (20), chondrocytes
(30) and reproductive organs (20). Some of these tissues seemed to have
no involvement in the body-water homeostasis. CNP affects neither
natriuresis nor vascular relaxation at physiological concentrations and its
functions are not well understood. It has, however, been shown to inhibit
the growth of several types of cell (27, 30).

Recent studies of the receptors in mammals have revealed at least
three receptor subtypes in the natriuretic peptide system: natriuretic
peptide receptor-A (NPR-A) (17, 47, 53) and natriuretic peptide
receptor-B (NPR-B), (16, 23, 67) which each has a tyrosine kinase-like
domain and a guanylyl cyclase (GC) domain in the intracellular re gioﬁ,
and natriuretic peptide receptor-C (NPR-C) (26, 46, 56, 70), which lacks
tyrosine kinase-like domain and guanylyl cyclase domain. The
relationship between the ligands and the various receptors is summarized
in Figure 1. NPR-A responds to both ANP and BNP to a similar extent
and produces intracellular cGMP as a second messenger, but it does not
respond to CNP (44). NPR-A is expressed in the adrenal gland, kidney,
blood vessels and some organs that are directly involved in body-water
homeostasis (64, 87), and its expression has been detected in all the organs
in which ANP is biologically active, as previously described. NPR-B
responds very weakly to ANP and BNP but responds strongly to CNP

7



(44). Although NPR-B is widely expressed in various tissues (64, 87), its ‘
biological function is unclear. To date, its only action is the inhibition of
growth of chondrocytes and vascular smooth muscle cells (27, 30) and
;chis activity has been suggested to be related to cell differentiation and
vascular remodeling, respectively. NPR-C binds all natriuretic peptides
(11), and its expression is very sensitive to environmental changes in vivo
(10, 28, 48, 65) and in vitro (15, 31, 36, 37, 39, 41) but its physiological
function is unknown. It has only a short cytoplasmic domain and it is still
unclear how it transduces a signal to the cytoplasm. Some investigators

have suggested that NPR-C is coupled to G; and inhibits adenylyl cyclase

activity‘ (4-6). Some other investigators have proposed that it is only a
clearance receptor that regulates concentrations of natriuretic peptide in
the plasma and never transduces a signal into a cell (49).

Considerable efforts have been directed toward resolving these issues.
Comparative studies with animals with specialized anatomical and
physiological features may be a fruitful way of addressing these
problems. In fact, with respect to the ligands, there are several reports
on the structure, function and metabolism of the natriuretic peptides of
non-mammalian species, such as chicken (3, 9), frog (43, 45, 62, 89), eel
(80, 82), killifish, dogfish (57, 66), and trout (78) (Fig. 2). It has been

shown, for example, that ANP induces anti-natriuresis rather than
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Fig. 1. Schematic representation of natriuretic peptides and
" their receptors.



ANP
Eel SKSSNPUREGKLIRIES YNE| EUNSRKG
Bul Ifrog SSDHFESR | DIREAQNEMEUGRRF
Mouse/Rat/Rabbit SLRRNSHMEGR | DiRREAQNEl EENSFRY

Dog/Pig/0x/Man  SLRRSSHEEGRMMIICAONE EENSFRY
BNP

Fowl MMRDNGHEERR | DIIGSLEGMEBNGSRKN
Rat SKMAHSNS K | DERIGAVERLEEDGLRLF
Dog SPKMMHKNGERERRLOLIIGS] SGLEBNVLRKY
Pig SPKTMRDSGHESRRLIEMIGSLSGLEENVLRRY
0x 4 PKMMRDNGHESRRLIIIGSLSGLE[MNVLRRY
Man SPKMVOGNGHEZERKMILIISSSSGLEIMKVLRRH
CNP
Eel
Killifish
Dogfish
Bullfrog
Fowl
Rat/Pig/Man
VNP » ,
Eel KSFNSGFGTRMDR | GSWSGLGCNSLKNGTKKK | FGN
Consensus -—————0FG—DR | —S§—GC————

Fig. 2. Amino acid sequences of eel and other vertebrate
natriuretic peptides. All conserved residues are shaded. Cysteine
residues involved in disulfide linkages are bold.
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natriuresis in eel (84), that CNP is the most highly conserved in
natriuretic peptide (38), and that there exist two kinds of CNP in frog
(43, 89).

In the present study, with comparative analysis as a goal, a molecular
biological study of the eel NPR-B receptor system was performed. The
eel Anguilla japonica and and its NPR-B were chosen because three
natriuretic peptides, ANP, CNP and a novel peptide designated VNP (81,
83), have been isolated from the eel and well characterized (Fig. 3). Eels
are euryhaline épecies and their efficient osmoregulatory mechanisms
appear to be of interest in relation to the natriuretic peptide system. In
contrast to mammals, in which CNP is a neuropeptide rather than a
circulating hormone, the eel has been demonstrated to contain a relatively
large amount of CNP in the plasma. Moreover, plasma levels decrease
dramatically after adaptation to seawater, .suggesting that studies on the
tissue distribution of eel NPR-B, a receptor subtype that is highly specific
for CNP, might provide clue to the physiological role of CNP.

In the present study, a comparisdn of amino acid sequences of eel and
mammalian NPR-B receptors allowed comparative locétion or conserved
sequences essential for receptor function. RNase protection analysis
reveaied the widespread distribution of NPR-B in various tissues of the
eel. For example, substantial amounts of the mRNA for NPR-B were
detected in the liver, heart, gill and brain, with the highest level in the
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Fig. 3. Eel natriuretic peptides.
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liver. Similar analysis using preparations of RNA from eels that had
adapted to seawater or freshwater indicated that the levels of mMRNA
changed in response to changes in environmental osmolarity.
Immunohistochemical staining revealed high-density localization of NPR-
B in the chloride cells of freshwater-adapted eels, but no expression in the
chloride cells of seawater-adapted eels. RNase protection analysis also
demonstrated that expression of the mRNA decreased during adaptation
from freshwater to seawater. CNP stimulated the NPR-B-dependent
production of cGMP in epithelial cells from freshwater-adapted eels,

although it did not do so in those from seawater-adapted eels.
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EXPERIMENTAL PROCEDURES
Materials

Restriction enzymes were obtained from Toyobo ,0Osaka, and
Boehringer Mannheim, Mannheim, Germany; Time-Saver cDNA
synthesis kit and double-stranded nested deletion kit were from
Pharmacia, Uppsala, Sweden; Purococcus furiosus (Pfu) DNA

polymerase, A ZAP 11, Gigapack II Gold in vivo packaging kit and RNA
| transcription kit were from Stratagene, San Diego, CA, USA; mRNA
Separator poly(A)-rich RNA purification kit was from Clonetech, Palo
Alto, CA, USA; Sequenase version 2.0 sequencing system was from
United States Biochemical, Cleveland, OH, USA; Dulbecco's modified
Eagle's medium (DMEM) and penicillin-streptomycin antibiotics mixture

were from Life Technologies, Gaithersburg, MD, USA,; fetal bovine
serum was from Bocknek; [a-32P]dCTP and [a- 32P]UTP were from Du

Pont-New England NuclearBoston, MA, USA; cGMP assay system was
from Yamasa, Chiba; and synthetic eel ANP (¢ANP), eel CNP, and eel
ventricular natriuretic peptides (eVNP) were from Peptide Institute,
Osaka; A mitochondria-specific fluorescent dye 2-(4-

dimethylaminostyryl)-1 -methylpyridinium iodide (DASPMI), Tricaine
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(3-aminobenzoic acid ethyl ester methanesulfonate; MS-222) and
phosphodiesterase inhibitor 3-isobutyl-1-methylxanthine (IBMX) were
obtained from Sigma, St. Louis, MO, USA. An avidin-biotin-complex
staining system was from Vectastain, Vector Laboratory, Burlingame, CA,

USA.

Construction of an eel gill cDNA library

Total RNA was prepared from eel gills by the guanidium
thiocyanate/cesium chloride method (18) and fractionated on oligo(dT)-
ce.llulose resin to obtain poly(A)-rich RNA. Complementary DNA was
synthesized by reverse transcription of 5 pug of the eel gill poly(A)-rich
RNA with a Time-Saver cDNA synthesis kit. The cDNA was ligated to
the A ZAP II phage vector and packaged with a Gigapack IT Gold in vitro

packaging kit. Approximately 3 x 100 recombinant phages were

obtained.
Preparation of a cDNA probe

To obtain a cDNA probe for NPR-B, part of the sequence of bovine

NPR-B cDNA covering the GC domain was first amplified by PCR.
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Bovine adrenal cDNAs were synthesized as described previously and used
as templates for PCR, which was performed with Purococcus furiosus
(Pfu) DNA polymerase and the following oligonucleotide primers: 5'-
GAGACAGTAACGGGGCATCTT-3' (antisens_e). and 5'-

ATGGAGCAGTACGCGAACAA-3' (sense). PCR consisted of 35 cycles

of denaturation at 94°C for 1 min, annealing at 45°C for 2 min, and

polymerization at 75 °C for 3 min. The product was size-fractionated by

electrophoresis on an agarose gel, cloned into pBluescript (Stratagene)
and sequenced. The PCR-amplified cDNA fragment was 525 bp in length
and it encode a protein that exhibited 98.9% homology to the GC domains

of human and rat NPR-B receptors.

Screening of cDNA library

The above-described cDNA probe was labeled with [(x-32P]dCTP

using random primers. Approximately 4 x 10° plaques were screened by

plating recombinant phages of a density of 30,000 plaques/15-cm plate
together with the host, Escherichia coli XL-1 Blue, on plates of agar-

solidified Luria-Bertani medium. Replicate filters were prehybridized at

37°C for 2 h and hybridized for 16 h in the presence of the 32p_jabeled
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probe. Prehybridization and hybridization buffers contained 6x SSC (1x
SSC contains 0.15 M NaCl, 15 mM sodium citrate, pH 7.0), 5x Denhardt's
solution (Denhardt's solution contains 0.02% each of bovine serum

albumin, polyvinylpyrrolidone and Ficoll) and 0.1% SDS. After
“hybridization for 16 h at 37OC, ﬁiters were washed twice with 2x 'SSC
containing 0.05% SDS at room temperature for 5 min and twice with 2x
SSCat 37 C for 1 h. Then they were exposed té Kodak X-Omat AR5
(Eastman Kodak Co., Rochester, NY, USA) film with an enhancer screen .
(Konica, Tokyo) at -80°C overnight. Double-positive clones were plaque

purified and the longest cDNA insert was used as a probe for a second

round of screening to isolate a full-length cDNA. Approximately 1.3 x
100 plaques were rescreened with the homologous probe under higher-

stringency conditions. Prehybridization and hybridization buffers used

for the rescreening contained 20% formamide, 6x SSC, 5x Denhardt's
solution and 0.1% SDS. Hybridization was carried out at 42°C for 18 h.

Washing was performed twice with 2x SSC that contained 0.05% SDS at

room temperature and twice with 1x SSC that contained 0.1% SDS at
50 C. After autoradiography; plaques that gave hybridization signals on

both replicate filters were purified and the inserts were rescued as
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pBluescript SK™ , using helper phage R408 (Stratagene), for analysis with

restriction enzyme analysis and sequencing.
DNA sequencing

DNA sequences were determined by the dideoxynucleotide chain-
termination method (63) using the Sequenase version 2.0 sequencing
system. The internal insert sequence was obtained from the series of

nested deletions that were generated with a nested deletion kit .

rd

Expression of the cDNA for the eel NPR-B receptor in COS-1 cells

A full-length cDNA (eNPR-B22) encoding the eel NPR-B receptor
was ligated and subcloned into a mammalian expression vector, pcDL-
SR0i296 (79). COS-1 cells were maintained in DMEM that contained

10% fetal bovine serum, 10 mM HEPES, 50 U/ml penicillin and 50 png/ml
streptomycin in a controlled atmosphere of 5% CO,»/95% air at 37°C.

Cells were harvested with trypsin from a 70% confluent culture, washed

with Dulbecco's phosphate-buffered saline (2.7 mM KCl, 138 mM NaCl,

1.2 mM KH,PO,, 8.1 mM Na,HPO,; without Ca®* and Mg?" ions) and
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suspended in phosphate-buffered saline (120.7 mM KCl, 30.8 mM NaCl,

1.46 mM KH,PO, and 8.1 mM Na,HPO,) that contained 5 mM MgSO,,

for electroporation. Approximately 6 x 10 cells were electroporated

with 16 pg plasmid DNA at 220 V and at a capacitance setting of 960 pF
in a Bio-Rad Gene Pulser (Bio-Rad). After electroporation, the cells
were seeded into 12-well culture plates for assays of the synthesis of

cGMP.
Measurement of the intracellular accumulation of cGMP in COS-1 cells

COS-1 cells transfected with the eel NPR—B cDNA/pcDL-SR0296
construct and cultured in 12-well plates were washed with Eagle's
‘minimum essential medium that contained 10 mM HEPES, pH 7.4, and
incubated with 0.5 ml of the medium that contained 0.5 mM'3-isobutyl-1—
inethylxant’hine (IBMX) at room tempefature for 30 min to inhibit

phosphodiesterase activity. After a 15-min incubation with eANP, eCNP,
or eVNP (1019-10°® M), 0.5 ml of 0.2 M HClI that contained 5 mM

EDTA was added to stop the production of cGMP. Cell lysates were then

aésayed for levels of intracellular cGMP with a cGMP assay kit .
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Northern blotting

Five ug of poly(A)-rich RNA obtained from eel gill was fractionated
by electrophoresis on a 1% agarose gel that contained 2.2 M formamide,
20 mM MOPS, pH 7.0, 8 mM sodium acetate and 1 mM EDTA. After
electrophoresis, the RNA was transferred to a Magnagraph nylon
membrane (Micron Separations Inc.) and chemically cross-linked to the
membrane with ultraviolet light. The membrane was incubated in a
buffer that contained 50% formamide, 5x SSPE (SSPE contains 0.15 M

NaCl, 15 mM NaHzPO 4 pH 7.0, 1 mM EDTA), 5x Denhardt's solution

| and 1% SDS for 1 h at 42 C and the RNA was allowed to hybridize for

16 h with the 32P-labeled cRNA probe used for RNase protection analysis

(see below). The membrane was washed twice with 2x SSC containing

0.05% SDS at room temperature for 5 min and twice with 0.1x SSC

containing 0.1% SDS at 60 C for 3 h and then it was exposed to X-Omat

film with an intensifying screen at -80 C.

Production of antiserum against recombinant eNPR-B protein

The pMAL-p1 expression vector was used for expression of eNPR-B
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as a fusion protein with the maltose-binding protein of E. coli. The
Hincl-Xbal fragment of eNPR-B (corresponding to Asn98 through
Leu248 ) was introduced in-frame into the expression vector. The
resulting plésmid was ﬁsed to transform XL-I Blue cells. . The

transformed bacteria were incubated with shaking in Luria-Bertani
medium plus 50 pg/ml ampicillin at 37°C until a cell density of equal to

an absorbance at 600 nm of 0.6 was reached. The synthesis of the

maltose-binding protein-eNPR-B fusion protein was induced by addition
of 0.3 mM IPTG. After a further incubation With 3 h shaking at 37°C,

and the protein was purified essentially as described by the manufacturer
of New England Biolab. A New Zealand White rabbit was immunized by
intradermal injection with a homogenate that contained 1 ml of Freund's
complete adjuvant and 1 ml of a solution of fusion protein (1 mg/ml).
Two weeks later, thé rabbit was given a booster injection of a homogenate
that consist of 1 ml of Freund's incomplete adjuvant and 1 ml of the
solution of fusion protein (1 mg/ml). Blood was collected and antiserum
was prepared each week thereafter. Booster injections were given every

two weeks until the titer of the antiserum ceased to increase.
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Immunostaining of eel gill cells

An eel was anaesthetized in a solution of ethyl m-aminobenzonate

(MS-222), adjusted to pH 7.4 with NaHCO5 and perfused via ventral

aorta with 20 ml of thsphate-buffered saline (PBS: 118 mM NaCl, 5 mM

KCl, 10 mM Na2PO 4 1.2 mM K[-IZPO 4 pH 7.4). The gill arch was

embedded in OCT compound and cut into 6-pum-thick sections. The
sections were sequentially incubated as follows: in 5% hydrogen peroxide
in acetone at room temperature for 1 h, (i1) in 6% goat serum/PBS for 1

h; (iii) in antiserum against eNPR-B diluted in PBS (1: 1000 final

dilution) at 4C overnight; (iv) in a solution of biotinylated antibody

raised in goat against rabbit IgG solution at 4°C for 3 h, (v) in avidin-

biotin-peroxidase complex (ABC) at room temperature for 1 h; and
finally (vi) in 0.1% diaminobenzidine, 0.02% hydrogen peroxide, 0.01 M

imidazole in PBS for visualization of immunoreactions.

Staining of chloride cells in situ with a mitochondrion-specific dye,

DASPMI

An eel was anaesthetized as described above. After injection of 0.2
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umol of DASPMI and 1,000 units of heparin in saline into the ventricle,
the eel gill was incubated for 45 min at room temperature and then
perfused via the ventral aorta to wash out the dye complétely. Then the
gill was removed and placed on a culture dish. Photographs were taken
with a Kodacolor film (ISO 400; Kodak) under a fluorescence microscopé
(IMT-2; Olympus, Tokyo) with a excitation at 460 nm and emission at

581 nm.’

Time course of changes in the levels of NPR-B mRNA after transfer of

eels from freshwater to seawater, as determined by RNase protection assay

Eels were kept in freshwater for two weeks and then transferred to
seawater in which they were allowed to adapt for 1, 3, 7, or 14 days.
After adaptation, eels were anaesthétized and perfused and the gills were
removed. The epithelial cells were scraped off as and the RNAs were
purified by acid guanidium thiocyanate/phenol/chloroform method (19).
An antiseﬁse cRNA probe [459 bp, corresponding to nucleotides -21 to

363 (384 bp) plus part of the multi-cloning site of pBluescript] was

transcribed in vitro from pBluescript II SK™ using T7 RNA polymerase
with [oc-3 2P]UTP (30 TBg/mmol). After transcription reaction, the
template DNA was degraded by digestion with RNase-free DNase I,: and
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unincorporated [o- 32P]UTP was removed by ethanol precipitation. The
radioactive cRNA (5 x 10° cpm) was allowed to anneal to 10 pg of total

RNA, that was prepared from the epithelial cells, for 12 h at 45 C in 80%

formamide, 40 mM PIPES, pH 6.4, ] mM EDTA and 400 mM NaCl.

Non-annealing RNA was then digested with ribonucleases A and T at

final concentrations of 40 pg/ml and 2 ug/ml , respectively, in a buffer

that contained 10 mM Tris-HCI, pH 7.4, 300 mM NaCl and 5 mM EDTA,
at30 C for 1 h. The protected fragments were analyzed by
electrophoresis in 5% polyacrylamide gel that contained 7 M urea and the

gel was exposed to X-Omat films with an intensifying screen at 80 C.

Measurement of the accumulation of intracellular cGMP in eel gill

epithelium

Freshwater- and seawater-adapted eels were anaesthetized and
perfused as described above. The gill arches were removed and the
filaments gently scraped with a razor blade. The resultant free cells were

washed twice with PBS, suspended in PBS that contained 0.5 mM IBMX

and incubated at 20°C for 20 min. After incubation with eANP, eCNP or
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VNP (1010-10° M) at 20°C for 20 min, 0.2 M HC containing 5 mM

EDTA was added to stop the production of cGMP. After boiling for 5
min, lysates were assayed for levels of intracellular cGMP as described

above.
Tissue distribution of eNPR-B mRNA

Total RNA was isolated from selected eel tissues; the functions of
which might be expected to be under the influence of natriuretic peptides,
by the acid guanidium thiocyanate/phenol/chloroform method. The
expression of mRNA for NPR-B was examined by the RNase protection

assay as described above.
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RESULTS
Isolation and characterization of ¢DNA clones for eel NPR—B‘

I and co-workers demonstrated previously that eel gill contains a large
nurﬁber of ANP-binding sites (61). Therefore,vI constructed a cDNA
library from eel gill poly(A)-rich RNA in AZAP II and screened it with a
cDNA probe that corresponded to the GC-domain-encoding region of |
cDNA for bovine NPR-B ¢cDNA under low-stringency conditions. Three

positive clones (AeNPR-B11, AeNPR-B12 and KeNPR—BB) were isolated
from among the 4 x 10° phages screened. The presence in the clones of

cDNA for the eel homolog of the GC -containing NPR was confirmed by
; part1al sequencing of the inserts. The sizes of the cDNA inserts of the
three clones suggested that they were not long enough to cover the entire
coding region (Fig. 4). Therefore, to obtain a full-length cDNA I

rescreened the library with the eNPR-B12 ¢cDNA under higher-stringency
conditions. Screening of 1.3 x 100 plaques yielded 50 positive clones and

18 of these were plaque-purified. Restriction enzyme mapping with PsfI
and HindIII indicated that these clones had similar restriction niaps; two
typical example of these clones are shown in Figure 4, namely, eNPR-B21

and eNPR-B22. The eNPR-B22 clone that had the longest cDNA insert
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Fig. 4. Partial restriction map and the sequencing strategy
for cDNA for eel NPR-B. The protein-coding region is represented
by an open bar. Arrows indicate the directions and extents of sequencing
reactions. Clones eNPR-B12, eNPR-B21 and eNPR-B22 had a poly(A)
tail 31 bp downstream from the first polyadenylation signal AATAAA (22
bp downstream from the second one). The nucleotide sequence
downstream of the stop codon contains three ATTTA motifs that could be
involved in selective degradation of the mRNA.
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was éequenced. Figure 5 shows thé nucleotide sequence and deduced
amino acid sequence. The cDNA insert contained 24 nucleotides that
corresponded to the 5.' uﬁtranslated region of eel NPR-B mRNA, 3,250
bases of the coding region, 523 bases of the 3' non-coding region and a
poly(A) tail of 13 nucleotides. The eukaryotic polyadenylation signal
AATAAA was found at two locati’ons,vnamely, 22 and 31 bases upstream
from the beginning of the poly(A) tail. The open reading frame encoded

a protein of 1,026 amino acids with a calculated M, of 119,856.

Comparison of eel NPR-B with its mammalian homologs

Figure 6 shows a comparison of the amino acid sequences of all forms
of NPR-B characterized to date. The structural features of eel and human
NPR-B receptors are summarized schematically in Figure 7. The
comparison revealed a high degree of similarity within the cytoplasmic
domain. However, as a whole, the eel and the mammalian sequences
showed considerable diVergence, exhibiting only 44% homology.
Although the overall similarity in the extracellular domain was relatively
low, certain regions appeared to be highly conserved, including the -
sequences immediately adjacent to the third and fourth cysteine residues,

Cys236 and Cys339. Other features that were found to be conserved
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gttecotctgtepgaagatttattaaccattggaagetoccattaataactgcatgeecaccageatttggatttgattcasaggaggaatatagaaccat tgtacggacggecctotos 480
VASVGERFVNHWKLPLITANYA PAFGFDSKEEYRTIVRTGLS 129

acaactaaacttggggagttcgcccattacctacactcgcatttcaactggacaactcgggcgtttatgctgttccatgacttaaaagtggatgatagaccctactacttcatttctgaa 600
FTTKLGEFANYLHSHRFFEWITRAFHKLFHDLKVYDDRPYYFISE 169

geegttttcttagttttgogtogtgaaaatattacagt ) teoottat tocgattat gatttcctcattaaaat: tegtg 720
6GVFLVLRREFTIJVEAVPYDDOKNSDYREMISSLKSNGRIV 209

tacatetpgtggeccatt tcctggaatttatgageatttttcagaat tect atgotatcttctatttggatatgtt tctagat 840
BGPLDTFLEFMRIFONEGLPPEDYAIFYLDMKFAKSILD 249

aaggatt cagacatcaactggactgatoccattaagottticaagtotatpttigtaat coegaat ttcag 960
KOYKPWESSDI FWIYDPIKLFKSVFVYITAKEPDNPEYKAFOQ 288

coat tticagtocaattggagoottetot teatagotgectgtitotatpatageticatettgtatecacaggeccteaateag 1080
RELHARAKOQEFSVOQLEPSLEDI | AGEFYDGFHLYAOALFE] 3
accttagotpaaggaggatcacagaatgatggaattaacat tetgeegtet tgt gacagggacatt 1200
MLAEGGS@NDG I FTTHOKHKROCNRRF¥G6YVTGELYSTDKNNDRDI 369
gatttcaacctgtgggccatgacaaatcacaaaaccggacaatacggcatcgtggcgtattataatggaacaaataaggaaattgtctgg- teaat, 1320
DFNLWAMNTNHKTGOYG I VAYY FTGINKEIVYSETEKIOWPEK 409
gegagocvaccEcipEataatocaccttpigtetittotategat gagcoattotgtaatpasgatoagt tacet gttet tegeattetegctgteggatotegectigcactcataata 1440
GSPPLDNPPGVFSMDEPFNE‘DQLPVLGIVAVGSGLALII 449

tttgesatitcaagittictoatttacageaapctoaagotagagaapgaactpgeiegcatgoiat sgagaatacgsteggaggagt tecagtttganagteccaacanatatcacaag 1560
6185585 FLIYRKLEKLEEKELAGHLWRIRWEELOFESPNEKYHEK 489

tgigopset caccatct iccagotategeicectgat tegaaagtatcagttattt gectatticaagggcasttiggtegcg 1680
CAGSRLTISORGSSYGSLITAHGKYOQLFAKTGYFKGNLVYA 529

tgagot getgtttgaactgazacatatgagagatzticagtt t toataggtaootgoatigacect 1800

I KHVYNKKRIELTROVLFELKHMKRDVYOQOFNHLTRFIGAGIDEP 569

ctgcatcgtgacagagtact goaggatatactggagaatgaaagcataaacctggactggatgtitogtiaticactoatoaatgatatagtaaag 1920

PNIGIVTEYCPRGSLODILENESINLDWRKFRYSLINDIVEK 608

ggaatgaattttctgcataacagctacatigggtoacatggaaat ttasagtoatcoaactgtgtegt gratagceggtttatact gaaaat tacagattateggot gacaagettoogg 2040
GHMNFLHNSY 1 GSHGNLIKSSNGCVVDSRFVLKITDYGLASTFR 649

{catcatgtgaaaat ctat gtes gagetpttgatat gtgtacagt 2160
SSGENEDSHALVAKKLWTAPELLlYDRHPPOGTOKGDVYS 689

tttggcatcatactccagzagatagocctgaggaatgggccgttctacztggacggcatggaccfMvrrr% tetecagaaggtgaggaatggt tactttege 2280
t 1 Le@EITALRNGPFYVDGHDLSPKEIVOKVRNGOKEPYTFR 729
tet tatggaggectgcteggoteage: tttoagotacatcaaaatcttogtcatgazgstes 2400
PTTDTSCHSEELSILMEGCWAEDPADRPDFSYIKIFVMKL 769
‘aataaagaggegageacgagtattctcaataacotectotecaggatggaacagtatgccaataact tggagaacctgetagage; tacoteg 2520
GSTS!LNNLLSRMEOQOQYANNULENLVYEERTOGAYLEEK KR REK 808
ctactttaccaaatotteccteattoagtgg: gtocagecggaagcgttt aaccatctatttcagtgacatogtcgec 2640
AENLLYOlLPHSVAEOLKRGETVOAEAFDSVTIYFSDIVG 849
tteacatcaatet goaggttgtgacattactcaatgatetgtacacctectttpatgccattattgacaactttgatgtetataaget tega 2760
FTSHSAESTPLOGVYTLLNDLYTCFDAIUIUDNFDYYKXKVETIG 88¢
gatgegtacategttgtgtetgacteccagt ggtaaactgeat, tgegegegatgtogttagecttact ttcaagat 2880

DAYMVVSDSDSRNGKLHAREIAGMSLALLEOVKTFKIRHR 929

cccaatgaccagotacggctacggatagecatocacacagggccagtotgoectggeetogt tept tteasaatgccaaggtactget tatttaggagataccgteaatacagcatetegg 3000
PNDOLRLRIGIHTGPY CAGYVGLKMWPRYGLFGDTVNTASR 969

atggagtegaat tgaagatacacctttottoaget tgctagatgagtttggttacttcgatetecagotacgageggacgtagaaatgaagggcaaagge 3120
KRESNGEALKI'!HLSSATKEVLDEFGYFDLOGLRGDVYEHMEKSESGEKSE 1009
aaaatgaggacatattggctoctges: gtotatgtaatet atgatatgtgectaccgtatggtt geteacagtgecacaggteat 3240
KRERTYWLLGEKTDVY VI = 1029
tgottttatttgttctanaataagtctigaaggtgttttocttcccaaat tagatatttacaatacottt, taatttcaggtagttittcaagacgtttt 3360
tat, ttat ttotgtottggaagtgagtact tttcaatgataaattotaattttttgtectitotatattacgatttgtataaggtpttiggaatcaatgatttaty 3480
aatagtatticcatgtgecataaatagcegaageeegcacaatttaatggaagtaatettt gat tt ggggcaatgtgaagtcccatgttggtt 3600

gtggtataatgcaggageatacatgtatatatatatatecaagatattactaaatattttgctoaatasatte attgtacatatgtt 3708

Fig.5. Nucleotide and deduced amino acid sequences of eel
NPR-B. Nucleotide and amino acid positions are shown on the right.
The nucleotides are numbered in the 5'—=3' direction, beginning with the
first nucleotide of the cDNA clone eNPR-B22. Possible N-glycosylation
sites are boxed. A putative transmembrane domain is indicated by the
dotted line. Cysteine residues in the extracellular domain are black-
boxed. Asterisk indicates a stop codon. The putative polyadenylation
signal AATAAA is shown in italics, and the sequence ATTTA, a signal for
rapid degradation of mRNA, is underlined. The arrow indicates the
putative signal sequence cleavage site.
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Fig. 6. Alignment of the amino acid sequence of eel NPR-B
with those of rat, human and bovine NPR-B. The sequences of
eel, rat and human NPR-B receptors were aligned by visual inspection
with the assistance of SDC-Genetyx computer software (Software
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extracellular domain, N-glycosylation sites (closed triangles) and the
membrane-spanning domain (dotted line) are marked
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NGRIVYICGPL IAGCFYDG

Eel
NPR-B

7] were

b

Extracellular Domain MSD  Kinase-like ~ G-cyclase
Domain Domain
(44%) (82%) (84%)

Fig. 7. Structural comparison of eel and human NPR-B.
Vertical lines represent the positions of the six cysteine residues in the
extracellular domain. Possible N-glycosylation sites are indicated by
triangles; closed triangles represent conserved sites. Amino acid
sequences surrounding the third and fourth cysteine residues, which are
highly conserved, are also shown. MSD, membrane-spanning domain; G-
cyclase, guanylyl cyclase. Values in parenthesis indicate the extent of
homology.
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betweenfhe eel and mammalian NPR-B receptors are the numbers and
positions of the cysteine residues in the extracellular domain and those of
the site of N-glycosylation; eel and mammalian NPR-B receptors contain
eight and seven putative site of N-glycosylation, respectively; and five of
their locations are conserved (Fig. 7). The extent of sequénce homology
between eel NPR-B and human NPR-A is 38% in the extracellular

domain, 71% in the kinase-like domain, and 81% in the GC domain.
Northern hybridization

To estimate the size of the mRNA for eel NPR-B, Northern blot
analysis was performed with poly(A)-rich RNA from the eel gill. One
- strong and one faint hybridization signal were detected at the positions
that corresponded to mRNA of 4.0 kb and 5.7 kb, respectively (Fig. 8)7
The size of the predominant species was in agreement with that predicted
from the analysis of the cDNA. The faint band of a 5.7-kb mRNA might
represent the transcript of a related gene; there is a possibility that the
band repfesents a subtype of eel NPR-B since }We used relatively stringent
hybridization conditions and, as a probe, a cDNA fragment that encoded a
part of the extracellular domain in which there is a considerable degree

of sequence divergence among the NPR subtypes.
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- Fig. 8. Northern blot analysis of mRNA for eel NPR-B.
Poly(A)-rich RNA was isolated from eel gill, subjected to electrophoresis
on a 1% agarose gel under denaturing conditions, transferred to a nylon
membrane and probed with a 32P-labeled 459-bp cRNA probe. The
positions and sizes (in kb) of RNA markers are shown on the left.
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Expression of eel NPR-B in COS cells and demonstration of stimulation

by CNP of its GC activity

An expression plasmid that directed the synthesis of eel NPR-B was
constructed by inserting the full-length cDNA for NPR-B into the
expression vector pSRa. COS-1 cells were transfected with éither the
construct (pSRa/eNPR-B) or the control vector (pSRa) and assayed fo'r‘
GC activity. As expected, the CN?-induced intracellular accumulation of
cGMP occured in the transfected cell that carried the pSRa/eNPR-B °
plasmid exhibited while no such accumulation of cGMP was observed in
the mock-transfected cells. The order of potency of ligands in stimulating
the GC activity was eCNP > eVNP > eANP (Fig. 9); eCNP was at least

500 times more potent than e ANP.
Dense localization in chloride cells of eNPR-B

After immunohistochemical staining, the chloride cells of gill
epithelium of freshwater-adapted eels were heavily stained with the
antiserum against eNPR-B. Figure 10 A shows the dense staining at the
base of two secondary lamellae. The chloride-cell-specific fluorescent
dye DASPMI also stained the same sites (Fig. 11 A). DASPMI was
originally used for staining mitochondria (12). The dye stains the
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Fig. 9. Stimulation of guanylyl cyclase activity of the eel
NPR-B receptor expressed in COS-1 cells by eCNP, eVNP and
eANP. COS-1 cells were transfected with pcDL-SRa296/eNPR-B22 by
electroporation and cultured for 48 h. The transfectant cells were then
assayed for guanylyl cyclase activity in the presence of varying
concentrations of eCNP (@), eVNP (O), or eANP (A).
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(A) Freshwater-adapted (B) Seawater-adapted
immune immune

(C)F reshwater—adat
(preimmune)

Fig. 10. nohistochemical staining of eNPR-B in the eel
gill. Sections of gills of both freshwater-adapted (A) and seawater-
adapted (B) eels were probed with an antiserum raised against eNPR-B
and stained with avidin-biotin-peroxidase system. In panel C, a section
from a freshwater-adapted eel was probed with preimmune serum and
then processed in the same way as the section in A and B. Bars, 200 um.
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(A) Fluorescence (B) Phase-contrast image
(DASPMI)

Fig. 11. Staining of chloride cells with the mitochondrion-
specific dye DASPMI. Eel gills were perfused with PBS and stained
with DASPMI. The staining was visualized with an Olympus IT-2
fluorescence microscope with an G520 filter. A: 100x, fluorescence. B:
100x, phase contrast image.
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chloride cells which are very rich in mitochondria (35). These
organelles produce the ATP required for pumping large amounts of ions
-across cell membranes. The colocalization of the products of the two
different staining reactions indicated that NPR-B is localized and highly
expressed on the chloride cells. On the other hand, in seawater-adapted
eel, no specific staining was found, even at the base of two secondary
lamellae (Fig. 10 B). This result is consistent with the results of the
RNase protection analysis described above and also with the fact that the
plasma concentration of CNP is higher in eels adapted to freshwater than

in those adapted to seawater.

Reduced levels of NPR-B mRNA after transfer of eels from freshwater to

seawater , as revealed by an RNase protection assay

The level of mRNA for eNPR-B fell dramatically as freshwater eels
became adapted to seawater (Fig. 12). The level of this mRNA in the gill
epithelium fell by about 50% within only one day, and by more than 90%

within 7 days.
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protected
fragment

Fig. 12. Time course of mRNA expression of NPR-B after
transfer of eels from freshwater to seawater examined by an
RNase protection assay. Total RNA, as from eels adapted to seawater
(SW) for the indicated number of days was annealed with a 459-bp 32P-
cRNA probe, digested with RNases A and T, and the protected fragments

(384 bp, arrows) were analyzed by electrophoresis and fluorography as
described under "Experimental Procedures". The pattern represents a
typical result from one of three separated experiments. FW, freshwater.
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Comparison of freshwater-adapted to seawater-adapted eels with respect

to guanylyl cyclase activity in the gill epithelium

Figure 13 shows the production in response to various ligands of
c¢GMP in the eel gill epithelium of freshwater-adapted and seawater-
adapted eels. In the gill epithelium of freshwater-adapted eels, CNP
stimulated the guanylyl cyclase activity but no other natriuretic peptides
did so. This result indicates that only NPR-B, and not NPR-A, is
expressed on the chloride cells of freshwater-adapted eels. In the
seawater-adapted eels, consistent with the results described above, CNP no
longer stimulated the production of cGMP; however, to our surprise,
VNP stimulated the production of ¢GMP. This unexpected result indicates
that some other receptor for natriuretic peptide, for which no evidence |
has previously been presented, appears on the gill epithelium of seawater-

adapted eel.

Tissue distribution of mRNA for NPR-B in freshwater- and seawater-

adapted eels

To determine the tissue distribution of mRNA for eel NPR-B and to
examine whether levels of the mRNA are regulated by the osmotic
pressure of the environment, an RNase protection analysis was performed
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cGMP Accumulation
(pmol/min/mg protein)
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Ligand (logM) Ligand (logh)

Fig. 13. Comparison of guanylyl cyclase activity in the gill
epithelium of freshwater-adapted (A) to that in seawater-
adapted (B) eels. The epithelial cells were removed from the gill
arches with a razor blade. The eANP-(@), eCNP-(QO), and eVNP-(A)
induced accumulation of cGMP was measured with a radioimmunoassay
kit. Each point represents the result of triplicate determinations from
three preparations.
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with both freshwater-adapted and seawater-adapted eels (Fig. 14). In eels
adapted to freshwater, NPR-B mRNA was detected at high levels in the
liver, atrium and gill, at moderate levels in the brain and ventricle, at low
levels in the esophageal sphincter, stomach, posterior intestine and kidney,
and at trace levels in the esophagus, anterior intestine and head kidney '
(Fig. 14 A) The levels of NPR-B mRNA in the liver, atrium, and gill
decreased markedly when eels were exposed to seawater. By contrast, the

level in the ventricle remained unchanged (Fig. 14 B).
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Fig. 14. Levels of NPR-B mRNA in various eel tissues, as
measured by an RNase protection analysis and their changes
during adaptation to salinity. Total RNA (10 pg) isolated from the
indicated tissues was allowed to hybridize to the indicated probe as
described under "Experimental Procedures". The arrow indicates the
protected fragments. The pattern represents a typical result from of five
separate experiments.
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DISCUSSION

As part of an effort to clarify the physiological and adaptive roles c;f
the natriuretic peptide system throughout the vertebrates species,
molecular characterization was initiated of this system in the eel, 4.
Japonica, which can tolerate a wide range of salinities, by cloning one of
the GC-coupled receptors. The cDNA clone was isolated by cross-
hybridization with a fragment of the cDNA for bovine NPR-B that
encoded the GC domain. During the early stages of the study it was,
however, unclear whether the isolated clone represented NPR-B or the
other subtype, NPR-A, because the GC domains of the two types were
expected to have very similar sequences, as demonstrated in the
mammalian counterparts. The clone was unequivocally identified as a
clone for NPR-B from the conserved locations of six cysteine residues in
the encoded extracellular domain and the ligand specificity. The cloned
reéeptor that was transiently expressed in COS-1 cells respond to CNP
preferentially. Alignment of the amino acid sequence of eel NPR-B with
the known mammalian sequences should help me to identify conserved
sequences that merit future attention in attempts to understand the
structure/function relationships. The high degree of sequence homology
among the kinase-like domains as compared to the extracellular domains
suggests that the kinase-like domains of the GC-coupled receptors are not
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merely a link between the ligand-binding and GC domains but have,
themselves, an important functions. Of interest also is the sequence
homology in the vicinity of the third and fourth cysteine residues in the
extracellular domain. By analogy to the disulfide-bonding pattern of the
bovine NPR-C receptor which was recently determined in our laboratory
(32), the third and fourth cysteine residues are expected to form a
disulfide-bond. The two conserved sequences (NGRIVY236CGPL and
IAG339CFYDG) may, therefore, be in close proximity and constitute an
essenti:cll part of the ligand-binding site.

Biochemical and functional characterization of the shark natriuretic
peptide system has demonstrated that in this chronically salt—loaded fish,
CNP seems to be the only circulating hormone involved in the control of
hemodynamics and osmoregulation (66, 77). For example, CNP has been
shown to be much more potent than ANP in producing vasodilation (22)
and the secretion of chloride ions from the rectal gland, (24, 34, 72)
which expresses NPR-B that includes a GC domain and is highly specific
for CNP. In mammals, by contrast, CNP is not detectable in the plasma
and, when administered exogenously, it has only limited cardiovascular
effects. CNP is also present in the plasma at high concentrations (82, 84).
The amino acid sequence of eel CNP differs from those of shark and rat
CNP at five and four positions among a total of 22 residues, respectively.
Despite the similarity between eel and shark CNP in terms of their
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pressure in the circulation eel NPR-B exhibits greater similarity to
mammalian NPR-B than to the shark recéptor in its ligand selectivity: eel
NPR-B, resembling its the mammalian counterpart, is highly sensitive to
CNP, sensitive to VNP, and weakly sensitive to ANP, whereas shark NPR-
B is insensitive to natriuretic peptides other than CNP (29). The
structural basis for the difference must await molecular cioning of the
shark receptor. Such extensive comparative studies should also help us to
gain some insight into the evolution of the natriuretic peptide systems.
Transfer of eels from freshwater to seawater has been shown recently,
to cause a considerable decrease strongly in levels of CNP, as compared
with those of ANP and VNP (84). Immunohistochemical staining
revealed that similar changes occur also at receptor level in the gill
epithelium, namely, in the chloride cells. These cells are thought to take
up small quantities of ions in freshwater and secret large amount of salts
in seawater (25, 55). RNase protection analysis demonstrated that the
levels of the mRNA falls rapidly and the mRNA almost disappears within
a week. In freshwater, an eel takes up various ions through chloride cells
exclusively, because it does not drink sufficient water to allow it to take
up ions via the gut (58). Thus, the role of CNP is, at least in chloride
cells, to control the active uptake of ions, for example sodium, potassium
and calcium ions, from the freshwater to eel plasma. By contrast, in
seawater, the eel drinks so much seawater that water is taken into its body
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and it can absorb ions from the seawater via the gut (58). The phenotype

of chloride cells turns from "o and " to hypertrophied "a" only (Fig. 15)

.(5 4,71). Consistent with this change, the/ cells begin to excrete sodium,
potassium, and chloride ions, acting in the opposite way to chloride cells
in freshwater. (The "chloride cell" was originally named because this
chloride-excretion activity (40).) NPR-B is now no longer necessary in
these functions, and begins to disappear. After complete adaptation, CNP
no longer stimulates the production of cGMP, but VNP is able to stimulate
the production of cGMP in eel gill epithelia. This observation indicates
the existence of a new member of natriuretic peptide receptor family
which is affected by VNP only. The structure, tissue distribution and
physiological properties of this receptor will be revealed after the
molecular cloning of this receptor.

RNase protection analysis revealed that the mRNA for NPR-B is
widely expressed in eel tissues and }that the levels of its expression are
controlled in a tissue-specific manner. The mRNA was found
predominantly in the liver, atrium and gill. The highest level of
expression in the liver was an unexpected finding. Although the
functional significance of the hepatic NPR-B has yet to be determined, a
report by Nair et al. (52) that the number of binding sites for natriuretic

peptides and particulate GC activity are markedly increased in
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Freshwater- Seawater-
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o and p cells _ Hypertrophied o cells

CNP VNP

Fig. 15. Schematic representation of the interlamellar space in
freshwater- and seawater-adapted eels. In freshwater, the
B-chloride cell is seen at the center between two a—chloride cells close to
the basement membranes of the pillar capillaries. In seawater, the
B-chloride cell has disappeared and the entire space is occupied by two
fully hypertrophied a.—chloride cells.
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regenerating liver in the rat suggests that the eel hepatic NPR-B identified
here might also be involved in regulation of the growth and metabolic

functions of the liver.
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