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In the vertebrate photoreceptor cell, rod outer segment (ROS) is
the site of visual signal-transduction process, and a pivotal
molecule that regulates this process is cyclic GMP. Cyclic GMP
controls the cationic conductance into the ROS, and light causes
a decrease in the conductance by activating hydrolysis of the

cyclic nucleotide. The identity of the guanylate cyclase (ROS-
GC) that synthesizes this pool of cyclic GMP is unknown. We
now report the cloning, expression and functional characteriza-
tion of a DNA from bovine retina that encodes ROS-GC.

INTRODUCTION

In vertebrate retina, photoreceptor outer segment is the site of
visual transduction. The inward cationic current in the dark-
adapted outer segment is regulated by cyclic GMP (reviewed by
Pugh and Lamb, 1993). A light flash on the rod outer segment
(ROS) activates an enzyme cascade, resulting in the hydrolysis of
cyclic GMP, which in turn decreases the dark current. Res-
toration of the dark current requires inactivation of the hydrolytic
cascade and regeneration of the cyclic GMP. The enzyme
guanylate cyclase (ROS-GC), which catalyses the formation of
cyclic GMP, is therefore a critical participant in the recovery
phase of the light response. At this stage, the complete structural
identity of the ROS-GC is not known, although a 112 kDa
cyclase has been purified from bovine ROS membranes (Hayashi
and Yamazaki, 1991; Koch, 1991). Two properties that dis-
tinguish this cyclase from the guanylate cyclases of the natriuretic-
factor receptor subfamily, two of which have also been cloned
from retina (Kutty et al., 1992; Duda et al., 1992, 1993c; Ahmad
and Barnstable, 1993), are its inhibition by ATP and insensitivity
to the natriuretic factors (Hakki and Sitaramayya, 1990;
Sitaramayya et al., 1991; Margulis et al., 1993).

Molecular cloning of a human retina cDNA encoding a
membrane guanylate cyclase (retGC) has been reported recently
(Shyjan et al,, 1992). Hybridization studies in situ show its
localization to photoreceptor inner segments and outer nuclear
layer of the monkey retina. Whether this enzyme is present in
ROS is not known. We have shown recently that the deduced
amino acid sequence of this retGC shows similarities to the
analysed amino acid sequence of bovine ROS-GC, but a 19-
amino-acid segment in ROS-GC had no corresponding sequence
in retGC (Margulis et al., 1993).

In the present paper, we report the molecular cloning, sequen-
cing and expression of a cDNA from retina that encodes a
membrane guanylate cyclase which is structurally and function-
ally identical with the bovine ROS-GC. Availability of this
molecular probe should now make it easier to determine the
precise role of ROS-GC in the recovery phase of the photo-
transduction process.

EXPERIMENTAL
Molecular cloning

Because our many attempts to clone ROS-GC from the various
commercially available bovine retina cDNA libraries failed, we
constructed our own cDNA library.

Poly(A)* RNA was isolated from bovine retina by the
Dynabeads oligo(dT) method (Dynal Protocol). First-strand
cDNA synthesis was primed by a hybrid oligonucleotide which
contains an 8 bp recognition sequence for endonuclease NozI (5'-
GATGATCACGCCGGCGAATAT,,-3'), and the synthesis was
performed by reverse transcriptase Superscript RTII, according
to the manufacturer’s protocol (Gibco-BRL). This was followed
by the second-strand replacement synthesis using RNAase H,
Escherichia coli DNA polymerase and E. coli DNA ligase. The
double-stranded cDNA was blunt-ended with T, DNA poly-
merase. cDNA larger than 3 kb was isolated by centrifugation
through a 10-309, (w/v) sucrose gradient, incubated with
endonuclease Notl, and ligated into the pBluescript vector whose
restriction ends were generated by endonucleases NotI and Smal.
The recombinant cDNA was transfected into the electro-
competent E. coli cells (HB10B) by using an electroporation
system. This cDNA library was used to isolate the full-length
ROS-GC cDNA clone.

Two probes, 1 (nucleotides 2297-3125) and 2 (nucleotides
678-1286) of retGC (Shyjan et al., 1992), were used in two
successive screenings of the cDNA library. These probes were
generated from human retina cDNA library (Clontech) by PCR,
using 21-mer primers. Approx. 1.5 x 10° bacterial colonies were
screened by hybridizations to the randomly 32P-labelled probes
(Feinberg and Vogelstein, 1984). The hybridizations were per-
formed at 56 °C by using a 1 x 10% c.p.m./ml in 5 x SSC (1 x SSC
contains 0.15M NaCl and 15mM sodium citrate)/5 x
Denhardt’s solution/0.5 %, SDS containing 0.1 mg/ml denatured
salmon sperm DNA. The stringency washing was donein 1 x SSC
at 56 °C for 1 h. The first screening resulted in eight positive
clones, the largest of which was 4.0 kb. Because this was the only
clone which hybridized with the receptor-region probe (probe 2),
it was used for subsequent sequencing. DNA sequencing was

Abbreviations used: ROS, rod outer segment; ROS-GC, ROS guanylate cyclase; retGC, retinal membrane guanylate cyclase; ANF, atrial natriuretic
factor; BNP, brain natriuretic peptide; CNP, C-type natriuretic peptide; ATA, aurintricarboxylic acid.
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TGACCCCTCACCCTGGCCCTAGGCCGAGCCCCGGACT TTCCGAAGCCGGCAATGACCGCCTGCACC T TCC TCGCGGGTGGGC T TCGGGACCCCGGACTCTGCGGACCCACGCGGTGGGCT
=56 MetThrAlaCysThrPheleuAlaGlyGlyLeuArgAspProGlyLeuCysGlyProThrArgTrpAla

121 CCGTCTCCGCCCGGCCTTCCCCCGATCCCGCCCCGGCCCCGGCTTCGGCTGAGGCCACCGCTGCTGCTGCTGTTGCTCCTGCCGCGCTCCGTOCTCTCGGCCGTGTTCACTGTGGGGGTG
=33 ProSerProProGlyLeuProProlleProProArgProArgleuArgleuArgProProleuleuleuleuleuleuLeuProArgSerValleuSerAlavalPheThrValGlyval

241 CTGGGTCCCTGGGCCTGCGACCCCATCTTCGCGCGTGCCCGCCCGGACCTGGCCGCCCGCCTGGCCGCCTCCCGCCTGAACCACGCGGCTGCCCTGGAGGGCGGCCCCCGCTTCGAGGTC
8 LeuGlyProTrpAlaCysAspProllePheAlaArgAlaArgProAspLauAlaAlaArgleuAlaAlaSerArgleuAsnHisAlaAlaAlaleuGluGlyGlyProArgPheGluval

361 GCGCTGCTGCCCGAGCCGTGCCGGACGCCGGGC TCGC TGGGGGCCGTGTCCTCGGCGCTCACCCGCGTCTCGGGTC TAGTTGGGCCGGTGAACCCCGCAGC TTGCCGGCCGGCGGAATTA
48 AlaleuLeuProGluProCysArgThrProGlySerLeuGlyAlaValSerSerAlaLeuThrArgValSerGlyLeuValGlyProValAsnProAlaAlaCysArgProAlaGluLeu

481 CTAGCCCAGGAGGCGGGGGTCGCTCTGGTCCCCTGGGGC TGTCCCGGGACGCGGGCAGCGGGCACCACGGCTCCGGTGGTGACGCCCGCGGCCGATGCCCTCTACGCCCTCCTGCGCGCT
88 LeuAlaGlnGluAlaGlyValAlaleuValProTrpGlyCysProGlyThrArgAlaAlaGlyThrThrAlaProvValvValThrProAlaAlaAspAlaLeuTyrAlaleuleuArgAla

601 TTCCGCTGGGCGCACGTGGCCTTGGTCACCGCCCCCCAGGACCTGTGGGTGGAGGCGGGACACGCACTTTCCACGGCGCTCAGGGCCAGGGGCCTGCCCGTGGCCCTGGTGACCTCCATG
128 PheArgTrpAlaHisValAlalLeuValThrAlaProGlnAspLeuTrpValGluAlaGlyHisAlaLeuSerThrAlaLeuArgAlaArgGlyLeuProvalAlaLeuvValThrSerMet

721 GAGCCCTCCGACCTGTCTGGAGCCCGGGAGGCCTTGAGGAGGGTCCAAGATGGGCCCAGAGTCAGAGCAGTGATCATGGTAATGCACTCGGTCTTGCTGGGCGGCGAGGAGCAGCGCTGC
168 GluProSerAspLeuSerGlyAlaArgGluAlaLeuArgArgValGlnAspGlyProArgValArgAlavallleMetValMetHisSerValLeuLeuGlyGlyGluGluGlnArgCys

841 CTGCTGGAGGCTGCAGAGGAACTGGGCCTGGCCGACGGTTCCCTGGTCTTCCTGCCCTTCGACACTCTCCACTACGCCTTGTC TCCAGGCCCTGACGCCCTGGCGGTGC TCGCCAACAGE
208 LeuLeuGluAlaAlaGluGluLeuGlyLeuAlaAspGlySerlLeuValPheLeuProPheAspThrLeuHisTyrAlaLeuSerProGlyProAspAlaLeuAlaValLeuAlaAsnSer

961 TCACAGCTTCGCAAGGCCCACGATGCAGTGCTCACCCTCACCCGTCACTGTCCCCTGGGAGGCAGCGTGCGGGACAGCCTGCGCAGGGCCCAAGAGCACCGGGAGCTGCCCCTGGACCTC
248 SerGlnLeuArgLysAlaHisAspAlaValLeuThrLeuThrArgHisCysProLeuGlyGlySerValArgAspSerLeuArgArgAlaGlnGluHisArgGluLeuProLeuAspLleu

1081 AATCTGCAGCAGGTATCCCCTCTCTTCGGCACCATCTATGACTCAGTCTTCTTGT TGGC TGGGGGCGTGGCGCGAGCACGGGTGGCCGCAGGTGGCGGC TGGGTGTCCGGAGCAGCGGTG
288 AsnLeuGlnGlnValSerProleuPheGlyThrIleTyrAspSerValPheLeuleuAlaGlyGlyValAlaArgAlaArgValAlaAlaGlyGlyGlyTrpValSerGlyAlaAlaval

1201 GCCCGCCATATCCGGGATGCCCGGGTCCCTGGC TTCTGTGGGGCCCTGGGAGGAGCTGAGGAGCCCTCGTTTGTGC TACTGGACACGGATGCCACTGGGGACCAGC TGTTCGCTACATAC
328 AlaArgHisIleArgAspAlaArgValProGlyPheCysGlyAlaLeuGlyGlyAlaGluGluProSerPheValLeuLeuAspThrAspAlaThrGlyAspGlnLeuPheAlaTheTyr

1321 GTTCTGGACCCTACGCAGGGCTTCTTCCACTCCGCTGGAACCCCAGTGCATTTTCCTAAAGGTGGACGGGGGCCTGGGCCTGACCCCTCGTGTTGGTTCGACCCAGACACCATCTGCAAC
368 ValLeuAspProThrGlnGlyPhePheHisSerAlaGlyThrProValHisPheProlysGlyGlyArgGlyProGlyProAspProSerCysTrpPheAspProAspThrileCysAsn

1441 GGAGGAGTGGAACCCAGCGTCGTCTTTATTGGCTTCCTCCTGGTGGTTGGGATGGGGC TGGCTGGGGCCTTCCTGGCCCATTATTGTAGGCACCGGCTGCTTCACATCCAAATGGTCTICT
408 GlyGlyValGluProServValvVaiPhel lealxpheuu“ouVal Valﬁi&tGleouAlaGlxﬁ lamoLeuAlaﬂisng A:qusA:qLcuLwHLs IleGlaMetValSer

1561 GGCCTCAACAAGATCATCCTGACTCTGGATGACATCACCTTCCTCCACCCGCATGGGGGCAACTCTCGAAAGGTGGCCCAGGGGAGTCGAACCAGTCTGGC TGCCCGCAGCATATCAGAT
448 GlyProAsnLysIlelleLeuThrLeuAspAspIleThrPheLleuHisProHisGlyGlyAsnSerArqLysValAlaGlnGlySerArgThrSerLeuAiaAlaArgSerIleSerAsp

1681 GTTCGCAGCATCCACAGCCAGCTCCCGGATTACACCAACATTGGCCT . TATGAGGGAGACTGGGT TTGGCTGAAGAAAT TCCCAGGAGATCGGCATATAGC TATCCGCCCAGCAACCAAG
488 ValArgSerIleHisSerGlnLeuPrcAspTycThrAsnIleGlyLeuTyrGluGlyAspTrpvalTzpleuLlysLysPheProGlyAspArgHisIleAlalleArgProAlaThrLys

1801 ATGGCCTTCTCCAAGATCCGGGAACTCCGGCATGAAAACSTGGCCCTCTACCTGGGCCTCT TUCTGGCGGGAGGAGC TGGCGGCCCCGCGGCCCCCGGGGAAGSCGTGCTGGCTGTGETC
528 MetAlaPheSerLysIleArgGluLeuArghisGluAsnValAlaLeuTyrLeuGlyLeuPheLeuAlaGlyGlyAlaGlyGlyProAlaAlaProGlyGluGlyvalleuAlavalval

1321 TCGGAGCACTSGCGCTCGCGS TCCUTCCAAGACCTCCTCGCUCAGAGAGACATAAAGC TG ACTGGATGTTCAAGTC T TCCCTCCTCCTGGACS TCATCAAGGGAATAAGGTATCTGCAC
568 SerGluHisCysAlaArgGlySerLeuGlnAsplLeuLeuAlaGlnArgAsplleLysLeuAspTrpMetPhelysSerSerLeuLeuleuAspLeulleLysGlyIleArgTyrLeulis

2041 CATCGAGGGGTGGCCCATGGGCGGCTGAAGTCACGGAACTGCGTGSTGGACGGGAGGT TCGTGCTTAAAGTCACCGACCACGGTCATGGGCGACTGCTGGAGCHCAGAGGGTGTTACCT
608 HisArgGlyValAlaHisGlyArgLeuLysSerArgAsnCysValValAspGlyArgPheValLeuLysValThrAspHisGlyHisGlyArgLeuLeuGluAlaGl nArgvalLeuPro

21€1 GAGCCACCGAGCGLGGAGGACCAGCTATGGACAGCCCCGGAGCTGCTTCGAGACCCGGTCCTGGAGCGCCGGGGAACGC TGGCCGGCGACGTCTTCAGTCTGSGCATCATTATGCAGGAG
648 GluProProSerAlaGluAspGlnLeuTrpThrAlaPrcGluLeuLeuArgAspProvalLeuGluArgArgGlyThrLleuAlaGlyAspValPheSerLeuGlyIlelleMetGinGlu

2281 GTCGTGTGCCGCAGCGCCCCCTACGCCATGCTGGAGCTCACTCCCGAGGAAGTGGTGAAGAGGGTACAGAGCCCCCCTCCACTGTGTCGGCCCTCCGTGTCCATAGACCAGGCGCCCATG
688 ValValCysArgSerAlaProTyrAlaMetLeuGluLeuThrProGluGluValValLysArgValGlnSerProProProLeuCysArgProSerValSerIleAspGlnAlaProMet

2401 GAGTGCATCCAGCTGATGAAACAGTGCTGGGCAGAGCAGCCAGAACTTCGGCCCTCCATGGATCGCACCTTTGAACTGT TCAAGAGCATCAARCAAGGGCCGGAAGATGAACATCATCGAC
728 5luCyslleGlnLeuMetLysGlnCysTrpAlaGluGlnProGluLeuArgProSerMetAspArgThrPheGluLeuPhelysSerIleAsnLysGlyArglysidetAsnlleIleAsp

2521 TCTATGCTGCGGATGCTGGAACAGTACTCCAGTAACCTGGAGGACC TGATCCGGGAGCGCACAGAGGAGCTGGAGC TGGAAAAGCAGAAGACAGACCGGCTGC TCACACAGATGCTGCCT
768 SerMetLeuArgMetLeuGluGlnTyrSerSerAsnLeuGluAspLeulleArgGluArgThrGluGluLeuGluLeuGluLysGlnLysThrAspArgLeuLeuThrGlnMetLeuPro

2641 CCGTCTGTGGCAGAGGCGCTGAAGATGGGGACACCTGTGGAGCCCGAGTATTTCGAAGAGGTGACACTGTACTTCAGTGACATTGTGGGTTTCACCACCATC TCAGCCATGAGTGAGCCC
808 ProSerValAlaGluAlaLeuLysMetGlyThrProvValGluProGluTyrPheGluGluvValThrLeuTyrPheSerAspIleValGly?heThrThilleSerAlaMetSerGiubro

2761 ATCGAAGTGGTAGACCTGCTCAACGACCTCTACACACTCTTTGATGCCATCATCGGTTCCCATGATGTCTACAAGGTGGAGACAATTGGGGATGCCTACAT 3GTGSCCTCCGGGCTGCCT
848 IleGluValValAspleuLeuAsnAspLeuTyrThrLeuPheAspAlallelleGlySerHisAspValTyrLysValGluThrIleGlyAspAlaTyrMetValAlaSerGlyLeuPro

2881 CAGAGGAACGGGCACCGGCACGCGGCAGAGATCGCCAATATGGCTCTGGACATCCTCAGCGCCGTGGGCACCTTCCGCATGCGCCACATGCCGGAAGTGCCCSTGCGCATCCGCATTSGE
888 GlnArgAsnGlyHisArgHisAlaAlaGluIleAlaAsnMetAlaLeuAsplleLeuSerAlaValGlyThrPheArgMetArgHisMetProGluValProValArglleArglleGly

3001 CTGCACTCGGGCCCGTGCGTGGCGGGCGTGGTGGGCCTCACCATGCCCCGGTACTGCCTGT TTGGGSACACAGTCAACACCGC TTCGGCCATGGAGTCCACCGGGCTGCCTTACCGCATC
928 LeuHisSerGlyProCysValAlaGlyValValGlyLeuThrMetProArgTyrCysLeuPheGlyAspThrValAsnThrAlaSerAlaMetGluSerThrGlyLeuProTyrArglle

3121 CACGTGAACAGGAGCACCGTGCAGATCCTTTCCGCCCTAAACGAGGGC TTCCTGACTGAGGTGCGGGGCCGCACGGAGC TGAAGGGCAAGGGCSCAGAGGAAACCTACTGGCTSGTGGGE
968 HisValAsnArgSerThrValGlnIleLeuSerAlaLeuAsnGluGlyFheLeuThrGluValArgGlyArgThrGluLeuLysGlyLysGlyAlaGlnGluThrTyrTrpLeuvalGly

3241 AGACGCGGCTTCAACAAACCCATCCCCALACCACCGGACCTGCAACTCGGGCCAGCAACCACGGCATCAGCCTGCACGAGATCCCCCCTGATCGGCGCCAGAAGC TAGAGAAGGCGAGG
1008 ArgArgGlyPheAsnLysProlleProLysProProAspLeuGlnProGlyAlaSerAsnHi sGlyIleSerLeuHisGlulleProProAspArgArgGlnLysLeuGluLysAlaArg

3361 CCAGGCCAGTTTTCTGGGAAGTGAGGCTGGGTCTGGAACAAGGATTATTCCGGAAGGTCCTTTTCCTGAACGTTGCTGCTGTAGGTGACCAAAAACCTGGCTAATACCAGTGACTTCTGT
1048 ProGlyGlnPhaeSerGlyLys

3481 CCAGCTCTGCCTCAAAGGATTATGAGCCTTTACAAGAG: TGGTTGCAAACCAGTTGTSTGACT TTGAGAAAGCCTCATGCACTCTCTAGGCCTGGGT TCCC T TCGGTGGTGAAATGAAGA
3601 GTGGCGTAGGTGGTTTCCGCACACCCCAGCTCTGACAG S TGGUCTTC TGAGTGGTTGGCCTTSGGATATGGGCACGGGCACATGCCTRCAGCCCCAGTGACCSTGAGCCCATCAGGAAGG
3721 CCCCAGGAAGGAGTSGTCTGGGATTGGATGTCCCAACCCCAGAGGAGTGGAGCCCACCTGTTCCACCAGCACAGGGGTTGTCACGTGGCCTGAGGATTCCAGSGCTTCTATTTAGCCTCAA
3841 GCATCCTTITCTTCTCCATCCTCCACCAGTTGSAAACTGHCTCCTTTGGTGGCACCACACACCTTGCCCAAGTGCAGAG-pOlyA

Figure 1 Nucleotide and deduced amino acid sequence of bovine ROS-GC

Nucleotides and amino acids are numbered at the left. The 56-amino-acid signal peptide is underlined, the transmembrane domain is doubly underlined, and bovine ROS-GC peptides that were

isolated and sequenced (Margulis et al., 1993) are underlined by broken lines. The predicted first amino acid residue of the mature protein is numbered as 1, and the TGA stop codon is located
at nucleotides 3382—3384.



Identity of the rod outer segment membrane guanylate cyclase 457

performed by the dideoxy-chain-termination method (Sanger
et al., 1977), using Sequenase 2.0 (United States Biochemicals),
according to the manufacturer’s protocol. Both strands of cDNA
were sequenced by using internal primers synthesized by OLIGO-
1000 synthesizer (Beckman).

Northern-blot analysis

Poly(A)* RNA was heated for 20 min at 65 °C in a denaturation
buffer, which was 5.859, formaldehyde, 24.5%, formamide,
3.5mM EDTA, 17mM Mops, 4.3 mM sodium acetate and
10 mM ATA (aurintricarboxylic acid). After addition of 0.1 vol.
of sample buffer (0.25% Bromophenol Blue, 0.259% xylene
cyanol FF, 509, glycerol, 1 mM ATA), the mRNA was applied
to 1.09%.-agarose gel containing 20 mM Mops, S mM sodium
acetate, ] mM EDTA, 0.22 M formaldehyde and 0.1 mM ATA
and electrophoresed at 120 V for 2 h. The gel was dried and pre-
hybridized at 64 °C for 2 h in 5 x SSC/5 x Denhardt’s solution,
containing 0.1 mg/ml denatured salmon sperm DNA. The gel
was hybridized at 64 °C for 16 h in a solution identical with the
prehybridization buffer, containing 1x 10°c.p.m. of a 32P-
labelled probe/ml. The probe was a 369 bp antisense strand
generated by PCR using a pair of primers corresponding to the
nucleotide sequences 776-796 and 1125-1145 of ROS-GC (Figure
1). The probe was labelled with [3?P][dATP by asymmetric PCR
reaction. After the hybridization, the gel was washed in
1 xSSC/0.19% SDS at room temperature (twice; 30 min each),
followed by 0.5 x SSC/0.59%, SDS at 55 °C (twice, 20 min each).
A XARS (Kodak) film was exposed to the gel at —70 °C.

Expression studies

The Sall/Sacl fragment containing the ROS-GC cDNA was
cloned into the Xhol/Sacl site of pSVL (Pharmacia) to create the
pSVL-ROS-GC expression vector.

COS-7 cells (simian-virus-40-transformed African green
monkey kidney cells), maintained in Dulbecco’s modified Eagle’s
medium with penicillin, streptomycin and 109, fetal-bovine
serum, were transfected with the expression vector by the calcium
phosphate technique (Sambrook et al., 1989). At 60 h after
transfection, the cells were washed twice with 50 mM Tris/HCI,
pH 7.5, containing 10 mM MgCl,, scraped into 2 ml of cold
buffer, homogenized, centrifuged for 15 min at 5000 g, and
washed with the same buffer. The pellet represented the crude
membranes. These membranes were treated with 0.1 xuM atrial
natriuretic factor (ANF), brain natriuretic peptide (BNP) or
C-type natriuretic peptide (CNP) and/or with ATP (800 M) for
10 min. Cells treated identically, except that they were transfected
with the pSVL vector alone, served as control. The guanylate
cyclase activity was measured as described by Paul et al. (1987).

RESULTS AND DISCUSSION

Using two successive PCR-constructed probes corresponding to
the nucleotide sequence regions 2297-3125 and 678-1286 of
retGC (Shyjan et al., 1992), we characterized a 4.0 kb cDNA
clone from a bovine retina ¢cDNA library that encodes a
membrane guanylate cyclase protein. The nucleotide and the
deduced amino acid sequence of this cDNA revealed an initiation
codon situated at nucleotides 52-54. This determines the in-
itiation of a 1054-amino-acid open reading frame, of which the
first 56 amino acid residues represent the N-terminal hydrophobic
signal peptide. The theoretical molecular mass of this protein is

120361 Da; if the putative signal-peptide sequence is excluded,
the calculated molecular mass of the mature protein is 114360 Da.

The amino acid sequence of the N-terminal end and three
internal fragments of the bovine ROS-GC (Margulis et al., 1993)
[Ala-Val-Phe-Thr-Val-Gly-Val-Leu-Gly-Pro-Trp-Ala-*-Asp-
Pro (N-terminal); Leu-Pro-Glu-Pro-Pro-Ser-Ala-Glu-Asp-Gin-
Leu-Trp (internal fragment I); Ala-Pro-Tyr-Ala-Met-Leu-
Glu-Leu-Thr-Pro-Glu-Glu-Val-Val-Lys (internal fragment II);
and Ala-Gly-Thr-Thr-Ala-Pro-Val-Val-Thr-Pro-Ala-Ala-Asp-
Ala-Leu-Tyr-Ala-Leu-Leu (internal fragment II1)] have identical
matches in the deduced amino acid sequence of the cloned ROS-
GC (Figure 1): the N-terminal sequence matches with amino
acids 1-15, the internal fragment I with residues 646—657, the
internal fragment II with residues 693-707, and the internal
fragment III with residues 107-125 (Figure 1). It is therefore
concluded that the cloned cDNA encodes the bovine ROS-GC.

To determine the tissue specificity of ROS-GC, Northern-blot
analysis of poly(A)* RNAs from selected bovine tissues such as
retina, adrenal gland, testes and brain was performed. An
antisense probe corresponding to nucleotides 776-1145 was used
for these studies. A single 7.5 kb mRNA was detected in the
retina, and none was detected in the other bovine tissues tested
(Figure 2).

These results indicate the retina-specific localization of the
cloned ROS-GC. An interesting part of the above study is the
unusually large size of the ROS-GC mRNA, indicating that less
than 509 of the mRNA portion comprises the coding region.

Hydropathy analysis of the deduced amino acid sequence of
ROS-GCindicates the existence of a distinct hydrophobic domain
consisting of 25 amino acids followed by three basic amino acids,
indicative of a stop transfer sequence (Sabatini et al., 1982). This
domain therefore represents the membrane-spanning domain of
the protein, separating the N-terminal 411-amino-acid extra-
cellular region from the C-terminal 614-amino-acid intracellular
region. A domain in the intracellular region, covering residues
437-758, shows sequence identity with the tyrosine kinase family,
and is therefore termed the ‘kinase-like’ domain; and residues
759-1010 cover a region which has a high degree of sequence
identity with the conserved catalytic regions of other guanylate
and adenylate cyclases. This therefore represents the catalytic
domain of the protein.

This predicted topographic model of ROS-GC is supported by
the protein-chemistry studies: the N-terminal residue (Ala)
identified from the sequence studies of bovine ROS-GC is located
at position 1 of the predicted amino acid sequence of the cloned
ROS-GC; and the model is identical with that of the other
members of the membrane guanylate cyclase gene family [re-
viewed by Sharma et al. (1994); Wong and Garbers (1992)].

The sequence of the extracellular region of the cloned protein
reveals one potential site for N-linked glycosylation (based on
the conserved sequence of Asn-Xaa-Ser/Thr) and 17 cysteine
residues; eight cysteines are located in the extracellular domain,
one in the transmembrane domain and eight in the cytoplasmic
portion of the protein.

The bovine ROS-GC shows two distinct functional charac-
teristics: first, its activity is inhibited by ATP-Mg or ATP-Mn
(Sitaramayya et al., 1991); secondly, its activity is unaffected by
ANF (Hakki and Sitaramayya, 1990). The latter feature distin-
guishes ROS-GC from the natriuretic-factor receptor subfamily
of guanylate cyclases whose members, ANF-RGC and CNP-
RGC, are stimulated by their respective ligands, ANF and CNP
(Paul et al., 1987; Chinkers et al., 1989; Lowe et al., 1989 ; Koller
et al., 1991; Duda et al., 1993c). To assess whether the cloned
ROS-GC cDNA encodes a protein with these functional traits,
the expression vector containing the cloned cDNA (pSVL-ROS-
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Figure 2 Northern-blot analysis of mRNAs isolated from various bovine
tissues for ROS-GC

A portion (4 #g) of mRNA isolated from the indicated tissues was loaded into one lane,
electrophoresed and hybridized to an antisense probe corresponding to nucleotides 776—1145
of ROS-GC as is described in the Experimental section. Positions of the molecular-size markers
(RNA Leaders; Gibco—BRL) are indicated on the left.

GC) was incorporated into COS-7 cells. The particulate fractions
of these cells were appropriately treated and analysed for cyclase
activity.

The plasma membranes of the ROS-GC cDNA-transfected

cells showed a 150-fold higher basal cyclase activity than did
membranes of control cells transfected with pSVL alone (Figure
3 legend), indication that the encoded protein is a guanylate
cyclase.

To determine the effects of ATP and natriuretic factors on
ROS-GC activity, the plasma membranes of ROS-GC cDNA-
transfected cells were incubated with ATP in the absence or
presence of 0.1 xM ANF (rat, residues 8-33), BNP (rat BNP-32)
or CNP (CNP-53). In the presence of ATP, the cyclase activity
remained inhibited even when the individual hormones were
present, and without ATP there was no rise in the cyclase activity
above the basal level (Figure 3).

We therefore conclude, that the cloned guanylate cyclase is
functionally equivalent to the wild-type ROS-GC.

At present, three forms of the membrane guanylate cyclase
family, ANF-RGC (Duda et al., 1992; Kutty et al., 1992;
Ahmad and Barnstable, 1993), CNP-RGC (Duda et al., 1993c)
and retGC (Shyjan et al., 1992), have been cloned from human
retina. A fourth human guanylate cyclase, termed STa-RGC, has
been cloned from the intestine (de Sauvage et al., 1991). Amino
acid sequence comparison indicates a significant overall structural
identity of ROS-GC with the other three cyclases; there is 27 %,
identity with STa-RGC, 30 %, with ANF-RGC, 31 9, with CNP-
RGC and 79 %, with retGC (Figure 4). The level of identity rises
to 37%,40%, 41 %, and 88 %, in their intracellular regions; there
is a respective identity of 25%, 32 %, 329% and 859, between
their ‘kinase-like’ domains; and an identity of 50 %, 50 %, 51 %
and 92 9%, between their catalytic domains (Figure 4). The least
identity with the other cyclases is found in the extracellular
region: there is 14 9%, identity with STa-RGC, 179, with ANF-
RGC, 189, with CNP-RGC and 64 %, with retGC.

These results indicate that ROS-GC is structurally related to
the other members of the membrane guanylate cyclase family.
However, it bears a very close relationship with retGC. Indeed,
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Figure 3 Effects of ATP and natriuretic peptide hormones on guanylate cyclase activity

Membranes of COS-7 cells transfected with ROS-GC cDNA, as described in the Experimental section, were assayed for guanylate cyclase activity in the presence of the indicated concentrations
of ATP and/or natriuretic peptides, with 4 mM Mg?* as a cofactor and 1 mM GTP as a substrate. Membranes of COS-7 cells expressing ANF-RGC or CNP-RGC (Duda et al., 1991, 1993c) were
used as a control. In all cases the membranes were preincubated for 10 min in an ice-bath with the indicated additions, followed by assay at 37 °C. The basal guanylate cyclase activity in membranes
expressing ROS-GC, ANF-RGC, CNP-RGC and pSVL vector alone was respectively 52, 21, 17 and 0.3 pmol of cyclic GMP/min per mg of protein. The experiments were done in triplicate and

repeated twice. The data depicted are from one experiment; means + S.D. are shown.
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ROS-GC 1l ~--smeee- AVETVGVLGPWACDPIFARARPDLAA-~RLAASRL-NH~~-AAALEG--GPRFEVAL-LP-~-EPCRT-P-GSLGAVS-~-SALTRVSGL-VG
ret-GC ] memmcc——— TR R Y- X T T 0] e 17 R R R o G e e A2 2 2 2 T R X TR . TR P
ANE-RGC T GNL* *A+VL+~LANTSY PHSWARVGPAVE + ¥ LAQVKAR -~ DL~ P+W-TV+TVLGS-SENALGV+ SDTA~AP*Aw « D--LKWEHNPAVEL +
CNP-RGC 1 scemece=- RNL*LA+*VL*-EHNLSY *W+*W*RVGPAVA+*+VEA* -GR==v=~¢PV==DL++VSSE-+E--~GA+*SEYL-AP+S+ +D--LK+YHDPD#LL+

STa~-RGC 1 SQVSQNCHNGSYEIS++*M--MGNSA++«EPLKN+EDAVNEGLEIVRGRLQON+G*NVTVNAT +MYSDG~ IHNSGD+ +* SSTCEG+DLLRKI *NAQ+*MGCVLI«

ROS-GC 76 PVNPAACRPAELLAQEAGVALVPWGCPGTRAAGTTAPVVT-PAADALYALLRAFRWA-HVALVTAPQDLWVEAGHALSTALRARGLPVALVTSMEPSDLS
ret-GC 76 «+++CGLPASRAARRRSRDRAGAL+L+*LDAGG+*HHG+*CRD-+*RRGCPLRPASRI +LG~-ARGPGHR* PGPVGGG*SLTVHGTQGP* v+ *+SxxwvvsLunw
ANF-~RGC 84 +GCVY«AA+*VGRFTAHWR+P+LTA~A+ALGFGVKDE-YALTTR*GPS* +K+GD+VA~L~*RR*GWER*A+MLY+*YRPGDEEHCFFLVEGLEMRVRDRLNIT
CNP-RGC 77 «GCVYPAASVARF+«SHWRLP+LTA*AVASGESAKNDHYR~ LVRTGPSAPK+*GE +VVTL*GHFNWTARAALLYLDARTDDRPHY FTIEGVEEALQGS-N*+
STa-RGC 99 «SCTYSTFQM-Y+DT~LSYPMISA+*SE+*LSCOYKETLTRLMSP+RK*MYF+VN+*WKTNDLPFK*YSWSTSYVYKNGTE * EDCEWY *NALEASVSYF+HEL

ROS-GC 174 GAREALRRVQDGP--RVRAVIMVMHSVLL---GGEEQRCLLEAAEELGLADGSLVFLPFDTLHYALSPGPDALAVLA=-======~ NSSQLRKAHDAVLTL
ret-GC 174 woevwwwaKeRewvvacewTrrrwwrrrvrbmcarrrrrrYorworewvrrweTeorvrrrersn]evveveewbrwvsHSPmrmmmcewa TAPSFAGPTMPCSPS
ANF-RGC 183 VDHLEFAEDDLSHYT+LLRTMPRKGR*IYICSSPDAF+T+MLLvL#A++CGEDY+~~FHL*IFGQS*QG*QGPAPRRPWE--RGDGQDVSA*Q« FQ+AKII
CNP-RGC 176 VQHQVYA~EPG¥+-EQATHF«RANGRIVYICGPL+MLHEI+LQ*QREN*TN«DY++FYL+«VFGES+RA+~+TSDTGRPWQDNRTREQAQA++E+FQT++VI
STa-RGC 198 +«FKVV++QDKEFQ-=DILMDHNRKSN* I IMCG* P+ ===F+YKLKGDRAV+EDIVII+~-V+LENDQYLEDNVTAP DYMKN#+ Vs

ROS=-GC 261 TRHCPLGGSVRDSLRR--AQEHRELPLDLNLQQVSPLFGTIYDSVFLLAGGVARARVAAGGGWVSGAAVARHIRDARVPGFCGAL--~-GGAEEPSFVLL
ret-GC 261 RAv#+SEv 4+« +vttvmckraRevsvShavrrrtrorerbrerArerreReewEesrArersRebrwtrerrrrevevQuierwwDiecacwwDrvsPrors
ANF-RGC 281 +YKD+DNPEYLEF+KQLKHLAYEQENFTMEDGL*NTIPASFH+*GLL*YIQA*TET-L*H++TVTD*ENITQRMWNRSEQ#VT*Y*KIDSS*DR+TDvS+W
CNP-RGC 275 *YRE~PNPEYQEFQN+LLIRAREDFGVE+*GPSLMNLIA+*CF++GIL+*Y+*EVLNET~-IQE++TRED*LRIVEKMQGR+YH+VT*LVVMDKNNDR+TD»+*W
STa-RGC 276 +*L-S+*GNSLLNS+FS#NLSPTK*DFR*A--—=--==—==a= YLNGILVEGHMLKI~--FLEN*ENITTPKF+*HAF*+NLTFE*YD* PVTLODWN«DVDSTM#*+

ROS-GC 355 DTDATGDQLFATYV--~LDPTQGFFHSAGTPVHEPKGGRGPGPDPSCWFDPOT~ICNGGVEPSVVFIGFLLVVGMGLAGAFLAHYCRHRLLHIQMVSGPNK
ret-GC 35S «ev#A*RPA*CHIH-=-AGSCP+*LLL**##RMr+ *+R¥«SACwrerrwrwtvw v ¥ tNNaowtGreLa vGLEC[ b dhrhbr bbbt rd Vot wrreMirrrvver
ANF-RGC 380 +M-DPENGA*RVVLNYNGTS+ELVAVS+*RKLNW+L+YP-+PDI+K~G~+*NEDPA++QDHLSTLEVLA-~**GSLS*L*ILIVSFFIY+~KMQLEKELASEL
CNP-RGC 374 AMGDLDSGD+*QPAAHYSGAEKQ-IWWT+#R+IPWV*+AP-+SDN+P+Ax+L*»DPS«DKTPLSTLAIVA-~*GT*ITFIMFGVSSFLIE+N+MLEKELASML
STa~RGC 361 Y+-SVDTKKYKVLLTYDTHVNKTYPVDMS+TETW+NSKL#ND=======w=== +«TGR+PQ-ILMIAV*T*TGAVV*L--L*VALLML*KYRKDYELRQK~

RG3=-GC 452 TILTLDDITFLHPHGGNSRKVAQGSRTSLAARSIS--DVRSIHSQLPDYTNIGLYEGDWVWLKKFPGDRHIAIRPATKMAFSKIRELRHENVALYLGLFL
ret-GC 457 ewreVrurevoerrreeToerwweer e SeeGreeMemat [cxGPreHLASPr o+ VarrsRevarrwrrvraQuovwrrrreTorere[Qrasrrrtrreraven
ANF-RGC 476 WRVRWE~---VE+SSLERHLRSA+*+LT*SG*GSNYGSLLTTEG+FQVFAKTAY *K+NL*AV+RV~NRKR* ELTRKVLFELKHM*DVQN+*H==~=«TR«V
CNP-RGC 470 WRIRWEE---+*QFGNSERYHKGA++~+LT+SL+*GS+YGSLMTA+GKYQIFA+T~HFK*NV+AI+HV-NKKR*ELTRQVLFELKHM#* DVQENH~-~-+TR+1

3Ta-RGC 446 WSH-===--- IP+*ENIFPLETNETNHV* *KIDDDK~-~R#DTIQR¥RQCK-===*VKKR*I++*DL-KHNDGNFTEKQ+* IELN*LLQIDYYT~~~-+TK*Y
ROS-GC 550 AGGAGGPAAPGEGVLAVVSEHCARGSLUDLLAQ=====- RDIKLDWMFKSSLLLDLIKGIRYLHHRGV-AHGRLKSRNCVVDGREY LKVTDHGHGRLLEAQ
ret-GC 550 *Re*Ervv+SrRATWLWL ¢ v« Trewrortrvrbtomann tErvrerevretanreereriresDrrcovirrvvreve e rMerwrlrvrrreverree
ANF-RGC 568 GACTDP+NIC-=~==-- ILTeY+ePetveweIvEN-m=m= ES¢«Tvvev*RY+«TN#IV++MLF+**NGAICS**N#*##S+e+vewvewewv]++Y«LESFROL~
SMP-RGC 562 GACIDP+NIC~=e-=- I+TeYwPeeewsrw[vEN--~-~ DS#N#wwwvRYv ¢ [Nw*Ve+MAF+¢NSIISS*#StxeSweww+rSevsvelwvrYvLASFRSTA
3T3-RGC 528 GTVKLDTMIF*=-=-=-- ¢+ (*Evve*REV*NDTISYPDGTEM¥ *Ew* I+ VY« [Av+*MS*+*SSKTEV¢v+*#* +«Tre*vxSvM¥Vrx ¢+ F+«CNSI+PP~

ROS-GC 644 RVLPEPPSAEDQLWTAPELLRDPVLERRGTLAGDVESLGIIMQEVVCRSAPYAM--LELTPEEVVKRV-QSPPPLCRPSV~~~SITCQAPMECIQLMKQCW
cer-GC 644 KeerereRarevrrwerreeree AreHrorrev v v e x Arrrrw ke e r vt bomwbrehen e sQrvaRevervevweteccrMerveVrerewrorer
ANF-RGC 656 DPEQGHTVYAKK+#+v¥evr++MASPPV++«SQevesYeFeweL+vIAL**GVFHVEG*D«S+*K+#IIE++TRGEQ* PF*+*+«L=~~ALQSHLE+LGL**QR+~+*
CUP-RGC 651 EPDDSHALYAKK» %% %v«»SGNP+PTT+MQKA++Y+Fes+Ly+IALv+G* FYLEG+Dx3#K+IvQK~RNGQR+YF+»+T-=~DRT~LNE+L /L*+ER++
€Ta=RGC M2l ===-ee=e- KKDv v ¢4+ #*He +QANISQK# ~~==-v#»YeYww+Av+ I IL+KETEYTLSCRDRN*KI FRVENSNGMKPE+ + DLELETAEEKEL+VYL#VeNw*+

ROS~-GC 733 AEQPELRPSMDRTFELFKS----INKGRKMNIIDSMLRMLEQYSSNLEDLIRERTEELELEKQKTDRLLTQMLPESVAEALKMGTPVEPEYFEEVTLYFES
ret-GC 737 'to'tao-~~.ﬂg'oa'vN----o~t'an~v~v'o'v'o'owwtcavqtt-t~vt'~tttot*t"'fo«'t-~~~~~t~~Totv'~tt«t~Qéttt~-
ANF-RGC 753 e.DtQEv«FFQQIRLTLRK----E~RENSS~'LpNLrsRMtttAN"'EtVEyttQAYLBt'RtAEAﬁoY'Iw«Ht'0~Q~~R~STQQA'AtDS'tItt'
CNP-RGC 748 QQD'AE'ODFGQIKGFIRR——-OFttEGGTS'L'NL'LRMQ'tANO'ﬁKbVE'QﬁQAYLE'fRQAEAQthI'QH&QfﬁQt'RtETtQA'A'DSﬁ'I'OQ
STa-RGC 7N4 E+Dv+K++DFKKIETTLAKIFGLFHDQKNESYM#TLI*R#QL**R#++H+VE«++«QLYKA*RDRA¥**NFML+ +RL*VKS**EKGF e+ «LYvwwsTwws

ROS=-GC 834 DIVGETTISAMSEPIEVVDLLNDLYTLEDAIIGSHDVYKVETIGDAYMVASGLPQRNGHRHAAEIANMALDILSAVGT FRMRHMPEVPVRIRIGLHSGPC
ret-GC I R R e R R L R
ANF-RGC 849 vevve e ALe«EeToMQeeTervvereCreeVaDNEvervsrwtwevereVere s Ve e RLA*CoVeR¥+«AL¥D¥+RS* v I+ *RvQEQL* Le v+ I+Te vV
CNP-RGC 844 vwvvvv e AL+ ¢E+T+MQeeTevrwewveCorevwvDNEFvwwwvwerervvrvweVrnesGrevQrevPrevReeeAL+De»SSew [+« ReHDQLSLoe*V*Tw+V
STa-RGC 804 +revvwv v e CKY*TeMrresMee#[+KSewHeVDHo vewwvrserernrvivrrote v Ko et Ne et [Dev K v «Ev e 4 EMr v «ELE*L*GL* IWw ke Vot ows

ROS-GC 934 VAGVVGLTMPRYCLFGDTVNTASAMESTGLEYRIHVNRSTVQILSALNEGFLTEVRGRTELKGKGAEETYWLVGRRGENKPIPKPPDLQP
ret-GC 933 vrervrrevvervrevvrruverenRivriwwrrverrw Lo v wGrrR¥ v DSeYQVrLravevovrvrrwDrFrurrrererrrrrverrine
ANC=RGC 949 CervevwrKewrsenvesivrevewsReevNvEALK**LSSE~KAVVEEFG=v*EL¥L*¢DVetMrev e KVR* s ¢ ¢Ex v mmww= -SSTRG

CNP-RGC 944 CrvvvevKevvevvuvrveevveeRe e+ NvQALK¥ » LSST*KDA+*DE+*G-C#QL¥L¥¢DVeMr e v KMR¥ ¢ ¢+ LeExKmwm~=u GreGrL
53Ta=-RGC 904 Asrvre]KervowernvrerwwwRersteweLverrSGre [Ar+KRTECQe#YvvesExYv#*+ReN+Trw»+T+MKDQKFNL+ T~ +TVENQQRLQAEFSD

RCS-GC 1022 --GASNHGISLHEIPPDRRQKLEKARPGQE3GK~--======a==
Cet=GC 1021 ==+SewveweeQuovwEreRerrrrrrrrerocmcccccccaaaa

STa-RGC 1004 MIAN+LQKRQAAG*RSQKPRRVASYKK+TLEYLQLNTTDKESTYF

Figure 4 Amino acid sequence comparison of ROS-GC with retGC and other membrane cyclases

The deduced amino acid sequence of the mature bovine ROS-GC protein is aligned with the sequences of human retGC (Shyjan et al., 1992), ANF-RGC (Lowe et al., 1989), CNP-RGC (Duda et
al,, 1993c) and STa-RGC (de Sauvage et al., 1991). Identical amino acid residues between any two of the sequences are shown by asterisks; gaps introduced for the best alignment are shown
by dashes. The transmembrane domain is underlined. [Program Pustell (Matrix PAM-250) was used for the sequence alignment.]

the identity between the two cyclases in the ‘kinase-like’ and the Two features of retGC support this possibility (Shyjan et al.,
catalytic domains of the intracellular region is so high that it may 1992). First, cyclic GMP production in retGC cDNA-transfected
be suggested that the minor structural differences between them human embryonic kidney cells is not activated by the natriuretic
are merely reflective of the species-specificity, i.e. retGC may factors ANF, BNP and CNP (Shyjan et al., 1992), suggesting
represent the human ROS-GC. that retGC is not a receptor for natriuretic factors. This attribute
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Guanylate Cyclase
Catalytic Domain

ROS-GC 454 CECEGEABET
ret-GC 469 CCCTGECGECCTECCGEECAGECER

ret-GC GTGGCCCTGETCACCELCCCCCAGGALL

AGCCGAGCTGCTCGCCGKAGAAGCCGGGATCGCGCTGGTGC S
80 CysGlyLeuProAlaSerArgAlaAlaArgArgArgSerArgAspArgAlaGlyAlaLeuGlyLeuProLeuAspA

ret-GC CAQGCGGAGGGCACCACGGCCQCTGCCGTGACCCCﬁGCCGCGGATGC TCTACGCCCTGCTTCGCGCATTCGGCTGGGCGCGC
1laGlyGlyGiyHisHisGlyPrpCysArgAspPEeArgArgGlyCysProLeuArgProAlaSerArglleA#gLeuGlyAlaA

ValAlaLeuValThrAlaProGlnAspLeuTrpValGluAlaGin;sAlaLeuSerThrAlaLeuArgAlaArgGly 158
ROS-GC GIGGCUTIEETCACCECCCLUCACEACCTETGCETEEAGECCUGACACGCALTT TECACEEECCTCABGEEEAGEEECET 693
‘GGCTCOAGGCGEGAGECTCACTGTCCALGECACTCAGGGCLCGEGLRCET 708
rgGlyProGlyHisArgPreProGlyProValGlyGlyGly&lySerLeuThrValHisGlyThrGlnGlyProGly 158

TGCCCCTGGACG

Le rgAlaPheArgTrpAlaﬁls
e !

ROS-GC 943 G€

’B 243

ValLeuAlaAsnSerSerGlnLeuArgLysAlaHlsAspAlaValLeuThrLeuThrArngs 262
ACA AL : CEACGATOL,

C‘I’CACCC TCHACT 1008 |

ret-GC 958 GO 6
‘ 243 HlsSerProThrAlaProSPrPheAlaGlyProThrMetProCysSerProSerArgAlaHls 262
AspGlnLeuPheAlaThrTyrValLeuApsProThrGlnGiyPhePheHis 377

’C 361

ROS-GC 1297 GEGREACCAGETIGTTCEETACRTACGT TETGEACCCTALGEAL
| ret-GC 1312 GGBAGACCGGCTITITTGCCACATACATGETGRATECTGECEGE CTCCTTCT.CTCC 1368
’ 361 ArgProAlaPheéCysHisIleHisAlaGlySerCysProGiyLeuLeuLeu 377

TTETTECACTEE 1353

D 561

ROS-GC 1897
ret-GC 1912 GGGEAGE

561 ArgAlaThrTrpLeuTrpLeu 567

GluGlyvValLeuAlaValval 567

Figure 5 Graphical explanation of the origin of the four amino acid sequence motifs that differentiate ROS-GC and retGC

The location of the four different sequence motifs (A, B, C, D) in the extracellular and kinase-like domains is shown at the top of the Figure. Single nucleotide rearrangement (nucleotide deletion
and insertion) resulting in a different reading frame for each of the segments is presented as A, B, C and D. Nucleotide deletions are marked as black boxes; identical nucleotides and amino
acids are shaded. The sequence of the internal peptide Ill of bovine ROS-GC (Margulis et al., 1993) is underlined. Abbreviation: TM, transmembrane.

of retGC appears to be similar to that of ROS-GC, whose cyclase
activity is also not affected by the natriuretic factors (see above,
Figure 3). Secondly, hybridization studies in situ suggest selective
localization of retGC in the inner segments of rod and cone
photoreceptor cells and the outer nuclear layer (Shyjan et al.,
1992). Though the status of its presence in the ROS layer is
unknown, it is clear that retGC is also a photoreceptor cyclase.

An important feature that biochemically distinguishes the
natriuretic-factor receptor subfamily from ROS-GC is the re-
sponse to ATP; ATP, instead of stimulating, inhibits the ROS-
GC activity (Sitaramayya et al., 1991). Cyclase activity of the
presently cloned ROS-GC also is inhibited by ATP (see above,
Figure 3), but this information is not available for retGC.

In terms of the structure-activity relationship, the non-
responsiveness of the ROS-GC activity to the natriuretic factors
deserves a comment. Previous studies have demonstrated that
ATP is obligatory in the natriuretic-factor signalling, and the
consensus sequence motif of the guanylate cyclases that defines
the ATP-mediated event is Gly-Xaa-Xaa-Xaa-Gly (Duda et al.,
1993a,c). This sequence motif is missing from ROS-GC (Figure
1), and also from retGC (Shyjan et al., 1992).

There are, however, several significant structural differences
between ROS-GC and retGC. The amine acid sequence of ROS-
GC at residues 80-158, 243-262, 361-377 and 561-567 has no
identity with the corresponding sequences of retGC (Figure 4).

It is noteworthy that the identity of a 19-amino-acid segment
within the above-mentioned residues 80-158 is established ex-
perimentally in ROS-GC by the protein sequence studies
(Margulis et al., 1993).

Other notable differences are: (1) the predicted molecular mass
of the mature ROS-GC protein is 114360, and 113870 for
retGC; (2) the leader sequence of ROS-GC is five amino acids
longer than that of retGC; (3) ROS-GC (mature) protein is
longer than retGC by three amino acids; (4) ROS-GC contains
one potential site for N-linked glycosylation, whereas none is
found in retGC; (5) ROS-GC contains 17 cysteine residues, but
22 are found in retGC (notably, one cysteine is located in the
transmembrane region of the ROS-GC, whereas none is present
in the transmembrane region of retGC); (6) the predicted pl
value (calculated for the extracellular region) of ROS-GC is 5.99,
whereas it is 8.67 for retGC (Shyjan et al., 1992), indicating that
this ROS-GC region is acidic and that of retGC is basic.

It is possible that ROS-GC and retGC are both functional and
structural analogues. In fact, at the nucleotide level the structural
identity between the two DNAs is even higher than at the protein
level. The differences in the four sequence motifs that differentiate
ROS-GC from retGC can be accounted for in each case by a
single nucleotide deletion and a single nucleotide insertion
(explained in Figure 5). This rearrangement causes the protein
frame shift and the origin of distinctive protein fragments, A, B,
C, D, in ROS-GC: the fragment A comprising residues 80-158
is the result of a nucleotide (T) deletion at position 472 and a
nucleotide (C) insertion between nucleotides 706 and 707 in
retGC; the fragment B (residues 243-262) is the result of a
nucleotide (G) insertion between nucleotides 962 and 963 and a
nucleotide (C) deletion at position 1022 in retGC; the fragment
C (residues 361-377) is the result of a nucleotide (A) deletion at
position 1315 and a nucleotide (A) insertion between nucleotides
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1364 and 1365 in retGC; and the formation of the protein
segment D (residues 561-576) is the result of a nucleotide (G)
insertion between nucleotides 1914 and 1915 and a nucleotide
(C) deletion at position 1933 in retGC.

In conclusion, the present study makes two important contri-
butions. First, the complete identity of the ROS-GC has been
revealed. This information should now make it possible to assess
better the role of this enzyme in the recovery phase of the light
response. Secondly, the ROS-GC and retGC may represent the
photoreceptor cyclase subfamily.

This work was supported by grants from the National Institutes of Health (NS 23744,
EY 08522, EY 07158 and EY 05230), and an equipment grant from Pennsylvania
Lions Eye Research Foundation.
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