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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

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 ofthe 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 ofthe 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.

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.

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 NotI (5'-
GATGATCACGCCGGCGAATAT16-3'), 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 T4 DNA poly-
merase. cDNA larger than 3 kb was isolated by centrifugation
through a 10-30o% (w/v) sucrose gradient, incubated with
endonuclease NotI, and ligated into the pBluescript vector whose
restriction ends were generated by endonucleases NotI and SmaI.
The recombinant cDNA was transfected into the electro-
competent E. coli cells (HBlOB) 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 105 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 106 c.p.m./ml in 5 x SSC (1 x SSC
contains 0.15 M NaCl and 15 mM sodium citrate)/5 x

Denhardt's solution/0.5 % SDS containing 0.1 mg/ml denatured
salmon sperm DNA. The stringency washing was done in 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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1 TGACCCCTCACCCTGGCCCTAGGCCGAGCCCCGGACTCCGAAGCCGGCAATGACCGCCTC-4CCTTCCTCGCGGGTGGGCTTCGGGACCCCGGACTCTGCGGACCCACGCGGTGGGCT
-56 MetThrAlaCysThrPheLeuAlaGlyGlyLeuArgAspProGlyLeuCysGlyProThrArgTrpAla

121 CCGTCTCCGCCCGGCCTTCCCCCGATCCCGCCCCGGCCCCGGCTTCGGCTGAGGCCACCGCTGCTGCTG rrCGCCGCGCTCCGTCCTCTCGGCCGTG MACTGTGGGGGTrG
33ProSer ProProGilyLeu ProProI leProP roAragProArgLeuArgLouArgProProL&uL*uLeuLouLouLeuLouProArgS-rVa lLouSerAlaVal1PhoThrV lGlylaI

2 41 CTGGGTCCCTGGGCCTGCGACCCCATCTTCGCGCGTGCCCGCCCGGACCTGGCCGCCCGCCTGGCCGCCl.=CCTGACCSACGCGGCTGCCCTGGAGGGCGG;CCCCCGCTTCGiGGTC
8 LeuGlyProTrpAlaCysAspProllePheAl aArgAlaArgProAspLauAl1aAlaArgLouAlaAlaSerArgLeuAsnSHisAlaAlaAlaLouGluGly<;vlyProArg PheGluVal1

361l GCGCTGCTG;CCCGAGCCGTGCCGGACGCCGGGCTCGCTGriGGGCCGTGTCCTCGGCWCTCACCCGC TCYCG GGTUAG GCAACCCCGCAGCTTGCCGG;CCGGCGGAATTA
4 8 AlaLeuLeuProGluProCysArgThrProGlySerLeuG:lyAlaValSerSerAlaLeuThrArgValSerGlyLouValGlyProValAsnProAlaAlaCysArg ProAlaGluLeu

481 CTAGCCCAGGAGGCGGGGGTCGCTCTGGTCCCCTGGGGCTGTCCCGGGACGCGGGCAWGCGGCACCACGGCTCCGGTGGTGACGCCCGCGGCCGATGCCCTCTACGCCCTCCTGC6GCCT
8 8 L^euAlaGlnGluAlaGlyVa lAlaLeuVal1ProTrpGlyCysProGlyThrArgAlaAlaGlyThrThrAl aProValValThrProAlaAlaApAlaLouTyrAlaLeuLeuArgAla

601 TTCCGCTGGGCGCACGTGGCCTTGG;TCACCGCCCCCCAGGACCTGTGGGTGG;AGGCGGGACACGCACTCAGGCGS TCAGGGCCAGGGGCCTGCCCGTGGCCCTGGTGACCTCCATG
12 8 PheArgTrpAlaHisVa lAlaLeuValThrAla ProGlnAspLeuTrpVa lGluAlaGlyHtisAlaLeuSerThrAlaLeuArgAlaAkrgGlyL*uProValAlaLeuValThrSerMet

721 GAGCTCGCCTGTCTGGAGCCCIC __ GGTAATG CACTC GGG -CGCGAGGAGCAGCGCTGC
l168 GluProSerAspLouSerGlyAlaArgGluAlaLouArgArgYa lGlnAspGly?roArgValArgAlaYalI1leNetValMetHisSerValL uLeuGlyGlyGluGluGlnArgCy3

841 CTGCTGGAGGCTGCAGAGGAATGCCGGCCGAC -TGIC-TCCSS GACTACTTCACACGCCTTGTCCAGGCCC TGACGCCTGGCGGTGCTCGC:CAACAGC
208 LeuL uGluAlaAlaGluGluLuGlyLouAlaApGlySerL*uVal PhoLouProPheA3pTherLeuHisTyrAJaUuS-rProGlyPr^AspAlaLouAlaValLouAlaAsnS*r

961 TCCGTCAGCCCAGTC GGkTGCAGTGCTC:ACCCTACGTCACTGCCCCTGGGAGGCAGCGTGCGGGCAGCCTGCGCAGGG:ccAAAcAcCGGGIkGCtGCCCCTGGAcTc
248 SerGl1nLouArqLy3AlaHisspAlaVa1LeuThrL*uThrArg i ys ProLouGl1yGlySerValArgAspS-rLouArgArgAl aGlnGluHisArgGluLouProLuApLou

10el AATCTGCAGCAGGTATCCCTTCTGGCCACAGATTTTCTGTGTGGGGCZGTGGCG:GAGCACGGGTGGCC GCGGGGGGTGGGTCCGG AGCAGCGGTG
208 AsnLeuGlnGlnValS*rProL*uPhoGlyThrtIleTyrAspS-rVal Ph-L>uLouAlaGlyGlyValAloargAlaArgValAlaAlaGlyGlyGlyTrp5;alS*rGlyAlaAlaVaI

1201 GCCCGCCATATCC:GGGATGCCCC C -=STCTGT =GGCCCTGCAGGCTGAGGGC T:G GGACACGGATCATG4GATCCGCTS GCACATAC
3208 AlaArgHisI leArgAspAlaArgVal ProGlyPhleCysGlyAlaL*uGlyGlyAlaGluGluProS*rPhoValLouLeuAspThrAspAlaThrGlyAspGlnLeuPheAlaThrTyr

363 ValLouAapProThrGlnGlyPhoPhoHisSerAlaGlyThrProValHisPh*ProLy3GlyGlyArgGlyProGlyProA3pProSerCy3TrpPhspProAspThrIleCywn

14 41 GGAGG;AGTGGAACCCAGCGTCGTC-:-m-ATTGGCTTCCTCCTGG;TGGTTG;GGATGGGGCTGGC GaCGCTTCACATOCCAATGGTCC
40 Gl;1yGlyValGluProSerVa IVa;PhoI loGlYPheLIuZeuV&1ValG.VtGlYLeuAlaGlyAl1aPhoLouAlaHi3trCv3ArgHi3sArgLeuL-XxHisIlr,laMtValSor

15S61I GGCLCAACMAGATCATCTGL v:AATACTTO CCA CCGCA TGGGGGAACG WMGC-OGATGACAGTCTGGCcTGCCCGCAGCATATCAGAST
4 48 GtyP roAsnLysIleX leLeuThrLeuAspAspIlThrPh-LouHtisProHisGlyGlyAsnSerArqLysValAl&Gl nGlySerArgThrS-rLeleAiUklaArgSer1 leSerAsp

1 o81 reiTrGAI;:ATTCCACCGCCCGGTTAGCACCAACA rAMGAGACGGGA CATAGCATAGGGACCGCATAACArcwcAAACAS
i 88 'ValArgSe r rl1*H i SerGl1nLeu ProAkpTyrThrAsn I leGlyLeuTyrGluGlyAspTrpalT.zpLeuLy3LysPhoPro<;lyAspArgHistI 1eA1 s1 leAi gProAlaThrLys

1801 ATGGCCTTCTCCAAGATCCGGACCGA5GCCCGGGCACTCCGGCATGAAAAC TGGCGGaCC CWGGCCC't-CGCGGGAAG3CGTGCTGGC'.GTGGR
52d 8 MetAlaPh*SerLysrleArg;luLeuArgHisGluJAsnVa lAUaLouTyrLeuGlyLeuPeh*L*"IGlyG;lyAlaGlyGlyProAlaAlaProGl yGluGlyVa lI^uAlaValVaI

IL 921 TCGGAGCACTW.-rG CG-CXCAGACtCTCAAGCCCGAGArCATAnAAGT<-1ACAT ACTGGATGTTCAAGTCS%%~.ZCATCAeACvGAAAGrTATCGCAC
568 Ser;luHisCysAlaArgGl yS*rL uGlnAspLouL uAlaGlnArgAspI leLy3I*euAspTrpMetPheLysSerSerLeuLeuLeuA3pLeuI leLysGlyI leArgTyrLouHist

2041 CATCGAGGGGTe4GCCCATGGGCGGCTGAGCACGGAACTrjCGTri*TGGACG;GAIGGTTCGTGCtAAAGTCACCGACCACGGTCATGGGCGACTGCTGGAI.;XGCAGAWGTGTTACCT
608 HiwArgGlyVa lAlaHisGlyArgLeuLysSerArgAsnCysVa lValAspGlyArgPhoVa IL*uLysValThrA3pHisaGlyHi3GlyAxgLouL*uGluA laGl nArgVa lLeuPro

111161 GAGCr.ACCGAGCGCGGAGACCGTTGCGCCGGAGCTGCTTCGA~(SCGiA~"-G<G GACrCCGGGGAAcGCTGGiCCGGACGWwGTCTTCG-LCGC.ATCATT.s.GCAGaGG
648 GluProProSerAlaGluAspGlnLeuTrpThrAla Pr¢GluLouLeuArgAspProVa lLouGluArgArgGlyThrLeuAlaGlyAspVal1PheeSerLel Glyrlel letr7lnGlu

2.291 rTCrgGTGCCGCAGCGCCCCCTCSg:CCATGCTGAGCTACTCCCGIGGAAGTGGTGCGGGTCAGACCC= CTCCACTGTGTCGGCCCTC:CGTGTCC>TAGACCAGGCGCCCATG
688 ValValCY3AzqSerAlaProTyrAlaMetLouGlUr euThrPror,luGluVa lValLysA(rgValGl nSerProProPror *uCy3ArgProSerVa lSerI1 leAspGlnAlaProMet

4 81 GAGTGCATCCAGCTGATGAAACAGTGCTGGCGPGA AGAACTCGCTCCATGAtC sXITCAACT i GCGAAGATriATCATCGA'
t2° Glury3lrl GlnLeuMetLy3GlnCysTrpAlaGluGl nProGluLauArgProSerMetAspArgT7wrPheGluLouPh*LysS*r ll-AsnLysGlyAkrgLys;4etAsn t1loIleAsp

25S2 1 TCTATGCTrGCGGATGCTGGAACAGTACTCCAGTAACCTGGAGGACCTGAkTCCGGGGGCACAkGAGA=eGGACGAAGCAGAAGACAGACCGGCTCCTCACACAGATGCTGCCT
768 SerMetLeuArgMetLeuGluGl nTyr:SerSerAsnLeuGluA3pLeu IllArgGluArgThrGluGluLeuGluL*uGl uLy3GlnLy3ThrAspArgLeuLeuThrGlnMetLeuPro

. 641 CCGTCTGTGGCAGAGGCGCTAGATGGGGACACCGTGGAGCCCGAGTATTTCGkAGAGGTGACCGA=TCGGACATTGTGGGTTTCALCACCATCT S'AGCCATGAGTG;AGCC
8 08 ProSerVa lAlaGlijAlaLeuLysMetGlyThlrProVa lGluProGluTyrPheGluGluValThrLouTyrPheS-rAspI leValGlyPheTh gThrI11 eSerAlaMetSerG' uPro

276 1 ATCGAAGTGGT.kAGCCTGCTCAACGACCTCTACACACTCTTGATGCCATCATCGGTCLCATSkGcTAlCAAGGGAGACAA TTGGGG&ATGCCTACAT#3iTGrGCCTCCGGGCT-GCC'C
B 48 1leGluValValAspLeuLeuAsnAspLeuTyrThrLeuPhlekspAla I lel leGlySerM isAspValTyrLysVa lGluThlrIleGlyAspAlaTyrMet ValAlaSerGlyLeu Pro

2 881 CAGAGGAACGGGCACCGGCACGCGGCAGAkGATCGCCAMTATGGCTC:TGGACATCCTCAGCGCCGTGGGCACCTTCGCATGCGCCACATGCC:GGAAGTGCCCGTGCGCATCCGCATT GGC
88 8 GlnArgA3nGlyHi sArgHi3sAlaAlaGluI leAlaA3niletAlaLeuAspI 1*LeuSerAlaVa lGlyThrPhoArgMetArqHiswMotProGluVal1ProValArgI leArqIleGly

3001 CTrGCACTCGGGCCCGTGCGTGGCGGGCGTGGTGGGCCTCACCATGCCCCGGTACT(CTGTTTGGGrAAAGrC:AACACCGCTTCGGCCATGGAGTCCACCGJGGCTGCTACCGCATC
92 8 LeuHisaS*rGlyProCY3Va lAlaGlyValValGlyL-uThrthet ProArgTyrCysL*u PhaoGlyA3pThrValAsnTh rAlaSerAlaMetGluSerTh reGlyLeu ProTyrArgI le

312 1 CACGTGAACAGGAGCACCGTGCAGATCCTTCCGCCCThAACGAGGGGC:TTCCTACGAGGTGGCGcGc:GaGCCCGGTGAAGGGCAAG<GGCWAcGAGGAAACCTACTGGCTTGGTGOC
968 HtiaValAsnArgSerThrValGlnI leLeuSerAlaL-uAsnGluGlyPheL-uThrGluVa lArgGlyArgThrGluLeuLysGlyLysGlyAlaGlZlGluThlrTyrTrpLLeuVa lGly

3241 AGACGGWTCAACAAA*JCCCTCCA CCACCGcGAAsCCTOAACGGGCCAGCAACCACGGCATCAGCCTGCACGAkGATCCCCC GATCGGC CGCAGAACA AGAGGGG
1000 ArgArgGlyPheAswnLysProl leProLysProProAspLouGln ProrilyAlaSerAsnHI 3GlyI leerLr;uHisGlu 1-ProProAspArgArgGl nLysLeuGluLy3AlaArg

3 361 CCAGGCCAGTl-KTC TGGGAAGTGAGGCTGGGTCTGGAArAAAGrATTATTCCvAG'r-CTTCTGAAGTTG;CTGC.rGTAGG;TGACCMAAAACGGCTAATACCAGTGACTC4
1048 ProGlyGlnPlh9SerGlyLy3

34 81 CCAGCTr_TGC.CTCAAAGGAkTTATGAkGCCTTACAAGAG_TGGTT CAAACCAGTTGTGTGACTTTAGAAGM=ATGCACTCTAGGCCTGGGTTCCCTTCGG;TGTGAAATGWAAG
3601 GTG-GCGTAGGTGGTTTCCGCACACCCCAnr/rCGACA-%,zS'rjG;CCTTCrAGTGG-TTGrlCCTTGGGATAT(sGGCACGGGCACATGCCTG.CAGCCtCCAGTGA:CC.-TGAGCCATCAGGAGG
3721 CCCCAGGAAGGAGTr TCTGGATTGCGATGTCCCAACCCCAGAGC'AGTGrAJAGCCACCTr;TTrCCACCAGjCACAGriGGTGTCACGTGGCCTGAGGATTCCAGrGGCTTCTATTTAGCeCA
3 41 G<CATCCTTC-TCTTCTCCATCCuCACCAGTTGAAACTGrCC,TTTGGTGGCACCACACACC-TTGm AAGTGCAG.AG,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.
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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 ofcDNA
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 5.85 % formaldehyde, 24.5% formamide,
3.5 mM EDTA, 17 mM 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, 0.25 % xylene
cyanol FF, 50% glycerol, 1 mM ATA), the mRNA was applied
to 1.0 %-agarose gel containing 20 mM Mops, 5 mM sodium
acetate, 1 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 1 x 105 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 ofROS-GC (Figure
1). The probe was labelled with [32P]dATP by asymmetric PCR
reaction. After the hybridization, the gel was washed in
1 x SSC/0.1 % SDS at room temperature (twice; 30 min each),
followed by 0.5 x SSC/0.5 % SDS at 55 °C (twice, 20 min each).
A XAR5 (Kodak) film was exposed to the gel at -70 'C.

Expression studies
The Sail/Sacl fragment containing the ROS-GC cDNA was
cloned into the XhoI/SacI 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 10% 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/HCl,
pH 7.5, containing 10 mM MgCl2, 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,uM atrial
natriuretic factor (ANF), brain natriuretic peptide (BNP) or
C-type natriuretic peptide (CNP) and/or with ATP (800 ,uM) 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

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 III)] 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 50% of the mRNA portion comprises the coding region.
Hydropathy analysis of the deduced amino acid sequence of

ROS-GC indicates 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,

signal peptide. The theoretical molecular mass of this protein is
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Figure 2 Northern-blot analysis of mRNAs Isolated from various bovine
tissues for ROS-GC

A portion (4 jug) 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
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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,uM 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 % 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 %, 32% and 85% between
their 'kinase-like' domains; and an identity of 50 %, 50 %, 51 %
and 92% between their catalytic domains (Figure 4). The least
identity with the other cyclases is found in the extracellular
region: there is 14% identity with STa-RGC, 170% with ANF-
RGC, 180% with CNP-RGC and 640% 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,

A B C D E F G H

7- ANF-RGC

A B C D E F G H

CNP-RGC

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 concentratons
of ATP and/or natriuretic peptides, with 4 mM Mg2+ 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 0C. 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.

A Basal
B +ATP(0.8mM)
C +ANF (0.1uM)
D +ATP+ANF
E + BNP (0.1 ,M)
F +ATP+BNP
G +CNP(0.1,uM)
H +ATP+CNP
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ROS-GC 1- AVETVGVLGPWACDPIFARARPDLAA--RLAASRL-NH--AAALEG--GPRFEVAL-LP --- EPCRT-P-GSLGAVS--SALTRVSGL-VG
ret-GC 1 ---------

ANEF-RGC 1-GNL**A*VL*-LANTSYPWSWARVGPAVE** LAQVKAR--PDL* P*W-TV*TVLGS-SENALGV*SDTA-AP*A* *D--LKWEHNPAVFL*
CNEP-RGC 1 ----------RNL LA*VL*-EHNLSY*W*W* RVGPAVA* *VEA -GR--*--* PV--DL* *VSSE-*E ---GA*SEYL-AP*S *D--LK*YHDPD*LL*
STa-RGC 1 SQVSQNCHNGSYEIIS* M--MGNSA* * E PLKN* EQAVNEGLEIVRGRLQN*G*NVTVNAT*MYSDG* IHNSGD *SSTCEG* DLLRKI*NAQ*MGCVLI *

ROS-GC 76 PVN PAACRPA£LLAQEAGVALVPWGCPGTRAAGTTAPVVT-PAADALYALLRAFRWA-HVALVTAPQDLWVEAGHALSTALRARGL PVALVTSME PSDLS
ret-GC 7 f * - * *CGLPASRAARRSRDRAGAL*L*LDAGG*HHGOCRD-*RRGCPLRPASRI*LG-ARGPGHR* PGPVGGG3*SLTVHGTQGP*** **S******L***
AN F-RGC 8 4 *GCVY-AA*VGRFTAHWR* P*LTA*A*ALGFGVKDE-YkLTTR*GPS**K*GD*VA L*RR*GWER*A*MLY*YRPGDEEHCFFLVEGLF1RVRDRLNIT
ON P-RGC 77 *GCVYPAASVARF SHWRLP* LTA*AVASGFSAKNDHYR* LVRTGPSAPK*GE*VWTL*GHFNWTARAALLYLDARTDDRPHYFTIEGVFEALQGS-N* *
STa-RGC 99 *SCTYSTFQM-Y* DT*LSYPMISA*SF*LSCDYKETLTRLMSP*RK*MYEF*VN*W1ICNDLPFK*YSWSTSYVYKNGTE* EDOCFWY*NALEASVSYF*HEL

ROS-GC 17 4 GAREALRRVQDGP--RVRAVIMVMHSVLL---GGEEQRCLLEAAEELGIADGSLVFLPFDTLHYALSPGPDALAVLA--------NSSQLRKAHDAVLTL
ret-GC 174 *******K*R*.*--**T***********---******Y*.-*******T* ***I******E* --------. TAPSFAGPTMPCSPS
ANF-RGC 183 VDHLEFAEDDLSHYT*LLRTMPRKGR*IYICSSPDAF*T*MLL*L*A**CGEDY** FHL*IFGQS*QG*QGPAPRRPWE--RGDGQDVSA*Q* FQ*AKII
CNP-RGC 176 VQHQVYA*EPG* -EATHFRANGRIVYICGPL*MLHEI*LQ*QREN*TN*DY** FYL*VEGES*RA**TSDTGRPWQDNRTREQAQA**E* FQT**VI
STa-RGC 198 *FKVV**QDKEFQ--DILMDHNRKSN*IIMCGP* --F*YKLKGDRAV*EDIVII*-V*LFNDQYLEDNVTAP -----------------DYMKN**V*

ROS-GC 261 TRHCPLGGSVRDSLRR--AQEHRELPLDLNLQQVSPLFGTIYDSVFLLAGGVARARAAGGGWVSGAAVARHIRDARVPGECGAL GGAEEPSELL
ret-GC 261 RA***SE***L*****--***R****S** *************A*****R***E**A****R**************Q******D* -**D***P****
ANE*-RGC 281 *YKD* DNPEYLEF*KQLKHLAYEQFNFTMEDGL*NTIPASFH*GLL*YIQA*TET-L*H**TVTD*ENITQRMWNRSFQ*VTY*KIDSS*DR*TD*S*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*GNSI,LNS* FS*NLSPTK* DFR*A - --- YLNGILVFGHMLKI--FLEN*ENITTPKF*HAF*NLTFE*YD* PVTLDDW*DVDSTM***

ROS-GC 355 DTDATGDQLFATYV--LDPTQGFFHSAGT PVHFPKGGRGPGPDPSCWFDPDT-ICNGGVEPSVVFIGELLVVGMGLAGAFLAHYCRHRLLHIQMVSGPNK
ret-GC 355 *-*A*RPA*CHIH--AGSCP*LLL****R4***R**SA********* *NN-**G**L**GL**L******************V******H******
ANF-RGC 380 *.M-1DPENGA*VRWLNYNGTS*ELVAVS*RKLNW*L*YP-* PDI*K*G**NEDPA**QDHLSTLEVLA--**GSLS*L* ILIVSFFIY*KMQLEKELASEL
CNP-RGC 374 AMGDLDSGD*QPAA}tYSGAEKQ-IWWT* R*I PWV* *AP-*SDN* P*A** L* DPS* DKTPLSTLAIVA--*GT*ITFIMFGVSSFLI F*N*MLEKELASML
STa-RGC 361 Y -SVDTKKYKVLLTYDTHVNKTYPVDMS*TFW*NSKL*ND-----------* TGR* PQ-ILMIAV*T*TGAVV* L--L*VALLML* KYRKDYELRQK*

RC(.S-GC 452 IILTLDDITFLHPHGGNSRKVAQGSRTSLAARSIS--DVRSIHSQLPDYTNIGLYEGDWVLKKFPGDRHIAIRPATKJwAFSKIRELRHENVALYLGLFL
r:et-GO 45Z ****V***+*** **T*- .****S**G***M*-* I**GP**HL*SP***V****R*********Q*********T****LQ* ***********
ANF-RGC 476 WRVRWE*---VE*SSLERHLRSA***LT*SG*GSNYGSLLTTEG* FQVFAKTAY*K*NL*AV*RV-NRKR*ELTRKVLEELKHM* DVQN*H----*TR*V
CNP-RGC 470 WRIRWEE-- Q£GNSERYHKGA***LT*SL*GS*YGSLMTA*GKYQI A*T*HFK-NV*AI*HV-NKKR*ELTRQVLFELKHM* VQENH *TR*I
STa-RGC 4 4 6 WSH- IP*ENIFPLETNETNHV**KIDDDKR---R*DTIQR*RQCK-V---*I}R*I**DL-KHNDGNFTEKQ*IELN*LLQIDYYT----*TK*Y

ROS-GC 550 AGGAGGPAAPGEGVLAVVSEHCARGSLQDLLAQ-- RDI KLDWMFKSSLLLDLIKGIRYLHHRGV-AHGRLKSRNCVVDGR EVLKVTDHGHGRLLEAQ
ret-GC 550 *R**E****S*RATWLWL****T***** **. **** ******* ******D *. *I****M***7*- *******
.A F-RGC 568 GACsTDP*NIO------ILT*Y*P******!*EN-----ES*T*,***RY**TN*IV**MLF**NGAICS*+N***S* -****I**Y*LSESRDL-
th-5'-RGC 562 GACIDP*NIC.-- I*TY*P**-**I*EN-----DS*N***.RY**IN**V**MAF**NSEISS**S***S****S*S **I* Y*AFRSTA
ST3-RGC 529 GTVKLDTMIEF* -------I.Y*E* **REV*NDTISYPDGTFM**E**I*V*Y*IA*MS***SSKTEV****sT*****S*M*V*I* F*CNSI PP-

ROS-GC 644 RVL PE PPSAEDQLWTAPELLRDPVLERR.GTLAGOVFSLGIIMQEVVCRSAPYAM--LELT PEEVVKRV-QS PPPLCRPSV---SI DQAPMECIQLMYQCW
ret-GC 644 K***R*********A** ****A*************--*******Q**-R*********
ANF-RGC 656 DPEQGHTVYAKK*********MASPPV**SQ****Y* F***L**IAL**GVFHVEG*D*S*K*IIE**TRGEQ*PF**-L---ALQSHLE*LGL**QR**
4P-RGC 651 EPDDSK[ALYAKKC*******Sr;NP*PTT*MQrJAk*Y.F**-L**tAL**G*FYLEG.D*S*K*I*QK*RNGQR*YF*-*I---DRT*LNE*L/L**ER**

STa-RGC ;21 ---------KKD*f****H**QANISQK*---- **Y*Y***A**IIL*KETFYTLSCRDRN*KI RVENSNGMKPF**DLFLETA.EEKEL*VYL*V*N**

ROS-GCO 38 AEQPELPPSMDRTFELFKS---- I3KGRKMNIIDSMLRMLEQYSSNLEDLIRERTEELELEKQKTDRLLTQMLPP:-VA.ALKMGTPVEPEYFEEVTLYFS
ret-GC 737 * * D***N----****T******************* **T**
ANF-RG, 753 **D*QE.**FQQIRLTLRK----F*RENSS**L NLwSRM***AN***E*VE***QAYLE**R*AEA**Y*I**H****Q**R ET*QA*A*DS**I***
CNP-RGC 748 QD*AE**DFGQIKGEIRR----F**EGGTS*L*NL*LRM***AN***KkVE***QAYLE**R*AEA**Y*I**H****Q**R*ET*QA*A*DS**I***
STa-RGC 714 E*K.*I*DFKKIETTLAKIFGLFHDQK ESYM*TLI*R*QL*R*#*H*V*E**QLYK.A*RDRA**NNFML**RL*VKS**EKGF****LIY****I***

ROS-GC 834 DIVG TTISAMSEPIEVVDLLNDLYTLEFDAIIGSHDVYKVETIGDAYMVASGLPQRNGHRHAAEIANMALDILSAVGTFRMRHMPEVPVRIRIGLHSGPC
ret-GC 833* - * **************** *Q*********S*** H***
ANF-RGC 849 ******AL**E*T-MQ-*T*****C.***V*DNF**************V****V***RL**C*V*R***ALkD*.RS**I**R*QEQL*L***I*T**V
CNP-RGC 844 ******AL**E*T*MQ**T*******C.****DNF+*********V****G***Q***P***R***AL*D**SS**I.*R*HDQLSL.**V*T**V
STLa-RGC 804 .******CKY*T*M****M***I*KS**H*VDH************* *******K***N***ID**K***E***EM***ELE*L*GL*IW****V*****

ROS-GC 934 VAGV/GLTMPRYCLFGDTVNTASAMESTGLPYRIHVNRSTVQILSALNEGFLTEVRGRTELKGKGAEETYWLVGRRGFNKPI PKPPDLQP-
ret-GO 933 *** ****** ** *********R* **** ** ***L***G**R**DS*YQV*L**** ********D*F****** *** ***** *

A,JNc-RGO 949 C******K**. STRG***R**NEALK**LSSE*KAV*EEFG-**EL*L**DV*M****KVR****L*E*- SSTRG
CNP-RGC 944 C****** K* **R***N*QOLK**LSST*KWA*DE*G-C*QL*L**DV*M****KMtR****L*E*K - G**G*L
STa-RGC 904 A** ***IK+ ******.******R*******L*&**SG**IA**KRTECQ**Y****E*Y***R*N*T****T*MKDQKCENL*T**TVENQQRLQAEFSD

RCS-GC 1022 --GASNHGISLHEIPPDRRQKLEKARPGQFGK.-----------.
cet-GC 1021 --*S*****Q**w*E**R* ******--------------

STa-RGC 1004 MIAN*LQKRQAAG*RSQKPRRVASYKK*TLEYLQLNTTOKESTYF

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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80 A1aAlaCysArgProAlaG1uLeuLeuAlaG1nGluAl1GlyValAlaLeuVa1ProTrpG:IyCysProG1yThr
ROS-GC 454 CCCIGCAGCTTGCCQGCCGGCGGATTACTAGC CAGGAGG GGGGG TCTGTC ..... ..T.. C GG G

~~~~~~~~~~~~~~~~~~.. .... .... ...

ret-GC 469 CCC¶TGCGGCCTGCCGGCCAGCCGAGC:TGCTCGCCGAAGAAGCCGGA1TCGCGCTGG:TGCCCTGGGGCTGCCCCTGGACG:G
80 CysG1yLeuProAlaSerArgAlaAlaArgArgArgSerArgAspArgAlaG1yAlaLeuG'.yLeuProLeuAspA

ArgAlaA1aGlvThrThrAlaProValVa1ThrPrAlaAlaAsDAlaLeuTyrAlaLeuL_e rgAlaPheMrTrpAlaHis
ROS-GO .CGGGC.AGC>GGA.CCA.CSGGTCcGGTGGTGAGCCGGC TCCCACCTCGC-'C:G£ TT :CTGC
ret-GC CAGGCGGA~GcCCACGGCC TGCGACC CGCCGGAGCtAGCTCTGGATGCGGGG

laGlyGl1yG1yHiSHisGlyPr.oCysArgAspP'roArgArgG1yCysProLeuArgProA1aSerArgI 1leArqLeuGlyAlaA

ValAlaLeuVa1ThrAlaPioGl spLeuTrpVa1G1u1aG1yHisAl1aLeuSerThrAla1eurgA1aArgGAy1T5r8
ROS-GC GT ff-CT!GGACCTCC:--CAGGGG CGGGCACGCATTCQCC . GCGCTAGCCA CCT 693
ret-GC GTGGCCCTG%TCACCGCCCC:GGCCGCTATCCGCGGTA :TCAGGGcCTGGG3C 7

rgGlyProG1yHisArglryProGlyProVaslGlyG'1AyGAryGlySerLeuThrVaHiosAGlSyThrGlnGlyPeroGly 158

i 243 ValLeuAlaAsnSerSerGlnLeuArgLysAlaHisAspAlaValLeuThrLeuThrArgHFd:'s 262

CW.GC.....A.T-GCTCASTACATCCCAT
ret-GC 958 GC"CAEGTC:CC -G.CTCC.

HisSerProThrAlaProSerPheAlaGl yProThrMetProCysSerProSerArgAlaHis 262

g ~~361 AspGlnLeuPhieAlaThrTvrValLeuApsProThrGlnGlyPhePheHis 377

ROS-GC 1297 GGGIGACCAGGTCTCAGCTACATACGTTCAAGGACCT..AGC AT CG OTO CACTCAC 1353

ret-GC 1312 GGGAGACCCGGTT.TTTGCCACATACAT GTC G CCGG -CC £TC2 1368

361 ArgProAlaoheCysHirslleHsAlaGlvSerCysProGMyLeuLeuLe A 3l77

7EV,"-
ROS-GC 1897

ret-GC 1912

561

GluGlyValLeuAlaValVal 567
GGGGA GCGTGCTGGCTGTGGETCTCG 1923

IAACc GG.c:GGOiSo CTcTCA 1938
ArgAlaThrTrpLeuTrpLeu 567

Figure 5 Graphical explanation of the origin of the four amino acid sequence moths that dffferentiate 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 lIl 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 amino 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) ofROS-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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