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The complete amino-acid sequence of the cyclic
GMP-gated channel from bovine retinal rod photo-
receptors, deduced by cloning and sequencing its
complementary DNA, shows that the protein con-
tains several putative transmembrane segments,
followed by a region that is similar to the cyclic
GMP-binding domains of cyclic GMP-dependent pro-
tein kinase. Expression of the complementary DNA
produces cyclic GMP-gated channel activity in
Xenopus oocytes.

VERTEBRATE photoreceptors respond to light by a transient
hyperpolarization due to the closure of a cation channel in the
plasma membrane. The channel is activated directly' by
guanosine 3',5'-cyclic monophosphate (cGMP), the internal
messenger of visual transdaction (for reviews, see refs 2-4). The
channel does not discriminate very well between alkali
cations"~® and is reversibly blocked by divalent cations®™'* and
[-cis-diltiazem®. The cGMP-gated channel from bovine retina
consists of a single type of polypeptide of relative molecular
mass (M,) 63,000 (63K)'%. The purified bovine ¢cGMP-gated
channel is functional when reconstituted into phospholipid vesi-
cles" or artificial planar bilayers'*. Channel activation occurs
by the cooperative binding of at least three'®!', but probably
more>'?"* cGMP molecules, which suggests'? that the func-
tional channel is composed either of several 63K polypeptides
each harbouring one or two cGMP-binding sites, or of only a
single polypeptide containing three or more cGMP-binding sites.
It has also been proposed that the cGMP-gated channel is
composed of polypeptides of M, 39K'° or M, 250K or of
rhodopsin'” itself, which raises the possibility'® that the channel
is composed of different polypeptides, that the 63K polypeptide
is a dimer of the 39K polypeptide or that the 39 K polypeptide
results from proteolytic modification of the 63K polypeptide.
Alternatively, these polypeptides may represent different cGMP-
gated channels.

We have now cloned DNA that is complementary to bovine
retinal messenger RNA coding for the 63K polypeptide and
from the nucleotide sequence analysis of this cDNA we are able
to predict the complete amino-acid sequence of the polypeptide.
The cDNA has been functionally expressed in Xenopus oocytes,
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which suggests that this polypeptide alone is sufficient to form
a functional cGMP-gated channel.

Cloning of cDNA

The initial approach to isolating cDNA for the cGMP-gated
channel was to screen a ¢cDNA library by hybridization with
oligodeoxyribonucleotide probes synthesized on the basis of
partial amino-acid sequence data. The cGMP-gated channel
polypeptide of M, 63K was solubilized from bovine rod outer
segments and purified as described previously'?. After SDS-
PAGE of the purified preparation, the 63K polypeptide was
electroeluted from the gel and digested with trypsin. The result-
ing peptides were fractionated by reverse-phase HPLC (Fig. 1).
Fifteen fractions (I-XV) were collected and analysed for amino-
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FIG. 1 Reverse-phase HPLC of tryptic peptides derived from the cGMP-gated
channel. Solid line and left-hand axis, absorbance at 210 nm (A,,,); broken
line and right-hand axis, acetonitrile concentration. The amino-acid sequen-
ces determined for the fractions (I-XV) were identical to those of the
following amino-acid residues deduced from the cDNA sequence (for amino-
acid numbers, see Fig. 2): 1, 839-641; ll, 406-411; lIl, 591-596; IV, 454-460;
V, 417-422; VI, 642-652; VI|, 240-245; VI, 513-518; IX, 668-677; X,
628-637; Xi, 261-269; XIl, 279-284; Xill, 435-443; XV, 663-676; XV,
435-443. identical amino-acid sequences were determined from fractions
Xill and XV, and the sequence for fraction XIV overlapped that for fraction IX.
METHODS. The 63K protein was purified as described previously*?. After
SDS-PAGE of the purified preparation, a piece of the gel carrying the 63K
polypeptide was excised and the protein was electroeluted and dialysed5.
The peptides resuiting from tryptic digestion of the dialysed material (330
pmoles) were fractionated by reverse-phase HPLC and sequenced; the
procedures used were essentially identical with those described pre-
viously®®,
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. 0o AGAAMACTAGCTGTTTGTACATGTTTARAGARACG ‘6C
FIG. 2 Nucleotide sequence of cloned TGACTTCTGT TTCTGGAAGACACAGATACAGTGCT TAAGCAACCAAAGATAT TARACTAACE 1
. ARAAAGATCAGCATATTTATTTCTTTTARARATTAGGACCTGGAT T TTGACAATGTCCGGAT T TACACTATATCCCTGTTTGCTTTGGATACACCACTGACTTCTG <
c¢DNA encoding the cGMP-gated chan- ; 10 » 30 a
nel from bovine retinal rod photorecep_ Met Lys Lys val Ile Ile Asn The Trp His Ser Phe Vsl Asn Ile Pro Asn Val val Gly Pro Asp val Glu Lys Glu [le Thr Arg Met Glu Asn Gly Ala Cys Ser Ser Phe Ser Gly
. . ATG AAG ARA GTG ATT ATC AAT ACA TGG CAC TCT TTT GTA AAT ATT CCC AAT GTG GTT GGA CCA GAT GTT GAA AAG GAA ATA ACA AGG ATG GAA AAT GGA GCA TGC AGC TCC TTT TCT GGT 126
tors and the deduced amino-acid P 0 70 80
sequence. Nucleotide residues are Asp Asp Asp Asp Ser Ala Ser Met Phe Glu Glu Ser Glu Thr Glu Asn Pro Nis Alm Arg Asp Ser Phe Arg Ser Asn Thr His Gly Ser Gly Gln Pro Ser Gln Arg Glu Gln “yr Leu
. , . . GAT GAT GAC GAC AGT GCC TCT ATG TTT GAA GAA TCA GAG ACT GAG AAC CCC CAC GCA AGG GAT TCC TTT AGA AGT AAT ACA CAC GGA AGC GGA CAA CCA TCA CAG AGG GAG CAA "AC CTG 240
numbered in the 5 to 3’ direction, % 100 110 120
beginning with the first residue of the Pro Gly Ala Tle Als Leu Phe Asn Vel Asn Asn Ser Ser Asn Lys Glu Gln Glu Pro Lys Glu Lys Lys Lys tys Lys Lys Glu Lys Lys Ser Lys Pro Asp Asp Lys Asn Glu Asn Lys
P . . i CCT GGA GCC ATT GCA CTT TTT AAT GTT AAC AAC AGC AGE AAT AAG GAG CAA GAA CCA AAG GAA AAG AAG AAA AAG AAA AAA GAA AAG AAG AGC AAG CCA GAT GAT AAA AAT GAA AAT Ada 380
ATG initiation triplet and the preceding 130 140 150 180
residues are indicated by negative Lys Asp Pro Glu Lys Lys Lys Lys Lys Glu Lys Asp Lys Asp Lys Lys Lys Lys Glu Glu Lys Gly Lys Asp Lys Lys Glu Glu Glu Lys Lys Glu Vel val val [le Asp Pro Ser Gly
. AAG GAC CCA GAA AAG AAA AAG AAG AAA GAA AAG GAC AAA GAT AAG AAA AAG AAA GAG GAG AAA GGC AAA GAT AAG AAA GAG GAA GAG AAG AAG GAA GTC GTG GTT ATT GAT CLC TCA GGA “BC
numbers; numbers of the nucleotide 170 H 1 180 190 200
residues at the right-hand end of the Asn The Tyr Tyr Asn Trp Leu Phe Cys 1le Thr Leu Pro val Net Tyr Asn Trp Thr Met [le ile Ala Arg Als Cys Phe Asp Glu Leu Gln Ser Asp Tyr Leu Glu Tyr Irp Leu Als
e . . . AAT ACG YAT TAC AAC TGG CTG TIC TGC ATC ACC TTA CCT GTT ATG TAT AAC TGG ACC ATG ATT ATT GCA AGA GCA TGT TTT GAT GAA CTT CAG TCT GAT TAC CTA GAA TAC TGG CT™ 6CT  60C
individual lines are given. Nucleotide 2 20 220 %0 20
2488 is followed by a po|y(dA) tract Phe Asp Tyr Leu Ser Asp val val Tyr Leu Leu Asp Met Phe Val Arg Thr Arg The Gly Tyr Leu Glu Gin Gly Leu Leu Val Lys Glu Glu Arg Lye Leu lle Asp Lys Tyr Lys Ser
. TIT GAT TAC TTA TCA GAT GTA GTC TAT CTT CTT GAT ATG TTT GTA CGA ACA AGG ACA GGT TAC CTA GAA CAA GGA CTA CTG GTG AAG GAA GAG CGT AAA CTC ATA GAC AAG TAT ARA TCA 720
connected with the vector DNA 28
H3 250 260 270 o
sequence"o. Amino-acid residues are Thr Phe Gin Phe Lys Leu Asp Val Leu Ser val Ile Pro Thr Asp Leu Leu Tyr Ile Lys Phe Gly Trp Asn Tyr Pro Glu Ite Arg Leu Asn Arg Leu Leu Arg Ile Ser Arg Met Phe
Lo . P ACC TTT CAA TTT AAA CTT GAT GTT CTA TCA GTG ATC CCA ACT GAT CTG CIG TAT ATT AAG TTT GGC TGG AAT TAT CCA GAA ATT AGA TTA AAC AGA TTG TTA AGG ATC TCT CGA ATG TT1 80
numbered beginning with the initiating 20 300 e 3w 320
methionine. The hydrophobic segments Glu Phe Phe Gln Arg Thr Glu Thr Arg Thr Asn Tyr Pra Asn [le Phe Arg Ile Ser Asn Leu val Met Tyr Lle ite Ile Ile Ile His Trp Asn Ale Cys Val Tyr Phe Ser lle Ser
. : GAG TTC TTC CAG AGA ACA GAA ACA CGG ACA AAC TAC CCA AAC ATC TTC AGG ATC TCT AAC CTT GTC ATG TAC ATC ATC ATC ATC ATC CAC TGG AAT GCG TGT GTG TAC TTC TCT ATT TCC 960
with predicted secondary structure 30 30 350 360
(H1-HB) are overlined: the termini of Lys Ala Tle Gly Phe Gly Asn Asp Thr Tep val Tyr Pro Asp val Asn Asp Pro Asp Phe Gly Arg Leu Ala Arg Lys Tyr Val Tyr Ser Leu Tyr Trp Ser Thr Leu The Leu The Thr
: : ARA GCT ATT GGG TTT GGA AAT GAC ACA TGG GTC TAT CCT GAT GTT AAT GAT CCT GAT TTT GGC CGT TTG GCT AGA AAA TAT GTG TAC AGT CTT TAC TGG TCT ACA CTG ACT TTG ACC ACT 1080
each segment are tentatively assigned 370 180 s 590 wor
on the basis of the hydropath|0|ty Ite Gly Glu The Pro Pro Pro val Arg Asp Ser Glu Tyr Phe Phe val val Ala Asp Phe Leu Ile Gly Val Leu ife Phe Ale Thr Ile val Gly Asn [(e Giy Ser Met ile Ser Asn
y . . ATT GGC GAA ACA CCA CCT CCT GTG AGG GAT TCT GAG TAT TTC 1T GTG GTG GCT GAT TTC CTC ATT GGA GTG TTA ATT TTT GCC ACC ATT GTC GGT AAC ATA GGT TCT ATG ATT TCC AAC 1200
profile and the amino-acid sequence. 10 w20 30 440
METHODS. The Okayama-Berg cDNA Met Asn Als Ala Arg Als Glu Phe Gin Als Arg Ile Asp Ala Ile Lys Gln Tyr Met His Phe Arg Asn Val Ser Lys Asp Met Glu Lys Arg Val Ile Lys Trp Phe Asp Tyr Leu "rp
f 40 : . ATG AAT GCG GCC AGG GCA GAA TTT CAA GCA AGA ATT GAT GCA ATC AAG CAA TAC ATG CAT TTT CGA AAT GTA AGC AAA GAT ATG GAG AAG CGA GTC ATT AAA TGG TTT GAC TAT CTG 166 1320
library™ used, derived from bovine .
X Y 450 460 470 48
retinal pon(A) RNA, was the same as Thr Asn Lys Lys Thr val Asp Glu Arg Glu ¥al Leu Lys Tyr Leu Pro Asp Lys Leu Arg Ala Glu [le Ala Ile Asn val His Leu Asp Thr Leu Lys Lys Val Arg Tle Phe Ala Asp
H H 41 ACC AAC AAA AAA ACA GTG GAT GAG AGA GAA GTC TTG AAG TAT CTA CCT GAT AAA CTA AGA GCA GAG ATC GCC ATC AAT GTT CAT TTA GAC ACA TTA ARA AAG GTG CGC ATT TTT GCA GAC 1440
that described previousl It w
N d p OUS’ y t as H.6 490 500 510 520
screened with the 5’-end-labelled Cys Glu Als Gly Leu Leu val Glu Leu val Leu Lys Leu Gin Pro Gin val Tyr Ser Pro Gly Asp Tyr lle Cys Lys Lys Gly Asp Ile Gly Arg Glu Met Tyr Ite ile Lys Glu Gly
probes 5,—CGéAAéTGCATATATTG 3’ TG GAA GCT GGT CTG TTG GTG GAG TTG GTC TTG AAA TTA CAA CCC CAA GTC TAC AGT CCT GGA GAT TAC ATT TGC AAG AMA GGG GAC ATT GGC CGA GAG ATG TAC ATC ATC AAG GAA GGC 156
T G o} =
530 540 550 560
’ A A TTA ’
and 5 -TGGAAGAACTCGAACAT-3 , 8yn- Lys Leu Ala Vel Val Ala Asp Asp Gly ie Thr Gln Phe val val Leu Ser Asp Gly Ser Tyr Phe Gly Glu 1le Ser Ile Leu Asn [le Lys Gly Ser Lys Ala Gly Asn Arg Arg Thr
thesized on the basis of partial amino- AMA €TC GCC GTG GTG GLT GAT GAC GGG ATC ACT CAG T1T GIA GTA TTG AGT GAT GGC AGC TAT TTT GGT GAA ATC AGT ATC CTT AAT ATT AAA GGT AGC ARA GCT GGC AAT CGA AGA ACA 1680
) , , 570 580 590 600
acid sequences of tryptlc peptldes Vv Als Asn ile Lys Ser [le Gly Tyr Ser Asp Leu Phe Cys Leu Ser Lys Asp Asp Leu Met Glu Als Leu Thr Glu Tyr Pro Asp Ala Lys Gly Met Leu Glu Glu Lys Gty Lys Gin Ile
and X, respectively, to yield clone GCC AAT ATT AAA AGC ATT GGC TAC TCA GAT CTA TTC TGI CTC TCA AAA GAT GAC CTC ATG GAA GCT CTA ACT GAG TAC CCA GAT GCC ARA GGT ATG CTA GAA GAG AAA GGG AAG CAA ATT 1800
, f
. . 610 420 830 540
pCG24 (carrylng nucleotides 112-2,488 Leu Met Lys Asp Gly Leu Leu ABp Lle Asn Ile Ala Asn Als Gly Ser Asp Pro Lys Asp Leu Glu Glu Lys val Thr Arg Met Glu Ser Ser Val Asp Leu Leu Gln Thr Arg Phe Afa
and the pon(dA) tract) which hybridized T1G ATG ARA GAT GGT CTA TTG GAC ATA AAC ATT GCA AAT GCT GGA AGT GAT CCT ARA GAT CTT GAA GAG AAG GTC ACC CGA ATG GAG AGC TCA GTA GAC CTC CTG CAA ACA AGG TTT GCT 1920
. 450 860 670 680
with both pfObeS. Clone pCGlOl (carry- Arg Tle Leu Als Glu Tyr Glu Ser Met Gin Gln Lys Leu Lys Gln Arg Leu Thr Lys Val Glu Lys Phe Leu Lys Pro Leu Ile Asp Thr Giu Phe Ser Ala ite Glu Gly Ser Gly Thr
jng nucleotides _194 to 279) Was €GG ATC CTG GCT GAG TAT GAG TCA ATG CAG CAG AAA CTG AAG CAG AGG CTA ACC AAG GTT GAG AAA TTC CTG AAA CCA CTT ATT GAC ACA GAA TTT TCA GCT ATT GAA GGA TCT GGA ACT 2045
690
selected from the cDNAs that were Gl Ser Gly Pro Thr Asp Ser Thr Gln Asp
prepared31 with the synthetic primer GAA AGT GGG CCC ACA GAC TCT ACA CAG GAC TGA ARAGCTGGTTTTTCATAAGGACATTCCTCAGGATCCTTTIGGTGATGTGATGAAGGTACCTGTARGCCGGGAGACAAGGATGACTCAGCTGGGAAT TTTTCEATAGGGARAATGT 2188
5 .GCTGCTGTTGTTAACAT-3' (comple- GCTTTGGTACAGCGCAAAAAGCCATACATTTGET TGTGAGGTACTATAGC T AAAGAATCATCACACT TAGART TTTTCACAAT GGATGACCT GCARAGAACCART TAACTTGTCAGCATCTCTTATCTTCTART TTTTTCACATATGGTCCTTITATGT 2347
P AACACTCTTTATARAAGTAAACAAGCATCTETCACTTTCAGACARTTTATATTGETCAGGGGCAACTGAARAT TATCATGTACCTCATGT TCAGGATACTATTTAAAARGAAT TAGARTGCART ARAGTGATATARATCCT - - -3 288

mentary to nucleotides 263-279),
tailed with poly(dC) and cloned into poly(dG)-tailed pBR322 (ref. 42). The
probe used was the 5'-end-labelied Hphl(131)/BstNI(243) fragment excised
from pCG24; restriction endonuclease sites are identified by numbers (in

acid sequence (see Fig. 1 legend). Two synthetic oligodeoxyribo-
nucleotide probes, prepared on the basis of partial amino-acid
sequences of tryptic peptides V and XII, were used to screen a
c¢DNA library derived from bovine retinal poly(A)" RNA, thus
allowing a ¢cDNA clone (pCG24) that hybridized with both
probes to be isolated. Using a restriction fragment derived from
the upstream region of pCG24 as a hybridization probe, we
selected a collection of cDNA clones resulting from elongation
of a synthetic primer. Clone pCG101 thus isolated carried a
cDNA sequence extending beyond the translational initiation
site. Details of the cloning procedure are described in Fig. 2
legend.

Protein structure

Figure 2 shows the 2,682-nucleotide sequence (excluding the
poly(dA) tract) of the cDNA encoding the cGMP-gated channel
from bovine retinal rod photoreceptors. There is an open reading
frame that encodes 690 amino acids, including all the partial
amino-acid sequences determined (see Fig. 1 legend). The trans-
lational initiation site was assigned to the first ATG triplet which
appears downstream of nonsense codons found in frame. The
nucleotide sequence surrounding the initiation codon agrees
reasonably well with the consensus sequence'®. The polyadeny-
lation signal AATAAA (residues 2,469-2,474) is found 15
nucleotides upstream of the poly(dA) tract. The size of the
cGMP-gated channel mRNA was estimated to be ~3,200
nucleotides by blot hybridization analysis®® of bovine retinal
poly(A)" RNA with a cDNA probe (BstNI(243)/ BstNI1(1,213)
fragment). The calculated M, (including the initiating methion-
ine) of this protein is 79,601. The difference between this value
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parentheses) indicating the 5'-terminal nucleotide generated by cleavage.

DNA sequencing
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FIG. 3 Hydropathicity profile and predicted secondary structure of the cGMP-
gated channel. The averaged hydropathicity index*® of a nonadecapeptide
composed of amino-acid residues i —9 to i +9 is plotted against / the
amino-acid number. The positions of the predicted structures of a-helix
and/or B-sheet*® that have a length of 10 or more residues are shown by
open boxes below. The positions of the positively charged residues (Lys
and Arg) and negatively charged residues (Asp and Glu) are indicated by
upward (+) and downward (—) vertical lines, respectively. Segments H1-H6
are indicated by hatched boxes, and the putative ¢cGMP-binding region by a
horizontal bar.

763

© 1989 Nature Publishing Group



ARTICLES

AR A AVAVAVS vV WY VVV ©

< GMP channel LQBY:PG yxc thn ckLAvv—AE]nc:-rQr - (,sy;rrr:.yy_:z-uskAGNRRTANx SIGYSDLFLL.»K@ 577
cGK (1) 123Yuxn~.clx vicls 1w HEDGKVEVT 777777 KE'G I(‘THGPGK\/FL,}IAIL ——{NLTRTAT'V IVNVKLWAIDRQ 194
cGK {2) 2L1ercyy11no akleln T Pl (s ks x NVTRF@INrDPVFLkT((‘Xrlw}c}FALO - -G ED RTANVIAAPAVT(‘!\/IUR@ 318

FIG. 4 Amino-acid sequence similarity between a region of the cGMP-gated
channel and the cGMP-binding domains of cGMP-dependent protein kinase
(cGK). Amino-acid residues 498-577 (in one-letter code) of the cGMP-gated
channel are aligned with the sequences of the two cGMP-binding domains
of bovine lung cGK>? (referred to as cGK (1) and cGK (2)); numbers of the
amino-acid residues at both ends are given. ldentities between the ¢cGMP-
gated channel and cGK (1) or c¢GK (2) are indicated by solid boxes, and
conservative substitutions*” by dotted boxes. Between the cGMP-gated
channet and cGK (1), 32% of the aligned positions are occupied by identical

and the M, estimated by SDS-PAGE'? (63K) may be attributed
to the inaccuracy inherent in the measurement of M, of mem-
brane proteins by the electrophoretic method®! and/or to pro-
teolytic modification in vivo or during preparation of the
channel.

Similarity matrix analysis®> of the cGMP-gated channel
detects no extensive amino-acid sequence similarity to other
tonic channels, membrane transporters and G-protein-coupled
receptors of known sequence. The deduced amino-acid sequence
of the cGMP-gated channel was analysed for local hydro-
pathicity and predicted secondary structure (Fig. 3). There are
six hydrophobic segments with predicted secondary structure
(referred to as H1-H6). These segments comprise ~20 amino-
acid residues. Segments H4 and H5 probably represent trans-
membrane a-helices. Some or all of the four remaining segments
may also span or interact with the membrane (see below).
Segments H2, H3, H5 and H6 contain one to four charged
(mostly negative) residues and segment H4, one histidine
residue. In segments H2 and HS5, the charged and polar side
chains are clustered mainly on one side of the a-helix.

The region comprising 80 amino-acid residues located on the
C-terminal side of segment H6 shows significant amino-acid-
sequence similarity to the two tandem cGMP-binding domains
of cGMP-dependent protein kinase (Fig. 4), segments of which
are similar in sequence to the regulatory subunits of cAMP-
dependent protein kinase and the Escherichia coli catabolite
gene activator protein (CAP)**?*, The dimeric crystal structure
of CAP with two bound molecules of AMP has been deter-
mined®®. By analogy with CAP, the side chain of Arg 559 of the
cGMP-gated channel may interact with the phosphate group,
and the side chain of Glu 544 may interact with the 2'-OH group
of the ribose ring of cGMP. Moreover, glycines 508, 520, 539
and 543 are conserved in cGMP-dependent protein kinase as
well as in CAP, and each of the corresponding glycines in CAP
is located at the end of a B-strand or in a bend between two
B-strands. Thus, it is suggested that these amino acids are
important for the correct formation of the ¢cGMP-binding
pocket. The putative cGMP-binding region of the cGMP-gated
channel is partly hydrophobic, which may indicate that a portion
of the binding pocket is buried in the membrane. The region
preceding segment H1 contains the consensus sequence Asn-
Lys-X-Asp (residues 119-122), where X can be any amino acid,
for binding the guanine ring of GTP/GDP (ref. 26), although
these amino-acid residues are part of a long sequence composed
of mostly Lys, Glu and Asp residues. It is possible that these
residues may also be involved in the cGMP-binding site.

The relatively low hydrophobicity of segments H1, H2, H3
and H6 makes it difficult to predict the number of transmem-
brane segments and thus the transmembrane topography of the
¢GMP-gated channel. It is reasonable to assign the putative
c¢GMP-binding region, located on the C-terminal side of segment
H6, to the cytoplasmic side of the membrane. The cGMP-gated
channel does not possess a hydrophobic N-terminal sequence
indicative of a typical signal sequence. On the assumption that
the N terminus is located on the cytoplasmic side, there should
be an even number of transmembrane segments. By analogy

764

residues, and 57% by identical or conserved residues; the probability that
the sequence similarity occurs by chance®?is 1.2 x 10~ %, The corresponding
degrees of similarity between the cGMP-gated channel and ¢GK (2) are 30%
and 51% (probability, 5.2 x107**). For evaluating sequence similarity, a
continuous stretch of gaps (—) has been counted as one substitution
regardiess of its length. Filled arrowheads indicate identities, and open
arrowheads conservative substitutions between the cGMP-gated channel
and the cyclic AMP-binding domain of the E. coli CAP; the comparison is
based on the sequence alignment of CAP with cGK (2) (ref. 23).

with other channels of known sequence, we favour the view that
the ¢cGMP-gated channel has either six (like the potassium
channel®’ or one repeat of the sodium channel®® and the calcium
channel®?°) or four transmembrane segments (like the
ryanodine receptor’’ or subunits of neurotransmitter-gated ionic
channels®?), as schematically shown in Fig. 5a, b. The possibil-
ity that there are only two transmembrane segments (probably
H4 and HS5) cannot be excluded. The proposed models are
consistent with one of the five potential N-glycosylation sites
(Asn 423 for the model in Fig. Sa or Asn 327 for the model in
Fig. 5b) being located on the extracellular side of the membrane;
the remaining potential sites are asparagines 90, 91 and 177.

Functional expression
To examine whether the cloned cDNA actually encodes a func-
tional cGMP-gated channel, we performed expression studies.
The ¢DNA, including the poly(dA) tract, was linked with the
bacteriophage SP6 promoter and transcribed in vitro with SP6
polymerase. The resulting mRNA was injected into Xenopus
oocytes, which were incubated for 2-3 days before being tested.
Inside-out patches of large diameter’* excised from injected
Xenopus oocytes showed a large cGMP-activated outward cur-
rent (membrane voltage V of +50 mV; Fig. 6a). The cGMP-
activated current was reversible and its amplitude remained

a
Outside

Inside

Outside

H1 | H2 | H4 | HS

S

Inside

cGMP-binding
region

NH, COOH

FIG. 5 Proposed transmembrane topography of the cGMP-gated channel.
The presence of six (a) or four (b) putative transmembrane segments
(indicated by cylinders) is assumed, which are displayed linearly; in b, it is
possible that H3 and/or H6, instead of H1 and/or H2, span the membrane.
The putative cGMP-binding region is also shown.
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constant for several seconds, suggesting that the channel does
not desensitize or inactivate in the presence of the agonist cGMP.
All the 16 oocytes tested (5 injections, 20 patches) except one
showed cGMP-activated currents, maximal amplitudes at
saturating cGMP concentrations (=200 wuM) being 2-5 nA. No
such response to cGMP was detected in three non-injected
oocytes (5 patches) and in two oocytes (7 patches) that had
been injected with mRNA specific for a potassium channel®*,
The cGMP-activated current was reversibly blocked to one half
by ~40 uM I-cis-diltiazem (data not shown).

a

-3000 4+ +1

FIG. 6 Properties of the cGMP-gated channel expressed in Xenopus oocytes
injected with mRNA derived from the cloned cDNA. a Macroscopic currents
activated by 200 uM cGMP. Inside-out patch. Membrane voltage (V)=
+50 mV. The duration of perfusion with ¢cGMP is indicated by bars. b,
¢GMP-dependence of the current amplitudes normalized from five experi-
ments in double logarithmic coordinates. The solid line has been drawn
according to the equation in the text with K,,,=52.3uM and n=1.75
(V=+50mV in four experiments and V=—40mV in one experiment). c,
Current-voltage relation of the cGMP-gated channel. Macroscopic current in
the presence (open circles) and absence (filled circles) of 200 uM cGMP;
single-channel current in the presence of 5uM cGMP (filled triangles).
Numbers on the left-hand side of the ordinate refer to macroscopic currents,
and numbers on the right-hand side to single-channel currents. d Traces
of single-channel currents activated by 5 uM cGMP at V =+120 mV. inside-
out patch. Outward current upwards. Low-pass fittering at 2 kHz (-3 dB).
Mean amplitudes of single-channel currents from two experiments were
2.383:0.21 pA and 2.48+0.22 pA (mean=xs.d.; from ~800 and ~1,200
single-channel events, respectively). The lower trace represents an expanded
form of the current trace indicated by a bar. At feast two classes of
elementary currents are observed; smaller current events are indicated by
arrowheads.

METHODS. The pSP65 recombinant (pRCG1) carrying the complete protein-
coding sequence for the cGMP-gated channel was constructed as follows.
The 457-base-pair (bp) Ndel(2,332)/Ndel (vector) fragment derived from
clone pCG24 was cleaved by Pwull, and the resulting 227-bp
Ndel(2,332)/Pvull(vector) fragment was ligated with the Hpal(268)/
Ndel(2,332) fragment from pCG24. The 2,292-bp ligation product was iso-
lated by agarose (1%) gel electrophoresis and cloned into the Hincll site
of pSP65 in the same orientation as the SP6 promoter to yield pSP65CG.

NATURE - VOL 342 - 14 DECEMBER 1989

Figure 6b shows dose-response relations for the cGMP-acti-
vated macroscopic current from five different patches. The solid
curve was calculated according to:

I/Imax= Cn/(cn+K{‘/2)

where I1/1,,, is the normalized current amplitude, C the cGMP
concentration, K,,, the concentration of cGMP at which the
current amplitude is half-maximal, and n the Hill coefficient
(K,/, =523 uM; range 43-71 pM and n =1.75; range 1.5-2.1).
This result indicates that the channel is cooperatively activated
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Finally the Rsal (—176)/Hpai(268) fragment from pCG101 was cloned into
the Hincli site of pSP65CG to yield pRCG1. mRNA specific for the cGMP-gated
channel was synthesized in vitro*®, using Hindlli-cleaved pRCG1 as template;
transcription was primed*® with the cap dinucleotide m’G (5)ppp(5)G
(0.5 mM). The size (2.8 kb) of the mRNA, estimated by agarose (1.2%) gel
electrophoresis, agreed with that expected from the structure of the plasmid.
The mRNA was injected into Xenopus laevis oocytes (MRNA concentration,
0.4 ng ™% average volume injected per oocyte, ~50 nl). Macroscopic and
single-channel current measurements on excised inside-out patches®® were
made after incubation®® of injected oocytes for 2-3 days, followed by
removal of the follicular cell layer and the vitelline membrane®®. The solution
in the pipette and the perfusion medium contained (in mM): 100 KCI, 10 EGTA-
KOH and 10 HEPES-KOH (pH 7.2). For determination of relative ion per-
meabilities from the reversal voltage (V,.,) under biionic conditions, KCI in
the pipette solution was replaced by NaCl, and KCI in the perfusion medium
by the respective ion species. In both solutions, HEPES-KOH buffer was
replaced by Tris-HCI buffer, and the EGTA concentration was lowered to
1 mM. Measurements in situ on excised patches of isolated bovine rod
outer segments confirmed that replacement of HEPES-KOH by Tris-HC! did
not affect the cGMP-stimulated membrane current (H. Lihring, unpublished
observation). Junction potentials varied between +2.0 and —1.9 mV and
were neglected. cGMP-containing solution was applied by pressure through
a glass pipette in front of the patch pipette. Macroscopic currents were
either acquired on-line using a PDP 11/73 computer or stored on magnetic
tape for off-line analysis. Single-channel currents were filtered at 2kHz
(—3 dB), stored on magnetic tape and analysed off-line on an Atari personal
computer using standard single-channel analysis programs (Instrutech,
Mineola, New York).
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by ¢cGMP. The K,,, and n values are similar to those observed
in situ in amphibian®'®!' and mammalian® rod photoreceptors
and cAMP failed to activate the channel at 1 mM concentration.

In the absence of divalent cations the I-V relation of the
macroscopic current was slightly outward rectifying (Fig. 6c,
open circles) and closely matches the I-V relation observed in
excised patches from amphibian®** and mammalian® rod photo-
receptors under similar conditions. The leak current recorded
in the absence of cGMP was negligible (filled circles). The
difference in voltage dependence between the macroscopic cur-
rent (open circles) and the single-channel current (filled
triangles) was small and became noticeable only at negative
voltages. The small difference may be attributed to a weak
voltage-dependence of gating and is in agreement with the
observations in situ'®'" and in the reconstituted system'*.

Figure 6d shows single-channel currents (V =+120mV)
recorded in the absence of divalent cations and at a low cGMP
concentration. The mean current amplitude in 100 mM KCI was
2.4 pA corresponding to a single-channel conductance of 20 pS,
but smaller conductance sublevels (8-10 pS) were also observed.
The single-channel conductance observed in situ'®'! is 25 pS
and that in the reconstituted system'* is 26 pS. At the membrane
voltage used, periods with brief channel openings (mean open
time 7o~ 1 ms) were interrupted by much longer openings (7,=
10 ms), indicating that the time distribution of opening is not
uniform and may be described by at least two exponential time
constants.

The ion selectivity of the expressed cGMP-gated channel was
examined by measurement of the reversal voltage V., under
symmetrical biionic conditions. The following values for V.,
were obtained (mean+s.d.; n indicating the number of experi-
ments): NHJ, +27.3+1.7mV (n=3); K*, 40.35+1.3mV (n=
3); Li*, —=11.6+1.7mV (n=35); Rb*, —=14.6+2.5mV (n=5);
Cs*, —25.6+1.6 mV (n =4). Permeability ratios P,/ Py, calcu-
lated from V., according to the Goldman-Hodgkin-Katz
equation yielded the following series of ion selectivity:

NH; >K*~Na">Li">Rb">Cs"
=2.93:1.01:1:0.63:0.56:0.37

Similar relative ion permeabilities have been determined in
excised patches from amphibian'*” and mammalian® rod photo-
receptors.

Discussion

The primary structure of the rod photoreceptor cGMP-gated
channel has been deduced by cloning and sequencing the cDNA.
The predicted structure suggests the presence of multiple trans-
membrane segments, which may be involved in forming the
channel portion. On the carboxyl side of the putative transmem-
brane region, there exists a segment of 80 amino acids which
exhibits significant amino-acid sequence similarity to the cyclic
nucleotide-binding regions of cAMP-binding proteins and in
particular of cGMP-dependent protein kinase. This strongly
suggests that the corresponding region of the cGMP-gated chan-
nel is also involved in binding of cGMP. The channel is coopera-
tively activated by at least three'®"", probably more®'*'* ¢cGMP
molecules. Moreover, cGMP-dependent protein kinase which
is cooperatively stimulated®® by two cGMP molecules per
monomer’’, contains two tandem homologous ¢cGMP-binding
regions, whereas the cGMP-gated channel contains only one
such region. This indicates that the cGMP-gated channel is a
homo-oligomeric complex, each constituent polypeptide having
a single cGMP-binding site.

The expression of cGMP-gated channel activity by injection
of Xenopus oocytes with specific mRNA derived from the cloned
cDNA identifies the encoded polypeptide as the cGMP-gated
channel protein of mammalian rod photoreceptors and suggests
that this polypeptide alone is sufficient to form the functional
channel with properties similar to those observed in situ. In
particular the expressed channel is cooperatively activated by
c¢GMP with a K,,, of several tens of micromolar; it represents
a channel that does not discriminate very well between alkali
cations and whose major single-channel conductance is 20 pS;
the macroscopic cGMP-activated current exhibits a weak out-
ward directed rectification, probably due to the weak voltage-
dependence of gating and the almost linear I-V relation of the
single channel; finally, the channel is blocked by the drug
I-cis-diltiazem. 0
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