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Expression of Cyclic Nucleotide-gated Cation 
Channels in Non-sensory Tissues and Cells 

M . D I S T L E R , 1 M . B I E L , ' V . F L O C K E R Z I 2 and F . H O F M A N N ' * 

' I n s t i t u t für P h a r m a k o l o g i e u n d T o x i k o l o g i e der Technischen Universität München, B i e d e r s t e i n e r Straße 2 9 , 
80802 München, Germany a n d ' P h a r m a k o l o g i s c h e s I n s t i t u t , M o l e k u l a r e P h a r m a k o l o g i e , I m Neuenheimer F e l d 

3 6 6 , 6 9 1 2 0 H e i d e l b e r g , Germany 

( A c c e p t e d 17 June 1 9 9 4 ) 

Summary—Using a combination of P C R bascd cloning and Northern blot analysis we have investigated the 
tissue expression of cyclic nucleotide-gated ( C N G ) cation Channels in a variety of non-excitable tissues and 
cells. Partial sequences of all thrce known C N G Channels and of an auxiliary subunit of the rod photoreeeptor 
Channel were determined. The expression of C N G Channel genes is both tissue and specics specific. Southern 
blot analysis with human genomic D N A revealed specific patterns of hybridization with probes derived from 
the different C N G Channel types indicating that they are encoded by distinet genes. Analysis of human 
genomic sequences showcd that all three genes are derived from a common ancestral gene and might have 
a similar gene strueture. We were not able to identify additional genes encoding C N G Channels. The C N G 3 
Channel, which was originally cloned from bovine kidney tnay be expressed also in bovine cone photoreeeptor 
cells. These data suggest that some of the effects of c G M P in pcriphcral tissues and cells might involve the 
activation of C N G Channels. 

Keywords- Cyclic nucleotide-gated Channel, cation Channel, tissue expression, genomic, northern blot. 

Ni t r ic oxide is a widely used hormonal signal which 
stimulates so l l ib le guanylyl cyclase in a variety o f 
tissues. C y c l i c G M P produced by this enzyme modulates 
the activity o f c G M P - d e p e n d c n t protein kinases, 
phosphodiesterases and cyclic nucleotide-gated ( C N G ) 
cation Channels. C N G Channels represent a novel class 
of ion Channels which play an important role in sensory 
signal transduetion. Func t iona l ly they belong to the 
class o f ligand gated Channels because they are activated 
by the binding of a ligand ( c G M P or c A M P ) to the 
cyclic nucleotide binding site. Structurally however 
they show almost no similari ty with ligand-gated Chan­
nels, but share some important features with voltage-
gated Channels. U p to now three types o f C N G Channels 
have been identified in sensory cells: the cone photo­
reeeptor Channel (chcone), the rod photoreeeptor Chan­
nel ( C N G 1 ) and the olfactory Channel ( C N G 2 ) . R o d 
photoreeeptor and olfactory Channel c D N A s have been 
cloned from a variety o f species [ C N G 1 : bovine ( K a u p p 
et a l , 1989), human (Dha l l an et a i , 1992; Pittler et a l . , 
1992), mouse (Pittler et a l . , 1992) and chicken (Bön igk , 
et a l . , 1993); C N G 2 : bovine ( L u d w i g , et a l . , 1990), rat 
(Dha l l an et a l , 1990) and catfish ( G o u l d i n g et a l , 1992)], 
whereas only the chicken nucleotide sequence (Bön igk 

*To whom correspondence should be addressed. 

et a l , 1993) is known for the cone photoreeeptor Chan­
nel. 

C N G Channels consist o f about 640 740 amino acids 
and possess 6 transmembrane Segments. The regions best 
conserved among Channels and species are the pore, a 
loop between the S5 and the S6 segment, and the cyclic 
nucleotide binding site in the carboxyterminal ta i l . The 
most variable part o f the nucleotide sequence o f C N G 
Channels is the aminoterminus. 

The olfactory Channel is about 25-fold more sensitive 
to both c A M P and c G M P than the rod photoreeeptor 
Channel. Bo th Channels are 30 40-fold more sensitive to 
c G M P than to c A M P (Altenhofen et a i , 1991). 

A n auxi l iary subunit to the rod photoreeeptor Chan­
nel, h R C N C 2 , termed here C N G 4 , has been cloned from 
human retina (Cheng et a l . 1993). It shows only 30% 
overal l sequence identity with C N G 1 . The two splice 
variants o f this subunit differ only in the length o f the 
aminoterminus. C N G 4 shows no Channel activity when 
expressed alone. However , coexpression with C N G 1 
gives rise to functional Channels with properties more 
similar to the native rod photoreeeptor Channel than 
expression o f C N G 1 alone. 

We have cloned a new member o f the C N G Channel 
family. C N G 3 , from bovine kidney (Biel et a l , 1994). 
A m i n o acid sequence compar ison revealed an overall 
sequence identity o f 6 0 % to C N G 1 and o f 6 2 % to 

1275 
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C N G 2 . Ac t iva t ion constants for both c G M P and c A M P 
were in the r ä n g e of those reported for C N G 1 ( A l ­
tenhofen et a l . , 1991). In addi t ion, we have identified a 
C N G Channel from rabbit aorta, r A C N G (Biel et a l , 
1993). r A C N G showed 93.7% amino acid identity with 
the bovine olfactory Channel, its main difference being an 
elongated aminoterminus o f 68 amino acids. This strong 
homology indicated that r A C N G and C N G 2 may be 
derived from the same gene. 

In the present study we have used a combina t ion o f 
P C R techniques and Nor the rn analysis to demonstrate 
that C N G Channels are expressed in a variety of non-
sensory tissues and cells from difTerent species. A d d i t i o n -
ally, we show that the expression o f the auxil iary 
subunit, C N G 4 , is not l imited to sensory cells either. We 
also present evidence that C N G 1-3 and the auxi l iary 
subunit o f the rod photoreeeptor Channel are the prod-
uets from four difTerent genes. The genes encoding 
C N G 1 , C N G 2 and C N G 3 may be derived from a 
common ancestral gene. 

M E T H O D S 

P r e p a r a t i o n o f R N A , g e n o m i c D N A a n d c D N A 

Poly ( A ) + R N A was isolated from var ious bovine 
rabbit and rat tissues and human, hamster and monkey 
cell lines either by the guanid in ium thioeyanate method 
on a C s C l gradient followed by ol igo d T cellulose 
chromatography or by using commerc ia l m R N A Iso­
lat ion kits from D y n a l or Invitrogen. G e n o m i c D N A 
was isolated from human peripheral leukocytes (Quia-
gen, genomic D N A extraction kit) . m R N A was tran-
scribed into first Strand D N A using ol igo d T primers and 
SuperScript 1" 1 R N a s e reverse transcriptase ( B R L ) . 

PCR a m p l i f i c a t i o n a n d a n a l y s i s o f PCR p r o d u e t s 

T w o pairs o f degenerate ol igonucleot ide primers 
flanking highly conserved regions o f C N G Channels were 
synthesized for amplif icat ion of C N G Channel specific 
sequences [Fig. l(a) and (c)]. 

(1) PI ( 5 C G G G A A T T C T G G T T ( C / T ) G A ( C / T ) T A 
( C / T ) ( C / T ) T G T G G A C ( A / C / G / T ) A A ( C / T ) A A 3 ' ) 

P3 P4 
^ 4 0 4 b p ^ 

1 2 3 4 5 P 6 cGMP 

-•833 bp<-

^ 461 bp 
P1 P2 

COOH 

1 2 3 4 5 P 6 

NH, 

^ 491 bp 
P5 P6 

c G M P 

COOH 

100 aa 

kb 
1.636-
1.018-

0.517. 
0.506-
0.396-
0.344-
0 298-

human genomic DNA 

P3/P4 P1/P2 P3/P2 
hMTCcDNA 

P5/P6 

P N * — ' . 

Fig. I. P C R amplification of C N G Channel and subunit specific sequences. (a) Scheme of the bovine rod 
photoreeeptor Channel. For amplification of C N G Channel specific sequences three combinations of degenerate 
oligonucleotide primers (P1/P2, P3/P4, P3/P2) were used. P: Pore region, c G M P : c G M P binding site (b) Scheine 
of the auxiliary subunit of the human rod photoreeeptor Channel ( h R C N C 2 (Chcng et <//.,!993), termed here 
C N G 4 ) . For amplification of C N G 4 specific sequences degenerate oligonucleotide primers P5/P6 were used. (c) 
Polyacrylamid electrophoresis of amplified P C R fragments from human genomic D N A (primer pairs P3/P4, 
P1/P2, P3/P2) and from c D N A of h M T C cells (primer pair P5/P6). Size of marker D N A (lkb ladder, B R L ) is 

given in kb. Fragments of the predicted size were excised, subcloned and sequenced. 
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cor responding to the peptide W 4 3 5 F D Y L W T N K 
and P2 (5 C G G G A A T T C G C ( C / T ) T C C A T 
( A / G ) A G ( A / G ) T C ( A / G ) T C ( C / T ) T T 3 ' ) corre­
sponding to the peptide K 5 7 6 D D L M E A of the 
bovine rod photoreeeptor Channel f lanking the 
putative c G M P binding region ( K a u p p et a l . , 
1989). 

(2) P3 ( 5 ' A T ( T / C / A ) A T ( T / C / A ) C A ( T / C ) T G G A A 
( T ; C ) G C ( T / C / A / G ) T G 3 ' ) corresponding to the 
peptide l m I H W N A C and P4 ( 5 T T ( A / G / T / C ) 
G ( T / C ) C C A C A ( G / A ) ( A / G ) T A ( G / A ) T C ( A / G ) A -
A C C 3 ' ) corresponding to the peptide 
W 4 1 5 F D Y L W T N o f the bovine rod photoreeeptor 
Channel f lanking the pore region. 

Three combina t ions of primers (P3/P4,P1/P2,P3/P2) 

were used to generate a 404. 461 or 833 bp fragment, 
respectively. 

T w o degenerate oligonucleotide primers (P5. P6) 
y ie ld ing a 491 bp fragment were used for amplif icat ion 
of C N G 4 specific sequences [Fig . l(b) and (c)]. Se­
quences o f these primers were as follows: 

P5 ( 5 ' C G G G A A T T C T A ( C / T ) A T G G C ( A / G / C / T ) T T 
( C / T ) T T ( C / T ) G A ( G / A ) T T 3 ' ) corresponding to the 
peptide Y , 4 1 M A F F E F and P6 ( 5 ' C G G G A A T T C -
T G C C A ( T / G / A / C ) G T ( G / A ) T A ( C / T ) T C ( G / A ) T A C -
C A 3 ' ) cor responding to the peptide W 2 9 2 Y E Y T W H o f 
h R C N C 2 a (termed here C N G 4 a ) cloned from human 
retina (Cheng et a l . , 1993). 

W i t h bovine retina C N G 3 specific P C R produets o f 
428 bp were amplified using C N G 3 specific primers P7 
( 5 A C G G C C A A C A T C A G G A G 3 ) corresponding to 
the peptide T S S 4 A N I R S of C N G 3 , P8 ( 5 ' G G C G C -
A G C G T C G C A C T G 3 ' ) compris ing the nuclcotides 
2161 2177 o f p C G K 2 6 (Biel e / « / . , 1994). P C R reactions 
o f 5 0 / d contained 10 ng first Strand c D N A or 100 ng 
genomic D N A . l O m M T r i s - H C l p H 8.3, 50 m M K C l , 
1.5 m M M g C T , 100/<g/ml gelatin, d G T P , d A T P , d T T P , 
d C T P 0.2 m M each, 25 pmol o f forward and reverse 
pr imer and 2.5 U Taq D N A Polymerase. For ty cycles 
(94 C . 1.0 m i n ; 45 C , 1.0 min ; 72 C , 1.5 min) were 
performed wi th a programmable thermoeycler. C o n t r o l 
reactions wi thout first Strand D N A or genomic D N A , 
respectively, were included in each P C R amplif icat ion 
experiment. F o r each m R N A controls were run without 
reverse transcriptase to ensure that results were not due 
to ampl i f ica t ion o f any D N A contaminants. When ge­
nomic D N A was used as template, the first cycle was 
preeeeded by an addi l iona l denaturing step (10 min , 
95 C ) . Blunt end P C R produets were subcloned into 
p U C 18. F r o m each P C R a number of clones was 
analyzed by restriction analysis and sequenced on both 
Strands. 

N o r t h e r n b l o t a n a l y s i s 

Poly ( A ) + R N A from various tissues was separated on 
a 1.5% agarose gel, transferred to a nylon membrane 
(Biodyne , Pal l ) and hybridized as previously described 
( H u l l i n et a l . , 1992). Three difTerent a 3 2 P- label led c D N A 

probes derived from C N G 1 , C N G 2 and C N G 3 , respect­
ively were used for hybr id iza t ion: the H i n e U (267)-A/.v/I 
(1259) fragment o f p R C G l ( K a u p p et a l . , 1989). the 
2.2 kb H i n d l l l (vector)- t f /WIII (2162) fragment of p C G 
357 (Biel et a l . , 1993), the E c o R l ( 9 l 3 ) - E c o R l (2199) 
fragment of p C G K 2 6 (Biel et a l . , 1994). 

S o u t h e r n b l o t a n a l y s i s 

EeoR\ and H i n d l U digested genomic D N A from 
human b lood lymphocytes was resolved on a 0.75% 
agarose gel, denatured. neutralized and transferred to a 
N y l o n membrane (Biodyne, Pal l) . The fol lowing c D N A 
probes were a , 2 P- labe l l ed by random pr iming and used 
for hybr idizat ion; the H i n d i ( 2 6 1 ) - A s p l \ % (2128) frag­
ment o f p R C G l ( K a u p p et a i , 1989), the 2.4 kb H i n d l l l 
(vector) - /7 /WIII (2366) fragment of p C G 1 5 3 (Biel et a i , 
1993), the 2.3 kb fragment H i n d l U (vector)-ATwI (2264) 
fragment of p C G K 2 6 (Biel et a l . , 1994) and a C N G 4 
specific 491 bp fragment amplified from first Strand 
c D N A o f h M T C (human M e d u l l a r y T h y r o i d C a r c i ­
noma) cells using primers P5 /P6 . Hybr id i za t i on was 
done in 5 x S S C , 10 x Denhardt ' s Solution, 1% S D S , 
150 / ig /ml denatured salmon sperm D N A at 50°C for 
16 hr. Fil ters were washed with 3 x S S C , 0 .1% S D S 
fol lowed by 0.3 x S S C , 0 .1% S D S at 60 C and autora-
diographed at — 80 C . 

R E S U L T S 

PCR a n a l y s i s 

We used a P C R based approach to identify C N G 
Channel derived sequences from a variety o f excitablc 
and non-excitable tissues and cell lincs. U s i n g three 
combinat ions of degenerate oligonucleotide primers 
PI P4 [Fig. l(a) and (c)] P C R produets o f 404 bp 
(primers P3 and P4), 461 bp (primers PI and P2) and 
833 bp (primers P3 and P2), respectively, could be 
amplified. Restr ict ion enzyme analysis and sequencing of 
the difTerent fragments al lowed in each case the Classifi­
cation to either C N G 1 , C N G 2 or C N G 3 (Table 1). The 
expression of C N G 1-3 is tissue and species specific. F o r 
example rabbit heart expresses only C N G 2 , whereas 
bovine heart expresses C N G 3 . Surprisingly and in con-
trast to recent reports ( A h m a d et a l . , 1990; A h m a d et a i , 
1992), none of the k n o w n C N G Channels could be 
amplified from rat heart and kidney. However , a C N G 
Channel specific sequence could be detected only in one 
of al l lested rat tissues (testis) suggesting that the lack o f 
P C R amplif icat ion might be due to primer incompat ib i l -
ities or other intrinsic reasons. The same argument might 
explain the lack o f C N G 2 specific sequences in bovine 
tissues. However it should be noted that the absence of 
specific P C R produets in rat and bovine tissues demon-
strates that the used approach was specific and not 
caused by contaminat ion o f the probes with cloned 
C N G sequences or genomic D N A . Interestingly ex­
pression o f all three C N G Channels could be detected in 
C O S - , and human M e d u l l a r y T h y r o i d C a r c i n o m a 
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Table 1. Tissue distribution of C N G Channels ( + ) indicates that 
identity of P C R produets was , conlirmed by subcloning and se-
quencing . ( — ) indicates that a specific transcript could not be 

idenlilied 

P C R 

Species Tissue C N G 1 C N G 2 C N G 3 

Rabbit Heart _ + 
Aorta — + 
Brain — + 
Cerebellum - + 
Pancreas + — -

Colon - + 
Bovine Heart — + 

Cerebellum — - -

Pineal Gland + - + 

Kidney + - + 

Teslis + 
Adrenal Gland • - + 

Retina + + 
Rai Heart — - -

Brain - - -

Kidney -

Testis • - — 

R B L cells — - — 

Endothelium - - — 

Hamster Ovary cells + - -

Monkey C O S cells + + + 
Human h M T C cells + + + 

H E K 293 cells -

genomic • + + 

( h M T C ) cells. Since both cell lines are tumor cells this 
finding might be related to a relaxation of gene ex­
pression in Carcinoma cells. 

Us ing degenerate primers only C N G I specific se­
quences could be detected in bovine retina. whereas 
C N G 3 specific sequences could not be identified. This 
finding is probably caused by an ovcrrcprcscntat ion o f 
C N G I specific transcripts in bovine retina m R N A , since 
the use o f C N G 3 specific primers P7/P8 resulted in the 
detection of C N G 3 specific P C R produets. Dcspite the 
use of degenerate oligonucleotide primers we were not 
able to identify addi t ional members of the C N G Channel 
family. However , we have amplified many nucleotide 
sequences yet unknown representing C N G I . C N G 2 or 
C N G 3 in difTerent species. A s can be seen from the 
alignment (F ig . 2), nucleotide sequence identity among 
P C R fragments coding for one type of Channel amplified 
from difTerent mammal species is about 9 0 % . In con-
trast, compar ison o f the P C R fragments coding for 
difTerent types of Channel wi thin the same species show 
only 70 -77% nucleotide sequence identity. By the use of 
degenerate oligonucleotide primers P5/P6 a C N G 4 
specific fragment of 491 bp [Fig. l(b) and (c)] could be 
amplified from h M T C cells. H u m a n genomic D N A or 
c D N A from any bovine (testis, right a t r ium, kidney), rat 
(cerebellum. endothelium) or rabbit (brain) tissue, failed 
as template for specific amplif icat ion of a C N G 4 related 
fragment. 

N o r t h e r n b l o t a n a l y s i s 

Nor the rn blot analysis was performed to identify 
tissues containing larger amounts of messenger R N A 

encoding C N G I . C N G 2 or C N G 3 . Previously we have 
shown that C N G 3 specific m R N A (a major species o f 
4.2 kb and a minor species of 3.0 kb) is present p redom-
inantly in bovine testis. but also in bovine kidney cortex 
and medulla and bovine heart (right a t r ium. left ventr i-
cle) (Biel et a l . . 1994). Figure 3 shows that hybr id i za t ion 
of rabbit co lon m R N A with a probe derived f rom bovine 
C N G 3 resulted in a message slightly larger than in 
bovine tissues (4.5 kb) and much less abundant than the 
message in bovine testis. Hybr id iza t ion of rat heart 
m R N A with both a C N G 3 and a C N G I specific probe 
yielded faint signals at 6.4 and 8.4 kb. N o signal was 
observed with the fol lowing tissues using probes for 
C N G 1-3: rabbit liver, bovine adrenal gland, bovine 
dieneephalon. rat brain. rat kidney, rat pancreas. 

S o u t h e r n b l o t a n a l y s i s 

Southern blot analysis (F ig . 4) revealed four difTerent 
patterns o f hybr id iza t ion , when human genomic D N A 
digested either with E e o R l or X b a l was hybr id ized wi th 
probes encoding C N G I , C N G 2 . C N G 3 or C N G 4 . re­
spectively. 

D I S C U S S I O N 

We have determined partial sequences of three difTer­
ent C N G Channel genes from a variety of excitable and 
non-excitable tissues and cells (Table 1 and F i g . 2) 
indicat ing that C N G Channels apart from their role in 
sensory cells may also play an important role in tissues 
and cells not involved in sensory signal transduetion. 

Sequence alignment of P C R fragments coding for one 
type o f Channel showed that the nucleotide sequence 
from difTerent species is about 9 0 % identical ( F i g . 2). In 
contrast, nucleotide sequences of P C R fragments coding 
for difTerent Channels wi thin the same species are only 
70 -77% identical. This finding Supports the hypothesis 
that despite considerable sequence homology C N G I . 
C N G 2 and C N G 3 are encoded by three difTerent genes. 
Southern analysis of human genomic D N A (F ig . 4) 
further confirms this view. Hybr id i za t ion with a C N G I 
and a C N G 3 specific probe yielded signal patterns 
completely difTerent from each other. H y b r i d i z a t i o n with 
a probe encoding the olfactory Channel yielded a combi -
nation o f signals obtained by hybridizat ion with C N G I 
and C N G 3 specific probes. but in this case signals were 
much fainter. The hybr id iza t ion pattern obtained with 
the olfactory Channel probe is most l ikely caused by 
cross hybr idizat ion with C N G I and C N G 3 specific 
D N A fragments. Apar t from the signals caused by cross 
hybr idizat ion no further bands were detectable. The 
finding of one large band by hybr idizat ion o f E c o R \ 
digested human genomic D N A with a rod photoreeeptor 
probe and the lack of a signal when using an olfactory 
Channel probe are in agreement with the results of 
Dha l l an et a l . (1990). 

P C R amplif icat ion is a very sensitive method allovving 
the detection o f only a few transcripts per cel l . This 
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Rat 
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CHO 
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COS 

CHO 
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COS 

CHO 
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COS 

CHO 

TGTGTTCTACTCTATTTCTAAAGCTATTGGATTTGGAAATGATACATGGGTCTACCCTGATATTAATGATCCTGAATTTGGCCGTTTGGCTAGAAAATACGTATACAGCCTTTACTGGTC 

A- G G A-- CG T — T--C T--G--T 

A C--C--A C - G C G - - --- --- C T 

TACACTGACTTTGACTACCATTGGTGAAACACCCCCTCCCGTGAGGGATTCTGAGTATGTCTTTGTGGTGGTTGATTTCCTAATTGGAGTGTTAATTTTTGCTACCATCGTTGGTAACAT 

C A T---CT C---T T T--

"-CT G A C--A--C CT C A--C---T T ---C--C T--C 

AGGTTCTATGATTTCCAACATGAATGCAGCCAGAGCAGAATTTCAAGCAAGAATTGATGCTATCAAGCAATATATGCATTTTCGAAATGTAAGCAAAGATATGGAAAAGAGGGTTATTAA 

C T--G G -G-C--C C---A C--C--C G A 

---C--C T-- --C-G T G A--G--C---A G C A 

ATGGTTTGACTACCTGTGGACCAACAAAAAAACAGTTGATGAGAAAGAAGTCTTAAAGTATCTACCTGATAAACTAAGAGCAGAAATTGCCATCAACGTTCACTTAGACACATTAAAAAA 

G T G A G G C-- T 

T G C G TC-G-GA--C--C C C--G G -T C G 

- T -

- G GA--C--G C G T T T G 

GGTACGCATTTTTGCTGATTGTGAAGCTGGTCTGTTGGTGGAGTTGGTCTTGAAATTGCAACCCCAAGTCTACAGTCCTGGAGATTATATTTGCAAGAAAGGGGATATCGGACGAGAGAT 

G - -C A - A G--A--G T -- T 

---T--T--C C G -- G ---A --G--G C--A C--T--G--G 

--- - T 

A--C C --G C-A G--G C--A C--T--G--

GTACATTATCAAGGAAGGCAAACTCGCTGTGGTGGCAGATGATGGAGTCACTCAGTTTGTGGTATTGAGCGATGGCAGCTACTTCGGTGAGATCAGCATTCTTAACATTAAAGGGAGCAA 

C - -- A - GC T T- - C 

C T C--C---A A G T--C T--C C C 

- A C T T 

C--A--A T A--C -A A G T C--T--C C 

AGCTGGCAATCGAAGAACGGCCAATATTAAAAGTATTGGCTACTCAGACCTGTTCTGTCTCTCA 

A T 

G C A - -G--C G C 

- -C C -

G C--C--G--A -C C 

CNG2 
HumGen: CATCTATTATGCCATCTCCAAATCCATAGGCTTTGGGGTCGACACCTGGGTTTACCCAAACATCACTGACCCTGAGTATGGCTACCTGGCTAGGGAATACATCTATTGCCTTTACTGGTC 

HumGen: CACACTGACTCTCACTACCATTGGGGAGACACCACCCCCTGTAAAGGATGAGGAGTACCTATTTGTCATCTTTGACTTCCTGATTGGCGTCCTCATCTTTGCCACCATCGTGGGAAATGT 

HumGen: GGGCTCCATGATCTCCAACATGAATGCCACCCGGGCAGAGTTCCAGGCTAAGATCGATGCCGTGAAACACTACATGCAGTTCCGAAAGGTCAGCAAGGGGATGGAAGCCAAGGTCATTAG 

HumGen: GTGGTTTGACTACTTGTGGACCAACAAGAAGACAGTGGATGAGCGAGAAATTCTCAAGAATCTGCCAGCCAAGCTCAGGGCTGAGATAGCCATCAATGTCCACTTGTCCACACTCAAGAA 

COS : G --- - - T 

HumGen: AGTGCGCATCTTCCATGATTGTGAGGCTGGCCTGCTGGTAGAGCTGGTACTGAAACTCCGTCCTCAGGTCTTCAGTCCTGGGGATTACATTTGCCGCAAAGGGGACATCGGCAAGGAGAT 

HumGen: GTACATCATTAAGGAGGGCAAACTGGCAGTGGTGGCTGATGATGGTGTGACTCAGTATGCTCTGCTGTCGGCTGGAAGCTGCTTTGGCGAGATCAGTATCCTTAACATTAAGGGCAGTAA 

COS : - G G- --C C-T -- -T-

HumGen: AATGGGCAATCGACGCACAGCTAATATCCGCAGCCTGGGCTACTCAGATCTCTTCTGCTTGTCC 

CNG3 
HumGen: CATCTACTTTGCCATTTCCAAGTTCATTGGTTTTGGGACAGACTCCTGGGTCTACCCAAACATCTCAATCCCAGAGCATGGGCGCCTCTCCAGGAAGTACATTTACAGTCTCTACTGGTC 

Rab : C A C - C-AG T-C T - --C--- --

HumGen: CACCTTGACCCTTACCACCATTGGTGAGACCCCACCCCCCGTGAAAGATGAGGAGTATCTCTTTGTGGTCGTAGACTTCTTGGTGGGTGTTCTGATTTTTGCCACCATTGTGGGCAATGT 

Rab : C G C--G T G--C C C C A--G C C C--

HumGen: GGGCTCCATGATCTCGAATATGAATGCCTCACGGGCAGAGTTCCAGGCCAAGATTGATTCCATCAAGCAGTACATGCAGTTCCGCAAGGTCACCAAGGACTTGGAGACGCGGGTTATCCG 

Rab : C--C C G - C--C A G C--G 

HumGen: GTGGTTTGACTACCTGTGGGCCAACAAGAAGACGGTGGATGAGAAGGAGGTGCTCAAGAGCCTCCCAGACAAGCTGAAGGCTGAGATCGCCATCAACGTGCACCTGGACACGCTGAAGAA 

COS : C-- --

Rab : 

HumGen: GGTTCGCATCTTCCAGGACTGTGAGGCAGGGCTGCTGGTGGAGCTGGTGCTGAAGCTGCGACCCACTGTGTTCAGCCCTGGGGATTATATCTGCAAGAAGGGAGATATTGGGAAGGAGAT 

COS : A--G A A--G C 

HumGen: GTACATCATCAACGAGGGCAAGCTGGCCGTGGTGGCTGATGATGGGGTCACCCAGTTCGTGGTCCTCAGCGATGGCAGCTACTTCGGGGAGATCAGCATTCTGAACATCAAGGGGAGCAA 

COS : T - -A--C- C 

HumGen: GTCGGGGAACCGCAGGACGGCCAACATCCGCAGCATTGGCTACTCAGACCTGTTCTGCCTCTCA 

COS : A T C 

Fig. 2. Aligned nucleotide sequences of P C R produets coding for the same type of Channel from different species. 
C N G I specific fragments were amplified from human genomic D N A . rabbit pancreas and rat testis first Strand 
c D N A using primers P3/P2 and from COS and C H O cell first Strand c D N A using primers P1/P2. C N G 2 specific 
fragments were amplified from human genomic D N A using primers P3/P2 and from C O S cell first Strand D N A 
using primers PI/P2. C N G 3 specific primers were amplified from human genomic D N A using primers P3/P2. 
from rabbit colon first Strand D N A using primers P3/P4 and from COS cell first Strand D N A using primers 
PI P2. The sequences of oligonucleotide primers used in P C R reactions have not been included in this figure. 
HumGen: human genomic D N A ; rab: rabbit; COS: COS cells (monkey cell line); C H O : Chinese hamster ovary 

cells; - - - : Identity with the respective sequence from human genomic D N A ; : Sequence not amplified. 
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Fig. 3. Northern blot analysis of C N G Channel expression. Ten 
/<g rabbit colon m R N A and 4 / i g bovine testis m R N A were 
hybridized with a 3 2P-labelled probe derived from bovine 
C N G 3 . Ten //g rat heart m R N A was hybridized with a mixturc 
of bovine C N G I and C N G 3 specific probes. Exposure time 
was 6 days with rat heart and rabbit colon m R N A and 

overnight with bovine testis m R N A . 

implies that the identification o f a sequence by P C R does 
not necessarily prove the functional importance of the 
respective gene produet in the cell. T o identify tissues in 
which C N G Channel specific transcripts are frequent we 
therefore performed Nor the rn blot analysis (F ig . 3) which 
is a much less sensitive detection System. Recently we have 
shown that C N G 3 specific transcripts are expressed 
mainly in bovine testis, kidney and heart (Biel et a l . , 1994). 
Th i s study shows that a probe derived from bovine C N G 3 
also detects a m R N A species of 4.5 kb in rabbit co lon . 
Sequencing o f P C R produets derived from rabbit co lon 
c D N A confirmed that the transcript is derived from 
rabbit C N G 3 gene (F ig . 2). Biochemical assays and 
immuno-his tochemical studies wi l l be necessary to 
confirm the expression o f functional C N G 3 Channels at 
the protein level. Hybr id i za t i on of rat heart m R N A with 
both a C N G I and a C N G 3 specific probe yielded signals 
at 6.4 and 8.4 kb , which is much larger than the transcripts 
expected for C N G I (3.2 kb. Pittler et a l , 1 9 9 2 ) a n d C N G 3 
(4.2 kb, Biel et a l , 1994). Since P C R analysis o f rat heart 
m R N A did not yield C N G I or C N G 3 specific fragments 

the signals obtained with rat heart m R N A might not be 
related to the genes encoding C N G I or C N G 3 . 

Despite the use of degenerate oligonucleotide primers 
which fit to all sequences of C N G Channels yet known in 
mammals , al l P C R produets amplified encoded C N G I , 
C N G 2 or C N G 3 . F r o m this it is l ikely that apart from the 
three genes cod ing for C N G I , C N G 2 and C N G 3 there are 
no further genes belonging to the same gene family. 
However , it should be noted that there may still be genes 
differing significantly in terms of gene strueture and 
nucleotide sequence. We cannot exclude that addi t ional 
members o f the C N G Channel family could not be de­
tected by P C R due to primer mismatch or other intrinsic 
reasons. The rod and the cone photoreeeptor Channel has 
been c loned from chicken retina (Bön igk et a l , 1993). 
Both Channels are only 66.8% homologous to each other. 
This is in the r ä n g e of amino acid identity among C N G I. 
C N G 2 and C N G 3 and suggests that like C N G I , C N G 2 
and C N G 3 chicken rod and cone photoreeeptor Channels 
are the produets o f two difTerent genes. Possibly C N G 3 is 
also expressed in bovine cone photoreeeptor cells which is 
supported by the fol lowing Undings: (1) we were only able 
to amplify P C R fragments encoding C N G I , C N G 2 and 
C N G 3 and d id not sueeeed in finding a novel sequence 
that might correspond to the sequence o f the cone photo­
reeeptor Channel in mammals . (2) Bovine C N G 3 and the 
chicken cone photoreeeptor Channel ditfer in about 2 2 % 
of their amino acids. A s chicken and bovine rod photo­
reeeptor Channels also difTer in 24.3% o f their amino acid 
sequence, the sequence differences between chicken cone 
photoreeeptor Channel and bovine C N G 3 can be ex-
plained by the distant relationship between birds and 
mammals . (3) By the use o f degenerate primers all P C R 
fragments amplified from bovine retina encoded C N G I . 
However , using specific primers P7/P8 we were able to 
amplify also P C R fragments coding for C N G 3 proving 
that C N G 3 specific transcripts are present in bovine 
retina. The fact that specific primers are necessary to 
amplify P C R produets encoding C N G 3 reflects the anat-
omy o f m a m m a l retina, where rods are much more 
frequent than cones. 

By the usc o f degenerate primers we were able to 
amplify homologous sequences encoding all three Chan­
nels also from human genomic D N A (F ig . 2). This shows 
that wi th in the sequences amplified none of the three 
genes possesses an intron. The human rod photoreeeptor 
Channel contains at least 10 exons (Dha l l an et a l , 1992). 
One large exon encodes the carboxyterminal two thirds of 
the protein compris ing also the region amplified by 
primers P 1 - P 4 , whereas seven small exons encode the 
aminote rmina l one third o f the protein. O u r resulls 
suggest that the gene strueture of C N G 2 and C N G 3 may 
be s imilar . Us ing degenerate primers P5/P6 we could 
amplify a P C R fragment encoding the auxi l iary subunit 
C N G 4 from h M T C cells. This indicates that also in 
peripheral tissues C N G Channels may be associated with 
an auxi l ia ry subunit. 

P C R ampli f icat ion o f C N G 4 was not possible from 
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Fig. 4. Southern blot analysis: Ten /ig of human genomic D N A digested with either E c o R \ ( E ) or X b a \ (X) were 
hybridized with » l : P-labelled C N G I , C N G 2 . C N G 3 or C N G 4 specific probe,respectively. Exposure time was 6 

days. 

the tested bovine, rabbit or rat tissues. Th i s may be due 
to pr imer incompat ibi l i ty since only the human nucleotide 
sequence of C N G 4 is known . F r o m human genomic 
D N A C N G 4 could not be amplified either suggesting the 
presence of an intron within the sequence. 

Hybr id i za t i on of human genomic D N A digested either 
wi th EcoR I or X b a I wi th the P C R produet amplified from 
h M T C cells using primers P5/P6 generates a hybr id iz­
a t ion pattern completely difTerent from the patterns ob­
tained by hybr id iza t ion with probes cod ing for C N G I . 
C N G 2 and C N G 3 (F ig . 4). The presence of a distinet gene 
encoding C N G 4 is in aecordance with the big difference in 
amino acid sequence of C N G 4 compared to C N G I , 
C N G 2 and C N G 3 . 

The finding that C N G Channels are expressed in such a 
variety of tissues not involved in sensory signal transduc-
tion suggests that they might play a funct ional role in 
these tissues as well . Such role would be expected es-
pecially in tissues expressing C N G Channel specific tran­
scripts in abundance. which for C N G 3 is the case with 
testis, kidney, heart and co lon . In all these tissues c G M P 
is established as an important second messenger. In 
addi t ion there is evidence for the presence o f nitr ic oxide 
in these tissues which activates soluble guanyly l cyclase. 
Thus it is tempting to speculate that a NO-med ia t ed 
increase in c G M P concentration besides s t imulat ing 
c G M P dependent kinases and phosphodiesterases exerts 
some o f its effects by activating a C N G cat ion Channel. 

Acknowledgements—We thank Mrs Roller for graphical Sup­
port and Professor U . B. Kaupp for providing p R C G l . This 
work was supported by grants from Deutsche Forschungsge­
meinschaft and Fond der Chemie to V . F . and F . H . 

R E F E R E N C E S 

Ahmad I.. Rcdmont L. J. and Barnstable C. J. (1990) Develop-
mental and tissuc-speeifie expression of the rod photo­

reeeptor cGMP-gatcd ion Channel gene. B i o c h e m . B i o p h y s . 
Res. C o m m u n . 173: 463 470. 

Ahmad I.. Korbmacher C . Segal, A . S.. Cheung. P., Boulpaep 
E. L . and Barnstable C. J.(1992) Mousc cortical collecting 
duet cells show nonselective cation Channel activity and 
express a gene related to the cGMP-gated rod photo­
reeeptor Channel. P r o c . N a t n . A c a d . Sei. U S A . 89: 10262-
10266. 

Altenhofen W.. Ludwig J.. Eismann E.. Kraus W., Bönigk W. 
and Kaupp U . B. (1991) Control of ligand speeificity in 
cyclic nucleotide-gated Channels from rod photoreeeptors 
and olfactory epithelium. P r o c . N a t u . A c a d . Sei. U.S.A. 88: 
9868-9872. 

Biel M . . Altenhofen W.. Hullin R.. Ludwig J., Freiehel M . . 
Flockcrzi V. , Dascal N . . Kaupp U . B. and Hofmann F. 
(1993) Primary strueture and functional expression of a 
cyclic nucleotide-gated Channel from rabbit aorta. F E B S 
L e u . 329: 134-138. 

Biel M . , Zong X . , Distler M . . Bosse E.. Klugbauer N . . 
Murakami M . . Flockcrzi V . and Hofmann F. (1994) 
Another member of the cyclic nucleotide-gated Channels 
family expressed in testis, kidney and heart. P r o c . N a t n . 
A c a d . Sei. U.S.A. 91: 3505-3509. 

Bönigk W.. Altenhofen W.. Müller F.. Dose A . , Illing M . . 
Molday R. S. and Kaupp U . B. (1993) Rod and cone 
photoreeeptor cells express distinet genes for cGMP-gated 
Channels. N e u r o n 10: 865-877. 

Cheng T. Y . . Pcng Y . W., Dhallan R. S„ Ahamed B., Reed R. 
R. and Yau K . - W . (1993) A new subunit of the cyclic 
nucleotide-gated cation Channel in retinal rods. N a t u r e 362: 
764-767. 

Dhallan R.S.. Yau K . -W. . Schräder K . A . and Reed R. R. 
(1990) Primary strueture and functional expression of a 
cyclic nucleotide-activatcd Channel from olfactory neurons. 
N a t u r e M l : 184-187. 

Dhallan R. S., Macke J. P., Eddy R. L . , Shows T. B., Reed 
R. R.. Yau K. W. and Nathans (1992) Human rod photo­
reeeptor cGMP-gated Channel: amino acid sequence, gene 
strueture. and functional expression. J . N e u r o s c i . 12: 
3248-3256. 



1282 M . DISTLER et al. 

Goulding E. H . , Ngai J., Krämer R. H . , Colicos S., Axel R., 
Siegelbaum S. A . and Chcss A . (1992) Molccular eloning and 
single-channel properties ofthe eyelic nucleotide-gated Chan­
nel from catfish olfactory neurons. N e u r o n 8: 45-58. 

Hullin R., Singer-Lahat D. . Freichel M . . Biel M . . Dascal N . . 
Hofmann F. and Flockcrzi V. (1992) Calcium Channel 
ji subunit heterogeneity: functional expression of cloned 
c D N A from heart. aorta and brain. E M B O J . 11: 885 890. 

Kaupp LT. B.. Niidome T.. Tanabe T.. Terada S.. Bönigk W.. 
Stühmer W.. Cook N . J., Kangawa K . , Matsuo H . . Hirose 
T.. Miyata T. and Numa S. (1989) Primary strueture and 

functional expression from complementary D N A of the rod 
photoreeeptor cyclic GMP-gated Channel. N a t u r e 342: 
762 766. 

Ludwig J.. Margalit T.. Eismann E., Lancet D. and Kaupp 
U . B. (1990) Primary strueture of cAMP-gatcd Channel from 
bovine olfactory epithelium. E E B S L e t t . 270: 24 29. 

Pittler S. J.. Lee A . K . . Altherr M . R., Howard T. A. , Scldin 
M . F.. Hurwitz R. L. . Wasmuth .1. .1. and Baehr W. (1992) 
Primary strueture and chromosomal localization of human 
and mouse rod photoreeeptor cGMP-gated cation Channel. 
J . B i o l . C h e m . 267: 6257-6262. 


