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Abstract Four independent phage clones containing the frag- 
ments of cone-specific cGMP phosphodiesterase (PDE) c~' 
subunit (PDEc()  cDNA were isolated from the human cDNA 
library. The screening of the genomic library resulted in isolation 
of four independent phage clones with the fragments of human 
cone PDEo~' gene including 5'-flanking region and exons ranged 
from 1 to 14 (overall 32 kilobases). Structural studies of the 
clones made it possible to establish the complete human cone 
PDEc(  cDNA structure (3455 base pairs). The encoding 
polypeptide consists of 858 amino acid residues with a calculated 
molecular mass of 99169 Da. The deduced amino acid sequence 
displays high homology to the earlier analyzed catalytic cq [3 and 
c~' subunits of bovine, human, chicken and mouse photoreceptor 
PDEs. 

Key words: Cyclic GMP phosphodiesterase (PDE); cDNA 
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1. Introduction 

The enzymatic cascade of phototransduction reactions in- 
volved in photoreception of vertebrate photoreceptor cells 
starts with the absorption of a photon by photosensitive pro- 
tein, rhodopsin, and ends in lowering cGMP concentration 
and the closing cGMP-dependent cation channels in the plas- 
ma membrane leading to cell hyperpolarization. Light-acti- 
vated rhodopsin catalyses the formation of the transducin 
subunit complex with GTP [1]. This complex, in turn, acti- 
vates cGMP phosphodiesterase (PDE) [2], a key component in 
the phototransduction cascade in photoreceptor cells. 

PDE is a peripheral heterotetrameric membrane protein 
consisting of two types of subunits, large catalytic and small 
inhibitory. PDE in vertebrate rods responsible for low-light 
black-and-white vision is represented by a heterotetramer 
a[3~2 consisting of two different catalytic c~ [3] and [3 [4] sub- 
units and two identical inhibitory 7 subunits [5]. In mamma- 
lian color-sensitive cones PDE contains two identical catalytic 
a '  subunits [6]. Complete cDNA primary structures of bovine 
photoreceptor PDE subunits were elucidated [3-6] by partial 
protein sequencing and cDNA cloning. The structures and 
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organization of human rod PDE 13 [7] and ~, [8] subunit genes 
were also determined. 

Some degenerative processes in mice, dog and human reti- 
nas are caused by defects in the genes encoding rod PDE ]3 
subunit [9-11]. Studies of the human genes coding for photo- 
receptor cell proteins at a molecular level might facilitate dis- 
closure of the molecular and genetic defects in the human 
visual system. Here, we report the nucleotide sequence and 
organization of the gene encoding the human cone PDEc(. 

2. Materials and methods 

The human retinal cDNA library in bacteriophage Kgtl0 was a kind 
gift of Dr. J. Nathans (Johns Hopkins University). The human geno- 
mic library in ~,FIX was a kind gift of Dr. D. Smirnov (Shemyakin- 
Ovchinnikov Institute of Bioorganic Chemistry). Bovine PDEet' 
cDNA was kindly presented by Prof. M. Applebury (Harvard Med- 
ical School). The full-length bovine PDEct' cDNA [6] and its frag- 
ments, NcoI-EcoRI (1 850), EcoRI-EcoRI (851 1509) and EcoRI- 
EcoRI (1510-2947), corresponding to the protein N-terminal, middle 
and C-terminal regions, respectively, were radiolabelled using the 
Nick-translation kit (Amersham), then were used for human genomic 
and cDNA libraries screening. DNA manipulations were carried out 
by conventional methods [12]. Nucleotide sequences were determined 
by the standard dideoxynucleotide chain termination method using 
the Sequenase kit (USB). 

3. Results and discussion 

Human retinal cDNA library (2 X 106 plaques) was screened 
with different bovine PDEc( cDNA fragments. Four indepen- 
dent clones (e(gl, e(g3.1, c(g37 and a'g45) containing frag- 
ments of cDNA encoding cone PDEa '  were isolated (Fig. 1). 
The comparison of the established cDNA nucleotide se- 
quences and of the corresponding sequences of bovine and 
chicken cone PDEe~' cDNAs [6,13] revealed that the cDNA 
structure lacks 5'-untranslating region and nucleotides coding 
for 147 N-terminal amino acids. 

Human genomic library (about 1.6X 106 independent re- 
combinant clones) was screened with the same bovine PDEa '  
cDNA probes. Four positive clones (c(fl 1, a'f21, a ' f l  1.3 and 
c(f4) were isolated (Fig. 1). The inserts of the clones were 
characterized by standard restriction endonuclease mapping 
procedures using HindIII, EcoRI, BamHI and Sail. According 
to digest analysis the inserts overlapped. The DNA fragments 
positive in hybridization were subcloned into the plasmid vec- 
tor pSP65 for further detailed restriction mapping and se- 
quencing. 

Fig. 2 outlines the complete primary structure of human 
cone PDEc~' cDNA deduced from data on the cDNA and 
genomic clone nucleotide sequencing. Its comparison with bo- 
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Fig. 1. Locat ion  o f  insert ions o f  isolated c D N A  clones in the restriction m a p  o f  h u m a n  cone  PDEct'  c D N A  and physical  map  and genomic  or- 
ganizat ion o f  exons  1-14 o f  h u m a n  cone  P D E a '  gene. c(g45,  a'g37,  a'g3.1 and a ' g l  (above)  are c D N A  clones,  o~'fl 1, e~'f21, a ' f l l . 3  and co'f4 
(below) are genomic  clones,  c D N A  base numbering:  A in init iating A T G  refers as the first nucleotide.  The c D N A  part encoding  P D E a '  poly-  
peptide is shaded, putative funct ional  domains  ( two for non-catalyt ic  c G M P  binding, I and II; and one  catalytic site for cyclic nucleotides hy- 
drolysis)  are indicated.  Open boxes  represent c D N A  5' and 3' untranslated regions.  Solid rectangles designate exons from 1st to 14th (out  o f  
scale). Abbreviat ions:  E, EcoRI; B, BamHI; H, HindIII; S, Sail; bp, base pairs; kb, thousand  o f  base pairs; aa, amino  acid residues. 

A T ~  -601 

TTT~TTAATATTCACCTTTAT~I~r GCAGTGATGCAAACTGTT CCATATCT CC CAGATGTTCATTACAGTTGCTATATAAACAAAAAAAATCCAAGCAC~CC~TA~T~CCTATA~A~T -451 
ACAAGAkcGA~GTGcCAATTGTTG4DC~%AT~TcGT~TCA~TG~ATATGTCAGTC1ATTCTTCCTTGCTGTGGAcAGCAGc C G A C A T T ~ T A T ~ T ~ ~ T ~ ~  -301 
A~T~TGAAGATTCOCTAGGGACTTATG~AAT~TTTAGTGT~cTGAAGAACTCTTTAATCCTGTGCTTCCTC~AATCcCACc~TAAQ~CT G T C A C A T C C ~ ~ ~ T ~  -151 
TTTCTGCTTGAC~TCCTATGA(RgGACCATTTAC GOTTTCCTCAGT~ATTTCCACCAGGATCIAATTTCCTTCTCATCACTCTGCCTCAGGTAGT~~~~~C -i 

AT GGGT G~CIA~ CAAGTT GC C GTGG~%~AATAC C T GGAGG~%G~AC C CTCAGT T TGC CAAGGA~ TAC T TT GACAGGAAG T T GCC, GGT GGAGGTGC ~ T  ~ T ~ ~ ~ ~ ~ ~ C 150 
M G E I N Q V A V E K Y L E E N P Q F A K E Y F D R K L R V E V L G E I F K N S Q V P V Q S S M S F 50 

~cc~~GGAGcTGcT~`C~ccGT~c-~GaAc'GAGG~GGGcAccccAGA~.A~sGG~T~-AaAa~GGcccAccTGcTccAG~y~u~caCTGc~cA~TccTG 3OO 

S E L T Q V E E S A L C L E L L W T V Q E E G G T P E Q G V H R A L Q R L A H L L Q • A D R C S M F L i00 

TGCCGGTCCCGGAkCG~.ATA~CT GAGGTGGCCTCTAGGTTGCTG~GTCACCCCCACCTCCAAQTTTGAGGAC.%ACCTC, G T ~ C ~ ~ ~ C ~ ~ ~ ~  450 

C R S R N G I P E V A S R L L ~ V T P T S K F E D N L V G P D K E V V F P L D I G I V G W A A H T K 150 

AAAACTCAT~ATGTCCCAGATGTGAAAAAGAACAGCCATTTTTCTGACTTCATGGACAAGCAAACT G C ~ T A T G T C A E T A A G A A C C T G ~ I " G G C A A C C C C ~ T C ~ ~ ~ T ~ ~ A  600 

K T H N V P D V K K N S H F S D F M D K Q T G Y V T K N L L A T P I V V G K I V L A V I M A V N K V 200 

AAT~ATCTGAATTTT~CAGGATC~%AC~AGGTCTTTTCCA~ATACCTCAACTTTGTGTCTATCATCCTAAG~TTCATCACACCAGCTACATGTACAATATTG~AA~cC TCCTTATGT~T~AAAGTA 750 

A S Z r $ K Q D g Z V r s K Y L N r V S I I 5 R L H H T S Y M Y N I Z S R R S Q I L M W S A N K V 250 

TTT GAA~AAC TCACAGAT ~r T GA~C Gh%,CA~TTTC.AF.AA~G~ G~TCTAC.AC GGTT~TAT C TGAA C T GT GAAC ~,ATAC T C CATT GGAC T GC T GGACAT~A~C.~A~ ~ T  ~ ~T ~ ~ 900 
F E Z L T D V E R Q F H K A L Y T V Y L N C E R Y S I G L L D M T K E K B F Y D R W P I K L Q E 3 0 0  

GTAGAGCCT TATAAAGGTC C.AAAG~CAC C TGAT GOC.~GGG~AGTC.AAC TTTTATAA~A T CA T T ~A TTACAT TTTACAT GGAAAA GAAGAGAT ~ ~ C C ~C ~ ~ C ~ ~ C  ~ ~ ~ 1050 
V g P Y K G P K T P D G R E V N F Y K I I D Y I L H G K E E I K V I P T P P A D H • T L I S G L P T 350 

TATGTTG~T~%A~ATGGATTTATCTGTAAF_~TGATG~AT(~CCC~T~gATG, AATA~TTCACAT TTCAGAAAGGACCTGTA~ ~ ~ T ~ C T A ~ ~ T A ~  1200 
Y v A z N G r I C N M M N A P A D Z Y r T F Q K G P V D Z T G W V I K S V L S L P I V N K K Z D I V 400 

GGAGTGGCTACATTTTA TGGAAAACCT TT~ GATGA~C.~TGATC, AA TACATTAC C GAGAC T CT ~ T T T  C TT GGAT GGTCT CTTTTA~AT~ ~ ~ T ~  T ~ ~  1350 

G V A T F Y N R K D G K P F D E M D E Y I T B T L T Q F L G W $ L L N T D T Y D K M N K L Z N R K D 450 

A ~  CAGGAAAT G~ T C.AT G~2C_~%AC CARAGC CAC T CCT ~ T T A A G T  C CATTT T GAAAT T T CAAC~AGAAGT TAAAT ~ T  GTAATTGh~C _ _ ~ T T T T ~ T ~ C C A G A C  1500 
I A Q l M L M N Q T K A T P E E I K 3 I L K F Q E K L N V D V I D D C l E K Q L V A I L K l D L P D 500 

CCACGCTCAGCAGAACTGTACG~ATT~CAGTGACTTCCCCCTTACAGAGCACC~ATTGATTAAATGTGGAATAC G A C T ~ T T T T T T G A A A T A A A T G ~ ~ ~ ~ T ~ T ~  1650 
P R $ A E L Y E F R F $ D F P L T E H G L I K C G I R L F • E I N V V E K F K V P V E V L T R W M Y 550 

ACTGT~GAA~GGTAC C G~2 TGT C.%~ TTAC C A C A ~ T G G G T  T CAAC G TGGGGC~GAC CAT GTTTACTT TGC T ~TG~%D.A~T T A A ~ G ~ % ~ T ~  ~ ~ ~ ~ ~ ~ T ~ 1800 
T V R K G Y R A V T Y H N W ~ H G F N V G Q T M F T L L M T G R L K K ¥ Y T D L l A F A M L A A A F 600 

TGCCATGATATTC, A C ~ T A A ~ A C C A G A T C ~ A A T C C A C  ~TCTCCATTAGCAAC, ACTT C A T ~ G T T C T T C T A T T T T G G A ~ C ~ ~ ~ ~ T ~  1950 
C H D I D H R G T N N L Y Q M K S T $ P L A R L H G S $ I L E R H M L E Y S K T L L Q D E S L N I F 650 

~ C ~ T ~ ~ A ~ T ~ T C ~ T C ~ T ~ T A ~ C T ~ C T ~ T T A T A T ~ C ~ T T ~ T ~ T ~ ~ C  2 1 0 0  

Q N L N K R Q F E T V I M L F Z V A I I A T D L A L Y F K K R T M F Q K I V D A C Z Q M Q T E E Z A 700 

ATCAAATATGTAACTGTTGAT CCAACCAAEJ%AAGAGATTATCATGGCAATGATGATGACGGCATGTGACTTGTCT~A~AC~C C T ~  AG~A~ TTATGO TTGCAR~TGAA _~GAGAT 2250 
I K Y V T V D P T K K E I I M A M M M T A C D L S A I T K P W E V Q S Q V A L M V A N E F W E Q G D 750 

CTG~A~A~%EAGT~TT~CCC.ATTCCTATGAT~GATGAATTACC TAAACTTCAAGTTGGATTTATTGATTTTGTTTGTACTTTT~ATAT~T~~T~CCT 2400 
L E R T V L Q Q Q P i P M M D R N K i% D ~ L P K L Q V G F I D F V C T F V Y K E F S R F H K E I T P 800 

AT G~ T GAGTGG TCT ~TAAC~AGTAGAAT ~%AT CACTAGCT G~I'~AG T AT ~AT GCAAAGAT GAAGGT CA TT G A A ~ A G ~ A ~  C ~  ~ ~  ~ 2550 
M L S G L ~ N N R V E W K S L A D E Y D A K M K V I E E E A K K Q E G G A E K A A E D • G G G D D K 850 

AA~T C ~ T  ~TT TA~T G TT GT~ATATTAT CTAAC T GGTC TA~AC~T CAAAT AT CATTT T AC C T T T ~ C  CAG~%ACATT ~ TT C.AACAAAT ~ C  G T ~  ~ A ~  ~ ~ ~ A T  2700 

K s K T C L M L . ass 

~A~h~AAATATATAT T GCTAG~ C C.AAAAATC C CAC, GGC~ATAAAGT T CAACAAAAG T ~ T A  T GACAAAAA T AGG TACA T TTT T GG T ~ CAATT TATTT T A A A T T ~ T A ~ T  C ~ ~ 2850 
AA.tU~ 2e54 

Fig. 2. Nucleot ide  sequence o f  the c D N A  and deduced amino  acid sequence o f  h u m a n  cone  P D E c ( .  c D N A  base number ing  as in Fig. l .  The 
potential  T A T A - l i k e  boxes,  C C A A T  moti fs  and polyadenylat ion  signal are underlined.  Nucleot ides  and a m i n o  acid residues differing f rom or 
absent in earlier publ ished structure [17] (see text) are boxed.  A r r o w  indicates the pos i t ion o f  cytosine insert ion in [17]. 
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Fig. 3. Alignment of human cone PDEa' gene physical maps described here (line a) and previously published [17] (line b). All designations are 
as in Fig. 1. Dashed lines represent gaps introduced to match exons and common restriction sites, which are indicated between the lines. Re- 
striction sites unique for each of the structures are indicated above line a and below line b, respectively. 

vine and chicken cone P D E a '  cDNA structures shows that 
triplet A T G  (1-3) is an initiation codon. Two TATA-like 
sequences (TAAT) are present 232 and 267 bp upstream the 
translat ion start. Two potential CCAAT motifs are found 421 
and 431 bp upstream this point. Codon 858, specifying leu- 
cine, is followed by the terminat ion codon (2575-2577). Poly- 
adenylation signal is found at positions 2742-2747. Thus, hu- 
man  cone PDEcd amino acid sequence deduced from the 
cDNA structure consists of 858 residues with calculated mo- 
lecular mass of 99169 Da. H u m a n  cone PDE ~ '  has 89.1% and 
82.7% homology to bovine [6] and chicken [13] cone P D E a ' ,  
respectively; 63.8% homology to human  rod PDE a subunit  
[14]; and 64.5% homology to human  rod PDE 13 subunit  [7]. 
H u m a n  cone PDEct' ,  like mammal ian  visual PDEs, has an 
internal homologous repeat of the amino acid sequence in 
its N-terminal  part. These regions (residues 94-255 and 300- 
468, Fig. 1) appear to be the sites of non-catalytic cGMP 
binding. The catalytic region for cyclic nucleotide hydrolysis 
lies in the C-terminus of the protein chain (560-783 amino 
acid residues; Fig. 1) [4]. The last 4 residues at the C-terminus 
conform to the CAAX consensus motif  for multistep post- 
translational processing covering lipidation, proteolysis and 
carboxymethylation [15]. 

Sequence analysis of genomic clones and comparison of the 
structure obtained with the corresponding sequences of bovine 
cone PDEct'  cDNA [6] and human  rod PDE [3-subunit gene 
[7] indicated the presence of fourteen N-terminal  exons and 
5'-flanking region. Table 1 presents data available on the 
exon/intron organization of this 5' part of  human  P D E a '  
gene. Exon- in t ron  border regions for 13 introns coincide 

with a splice site canonical sequence and follow the G T / A G  
rule for exon- in t ron  junctions [16]. Intron 9 5'-splice donor  
site contains GC instead of GT, but  this is not  exceptional. 

Data on the PDEc(  gene structure have been published by 
the end of our work [17]. Comparing these two sequen- 
ces seven point mismatches in exons were identified, four 
of them resulted in amino acid changes at positions 116 
(Asp(GAT) to Val(GTA)), 270 (Thr(ACA) to Ser(TCA)) and 
565 (Arg(CGG) to Gln(CAG)),  the rest were silent nucleotide 
replacements (A952 for G, G1098 for A and A248~ for C). Sev- 
eral discrepancies in cDNA 5' and 3' untranslated regions 
were also found (adenosines absent at cDNA positions 
-551 ,  - 6 0 3  and - 6 0 5  in published structure [17]; replace- 
ments of C-a12 for G, A-306 for T, G-195 for C and T2861 
for A). Cytosine was not  identified between T281s and A2819 
(summarized in Fig. 2). 

In addition, we established the differences in PDEc(  gene 
physical maps and organization (summarized in Fig. 3). In- 
t ron 1 is about 1300 bp longer than previously described, it 
also contains the site for BamHI absent in [17]. Intron 8 is 
dramatically dissimilar to the structure published in the re- 
striction site positions and order, although its length agrees 
with the described one. The absence of the site for BamHI 

near exon 8 is confirmed by either direct D N A  sequencing 
(about 500 bp upstream and 350 bp downstream exon 8) or 
restriction mapping of two independent clones (Fig. 1). The 
same is true for the presence of HindIII site located 250 bp 
downstream EcoRI,  the only common site for both intron 8 
structures. Intron 11 is of  about  3000 bp in length (250 bp in 
[17]). Intron 12 of 233 bp in length (2200 bp in [17]) was 

Table 1 
Exon/intron organization of human cone PDEct' gene 

Exon number Positions in cDNA a Intron number Intron size, bp ~J 

1 1-480 1 8000 
2 481-633 2 106 
3 634-723 3 1000 
4 724-864 4 3500 
5 865 939 5 950 
6 940 1004 6 100 
7 1005-1071 7 2400 
8 1072 1119 8 5500 
9 1120~1269 9 500 
10 1270-1413 10 1354 
11 1414-1482 11 3100 
12 1483 1629 12 233 
13 1630 1737 13 362 
14 1738 1847 14 min. 2500 

acDNA base numbering as in Fig. 1. 
blntron 2, 6, 10, 12 and 13 sizes were determined by direct sequencing, sizes of other introns were established by restriction mapping. 
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entirely sequenced. Intron 14 should be no shorter than 2500 
bp (if 3' part of  clone a ' f l  1.3 insert is not  a result of  scram- 
bling). The fragment EeoRI-SalI  (of about  2200 bp) obtained 
from this clone lacks exon 15 although intron 14 appeared to 
be of  1100 bp (this was established in PCR experiment to 
bridge the gap between the inserts of  phage clones available). 
Revealed differences in human cone P D E ~ '  gene restriction 
map as well as above coding sequence mismatches could occur 
due to genetic polymorphism. 
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