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Abstract

A second type of rhodopsin cDNA from carp (cRh-11) shared 97.2% polynucleotide identity with the previously reported
cRh-1. The deduced amino acid sequences of cRh-I and cRh-11 exhibited 98.6% identity. The key difference between these
two types of cRh is that valine at position 169 of cRh-1 was replaced by glutamic acid in cRh-I1. Southern blot analysis of
genomic DNA showed that there were two types of cRh gene. These two rod opsin genes were proven to be expressed in

carp retinas by using RT-PCR with type-specific primers. © 1997 Elsevier Science B.V. All rights reserved.
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The underwater environment limits both the inten-
sity and the spectral bandwidth of ambient light for
vision [1]. Although the retinal anatomy and photore-
ceptor proteins (opsins) of land and aguatic verte-
brates show structural similarities [2,3], it has been
proposed that fish have a tetrachromatic visua sys-
tem, in contrast to the trichromatic system in humans,
consisting of four types of cone opsins [4,5]. A blue,
a red and two green cone opsin genes were isolated
from goldfish [6]. Each type of cone opsin can be
readily distinguished by the wavelengths of light each
absorbs maximally. Rod opsin, rhodopsin, is another
photoreceptor but locates at rod cell, which mediates
dim-light vision. In order to further understand com-
parative aguatic visual physiology, we studied the
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! This sequence has been submitted to the EMBL Nucleotide
Sequence Database with accession No. Z71999.

opsins of the common carp (Cyprinus carpio), a
bottom-dwelling species important in aquaculture.

Of the seven-membrane-spanning photoreceptor
proteins, rhodopsin is the one most completely inves-
tigated in terms of the relationship between its struc-
ture and function [7,8]. After bovine and human
rhodopsin cDNA were first reported by Nathans and
Hogness [9,10], the rhodopsin cDNA of many species
was cloned including Drosophila melanogaster [11],
chickens [12], mice [13], frogs [14] and squid [15].
Full-length ¢cDNAs encoding fish rhodopsin were
also reported for lampreys [16], sand gobies [17],
goldfish [6] and common carp [18]. In addition, par-
tial nucleotide sequences of the rhodopsin gene in
eight fish species from the Euteleostei and the Elopo-
morpha were amplified by PCR [19]. Only one type
of rhodopsin gene was found in each species studied.
However, the common carp possesses a second type
of rhodopsin (cRh-11) cDNA, that is not totally identi-
cal to the one (cRh-1) we reported previously [18].
This is the first time two rhodopsin cDNAS, which
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are not non-functional processed pseudogenes, have
been found in one species.

A positive clone was isolated from carp retinal
cDNA library [18] using goldfish rhodopsin cDNA as
a probe. This putative clone contained an insert DNA
of around 1.7 kb, which was longer than the previous
1.6 kb cRh-l cDNA clone [18]. Unlike the cRh-I
cDNA fragment, this insert cDNA (cRh-11) could not
be digested with Smal but could be digested with
Pstl. Two DNA fragments of 0.04 and 1.59 kb were
generated after Pstl restriction.

The dideoxynucleotide chain-termination method
[20] was used to sequence cRh-Il. In addition to T7
and T3 primers, seven primers were synthesized for
determining the DNA sequences of both strands. For
sense strand reading, primers CRH1 (5-CCTGGC-
CGCGTACATGTTC-3, nt 188-206), CRH3 (5-
GGGGGTTGTCTTCACC-3, nt 536-551) and R1
(5-GGATCCCATATGCCAGCGTG-3, nt 865—884)
were used. For antisense strand reading, primers L2
(5-GGTTGCAGCCGACGCGTCCA-3, nt 405-
386), CRH4 (5-CACAGGGTGGTGATCATGC-3,
nt 1036—-1017), CRH2 (5-GGGACATGGTCTGTC-
3, nt 1345-1331), and CRH5 (5-GGAGTCCAA-
CAGTAAGAGAG-3, nt 1469-1450) were used.

The polynucleotide sequences of cRh-1 and cRh-I1,
which shared 97.2% identity, are shown in Fig. 1.
cRh-1 cDNA and cRh-11 cDNA (1) consist of asingle
open reading frame of 1062 nucleotides (nt), located
between nt positions 72 and 1133, that encodes 354
amino acid (aa) residues; (2) have a trandation initia-
tion codon (ATG) at nt positions 72—74, preceded by
71 untranslated leader nt; and (3) have a translation
termination codon TAA, at nt positions 1134—-1136,
followed by an 3 untrandated region. However,
cRh-1l had 495 untrandated nt at the 3 end, while
cRh-I had only 397 untrandlated nt [18].

There was only one polyadenylation signal in cRh-l
cDNA, which started at nt position 1511, 15 nt
upstream from the start of the 52 A tail [18]. In
contrast, cRh-11 cDNA had four polyadenylation sig-
nals (AATAAA or AATTAAA) at the 3 end of the
untrandated region. The four signals started at nt
positions 1254, 1521, 1531 and 1611, respectively.
The signal starting at position 1521 of cRh-1I cDNA
was identical to the signal located at position 1511 of
cRh-1 cDNA. The last polyadenylation signal for
cRh-I1 cDNA, located at position 1611, started 14 nt

upstream from the start of the 30 A tail. cRh-ll
cDNA was 99 bp longer than cRh-1. This 99 bp DNA
segment was located at the 3' and is specific for carp
cRh-11 cDNA. Thus, cRh-I cDNA is not one of the
aternative transcription products of the cRh-11 gene.

The deduced aa sequences of type | and type Il
carp rhodopsin differed in only 5 out of 354 residues
and exhibited 98.6% identity. cRh-1l rhodopsin, like
cRh-I, contained all the common residues present in
the rhodopsins of species including humans [10],
mice [13], chickens [12], lampreys [16], goldfish [6]
and sand gobies[17]. Conserved aa included a largely
hydrophobic polypeptide with a predominantly hy-
drophobic N-terminal, glycosylation sites (Asn-2 and
Asn-15), disulfide bond formation residues (between
Cys-110 and Cys-187), formation sites for Schiffbase
counterions (between Glu-113 and Lys-296), interac-
tion sites for the G-protein transducin (Glu-134 and
Arg-135), the control ling site of the equilibrium
between photo-activated metarhodop sin | and
metarhodopsin Il (His-211), the pamitoylation sites
essential to membrane anchoring (Cys-322 and Cys-
323), and the phosphorylation control sites (Ser/Thr
segment at C-terminal loop).

Of the five aa residues of cRh-I1 that differed from
those of cRh-I [18], two were non-homologous alter-
ations (Val-169 and His-315 of cRh-I were replaced
by Glu-169 and Asn-315 of cRh-Il, respectively)
while three were homologous replacements for
residues having similar properties (Val-19 — lle-19;
lle-54 — Val-54 and |le-108 — Val-108).

A Chargpro program was used to estimate the pl
of cRh-1I. A pl value of 5.9 was aobtained for the
predicted cRh-11 in contrast to the 6.3 pl value of
cRh-l [18]. The pl vaues for both types of carp
rhodopsins are in the 5.9-6.3 range observed for
bovine and human rhodopsins. However, these pl
values differ markedly from the akaline pl values of
approximately 9.5 observed for color and photopic
cone pigments [21].

Hydropathicity profiles of rhodopsin aa sequences
were analyzed by Rao and Argos [22], using the
RAOARGOS program from the PC /GENE software
package. The most common lengths of helix IV are
20-21 aa. Helix IV consists of 21 residues in human
[10], mouse [13], bovine [9], chicken [12] and carp
type | rhodopsins [18] and 20 residues in lamprey
[16] and fruit fly rhodopsins[11]. However, the length
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R1 ACACAACATCCAACCGCAGCCATGAACGGTACAGAGGGACCTATGTTCTA 100  R1 TCTGCACCGTCAAAGATGCCGCTGCCCAGCAGCAGGAGTCTGAGACCACC 800

R2 srrorazanacssssnsssnsnsnenenennsnenennenreneness 1000 R2 srssororarsrzszssacsssssssssccsssssssss:sCrazsracee 800
R1 l N G T E G P l F Y10 RIV CT V KDAAAQQQESETT 243
R2 1] R2 : ¢ ¢ ¢ ¢ ¢ o+ o:o:o:ro:o:o:o:o:o:o: 243

R1 CGTGCCTATGTCCAATGCGACCGGCGTTGTTAAGAGCCCGTACGACTATC 150 R1 CAGAGGGCTGAGCGTGAGGTCACCCGCATGGTCGTCATCATGGTCATCGG 850
R2 :iiirrvioerrnasCreCrrreecAneesCoonrntAsneereee: 150 AR S S N 111}
RI VvV PXYX¥XSNATGVYYVEKSPYDY 26 R Q RAEREVTRUYVVYI ¥V I G260
e L L L L ] ] R2 : : ¢ :+ ¢+ :+ : o+ o+ oo ooz o1 o: 260

A
R1 CCCAGTACTACCTGGTGGCGCCATGGGCATACGGCTGCCTGGCCGCGTAC 200  R1 CTTCTTGATTTGCTGGATCCCATATGCCAGCGTGGCCTGGTATATCTTCA 900
R2 ::ooozzzzrsososzszzszsssoossszzazsnnnennaaaTooons: 200 R2 900
RIP Q Y YLV APVWAYGCTLAAY 43 R1 271
R2: : @ : = : : : : : : : : : : : : 43 R2 271
R1 ATGTTCTTCCTCATTATCACTGGCTTCCCTATCAACTTCCTCACTCTGTA 250 R1 950

R2 seisrrvesrrresrrrrerveorereneeCGoernserassseseey 250 R2 : 950

RIL ¥ F FLITITGTFZPTINTFLTLYG®6 R1 T H Q G S E F G P v F H T V P A F 293
RZ : : : ¢ oo Voo 160 R2 : : : : ¢ ¢ oo+ oo 293
A

300  R1 TTTGCCAAGAGTGCTGCTGTCTACAACCCATGCATCTACATCTGCATGAA 1000
300 L e S S S 1 1]1]
Rl V T I EHKKLRTPLNYTIL 76 RI F AXKSAAVYNPCTIVYTITCUH¥ NS3IO
| A A ] R2 : : : : : : ¢ ¢ o:o:o:o:o:o:o:o:o o310

R1 TGAACCTCGCCATTTCCGACCTCTTCATGGTGTTCGGTGGCTTCACCACG 350 R1 CAAGCAGTTCCGTCACTGCATGATCACCACCCTGTGCTGCGGCAAGAACC 1050
A 111 R N Ry S S SRR (1 [:11]
RIL NLAISDVLTFUMH¥VYFGGFTT 93 RIL K QFRHCH¥TITTLTCCGT KN 327
R2: : : + ¢ ¢+ ¢+ ¢ ¢ oo oo 93 R2 : : ¢ ¢+ N ¢+ ¢ oo 327

A
R1 ACGATGTACACGTCGTTGCATGGCTACTTTGTTTTTGGACGCATTGGCTG 400 R1 CCTTCGAGGAGGAAGAGGGCGCCTCCACTACTGCATCCAAGACCGAGGCT 1100
A T H 11} R2 ::: seaTeeeee: 1100
RI T¥YTSLHGYTFVFGRTIGCIIO RIP F E E E E G A S T T A S K T E A 343
R2 : : ¢ ¢+ :+ ¢ oo o:o:o:oroo: o+ Vo 1100 R2:o:o:o:o:o:o: 343
A
R1 CAACCTCGAAGGCTTCTTCGCAACCCTGGGTGGTGAAATGGGCCTTTGGT 450 R1 TCGTCCGTGTCTTCCAGCTCCGTGTCCCCTGCGTAAACAGTTGTCCGTGA 1150
A S S S S SRR 11| A S ST B 111
RIL NLEGTFFATLGGEUH¥GLV 126 RL S SV SSSSVSPA 354
L T 1) R2 : : : : oo 354

R1 CCTTGGTGGTGCTGGCCTTCGAGAGGTGGATGGTTGTCTGTAAGCCCGTG 500 R1 CACAGAATAAGCAGTGACATGCACTGGGCTTCAACGGCAACCGACGACAC 1200
R S R 500 R2 ::::CGezorzzasCTecGreanzznssznsssasrraanerzazzze: 1200
RIS LV VLAFETRTVY¥UNYVCZKTPYV 143

R2Z: :+ ¢ ¢+ ¢ ¢ ¢ o o:o:o:o:oro:o:o: 143 R1 AGAGACCACAAAGTGTTCAGCCCCGGGAAA-GAGCAACCACTACCACTTG 1249
srTeereserrosArnonsCoonsGoesGeonnaooons 1250

R1 AGCAACTTCCGCTTCGGAGAGAACCACGCCATCATGGGGGTTGTCTTCAC 550
A S S S 11} R1 CAGAA-AAAAATGTCTGTCAGTTTTCCTTTTTGTATTTTCACAAAACCCA 1298
R S NFRFGENHATI NGV YV F TI160 R2 :occcleccreeeaToererrnnnnnnsseenseas T 1300
L e e 1]

R1 ATTGGTTCAACCAAAAGACAGTTTTGAGAGAGGACAGACCATGTCCCAGT 1348

Rl CTGGTTCATGGCCTGCACCTGCGCCGTGCCTCCCCTGGTCGGCTGGTCCC 600 R2 :orrrrerrnesoooerersssessseTorsesesssseoriiss: 1350

HEEREEEE R RS SRR 600
CTCAVPPLVYGVWYS 176 R1 TTCAGTACATCCAGCGAGTCCAGCGTAACGGTGCATAAGATT———————- 1390
HE R e (] R2 ::zeoeveeneensscessereesereessssessssssssCTTTITTT 1400

A

R1 GTTACATCCCCGAGGGCATGCAGTGCTCGTGCGGAGTCGACTATTACACT 650 R1 -TTTTTTAATTTTTTCTTCCTAAAATGCAGCAAAAGGAAAAATATCTTAA 1439
650 R2 TeorreeGrezoec—soerronrreseesssssasAssaansosszan: 1449

193
193 Rl CTCTCTTACTGTTGGACTCCTTATACTGGCTTTGTTGTGATTGTAGAGGC 1489
sirirararerarioaGrororonenaaTeosans: 1499

R1 CGCGCCCCTGGCTACAACAATGAGTCCTTTGTCATCTACATGTTCCTTGT 700
A S S (1 ]1] R1 ATGTATTCAAGGCAACGTAACAATAAAAAGCACTTTGCAAATT 1532
RIL RAPGYNNEGSTFVIYX¥FLV20 R2 :reoceeTeorrsrroeroresssosorrnrnresen s s JAAATCAT 1549

R2 : : : : : ¢ :+ @ o+ oo o210
R2 TCTGTTTATGATTTGATTGAGCTGTAATGCTAAAGAAATGTCTAAATAGT 1599
R1 CCACTTCATTATTCCATTAATCGTCATATTCTTCTGCTACGGCCGTCTCG 750

: 750  R2 ATTTTAAATTTAATAAACGATACTGATTTCT 1630
221
227

Fig. 1. Comparison of the nucleotide sequences and the deduced amino acid sequences of cRh-I (R1) and cRh-11 (R2). Identical bases and
residues are indicated by double dots (;). Different amino acids are marked with solid triangles. Gaps (-) are created to maximize the
degree of homology between the cRh-1 and cRh-I1 sequences. The polyadenylation signals are italicized and underlined.
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of helix IV of cRh-1l was only 16 aa. The special
structure of helix 1V of cRh-1I may result from the
charged residue (Glu) at position 169. The residue at
position 169 of cRh-l1 and the rhodopsins of other
species is the hydrophobic residue, Val.

Genomic DNA was extracted from carp muscle,
digested with EcoRI, Pstl, and EcoRI plus Pstl,
respectively, and Southern blot analysis was per-
formed with a radio-labelled probe. One positive
band, representing a 6.6 kb fragment from the
EcoRI-digested genome, and two positive bands, rep-
resenting 4 and 2 kb fragments from both the Pstl-
digested genome and the EcoRI- plus Pstl-digested
genome, were observed (Fig. 2). The Rh gene of fish
has been reported to be an intron-free gene [19]. In
addition, we demonstrated that cRh-11 cDNA had one
Pstl site but that cRh-I cDNA did not. Therefore, the
4 kb Pstl-digested band represented cRh-l gene and
the 2 kb Pstl-digested band represented cRh-11 gene.
Because both types of cRh cDNA did not have

1.2 3 4
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Fig. 2. Southern blot analysis of genomic DNA extracted from
carp muscle. Genomic DNA (10 ng) was digested with EcoRI
(lane 2), Pstl (lane 3), and EcoRI + Pstl (lane 4), respectively.
After restriction, DNA fragments were resolved on the agarose
gel, transferred into the membrane, and hybridized with a *P-
labelled cRh-1 cDNA (nt 378—1136) probe in the solution of 5
Denhardt’s, 50% formamide, 0.1 mg,/ml calf thymus DNA, 0.1%
sodium pyrophosphate, 50 mM Tris-HCI (pH 7.5), 10% dextran
sulfate, 6X SSPE (1X SSPE: 0.15 M NaCl, 11 mM NaH,PO,,
1 mM EDTA) and 0.5% SDS at 42°C overnight. The hybridized
membrane was washed 4 X, 3X and 2X SSC (1xX SSC:0.15 M
NaCl and 15 mM sodium citrate) with 10% SDS at 42°C for 30
min, respectively, before the membrane was exposed to the X-ray
film for 9 days. The molecular marker, Hindlll-digested lambda
genome, was in lane 1.

Fig. 3. RT-PCR analysis for the presence of cRh-I and cRh-II
mRNA in carp retina. A specific primer set for type | (panel A)
and for type Il (panel B), respectively, were used to amplify the
templates prepared from cRh-1 ¢cDNA (10 ng; lane I), cRh-II
cDNA (10 ng; lane 1), and total RNA (15 ug; lane R) extracted
from 10 pooled retinas of adult carp (1520 cm in length). The
molecular marker, Hindlll-digested lambda genome, was in lane
M.

EcoRI sites, the 6.6 kb fragment from the EcoRI-di-
gested genome included both cRh-I and cRh-II.

To determine if two rod opsin genes were ex-
pressed in carpretinas, we studied the total RNA
extracted from adult carp using RT-PCR (Super-
script™ 11 RNase-H Reverse Transcriptase Kit, Gibco
BRL). Primers specific for cRh-I mRNA were 5-CC-
CCGGGAAAGAGCAACC-A-3 (nt 1221-1239; for-
ward primer) and 5-CATGCCTCTACAATCACAA-
CAAA-3 (nt 1492-1470; reverse primer). Primers
specific for cRh-1I mRNA were 5-CCAGGGAAAC-
GAGCGACCG-3(nt 1222-1240; forward primer)
and 5-CATGCCTCTAAAATCACAACAAC-3 (nt
1502-1480; reverse primer). A specific band, repre-
senting a mRNA fragment of expected size, showed
up on the gel when the type-specific primer was used
(Fig. 3). Clearly, both cRh-I and cRh-Il gene were
transcribed in carp retinas.

Comparison of the nucleotide sequences of the two
types of cRh, reveds that the region encoding the
mature protein was conserved and the 3' untrandated
regions were particularly variable. In addition, South-
ern blot analysis of genomic DNA, and RT-PCR
analysis of retinal RNA, indicate that the divergence
of the cRh gene was not due to an in vitro artifact.
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The common carp, a cyprinid, is tetraploid. The
presence of two rod opsins genes in the carp genome
suggest that cRh-1 and cRh-1l originated from two
different chromosome-pairs and have evolved inde-
pendently. The closed-related goldfish has previously
been shown to express two green cone opsin genes
[6], athough the extent of sequence divergence, at
8.5%, is rather greater than that for the two rod
opsins genes in carp. Therefore, genome duplication
can explain the presence of two rod and green opsin
genes in these fish.
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