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cDNAs encoding two subtypes of the vitamin D re-
ceptor (VDR) are cloned from a teleost (flounder, Para-
lichthys olivaceus). This is the first report of VDR sub-
types in fish. Flounder VDR (fVDR) a and b share 86%
identity at the amino acid level. With human (h), rat,
mouse, quail, and Xenopus VDRs, fVDRa shares 72%,
71%, 71%, 69%, and 71% identity, and fVDRb shares 70%,
69%, 69%, 67%, and 68% identity, respectively. The pep-
tide sequences of the DNA-binding domain (DBD) and
hormone-binding domain (HBD) of both subtypes have
particularly high homology to those of the tetrapods; e.g.
92% identity for DBP and 74% for HBD between fVDRa
and hVDR. In an evolutionary tree constructed with
peptide sequences of VDRs and related members of the
nuclear receptor superfamily, fYDRa and b are more
closely related to each other than to other molecules,
and situated in the cluster of VDRs at a position which
corresponds well with the evolutional position of fish in
the vertebrates. Additional independent genome dupli-
cation which is thought to have occurred in ray-finned
fish phylogeny may explain the existence of two sub-
types of VDR in flounder. © 2000 Academic Press

The concentration of calcium in plasma is regulated
at a constant level in the vertebrates. Vitamin D is one
of the hormones controlling the concentration. It in-
creases the plasma calcium level by stimulating the
adsorption of calcium at the intestine (1). In fish, the
gill and skin as well as the intestine function in cal-
cium metabolism (2). Thus, the metabolism is charac-
terized by different properties in fish than in the tet-
rapods, however, the system of molecular control for
calcium metabolism in fish is poorly understood.
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tor; THR-B, thyroid hormone receptor-g.
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The action of 1,25-dihydroxyvitamin D; (1,25(0H),D,),
the active form of vitamin D, is mediated by their specific
receptor, VDR, which controls the expression of hormone-
sensitive genes. VDR belongs to the nuclear receptor
superfamily which includes steroid hormones, thyroid
hormone, retinoic acid, and unknown ligands (orphan
receptors) (3). The absence of VDR in mice caused by gene
targeting results in the disease vitamin D-dependent
rickets type 11, demonstrating that VDR is an essential
factor in calcium homeostasis and bone formation (4).
VDRs have been cloned from tetrapod animals including
human (5), bovine (6), mouse (7), rat (8), chicken and
quail (9), and frog (10). At present, no sequential data on
VDRs is available in fish. To reveal the vitamin D endo-
crine system of fish as well as the molecular evolution of
VDR, it is important to gain VDR cDNAs from fish.
Flounder is now reproduced in tanks at hatcheries, and
bone malformations often occur in the larvae. Thus,
flounder should serve as a good model with which to
analyze the functions of vitamin D and VDR. So, we
attempted to clone VDR cDNA from Japanese flounder
(Paralichthys olivaceus). In contrast to the tetrapods, in
which only a single type of VDR gene has been identified,
this teleost was found to have two subtypes of VDR. Here,
we report the full coding sequence of two subtypes of
flounder VDR and their tissue expressions.

MATERIALS AND METHODS

PCR amplification of VDR fragments. cDNA was synthesized from
flounder intestine mRNA as described (11). We designed several sets of
degenerated PCR primers to amplify VDR fragments, and the following
set at conserved sequences of DIGMMKE in DBD and YAKMIQK in
LBD gave a clear band of expected length (~900 bp): VDR primer A,
5'GAYATHGGNATGATGAARGA; VDR primer B, 5 TTYTGDATCA-
TYTTNGCRTA. The PCR was conducted for 40 cycles; cycling param-
eters were 95°C for 0.5 min, 60°C for 1 min, and 72°C for 2 min, followed
by a single cycle of 72°C for 2 min. The band was gel purified, ligated to
pCRII vector (Invitrogen), and sequenced using Dye Terminator Cycle
Sequencing FS Ready Reaction Kit (Perkin Elmer).

RACE amplification of 5" and 3’ ends. We obtained 5’ and 3’ ends
of VDR cDNAs by RACE. The 5 RACE was performed, as previously
described (12). The 3’ RACE was done by the methods of Frohman (13).

Expression analysis. First strand cDNAs from total RNA of floun-
der tissues prepared previously (12) were used for RT-PCR. The sites
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ATTAGGGAGAAGTGCGGTCCTGCTGCTGTGTTGATTCAGATCTAAAAAAACTGGACTAACAGGGAGTCGCGTCGGTCGCTGCTCGCGTGG
ATTAATTTTTGTTTTATAGGGGAAAAGTTTTTTCAGCGTGGTGGGAAATTGTTTTAAAAACCTGCCTTCAACTCCACCGGCTCGAGGGGG
AAACGTTCGGCGACCCTGGCTGCGACAACACTCGGGCCCCCTCCCCTCCGCTGCTGCACAAAGTGACGGTTGATATGCCACATCAGTGAT

M
GGAGCCCATGACGGTGACAACGTCCATGGTCGGGCCGGACGAGTTCGACCGCAACGCCCCGCGGATCTGTGGCETGTGCGGECGACARAGGT
EPM TV TT S MV GPDEVFDU RDNAPI RTITZ CSGUVCGUDI KA

CACCGGCTTCCACTTCAATGCCATGACCTGCGAGGGCTGCAAGGGGTTCTTCAGGCGCAGCATGAAGCGCAAGGCCTCCTTCACTTGTCC
T G F HF NAMTCEGU CI KU GPFVFRIR R SMIEKT RIEKA-ASZ FTTCT?P

ATTCAACGGAAGCTGCACCATCACCAAGGACAACCGGCGCCACTGCCAGGCCTGTCGACTCAAACGCTGCATCGACATTGGTATGATGAA
F NG S CTTITI KUDNU RIRIHECOQACRTILIE KR RTCTIDTIUGMMMIEK

GGAGTTCATACTGACAGACGAGGAGGTTCAGAGGGAGAAAGAAATGATACTGAAGAGCAACGAGGAGGAGGCGGCCCGGGAGGCGATGAG
EF I L T DEEV QR EI KU EMTITULI KIRI KEZEUZEAU-ARIEW AMTR

GCCGCGGCTGAACGAGGAGCAAGCTCGGATGATTTCCTCTCTGGTGGAAGCTCATCACAAGACCTATGATGCCTCCTATTCTGACTTCTC
P RLNEZEOQARMTISSULV EAHHI KTV YDA ASY S DTF S

CCGCTTCAGGCCTCCAGTGCATGAAGGTCCAGTAACACGCAGTGCCAGCAGAGCGGCCTCCCTTCACTCTTTGTCCGATGCATCCTCTGA
R FRPPV RESG?PVTI R SASIR RAASTILIEHESTLSDA AS S TD

CTCATTCAACCACTCTCCCGAGTCCGTGGACACCAAGATGAACTTCAGCAACTTGTTAATGATGTACCAGGATGGCGCCAGCAGTCCAGA
S FNHSPESVDTZ KXKMNVFSNILILMMYQDGAS S P D

CTCCAGCGAGGAGAATACTAAGCTCTCCATGCTCCCCCATCTGGCCGACCTGGTCTCCTACAGCATCCAGAAGGTCATTGGTTTTGCCAA
S S EENTTI KILSMULUPHLADTILU YV S Y S I Q K VI GV F A K

GATGATTCCAGGCTTCAGAGATCTGACAGCCGAGGACCAGATCGCTCTGTTGAAGTCAAGTGCCATTGAGATCATCATGCTGCGATCCAA
M I PGPFRDILTA AED DU GQTIALT LI KSSATIZETITIMILU®RS SN

CCAGTCGTTCAGTCTGGAGGACATGTCCTGGAGCTGCGGAGGGCCCGACTTCAAATACTGCATCAATGATGTCACAAAGGCGGGCCACAC
Q S F S L EDMSWSCGG?PDVF K Y CTINDVTI KW AGHT

TCTGGAGCTGTTAGAGCCGCTGGTGAAGTTCCAGGTCGGTTTGAAGAAACTCAACCTGCACGAAGAGGAACACGTGCTGCTCATGGGCAT
L ELLEU?PULVEKFQQV GGLI KU KT LNILUHETEEUHVTLTILMMGTI

CTGCCTGCTCTCCCCAGATCGTCCAGGTGTCCAAGACCATGCTCGTGTTGAGCAGCTCCAAGACCGTCTGCCGGAGGCGTTGCAGGCCTA
¢ L L S P DU RZPGV QDHARVYVEZ GQILUOQTDI RILUPEA ATILGQAY

CATCCGCATCAATCACCCAGGCGGACGCCTCCTCTACGCCAAGATGATCCAGAAACTGGCCGACCTGCGCAGCCTGAACGAGGAGCACTC
I R I NHPGGIRULILYAZ KMTIOQIZ KT LA ADT LU RS ST LNETEH S

CAAGCAGTACCGCTCGCTCTCCTTTCAGCCTGAGCACAGCATGCAGCTCACCCCGCTGGTGCTGGAGGTGTTCGGCAGCGAGGTGTCATA
K Q YR SL SF QP EHSMQLTUPILVILUZEVTF FUGSEUV S8 *

GCAGAGGAGGAGGCGAGTGTGTACACATGTACTCCCTCATCACACACAGGATGATTAACCAACCCTTACCACCTTTTTCCCCCAAGAARA
CCCTGCCTTGATACATCCCTGGACATGTGGGAGAAAGATGGATAATCACACAGATGGTAACATTCACCTCTTCATCATTGGCCCATTCTC
CTCCTCTTCCTCCTTACCTCAAGGAGCGATACTCAAATGCCTGGACCTCTGGATTTTTGGATTTATTACACCTGATGAGGCTTTGGATCT
CTGCAGCACTTTGACAGGCCTTGAAGACACAGTACAGCATCACATTTCATCACATCATGCAGCTGTTGTGATGTCTGGAACAGATTTGAC
ATCCAAAACCTCTCCACATCCACAAACTCCAGATTTGCCTTCTCTCATCACCACCTTTCTCCAGACATCACTTCTAGATCTCTGCCATAT
TTTTACAGTGGAGACAGCTTGATGGATGTGACCGTCACATCCTTTGGTTTAACCACCGTCTTTATAACATCACTTTAGGTTCACATCATC
AGCTCCATCGATTAACTACGCTGGCACTTGTGAGGGACAGTTACATTTCTAGCAGTGTGACTACACTTGTGTTACT TAGTTATAAACTAT
TATTGATTTACAGTTTGTTGACAGCAAATACATCCAAATATATTAAACATCAACATGATGATCTTACGTTAATGTATTTAGGGATGCACC
GATCCAACTTTGTCACTCCTGGTGCAGATATTGATACCTGGGCCTTGGTTATCGGCTGATAACGAGTATCAATCCAATATCAGTGTTGAA
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of the gene specific primers which amplify 524 bp and 729 bp frag-
ments of VDRa and b, respectively, are indicated in Figs. 1 and 2.
The primers gave a single PCR product of expected length only from
the corresponding plasmid. The PCR was carried out for 20 cycles;
cycling parameters were 95°C for 0.5 min, 60°C for 1 min, and 72°C
for 2 min. The conditions for PCR amplification of the flounder EF-1a
fragment (308 bp) were described previously (14).

RESULTS AND DISCUSSION
Cloning and Analysis of Flounder VDR cDNAs

We sequenced ten plasmid clones containing PCR
products from intestinal cDNA, which included two

41

TTAATAAGAGAACAAGCTCATTCTCAGCTGCAGAACCTTTTGGTGTAGCAAGAATAAAACACCTCCAAAATGAAAAAAAAAAAAAAAAA 2162

cDNA sequence and deduced amino acid sequence of flounder VDRa. The sites of paired primers used for RT-PCR in Fig. 6 are

kinds of fragments with high homology to tetrapod
VDRs. Since the PCR fragments contained approxi-
mately 70% of the coding sequence of VDR, the remain-
ing cDNA was sequenced by 5" and 3" RACE. Figures 1
and 2 show the nucleotide and deduced amino acid
sequences of the two cDNAs. The two cDNAs were
2429 and 2659 nucleotides long, respectively. These
cDNAs had highest homology with mouse and human
VDR cDNAs, respectively, in a FastA computer homol-
ogy search. So, we named the peptides coded by floun-
der VDR (fVDR) a and b, respectively. A possible ini-
tiation codon (ATG) was found at a position to give an
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AGAAAGGGGCGGTGCATAACAAAGAARAAGTAATGGCCATCTATTTAGGTCCTGAAGAAGGAGGGATATTTCTCGTCGGACTACCGTAGGT
GTGATAGAGTTTTTCTCCATGTTGGCGTTCGCCCGCCGCTGACAGACGGCCGCGTGCCACAGCGTCTCGGTCGGACCTGCGTTGCCCGCG
GTTCCGCAGGGCCGGTGAGTAAAGCTGCCTGAACTTGGGGCCGCGTTTTAGGGTTAAAGCAGCCACGCTAACGTTAGCTACTACCAGCGCT
GCTGCTGCTGCTGCGGGAGCCAGCGTCTGAAAAGGGCGGACGATTCTGACGCTTTCTCCGCCACAAGTCACATTTCTTTAGTTTTTTTTT
CGGGGAACAACAGCGTCCTCTCACTGTCCCCACAAGAAAAAAAAAGCTGAGGTCCCAGAGCTGGCCCAGACAACAACATGGAGGGGACAC
ACTTTGCGAGAGAATGAAGACGACGGCGGACGACGACTAAAGAGGATTACATGCAACTCGGGGAAAAGTTGAGCTGAGGATCAACAACTT
GGGATAAACTGAAGAGAGGTTTTCAAGTCTCACCTATTGTACAAGGGCATGCAAAAACCGCAGTGATGGAGCCCACGGTTGTGAGTACAT

M E P TV V 8 T 8§

CCTCTCTGGCCTCTGATGAGTTTGACAGGAATATGCCACGTATCTGCGGCATGTGCGGECGACAAAGCCACCGGATTCCACTTTAACGCCA
S L. ASDEVFDRDNMPRIZCGVCGDI KA ATU GTFHTFNA AM

TGACCTGTGAGGGCTGCAAGGGTTTTTTCAGGCGCAGTATGAAGCGCAAGGCCACCTTCACATGTCCTTTTAACGGCAGTTGCACCATCA
T ¢ E GG CKGPF F RRSMI KR RI KA ATV FTTZ CUPTFNUGSCTTIT

CCAAGGACAACAGGCGCCACTGCCAGGCATGCCGACTCAAGCGCTGTGTGGACATTGGCATGATGAGAGAGT TCATCCTGACAGACGAGG
K D NRRHCQACRT LI KT RZCYVYVDIGMMRPBRETFTITULTTDEE

AAGTGCAGAGGAAGAAGGACCTTATTCAGCGGAGGAAGGATGAGGAGGCCCAGCGCGAAGCCGAGAGAGAGGCACGCCGGCCCCGGCTCA
V Q R K KDIL I QRIRI KUDEEAOQIREA AEIREARIZRZPRIELT

CTGATGAGCAAAGTCAGGTCATTGCCATGCTGGTAGAGGCGCACCACAAGACATATGACGACTCCTACTCGGACTTCTGCCGCTTCAGGT
D EQ S QVIAMILVYVEAHHI KTV YDUDSY S DFCRYFRP

CTCCTGTGCGTGAGGGTCCAGTGACACGTAGTGCCAGCAGAGCTGCCTCTCTCCACTCTCTGTCTGATGCCTCTTCTGACTCCTTCAGTC
P VREGPV TR S ASI RAASTLH STLSUDA ASSUD STV F S H

ACTCTCCAGAATCAGTAGACACCAAAGTGAACTTCAACAACCTGCTTATGATGTACCAGGAGCAGGGCAGCAGCCCTGACTCCAGCGAGG
s P E S VDT XV VDNFNNILILMMYOQE- GQSGSS P D S S E E

AGGAGGGCTCCAGCTTCTCCATGCTGCCTCACCTGGCTGACCTGGTCTCCTACAGCATCCAGAAGGTCATAGCATTTGCCAAGATGATCC
E G S SF S ML P HULADILV S Y STIQ XKV I GFAIZ KMTIT?P

CTGGGTTTAGGGAGTTGACTGCAGAAGACCAGATTGCCCTGCTTAAGTCCAGTGCCATCGAGGTGATCATGCTGCGCTCAAATCAGAGCT
G F RELTA AEDI GQTIATLTLIZ KSSATIEVTIMILUZERSNZGQSTF

TCAACCTGGAAGACATGTCATGGAGCTGCGGTGCACCTGACTTTAAATACCAGATCAGTGATGTCACCAAAGCGGGCCACACTCTGGAGC
N L EDMS WS CGAPDV FI KYOQTISDUVTIXAGIHTTLETL

TGTTAGAGCCACTGGTGAAGTTCCAGGTGGGCCTGAAGAAGCTCAACCTGCAAGAGGAGGAACATGTGATGCTGATGGCCATCTGTTTGC
L EPLVKF (QV LI XZ KU LNILOQETEZEHVMILMATITZCGCTLTL

TTTCTCCAGACCGCCCAGGTGTGCAGGATCATGCACGGATCGAAGCCCTCCAAGACCGCCTGTCGGAGACCCTGCAGGCCTACATCCAGC
S PDRP GV QDHARTIEATLU QDI RILSETTULZGOQA AZYTIOQTL

TTCATCACCCGGGGGGECEGCTGCTCTACGCCAAGATGATCCAGAAGCTGGCTGACCTGCGCAGCCTCAACGAGGAGCACTCCARGCAGT
H ¥ P GGRULILYAZ KMTIO QI KXKTLADTZ LR SILNETEUHS ST KAQ QY

ATCGCTCGCTCTCCTTCCGGCCAGAGCACAGCATGCAGCTCACCCCACTGGTGCTGGAAGTGTCCGGAAGCGAAGTGTCCTAGAGGCCTG
R S L 8 FRP EHSMOQLTU?PULVULEVSGSEV S *

CCTGGATCAAACCTCCGAGGAGAAGCTGGAGACGAGACCCCTGGGGGTAAAAAAATGGAGCGGAGGGAGCTGAGAATGTGCTGACTGGACT
AAATGGAGGTGTGGAGGGGGAGTGTGAGTGTGTGCATGTGTTGGCTCTTGGETGTGTGGTTTCATGTGTGTGTGTCATGTCTAAAGAAGT
CTCTCTTGGTGTAAAGGCCAAGGTTGTGTGGAGAGCGAGCAGGTGTTAAGAGACTCAGTAAACAAGGGACCTTCATATAATACAAATGAR
TCTATACATACAACTTCTGCCTATATACAATATTTTTGTCTGTATATAAAAATCAACAAACAGCTGCTTCARATGCCAGGACATTAAGTG
TGCACATGCCGTGCACACACCACCACAACAAACATAACTCAGTTATTCATCTAGCCATTCAGTTGAGCTACCTCTTGGTTTTACTGGGGT
TGTTTTATATCACCTATGTGAAACAGTAAACAGAAACTTTTACATGGAGCAATTTAGATACAGTACAGAAGACATTTCATTTTATCAGTG
CAAAAGCAGTGCCTGCACATTACTTTGACATTTTTGGATGT TTTCAGAAGAAAAAAGTATATATATATAAATATATATCTGTATTTTGTT
TTTCATTTGCTTTTCTCAAAGGGCAGCATATGTAAATGACTCTGTATACAATTCAAACACATGCCTTTCACCTTTCACCAAAGGTATGAT
TAACTACTTTCTCAACAAAAGCTTACATTACCTAAAAAAAAAAAAAAAA 2055

FIG. 2.
underlined.

open reading frame of 1263 bp for f¥YDRa and 1278 bp
for fVDRb. The deduced sequences of f¥DRa and b, 420
and 425 amino acids long, respectively, were aligned
with tetrapod VDRs (Fig. 3). With human, mouse, rat
(r), quail, and Xenopus VDRs, fVDRa shares 72%, 71%,
71%, 69%, and 71% identity, and fVDRb shares 70%,
69%, 69%, 67%, and 68% identity, respectively. fVDRa
and b had 92% and 88% identity with hVDR at the
DBD, 74% and 73% identity at the LBD, and 49% and

42

cDNA sequence and deduced amino acid sequence of fVDRb. The sites of the paired primers used for RT-PCR in Fig. 6 are

48% at the hinge region (HR), respectively. Thus, the
identity between fVDRs and hVDR is particularly high
at the DBD and LBD. The eight cysteine residues es-
sential for Zn finger formation in the DBD are con-
served in fVDRa and b. It is indicated that R274, C288,
C337, E395, H397, and K399 in the LBD of hVDR are
important for high affinity binding of 1,25(0OH),D; (15—
17). VDR forms a heterodimer with RXR, and R391,
F244, K246, L254, Q259, and L262 are essential for the
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*

FIG. 3. Alignment of flounder VDRs with human, mouse, rat, quail, and Xenopus VDRs. The amino acid residues conserved with human
VDR are shaded. +; cysteine residues critical for Zn finger formation. *; amino acids important for high affinity binding of 1,25(0H),D;. #;

amino acids important for heterodimalization with RXR.

heterodimerization in hVDR (18, 19). These residues
essential for ligand specificity and heterodimerization
are conserved in both fVYDRa and b. The sequential
data support that both peptides coded by cloned cDNAs
are VDRs of this teleost. The peptide sequences of
fVDRa and b were compared (Fig. 4). The overall iden-

43

tity between fVDRa and b was 86%. The identity at
each domain was 91% at the DBD, 88% at the LBD,
and 80% at the HR. The identity of the nucleotide
sequence was 81% at the ORF. Multiple isoforms of
rVDR are formed by alternative splicing (20). Because
the sequences of the 5" and 3’ untranslated regions of
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FIG. 4. Comparison of amino acid sequence between fVDRa and b. The amino acid residues conserved between two proteins are shaded.

fVDRa and b are different, it is apparent that fVDRa
and b are not products of alternative splicing from a
single gene.

We located fVDRa and b in an evolutionary tree of
VDRs and some closely related members of the nu-
clear receptor superfamily (Fig. 5). fVYDRa and b are
related more closely to each other than other mole-
cules, and included in a cluster composed of VDRs.
Their positions among the VDRs well correspond
with the evolutional position of fish in the verte-
brates. Thus, in terms of molecular evolution, it is
also reasonable to conclude that both fVDRa and b
belong to the VDR family. Recently, cluster analyses
of Hox genes of zebrafish and pufferfish revealed
additional independent whole genome duplication in
the ray-finned fish phylogeny (21). As for the nuclear

receptor superfamily, additional duplication can be
seen in RAR and RXR of zebrafish (22). The genome
duplication unique to ray-finned fish may explain the
existence of two subtypes of VDR in flounder. The
evolutionary tree also supports the independent du-
plication of VDR in flounder.

Tissue Expression of fVDRa and b

The tissue expression of two fVDRs was examined by
RT-PCR (Fig. 6). Equal levels of mMRNA expression of
fVDRb were detected in the Kidney, intestine, heart,
testis, ovary, brain, gill, vertebra, and fin. Weaker sig-
nals of expression were detected also in the liver and
muscle. Thus, fYDRa mRNA expression was detected
in all the tissues examined.

Bovine VDR

_|
_E

Human VDR

Mouse VDR

Rat VDR

Quail VDR

Xenopus VDR

Flounder VDRa

T

Flounder VDRDb

Xenopus ONR

Human ONR

Human NER

Flounder THR-b

FIG. 5. Evolutionary tree of VDRs, some members of ONR and THR-B. This evolutionary tree was made by the UPGMA method using
Genetic Information Processing Software (Software Development, Tokyo). VDRs; human (J03258), bovine (U50200), mouse (D31969), rat
(J04147), quail (U12641), Xenopus (U91846). ONR; human (Z30425), Xenopus (X75163). Flounder THR-B (D45245). NER; human (U07132).
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FIG. 6. RT-PCR analysis of tissue expression of fVDRa and b.
Lane 1, liver; 2, kidney; 3, intestine; 4, heart; 5, testis; 6, ovary; 7,
brain; 8, gill; 9, muscle; 10, vertebra; 11, fin. EF-1a serves as an
internal control for the amount of RNA used.

The expression of fVYDRa mRNA was relatively
strong in the intestine, heart, testis, and gill. Weaker
expression could be detected in the kidney, ovary,
brain, vertebra, and fin. Unlike fVDRa, fVDRb
MRNA could not be detected in liver and muscle.
Thus, both subtypes of fVDR are expressed in vari-
ous tissues, as demonstrated in Xenopus VDR (Li et
al., 1997). However, because some tissues, such as
muscle, vertebra and fin, have lower expression lev-
els of fVDRa, it is possible that the expressions of
fVDRa and b are controlled by different transcrip-
tional systems. To discriminate the function of
fVDRa and b, one has to reveal their genome struc-
ture and mRNA expression pattern, particularly in
the early life stage of flounder.
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