and enjoyed sceing many friends and
colleagues. I enjoyed the seminar, too,
with the opportunity to meet so many
colleagues, and younger people. The
Laboratory of Structure-Function
Biochemistry in Kyushu University has a
good community of graduate students,
and I was especially impressed with the
quality of training I saw among them.

I was particularly interested to hear
about the endocrine disrupter projects,
which will be very important, and which I
hope may be applied to the Drosophila
steroid receptor superfamily. It would
be important to develop new ligands and
inhibitors for specific receptor isoforms,
both for experimental purposes and for
control of insect populations. The study
to utilize the antibody appears excellent
and the idea to detect quantitatively the
ligand—induéed receptor conformation
change is doubtless and definitely
promising. The antibody is well known
as a protein that has the strict molecular
recognition sites in a molecule. There is
currently much debate over the health
risk associated with the estrogenic
activity of compounds that are either
present in the environment or used
industrially. Therefore, an urgent need
has been recognized to establish validated
screening methods to test hormonal
activities of chemicals. The assay to use
antibody would become absolutely a
method to assess the hormonal activity of
chemicals.

During a relatively short period of
my visit this time, we have continuously
discussed such projects as expression of
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CLOCK and CYCLE proteins and their
use for risk assessment, cDNA cloning of
FMRFamide peptide gene and its
receptor in the housefly Musca domestica,
and procedures to make slices for
observation on microscopes. A
successful expression of CYCLE and its
biochemical analyses on SPR are
tremendous progress and important for
future analysis of similar nuclear
receptors. CLOCK could be obtained
similarly, though we reached a conclusion
to try a preparation of the domain with a
similar size of CYCLE. It is inherent to
remember the importance of
microscopically observations of such
receptors perhaps including some steroid
receptors like ecdysone receptor.
Another important progress is, of course,
a successful cloning of a series of
FMRFamide peptide and receptor genes.
The expression of FMRFamide receptor
in animal cells, for example in the COS-7
cells, would allow the binding assay of
endocrine disrupters and this would a
nice initiation to set an assay system for
Drosophila central nervous system to
examine neural risk assessment of
chemicals.

Exchange the techniques and the
ideas is always a carrier of good luck for
on-going research projects especially in
clevation of experimental stills. The
system there to prepare poly- and
monoclonal antibodies is confidently
powerful for both of our laboratories in
Japan and Canada and I am especially
hopeful to continue a collaborative
cooperation. Collectively, I am
confident to prove a fruitful result from



the reward of this time visit to Japan,
Kyushu University.
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Meinertzhagen, TIHZEH., THEEZE.
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— LIRSS A 24 M AR CHRRIRTET
Do

@ B$RTRAMHBFTIENADRE
Aaarlayizo 3 REDI L,
LYk EhzfE Canton S IZOWT, £
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TOEREED TP LEEOT, EKD
OB, chooEEHO—£2BELTO
EEIEPFEL L TWBON, H BN,
SRREAEAE A S P~ DR E S RO E 2Bk
BRI STeONERET DI ENTERY,
EREOREIREA LM T 2D DFHTE
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Abstract

Developmental exposure to 17B-estradiol (E,) induced the death of embryos and fry, malformations, sex reversal, and tncomplete
ossification of vertebrae and cranial bones in the cyprinodont fish, the mummichog (Fundulus heteroclitus). To clarify the
mechanism by which exogenous estrogens caused these developmental effects, we determined the sequence of an estrogen receptor
(ER) coding region, encoded by 620 amino acid residues. This region shared 80% identity to that of ERa of medaka (Oryzias
latipes). Northern blot analysis showed that two ER« mRNAs with 5.5 and 4 kb were expressed in the livet. These mRNAs were
strongly induced by E, stimulation. The 4 kb mRNA was expressed 8 h after treatment, whereas the 5.5 kb mRNA was not induced
until 12 b after E; stimulation. Vitellogenin (VTG) was expressed 8 h after E; stimulation in the male liver. Receptor binding assays
using the protein of F. heteraclitus ER¢ (fhERq) ligand binding domain showed that alkylphenols bind to fhER« with a higher
affinity (50 times or more) as compared with the human ERa. The present results demonstrate that the fhERa has a sequence very
similar to that of medaka, and the mRNA for this receptor was induced by Es-stimulation, followed subsequently by VTG
expression. Furthermore, alkylphenols bind to fhER« more efficiently than to human ERa.
© 2003 Elsevier Science Ireland Ltd. All rights reserved.

Keywords: Estrogen receptor o; Cloning; Receptor binding assay; Vitellogenin; Fundutus heterockitus

1. Introduction receptor (ER) found in various wildlife, humans and

various celi lines (Guzelian, 1982; Gray et al,, 1989; Soto

Many chemicals released into the environment have
been reported to have the potential to disrupt the
endocrine system of wildlife and humans (Colborn and
Clement, 1992; Guillette et al., 1995; Guillette, 2000,
McLachlan, 2001). Mangy of these chemicals have
estrogenic activities as they can bind to the estrogen

* Corresponding author. Tel.: +81-564-59-5235; fax: 4-81-564-59-
5236.
E-mail address: taisen@nibb.acjp (T. Iguchi).

et al, 1991; White et al,, 1994; Flouriot et al., 1995;
Guillette, 2000). Many chemicals released into aquatic
environment have been suspected to play a causative
role in alterations of endocrine and sexual development
in aquatic wildfife (Guillette et al.,, 1993; Crain and
Guillette, 1998; Van Der Kraak et al., 2001}, In order to
establish a model for analyzing the possible influence of
estrogenic compounds on marine fish, effects of 17-
estradiol (Ez) on the development of mummichog was
examined. We found that exogenous estrogen induced

0303-7207/03/8 - see front matter € 2003 Elsevier Science Ireland Ltd. All rights reserved.

doi:10.1016/50303-7207(03)001 18-7
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death of embryos and fry, malformations, sex reversal,
and incomplete ossification of vertebrae and cranial
bones (Urushitani et al., 1997, 2002).

In vertebrates, steroid hormone actions are mediated
by specific receptors. The ER is a member of the steroid/
thyroid hormone receptor superfamily of ligand-acti-
vated transcription factors (Evans, 1988; Beato, 1989;
Beato et al,, 1995; Truss and Beato, 1993; Laudet, 1997).
Recently, two types of ERs (ERa and ERB) have been
identified by cloning of ER complementary DNA
(cDNA) in various vertebrates (Green et al., 1986; Krust
et al, 1986; Koike et al., 1987; Weiler et al, 1987;
Pakdel et al., 1990; Mosselman et al., 1996; Kuiper et al.,
1996; Todo et al,, 1996; Tremblay et al., 1997; Xia et al.,
1999; Tchoudakova et al., 1999; Socorro et al., 2000;
Menuet et al.,, 2002). ER proteins arc divided into six
domains, termed A to F from the amino to carboxyl
terminus (Krust et al., 1986). The A/B domain at the N-
terminal region of ER protein has been demonstrated to
contain a ligand-independent transcriptional activation
function (AF-1) (Tora et al.,, 1989; Beato et al., 1995).
The C domain (DNA-binding domain) lying in the
middle region is most highly conserved among species,
and regulates various target genes by binding to an
estrogen response element (ERE) (Kumar et al,, 1987).
The D domain (hinge region) acts as a flexible hinge
between the C and E domains. The E domain (ligand
binding domain (LBD) is important for ligand-binding,
dimerization and ligand-dependent transcriptional acti-
vation function (ATF-2) (Daniclian et al., 1992). In
oviparous vertebrates, one of the target genes for
estrogens is the hepatic ER that in turn induces the
transcription of vitellogenin (VTG), a precursor of yolk
protein. VTG synthesis is stimulated by natural estro-
gens from the ovary. Exogenous estrogenic chemicals
also stimulate the liver of male fish, resulting in VTG
synthesis.

In contrast to its normal functions, exposure to
estrogens during embryonic development can have
major disruptive effects. Fish fry or embryos exposed
to exogenous estrogens show abnormal gonads, altera-
tions in sex stercid hormone levels, and or sex reversal
(Nakamura, 1984; Crain et al.,, 1997; Guillette et al.,
1999; Willingham and Crews, 1999). ER is present at
early developmental stages in mouse embryos, even ag
early as the two-cell stage (Gorski and Hou, 1995). In
Xenopus laevis embryos, ER mRNAs are also present in
unfertilized eggs, and expression patterns of ER
mRNAs change throughout the developmental stages
and following E,-treatment (Nishimura et al,, 1997).
These results suggest that exogenous estrogenic xeno-
biotics could directly affect early embryonic develop-
ment of many species.

In order to clarify the developmental effects of
exogenous estrogenic chemicals on fish embryos, we
need to further understand the relationship between the

ER from fish and suspected environmental estrogens,
We, therefore, determined the sequence of the Fundulus
heteroclitus estrogen receptor a (fhERo) and compared
the binding affinities of various estrogenic chemicals
with the LBD of the fhER .

2. Materials and methods
2.1. Animals

Mummichog was maintained under natural condition
as previously described (see Urushitani et al., 2002).
Mummichog (Arasaki Strain) originating from Chesa-
peake Bay (USA) were introduced to the National
Research Institute of Fisheries Science (Yokosuka,
Kanagawa, Japan} from the Ocean Resecarch Institute
of the University of Tokyo (Tokyo, Japan) in 1985.
These fish, which maintained under Natural condition,
spawn eggs daily from April through August (Shimizu,
1997). Mature male and female fish were given an intra
peritoneal injection of 17B-estradiol (E,) (0.01 mglg
body weight) dissolved in sesame oil. Fish were killed
before injections began (time 0) and 2, 4, 6, 8, 12 and 24
h after injection; the liver was removed from all fish.
Tissues were frozen in liquid nitrogen and stored at
—80°C for RNA isolation. Materials otherwisc men-
tioned were purchased from Wako Pure Chemical,
Osaka, Japan,

2.2. RNA isolation

Total RNA was isolated from liver and ovary using a
RNeasy total RNA isolation kit (QIAGEN, Chats-
worth, CA) according to the manufacturer’s protocol.
The concentrations and quality of isolated RNA were
estimated by spectrophotometric measurement at 260
nm and checked by formaldehyde gel electrophoresis,
then stored at — 80 °C until used. Total RNAs were used
for Northern blot analysis and reverse transcription-
polymerase chain reaction (RT-PCR). Each RNA
samples for RT-PCR wete treated with ribonuclease-
free deoxyribonuclease I (Nippongene, Tokyo, Japan).

2.3. Reverse transcription-polymerase chain reaction
{RT-PCR) amplification and complementary DNA
(eDNA) cloning

RT-PCR was performed using a Takara RNA PCR
kit (Takara, Ohtsu, Japan) according to the manufac-
turer’s protoco! with minor modifications. Total RNA
(1 pg/100 pl of PCR reaction) from female liver was
reverse transcribed with Avian Myeloblastomas Virus
(AMY) reverse transcriptase and oligo(dT);,_,5 (Gibco-
BRL, Gland Island, NY) at 42 °C for 50 min, and PCR
was subsequently performed with the Program Temp
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Control System PC-700 (ASTEC, Fukuoka, Japan) with
the following profile: 30 s at 94 °C, 1 min at 54 °C, 2 min
at 72 °C; 30 cycles. Finally the reaction mixtures were
kept at 72 °C for 10 min to achieve complete extension.
Primers were also kept at 72 °C for 10 min to achieve
complete extension. Primers were designed according to
the Oryzias sp. ER (D28954) (see Table 1).

Major RT-PCR products resolved on a low melting
point agarose gel, NuSieve GTG (FMC BioProducts,
Rockland, ME), were purified by the standard phenol
extraction method. Purified RT-PCR products were
ligated to the TA cloning site of the pCR II vector
using the TA Cloning Kit Dual Promoter (Invitrogen,
San Diego, CA), and then transfected into INVaF cells
(Invitrogen).

Nucleotide sequence analysis was performed by the
dideoxy chain terminating method using the Sequi-
Thern Long-Read Cycle Sequencing Kit-LC (Epicentre
Technologies, Madison, WI) according to the manufac-
ture’s protocol. The reaction was carried out by cycling
the reactions 30 times for 30 s at 95 °C, 30 s at 60 °C and
1 min at 70 °C with Program Temp Control System PC-
700 (ASTEC), then heat-denatured products were
separated on a poly acrylamidefurea gel using DNA
Sequencer Model 400l (LI-COR, Lincoln, NE). The
sequence alignments and phylogenctic trees were carried
out using GENE WORKS software (Oxford Molecular
Group, Campbell, CA) containing the CLUSTAL Vv
computer program for multiple sequence alignment
and construction of phylogenetic tree. The computer
program constructs phylogenetic trees according to the
UPGMA method.

2.4. Digoxigenin (DIG)-dUTP labeled probe synthesis

DIG-dUTP labeled probe synthesis was performed
using a PCR DIG Probe Synthesis Kit (Roche Diag-
nostics, Basel, Switzerland) according to the manufac-
turer’s protocol. Cloned plasmid DNA (Primer No. ER-
I and ER-2; 100 pg/50 ul of PCR reaction) was used as
the template DNA. After heat-denaturation (4 min at

Table 1
PCR primers for the cloning of fhER mRNA

Name Position of 5’ residues Sequences (5'-3)

ER-1 709-729 CITCAAGAGGAGCATCCAGG
ER-2 1542-1562 CCGACGCTCTCATACATCAT
ER-3 1010-1030 TCTGTGACCAGCATACCTCC

ER-4 1708-1730 CCTCCTACTGGAGATGCTCGAT

ER-5 799-821 GGCTTGTCGTCTITAGGAAGTGC
ER-6 1101-1123 CCTACACCGAGGTCACCATGAT
ER-7 133-153 ACTCAGATCCAGGATCAGCC
ER-8 752-772 GCGACCAATCAGTGCACTAT

*Numbers of besides the primer sequences indicated the most 5"-end
nucleotide of the primer corresponding to the sequence for which the
GenBank accession number (Oryzias sp. ER: D28954) is given.

95 °C) of the template DNA, PCR was carried out by
cycling the reactions 30 times for 45 s at 94 °C, 1 min at
56 °C and 2 min at 72 °C with Program Temp Control
System PC-700 (ASTEC). Finally the reaction mixtures
were kept at 72 °C for 10 min to achieve complete
extension.

2.5. Construction of a cDNA lLibrary

Poly(A)* RNA was prepared total RNA from female
liver using Oligotex-dT30 super (Takara) according to
the manufacturer’s protocol. cDNA was synthesized
from 5 pg of poly(A)* RNA with oligo (dT)18-X#ol
linker primer as a primer using SuperScript IT RNase
H™ reverse transcriptase (Gibco-BRL), followed by
addition of EcoRI adaptor according to the manufac-
turer’s protocol. The cDNA was ligated into EcoRI and
Xhol restriction sites of lamda ZAP II vector (Strata-
gene, La Jolla, CA) and then packaged at 22°Cfor2h
using Gigapack Il GOLD phage extract (Stratagene),

For screening of the ¢cDNA library, approximately
5 x 10° plaques were screened by plaque hybridization
with a DIG-dUTP labeled ¢<DNA probe prepared by the
manufacturer’s protocol. Hybridization was carried out
in a solution containing 5 x SSC, 1% blocking reagent
(Roche Diagnostics), 0.1% sodium N-lauroylsarcosine,
0.02% SDS and the probe (10 ng/ml) at 50 °C overnight.
The membranes were washed with 2 x 85C-0,1% SDS
at room temperature and 0.1 x SSC-0.1% SDS at 65 °C
for 15 min twice, and then positive clones were detected
immunologically with anti-DIG-AP and nitro blue
tetrazolium and 5-bromo-4-chloro-3-indolyl-phosphate
{Roche Molecular Biochemicals, Indianapolis, IN) ac-
cording to the manufacturer’s protocol. Two cDNA
clones, 4-1 and 12-2, were chosen, subcloned into
plasmids and sequenced.

2.6. Northern blot analysis

Poly(A)* RNA was isolated from total RNA of
control and E;-stimulated male liver using Oligotex-
dT30 super (Takara) according to the manufacturer’s
protocol. Poly{A)* RNA (1 or 0.5 pg) was denatured in
1 x 3-(N-morpholino) propanesulfonic acid (MOPS)
loading buffer (0.04 M MOPS, 0.01 mM sodiurn acetate,
1 mM EDTA), 2.2 M formaldehyde, 50% formamide by
heating at 65 °C for 10 min and electrophoresed in 2.2
M formaldehyde—1.0% agarose gel. After electrophor-
esis, the RNA was transferred to a nylon membrane,
Hybond-N+ (Amersham Pharmacia Biotech, Buckin-
ghamshire, UK) by capillary blot with 10 x SSC (0.15M
NaCl, 15 mM sodium citrate) and was cross-linked to
the membrane by UV irradiation. These membranes
were hybridized with DIG-dUTP labeled probes (10 ng/
ml) at 50°C in 5§ xSSC, 50 mM sodium phosphate
buffer (pH 7.0), 50% formamide, 2% blocking reagent
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(Roche Molecular Biochemicals), 0.1% sodium N-laur-
oyl sarcosinate and 7% SDS. They were washed to a
final stringency of 0.1 x S8C, 0.1% SDS at 65 °C, Then
detected immunologically with anti-DIG-AP and CDP-
Star (Roche Molecular Biochemicals) according to the
manufacturer’s protocol. These signals were exposed to
X-ray film, X-OMAT AR (Kodak, Rochester, NY).
After detection, these membranes were stripped at 68 °C
in 1% SDS, 50 mM Tris-HCl (pH 8.0) and 50%
formamide, and then were hybridized again,

2.6.1. Chemicals

4-t-Octylphenol, benzophenone, di-n-butyl phthalate,
dicyclohexyl phthalate, di-2-ethylhexyl phthalate, octa-
chlorostyrene, and tributyltin chloride were obtained
from Wako Pure Chemical Industries. 4-Nonylphenol
was purchased from Tokyo Chemical Industry Co., Ltd.

(Tokyo, Japan).

2.6.2. Construction of receptor expression plasmid and
expression of the fusion protein

The LBD of fhER« was ligated with the prokaryotic
expression vector pGEX-4T1 (Amersham Pharmacia
Biotech) in BarmH 1 and Not I sites. Escherichia coli
DHS5a transformed with the expression plasmid was
cultured in 250 ml of L-broth containing 50 pgfml of
ampicillin and protein expression was induced in the
presence of isopropyl 1-thio-B-p-galactoside. The cells
were harvested by centrifugation and resuspended in 4
ml of 50 mM Tris—-HC! (pH 8.0) containing 50 mM
NaCl, 1 mM EDTA, and 1 mM DTT. After sonication
and centrifugation, a soluble fraction was loaded to the
affinity resin, Glutathione-Sepharose 4B (Amarsham
Pharmacia Biotech). After incubation for 30 min at
4 °C, the resin was washed three times with phosphate
buffered saline containing 0.5% (v/v) Triton X-100
(PBST) and the fusion protein was eluted with PBST
containing 16 mM of reduced glutathione.

2.6.3. Receptor binding assay

The receptor binding assay was carried out as
reported previously (Nakai et al., 1999). A solution (10
pb) of recombinant fhER« LBD fusion protein was
dissolved in Tris—HCI (pH 7.4, 70 pb) containing 1 mM
EDTA, 1 mM EGTA, 1 mM NaV0,, 10% glycerol, 10
mg/ml bovine serum albumin, 0.5 mM phenylmethyl-
sulfonyl fluoride, and 0.2 mM leupeptin. After a test
solution (10 pl) of various concentration (1 x 10~%-1 x
10" M) and 5 nM [2,4,6,7,16,17-*H] 17p-estradiol (10
pl) were added, the solution was incubated for 1 h at
25°C. Free radiolabelled ligand was removed by in-
cubation with 0.2% activated charcoal' and 0.02%
dextran in PBS (pH 7.4) for 10 min at 4°C and
centrifugation for 10 min at 15000 rpm. The residual
radioactivity of radioligand bound to the receptor was
measured by liquid scintillation counting. The receptor

binding assay was repeated three times and data were
analyzed by the computer program GRAPHPAD FRISM
Ver. 3 (GraphPad Software, Inc.).

3. Results
3.1. Screening of the cDNA library

Using RT-PCR, one PCR product (ca. 850 base pairs)
was isolated, cloned and sequenced. The nucleotide
sequences of this clone indicated high homology with
medaka ERa (data not shown). This PCR product was
used to screen the cDNA library made from the liver of
a mature female mummichog. Two positive cDNA
clones, clone 4-1 and 12-2, were obtained. These
fragments containing about 2000 nucleotides were
cloned, and found to encoded 620 amino acid residues
(Fig. 1) (DDBJ/EMBL/GenBank accession number
AB097197).

3.2. Sequence homology with other species’ ERs

Te infer a phylogeny of ER subtypes, the deduced
amino acid sequence of fhER ¢DNA was compared with
other species’ ERs (human, mouse rat, chicken, X
laevis, channel catfish, goldfish, tilapia, red sea bream,
gilthcad seabream, rainbow trout, medaka, Atlantic
croaker and Japamese eel) (Fig. 2). As previously
reported, the analysis indicates that there are two major
groups of ERs: ERa and ERf clusters. The ERe and
ERB clusters shared about 45-80 and 40-43%, respec-
tively, the overall identity of their amino acid residues
when compared with fhER. The fhER shared about 80,
74 and 72% overall identity to amino acid residues of
medaka (Oryzias latipes) ERa, tilapia (Oreochromis
aureus) type | ER and red seabream (Chrysophirus)
ERa, respectively,

The deduced amino acid residues of fhER contained a
highly conserved region (Fig. 3). Using the nomencla-
ture for domain structure by Krust et al. (1986), the
DNA binding domain (C domain) and LBD (E domain)
showed high homology with other ERs. The homology
with the C domain of medaka ER is 95%, and it is
conserved among other species’ ER, exhibiting 90%
homology. In the C domain of the fhER, two zinc finger
motifs with eight cysteine residues were conserved. The
homology with the E domain of the medaka ER was
most conserved (92%).

3.3. Northern blot analysis

Northern blot analysis showed that two ER mRNA
transcripts of 5.5 and 4 kb were expressed in male and
female liver (Fig. 4). Northern blot analysis of time
course showed that the both mRNA transcripts were
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GCCCGAGGATGATTCATGTATAAAGGGCAGAACCCGGTGCAGAGCAAGGAGGCGTTCGGACCEGEGCTCAGALCE
M Y K G N PV QS KEAFGEP ALT RSYP
AGGTTAAGCCCAGCCTCCTCAGAGCTGGAGACCCTCTCCCCGCCACGTCTCLCACCETCACCCCGTGCCTCCCTC
R LSPASSETLTETLSPPRLPPSPRASTS.L
GGTGACATGTACCCTGAAGAGAGCCGGGGCTCTGGAGGGETAGCTGCTGTGGACTTCCTGGAAGGGAL GTACGAC
G DMYPETETSTRGSGGV AAVDELETGTTYOD
TATGCCACCCCCACCCCTGCCCCAACGCCTCTTTACAGCCACTCTACCACTGGCTACTACTCTGCTCCTCTGGAC
Y ATPTPAPTPLYSHSTTG GYJYSAPTLTOUD
GCCCAGGGACCGCCGTCTGATGGCAGTCTTCATTCTCTGGGGAGTGGGCCGACCAGTCCTCTCGTGTTTATGCEE
A Q GPP SDGSLHSILGSGPTSPLVEFVYTFP
ACCAGCCCGAGGCTCAGECTCTTTATGCACGCT CCGAGCCAACACTATCTGGAAACTGCCTCAACGCCGGTTTAC
T SPRLSULFMUHAPS HYLETA ASTTPUVY
AGATCCAGTCACCAGCCGGCCTCCAGAGAGGACCAGTGTGACACCCGTGACGAGGCATGCAGCGTGEGGGAGCTG
R S S H P ASREUDO QCDTRDTE BATCTSVGE./L
GGCOCTGEAGCCGGEGLTGGAGCCGCAGCCGEGEGATTTGAGATGGCCARAGAGACGCGCTTCTGTGCTGTGTGE
G A G A GAGAAAGGTFEMAKTETRTFERa2rvI
AGCGACTATGCCTCCGGGTACCACTACGGGGTGTGETCCTGCGAGEGCTGCAAGGCCTTCTTCAAGAGGAGCATT
S O Y A S GY HY GV W SEKEESG G K A F F KRGS I
CAGGGTCACAATGACTATATGTGCCCAGCGACAAATCAGTGTACTATTGACAGGAACAGGAGGAAGAGCTGCCAG
Q GHNDYHM P ATNOQER T Io0orNRREKS SIE®SQ
GCTTGCCOTCTTAGGAAGTGCTATGAAGTTGGAATGATGAAAGGAGGT GTGCGCARAGAGCGCGGTCGCGTTCTS
AORLREKCY EV GMMEKGGVYRKTETRTGEGR RYL
CGGCGCGACAAACGACGGACGGCCATCAGTGACAGAGAARAGGCCGTCARAGGCCTGGAGCCCARAACGTCALCT
R RDKRRTA ATISGDR RTETKA AVYEKG GCGLTETPTKTTSS?P
CATCAGGACAAGAGGAAACGCGGCAGEGLCCTCGGAGEGGACAGATCTTCAGTGGCCAGCCTGCCGTCTGAGCAG
H QDK®REKR RGS ALTGEGG GDT RS SSVYASLTPSTEQ
GTTCTGCTCCTCTTCCAAGGCGCTGAACCGCCGATACTCTGTTCCCGTCAAMAACTTAGCCGACCCTACACCGAG
vV LLLFQGATEPTPTILCSROQKTLSTRPTYTETE
GTCACCATGATGACCCTGCTCACCAGCATGGCCGACAAGGAGCTEGTCCACATGATCGCCTGGGCARAGAAGCTC
Y TM M TLLTS MMADTEKTETLVYTHMTIA AN NALTEKTK.L
CCAGGTTTTCTGCAACTCGCCCTCCACGACCAGGTCCTCCTCCTGGAGAGTTCATGGCTGGAGGTGCTGATGATC
P GFLQLATLTHTE V L LLEGSTS®¥LEVTLMI
GGGCTAATCTGGAGGTCTATCCACTGCCCTGGAAAGCTCATCTTCGCACAGGACCTGATACTGGACAGGAACGAA
& LI ®RSTIHCEPGE KLTIFAQODTLTITLTDTRNE
GGGGACTGCGTTGAAGGCATGACGGAGATCTTCGACATGCTGCTGGCCACCGCTTCCCGCTTCCGCATGCTCAAG
6 0D CY EGMTETTFTD DMLLATA ASR RETRMILEK
CTCAAACCCGAGGAATTTETCTGECTTAAAGCTATTATCCTGCTCAACTCTGGLGCCTTTTCTITCTGCACCGGE
L KPEEFVY CLKATITILTLNTSTGATFSTFTC CTSG®G
ACAATGGAGCCCCTTCACGACAGCGTGGCCGTACAGAACATGCTGGACACCATCACCGACGCTCTCATACATCAT
T K EP LHDGSV AV QHNMLTDTTITODATLTITHH
ATCAGCCAATCAGGATTCTCGGTTCAGCAGCAGGCGAGACGGCAGGCCCAGCTGCTECTACTGCTCTCCCACATC
I S QS G F S5 V AR R Q A L LLLLSHSTZ
CGGCACATGAGCAACAAAGGCATGGAGCACCTCTACAGCATGAAATGCAAGAACAAAGTGCCTCTGTACGACCTG
R H M SHNEKTGMETHTLYSHMETCECTEKTHEKVYPLTYUDL
CTGCTGGAGATGCTTGACGCTCACCGC CACCACCCAGTCAAACCGTCTCAGGACGGAAAAAGCCCCCCCTCCACE
L LEMLTDATHTERTHHTPVYVKEPS D G KSPP S T
AGCAGCTTTGGCOCCOGCTETGAAGGCEGCTCCTCCTCGGCGEGTTCCAGCTCAGGACCCCGAGGCAGCGGCGAC
S S F GAGC CETG®GSSSAGSSSGPRGSGD
AACCTGATGAGAATCCCCTCGGCTCCAGGCGTCCTGCAGTACGGAGGETCCCGCTCGGACTGTGCCCAGGTCCTG
Nt MRIPSAPGVL Y 6 G SR SDCAG QV L
TCAGTCGGAGGCCTGAACGTCATTTTTATGAATGAGCACATGCAGTTTAAAAAAAAAAAAAAAAAR
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Fig. 1. The nucleotide and deduced amino acid sequence of the clone 12-2. The numbers on the right refer to the nucleotide and amino acid
sequences. The eight cysteine residues within zine-finger motifs in C domain are boxed.

expressed at 0 h following treatment of males with
exogenous estrogen (Fig. 5). Then, only 4 kb transcript
was ¢xpressed from 2 to 8'h after E;-stimulation. The 5.5
kb transcript was observed from 12 h, and seemed to be
expressed strongly at 24 h after E, stimulation, VTG
mRNA expression was observed from 8 h after E,
stimulation. It seemed to be expressed strongly 24 h
after E;-stimulation.

3.4. Receptor binding assay

FhERa binding affinities to 4-f-octylphenol, 4-non-
ylphenol, benzophenone, di-n-butyl phthalate, dicyclo-
hexyl phthalate, di-2-ethylhexyl phthalate,
octachlorostyrene, and tributyltin chloride were mea-
sured. The chemicals were tested as they were designated
priority substances for risk assessments by the Japanese
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Fig. 2. Phylogenetic anzlysis of ER amino acid sequences including F.
heteroclitus ER. This tree was constructed according to the clustal W
method. The lengths of the vertical lines indicate reciprocal sequence
similaritics. NCBI BLAST identification numbers for each sequence
are Atantic croaker (A. Croaker) beta, Gi-10312208; A. Croaker
gamma, Gi-10312210; catfish alpha, Gi-10945423; catfish beta, Gi-
7527468; chicken alpha, Gi-119597; chicken beta, Gi-13124227;
Japanese eel, Gi-2073113; goldfish alpha, Gi-16118451; goldfish betal,
Gi-4666318; goldfish bata2, 7012683; gilthead seabream (GS) alpha,
Gi-12643248; GS beta, Gi-13124245; human alpha, Gi-544257; human
beta, Gi-1518263; medaka alpha, Gi-3915675; medaka beta, Gi-
18143643; mouse alpha, Gi-119599; mouse beta, Gi-1912468; rainbow
trout (R. Trout) alpha, Gi-12643267; R. Trout beta, Gi-13124194; rat
alpha, Gi-119600; rat beta, Gi-1373281; red seabream, Gi-2447038;
tilapia typel, Gi-4098199; tilapia type2, Gi-4098201; X, laepis, Gi-
625330,

government in the “Strategic Programs on Environ-
mental Endocrine Disrupters *98 (SPEED’98)”. The
binding curves of chemicals are illustrated in Fig. 6. E;
bound to faER« with an ICs, value of 5.5 x 107° M.
The binding affinitics of the other chemicals are
tepresented as relative binding affinity (RBA), which
was calculated as a percent ratio of the ICsy values of
test substances relative to E,. Table 2 shows the mean of
RBA values of chemicals for fhERa. RBA values of 4-¢-
octylphenol and 4-nonylphenol for fhERa were ap-
proximately 0.0067- and 0.0042-fold of E,, respectively.
Benzophenone exhibited weak binding affinity, approxi-
mately 0.008% of E,. Phthalates also showed weak
binding affinities (0.01-0.02% of E,). Di-n-butyl phtha-

1
Fh
Medaka
258 295 545 589
Chicken | 23 q 64 E
183 265 305 558 550
Mouse . 19 { m 60 E
1 179 262 30 552 59
Human | 15 ¢ B 62 16]

Fig. 3. Domain structure of Fh (F. heteroclits) ER. Using the
nomenclature of Krust et al. (1586), the five to six domains of ER
(A-F domains) are indicated. Sequence identity with Medaka {(NCBI
BLAST identification number: Gi-1706707), chicken (Krust et al,
1986), mouse (White et al.,, 1987), human (Green et al., 1986) ERs. The
overall identity of each region is shown as a percentage compared with
the clone.
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Fig. 4. Transcriptional sizes and expressions of ER and VTG mRNA
as analyzed by Northern blot analysis, The poly(A)* RNA (1 pg each
lanes), isolated from male (M) and female (F) livers, were separated on
a denaturing formaldchyde agarose gel (1%4).

late showed slightly higher receptor binding ability for

the fhERa. Binding potency of octachlorostyrene to
fhER o was estimated as 0.02% of E,.

4. Discuassion

Man-made chemicals have the potential to health and
reproduction problems in human and wildlife (Colborn
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0 2 4 8 1224h

VTG

Fig. 5. Northern blot analysis of ER and VTG mRNA expressions in
time series. The poly(A}* RNA isolated from male kiver at 0, 2, 4, 8, 12
and 24 h after E, stimulation. Amounts of poly(A)* RNA loaded ona
denaturing formaldehyde agarose gel (19%) were 0.5 pg each lanes.
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et al, 1993). These chemicals, can act as hormonal
agonists or antagonists, and have been called endocrine-
disrupting chemicals (EDCs). Recent surveys have
reported that many chemicals exhibiting ER affinity
are widely distributed in the aquatic environment. It is
the widespread nature of these contaminants and
reports documenting that exposure to ecologically
relevant concentrations of EDCs and or exogenous
hormones early in development can cause permanent
alterations of the reproductive, immune, and neurologi-
cal systems that require further studies on the mechan-
isms by which these changes occur (Guillette et al., 1995;
Iguchi et al., 2002a). A number of studies have revealed
a risk of exposure of estrogens or estrogenic compounds
during their early development (Crain et al, 1997;
Willingham and Crews, 1999; Guillette et al,, 1999;
McLachian, 2001; Iguchi et al, 2002a). We reported
that exposure to estrogen early in the development of
the mummichog (F. heteroclitus), caused malformations,
growth retardation, incomplete ossification, sex reversal
and death of fry (Urushitani et al., 2002). In X. laevis,
similar results have been reported by Nishimura et al.
(1997). Furthermore, they demonstrated there was an
effect of estrogen on ER mRNA expression during
development. In mice, ER was expressed in the oocytes
and fertilized eggs (Gorski and Hou, 1995). These
findings suggested that estrogen can affect early devel-
opment, and may have a specific direct effect on early
osteogenesis through an ER-mediated mechanism. In
the present study, fhER ¢DNA was isolated to further

W E2

A DBP
¥ DEHP
¢ DCHP
® tOP
O NP
A BP
v OCSs
¢ TBTCI

Table 2
ICs;, and RBA values of each chemical to fhlER«
Chemicals 1Csy (M) RBA (%)
178-Estradiol 55x10° 100
Dibutyl phthalate 53x103 0.010
Di(2-ethylhexyl) halate 32x10°% 0.017
Dicyclohexy! phthalate 38x10-F 0.014
4-t-Octylpheno! 85x1077 0.65
4-Nonylphenol 13x10°¢ 042
Benzophenone 73x10°3 0.0075
Octachlorostyrene 29x10°% 0.019
Tributyltin chloride 3.3x10-¢ 0.17
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Fig. 6. Concentration-dependent curves of chemicals in the receptor binding assay to measure the abilities to displace [*H]17f-estradiol.
Abbreviations of chemicals were as follows; DBP, dibutyl phthalate; DEHP, di(2-cthylhexyl) phthalate; DCHP, dicyclohexyl phthalate; ¢-OP, 4-z-
octylphenol;, NP, 4-nonylphenol; BP, benzophenone; OCS, octachlorostyrene; TBTCI, tributyltin chloride.



