Fig. 1. Chemical structures of bisphenol A (4) and 4-a-cumylphenol(B).
Overall structure of 4-a-cumylphenol/ERRy complex (C).

Results and Discussion

ERRy was expressed in E. coli BL21 as glutathione S-transferase (GST) fusion
protein. The protein expressed was affinity-purified by using glutathione Sepharose
resin, and GST was enzymatically cleaved. The resulting protein was crystallized in
the presence of 4-a-cumylphenol. The X-ray crystal structural analysis was
performed, and 4-a-cumylphenol/ERRy complex structure was resolved by molecular
replacement method using BPA/ERRy complex as the searching model. The final
model was refined at a 2.0 A resolution.

The overall structure of 4-a-cumylphenol/ERRy complex features 12 a-helices
(H1-H12) and 2 B-strands in a sheet (S1) without any disordered amino acid residues,
and the amino acid residues in the binding pocket were found to be almost the same as
those in the BPA/ERRy complex. Two hydrogen bonds were formed between the
remaining OH group of 4-a-cumylphenol and Glu275 or Arg316. Another hydrogen
bond of the second BPA-phenol-OH is formed with Asn346 of ERRy-LBP. Since
4-a-cumylphenol lacks this phenol-OH groups, it should hold substitute residues for a
strong receptor binding. When we superimposed the 4-o-cumylphenol/ERRy-LBD
complex with the BPA/ERRy-LBD complex, we found that the Leu345-isobutyl group
rotates 180° completely around the ,C-3C bond. ERRy changes its conformation of
Leu345 side chain by the back-and-forth rotation to receive either phenol (BPA) or
phenyl (4-a-cumylphenol). Since the Leu conformation in the 4-a-cumylphenol
complex was found to be the same as in the apo-form, it become evident that that
Leu345 does made a rotation of about 180° to adopt the phenol group of BPA. The
crystal structure of the ERRy complex with (or without) chemicals clearly revealed
that ERRy’s Leu345-p-isoprorpyl plays a role in the tight binding of 4-a-cumylphenol
and BPA, rotating in a back-and-forth induced-fit manner.
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We have demonstrated that ERRy binds strongly bisphenol A (BPA), one of the
nastiest endocrine disruptors, retaining ERRy’s high basal constitutive activity.
In the present study, we found the two different LBD-wrecked ERRY isoforms,
which are abundant (about 20%) broadly in various human tissues. These ERRy
isoforms were suggested to affect the sound ERRYy as a regulatory element.

Keywords: bisphenol A, endocrine disruptor, ERRy, isoforms, nuclear receptor

Introduction

Estrogen-related receptor ¥ (ERRY), one of 48 human nuclear receptors, is in a
fully activated conformation with no ligand. We have recently demonstrated that
ERRy binds strongly bisphenol A (BPA) with the high basal constitutive activity [1].
In the in vivo animal experiments, the low-dose effects of BPA have been evidenced,
and thus the adverse effects of ERRy are very much doubtful. Although we found
that human placenta and brain stem express predominantly one of ERRy mRNA
variants, little is known about the intrinsic molecular mechanism of ERRy functions.
In the present study, we revealed the molecular multiplicity of ERRy mRNAs and
proteins, which must be correlated to the multiplicity of physiological functions.

1 103 178 235 435

ERRYy
LBD-AH1-3

ERRy
LBD-AH4-8

Fig. 1. The three different types of human ERRY isoforms with wrecked LBD.
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Fig. 2. 3D-Structure of the wild type ERRy-LBD and its LBD-wrecked forms.
(a) ERRy LBD-WT, (b) ERRy LBD-AHI-3, and (c) ERRy LBD-AH4-8.

Results and Discussion

We eventually identified total 34 mRNA splicing variants from human tissues.
As a result, these variants were established to produce 10 protein isoforms. Among
these isoforms, two distinct isoforms have a wrecked or broken LBD due to the lack of
a peptide fragment either 234-287 or 288-377 (Fig. 1). Those were designated as
ERRy LBD-AH1-3 and ERRy LBD-AH4-8, respectively. By means of real-time PCR
measurement, these LBD-wrecked isoforms were found to be considerably abundant
(3-6% and 12-20%, respectively) broadly in human tissues, suggesting their
physiological significance. It should be noted that those do not exhibit any constitute
activity in the reporter gene assay.

The LBD of nuclear receptors is constructed by 12 highly conserved a-helix
peptides (H1 - H12). Structural evidence for BPA binding to ERRy-LBD revealed
importance of the receptor residues such as GIlu275, Arg316, Tyr326, and Asn346 in
the ligand-binding pocket [2-4].  The polar amino acids Glu275, Arg316, and Asn346
play central role in forming the hydrogen bonding of two BPA-phenol-OH groups.
Surrounding hydrophobic bonds, especially those by Tyr326, reinforce BPA’s specific
binding. These critical residues are located in H3 (Glu275), H4 (Arg316), and H7
(Asn346), respectively. Tyr326 is in a B-sheet structure located in H4 and H6. As
shown in Fig. 2, ERRy LBD-AH1-3 just wrecks H1 and H3, while ERRy LBD-AHA4-8
is devoid of the peptide fragment corresponding to H4 - H8. It was strongly
suggested that these LBD-broken isoforms cannot bind BPA in their incomplete ligand
pockets.  Since both isoforms retain HI10 essential for functional receptor
dimerization, those are probably a regulatory element of sound ERRYy.
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Estrogen-related receptor y (ERRy), one of the 48 human nuclear receptors, has a
fully active conformation with no ligand. We recently demonstrated that ERRy binds
strongly bisphenol A (BPA), one of the nastiest endocrine disruptors, and thus
retaining ERRy’s high basal constitutive activity. A report that BPA accumulates in
the human maternal-fetal placental unit has led us to hypothesize that a large
amount of ERRy might exist in the human placenta. Here we report evidence that
placenta indeed expresses ERRy exceptionally strongly. We first ascertained the
presence of nine different ERRy mRNA variants and the resulting three ERRy
protein isoforms. By real-time PCR, we estimated the relative amount of ERRy mRNA
using total RNA extracts from human reproductive tissues. Placenta was found to
express ERRy extremely highly. Among the three ERRy protein isoforms, placenta
exclusively expresses the type-1 isoform, which possesses additional 23-mer amino-
acid residues at the N-terminus of the ordinary ERRy. This N-terminal elongation
was found to elevate by approximately 50% the basal constitutive activity of ERRy,
as evidenced in the luciferase reporter gene assay. The present results suggest that
BPA accumulates in the placenta by binding to ERRy.

Key words: alternative splicing, bisphenol A receptor, estrogen-related receptor 7,
placenta, real-time PCR.

Abbreviations: AR, androgen receptor; BPA, bisphenol A; ER, estrogen receptor; ERR, estrogen-related
receptor; ERRE, ERR-response element; ERRy, estrogen-related receptor y; NRs, nuclear receptors; 4-OHT,

4-hydroxytamoxifen. .

INTRODUCTION

Bisphenol A (BPA), 2,2-bis(4-hydroxyphenyl)-propane, is
one of the highest volume chemicals produced worldwide
as a starting material for polycarbonate plastics and
epoxy resins. Long known as an estrogenic chemical,
BPA is suspected of interacting with human estrogen
receptor ER (I, 2) or acting as an antagonist for a human
androgen receptor (AR) (3, 4). However, BPA’s binding to
ER and AR and its hormonal activity are extremely
weak: 1,000-10,000 times weaker than with natural
hormones.

Based on the idea that BPA may interact with nuclear
receptors (NRs) other than ER and AR, we screened
a series of nuclear receptors and eventually explored
estrogen-related receptor v (ERRy) as the BPA target
receptor. BPA was found to bind strongly to ERRy with
high constitutive basal activity (5-7). BPA’s binding
to ERRy was further demonstrated by X-ray
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Respiratory Biology, NIH-NIEHS, Research Triangle Park, NC
27709, USA.

"To whom correspondence should be addressed. Tel/Fax: +81-92-
642-2584, E-mail: shimo@chem kyushu-univ jp

crystallographic analysis of the complex between BPA
and ERRy (8, 9).

In our efforts to explore the genuine characteristics of
ERRy as a BPA receptor, we have noticed the presence
of several different ERRy mRNA isoforms. NRs often
possess a number of mRNA isoforms produced by alter-
native splicing to exhibit functions in a tissue-specific or
developmental stage-specific manner (10, 11). However,
little is known about the in vivo physiological functions
of those splicing variants, and even the variants’ tissue
distributions are poorly understood.

BPA as an endocrine disruptor poses the worrisome
threat of low-dose effects on reproductive and develop-
mental processes in humans (12). To ensure the presence
of ERRy mRNA isoforms in human reproductive organs
and brains, we attempted to quantify the total amount
of ERRy mRNAs and then the amount of each mRNA
isoform. Here we report evidence that the human
placenta expresses ERRy mRNA extremely highly, and
that the class of isoforms is type-1 ERRy.

MATERIALS AND METHODS

c¢DNA Cloning—To confirm the presence of eight
reported isoforms of ERRy mRNA, we cloned cDNA by

© The Authors 2009. Published by Oxford University Press on behalf of the Japanese Biochemical Society. All rights reserved.
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using human pancreas and skeletal muscle. These total
RNA samples (Clontech, Mountain View, CA, USA) were
reverse-transeribed by using the forward primer of
ERRYRT1 (5-GAAAGCTGCTTCATAGTCTTGCTG-3")
and the enzyme SuperSecriptlI™ RNase H~ Reverse
Transcriptase (Invitrogen, Carlsbad, CA, USA) at 42°C.

To confirm that all clones had inconsistent 5-UTR
sequences, the forward primers were designed sepa-
rately, depending on the unique structure of each
exon (Table 1). As reverse primers, ChERRyR1 and
ChERRYR2 were used in the first and the nested PCRs,
respectively. As for the amplification of ERRyl cDNA,
the first PCR was carried out using a primer set of
ChERRy1F/ChERRYR1 and the enzyme Pfu Turbo®™
Hotstart DNA Polymerase (Stratagene, La Jolla, CA,
USA). The second PCR was performed by using
PLATINUM?® Tagq DNA polymerase (Invitrogen) with
another primer set of ChERRy1F/ChERRYR2 and the
product from the first PCR as a template. For amplifi-
cation of all other ERRy, PCR was carried out by the
same method. Sequence analysis was carried out on
CEQS8800 Genetic Analysis System (Beckman Coulter,
Fullerton, CA, USA).

Real-Time PCR—The total RNA samples extracted
from brains (adult and fetal) and various different
reproductive tissues (ovary, uterus, placenta, prostate
and testis) were purchased from Clontech, Stratagene
and Biochain (Hayward, CA, USA). Each total RNA

sample (lpg) was reverse-transcribed by using
SuperScriptIlI™  (Invitrogen) and  oligonucleotide
ERRyYRT2 (5-GGAGCAGTCATCATACAG-3") and

hgapdhRT (5'-ATGGTACATGACAA GGTG-3").

Table 1. The oligonucleotide sequences of primers used
for ¢cDNA cloning of a series of ERRy mRNA isoform.

Name of primers Oligonucleotide sequences
Primers for amplification of ERRyl cDNA

ChERRy1F 5 -CTGTGCTCTGTCAAGGAAACTTTG-3
ChERRyR1* 5'-GAAAGCTGCTTCATAGTCTTGCTG-3'
ChERRyRZb 5 -TT'TCAACATGAAGGATGGGAAG-3'

Primers for amplification of ERRy2 cDNA
ChERRy2F 5'-TACGCTAACACTGTCGCAGTTTG-3'
ChERRy2-adF1 5'-GGTTTTGTAGACTTTCATAGCCAAAG-3
ChERRy2-adF2 5'-CGACTCACCTGATTAACCTGCTG-3'
ChERRyR1* 5'-GAAAGCTGCTTCATAGTCTTGCTG-3
ChERRyR2® 5' - PTTCAACATGAAGGATGGGAAG-3

Primers for amplification of ERRy2-gig ¢cDNA
ChERRy2-gigF1 5'-GCCACCACATCTCGATTCAAAG-3
ChERRy2-gigF2 5'-CACATGTTCGTGGTGTGGARAG-3
ChERRyR1? 5 -GAAAGCTGCTTCATAGTCTTGCTG-3'
ChERRyR2P 5 -TTTCAACATGAAGGATGGGAAG-3'

Primers for amplification of ERRy3 ¢cDNA

ChERRy3F1 5'-CGGTCCTTCACTTGGAGTTAGTG-3'
ChERRY3F2 5 -CAAGCTTTATATAGGATCACCGTTGTG-3
ChERRyR1? 5'-GAAAGCTGCTTCATAGTCTTGCTG-3'
ChERRyR2" 5'-TPTCAACATGAAGGATGGGAAG-3

Primers for insertion/deletion confirmation of exon K
ChERRYJF 5'-CAGAATGTCAAACAAAGATCGACAC-3'
ChERRYLR 5'-CAGCTGAGGGTTCAGGTATGG-3’

*The antisense reverse primer R1 has the same nucleotide sequence.
®The antisense reverse primer R2 has the same nucleotide sequence.
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Real-time PCR was performed on a capillary-type
LightCycler™ rapid thermal cycler system (Roche
Diagnostics, Mannheim, Germany). Reactions were
completed in a 10pl solution mixture and SYBR Green
Realtime PCR Master Mix (Toyobo, Tokyo). For normal-
ization, the mRNA gene (gapdh) of the enzyme glycer-
aldehyde-phosphate dehydrogenase was amplified as an
internal standard. The assay includes the steps of
denaturation at 95°C for 1min, annealing at 61°C for
3s and extension at 72°C for a variable time, depending
upon the size of products. The product specificity was
always confirmed by agarose gel electrophoresis and
routinely estimated by the melting curve analysis. To
depict the standard curves for quantitative real-time
PCR, a 10~ 1-fold series of dilutions of each plasmid with
the same DNA sequence was simultaneously amplified.
Quantification of mRNA was achieved using LightCycler
software (version 3.5). Standard curves had a correlation
coefficient (%) of 1.00, linear over a sample concentration
range, and mean square error values of 0.03-0.08
were involved.

Western Blotting Analyses—Western blotting was used
to detect ERRy protein isoforms from human kidney and
placenta. ERRy-specific mouse monoclonal antibody was
purchased from Perseus Proteomics (Tokyo). The human
placenta and kidney lysates were purchased from ProSci
(Poway, CA, USA). These lysates (20pg each) was
electrophoresed on 10% polyacrylamide gels. After elec-
trophoresis, gels were electro-blotted onto Hybond-P
(GE Healthcare, Waukesha, WI, USA). The blot was
incubated overnight in the presence of the anti-ERRy
monoclonal antibody. ERRy protein was visualized
by chemi-luminescence (GE  Healthcare) using
HRP-conjugated secondary antibody (Jackson
ImmunoResearch, West Grove, PA, USA). To discrimi-
nate a positive band from negative ones, negative
staining controls were performed without the first
antibodies.

Reporter Gene Assay for ERRy Types 1 and 2—Type 1
and type II ERRy fragments were cloned into the vector
pcDNA3.1(+) (Invitrogen). As an ERR response element
(ERRE)-luciferase construct, 3 x ERRR/pGL3 was used
as described previously (7). Hel.a cells were maintained
in Bagle’s MEM medium (Nussui, Tokyo) with 10% (v/v)
fetal bovine serum at 37°C. HeLa cells were transfected
with 3pg of luciferase reporter gene (pGL3/3 x ERRE),
1pg of the expression plasmid of the wild-type of either
type I or type II ERRy and 10 ng pSEAP-control plasmid
as an internal control by Lipofectamine Plus reagent
(15 p¥/ml, Invitrogen). Approximately 24 h after transfec-
tion, cells were harvested and plated into 96-well plates
at a concentration of 5x 10*cells/well. The cells were
then treated with varying doses of chemicals, BPA
(Tokyo Kasei Kogyo, Tokyo) and 4-OHT (Sigma-Aldrich,
St. Louis, MO, USA), diluted with 1% BSA/PBS (v/v).
After 24 h, luciferase activity was measured by using the
Luciferase assay reagent (Promega, Madison, WI). SEAP
activity was assayed by using Great EscAPe™ SEAP
assay reagent (Clontech) according to the Fluorescent
SEAP Assay protocol. Light emission was measured on a
microplate reader Wallac 1420 ARVOsx (Perkin Elmer,
Turku, Finland). Cells treated with 1% BSA/PBS were
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used as a vehicle control. Each assay was performed in
duplicate and repeated at least three times.

RESULTS

Confirmation and Classification of Alternative
Splicings of ERRy Gene—To date, three independent
investigations have revealed six alternative splicing sites
for the human ERRy mRNA gene and eight different
ERRy mRNA variants (13-15). However, there is no
systematic study to unify these results, and thus it is
unclear whether or not all of these variants are present
simultaneously in one species, such as humans. Thus, we
first attempted to confirm the full-length sequences of
cDNAs derived from the eight ERRy mRNA splicing
variants.

To amplify each ERRy mRNA isoform—ERRyI,
ERRy2, ERRy2-gig and ERRy3—PCR was conducted
successfully by using a series of forward sense and
reverse antisense primer sets was designed for each
isoform (Table 1) and commercially available pancreas
and skeletal muscle ¢cDNAs. As a result, seven of the
eight splice variants reported were definitely identified,
but we could not identify ERRy3 in this study. Although
we carefully searched many other human tissues, the
mRNA corresponding to ERRy3 was not detected.
Instead, we identified another novel variant ERRy2-bed
(accession number AB362218). It should be noted that
these variants have variable nucleotide sequences of the
5-UTR, with no structural changes of ERRy2 protein.

We now know nine splicing variants in total. It should
be noted, however, that these variants afford or produce
three distinctly different protein isoforms (Fig. 1), as the
variants are classified into three mRNA isoforms:
ERRyl, ERRy2 and ERRy3. Here, type-2 mRNA
ERRy2 consists of seven subclasses of splicing variants:
ERRy2-df, ERRy2-def, ERRy2-di, ERRy2-d, ERRy2-ad,
ERRy2-bed and ERRy2-gig (Fig. 1C), although all of

115

these variants produce the same receptor protein mole-
cule of ERRy2. The variants are constituted from
15 distinct exons, A-O, coded in the human genomic
DNA in the very broad region of chromosome 1 (about
1,000 kbp) (Fig. 1B). The heterogeneity at the 5-UTR is
due to the presence of alternative transcription start
sites and alternative splicing sites.

The type-1 protein isoform ERRyl has an additional
23-mer elongated N-terminal sequence. Type-2 mRNA
genes, ERRy2 isoforms, include six variants containing
the exon D-based fragment (designated d) in the 5 UTR.
"ERRy2-ad, where ad indicates that the exons a and
d are involved in this order, was first isolated from the
human fetal brain library by Eudy et al. (13). On the
other hand, ERRy2-gig has been found only in the
skeletal muscle ¢cDNA library (14). The mRNA ERRy3-
bef gene producing ERRy3 has recently been reported by
Kojo et al. (15), although we could not identify this gene
in the present study. The ERRy3 protein isoform has
a deletion of 39-mer amino-acid residues in the DNA-
binding domain of ERRy2, resulting in an incomplete
construction of the DNA binding site. In addition, it was
found that ERRy mRNAs each have two alternative
polyadenylation isoforms (13).

Quantitative Analysis of ERRy mRNA Genes as a
Whole by Real-Time PCR—By means of real-time PCR,
the total expression amount of the human ERRy mRNA
genes was estimated to amplify the region common to all
the splicing variants. We designated the hERRy-whole
mRNA segment. We did confirm that there is no
contamination of the genomic DNA in these RNA
samples, since we could not amplify any ¢cDNA when
we used the primer sets directly for the samples.

To analyse the AERRy-whole mRNA gene by real-time
PCR, the primer set of sense hERRywholeF and
antisense hERRywholeR was utilized (Table 2). For the
quantification of each ERRy splicing variant, real-time
PCR was carried out by using a series of primer sets

A C
— \ v AR
ERRyt [ o (LS KWL= 0 ]
, v A v 4
ERRy2 l |0 ERRy1-df [oIe[ T TKILMINTY O |
ERRy3 | ERRy2-def [DIE]F J IKI[LIMIN]Y © ]
DBD: DNA Binding Domain, LBD: Ligand Binding Domain ERRy2-df .. J lK IL lMl N [ ‘v' [5) l
ERRy2-d [AlC J K[ILIM[NTS O ]
ERRy2-ad (Alp]” J JKJLMINTY © |
Y kv 4
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Fig. 1. Structural constitution of ERRy mRNA isoforms
and ERRy protein isoforms. (A) Structure of ERRy protein
isoforms. ERRyl has 23-mer amino-acid extension at the
N-terminus of ordinary ERRy, namely ERRy2. ERRy3 has a
39-mer amino-acid deletion in the DNA binding domain.
(B) Structural constitution of exon and intron of human
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ERRy genomic gene. Alphabetic letters A—O each indicate
an independent exon. (C) Structural constitution of exons in
nine ERRy mRNA isoforms. Closed arrowheads indicate the
position of an AUG initiation codon, and open arrowheads
indicate the position of a termination codon in the ERRy open
reading frame.
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Table 2. The nucleotide sequences of the primers used for the quantification of whole ERRy mRNA
and each ERRy mRNA isoform.
Name of primers Oligonucleotide sequences Length of products (bp)
Primers for quantification of ERRy-whole mRNA
hERRywholeF 5'-CAGAATGTCAAACAAAGATCGACAC-3 148
hERRywholeR? 5'-GGTTGAACTGTAGCTCCCACTG-3
Primers for quantification of ERRyl mRNA
hERRy1F 5 -GCACATGGATTCGGTAGAACTTTG-3' 215
hERRy1R* 5 -GGTTGAACTGTAGCTCCCACTG-3'
Primers for quantification of ERRy2 mRNA
hERRY2F 5’ -PACGCTAACACTGTCGCAGTTTG-3 183, 300, 338, 359°
hERRy2R* 5'-GETTGAACTGTAGCTCCCACTG-3’
Primers for quantification of ERRy2-gig mRNA
hERRy2-gigF 5'-GCCACCACATCTCGATTCAAAG-3 339
hERRy2-gigR* 5'-GGTTGAACTGTAGCTCCCACTG-3
Primers for quantification of ERRy2-bed Mrna
hERRy2-bedF 5 -GATGTTGCTACACGGTCCTTCAC-3' 208
hERRy2-bedR 5 -TGATCTTCTGCAAAGACCCTACTTC-3'
Primers for quantification of gapdh mRNA
hgapdhF 5'-CAGCAAGAGCACAAGAGGARGA-3 107
hgapdhR 5'-GTCTACATGGCAACTGTGAGGAG-3'
2These antisense primers have the same nucleotide sequence. ®The number of products depends on the number of
alternative splicing sites in the particular region amplified.
ERRy2 (d-series) 1 x 10° molecules of gapdh mRNA being the internal
- i standard. For example, the molecular number of the
[DTF }eoe , ERRy (be-series) hERRy-whole mRNA of adult brain was 942 per 1 x 10°
ERRyl BE[Flee =799  HE D} gapdh mRNA (Table 3). The fetal brain had 739
.o DT Joo [GTiI]G}es (ERRy2-bcd) molecules (about 80% of the molecular number of adult
[Dpee B[ C | F}oe brain).
[ATD pee (ERRy3-bch In kidney, hERRy-whole mRNA had a molecular
number of 4,369, approximately 4.6-fold that of the
> adult brain (Table 3). Among the reproductive organ
eee{ J4IK lCmIN] o ] tissues, the placenta was found to express the highest

Fig. 2. Design strategy of forward sense and reverse
antisense primers for realtime PCR quantification of
ERRy mRNA isoforms. Rightwards arrows indicate the
forward sense primers, while leftwards arrows indicate the
reverse antisense primers. Sense primers are specific to each
mRNA isoform. For ERRy2 containing exon D, ERRy2-df, def,
di, d, ad and bed the same sense primer was set in exon D
(Table 2). For ERRy2-bcd isoforms, sense and antisense primers
were set in the same exon, C. There are two different reverse
antisense primers in exon J, besides the antisense primer in
exon C for ERRy2-bed isoforms. The large black leftward arrow
is a universal antisense primer for the quantification of all
isoforms except for ERRy2-bed. The large grey leftward arrow is
an ERRy-specific antisense oligonucleotide for the reverse
transcription to prepare ¢cDNAs.

(Fig. 2, Table 2). These primers were designed not to
amplify the ERRy sequence on the genomic DNA, setting
both sense and antisense primers in the independent
exon region.

Real-time PCR was carried out at least three times for
the ¢cDNAs prepared from each total RNA sample of
human adult kidney, placenta, ovary, uterus, prostate,
testis and brain, as well as from the human fetal
brain. We determined the number of molecules of the
whole mRNA and respective mRNA isoforms, with

number of AERRy-whole mRNA molecule, 4,544, ~5%
greater than that of kidney and thus about 5-fold that of
the adult brain. This very high expression of hERRy
mRNA genes in the placenta was of course found to
exceed those of other reproductive organs: 151 in ovary,
167 in uterus and 571 in testis (Fig. 3). The second
highest amount was in the prostate (1,637) (Table 3).
Thus, the amount in the placenta was approximately
3-fold greater than that in the prostate. These
results suggest that ERRy plays a very significant
role in the placental functions. This may indicate
adversely that the placenta is potentially the most
affected by BPA.

Tissue Distribution Analysis of ERRy mRNA Splicing
Variants by Real-Time PCR—After real-time PCR to
measure the ERRy-whole mRNAs, we measured the ratio
of each ERRy mRNA isoform—ERRyl, ERRy2, ERRy2-
gig and ERRy3—in the tissues. The amount of ERRy2-
gig needs to be estimated separately, because the
forward sense primer specific for ERRy2-gig is different
from that for other d-containing ERRy2 isoforms. The
approximate ratio of each mRNA isoform was calculated
against the total number of copies of all mRNA isoforms.
As a result, we could calculate the ratio of each ERRy
mRNA isoform among the total amount of ERRy-whole
mRNA (Table 3 and Fig. 4). Detailed data for these
analyses are shown in the Table 4, in which donor
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Table 3. The results of real-time PCR quantification of ERRy-whole mRNA and its subtypes in human tissues.

Tissues ERRy-whole mRNA? ERRy mRNA isoforms (%)

Type-1 Type-2

d-series gig bed®

Brain (adult) 942 +24 26.1+9.5 73.5+9.8 0.3+0.2 0.1+0.1
Brain (fetal) 739+195 30.2+11.6 68.8+11.1 0.8+0.6 02+02
Kidney 4369 £+ 1276 11.14+2.8 88.4+3.1 0.3+0.2 0.2+0.1
Pancreas 2742 £798 4.0+0.3 94.74+1.2 0.7+0.7 0.6+0.5
Skeletal muscle 247 448 45.24+18.3 71+£1.0 47.7+181 0.0+0.0
Placenta 4544 + 1572 98.9+0.7 1.1+0.7 = 0.0+0.0 0.0+0.0
Prostate 1637 +£217 202427 782434 14+0.6 0.24+0.2
Testis 571493 23.6+19 63.8+1.6 11.0+04 1.6+1.1
Ovary 151450 18.04+4.1 76.2+8.1 3.5+3.5 2.3+£22
Uterus 167 + 127 43+23 93.1+3.7 26426 0.04+0.0

“The amount of mRNA was calculated as the number of molecules per 1.0 x 10° gapdh mRNA molecules. "The analysis with specific sense and
antisense primers, both of which were set in the same exon C (Fig. 2) was originally designed to measure the total amount of c-containing ERR
mRNAs including ERRy2-bed and ERRy3-bef. Since the amount of ERRy3-bef that gives ERRy3 was negligible. the measurement gave the

amount of only ERRy2-bed that affords ERRy2.

7000

6000

5000

4000

3000

2000

1000

express ERRy2 as a major mRNA isoform. It is likely
that ERRy1 produced from the ERRyI mRNA isoform
may play a crucial and central role in the placenta.

Reproductive tissues other than placenta expressed the
EREy2 mRNA isoform much more than ERRyI. The
content of ERRy2 mRNA isoform was estimated as 79.6%
in prostate, and 81.9% and 95.7% in ovary and uterus,
respectively (Table 3). Since the expression level of
ERRy2-gig mRNA was almost negligible in these tissues
(Table 4), estimated ERRy2 mRNA isoform includes
exclusively six subclasses of splicing variants (d-series
that contain: ERRy2-df, ERRy2-def, ERRy2-di, ERRy2-d,
ERRy2-ad and ERRy2-bed) (Fig. 1C). As for the testis,
however, a prominent inconsistency was found. It
contained about 11% of the ERRy2-gig mRNA isoform.
Furthermore, a discrepancy between the sum of all
mRNA isoforms and the ERRy-whole mRNA—the sum
of total numbers of ERRy mRNA isoform molecules was
clearly smaller (by about 10%) than the total molecular
number of ERRy-whole mRNA (data not shown)—
strongly suggested the presence of mRNA isoform(s)
other than those measured.

Py Py o A
‘1%/ QQ;/ %@ "ooﬁ 6‘4% (’ps 5 G‘}'@ o"v‘,z O‘”G,.o The adult and fetal brains were found to have almost
N WL O % % &) the same isoform constitutions (Table 3). The expression
I 4’% ratios of ERRyl and ERRy2 mRNAs respectively were
% 30.2% and 69.8% in the fetal brain and 26.1% and 73.9%

Fig. 3. Quantitative real-time PCR for estimation of ERRy
mRNA expression in human brains and reproductive
organs. The gapdh mRNA gene was used as an internal
control. The copy number per 1x10° gapdh mRNA was
estimated for ERRy-whole mRNA in each tissue. The error
bars indicate SEM.

information such as age and sex is given for samples
provided from each agent.

It should be noted that in the placenta, the ERRy1
mRNA isoform is accounted for 98.9% of the quantity of
all mRNA isoforms (Table 3). This predominance of the
type-1 mRNA isoform is very surprising and unique
among the human tissues. All other human tissues
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in the adult brain. Thus, brain is the tissue in which
type-2 ERRy mRNA is expressed predominantly. In
kidney, the expression levels of ERRyl and ERRy2
mRNAs were estimated to be approximately 11.1% and
88.9%, respectively. Pancreas was also one of the tissues
in which type-2 ERRy mRNA was expressed predomi-
nantly, 4.0% ERRyl and 96.0% ERRy2. The sum of
ERRyl and ERRy2 mRNAs occupied approximately
100% in these tissues.

The constitutional ratio of ERRyI, ERRy2(d-series)
and ERRy2-gig mRNAs in skeletal muscle was unique
(Table 3). Their expression ratios were 45.2%, '71.1% and
47.7%, respectively. Skeletal muscle was found to be the
tissue in which type-2 ERRy2-gig mRNA is expressed
very highly.
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Adult Brain 942

Fetal Brain 738

Prostate 1637

Placenta 4544

Fig. 4. Quantitative real-time PCR for estimation of
ERRy-whole mRNA expression and percentage of the
constitutions of ERRy mRNA isoforms in human brains
(A), standard tissues (kidney, pancreas and skeletal
muscle) (B) and reproductive organs (C). The circled area
shows the total expression amount of ERRy-whole mRNA in each

In the estimation of the tissue distributions of ERRy
mRNA splicing variants, another important issue is
to calculate the actual amount of each mRNA isoform.
As shown in Fig. 4, ERRyl mRNA isoform was most
abundant in placenta, the amount of this isoform
(4,544 x 98.9% as in Table 3=4,494 molecules) being
exclusive and predominant. The kidney is the tissue in
which the ERRy2 mRNA isoform is richest (3,884).
Pancreas (2,632) and prostate (1,306) are also abounding
in ERRy2. As for the ERRy2-gig mRNA isoform, skeletal
muscle (118) and testis (63) contain it relatively highly.

Western Blotting Detection of ERRy Protein Isoforms—
To verify the amount of type-1 ERRy protein isoform
expressed in the placenta, Western blotting was carried
out for the lysates of the human placenta and kidney.
Kidney was selected as a reference because of its
expected high expression (~90%) of the type-2 ERRy
protein isoform (see above). ERRy protein isoforms were
detected by using a monoclonal antibody specific for the
N-terminal region (1-100) of ERRy2, because this anti-
body can detect all three isoforms: ERRyl, ERRy2
and ERRy3. The calculated molecular weight (51,313) of
type-1 ERRy is larger than that of type-2 standard ERRy
by ~2,700, apparently due to the N-terminal addition
of 23-mer amino-acid residues.

The lysate isolated from kidney exhibited an intense
protein band of 49kDa, corresponding to the molecular

Kidney 4368

Y. Takeda et al.

Pancreas 2742

Skeletal Muscle 247

Testis 571
‘ ' . ERRyl
Uterus 166 : ERRy?
“ ERRy2-gig
Ovary 150 ERRy2-bcd

tissue. The area of each color region in the circle is proportional
to the expression amount of the ERRy mRNA isoforms. Blue,
purple, yellow and red areas indicate ERRyl, ERRy2(d-series),
ERRy2-gig and ERRy2-bcd mRNA isoforms, respectively. The
expression rates of each ERRy mRNA isoform were calculated
against the sum of the copy numbers of ERRy mRNA isoforms.

weight of type-2 standard ERRy. This band accompanied
a faint band of 51kDa, which corresponds to the
molecular weight of type-1 ERRy (Fig. 5). When we
examined the lysate isolated from the placenta, the band
of 51kDa was markedly detected, as shown in Fig. 5.
This result very clearly proves the consequences
observed for the mRNA isoforms. It is evident that the
mRNA variants expressed indeed produce a consequent
protein and that the placenta expresses the type-1 ERRy
protein isoform predominantly and exclusively.
Transcription Activity of Type-1 and Type-2 ERRy
Isoforms in the Reporter Gene Assay—ERRy is a
constitutively active nuclear receptor that exhibits a
high basal activity with no ligand. In the present study,
we examined the reporter gene activity of type-1 and
type-2 ERRy isoforms by means of the luciferase reporter
gene assay using HeLa cells. To normalize for transfec-
tion efficiency, we simultaneously carried out the SEAP
assay (16). When the type-1 ERRy isoform was compared
with the type-2 standard ERRy isoform, the constitutive
activity level of type-1 ERRy was found to be about 50%
higher than that of type-2 ERRy. As shown in Fig. 6, the
type-2 ERRy isoform exhibited significantly elevated
constitutive activity (210% of the basal activity). Type-1
ERRy isoform also exhibited considerably -elevated
constitutive activity (260%), a notably higher level than
that of type-2. The results indicate that the N-terminal

J. Biochem.
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Table 4. Donor information for quantification of ERRy-whole mRNA and its subtypes by quantitative real-time PCR.

Tissues Agent Age Sex® Number of ERRy- whole ERRy mRNA isoforms (%)°
sources® donors mRNA®
Type-1 Type-2

d-series gig bed®
Brain C 47-55 M 2 933 45.0 54.0 0.7 0.3
(adult) S 66 F 1 906 18.1 81.9 0.0 0.0
B 30 M 1 988 15.2 84.7 0.1 0.0
Brain C 26407 M/F 21 555 15.5 82.1 1.9 0.5
(fetal) S 19" M 1 1128 53.2 46.8 0.0 0.0
B 28" ©F 1 533 21.9 77.4 0.6 0.1
Kidney C 18-59 M/F 14 2540 16.5 82.4 0.7 04
s 67 F 1 3742 7.2 92.7 0.0 0.1
B 24 M 1 6824 9.7 90.2 0.0 0.1
Pancreas C 35 M 1 4024 3.8 92.4 2.2 1.6
S 72 M 1 1278 35 96.5 0.0 0.0
B 44 M 1 2925 48 95.3 0.0 0.1
Skeletal C 20-68 M/F 7 152 18.1 8.7 73.1 0.1
muscle s 85 F 1 307 80.0 7.3 12.7 0.0
B 87 F 1 283 37.3 5.4 57.3 0.0
Placenta C 21-33 F 16 7538 99.6 0.3 0.1 0.0
S 28 F 1 3880 99.5 0.5 0.0 0.0
B 26 F 1 2214 97.6 2.4 0.0 0.0
Prostate C 21-50 M 32 1420 22.8 74.8 2.0 0.4
B 69 M 1 1854 17.5 81.6 0.9 0.0
Testis C 2464 M 39 693 21.7 62.9 11.7 3.7
S 72 M 1 389 21.8 66.9 10.3 1.0
B 27 M 1 632 27.3 61.7 11.0 0.0
Ovary c 20-60 F 15 70 20.8 61.9 10.6 6.7
S 49 F 1 139 10.0 90.0 0.0 0.0
B 46 F 1 243 23.2 76.8 0.0 0.0
Uterus C 40-61 F 3 70 4.9 87.3 7.8 0.0
S 88 F 1 419 8.0 91.9 0.0 0.1
B 49 F 1 11 0.0 100 0.0 0.0

“The samples of total RNA extracted from human tissues were purchased from Clontech (C), Stratagene (S) and BioChain (B). ®M and F
represent male and female, respectively. “The amount of mRNA was calculated as the number of molecules per 1.0 x 10° gapdh mRNA
molecules. “The same antisense primer for hERRy-whole mRNA was utilized for the quantification of ERRyI and ERRy2 (Table 2). °The real-
time PCR quantification to measure ¢-containing ERR mRNAs was carried out. Since the amount of ERRy3-bcf was negligible, this counting
was found to be just for ERRy2-bcd that affords ERRy2. The age of fetal brain is shown by the number of weeks.

kDa

Fig. 5. Western blotting analyses of ERRy protein isoform
expression levels. An intense protein band of 49kDa in kidney
lysate corresponds to the molecular weight of type-2 standard
ERRy. The accompanying faint band of 51kDa corresponds to
the molecular weight of type-1 ERRy. A major strong band of
51kDa in the placenta lysate corresponds also to this type-1
ERRy. Other bands are supposed to be specific or non-specific
protein bands derived from the first antibody.
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23-mer elongation has a distinct effect on the reporter
gene transactivation activity of ERRy.

4-OHT deactivated the ordinary standard type-2 ERRy,
as reported (7, 17), diminishing the basal activity of
ERRy by up to 60-80% at a concentration of 10uM
(Fig. 7A). These were exactly revealed for the type-1
ERRy isoform, ERRy1. BPA, on the other hand, showed
no effect on the basal constitutive activity of ERRy even
at a concentration of 10uM, completely preserving
ERRy’s high constitutive activity (Fig. 7A). The inverse
agonist activity of 4-OHT for ERRyl was reversed or
inhibited by BPA in a dose-dependent manner (Fig 7B).
This reversing activity of BPA, namely, inverse
antagonist activity of BPA, was revealed originally for
the type-2 ERRy isoform (7).

DISCUSSION

Extremely High Expression of ERRy mRNA in the
Placenta—In the present study, using commercially
available human gene samples of reproductive organ
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Fig. 6. Transcription activity of type-1 and type-2 ERRy
isoforms in the reporter gene assay. The type-1 ERRy
isoform is 23-mer larger than the type-2 ordinary ERRy isoform
at the N-terminus. HeLa cells were transfected with the
luciferase reporter gene (3 x ERRE) and the expression plasmid
of the wild-type of either type-1 or type-2 ERRy. After 24h,
luciferase activity was measured. Cells treated with 1% BSA/
PBS were used as a vehicle control. Each assay was performed
in duplicate and repeated at least three times. To normalize the
transfection efficiency, the SEAP assay, in which a second
plasmid that constitutively expresses an activity that can be
clearly differentiated from SEAP, was co-transfected simulta-
neously. (**P<0.0001: ANOVA)
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Fig. 7. The luciferase reporter gene assay of BPA and
4-hydroxytamoxifen (4-OHT) for type-1 ERRy. (&)
Deactivation of the fully activated human type-1 ERRy isoform
by the inverse agonist 4-hydroxytamoxifen (4-OHT) (filled circle)
and sustainment by the inverse antagonist BPA (open circle).
(B) Inverse antagonist activity of BPA (open circle) against the
inverse agonist activity of 1.0 uM 4-OHT in ERRyl. An amount
of 1.0pyM 4-OHT exhibited ~0.4-fold deactivation, and the
inverse antagonist activities are shown by the percentage of
relative activity to reverse this deactivation activity. The high
basal constitutive activity of type-1 ERRy isoform was evaluated
with the luciferase reporter plasmid (pGL3/3 x ERRE), and
the highest activity was estimated in a cell preparation of
1.0 x 10° HeLa cells/well.

tissues and brains, we succeeded in the tissue distribu-
tion analyses of the ERRy-whole mRNA gene and the
constitutional ratios of a series of ERRy mRNA isoforms.
Real-time PCR for whole-ERRy mRNA demonstrated an
unexpectedly high expression of ERRy mRNA in the
placenta (Fig. 3). Western blotting also confirmed the
expression of ERRy protein (Fig. 5).

Y. Takeda et al.

For accuracy in the quantification of hERRy-whole
mRNA, we repeated the real-time PCR. By using a new
set of sense and antisense primers set at the 3’ terminal
region, the results eventually obtained were almost the
same as those of the first quantification shown in Fig. 3
(data not shown). For further confirmation, we tested
internal controls other than gapdh mRNA. Those include
the mRNA genes of human B-actin, ubiquitin C, sdha
(succinate dehydrogenase complex, subunit A) and hprtl
(hypoxanthine phosphoribosyl-transferase I). The results
for the amount of ERRy mRNA were almost the same as
those obtained by the quantification using gapdh mRNA
(data not shown). These further evidenced that the ERRy
mRNA expression in the human placenta is extreme,
and the highest among the tissues examined.

Other reproductive organ tissues, such as ovary,
uterus and testis, also express ERRy mRNA, but
at very low levels: 3.3%, 3.7% and 12.6% that of
the placenta, respectively. Compared to these tissues,
the considerably high expression of ERRy mRNA in the
prostate should be noted. The prostate had the second
highest amount of ERRy mRNA, approximately 36% of
that in the placenta.

Predominant Expression of Type-1 Isoform of ERRy
mRNA in the Placenta—Nuclear receptors usually have
several mRNA and protein isoforms by alternative splicing
mechanisms, resulting in the exhibition of their functions
in a tissue-specific or developmental stage-specific manner
(10, 11). Unfortunately, there is little understanding not
only of the physiological functions of splicing variants,
especially in vivo, but also of their tissue distributions
in the majority of tissues throughout the body.

All transcript ERRy mRNA variants consist of several
distinct exons coded on human genomic DNA in the very
broad region of chromosome 1 (about 1,000kbp). As
shown in Fig. 1B, the exons are thought to be
distinguished between those in a variable region (A~I)
and those in a consistent region (J~0O). The latter
includes almost all of the open reading frames of ERRy,
while 1-3 exons are selected from the variable region
to form a 5-UTR. Including alternative polyadenylation
mechanisms, the gene expression of ERRy appears to be
severely regulated in a post-transcriptional manner. The
sequence difference of the 5-UTR should bring about
a different translational efficiency, depending on the
stability of mRNA produced and the presence of some
upstream open reading frames (uORF) (18).

Type-1 ERRy isoform (ERRy1) has an additional 23-mer
amino-acid residue extension at the N-terminus, and
exhibits about 50% increased basal constitutive activity
relative to that of ERRy2 (Fig. 6). Although this isoform
possesses exactly the same structure of its ligand-binding
domain as other isoform types, its activation mechanism
may differ from those of other isoforms by having this
23-mer N-terminal elongation. This might bring about
unique tissue-specific function(s) in the placenta.

High Concentration of BPA in the Placenta due to
High Expression of Type-1 ERRy—BPA is an industrial
chemical, and exposure to it is now widespread (19, 20).
We know now that BPA binds to ERRy about 100 times
greater than to ERa and ERP, and that BPA exhibits
a distinet inhibition activity against 4-OHT in ERRy.
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In the present study, we did know that there are three
isoforms possessing precisely the same ligand-binding
domain (LBD). It should be noted that BPA can bind
to all these ERRy isoforms in any tissue.

This strongly suggests that the concentration of BPA
in human tissues is directly proportional to the amount
of ERRy proteins. In our estimation in the present study
involving reproductive organ tissues, the expression of
ERRy mRNA is largest in the placenta and second
largest in the prostate. The BPA concentration in the
placenta has been reported to be approximately five
times higher than that in maternal and fetal plasma (21).
It is now quite reasonable to believe that the high
concentration of BPA is due to the large amount of ERRy
protein isoforms, almost entirely type 1, in the human
placenta.

The Effects of BPA Accumulation or Binding to Type-1
ERRy on Placental Functions—The placenta receives
nutrients, oxygen, antibodies and hormones from the
mother’s blood and removes waste. It forms the placental
barrier, which filters out some substances that could
harm the fetus. However, some substances, including
BPA and viruses, are not filtered out, suggesting that the
placenta does not act as a barrier against BPA (21, 22).
In addition to transferring gases and nutrients, the
placenta also has metabolic and endocrine activity. It
produces estrogen, relaxin, and human chorionic gonado-
trophin, progesterone and somatomammotropin, all of
which are important in maintaining pregnancy and the
large amounts of glucose and lipids in the maternal
blood. It is now evident that the placenta expresses BPA
receptor ERRy very highly. What would happen with the
accumulation of BPA in the placenta?

Placentation in BPA-administered mice during
pregnancy was reported to be abnormal (23), directly
decreasing the number of embryos. In addition, almost
all mouse neonates exposed to BPA were dead within
3 days after birth. Thus, BPA might disrupt the placen-
tal functions directly or indirectly, and might affect
the mortality of neonates through indirect exposure of
embryos. These are likely mediated through the BPA
receptor ERRys, at least in part. BPA administration has
also been reported to significantly increase the weight of
the uterus and the number and fertilization quality of
sperm (24). DNA microarray analysis has shown that
BPA administration increases the mRNAs of some
nuclear receptors in mouse placenta (25). These results
suggest that BPA affects the transcriptional regulation in
the placenta or other reproductive organs through
certain particular transcription factors.

Based on the fact that BPA strongly binds to ERRy,
the abnormality and probable change of gene expression
in the placenta are likely accompanied by BPA binding to
ERRy. In this study, we demonstrated that the ERRyl
mRNA gene expresses almost fully in the placenta, and
that the resulting type-1 ERRy receptor is noticeably
more potent than the resulting type-2 ERRy receptor
that expresses dominantly in other tissues. BPA would
sustain unnecessarily this very high basal constitutional
activity of type-1 ERRy receptor in the placenta.

Other Human Tissues with High Expression of ERRy
mENA—Adult and fetal brains, kidney and pancreas
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were the tissues in which ERRy expresses significantly
and considerably highly. In these tissues, type-2 ERRy
mRNA is expressed predominantly, while the expression
levels of ERRy3 is almost negligible. The expression
ratios of ERRy1 and ERRy2 mRNAs respectively varied
4-30% and 69-95%. As compared to the type-2 ERRy
isoform (ERRy2), type-1 isoform ERRv1 has an additional
23-mer amino-acid elongation at the N-terminus.
Although ERRyl exhibits about 50% increased basal
constitutive activity relative to that of ERRy2 (see
above), physiological functions in these tissues have
never been clarified nor analysed for both ERRyl and
ERRy2.

As for the prostate, the mRNA gene was for the most
part (~80%) ERRy2. Various effects of estrogenic
chemicals including BPA have been reported for the
prostate. For example, acceleration in the proliferation
rate of prostate epithelium during fetal life was noted to
disrupt permanently the cellular control systems and to
predispose the prostate to disease in adulthood (26, 27).
The effects of estrogens on the prostate, or the effects of
their involvement in prostate cancer development and
benign prostatic hyperplasia, are likely mediated
through their ERs. In addition to the androgen receptor,
which plays a central role in the normal development
and neoplastic growth of the prostate gland, estrogens
have long been suggested to play synergetic or distinct
roles in the same processes. However, studies from ER
knockout mouse models have shown neither ER« nor
ERp affects the targeted disruption of prostatic pheno-
type and function (28). This strongly suggests the
involvement of one or more nuclear receptors other
than ER and that ERRy is a probable candidate for
involvement in prostatic growth and development. ERRy
might play regulatory roles in normal and neoplastic
prostatic cells by sharing similar ER-mediated pathways
or acting independently.

CONCLUSION

The present study provides a valuable blueprint of ERRy
mRNA expression and important clues to understanding
BPA’s low-dose effects in humans. For instance, although
the issue of bioavailability of parent BPA in humans has
been contentious, the present results strongly suggest
that the BPA concentration is proportional to the
expression amount of ERRy. There are scientific debates
over whether or not low doses of BPA can have
developmental or reproductive effects in humans. Now,
it is clear that ERRy, the receptor of BPA, abounds in
brains and reproductive tissues such as the placenta and
prostate.

Strong expression of ERRy as a possible receptor of
BPA in both the placenta and the fetal brain could have
important implications for newborns. ERRy is also a
probable candidate for involvement in prostatic growth
and development. However, the physiological roles of
ERRy are poorly understood at the moment. It is thus
important to clarify such physiological functions
and characteristics of ERRy. Moreover, it is crucial to
examine the content and extent of which BPA may
influence these roles.
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ORL1 is an endogenous G protein-coupled receptor for neuropeptide nociceptin. [(R/K)', (R/K)!*]nocicep-
tin is a superagonist that strongly activates the ORL1 receptor. We have previously found that substitut-
ing with Trp can reproduce the potentiation induced by Arg or Lys at position 14. In the present study, in
order to ensure the effect of Trp-substitution on the activities of [(R/K)', (R/K)'*]nociceptin, we synthe-
sized [W', (R/K)"®]nociceptin and [(R/K)', W'3|nociceptin. [W'?, (R/K)'>]nociceptin was found to exhibit
threefold higher binding activity and 10-fold greater potency in a functional [3*S]JGTPYS functional assay

Keywords: as compared to wild-type nociceptin. However, when only Trp was placed in position 15, the resulting
Basic amino acids 14 \ar5 . R - . .

Antagonist analogues, [(R/K)'", W'’]nociceptin, showed only a moderate enhancement of binding and biological
Nociceptin activity (2-3 fold in both). These results indicate that the placement of Trp at position 14, unlike at posi-

tion 15, enhances in a synergistic fashion the interaction of nociceptin with the ORL1 receptor. The resuits
indicate that specific interactions feasible for Arg/Lys and Trp in common must be there for aromatic res-
idues in ORL1, thus forming a cation/r interaction or nt/m hydrophobic interaction. The necessity for a

Synergistic potentiation
Superagonist

favorable electrostatic interaction appears strict in position 15.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Nociceptin (Noc),'? FGGFTGARKSARKLANQ, is an endogenous
ligand of opioid receptor-like 1 (ORL1) receptor with the seven-
transmembrane structure.>"® Nociceptin induces hyperalgesia’,
and the Noc/ORL1 ligand-receptor system is also involved in many
other physiological functions.””® In structure-activity studies of
the Noc/ORL1 ligand-receptor system, major efforts have been fo-
cused on the design of Noc antagonists as potentially useful anal-
gesics and anti-neuropathy drugs. In contrast, efforts to design
and synthesize highly potent and selective ORL1 agonists have also
been made. These agonists are of interest because they may not
only be able to facilitate the identification of receptor functional
residues but may also could result in the discovery of ligands with
enhanced desensitization and internalization of the receptor, thus
providing a different kind of antagonistic response.'®'"

Abbreviations: BCA, bicinchoninic acid; MALDI-TOF, matrix-assisted laser
desorption ionization time-of-flight; Noc, nociceptin; ORL1, opioid receptor-like
1; RP-HPLC, reversed-phase HPLC; TFA, trifluoroacetic acid.
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E-mail address: shimo@chem.kyushu-univ.jp (Y. Shimohigashi).
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Nociceptin contains two Arg-lys (RK) dipeptide units at
positions 8-9 and 12-13. This basic amino acid region is essential
for both receptor recognition and activation,'?'? interacting with a
cluster of acidic amino acids in the second extracellular loop of the
ORL1 receptor.!*"'® We have previously found that {[RK'*">|noci-
ceptin ([RK""*]Noc) is a kind of superagonist exhibiting much more
potentiated biological activity than expected based on results
regarding its receptor-binding activity.”” RK'4'* is now a useful
building unit to obtain Noc analogues with enhanced in vitro and
in vivo agonist/antagonist activities,'®"%°

We have recently found that three other Noc analogues, [RR'41°]
Noc, [KK'*'°]Noc, and [KR'*"""]Noc, also act as superagonists.
Together with [RK'*~'5]Noc, these analogues were found to more
synergistically potentiate ORL1 than [(R/K)'*]Noc and [(R/K)'®]
Noc.?® Furthermore, it appears possible that the Arg or Lys residue
at position 14 is replaceable with Trp in terms of such a synergistic
potentiation, but not at position 15.2°

In the present study, in order to ensure the effect of Trp-substi-
tution on the activities of [(R/K)!, (R/K)!*]Noc, we synthesized
[WR*>INoc, [WK™-'%INoc, [RW!'4'5INoc, and [KW'*'%|Noc.
We here report their binding activity and biological potency for
ORL1 receptor expressed in COS-7 cells. We postulated that Trp,
Arg, and Lys incorporated into Noc at position 14 interact specifi-
cally with the aromatic residue of ORL1, forming a nt/m hydropho-
bic interaction for Trp or a cation/rn interaction for Arg and Lys.
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2. Results
2.1. Peptide syntheses

As shown in Table 1, Noc and its analogues, seven in total, were
evaluated for their activities against ORL1 receptors in this study.
In addition to [RK'*">]Noc (1),'” we newly synthesized four Trp-
containing analogues—that is, [WR!4'*|Noc (2), [WK'*!3]Noc
(3), [RW'*15INoc (5), and [KW'*'5|Noc (6). Analogues [W'*]Noc
(4) and [W']Noc (7) had been synthesized previously.”’

All Noc analogues were synthesized by the Fmoc solid-phase
methodology. Peptides were obtained with an average yield of
approximately 50% (Table 2). The purity was verified by analytical
HPLC, in which all peptides emerged as a single peak. The synthe-
sized peptides, all of which contained 5 basic amino acids (Arg and
Lys), were eluted at almost the same retention time (approxi-
mately 28.5 min) in this reversed-phase (RP)-HPLC (Table 2). Na-
tive Noc having 4 basic amino acids was eluted at 29.8 min,
while [RK'*'>|Noc having 6 basic amino acids was eluted at
25.4 min. The measured mass numbers were coincident with the
calculated values (Table 2).

2.2. Trp-substitution of Arg'® and Lys'* with concrete
synergistic activity

In the competitive receptor-binding assay, wild-type Noc
showed very potent binding to the rat ORL1 receptor expressed
in COS-7 cells. The half-maximal concentration (ICsg) for inhibition
of the binding of [*H]Noc was calculated to be 0.73 nM (Table 3).In
the same competitive receptor-binding assay, [RK'*"*|Noc (1) was
very potent (ICsq, 0.21 nM), displaying a 3.5-fold enhancement of
binding activity compared to wild-type Noc (Table 3). The biolog-
ical activity of wild-type Noc was assessed in the [**S]GTPyS bind-
ing assay using membranes prepared from COS-7 cells expressing
rat ORL1 receptor. The concentration of wild-type Noc inducing
50% of the maximal stimulation (ECsy) was estimated to be
13nM (Table 4). [RK'*']Noc 1 was the most potent (ECso,
1.1 nM) in this GTPyS functional assay, being approximately 12-
fold more potent than wild-type Noc (Table 3). These results

Table 1
The sequence list of a series of Trp-containing nociceptin analogues
Peptide No. Peptides Sequences Position of Trp
Nociceptin (Noc) FGGFTGARKSARKIANQ -
1 [RK'15]Noc FGGFTGARKSARKRKNQ -
2 [WR™-"3|Noc FGGFTGARKSARKWRNQ 14
3 [WK!*-15]Noc FGGFTGARKSARKWKNQ 14
4 W' Noc FGGFTGARKSARKWANQ 14
5 [RW'*15]Noc FGGFTGARKSARKRWNQ 15
6 [KW4-15INoc FGGFTGARKSARKKWNQ 15
7 [W*SINoc FGGFTGARKSARKLWNQ 15

Bold letters indicate the Trp residue replaced. The amino acid residues underlined
are basic amino acids Arg(=R) and Lys(=K).

Table 2

Synthetic yield and analytical data of a series of Trp-containing nociceptin analogues

Peptides Yield (%) RP-HPLC retention MALDI-TOF MS

time (min) Found Caled
{m/z) (m+H’)
2 [WR™SINoc 43 28.1 1968.62  1968.45
3 [WK'“S]Noc 45 28.7 1940.27 1940.44
5 [RW"™'5|Noc 54 28.3 1968.56  1968.45
6 [KW'Y5Noc 68 28.8 194029  1940.44

Retention times of wild-type Noc and [RK'*-'*]Noc were 29.8 and 25.4 min,
respectively.

Table 3
Binding activity of wild-type nociceptin, [RK'*-'*|nociceptin, and a series of Trp-
containing nociceptin analogues to rat ORL1 receptors

Nociceptin analogues Binding activity Relative potency

ICsq (nM) ICso (Noc)/ICso (1-7)

Nociceptin 0.73£0.04 1.00
1 [RK'*-**|Noc 0.2110.02 348
2 [WR'*5INoc 0.2310.05 3.17
3 [WK'*-15]Noc 0.25+0.03 2.92
4 {W"INoc 0.41£0.04 1.78
5 [RW*-15]Noc 0.30+0.06 243
6 [KW'*15]Noc 0.31+0.04 235
7 [W**]Noc 2.1£0.04 0.35

Data are mean + SEM of at least three experiments (n = 8-10).

Table 4
GTPYS binding activity of wild-type nociceptin, {RK'*~*>]nociceptin, and a series of
Trp-containing nociceptin analogues to rat ORL1 receptors

Nociceptin analogues GTPYS binding activity Relative potency

ECso (nM) ECso (Noc){ECso (1-7)
Nociceptin 13+04 1.00
1 [RK'*15]Noc 1.1£0.08 11.8
2 [WR!*5|Noc 13019 10.0
3 [WK™-15INoc 1.3+0.12 10.0
4 [W']Noc 5811 2.24
5 [RW*5]Noc 31:016 419
6 (KW '5]Noc 32:0.14 406
7 [W'®]Noc 50129 0.26

Data are mean * SEM of at least three experiments (n = 6-8).

clearly indicate that [RK'*'>|Noc exhibits much more enhanced
biological activity than expected from the receptor-binding assay,
as reported previously.'”%°

In the binding assay, Trp-substituted peptides [WR'*"3]Noc (2)
and [WK'"1%]Noc (3) exhibited almost the same high binding po-
tency as well as [RK'*~'*|Noc (Table 3). They were approximately 3
times more potent than the wild-type Noc. However, when their
ability to affect the receptor activation was evaluated in the GTPyS
functional assay, it became clear that these [W4, (R/K)'*]Noc ana-
logues 2 and 3 showed much more enhanced biological activity
than expected from the receptor-binding assay. The ECsy values
of [WR*-15]Noc and [WK'*"1>]Noc were approximately 10 times
smaller than that of wild-type Noc: that is, these analogues were
10 times stronger than wild-type Noc (Table 4). In addition to
[RK'-15|Noc, these analogues are more potentiated synergistically
in the receptor activation than with wild-type Noc.

2.3. Trp-substitution at position 15 with no synergistic activity

Another series of Trp-substituted peptides, [RW'*!>]Noc (5)
and [KW'*'5]Noc (6), also showed almost the same high recep-
tor-binding activity (ICsp = ca. 0.3 nM) as that of [RK'*""*INoc (1),
[WR'1%]Noc (2), and [WK'*'*]Noc (3) (Table 3). These Trp'>-con-
taining Noc analogues were a few times more potent (approxi-
mately 2.4-fold) than the wild-type Noc. However, in the actual
binding assays, they were judged to be definitely weaker than
Trp'“-containing Noc analogues 2 and 3, as shown in Table 3,

[RW!*15INoc and [KW'#']Noc were also stronger (approxi-
mately 4.2-fold) than the wild-type Noc in the GTPYS functional
assay. There was a slightly greater enhancement (1.75-fold) than
expected from the receptor-binding assay. However, this enhance-
ment was much smaller than that observed for [RK'*1>]Noc (1),
[WR'1%|Noc (2), and [WK'*'5|Noc (3) (Table 3). These findings
indicate that only the Trp substitution at position 14 in [(R/K)!*,
(R/K)'*INoc can retain an intrinsic synergistic potentiation.
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3. Discussion

We have previously demonstrated that [RK'*"'5|Noc, [KR'*"'%]
Noc, [RR™'*|Noc, and [KK'*15]Noc are all significantly potent
both in the receptor-binding assay and in the GTPyS assay.'”?®
These analogues exhibited greater activity enhancement than that
with the wild-type Noc, showing much more enhanced biological
activity than expected from the receptor-binding assay. This in-
crease in activity was brought about by placement of a combina-
tion of basic amino acid pairs in positions 14-15, where a Leu-
Ala dipeptide unit is located in wild-type Noc. Since the single
replacement of Leu'*-Ala'® with Arg or Lys generated analogues
exhibiting no extra enhancement of biological activity, it appears
that the optimal effect in enhancing the receptor activation re-
quires basic Arg and/or Lys residues at adjacent positions 14-15.
The highly enhanced biological activity of [{R/K)'%, (R/K)'*]Noc re-
sults from a kind of additional sympathetic interaction with the
receptor.”®

We have also shown previously that the activity enhancement
induced by Arg and Lys at position 14 can be mimicked with the
aromatic amino acid Trp.2® [W'4]Noc was approximately twofold
more potent than wild-type Noc in the binding assay (Table 3),
and also approximately twofold more potent than wild-type Noc
in the GTPYS functional assay (Table 4). Thus, [W'*]Noc was shown
to exhibit an activity enhancement just as expected from its recep-
tor-binding activity. A similar enhancement was attained with
[R™]Noc, [K'*]Noc, {[R'*|Noc, and [K'*]Noc (Fig. 1).*° These results
strongly suggested that Trp'* would provide highly enhanced bio-
logical activity if the basic amino acid Arg or Lys was placed at po-
sition 15.2¢ This enhancement was in fact evidenced in the present
study.

As seen for [(R/K)™, (R/K)"*]Noc, namely, [RK'*"%]Noc, [KR'*-
15]Noc, [RR'*-'5|Noc, and [KK'*-'*]Noc, Trp'4-substituted analogues
[WR*-15INoc (2) and [WK'**]Noc (3) were 3 times more potent
than wild-type Noc in the receptor-binding assay (Table 3), and
approximately 10 times stronger than wild-type Noc in the GTPYS
functional assay (Table 4). Thus, as expected above, analogues 2
and 3 exhibited approximately three times greater activity enhance-
ment than expected from the receptor-binding assay. Apparently,
placing either Arg or Lys at position 15 for [W!*]Noc provides a dis-
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Figure 1. Amino acid sequences of nociceptin and its highly potent analogues. All
the amino acids are denoted in the one-letter code and basic amino acids Arg(=R)
and Lys(=K) are placed in the gray box. At positions 14-15, original dipeptide LA
was replaced by a series of basic dipeptides or Trp{=W)-containing dipeptides WR/
WK, resulting in the effect of synergistic potentiation. Single replacements by Arg,
Lys, or Trp at position 14 resulted in a rational normal potentiation, but not
synergistic potentiation.

tinct synergistic potentiation. In other words, the Trp substitution of
Argor Lys in position 14 of [(R/K)"*, (R/K)'*|Noc resulted in retention
of the synergistic potentiation (Fig. 1).

Such synergistic potentiation was not observed for the Trp sub-
stitution at position 15. Originally, [W'>]Noc was approximately a
third as potent than wild-type Noc in the binding assay (Table 3),
and also approximately a quarter as potent than wild-type Noc
in the GTPYS functional assay (Table 4). Apparently, Trp'® is disad-
vantageous, resulting in a clear negative effect on the activities of
[(R/K)'4, W'3INoc. Although [RW'¥'*|Noc (5) and [KW!*"'*]Noc
(6) showed receptor-binding activity increased to a few times
greater than the wild-type Noc, these elicited no activity enhance-
ment greater than that expected from the receptor-binding results
in the GTPYS functional assay (Tables 3 and 4). Compounds 5 and 6
were only a few times stronger than the wild-type Noc. It was evi-
dent that the activity enhancement induced by Arg and Lys at po-
sition 15 cannot be mimicked with the aromatic amino acid Trp.

When we compare the ICsg and ECs values of each Noc peptide,
it is evident that all the peptides are less potent in the GTPyS func-
tional assay than expected from their receptor-binding affinities.
The estrangement between the 1Csq and the ECsp values is largest
for wild-type Noc itself (approximately 18-fold), which means that
wild-type Noc has an imbalance in the efficiency of its receptor
activities. The estrangement was improved in compounds 5 and
6 by approximately 70%, and then in compounds 1, 2, and 3 by
approximately 230%. Certainly, these improvements were attained
as a result of the placement of Arg, Lys, and/or Trp at positions 14
and 15. It should be noted, however, that even highly potent 1, 2,
and 3 still exhibit an approximately fivefold estrangement
between their receptor-binding activity and biological activity
(Tables 3 and 4). Nociceptin itself appears to convey some kind
of activity suppression, perhaps due to one of its characteristic sup-
pressive functions such as hypoalgesia.

The present results clearly reveal that the structural roles of
Arg/Lys residues are different, depending upon their positions at
either 14 or 15. It is important to appreciate and understand that
ArgfLys is replaceable with Trp at position 14, but not at position
15. The only structural element that Arg, Lys, and Trp have in com-
mon is that they can potentially interact with aromatic residues
such as Tyr, Trp, His, and Phe. In fact, Arg and Lys can interact with
these aromatic amino acids by a cation/n interaction, while Trp
interacts with them via a n/n hydrophobic interaction. It is thus
highly likely that Arg, Lys, and Trp interact with aromatic receptor
residue(s). On the other hand, Arg or Lys at position 15 must bein a
favorable electrostatic interaction with acidic receptor residue(s).

The two RK repeats (RK®? and RK'?"'?) of wild-type Noc inter-
act by electrostatic interactions with a receptor acidic region pres-
ent in the second extracellular loop of ORL1.'"'>2% It is now
probable that the newly incorporated dipeptides at positions 14—
15 such as WR, WK, RK, RR, KR, and KK allows wild-type Noc to
establish additional interactions. Trp, Arg, or Lys placed at position
14 would lead to a ©/n or cation/n interaction with nearby aro-
matic residues present in the ORL1 receptor, and simultaneously
Arg or Lys placed at position 15 would guide the electrostatic inter-
action with an acidic receptor residue (Fig. 2). These extra interac-
tions may stabilize the total ligand/receptor interaction, thus
improving the ligand activity and resulting in a synergistic poten-
tiation. Identification of the receptor-binding site for dipeptide!4-13
by a site-directed receptor mutagenesis study is now underway in
our laboratory.

4. Conclusion

Hyperalgesic neuropeptide wild-type Noc becomes highly po-
tent when a dipeptide unit RK, KR, RR, or KK is placed at positions
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Figure 2. The structural looks of putative residual receptor-ligand interactions. (A) The n/n interaction between the receptor aromatic residue and the nociceptin-Trp'*
residue in [WR'4"'3|Noc together with the electrostatic interaction between the receptor acidic residue and the nociceptin-Arg'> residue. (B) The cation/n interaction
between the receptor aromatic residue and the Arg'* residue in [RK'*"'*]Noc together with the electrostatic interaction between the receptor acidic residue and the

nociceptin-Lys'® residue.

14-15, where Leu-Ala is originally present, The resulting [(R/K)!,
(R/K)'*INoc exhibited much more enhanced biological activity
than expected from its receptor-binding activity. In the present
study, this synergistic enhancement in biological activity or recep-
tor activation was found to also occur when Trp replaced basic
amino acids at position 14, but not at position 15. These results
suggest the presence of a m interaction with the receptor aromatic
residue and an electrostatic interaction with the acidic receptor
residue.

5. Experimental
5.1. Peptide syntheses

All the peptides were synthesized by manual solid peptide syn-
theses or an automated peptide synthesizer ABI 433A (Applied Bio-
systems Inc.,, Foster City, CA) with the Fmoc synthetic strategy
(0.1 mmol scale). Peptides were liberated from the resin using Re-
agent K (82.5% trifluoroacetic acid (TFA), 5% water, 5% thioanisole,
5% phenol, and 2.5% 1,2-ethanedithiol) at room temperature. After
3 h, the reaction was terminated with diethyl ether. The purifica-
tion was carried out by reversed-phase HPLC (RP-HPLC) on a pre-
parative column (25 x 250 mm, Cica-Merck LiChrospher RP-18
(e), 5 um) with a linear gradient of 0.1% TFA and 80% acetonitrile
containing 0.1% TFA. Detection was carried out at 230 nm. The frac-
tions containing pure peptides were lypophilized, and the purity
was verified by analytical RP-HPLC (4 x 250 mm, Cica-Merck
LiChrospher 100 RP-18, 5 um). Mass spectra of peptides were mea-
sured on a mass spectrometer Voyager™ DE-PRO (PerSeptive Bio-
systems Inc., Framingham, MA) with the matrix-assisted laser
desorption ionization time-of-flight (MALDI-TOF) method.

5.2. Expression plasmid, cell culture, transfection, and
membrane preparation

The cDNA clone of the rat ORL1 receptor was inserted into a
pcDNA3 expression vector (Invitrogen, San Diego, CA) at the Notl/

Xbal sites. COS-7 cells were maintained in Dulbecco’s modified Ea-
gle’s medium supplemented with 10% fetal bovine serum and suit-
able antibiotics in a 5% CO, atmosphere at 37 °C. Plasmid DNA
(30 pg) was transiently transfected into confluent COS-7 cells on
a 150-cm?-culture plate using the DEAE-dextran method. After
48 h, cells were harvested and centrifuged for 10 min at 500 g
{4°C). Cells were resuspended in 5mM Tris buffer containing
1 mM EGTA and 11% saccharose (pH 7.4), and homogenized with
the Teflon tissue homogenizer. The homogenate was centrifuged
for 10 min at 1000 g (4 °C). The supernatant was recentrifuged
for 20 min at 40,000 g (4 °C), and the pellet was washed with
5 mM Tris buffer containing 1 mM EGTA (pH 7.4). The concentra-
tion of membrane protein was estimated by the bicinchoninic acid
(BCA) protein assay method using bicinchoninic acid (Pierce, Rock-
ford, IL). The prepared membrane was frozen at —80 °C until use,

5.3. Radio-ligand receptor-binding assay

For the saturation-binding assay, a series of reaction mixtures
containing 5 pug/ml membrane protein were incubated with
increasing concentrations of [*H]Noc (158 Ci/mmol, Amersham
Pharmacia Biotech, Buckinghamshire, UK) (0.05-2 nM) for 90 min
at 25°C in 50 mM HEPES-Tris buffer (pH 7.4) containing 0.1%
BSA. Bacitracin (100 pg/ml) was added as an enzyme inhibitor.
After incubation, each incubation mixture (500 pl) was filtered
through glass fiber filters (GF/B; Whatman Inc., Clifton, NJ), which
were presteeped with 0.5% ethylene imine polymer for 1h, and
rinsed twice with 50 mM Tris-HCl buffer (pH 7.4). Non-specific
binding was determined in the presence of 10 uM wild-type Noc.
The receptor-binding potencies of the synthetic peptides were as-
sessed by competitive binding assay. Briefly, membranes (5 pg/ml),
serial concentrations of synthetic peptide, and 0.05 nM [°H]Noc
were incubated for 90 min at 25 °C in the same buffer (2 ml in each
tube), The computer program ALLFIT?® was used to draw dose-re-
sponse curves for the analysis. The binding potency of each peptide
was estimated as the ICsy value, the peptide concentration at
which the half-maximal inhibition is achieved.
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5.4. In vitro [>°S]GTPyS-binding assays

The in vitro biological activities of the synthetic peptides were
appraised by [3°S]GTPyS-binding assay. The membranes (5 pug)
were suspended in 50 mM HEPES-Tris buffer {(pH 7.4) containing
100 mM NaCl, 10 mM MgCl,, 200 mM EGTA, and 200 uM dithio-
threitol. Bacitracin (100 pg/ml) was added as an enzyme inhibitor.
Each tube (100 pul) was incubated for 60 min at 25 °C with the
appropriate concentration of peptides in the presence of 3 uM
GDP and 100 pM of [*°S]GTPyS (1000 Cifmmol; Amersham Phar-
macia Biotech). Non-specific binding was determined in the pres-
ence of 10 uM GTPyS. After incubation, each mixture was filtered
through glass fiber filters (GF/B; Whatman) and rinsed in the same
manner as described for the radio-ligand receptor-binding assay.
The functional activity was estimated as ECsg, that is, the peptide
concentration generating 50% of the maximal observed stimulation
of GTPyS binding.
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Receptor-binding Chemicals
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We have established a novel method to screen endocrine-disrupting chemicals by
in silico docking calculations, which utilized the both agonist-bound- and
antagonist-bond-ligand binding domains as templates. This agonist/antagonist
differential-docking screening (AADS) method predicted, for example, 4-(I-
adamantyl) phenol as an agonist of the human estrogen receptor a.  The AADS
method is an approach that appears to foresee both the binding potency and the
agonist or antagonist activity of chemicals for the target nuclear receptors.

Keywords: agonist/antagonist differential-docking screening (AADS), docking
calculation, nuclear receptor

Introduction

Nuclear receptors (NRs), which play a central role as transcription factors in
various biological processes, consist of five domains: N-terminal domain,
DNA-binding domain, hinge domain, ligand-binding domain (LBD), and C-terminal
domain. In general, the LBD has a pocket to capture a chemical, which has agonist
or antagonist activity [1]. Because the pocket, which was named ligand binding
pocket (LBP), exists on the LBD, the LBD is considered to be the major binding site
for the pharmacological agents and the endocrine disrupting chemicals (EDCs).

Currently, numerous industrial chemicals are suspected to be EDCs. If we
could predict that the chemicals would bind to the LBP, it would definitely be
advantageous for the design of agonists or antagonists of particular NR. It would
also be very helpful to predict which chemicals would cause serious disruptions in the
endocrine system. In this study, to establish a novel method that screens a huge
number of chemicals to explore EDCs, the docking calculation procedure was newly
developed by using one of NRs, the human estrogen receptor a (ERa). The
ERa-LBD changes its conformation, depending upon the ligand docks as either
agonist or antagonist. Such differences of the conformation were observed in 3D
structures of ERa-LBD/ligand complexes, which determined by X-ray crystallography
[2,3]. Therefore, we used two agonist-bound (PDB: 1ERE and 3ERD) and two
another antagonist-bound (IERR and 3ERT) ERa-LBD’s crystal structures as
templates for the docking calculation, and compared binding energies elucidated from

— 463 —



Cpf

AAG tkeakimaoh)
-2 -1 0 | 2 3

Agonist Antagonist

AG(kealimol)

Fig. 1. Plotting analysis of the ADDS method.

AG versus AAG plotting analysis.  The size of each plot corresponds to the relative
molecular size of the test chemical.  Abbreviations of chemicals are denoted in parentheses:
pentachlorophenol ~ (PCP),  4-tert-butylphenol  (tBUT),  4-tert-amylphenol  (tAMY),
4-cyclohexylphenol (CYC), 4-n-octylphenol (nOCT), 4-tert-octylphenol (tOCT), bisphenol A
(BPA), 4-(2-naphthyl)phenol (NAP), 4-(l-adamantyl)phenol (ADA), bisphenol AP (BPAP),
17p-estradiol (E2), dietylstilbestrol (DES), raloxifene (RAL), and 4-hydroxytamoxifen
(4-OHT).

the docking calculations by using each template. This calculation method was named
as the agonist/antagonist differential-docking screening (AADS) [4].

Results and Discussion

Docking calculations were carried out by the program Autodock 3.0 (The
Scripps Research Institute) and tested 16 chemicals. The average binding energies
(AG) of the chemicals were obtained from the results of the docking calculations using
four LBDs. The agonist/antagonist factor (AAG=Cpf: conformation preference
factor) was calculated as the difference between AG from the docking calculations
used by agonist-bound receptors and antagonist-bound receptors.

The calculated free energies of binding (AG) of the known ER-ligands, E2,
DES, RAL and 4-OHT, ranged from -8.98 to —11.47 kcal/mol. Among test
chemicals, there was only one putative antagonist (Fig. 1). Because of its small
minus AAG value, it is possible that BPAP has weak antagonist-like activity. On the
other hand, we identified 4-(1-adamantyl) phenol (ADA) as a relatively strong agonist
for hERa. ADA attained a binding energy (—8.84 kcal/mol) greater than that of the
other test chemicals and it had a plus AAG value. The AADS method successfully
predicted that ADA is almost as active as DES (AG = —8.98 kcal/mol).
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