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Bisphenol A (BPA) strongly binds to human estrogen-
related receptor y (ERRy). BPA is an oestrogenic
endocrine disruptor that influences various physiological
functions at very low doses. BPA functions as an
inverse-type antagonist of ERRy to retain its high
basal constitutive activity by inhibiting the deactivating
inverse agonist activity of 4-hydroxytamoxifen
(4-OHT). We recently demonstrated that ERRy recep-
tor residues Glu275 and Arg316 function as the intrin-
sic binding site of BPA’s phenol-hydroxyl group. We
also determined the chief importance of phenol-
hydroxyl<>Arg316 hydrogen bonding and the corrob-
orative role of phenol-hydroxyl<>Glu275 hydrogen
bonding. However, there appeared to be a distinct dif-
ference between the receptor binding modes of BPA
and 4-OHT. In the present study, using tritium-labelled
or non-labelled BPA and 4-OHT, we evaluated in
detail the receptor binding capabilities of wild-type
ERRY and its mutants with amino acid alterations at
positions 275 and 316. Both compounds exhibited a
strong binding ability to wild-type ERRY due to the
hydrogen bonding to Glu275 and Arg316. However,
4-OHT revealed significantly reduced occupancy for
both wild-type and mutant receptors. The data obtained
suggest that 4-OHT barely binds to ERRYy due to the
strong ability of Glu275 and Arg316 to recruit phenol
compounds.

Keywords: bisphenol A/estrogen-related receptor v/
4-hydroxytamoxifen/receptor binding mode/receptor
binding assay.

Abbreviations: BPA, bisphenol A; DCC, dextran-
coated charcoal; DES, diethylstilbestrol; E2,
17B-estradiol; ER, estrogen receptor; ERE, estrogen
response element; ERR, estrogen-related receptor;
ERRE, ERR-response element; ERRY,
estrogen-related receptor y; LBD, ligand-binding
domain; LBP, ligand-binding pocket; NR, nuclear
receptor; 4-OHT, 4-hydroxytamoxifen.

Bisphenol A [BPA; 2,2-bis(4-hydroxyphenyl)propane],
has recently been found to bind strongly to
estrogen-related receptor v (ERRYy) with high constitu-
tive basal activity (/). ERRy is one of the 48 human
nuclear receptors (NRs) (2, 3), while BPA has long
been recognized as an estrogenic chemical able to inter-
act with human estrogen receptor (ER) (4—6). Various
‘low-dose effects’ of BPA have recently been reported
in vivo for many organ tissues and systems in mice and
rats (7—10). However, since the discovery of ERRY, it
became an immediate and important requirement to
evaluate whether the previously reported effects of
BPA at low doses are mediated through ERRy and
its specific target gene(s) (/7).

BPA  has  the chemical  structure  of
HO-C¢H,—~C(CH3),—C¢Hs—OH with two phenol
groups (Fig. 1). We have recently reported the crystal-
lization and structural analysis of the BPA/
ERRy-ligand binding domain (LBD) complex (/2).
In the complex, a single molecule of BPA stays at the
ligand-binding pocket of each ERRy-LBD protein
molecule, whose a-helix 12 (H12) is stabilized in an
activation conformation. The crystal structure of the
complex suggests several essential interactions between
the BPA and ERRy-LBD molecules. For instance,
BPA’s phenol-hydroxyl group is tethered by hydrogen
bonds to the GIlu275 and Arg316 residues in
the ERRy-LBD (Fig. 2). These hydrogen bonds
were also observed in the ERRy—LBD complex with
4-a-cumylphenol (/3). Since 4-o-cumylphenol is a com-
pound that lacks one of BPA’s phenol-hydroxyl
groups, the results clearly indicated that the hydrogen
bonds of the phenol-hydroxyl group to the Glu275 and
Arg316 residues are crucial for binding of the phenol
compounds to ERRy. Indeed, by examining the
ERRy—LBD analogues through site-directed mutagen-
esis, we demonstrated these residues as the intrinsic
binding site of BPA’s phenol-hydroxyl group (/4).

Similar hydrogen bonding was also found in the
complex between 4-hydroxytamoxifen (4-OHT,
Fig. 1) and ERRy—LBD (/5). 4-OHT deactivates
ERRY in, for example, the luciferase reporter gene
assay (/, 16, 17). BPA inhibits such inverse agonist
activity of 4-OHT. BPA reverses the deactivation to
the originally high basal activation state in a dose-
dependent manner, and thus acts as an inverse antag-
onist of ERRy (/). Although the phenol-hydroxyl
group of 4-OHT shares the same site for its binding
to ERRy, the difference in receptor binding modes
between BPA and 4-OHT remains to be clarified.

In the previous study we elucidated the chief import-
ance of phenol-hydroxyl<>Arg316 hydrogen bonding
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and the corroborative role of phenol-hydroxyl
<Glu275 hydrogen bonding (/4). This result strongly
suggested that the formation of these double hydrogen
bonds is critical for phenol compounds to bind to
ERRY. In the present study, to shed light on the struc-
tural significance of these double hydrogen bonds, we
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Fig. 1 Chemical structures of BPA and 4-OHT and their space-filling
structures in the ligand-binding pocket of the ERRy. The space-filling
structure of BPA originated from the X-ray crystal structure [Protein
Data Bank with accession code 2E2R (/2)], and that of 4-OHT was
also from the deposited structure [2GPU, (30)].
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carried out a detailed comparison between BPA and
4-OHT for binding to ERRy—LBD in a site-directed
point mutagenesis series. We here report that human
NR ERRY binds highly specifically to BPA, but barely
binds to the inverse agonist 4-OHT.

Experimental procedures

Chemicals

BPA was purchased from Tokyo Kasei Kogyo Co. Ltd (Tokyo).
4-Hydroxytamoxifen (4-OHT) was obtained from Sigma-Aldrich
Inc. (St Louis, MO, USA). [’H]BPA (5Ci/mmol) was obtained
from Moravek Biochemicals (Brea, CA, USA) and [*H4-OHT
(80 Ci/mmol) from American Radiolabelled Chemicals Inc.
(St Louis, MO, USA).

Plasmid construction and site-directed mutagenesis

A cDNA fragment encoding wild-type ERRy—LBD (residues
222-458) was generated by polymerase chain reaction (PCR) with
specific primers using the human kidney ¢cDNA library (Clontech
Laboratories; Mountain View, CA, USA) and cloned into the
vector pGEX-6p-1 (Amersham Biosciences, Piscataway, NJ, USA)
at the EcoRI and Xhol sites. The resulting plasmids were designated
as pGEX—ERRy—LBD.

ERRy mutants were generated using PfuTurbo® DNA
Polymerase (Stratagene, La Jolla, CA, USA) according to the manu-
facturer’s instructions using pPGEX—ERRy—LBD as a template. The
mutations were introduced by PCR mutagenesis in a two-step reac-
tion essentially as reported (74, /8). Each mutant LBD was amplified
and cloned into the vector pGEX-6p-1 at the EcoRI and X%ol sites.
All PCR products were verified for their accuracy in the sequences.

ERRy—LBD protein expression

Two glutathione S-transferase (GST)-fused receptor proteins—the
wild-type and mutant GST—ERRy—LBD-—were expressed in
Escherichia coli BL21 as described previously (/). The receptor pro-
tein was purified using an affinity column of glutathione—sepharose
4B (GE Healthcare BioSciences Co., Piscataway, NJ, USA). After
incubation for 1h at 4°C, the column was washed three times with
PBS containing 0.2% (v/v) Triton X-100 and once with sonication
buffer. Fusion protein was eluted with 1M Tris—HCl (pH 8.0)
containing 20 mM reduced glutathione, which was removed by gel
filtration on a column of Sephadex G-10 (15x 100mm,
GE Healthcare) equilibrated with 50 mM Tris—HCI (pH 8.0). The
purity was confirmed by SDS—PAGE using 12.5% polyacrylamide

Fig. 2 Structural environments of BPA and 4-OHT in the ligand-binding pocket of the ERRy. The proximity of each amino acid residue
(within the distance 4 A) to BPA (A) and to 4-OHT (B) is shown in the boxes depicting the a-helices. The amino acids in a grey backboard

are the residues shared by both BPA and 4-OHT.
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gel. The protein concentrations were determined by the Bradford
method (79).

Radio-ligand receptor binding assays

Saturation binding. A saturation binding assay was conducted (20)
using [*H]4-OHT or [PH|BPA. The reaction mixture was incubated
at 4°C for 2h with the receptor proteins—GST-fused wild-type
ERRy—LBD or its mutants—in 100 pl of binding buffer [10 mM
HEPES (pH 7.5), S0mM NaCl, 2mM MgCl,, ImM EDTA,
2mM CHAPS and 2mg/ml y-globulin]. The assay was performed
with or without the addition of unlabelled BPA or 4-OHT (final
concentration of 1 x 107> M) to quantify the specific and nonspecific
binding. After incubation with 100 ul of 1% dextran-coated charcoal
(DCC) (Sigma) (21) in PBS (pH 7.4) for 10min at 4°C, free radi-
oligand was removed by the direct vacuum filtration method using a
96-well filtration plate (Millipore, Bedford, MA, USA) for the B/F
separation. The specific binding of [*’H]BPA or [°’H]4-OHT was cal-
culated by subtracting the non-specific binding from the total bind-
ing, and the results were examined by Scatchard plot analysis (22).
The assay was carried out at least in triplicate.

Competitive binding. Competitive binding assays were performed in
the presence of GST-fused wild-type ERRy—LBD or its mutants at
the most appropriate concentration of each. Reaction mixtures were
incubated with either [PH|BPA or [’H4-OHT (5nM in final) at 4°C
for 2h, and free radioligand was removed by the method described
above after incubation with 100 pl of 1% DCC in PBS (pH 7.4) for
10 min at 4°C. To estimate the binding affinity, the ICs, values (the
concentrations for the half-maximal inhibition) were calculated from
the dose-response curves evaluated by the nonlinear analysis
program ALLFIT (23). Each assay was performed in duplicate
and repeated at least three times.

Results

Critical structural elements to detain 4-OHT and BPA
to ERRy

For the receptor binding assays, the ERRy—LBD
(residues 222—458) was expressed in E. coli as a protein
fused with glutathione S-transferase (GST). Mutations
were introduced by the PCR mutagenesis method for
the original nucleotide triplet codons GAG of Glu275
and CGG of Arg316 (24). To evaluate the ligand-
binding ability of mutant receptors, a saturation bind-
ing assay was first performed using GST-ERRy—LBD
and ["H]4-OHT. In this assay for the mutant receptors,
especially when no specific binding was measurable
under the same experimental conditions for the
wild-type ERRYy receptor, the assay was carried out
repeatedly for the specified times using varied concen-
trations of the receptor GST—ERRy—LBD or
radio-ligand [*H]4-OHT.

In the previous study using [°’H]BPA, it was found
that Glu275 and Arg316 are necessary for holding
BPA and 4-OHT in ERRY, but with different degrees
of involvement in the hydrogen bonding (/4). This
result was further evidenced in the present study
using [PHJ4-OHT and a series of mutant receptors, in
which site-directed mutations in the LBD of ERRy
were carried out for positions 275 and 316. When
Glu275 and Arg316 were simultaneously mutated to
Ala, the resulting (Ala, Ala)-ERRy mutant receptor
exhibited no specific binding of ["H]4-OHT, as re-
ported for [’H]BPA (/4). As the X-ray crystal structure
has suggested (12, 15), the results clearly indicated that
Glu275 and Arg316 are crucial for the binding of
4-OHT and BPA, whose phenol-hydroxyl groups are

Receptor binding mode of bisphenol A in human ERRy

indeed engaged in hydrogen bonding with the side
chain carboxyl (Glu) and guanidino groups (Arg).

Differential ability of hydrogen bonds evidenced

by [°H]4-OHT

When the Glu275— Ala substitution was achieved, the
resulting mutant receptor (2754la)-ERRy was found
to exhibit considerably decreased binding potency for
4-OHT. [*H}4-OHT showed significantly diminished
binding ability, with dissociation constants of
28.8nM (35% of the binding affinity for the wild-type
ERRY) (Table I). [’H]BPA’s dissociation constant was
17.8 nM (32% of the binding affinity for the wild-type
ERRY). The Arg316— Ala substitution resulted in a
further reduction of activity. The dissociation con-
stants were 210nM (only 4.8% of the binding affinity
for the wild-type ERRy) for [*H]4-OHT [171nM
(3.3%) for [’H]BPA] (Table I).

The present results clearly indicate that the hydro-
gen bonds between the phenol-hydroxyl group of
4-OHT or BPA and the Glu275 and Arg316 residues
are necessary for capturing these chemicals in the bind-
ing pocket of ERRy—LBD. However, it is also clear
that the hydrogen bond between 4-OHT/BPA and the
Arg316 is much more important than that between
4-OHT/BPA and the Glu275.

Receptor binding results were also obtained by a
competitive binding assay using [PH]4-OHT as a
tracer (Table II). BPA and 4-OHT elicited almost the
same results for the wild-type ERRYy, with ICs, values
of 13.8 and 10.3 nM, respectively. For (2754/a)-ERRY,
the ICsy values were 365nM (3.6% of the binding
affinity for the wild-type ERRY) and 356 nM (3.9%),
respectively. However, for (3164/a)-ERRYy with the
Arg—Ala mutation, the competitive binding assay
could not be carried out because of the extremely
small specific binding in the saturation-binding assay.
These results clearly indicate that the hydrogen bond-
ing to the Arg316 residue is much more important for
capturing BPA and 4-OHT than that to the Glu275
residue.

Table 1. Receptor binding potency of ERRy and its mutants by
tritium-labelled BPA and 4-OHT.

Dissociation
constant (Kp, nM)

Amino acid residues
of ERRy receptors®

Position 275 Position 316 [*HIBPA [*H|4-OHT
Glu Arg 5.70 + 0.88 10.1 +0.29
(Wild-type)
Ala Arg 17.8 +2.74 28.8 +3.28
Asp Arg 22.0 = 2.86 42.0 £ 6.73
Gln Arg 23.4 + 3.34 29.4 + 3.74
Leu Arg NSBP NSB
Glu Ala 171 + 39.5 210 + 38.3
Glu Lys 22.5 +4.26 29.4 + 3.79
Glu Leu NSB NSB
Ala Ala NSB NSB
Arg Glu 59.7 + 6.79 77.3 +£9.38
Ala Glu NSB NSB
Arg Ala 543 + 6.82 74.8 + 6.15

“Specifically mutated residues are designated in italics.
"NSB means ‘no specific binding’ in the saturation binding assay.
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Table II. Receptor binding potency of BPA and 4-OHT in the
competitive binding assay for ERRy and its mutants by
tritium-labelled 4-hydroxytamoxifen [*H] 4-OHT.

Amino acid residues
of ERRY receptors®

Receptor binding
potency ICsy (nM)

Position 275 Position 316 BPA 4-OHT

Glu Arg 13.8 £ 2.55 10.3 = 0.07
(Wild-type)

Ala Arg 365 £ 16.1 356 + 58.9

Asp Arg 179 + 24.1 184 + 27.1

Gln Arg 256 + 21.2 222 +26.7

Leu Arg Not carried out®

Glu Ala Impossible to carry out®

Glu Lys 228 +24.4 293 + 36.7

Glu Leu Not carried out®

Ala Ala Not carried out®

Arg Glu Impossible to carry out®

Ala Glu Not carried out®

Arg Ala Impossible to carry out®

“Specifically mutated residues are designated in italics.

®Because of ‘no specific binding’ in the saturation binding assay,

the competitive binding assay was not carried out.

“Because of the ‘extremely small specific binding’ in the saturation
binding assay, the competitive binding assay could not be carried
out.

Glu275 and Arg316 as hydrogen-bonding anchors to
tether the ligands

When Glu275 and Arg316 were each replaced by Leu
instead of Ala, the resulting (275Leu)-ERRy and
(316Leu)-ERRYy mutant receptors were completely in-
active, with no specific binding (Table I). Thus, it was
impossible to carry out their competitive binding
assays (Table II). When Glu275 was replaced by glu-
tamine (Gln), the resulting (275GI/n)-ERRYy mutant re-
ceptor exhibited a sufficient specific binding (~70% of
the total binding) for ['H]BPA, but just barely suffi-
cient specific binding (~35% of the total binding) for
[*HJ4-OHT. The Kp values were 23.4nM (~25% of
the binding affinity for the wild-type ERRY) for
PHIBPA and 29.4nM (34%) for [*H}4-OHT
(Table I). The ICsy values of BPA and 4-OHT were
179 nM (5.1% of the binding affinity for the wild type)
and 184 nM (6.2%), respectively (Table II). These re-
sults are rather worse than those obtained for
(275Ala)-ERRy. It is therefore clear that Gln does
not compensate for Glu, indicating that the carboxyl
(COOH) group, but not the carboxyl amide (CONH,)
group, is crucial to capturing BPA and 4-OHT.

For (275A4sp)-ERRy with the Glu275— Asp substi-
tution, ["H]4-OHT exhibited just barely sufficient spe-
cific binding (~30% of the total binding) (data not
shown). It was found that (2754sp)-ERRy affords
almost the same results obtained for (2754/a)-ERRYy
and (275GIn)-ERRy (Tables I and II). In particular,
BPA and 4-OHT are significantly weak for binding
to this mutant receptor (4-8% of the binding affinity
for the wild-type ERRY) (Table II). All these results
indicate that the y-carboxyl group of Glu275 is crucial-
ly important to binding BPA and 4-OHT.

The importance of Arg316 was also demonstrated
by another mutation, in which the basic Arg residue
was replaced by lysine (Lys) with the amino group.

250

Prepared (316Lys)-ERRy was found to be consider-
ably weak for binding [*HJ4-OHT (Kp=29.4nM)
and [’H]BPA (22.5nM) (Table I), since these activities
are only ~25% that of the parent wild-type receptor
ERRy. In the competitive binding assay using
(316Lys)-ERRy and ['H]4-OHT, BPA and 4-OHT
were significantly weak for binding to this mutant re-
ceptor (~5% of the binding affinity for the wild-type
ERRY) (Table II). Furthermore, the inactivity of
(316Leu)-ERRY and the extremely weak activity of
(316A4la)-ERRY (Tables I and II) definitely reveal the
importance of the basic Arg residue for receptor acti-
vation. All these results indicate that Arg316 is a very
important structural element for the binding of BPA
and 4-OHT to the binding pocket of ERRy—LBD by
hydrogen bonding.

Collectively, it is now clear that Glu275 and Arg316
are necessary for holding BPA and 4-OHT in ERRY,
but with different degrees of involvement in the hydro-
gen bonding. The results clearly indicate the major
importance of phenol-hydroxyl<>Arg316 hydrogen
bonding and the supportive role of the phenol-
hydroxyl<>Glu275 hydrogen bonding. The difference
in their significance might be attributable to the
importance and/or necessity of receipt of the
phenol-hydroxyl group, even by using an assisting
group to facilitate the receptor function. These results
are coincident with those evidenced by [PH]BPA, as
reported previously (/4).

(Glu275, Arg316)-binding site arranged ideally to
arrest the phenol-hydroxyl groups

In our previous study (/4), hypothesizing that no
amino acids other than 316Arg and 275Glu would
play such an intrinsic role in capturing the phenol-
hydroxyl group, we prepared a (Arg, Glu)-ERRy
double mutant receptor, in which Arg and Glu were
placed simply in opposite order. Due to the signifi-
cance of the receipt of the phenol-hydroxyl group,
for example, of BPA and 4-OHT, we expected that
the Arg and Glu residues would be transferable. In
fact, PH]BPA was found to bind to this (4rg, Glu)-
ERRY double mutant receptor (/4). However, its bind-
ing potency was almost 10 times weaker than that to
the wild-type receptor (Table I). In the gresent study,
almost the same result was obtained for ["H]4-OHT, as
shown in Table 1. PH]4-OHT bound to (Arg, Glu)-
ERRYy with a dissociation constant of 77.3 nM, show-
ing only one-seventh the strength of the bond to the
wild-type receptor (Table I).

The specific binding of ["'H]BPA was ~65%. In con-
trast, [PHJ4-OHT exhibited only a very small specific
binding (<20%) in relation to the total binding. Thus,
since ["H]4-OHT could only barely bind to (Arg, Glu)-
ERRY, it was impossible to carry out the competitive
binding assay (Table II).

As to the (4rg, Glu)-ERRY receptor, we made fur-
ther Ala substitutions for 2754rg and 316Gu, respect-
ively. The resulting (Ala, Glu)-ERRYy mutant receptor
with the 275A4rg— Ala substitution was found to com-
pletely lack the binding capability for [’H]BPA and
[*H]4-OHT (Table I). In contrast, the Arg-containing
(Arg, Ala)-ERRy mutant receptor was still active
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for [PH]BPA and [PHJ4-OHT (Table I). In the
saturation binding assay for (Arg, Ala)-ERRY, these
trittum-labelled compounds exhibited similar results
to those obtained for (Arg, Glu)-ERRy—the dissoci-
ation constant Kp values of 54.3nM for [’H]BPA and
74.8 1M for [ ]4 OHT. However, for this (Arg, Ala)-
ERRY receptor, [*H]4-OHT also exhibited only a very
small specific binding (<20%) of the total binding. Due
to the very small amount of specific binding, we could
carry out only the Scatchard plot analysis. It was im-
possible to carry out the competitive binding assay for
the (4rg, Glu)-ERRY receptor by using ['H]4-OHT as a
tracer (Table II).

The fact that the Arg-containing (Arg, Glu)-ERRYy
and (Arg, Ala)-ERRy mutant receptors were still
active, but (4la, Glu)-ERRy with no Arg was com-
pletely inactive, led us to conclude that phenol-
hydroxyl«>275A4rg hydrogen bonding plays a primary
role, while the role of phenol-hydroxyl<>316Giu
hydrogen bonding is only supportive. Furthermore,
our finding that (4rg, Glu)-ERRy and (Arg, Ala)-
ERRY are almost equipotent (Table I) indicates that
the supportive role of the phenol-hydroxyl<>-316Gu
hydrogen bond is actually almost insignificant. This
together with the result that these mutant receptors
have considerably lower affinity to BPA and 4-OHT
is apparently due to the mismatched proximity to the
phenol-hydroxyl group of BPA and that of 4-OHT.
This assumption was proved recently by the X-ray
crystal  structure analysis of the BPA/(4rg,
Glu)-ERRy complex (under submission). Although
Glu275 and Arg316 in ERRY are interchangeable for
keeping up the interaction with BPA and 4-OHT,
ERRYy appears to afford simultaneously an ideal
space and the capability of arresting the phenol-
hydroxyl groups by arranging the Glu and Arg
residues at positions 275 and 316, respectively.

Discrepancy in potency to replace [P°H]4-OHT and
PHIBPA
When the competitive receptor binding assay was car-
ried out for BPA using ["H]4-OHT as a tracer, the
wild-type ERRy afforded a shghtly weakened result
as compared with that from the assay using
[ ]BPA In the competitive receptor binding assay
using [’HJBPA as a tracer, BPA showed an ICs
value of 9.70nM (/4). In the assay using ["H]4-OHT,
however, the 1Csy value of BPA was 13.8nM, ~40%
larger than that when using [PH]BPA (Table II). These
results clearly mdlcate that BPA has certain difficulty
in displacing [*HJ4-OHT, probably due to the
increased binding attachment points with [’H}4-OHT
as compared with [* ]BPA

On the other hand, in the assays using ["H}4-OHT as
a tracer for the mutant receptors that afforded the
specific binding, (275A4la)-, (275A4sp)-, (275GIn)-,
(316Lys)- and (Arg, Glu)-ERRYy, the 1Csq values of
the compounds were one order of magnitude larger
(3—10 times larger) than those obtained from the
assays using ["H]BPA as a tracer. For example, for
the (275A4la)-ERRy mutant receptor, BPA exhibited
an ICsy value of 35.7 nM with ["H]BPA (/4), while
this value was 10 times larger, 365nM, with

Receptor binding mode of bisphenol A in human ERRy

[*HJ4-OHT (Fig. 3, Table II). It should be noted that
the competitive binding assay measures the ability of
the compound to replace the radiolabelled tracer in the
ligand-binding pocket of the receptor. Thus the results
simply imply that, for BPA, to replace [°H]4-OHT is
more difficult than to replace ["H]BPA.

Large difference in receptor occupancy between
[*H]4-OHT and [°’HIBPA

The results described above suggest that 4-OHT binds
more solidly to ERRy than BPA. On the contrary,
4-OHT must have more difficulty fastening to the
binding site because of the increased number of attach-
ment points. This difference between [PH4-OHT and
[*H]BPA was clearly shown by the difference in their
occupied receptor populations.

The maximal receptor density (B.y) Was estimated
by Scatchard plot analysis for each mutant receptor in
which specific binding was observed (Fig. 4). It is clear
that the By.x values of PHM4-OHT are significantly

A [’H] BPA-tracer

12 10 8 6 4
- Log [BPA (M)]

B [*H] 4-OHT-tracer

(275Ala)

12 10 8 6 4
—Log [BPA (M)]

Fig. 3 Concentration-dependent curves of BPA for ERRy—LBD and
its site-directed mutant derivatives by using tritium-labelled BPA

(A) and 4-OHT (B). The receptor competitive binding assays were
carried out to measure the ability to displace ["TH|BPA (A) and
[PHJ-OHT (B). Used receptors are wild-type ERRY (filled circle),
(275Ala)-ERRYy with the Glu275— Ala substitution (open circle),
and (3164/a)-ERRy with the Arg316— Ala substitution (filled
square). The graphs show representative dose-dependent binding
curves, which give the ICs, value closest to the mean ICs, from at
least five independent assays for BPA. The 1Cs, values showed a
between-experiment coefficient of variation of 3—10%. All the
receptors used are the ligand-binding domain (LBD) of the human
ERRY and its mutant receptors. The ICs, values of BPA in the
[*HIBPA binding assay (A) were 9.70 + 0.59 nM for wild-type
ERRY, 35.7 £ 5.450M for (2754la)-ERRy and 990 + 78.4nM for
(316Ala)-ERRY (14). Those in the [’H]4-OHT binding assay (B) were
10.3 £ 0.07nM for wild-type ERRy and 365 + 16.1 nM for
(275A4la)-ERRY, as shown in Table II. The assay for (3164/a)-ERRy
was not feasible due to the extremely small amounts of specific
binding observed for [’H]4-OHT and the very weak binding potency
of 4-OHT (ICso=818nM) (/4).
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Fig. 4 Scatchard plot analyses showing a single binding mode with a
binding affinity constant (K;) and receptor density (Byax). Analyses
were carried out from the radioligand receptor saturation binding
curves of ["H]BPA (left-side figures) and [*H}4-OHT (right-side
figures) for the human ERRy ligand-binding domain (LBD) and its
site-directed mutant derivatives. Those include the wild-type ERRy
(A), (275A4la)-ERRy with the Glu275— Ala substitution (B), and
(316Ala)-ERRYy with the Arg316— Ala substitution (C). Note that
the Buax value (nmol/mg protein on the abscissa) of [PHJ4-OHT is
much smaller than that of [’H]BPA in each receptor assay.

smaller than those of [’H]BPA (Table III). As to the
parent wild-type ERRYy receptor, the ["TH|BPA’s B«
value, 18.4nmol/mg protein, is very compatible with
the 18.8 nmol/mg protein that was estimated for the
mature ERRY receptor protein based on its molecular
weight (53 500). However, the [°’H]4-OHT’s By, value,
1.26 nmol/mg protein, was only 1/16th of the estimated
value (Fig. 4, Table III). Obviously, these results imply
that the feasibility of [’H]4-OHT binding to ERRY is
relatively small, as is also true for other mutant
receptors.

Discussion

Structural requirements of ERRy to bind BPA and
4-OHT

Among the total 48 human NRs, 26 NRs have Arg
at the position corresponding to ERRY’s 316 (/4). In
contrast to this Arg316, Glu275 is conserved among
only five NRs: ERa, ER, ERRa, ERRJ} and ERRY.
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Table III. Receptor density of ERRy and its mutants by
tritium-labelled BPA and 4-OHT.

Amino acid residues
of ERRY receptors”

Receptor density
(BITISIX’ nm()l/mg)

Position 275 Position 316 [*H]BPA [*HJ4-OHT

Glu Arg 18.4 + 0.78 1.26 + 0.055
(Wild-type)

Ala Arg 6.72 + 0.62 0.059 =+ 0.0030

Asp Arg 12.4 + 0.46 0.28 + 0.024

Gin Arg 7.81 +0.47 0.35 + 0.041

Leu Arg NSB® NSB

Glu Ala 1.34 + 0.16 0.12 +0.016

Glu Lys 9.98 + 0.76 0.18 % 0.049

Glu Leu NSB NSB

Ala Ala NSB NSB

Arg Glu 3.66 + 0.29 0.095 + 0.043

Ala Glu NSB NSB

Arg Ala 3.56 + 0.38 0.30 + 0.070

“Specifically mutated residues are designated in italics.
°NSB means ‘no specific binding’ in the saturation binding assay,
and thus the B, value was not obtained.

Since all these Glu275-containing NRs contain
Arg316, it is very reasonable to assume that these
(Glu275, Arg316)-containing NRs are able to bind to
the phenol compounds. We have recently demon-
strated that a number of 4-alkylphenols bind to
ERRY considerably more strongly (//), and that
their phenol-hydroxyl group is arrested by the
Glu275 and Arg316 residues, as shown by the X-ray
structural analysis of the phenol/ERRYy complexes (un-
published data). Although the natural hormone of
ERa and ERP is 17B-estradiol, ERRa, ERRP and
ERRy are all orphan receptors whose endogenous
ligand is not identified (25—28). It is highly likely that
if the ERRs have any endogenous ligands, they must
be phenol compounds.

When the Glu275—Ala substitution was accom-
plished, the resulting mutant receptor (2754/a)-ERRy
was found to exhibit just about sufficient specific bind-
ing (~35% of the total binding) for [*H]4-OHT, in
contrast to the clearly sufficient specific binding
(~65% of the total binding) for [*H]BPA. For
(316A4la)-ERRy with the Arg316— Ala substitution,
[*HJ4-OHT exhibited only barely sufficient specific
binding (~20% of the total binding), which was insuf-
ficient to perform the competitive binding assay.
[PHIBPA exhibited a sufficient specific binding
(~50% of the total binding) for this (316A4/a)-ERRY.
It is clear that the same structural changes in ERRy
differently affect the binding ability of 4-OHT and
BPA, which is suggestive of their different receptor
binding modes. BPA and 4-OHT share only a phenol
group (Fig. 1), which has been demonstrated to occupy
the same (Glu275, Arg316)-binding site in the ERRy
receptor (12, 15, 29, 30). Thus, their different receptor
binding modes are definitely due to structures other
than the phenol group.

For the ERRY receptor, 4-OHT acts as an inverse
agonist (/, 16), the binding of which dissociates
the o-helix 12 (H12) region from the LBD body
(12, 15, 29). This discussion results in a deactivation
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of the receptor. 4-OHT puts aside the HI12 from an
activation conformation to an inactivation conform-
ation, as evidenced by the X-ray crystallography of
the 4-OHT—ERRY complex (/5). This process appears
to be a highly energy-consuming option. In contrast,
H12 of non-liganded ERRy—LBD is folded into the
activation conformation (/2, 29), and BPA is able to
bind to this conformation without causing any struc-
tural changes in the receptor, as demonstrated by the
X-ray crystallography of the BPA—ERRY complex
(12). Thus, there is indeed a distinct difference in bind-
ing modes between 4-OHT and BPA for ERRY.

BPA suppressed the inverse agonist activity of
4-OHT, being a specific inhibitor against the inverse
agonist 4-OHT. It should be noted that BPA’s ability
to antagonize 4-OHT is approximately one-order
lower than its binding potency to ERRY, as reported
previously by Okada et al. (11). This discrepancy is
probably due to the BPA’s difficulty in displacing
4-OHT (see above in the Results section), originating
from the distinction in binding modes between BPA
and 4-OHT for ERRY.

Different potentials of BPA and 4-OHT in binding to
ERRy

The difference in binding modes would induce novel
differences in the binding and dissociation energies.
For instance, with the wild-type ERRy, [*H]4-OHT
exhibited an ~1.8-fold larger Kp value than that of
[*H]BPA (Table I). Also, for a series of mutant recep-
tors, [’HJ4-OHT and [’H]BPA showed similar differ-
ences (Table I). [PH]BPA did bind to (3164/a)-ERRY,
(Arg, Glu)-ERRy and (A4rg, Ala)-ERRy, but
[*H]4-OHT could not bind to any of them (3Table D).

The difference between [*H]4-OHT and [’H]BPA is
further revealed in their maximal receptor density Bpax
values. ["H]BPA afforded well-matched Bpax values
for the wild-type ERRY; i.e. 18.4nmol/mg protein as
the observed value and 18.8 nmol/mg protein as the
calculated value (Table III). However, the B,,.. value
of [PH]4-OHT was diminished significantly, with only
1.26 nmol/mg protein (~7% compared with that of
[*H]BPA) (Table III). This result must be due to
4-OHT repositioning H12 from an activation conform-
ation to an inactivation conformation, making it diffi-
cult for PHM4-OHT to bind to ERRy. BPA binds
directly to ERRy—LBD folded in the activation con-
formation without any conformational changes in the
receptor.

As to the mutant receptors such as (2754la)-,
(275GIn)-, (275A4sp)- and (316Lys)-ERRy, [°H]BPA
gave fairly large B, values: 6.72—12.4 nmol/mg pro-
tein (Table III). All of these contain Arg or Lys at
position 316. However, the B,.. values of ["H]4-
OHT for these mutant receptors were drastically
reduced, showing only 0.9—4.5% values as compared
with that of [PH]BPA. Although it is not clear whether
or not LBD in these mutant receptors is folded in the
same activation conformation, at least 4-OHT is able
to reposition H12 into an inactivation conformation. It
is therefore obvious that 4-OHT barely binds to ERRYy
receptors.

Receptor binding mode of bisphenol A in human ERRy

Another important deduction from the present re-
sults is the crucial role of the Arg316 residue to bind
BPA and 4-OHT. To the mutant receptor lacking
Arg316 due to an Arg—Ala substitution, namely,
(3164la)-ERRy, [PH]BPA and [*HJ4-OHT bound
only weakly. For the ERRy mutant receptors contain-
ing Arg at position 275, namely (Arg, Glu)-ERRY and
(Arg, Ala)-ERRy, [PH]BPA and ['H]4-OHT could
bind, but with fairly small B,,.x values. By contrast,
to the mutant ERRy receptors that are entirely lacking
Arg at positions either 275 or 316, ['H]4-OHT and
[*H]BPA did not reveal any specific binding. All of
these results clearly indicate that the Arg316 residue
plays a crucial role in the binding of BPA and
4-OHT to ERRy. Thus, this Arg316 residue would
play a central role in capturing phenolic chemicals.
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