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RgiMEnionst (R1. B1.),
#1 RBEBET—2%
Data set
Space group P4,2,2
Unit cell parameters a=64,05A
b=64.05A
c=136.87

Data collection

Beam line SPring-8 BL38B1
Wavelength (A) 1.0
Resolution range (A) 28.06-1.60
Number of reflections
Observed 433-326
Unique 36:414
Rt 0.058 (0.349)
Ha (D" 40.4 (8.2)
Completeness (%) 99.6
Refinement statistics
Resolution range (A) 28.06-1.60
Number of reflections 36,414
Working set 34,493
Test set 1,921
Completeness (%) 99.6
Reryar” (%) 16.9
Ripec (%) 19.7
Root mean square deviations
Bond length (A) 0.012
Bond angles () 1.333
Average B-factor (A%
Protein 18.9
BPA 15.5
Glycerol 39.1
Water 35.3
Number of atoms 2,357
Protein 1,936
BPA 17
Glycerol 18
Water 387
Ramachandran analysis
Most favoured (%) 94.8
Allowed (%) 5.2
Generously allowed (%) 0.0
Disallowed (%) 0.0

“Values n  parentheses are [or the highest resolution shell
"Roym = S(—{1})/S 1), where 1 is the intensity measurement for a
given reflaction and (/) is the average intensity for muluple
measurements  of this reflaction. "Ry =Y Fuom— Fou ¥ Fotis
where Fune and F_y are observed and calculated structure factor
amplitudes. YR value was calculated for Ry using only an
undefined subset of reflection data (3%).
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B, 13 18.4 nmol/mg
Brax (18. 9 nmol/mg)

Thol-, ZhixHEH#H
SIFEFE-ELAE(EL),

I

#® 1.

(2) ERRYERZEKIZHT % BPA DA HER
72/ EEOERIZL S, BPA @ ERRyFE G

~DEEER~DI2H, 11 OERSZTHEE
FERL-, 26 1] ERSEEIT, WT

CRIEICINEF A SSF TR 2T —
¥ (GST) LDOREZ "2 BE LTKBE
THRBL - L2, B 7z BPA ([PH]
BPA) % H\ T, WT-ERRy-LBD &[] URJ&IR
fE, Wi, SBERIROMER,. B/F DBEOFMG
THIEERBR LT, ThThOERT
BEOKLEBLUB EXAFTY v F¥—F
Tay MEFTTRIN L (#1),

FOFER, Glu2?75 B XU Arg3l6é # Ala |z
ERIB-ZHEET. WThoBESH BPA &
FEETH, TOBEEHEINRVIET L
LixL, ZOETORE T Arg316 £ RAN
Ao k&<, Argdle L DAERESSE
DEHEETHLZENHRA L, b 2[R
(2 Ala ICEBRT S &, BPA IT2<FEEET.
INOLAEREOAENREEMEN -
7o Glu275 @ Gln, Asp. Leu R E¥~DER
L0, Glu2?5 (Z X A AFEME D FFOEH
RMHLMATHLHZ ENEBHLE, ZhbiT
Arg £ GluZ ANEBZ-ERAETLIERAI N

e

l—o

ERFBFERICHT S BPADEESHE

Amino acid residues of
ERRYy receptors!

Binding characteristics of ['H|BPA

Dissociation constant

Receptor density

Position 275 Position 316 (K, nM) (B,.... nmol/mg)
Glu Arg
5 5 + 0. ? 4
(wild-type) 570 + 0.88 184 + 0.78
Ala Arg 17.8 = 2.74 6.72 4+ 0.62
Asp Arg 220 + 2.86 124 + 0.46
Gin Arg 234 £+ 3.34 7.81 + 047
Leu Arg NB2 NB
Glu Ala 171 + 39.5 056 + 0.09
Glu Lys 225 + 4.26 9.98 + 0.76
Glu Leu NB NB
Ala Ala NB NB
Arg Glu 59.7 £+ 6.79 3.66 + 0.29
Ala Glu NB NB
Arg Ala 54.3 + 6.82 3.56 + 0.38

" Specifically mutated residues are designated in italics.
2INB means “no specific binding™ in the saturation binding assay.
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Bisphenol A (BPA), 2.2-bis(4-hydroxyphenyl)propane,
has long been recognized as an estrogenic chemical
able to interact with human estrogen receptor (ER)
[1-3], and recently was reported also to act as an

Abbreviations

Bisphenol A, 2.2-bis(4-hydroxyphenyl)propane, is an estrogenic endocrine
disruptor that influences various physiological functions at very low doses,
even though bisphenol A itself is ineffectual as a ligand for the estrogen
receptor. We recently demonstrated that bisphenol A binds strongly to
human estrogen-related receptor vy, one of 48 human nuclear receptors. Bis-
phenol A functions as an inverse antagonist of estrogen-related receptor vy
to sustain the high basal constitutive activity of the latter and to reverse
the deactivating inverse agonist activity of 4-hydroxytamoxifen. However,
the intrinsic binding mode of bisphenol A remains to be clarified. In the
present study, we report the binding potentials between the phenol-hydro-
xyl group of bisphenol A and estrogen-related receptor y residues Glu275
and Arg316 in the ligand-binding domain. By inducing mutations in other
amino acids, we evaluated the change in receptor binding capability of bis-
phenol A. Wild-type estrogen-related receptor y-ligand-binding domain
showed a strong binding ability (Kp = 5.70 nMm) for tritium-labeled [SH]bis-
phenol A. Simultaneous mutation to Ala at positions 275 and 316 resulted
in an absolute inability to capture bisphenol A. However, individual substi-
tutions revealed different degrees in activity reduction, indicating the chief
importance of phenol-hydroxylé»Arg316 hydrogen bonding and the cor-
roborative role of phenol-hydroxylé»Glu275 hydrogen bonding. The data
obtained with other characteristic mutations suggested that these hydrogen
bonds are conducive to the recruitment of phenol compounds by estrogen-
related receptor y. These results clearly indicate that estrogen-related recep-
tor y forms an appropriate structure presumably to adopt an unidentified
endogenous ligand.

antagonist for a human androgen receptor (AR) [4,5].
In addition, various so-called ‘low-dose effects’ of BPA
have been reported in vivo for many organ tissues and
systems in mice and rats [6,7]. Because the binding of

BPA. bspheno! A: ER, estrogen receptor; ERR, estrogen-related receptor; ERRE, ERR-response elament; ERRy, estrogen-re ated receptor vy;
GS1, glutathione Stransferase; LBD, ligand-binding domain; NR, nuclear receptor; 4-OHT, 4-hydroxytamoxifen
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BPA to ER and AR and its hormonal activity is extre-
mely weak (1000-10 000-fold weaker than for natural
hormones), it is unlikely that BPA interacts directly
with ER and AR to achieve these effects at low doses
(8-11].

Based on the idea that BPA may interact with
nuclear receptors (NRs) other than ER and AR, we
searched a series of NRs and eventually succeeded in
exploring a target NR of BPA [12]. BPA was found to
bind strongly to estrogen-related receptor y (ERRY),
one of 48 human NRs [13], with high constitutive
basal activity. We found that BPA inhibits the inverse
agonist activity of 4-hydroxytamoxifen (4-OHT), which
deactivates ERRY in, for example, the luciferase repor-
ter gene assay. BPA reverses such deactivation to the
originally high basal activation state in a dose-depen-
dent manner, and thus acts as an inverse antagonist of
ERRy.

ERRs are a subfamily of orphan NRs and are clo-
sely related to two ERs: ERa and ERP [14,15]. The
ERR family includes three members (ERRa, ERRp,
and ERRy) with ERRy being the most recently identi-
fied member [16-18). Amino acid sequences are consid-
erably conserved among ERRs and ERs, especially in
their DNA-binding domain and ligand-binding domain
(LBD). However, 17p-estradiol, a natural ligand of
ERs, does not bind to any members of the ERR fam-
ily [14,19]. Likewise, BPA binds only weakly to ERs
and does not bind at all to any other receptors of the
ERR family.

BPA has the chemical structure HO-CgHy-
C{CH3),-C¢H4-OH, with two phenol groups and two
methyl groups on the sp’ tetrahedral carbon atom
(Fig. 1). We recently carried out crystallization and
X-ray structural analysis of the BPA/ERRy-LBD
complex [20]). In the complex, a single molecule of
BPA stays at the ligand-binding pocket of each
ERRy-LBD protein molecule, the a-helix 12 (H12) of
which is stabilized in an activation conformation.
The crystal structure of the complex suggests that
several essential interactions occur between the BPA
and ERRy-LBD molecules. For example, the phenol-
hydroxyl group of BPA is tethered by hydrogen
bonds to the Glu275 and Arg316 residues in the
ERRy-LBD (Fig. 2).

For a better understanding of the basal binding
potentials to capture a putative endogenous ligand in a
ligand-receptor binding pocket, it is crucial to clarify
the structural requirements for ligand(s), if any. In the
present study, to shed light on the structural elements
of ERRy, we carried out a site-directed point mutagen-
esis series for the candidate amino acid residues in
ERRy-LBD. We report that the Glu275 and Arg3l6
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CH,

CH,

Fig. 1. Chemical structure BPA and its ball-and-stick structure,
together with a space-filling structure 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) [20].

e

Fig. 2. Structural environments of BPA in the ligand-binding pocket
of the ERRy. The proximity of each amino acid residue (within a
distance of 5 A) to BPA is shown in the boxes depicting the a-heli-
ces. The portrait was originated from the X-ray crystal structure
(Protein Data Bank with accession code 2E2R) [20).

residues of ERRy-LBD are structurally essential for
capturing conjunctively the phenol-hydroxyl group of
BPA.
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Results

Deactivation by simultaneous Ala substitution
of Glu275 and Arg316

For the receptor binding assays, the LBD of ERRy
was expressed in FEscherichia coli as a protein fused
with glutathione S-transferase (GST). A ¢cDNA frag-
ment encoding wild-type ERRy-LBD (residues 222-
458) was generated by PCR from the human kidney
cDNA library and cloned into the vector for GST
fusion. Mutations were introduced by the PCR muta-
genesis method [21], and sequence accuracy was
confirmed for each mutant. Site-directed mutations
were carried out for positions 275 and 316, the
original amino acids for which are Glu (= GAG) and
Arg (= CGQG), respectively.

Saturation binding assay was performed by using
GST-ERRy-LBD and tritium-labeled [*H|BPA. Spe-
cific binding of this ['H|BPA was calculated by sub-
tracting the nonspecific binding (with 10 um BPA)
from the total binding. Figure 3A shows the results of
saturation binding assays using [*H|BPA and the wild-
type ERRy receptor, depicting a sufficient specific
binding activity (77%).

To demonstrate the suggestion that the phenol-
hydroxyl group of BPA is engaged in hydrogen bonds
with the Glu275 and Arg316 residues in the ERRy-
LBD [20], these residues were simultaneously mutated
to Ala. As shown in Fig. 3D, the resulting (Ala, Ala)-
ERRy mutant receptor did not exhibit a specific
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binding sufficient for further analysis. In case no spe-
cific binding was measurable under the same experi-
mental conditions for the wild-type ERRy receptor,
the assay was repeated a certain number of times using
various concentrations of the receptor or radio ligand.
Eventually, we found only nonspecific binding for
(Ala, Ala)-ERRy without any specific binding, as pre-
liminarily reported [20] (Fig. 3D).

The results clearly indicate that Glu275 and Arg3lé
are crucial for the binding of BPA, and thus their side
chain carboxyl and guanidino groups are indeed
engaged in hydrogen bonding with the phenol-hydro-
xyl group of BPA (Fig. 2). The phenol-hydroxyl group
(-OH) has a proton-donating character as well as a
proton-accepting character. Thus, it is easy to bridge
by hydrogen bonding between the phenol-hydroxyl
group of BPA and both the Glu275 and Arg316 resi-
dues.

Differential ability of Glu275 and Arg316
in making hydrogen bonds to hold BPA in the
binding pocket

Dissociation constants of [*'H]BPA from the saturation
binding assays

Because both Glu275 and Arg3l6 were involved in the
hydrogen bonding with BPA. we attempted to examine
which hydrogen bond most strongly holds BPA in
the ligand-binding pocket of ERRy. Thus, these
residues were mutated independently
When the Glu275 — Ala substitution was

amino acid
to Ala.

Fig. 3. Saturation binding curves from the
radioligand receptor binding assay for the
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ERRy by BPA. Saturation binding curves
were attained for [*HIBPA for the recombi-
nant human ERRy LBD and its site-directed
mutant derivatives. The graphs show total
(@), specific {O), and nonspecific (W) bind-
ings. Determination of nonspecific binding
was carried out by an excess of unlabeled
chemical (10 pm). (A) Wild-type ERRy, (B)
{275A/8-ERRY with the Glu275 — Ala
substitution, (C) (3168A/)-ERRy with the
Arg316 — Ala substitution, and (D)

{Ala, Ala)-ERRy with simultaneous

Glu275 — Ala and Arg316 — Ala substitu-
tions.
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