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Many lines of evidence reveal that bisphenol A (BPA) functions at very low doses as
an endocrine disruptor. The human estrogen-related receptor y (ERRy) behaves as a
constitutive activator of transcription, although the endogenous ligand is unknown.
We have recently demonstrated that BPA binds strongly to ERRy (Kj =5.6 nM), but
not to the estrogen receptor (ER). BPA preserves the ERRy's basal constitutive
activity, and protects the selective ER modulator 4-hydroxytamoxifen from its
deactivation of ERRy. In order to shed light on a molecular mechanism, we carried
out the X-ray analysis of erystal structure of the ERRy ligand-binding domain (LBD)
complexed with BPA. BPA binds to the receptor cavity without changing any
internal structures of the pocket of the ERRy-LBD apo form. The hydrogen bonds of
two phenol-hydroxyl groups, one with both Glu275 and Arg316, the other with
Asn346, anchor BPA in the pocket, and surrounding hydrophobic bonds, especially
with Tyr326, complete BPA’s strong binding. Maintaining the ‘activation helix’
(helix 12) in an active conformation would as a result preserve receptor constitutive
activity. Our results present the first evidence that the nuclear receptor forms
complexes with the endocrine disruptor, providing detailed molecular insight into
the interaction features.

Key words: binding assay, bisphenol A, estrogen-related receptor y (ERRy), nuclear
receptor, X-ray crystal structure.

Abbreviations: BPA, bisphenol A; CBB, Coomassie brilliant blue; CHAPS, 3-[3-(cholamidopropyl)dimethyl-
ammonio]-1-propanesulfonic acid; DES, diethylstilbestrol; ER, estrogen receptor; ERR, estrogen-related
receptor; ERE, estrogen response element; ERRE, ERR-response element; LBD, ligand-binding domain;
MALDI-TOF, matrix-assisted laser desorption ionization time-of-flight; NR, nuclear receptor; 4-OHT,

4-hydroxytamoxifen; and PCR, polymerase chain reaction.

Bisphenol A (BPA), 2,2-bis(4-hydroxyphenyl)propane, has
a symmetrical chemical structure of HO-CgH,-C(CHjg)s-
CgH4-OH. BPA is used mainly in the production of
polycarbonate plastics and epoxy resins. Its worldwide
manufacture is ~3.2 million metric tons per year. BPA
had been acknowledged as an estrogenic chemical able to
interact with human estrogen receptors (ERs) (I, 2).
In recent years, many lines of evidence reveal that
BPA functions at its very low doses as an endocrine
disruptor (3-7).

All of these so-called ‘low-dose effects’ of BPA have
been explained as the output effects of steroid hormone
receptor ERs (8). However, since BPA's binding to ER
and hormonal activity is extremely weak, 1,000-10,000
times lower than for natural hormones, the intrinsic
significance of low-dose effects has been intangible
and obscure. BPA's low-dose effects have been peer-
reviewed by the National Toxicology Program of the
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United States (9), and extensively reviewed by vom Saal
and Hughes (7). The discrepancy on low-dose effects
prompted us to enquire whether BPA may interact with
nuclear receptors (NRs) other than ER, and as a BPA
receptor we have recently identified the human estrogen-
related receptor vy (ERRy) (10).

The ERRY belongs to the orphan subfamily of NRs (11),
all members of which (ERRx, ERRp and ERRy) are
closely related to ERs (12, 13). ERRy behaves as a
constitutive activator of transcription, presumably with
intrinsic roles in differentiation and maturation of the
foetal brain. Although the endogenous ligand is
unknown, we have shown that BPA binds strongly to
ERRy, but not to ER (10). BPA preserves the ERRy's
basal constitutive activity, and protects the selective ER
modulator 4-hydroxytamoxifen (4-OHT) from its deacti-
vation of ERRy.

In order to explain such BPA’s activities at the
structural basis, we carried out the crystallization of
the ERRy ligand-binding domain (LBD) complexed with
BPA. We here report the structure of the complex and
shed light on a molecular mechanism between BPA and
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ERRy-LBD. This is the first straight evidence that the
nuclear receptor forms a complex with the endocrine
disruptor BPA. In the interaction with the receptor
ERRy, BPA was demonstrated to act as an inverse
antagonist against 4-OHT’s inverse agonist activity.

MATERIALS AND METHODS

Materials—3-[3-(Cholamidopropyl)dimethylammonio]-
1-propanesulfonic acid (CHAPS), EDTA, HEPES and
v-globulin were obtained from Sigma (St Louis, MO,
USA). Glycerol was from Nacalai Tesque (Kyoto), and all
other chemicals used were of analytical grade and
purchased from Wako (Osaka).

Methods—The concentration of nuclear receptor pro-
tein was estimated by the Bradford method (14) using
the protein assay solution with Coomassie brilliant blue
(CBB) (Nacalai Tesque). Mass spectra of proteins were
measured on a mass spectrometer Voyager' ™ DE-PRO
(PerSeptive Biosystems Inc., Framingham, MA, USA)
using the matrix-assisted laser desorption ionization
time-of-flight (MALDI-TOF) method.

Construction of Recombinant Plasmid—The cDNA
fragment encoding human ERRy-LBD (corresponding to
amino acid residues 222-458) were generated by poly-
merase chain reaction (PCR) from kidney QUICK-
Clone™ ¢DNA (Clonetech, Mountain View, CA, USA)
using specific primers. The amplified product was cloned
into the expression vector pGEX 6P-1 (Amersham
Biosciences, Piscataway, NJ, USA) using EcoRI and
Xhol restriction enzyme sites to express the product as
a glutathione S-transferase (GST) fusion protein.

Site-directed Mutagenesis of ERRy—The constructed
plasmid were served as a template for Ala-substituted
mutants. The PCR method was carried out to introduce
the single-point mutations by using a series of over-
lapping sense and antisense primer pairs. The PCR
fragments containing the E276A, M306A, L309A, R316A,
Y326A, N346A and F435A mutations were cut with
EcoRI and Xhol, and then subcloned into the expressing
vector pGEX 6P-1.

Saturation Binding Assay—Saturation binding assay
was conducted essentially as reported (15) at 4°C over-
night to minimize degradation of the ligand receptor
complex in a final volume of 100pul of binding buffer
[10mM HEPES (pH 7.5), 50mM NaCl, 2mM MgCl,,
1mM EDTA, 2mM CHAPS and 2mg/ml y-globulin].
GST-ERRy-LBD of 30-3000ng and [*HJBPA (185
GBg/mmol, America Radiolabeled Chemicals Inc,
St Louis, MO, USA) with or without addition of
unlabelled BPA (final concentration of 10 pM) to quantify
the non-specific binding. Free radio-ligand was removed
by centrifugation (4°C, 10min, 14,000 r.p.m.) or filtration
after incubation with 100ul of 1% dextran-coated
charcoal (Sigma, St Louis, MO, USA) in PBS (pH 7.4)
for 10min at 4°C. Specific binding of [*H|BPA was
calculated by subtracting the non-specific binding from
the total binding.

Protein Expression and Purification—GST fusion
protein of the ERRy-LBD was expressed by using
Escherichia coli BL21 as described previously (10).
Purification was carried out by using an affinity
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column of glutathione-sepharose 4B (Amersham
Biosciences). GST was cleaved on the resin by using a
specific enzyme, PreScission Protease (Amersham
Biosciences), for 4h at 4°C. After incubation, ERRy-
LBD was eluted and its concentration determined by the
Bradford method using a CBB solution (14).

Crystallization of Protein Complex Followed by X-Ray
Data Collection and Processing—Purified ERRy-LBD was
concentrated by ultrafiltration. Co-crystallization with
a 3-fold molar excess of BPA was carried out with the
hanging drop vapour diffusion method. The crystals used
for data collection were from a drop of 2l of ERRy-LBD
solution mixed with BPA and 2pul of reservoir solution
(50mM HEPES pH 7.5, 0.75M sodium citrate and 5%
glycerol). For data collection, crystals were transferred
into a cryoprotectant solution containing 24% glycerol in
reservoir solution, then mounted in a nylon loop and
flash-frozen in a nitrogen stream at 100K. X-ray
diffraction data were collected at the beamline BL38B1,
SPring-8 (Hyogo, Japan). The data were integrated and
scaled using the HKL2000 package (16).

Structure Determination and Refinement—A monomer
model of ERRy-LBD/4-OHT (159Q) was used as a search
molecule for molecular replacement using MOLREP (17)
in CCP4 (18). The position of the monomer in the
asymmetric unit was located and the structure refined
at 1.6 A using REFMACS (19) in CCP4. Manual adjust-
ment and rebuilding of the model inecluding BPA and
water molecules were performed using the program Coot
(20). The final model contained residues 232-458 of
ERRy, one BPA, three glycerol and 387 water molecules.
Multiple conformers were applied to Lys236, Ser239,
Ie249, Tyr250, Val278, Lys284, Ser290, Met298, Ser303,
Ser319, Ser358, I1e382, Gln389, Asp393, GIn400, Asp401,
GIn406, His407, Met419, Ser428, GIn433 and Leudb4.
The final model was validated with PROCHECK (21).
Date collection and structure refinement statistics are
summarized in Table 1.

Minimume-energy Calculations—For the energy calcu-
lations of the geometry optimization of BPA, the conven-
tional Hartree-Fock (HF) method was used on a
computer program Gaussian (v. 03) with the 6-31G{d, p)
basis set.

RESULTS AND DISCUSSION

Dimeric Structure of ERRy-LBD—The crystals usable
for data collection were obtained from a ERRy-LBD
solution mixed with BPA in the following reservoir
solution: 50mM HEPES pH 7.5, 0.75M sodium citrate
and 5% glycerol. We solved the crystal structure of
the resulting ERRy-LBD in a complex with BPA at a
resolution of 1.6 A (space group P4,2,2) (Table 1). The
ERRy-LBD crystallized in homodimeric form using
crystallographic 2-fold symmetry, indicating that BPA
binding does not interfere with homodimer formation
(Fig. 1A). Homodimer formation of the purified ERRy-
LBD is also observed by MALDI-TOF mass spectrometry
(Fig. 2), in agreement with the reported homodimeric
binding of ERRs to DNA (22). A BPA molecule in the
complex with ERRy-LBD is defined very well from its
electron density (Fig. 1B).
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Table 1. Data collection and refinement statistics for
X-ray crystal analysis of the ERRy. LBD complexed with
BPA.

Data set

Space group P4,2,2

Unit cell parameters a=64.05A
b=64.06A
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)
o (I)* 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
Ry’ (%) 16.9
Rires (%) 19.7
Root mean square deviations
Bond length (A) 0.012
Bond angles (%) 1.333
Average B-factor (A%
Protein 18.9
BPA 16.5
Glycerol 39.1
Water 36.3
Number of atoms 2,357
Protein 1,936
BPA 17
Glycerol 18
Water 387
Ramachandran analysis
Most favoured (%) 94.8
Allowed (%) 6.2
Generously allowed (%) 0.0
Disallowed (%) 0.0
"Values in parentheses are for the highest resolution shell.

bR,,,., =3 (—(I)/3_(I), where I is the intensity measurement for a
given reflaction and (I) is the average intensity for multiple
measurements  of this reflaction. “Reryse = 2 [Fobs — Feall2_Fobs
where Fou and Fo; are observed and calculated structure factor
amplitudes. *Ry.. value was calculated for Ry, using only an
undefined subset of reflection data (5%).

ERRy binds to the ERR-response element (ERRE), but
as a monomer. ERRy can also bind to functional estrogen
response elements (EREs) in ER target genes, suggesting
a possible overlap between ERR and ER action (12).
Homodimers formed by the hydrophobic interactions
between the interfaces of a-helix 10 (H10), which is
supported by o-helix 7 (H7). Thus, in a homodimer,
four a-helices are arranged in tandem to form the
sequence H7-H10-H10-H7 (Fig. 1A, right). In the
dimerization interface of H10-H10, such amino acid
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Fig. 1. BPA/ERRy-LBD complex. (A) The panoramic view of
whole-sphere BPA/ERRy-LBD homodimer complex. Each panel
shows the 3D-structure pictured from the top with 90° rotation.
One molecule of BPA is in each ERRy-LBD. BPA is shown in red
colour. Characteristic a-helices are shown in distinctive colours;
i.e. H10 in a dimerization interface, blue; 112 in an activation
conformation, purple. (B) BPA bound to the ERRy-LBD fitted
into omitted Fo-Fe electron density maps at a level of 4.0 sigma.
Right-side two panels show the aromatic face of BPA-A ring in a
90° rotation. Left-side two panels show the whole figure of the
BPA molecule in a 90° rotation.
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Fig. 2. Dimer formation detected by MALDI-TOF mass
spectrometry. The peak of monomer emerges around 27,600
(calculated mass number [MH*] of ERRy-LBD: 27578.67), while
the dimer peak is found at around 55,200.

pairs as Prod22-Pro422, Argd25-Gin426 and Gln426—
Arg425 appear to make a specific intermolecular inter-
action (Fig. 3A; the residues in italic characters are of
the second molecule of ERRy dimer). At the interface
between H7 and H10, Tyr356-Thr420 and Met359-
Met417 pairs are likely to underlie the intramolecular
interaction (Fig. 3B). Leu418 and Leud21 in H10 are
oriented towards the centre of the ERRy-LBD and are
conserved among almost all the NRs. In addition, almost
all NRs conserve Leu399 in H9, and this Leu399 together
with Leud18 and Leu421 in H10 take part in forming
a hydrophobic core, which probably plays an intrinsic
role in structural construction for homodimerization
(Fig. 3C).

Binding Site of Bisphenol A—The binding site of
BPA is constructed by a series of amino acid residues.



Fig. 3. Intermolecular and intramolecular interactions of
ERRy-LBD. (A) Dimer interface between H10 (blue) and H10
(in the second molecule shown in italics) is formed for amino
acid residues such as Prod422-Pro422, Argd425-GIn426, and
Gln426-Arg425. (B) Intramolecuar interaction between H7
(magenta) and H10 (blue) is seen for Tyr356 and Thr420, and
for Met359 and Met417. (C) Highly conserved amino acid
residues, Leu399 in H9, Leu418 and Leud421 in H10, are
constructing a hydrophobic core.
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Those in a range of 5A include Leu268, Cys269, Leu271,
Ala272, Glu275 from H3; Trp305, Met306, Leu309, Val313,
Arg316 from H5; Tyr326 from f-strand 1 (S1); Leu342,
Leu345, Asn346, I1e349 from H7; Phe435 from H11 and
Phe450 from H12 (Fig. 4A). In the BPA molecule, the two
CgH4—OH (phenol) groups bind to the sp® carbon atom
(sp®-C) together with the two CHj groups, and thus their
benzene-carbons adjacent to sp®-C are arranged at the
vertexes in a regular tetrahedron (Fig. 4B). It should be
noted that BPA in the ERRy-LBD complex is superimposed
almost completely with BPA in the minimum-energy
conformation (Fig. 4B). This demonstrates that BPA is
present in the ERRy-LBD binding pocket without any
steric hindrance. Thus, BPA’s phenol-hydroxyl oxygen
atoms, CgH,—OH, are placed with a bond angle (O-sp’-C-
O) of about 105°, and are arranged to cross-link between
Glu275/Arg316 and Asn346.

Leu30q_ .~
L ) -
N
}h ’
y
Tyr326
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Fig. 4. Identification of the binding sites of BPA in ERRy-
LBD. (A) Schematic line-up of amino acid residues that form the
LBP in ERRy. The residues shown are in close proximity to BPA
within 5A. (B) Superimposition of BPA (magenta) in the ERRy-
LBD complex and BPA (green) in the minimum-energy con-
formation calculated. They are almost completely overlaid,
indicating that BPA fits the binding pocket of ERRy-LBD
without any conformational constrictions. The minimum-energy
conformation was calculated and depicted by the conventional
Hartree—-Fock method using the computer program Gaussian
(v. 03). (C) View of BPA in the cavity of ERRy-LBD. The
hydroxy groups of BPA's phenol-A and phenol-B rings are
arranged to cross-link between Glu275/Arg316 and Asn346,

respectively. (D) The BPA's A-ring is sandwiched with Leu309
and Tyr326 by characteristic hydrophobic interactions. The =
face of A-ring interacts with the Leu309 isobutyl-methyl group,
and the opposite x face of the same A-ring makes the T-shaped
m/m interaction with Tyr326's phenol-benzene ring. (E) The
BPA’s B-ring is in a hydrogen bond with the Tyr326-phenol
hydroxyl group. This OH/r bond appears to be a strong diving
force to tether BPA in the ERRy-LBP, together with the
hydrogen bond between B-ring’s hydroxy group and Asn346-p-
carbonyl. (F) One of the CH; groups on the BPA’s sp®-C atom
faces to Phe435 (H11) in a distance of 3.7A and another
CH, group faces to the Met306 sulphur atom in a distance
of 3.6 A.
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Fig. 5. Superimposition of BPA or ERRy-LBD and other
ERRy-LBD complexes. (A) Superimposition of the whole LBD
of BPA/ERRy-LBD complex (blue) and the ERRy-LBD apo form
(grey) (1TFC; PDB code) (23). (B) The LBP of superimposed BPA/
ERRy-LBD complex (blue) and the ERRy-LBD apo form (grey)
(1TFC). The Tyr326-phenol groups are in a shift of about 10°,
Tyr326-phenol of the BPA complex being underneath that of the
apo form. (C) Superimposition of BPA/ERRy-LBD complex
(blue) and the DES/ERRy-LBD complex (yellow) (1S9P) (23).
The Tyr326-phenol groups are also in a slight shift.

One of the two phenol-hydroxyl groups of BPA is
anchored by hydrogen bonds with Glu275 (H3) and
Arg316 (H5) at the one side of the ligand-binding pocket
(LBP), while another hydroxyl group makes a hydrogen
bond with Asn346 in H7 at the other side (Fig. 4C). Thus,
BPA cross-links the residues Glu275/Arg316 and Asn346
with three hydrogen bonds. This is in stark contrast to the
fact that diethylstilbestrol (DES) cross-links Glu275/
Arg316 and His434 in H11 on the other side of the cavity
(23). BPA’s phenol-hydroxyl groups are not far enough
apart to bridge between these Glu275/Arg316 and His434.

Key Amino Acid Tyr326 for Binding of Bisphenol A—
Asn346 (H7) has been reported to interact with Tyr326
in S1 through a hydrogen bond (23, 24). This hydrogen
bond is also maintained in the BPA/ERRy-LBD complex.
In particular, we found that Tyr326 in the complex
becomes the chief amino acid residue for BPA to be
placed in the ERRy-LBP, providing an appropriate and
fitting space to pack BPA, having two phenol groups and
two methyl groups. More importantly, Tyr326 interacts
directly with BPA. The phenol group of the Tyr326 side
chain keeps BPA's phenol-benzene rings A and B in
the pocket by two strong interactions; ie. by the
hydrophobic edge-to-face-type, or T-shaped a/r interac-
tion with BPA’s benzene ring A, and by the OH/n
interaction with BPA’s benzene ring B (Fig. 4D and E).
The Tyr-phenol benzene ring is able to make T-shaped
afr interactions with the aromatic side chains of
amino acids such as Phe, Tyr, His and Trp (25, 26).
When one of six edges or vertexes of the benzene
ring directs towards the n face of the counterpart
aromatic ring, it makes so-called T-shaped n/r interac-
tion(s). As seen in Fig. 4D, Tyr326's benzene ring indeed
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solo H12 of
BPAERRy

(D) Superimposition of the BPA/ERRy-LBD complex (blue) and
the 4-OHT/ERRy-LBD (light blue) (159Q) (23). Superimposition
of BPA (red) with DES (green) or 4-OHT (cyan) is carried out for
a-helices to be overlaid. H12 in the BPA/ERRy-LBD complex are
shown in purple in all figures. H12 in the DES/ERRy-LBD
complex and in the 4-OHT/ERRy-LBD complex are widely
separated from a position in the activation conformation, and
thus those are out of superimpositions between the BPA/ERRy-
LBD and the DES/ERRy-LBD and 4-OHT/ERRy-LBD complexes
(C and D, respectively).

make a T-shaped m/r interaction with BPA's benzene
ring A.

It should be noted that, at another m face on the
opposite side, BPA’s A ring interacts further with the
Leu309 isobutyl-methyl groups (Fig. 4D). This interac-
tion is also classified as a CH/n-type hydrophobic
interaction. Consequently, there is a fascinating forma-
tion of sandwiched hydrophobic interactions of the A ring
with Leu309 and Tyr326 (Fig. 4D). This is definitely a
powerful driving force holding BPA in the LBD of ERRY.

The Tyr326-phenol hydroxyl group makes another
important interaction with BPA’s benzene ring B. As
shown in Fig. 4E, these are an OH/r interaction (27, 28).
OH/z interactions are one of the strongest interactions
between amino acid side-chains (25, 26). As a result,
BPA's phenol B is tethered in the ERRy-LBP complex
by two essential interactions, the hydrogen bond with
Asn346 and the OH/mr bond with Tyr326.

It is noteworthy that Tyr326 has multiple interactions
with BPA. In fact, Tyr326 might be in an ideal position
to accept BPA in the ERRy-LBP complex. When super-
imposition between ERRy-LBD from the BPA/ERRy-LBD
complex and the ERRy-LBD apo form (PDB code 1TFC)
(23, 24) was carefully checked, significant deviation was
found for the Tyr326-phenol group (Fig. 5A and B). As
shown in Fig. 5B, the Tyr326-phenol group in the BPA/
ERRy-LBD complex is pulled towards Asn346, shifting it
through an angle of approximately 10°. This deviation
keeps Tyr326-phenol group in the range of still stronger
hydrogen bonds with Asn346, at a distance of 2.7A. All
other amino acid residues in LBD are in exact agree-
ment. In particular, the inside of the pocket is totally
compatible with that of the apo form (Fig. 5A).
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Fig. 6. Receptor binding assays using tritium-labelled BPA.
(A) A sufficient specific binding of [PH]BPA obtained in the
saturation binding assay for wild-type ERRy-LBD receptor.
Closed circle, total binding; closed square, non-specific binding;
and open circle, specific binding. (B) Scatchard plot analysis of
[*HIBPA for wildtype ERRy-LBD. Kp=5.64+0.31nM,
Bax=18.2+0.3nmoVmg protein. (C) No specific binding of
[*H]BPA shown in the saturation binding assay for ERRy-LBD

Interaction of Methyl Groups in Bisphenol A—BPA also
has two methyl groups on the sp®-C atom. One of these
faces Phe435 (H11), and indeed the BPA-CH; and
Phe435-phenyl groups are in close proximity (3.7A) to
each other (Fig. 4F). On the other hand, another BPA-
CH; group faces the Met306 sulphur atom with a non-
covalent electron pair (3.6 A between BPA-CH; and
Met306-S) (Fig. 4F) making a form of electrostatic
interaction. These interactions have been demonstrated
by the drastically decreased binding activity that
occurs in hexafluoro-BPA (designated as bisphenol AF),
HO—Cng—C(CFa)z—CGH.q—OH, in which bOth CH3
groups in BPA are replaced with trifluoromethyl CFy
group. Electron-rich CF3 would repel the electron-rich
Phe-phenyl group and the Met-sulphur atom.

As mentioned earlier, BPA in the ERRy-LBD complex
is superimposed almost completely with BPA in the
minimum-energy conformation (Fig. 4B). This implies
that BPA fits spontaneously to the binding pocket of
ERRy-LBD without any conformational constraints, and
binds specifically to each attachment position. It is likely
that ERRy possesses a binding pocket specifically
adapted to the space requirements of the naturally
occurring BPA-like ligand.

A. Matsushima et al.

B 08
06}
8
w
3 04}
=
3
@
02k
0 1 1 1 1
0 5 10 15 20
[PH] BPA Bound
(nmol/mg protein)
D 08fF
0.6
3
% 0.4
02l
0 1 L 1 1
0 5 10 15 20
[*H] BPA Bound
(nmol/mg protein)

mutant receptor with E275A and R316A simultaneous subs-
titutions. (D) Scatchard plot analysis of [PH]BPA for ERRy-LBD
mutant receptor with N346A substitution. Kp=9.561+0.22nM,
B ux=18.5 0.3 nmol/mg protein. The Asn-—»Ala replacement was
found to reduce approximately twice the dissociation constant,
indicating that the Asn residue is important to the receptor binding
of BPA presumably by the hydrogen-bonding between ERRy-Asn-
PCONH, and the BPA’s phenol-hydroxyl group.

Superimposition of Bisphenol A/ERRy-LBD Complex
with Other Complexes—Superimposition of BPA and
DES (1S9P) (23) in the ERRy-LBD complexes shows
conformational differences that can readily account for
the differences in binding modes to the binding pocket.
The phenol A ring of BPA superimposes almost com-
pletely with the corresponding A ring of DES, whereas
the B rings orient in completely different directions
(Fig. 5C). As a result, the phenol B ring of BPA heads
towards H7 to capture Asn346 by its hydrogen bond,
while that of DES goes towards H11 to restrain His434
also by a hydrogen bond.

Superimpeosition of the BPA complex and the 4-OHT
complex (1S9Q) (23) of ERRy-LBD, on the other hand,
shows structural differences that make clear the differ-
ence in their activity mediated through the ERRy. As
before, the phenol A ring of BPA superimposes almost
completely with the corresponding A ring of 4-OHT
(Fig. 5D). Incontrast, the aromatic B ring of 4-OHT goes
towards H11l with no hydrogen bond. The aromatic C
ring of 4-OHT directs itself towards H12.

Greschik et al. (23) have reported that the binding of
DES and 4-OHT to ERRy-LBD dissociates the HI12
region from the LBD body. DES- and 4-OHT-mediated
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activities were explained by the three-dimensional
structure of the DES/or 4-OHT/ERRy-LBD complex, in
which helix 12 is widely separated from a position in the
activation conformation. Indeed, their H12s are out of
superimpositions between the BPA/ERRy-LBD and the
DES/ or 4-OHT/ERRy-LBD complexes (Fig. 5C and D).
This repositioning of H12 by DES and 4-OHT deactivates
ERRy, because the receptor becomes unable to recruit
coactivator proteins at the appropriate position. The LBD
structure of ERRy apo form has also been solved (23, 24),
and as expected from its very high constitutive activity,
H12 of this non-liganded ERRy-LBD is folded in the
activation conformation (Fig. 5A).

Bisphenol A Holds ERRy-LBD in the Activation
Conformation—One of the most important findings in
the present study is that H12 in the BPA/ERRy-LBD
complex is in the transcriptionally active conformation.
H12 is associated firmly with the LBD body, where the
coactivator binds. When we compared this crystal
structure with the reported crystal structure (1TFC) of
the apo form of ERRy-LBD (23), almost no conforma-
tional changes were shown for almost all the atoms
including both the main and side chains from H1 to H12
(Fig. 5A). Superimposition of the ERRy-LBD from the
BPA/ERRy-LBD complex and the apo ERRy-LBD shows
their exact and entire agreement. In particular, the
positioning and conformation of H12 is totally compatible
with that of the apo form (Fig. 5A and B). Although
H12's activation conformation in the apo form appeared
to be maintained by the presence of a peptide derived
from the coactivator protein SRC-1, H12 in the BPA/
ERRy-LBD complex is in fact in the activation conforma-
tion without the SRC-1 peptide.

These conformational consequences verify the high
functional activity of BPA. ERRy per se elicits a very
high basal activity in the luciferase reporter gene assay.
BPA was found to maintain this high spontaneous
constitutive activity in ERRy for a range of concentra-
tions from 10 '° to 10°°M BPA (10). Furthermore, BPA
reverses the deactivation activity of 4-OHT, indicating
that BPA displaces 4-OHT and repositions the H12 from
the transcriptionally inactive conformation to the active
conformation. It should be noted that the compounds
that deactivate the receptor are termed as ‘inverse
agonist,” whereas those that inhibit such inverse agonists
are defined as ‘inverse antagonist.’ Thus, BPA indeed
acts as an inverse antagonist against the inverse agonist
4-OHT in ERRy.

Structural Demonstration of the Binding Sites by Site-
directed Mutagenesis—The amino acid residues in the
BPA-binding site of ERRy-LBD were substituted with
Ala by means of the site-directed mutagenesis. Those
included Glu275, Met306, Leud09, Arg316, Tyr326,
Asn346 and Phe43b in the binding pocket. The resulting
mutant receptors were examined by the saturation
binding assay using tritium-labelled BPA (Fig. 6A and
B). When Glu275 and Arg316 were substituted simulta-
neously, the mutant receptor exhibited almost no specific
binding (Fig. 6C), indicating that these residues are
critically important to bind BPA to the pocket. In
contrast, [PHJBPA was found to bind to Asn346Ala
mutant receptor (Bp.,=18.5 nmol/mg) as well as
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wild-type receptor (18.2nmol/mg), although its binding
affinity for the mutant was approximately 2-fold weaker
(Kp=9.51nM) than that for the wild-type (5.54nM)
(Fig. 6D). All other mutant receptors exhibited consider-
ably reduced specific binding and drastically weakened
binding ability (10-20-fold larger K, values). The results
clearly evidenced that the structural elements comple-
mentary to BPA are indeed its binding sites.

Conclusion and Perspectives—The present study
clearly indicates that the nuclear receptor ERRy pos-
sesses a space in its LBD to which BPA can bind highly
specifically and selectively. It is still not clear whether,
under physiological conditions, ERRy can function with-
out an endogenous ligand, nor what ERRy’s physiological
functions may be. The results we present imply that
ERRy may in fact have a BPA-like endogenous ligand,
and will facilitate the design of novel specific agonist and
antagonist compounds.

The binding affinity of [*H|BPA to ERRy-LBD is
extremely high, with a K, value of 5.5 nM. Thus, it is
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). At the same time, it is necessary to clarify what
the physiological roles of ERRy are, and to examine the
extent of, and direction in which, BPA may influence
these. This is particularly important because ERRy is
expressed in a tissue-restricted manner, for example,
very strongly in the mammalian foetal brain and also in
the placenta, at sites that could have important outcomes
for the newborn.
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Direct Evidence Revealing Structural Elements Essential for the High
Binding Ability of Bisphenol A to Human Estrogen-Related Receptor-y
Hiroyuki Okada, Takatoshi Tokunaga, Xiachui Liu, Sayaka Takayanagi, Ayami Matsushima,

and Yasuyuki Shimohigashi

Laboratory of Structure-Function Biochemistry, Department of Chemistry, The Research-Education Centre of Risk Science,

Faculty and Graduate School of Sciences, Kyushu University, Fukuoka, Japan

BACKGROUND: Various lines of evidence have shown that bisphenol A [BPA; HO-C H4-C(CH;),-
C¢H,-OH] acts as an endocrine disruptor when present in very low doses. We have recently
demonstrated that BPA binds strongly to human estrogen-related receptor-y (ERR-y) in a binding
assay using [*H]4-hydroxytamoxifen (PH]4-OHT). We also demonstrated that BPA inhibits the
deactivation activity of 4-OHT.

OBJECTIVES: In the present study, we intended to obtain direct evidence that BPA interacts with
ERR-y as a strong binder, and also to clarify the structural requirements of BPA for its binding to
ERR-y.

METHODS: We examined [*H]BIA in the saturation binding assay using the ligand binding domain
of ERR-y and analyzed the result using Scatchard plot analysis. A number of BPA derivatives were
tested in the competitive binding assay using [PH]BPA as a tracer and in the luciferase reporter
gr.‘:ne HSIY.

Resurts: [PH|BPA showed a Kj, of 5.50 oM at a B, of 14.4 nmol/mg. When we examined BPA
derivatives to evaluate the structural essentials required for the binding of BPA to ERR-y, we found
that only one of the two phenol-hydroxyl groups was essential for the full binding. The maximal
activity was attained when one of the methyl groups was removed. All of the potent BPA deriva-
tives retained a high constitutive basal activity of ERR-y in the luciferase reporter gene assay and

exhibited a distinct inhibitory activity against 4-OHT.

ConcLusion: These results indicate that the phenol derivatives are potent candidates for the

endocrine disruptor that binds to ERR-y.

KEey worDs: bisphenol A, constitutive activity, endocrine disruptor, estrogen receptor, estrogen-
related receptor-y, inverse agonist, nuclear receptor. Environ Health Perspect 116:32-38 (2008).
doi: 10,1289/¢hp. 10587 available via betp:/dx.doi.org/ [Online 5 October 2007]

Bisphenol A [BPA; 2,2-bist4-hydroxy-
phenyl)propane| has a symmetrical chemical
structure of HO-C Hy-CICH;)3-CoHy4-OH.
BPA is used mainly in the production of poly-
carbonare plastics and epoxy resins. Its world-
wide manufacture is approximately 3.2 million
metric tons/year. BPA has been acknowledged
to be an estrogenic chemical able to interact
with human estrogen receptors (ER) (Dodds
and Lawson 1938; Krishnan er al. 1993; Olea
et al. 1996), and many lines of evidence have
revealed that BPA, at even low doses, acts as an
endocrine disraptor (Gupta 2000; Nagel et al.
1997; vom Saal et al. 1998; Welshons et al.
2003). However, its binding t and honmonal
interaction with ER are extremely weak,
2-3 orders of magnirude lower than those of
natural hormones, and thus the intrinsic signifi-
cance of these low-dose effects is racher intangi-
ble and obscure (Safe et al. 2002). These facts
led us ro hypothesize that BPA may interacr
with nuclear receptors (NRs) other than ER.
We have recently demonstrated thar BPA
binds strongly to estrogen-related recepror-y
(ERR-y) wicth high constitutive activiry
(Takayanagi et al. 2006). ERR-y is a member
of the human NR family and the estrogen-
related recepror (ERR) subfamily of orphan
NRs, which are closely related ro the ERs
FR-c and ER-B (Giguere 2002; Horard and
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Vanacker 2003). The ERR family includes
three members—ERR-a, ERR-p, and
ERR-y—with ERR-y being the most recently
identified (Eudy et al. 1998; Hong er al.
1999). The amino acid sequences are quite
highly conserved among ERRs and ERs, bur
17B-estradiol (E,), a natural ligand of ERs,
does not bind to any of the ERR family
members. Our discovery that BPA binds
strongly to ERR-y, but not ro ERs, indicares
thar the effects of the so-called endocrine dis-
ruptors should be examined for all NRs
withourt delay.

ERR-y is expressed in a tissue-restricred
manner—for example, very strongly in the
mammalian brain during development, and
then in the brain, lung, and many other tissucs
during adulthood (Eudy et al. 1998; Heard
et al. 2000; Lorke et al. 2000). Our preliminary
results have shown that the highest expression
is brought about in the placenta (Takeda Y,
Sumiyoshi M. Liu X. Matsushima A,
Shimohigashi M, Shimohigashi Y. unpub-
lished data). Strong binding of BPA o
ERR-y would affect not enly the physiologic
functions but also the merabolism of this NR
as a transcription-activating facror. Although
the intrinsic physiologic functions of ERR-y
have not yer been clarified, it is crucial that a
structure—function study be performed to

clarify the structural requirements for the
binding of BPA to ERR-y.

In a previous study (Takayanagi et al.
2006), we used critium (*H)-labeled
4-hydroxytamoxifen (4-OHT) as a tracer in a
receptor binding assay for ERR-y. 4-OHT
binds strongly to ERR-y and deactivates it as
an inverse agonist, decreasing the very high
level of spontancous constitutive activity
(Coward et al. 2001). As a substitute for
[*H]4-OHT, BPA was found to be as potent
as 4-OHT in this binding assay. Furthermore,
BPA was found to retain or rescue ERR-y's
high basal constitutive activity in the reporter
gene assay for ERR-y using Hela cells. These
results indicared that BPA and 4-OHT bind
to ERR-y with equal strength, but have struc-
tural differences thar affecr their occupation
of ERR-y’s ligand binding pocket. In the
complex formed between 4-OHT and the
ERR-y-ligand binding domain (LBD),
4-OHT remained at the ligand binding pocket
of ERR-y=LBD, but the a-helix 12 of the
receptor was repositioned from the activation
conformation (Greschik er al. 2004; Wang
et al. 2006). In contrast, BPA was suggested to
bind to the pocket without changing the posi-
tioning of helix 12, and thus preserved the
high recepror constitutive activity of ERR-y.

[t is evident that the binding ability of
BPA to ERR-y should be examined by means
of tritium-labeled BPA. Fortunartely, [*H]BPA
is now commercially available; thus, in the pre-
sent study we performed the first saturacion
binding assay for direct exploration of the
binding characteristics of BPA. We then estab-
lished a competitive receptor binding assay in
which chemicals were assessed for their ability
1o displace [*H]BPA from the receptor bind-
ing pocket. In particular, industrial chemical
products of BI'A analogs were inspecred
structurally n order to better understand the

Address correspondence to Y. Shimohigashi,
[..lh('l]'.ll()r)' U[. Slrll\.'lllll."l-:ﬂnl.-{l()n ﬂln(hl‘n'ﬂﬁ[r}‘-
Department of Chemusiry. The Research-Education
Centre ol Risk Science, Faculry of Sciences, Kyushu
University, Fukuoka 812-8581, Japan. Telephone:
81-92-642-2584. Fax: 81-92-642-2584. E-mail:
shimosce@mbox.ne.kyushu-uw.ac.jp

This study was supported by Health and Labour
Sciences Research Grants for Research on the Risk of
Chemical Substances from the Ministry of Health,
Labor and Welfare of Japan.

The authors declare they have no competing

tinancial interests.
Received 22 June 2007; accepred 4 October 2007,

voLume 116 | Numser 1| January 2008 « Environmental Health Perspectives



Direct evidence of bisphenol A binding to human ERR-y

structural elements of BPA thar are required
for binding to the ERR. Here we describe the
structural elements of BPA thar are required
for the binding to ERR-y-LBD and for main-
raining the receptor in an active conformation.

Materials and Methods

Chemicals. We purchased 2,2-bis(4-hydroxy-
phenyl)propane and 4,4-isopropylidene-
diphenol, both denoted as BPA, from Tokyo
Kasei Kogyo Co. (Tokyo, Japan), Nakarai
Tesque (Kyoto, Japan), Aldrich (Madison,
WI, USA), Junsei Chemical (Tokyo, Japan),
Acros (Geel, Belgium), Lancaster Synthesis
(Windham, NH, USA), Merck (Darmstadr,
Germany), and Fluka (Buchs, Switzerland).
The purity designated on the labels varied
from 95 to 99%. We also obtained the follow-
ing analogs of BPA: bisphenol AF [2,2-bis(4-
hydroxyphenyl)hexafluoropropane; Tokyo
Kasei], bisphenol AP [4.47-(1-phenylethyli-
dene)bisphenol; Tokyo Kasei], bisphenol B
[2,2-bis(4-hydroxyphenyl)butane; Tokyo
Kaseil, bisphenol E [2,2-bis(4-hydroxy-
phenyl)ethane; Aldrich), and bisphenol F
[bis(4-hydroxyphenyl)methane; Tokyo Kasei].

4-a-Cumylphenol [2-(4-hydroxyphenyl)-
2-phenylpropane], 4-tercamylphenol, 4-tere
burylphenol, 4-isopropylphenol, and
4-ethylphenol were obrained from Tokyo
Kasei. 2,2-Diphenyl propane, and 4- rert-
octylphenol were obtained from Aldrich, and
p-cresol and phenol from Kishida Chemical
(Osaka, Japan).

Preparation of receptor protein GST-fused
ERR+y-LBD. ERR-y-LBD was amplified from
a human kidney ¢cDNA library (Clontech
Laborarories, Mountain View, CA, USA) by
polymerase chain reaction (PCR) using gene-
specific primers and cloned into pGEX6P-1
(Amersham Biosciences, Piscataway, NJ,
USA). Glutathione S-transferase (GST)—fused
receptor protein expressed in Escherichia coli
BL21a was purified on an affinity column of
glutathione-sepharose 4B (GE Healthcare Bio-
Sciences Co., Piscataway, NJ, USA) to obtain
GST-ERR-y-LBD. The glutathione used for
elution of GST-ERR-y-LBD from the column
was temoved by gel filtration on a column of
Sephadex G-10 (15 x 100 mm; GE Healthcare
Bio-Sciences Co.) equilibrated with 50 mM
Tris-HCI (pH 8.0), and the protein content
(506.24 pg/mL) was estimared by the Bradford
method using a Protein Assay CBB Solution
(Nakarai Tesque). Preparation of GST-fused
ER-c—LBD) was carried our as described previ-
ously (Takayanagi et al. 2006).

Radioligand binding assays for saturation
binding. The saturation binding assay for
GST-ERR-y-LBD was conducted at 4°C
using [*H]BPA (5 Ci/mmol: Moravek
Biochemicals, Brea, CA, USA) with or with-
out BPA (10 pM in the final solution).
Purified protein (0.32 pg/mL) was incubated

with increasing concentrarions of [PH]BPA
(2.1-24.3 nM) in a final volume of 100 pL of
binding buffer [10 mM HEPES (pH 7.5),
50 mM sodium chloride, 2 mM magnesium
chloride, 1 mM EDTA, 2 mM CHAPS {3-
[(3-cholamidopropyl)dimethylammonio]-1-
propanesulfonate], and 2 mg/mL y-globulin].
Nonspecific binding was determined in a
parallel set of incubations that included
10 pM nonradiolabeled BPA. After incuba-
tion for 2 hr at 4°C, all the fractions were fil-
tered by the direct vacuum fltration method
(MultiScreeny s HV, 0.45 pm pore size;
Millipore, Billerica, MA, USA) for the B/F
separation (the separation of receptor-bound
ligand from free ligand) (Nakai et al. 1999).
Filtration was carried out on a multiscreen
separation system (Millipore). Before filtra-
tion, 100 uL of 1% dextran-coated charcoal
(DCC) (Sigma) in phosphate buffer (pH 7.4)
was added to the assay vessels, and the mix-
ture was incubated for 10 min on ice. The
radioactivity of the filtered solution was
counted on a liquid scintillation counter
(LS§6500; Beckman Coulter, Fullerton, CA,
USA). The saturation assay was performed in
triplicate. The specific binding of [*H]BPA
was calculated by subtracting the nonspecific
binding from the toral binding.

Radioligand binding assays for competi-
tive binding. BPA and the BPA-related
chemicals were dissolved in a binding buffer
containing 0.3-1.0% N, N-dimethylsulfoxide
(DMSO). These compounds were examined
for their ability to inhibit the binding of
[*H]BPA (3 nM in the final solution) to
GST-ERR-y-LBD (0.32 pg/mL in the final
solution). The reaction mixtures were incu-
bated for 2 hr at 4°C and free radioligand
was removed with 1% DCC by filtration as
described above. Radioactivity was derer-
mined on a liquid scintillation counter
(TopCount NXT: PerkinElmer Life Sciences
Tokyo, Japan). The ICsq values (the concen-
trations for the half-maximal inhibition) were
calculated from the dose—response curves
obtained using the nonlinear analysis pro-
gram ALLFIT (De Lean et al. 1978). Each
assay was performed in duplicare and
repeated at least three times. The comperitive
binding assay for GST-ER-a-LBD was car-
ried out as described above using [*H]E;
(5.74 TBq/mmol: Amersham Biosciences,
Buckinghamshire, UK).

Cell eulture and transient transfection
assays. Hela cells were maintained in Eagle's
MEM (EMEM; Nissui, Tokyo, Japan) in the
presence of 10% (vol/vol) fetal bovine serum
at 37°C. For luciferase assays, Hela cells were
seeded at 5 x 10° cells/6-cm dish for 24 hr
and then transfecred with 4 pg of reporter
gene (pGL3/3xERRE) and 3 pg of ERR-y
expression plasmids (pcDNA3/ERR-y) by
Lipofectamine Plus reagent (Invitrogen Japan,
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Tokyo, Japan) according to the manufacturer’s
protocol. Approximately 24 hr after transfec-
tion, cells were harvested and plared into
96-well plates at 5 x 10* cells/well. The cells
were then treated with varying doses of chemi-
cals diluted with 1% bovine serum albumin/
phosphate-buffered saline (BSA/PBS, vol/vol).
To measure the antagonistic activity, a fixed
concentration of compounds (10°% M to
107" M in the final solution) was added along
with 4-OHT. After 24 hr, luciferase activity
was measured with the appropriate reagent
using a Luciferase Assay System (Promega,
Madison, W1, USA) according to the manu-
facturer’s instructions. Light emission was
measured using a Wallac 1420 ARV Osx multi-
label counter (PerkinElmer). Cells treated with
1% BSA/PBS were used as a vehicle control.
Each assay was perfermed in rriplicate and
repeated ar least three times.

Results and Discussion

Highly specific binding of BPA ro ERR+. To
demonstrare the direct binding of BPA to
ERR-y, we first attempted to establish a saru-
ration receptor binding assay using radio-
labeled BPA. We analyzed the saturation
binding of [*H|BPA against the recombinant
ERR-y—=LBD protein, to which GST was
fused at the N-terminus. In the actual recepror
binding assay, we used [*H]BPA (2.0-24 nM)
against purified protein at a concentration of
0.32 pg/mL, which corresponds ro a concen-
tration of 6.3 nM. The removal of receptor-
free [PH]BPA was carried out with 1% DCC.
In this procedure, DCC mixtures were trans-
ferred to a 96-well HV-plate with a filter
(0.45-pm pore size) for direct vacuum.

As shown in Figure 1A, the binding of
BPA to ERR-y was specific and saturated.
Specific binding of [*H]BPA to ERR-y was
estimated to be approximately 80%, which
we judged to be a very high value. In other
words, the level of nonspecific binding of
[*H]BPA was very low (Figure 1A). The high
level of specific binding of ["H]BPA clearly
demonstrated that BPA has no structural ele-
ments for nonspecific binding to the recepror
protein and exclusively occupies the binding
pocket of ERR-y-LBD. GST did nor bind
[*H]BPA art all. Ir should be noted that the
specific binding of [PH]4-OH'T was only
about 50% (Takayanagi er al. 2006).

The Scatchard plot analysis showed a dis-
tinct single binding mode (Figure 1B). From
the slope, the binding affinity constant (Ap)
was calculated to be 5.50 nM. The recepror
density (Bg,,) was estimared to be 14.4
nmol/mg protein, which is roughly compari-
ble with the calculated value of 18.9 nmol/mg
protein. The By, value of ["H]4-OHT is
much smaller than that of [*H]BPA. These
results further demonstrate that ERR-y binds
["H]BPA very specifically and exclusively.
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Binding ability of BPA ro ERR-~y. We
performed the comperitive receptor binding
assay using ['H]BPA (3 nM in the final solu-
tion) for GST-ERR-y-LBD (0.32 pg/mL in
the final solution). To confirm that BPA is a
truly specific ligand for ERR-y, we tested all
nonradiolabeled BPA compounds available in
lapan, which we obtained from seven differ-
ent reagent companies. Because the com-
pounds all had different levels of purity
(95-99%), we adjusted their initial concen-
tration, 1.0 x 102 M, based on the purity
indicated on the label.

We found that BPA displaces ["H]BPA in

a dose-dependent manner. [ts binding curve
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Figure 1. The saturation binding analysis of BPA for
ERR-y. (A) Saturation binding curve of FH]BPA for
the recombinant human ERR-y-LBD showing total,
nonspecific, and specific binding. Determination of
nonspecific binding was carried out by excess
unlabeled BPA (10 pM). (8) Binding data analyzed
by Scatchard plot analysis to estimate the dissoci-
ation constant (Kp) and the receptor density {B,,).
The plot was linear, the Kj value was estimated to
be 550 + 0.87 nM, and By, was 14.4 nmol/mg pro
tein. The saturation binding analysis was per
formed in duplicate and repeated four times.

Table 1. Receptor binding affinity (mean + SE) of
BPA and its analogs, and 4-0HT for ERR-y.

Chemical Binding affinity {ICe;, nM)
BPA 978087
Bisphenol AF 58 +305
Bisphenol AP 123+151
Bisphenol B 263+265
Bisphenol E 8142083
Bisphenol F 1£179
4-0HT 10909
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was sigmoidal in a single binding mode
(slope = - 1), which afforded an average 1Cs;
value of 9.78 nM. We found all BPA com-
pounds purchased to be equally potent. These
results clearly demonstrate that BPA binds
very strongly to the NR ERR-y.

4-OHT as a potent displacer of BPA in
ERRy. 4-OHT has been reported 1o porently
displace ["H]4-OHT in the binding to ERR-y
(Greschik er al. 2004; Takayanagi et al. 2006).
In the present study, 4-OHT very potendy dis-
placed ["H]BPA (ICs5 = 10.9 nM) (Table 1).
BPA and 4-OHT yielded sigmoidal binding
curves indistinguishable from each other (data
not shown), indicating that the two are
almost equiporent. These results obtained
using the ["H]BPA tracer were almost iden-
tical to those obrained by [*H]4-OHT
(Takayanagi et al. 2006).

BPA and 4-OHT share only a phenol
group, and thus the phenol groups of these

9. Ofo- @
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Bisphenel E (O}

HO@-CH,—@— OH
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CF,
CF,

Bisphenol AF (O0)

B/B, (%)

B/By (%)

compounds are highly likely to occupy the
same binding site in the ERR-y recepror.
Because the phenol group of 4-OHT is
anchored by hydrogen bonds to Glu275 and
Arg316 of ERR-y (Greschik et al. 2004), the
phenol group of BPA may also bind to these
ERR-y residues. Indeed, this has been proven
by our recent X-ray crystal structure analysis
of the complex between BPA and human
ERR-y-LBD (Matsushima et al. 2007).
Hereafter, we designate the benzene ring of
this phenol group of BPA as the A-ring and
the additional benzene ring as the B-ring.
BPA-methyl as a structural requirement
for binding to ERR~y. We evaluared the role
of the two methyl (CH;) groups on the sp?-C
atom of BPA in binding to ERR-y by a series
of analogs of BPA, HO-CsH,-C(CH3),-
CgH,;-OH. First, we examined the effect of
incorporation of the methyl group on the
binding affinity of BPA. When CH; was
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Figure 2. Chemical structure of BPA and its derivatives and their dose-response curves in the radioligand
receptor binding assay for ERR-y. (4) Chemical structures of BPA (twe methyl groups) and its derivatives:
bisphenol B {a methyl group and an ethyl group) and bisphenol AP (a methyl group and a phenyl groupl.
(B) Binding activities of BPA, bisphenol B, and bisphenol AP examined by the competitive binding assay
using [FHIBPA and GST-ERR-y-LBD. (C) Chemical structures of bisphenol E (one methyl group) and its
derivatives, bisphenol F and bisphenol AF [two trifluoromethyl groups (CF3)). (D) Binding activities of BPA,
bisphenol E, bisphenol F, and bisphenol AP examined by the competitive binding assay. (5} and (D) each
show representative curves with the ICs, values closest to the mean ICs from at least five independent
assays for each compound. B/Bg is the relative inhibitory activity estimated from the calculation of the per-
centage of displacement by the chemical tested (B) against the specific binding (By = 100%) of [PHIBPA.
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Direct evidence of bisphenol A binding to human ERR-y

incorporated into the parent methyl group to
produce HO-C H-C(CH;3)(CH,;CH;)-
CgH-OH (Figure 2A), we found the result-
ing bisphenol B o be approximately half as
potent (ICs;, = 26.3 nM) as BPA (Table 1)

This result clearly indicates that a bulky
group on the central sp?-C atom is obviously
disadvantageous in terms of the binding of
BPA w ERR-y's binding pocker.

On the other hand, an enhancement of
activity was observed when one of the methyl
groups was eliminated from BPA. The result-
ing bisphenol E [HO-CgH,;-CH(CH ;)-
CoH;-OH] (Figure 2C) exhibired slightly
berter binding activiry (1Cs, = 8.14 nM) than
BPA (Table 1). Bisphenol E is indeed the
most potent chemical to dare for the NR
ERR-y (Figure 2D). The maximal acriviry was
artained when one of the methyl groups was
removed from BPA. Apparently, the concomi-
tance of two methyl groups on the central
sp’-C atom of BPA is disadvantageous and
unfavorable.

The fact that a single methyl group had the
best fit for ERR-y was further demonstrated by
the diminished activity of bisphenol AP, which
has a phenyl group in place of the hydrogen
atom that is found in bisphenol E (Figure 2A).
Bisphenol AP exhibited approximarely 15-fold
weaker binding affinity for ERR-y than bisphe-
nol E, with 1Cs5, = 123 nM (Figure 2B,
Table 1). Steric hindrance by the benzene ring,
as well as its electron-rich characteristics, might
be responsible for this drop in the recepror
binding affinity of bisphenol AP.

The importance of the remaining methyl
group in bisphenol E became evident from
the drastically reduced activity of bisphenol F
[HO-CgH,;-CH,-CgH-OH]. This com-
pound was approximately 16-fold less potent

A HO_O_iH:_@_ou m

Bisphenol A (@)
CH,
OO
HO C
|
CH,
4a-Cumylphenel (O)
CH,
OO
C
|
CH

22-Diphenylpropane (&)

than bisphenol E, exhibiting an 1Cy, value of
131 nM (Table 1). All of these results clearly
indicate that one of the two methyl groups is
involved in the intermolecular interaction
with the receptor residuel(s). The interaction
involving the CHy group is a kind of
hydrophobic interaction, such as CH3-alkyl
and CH/x interactions.

The fundamental narure of this inter-
action involving the CH; group became
rather apparent from the binding result of
bisphenol AF [HO-CgH,-C(CF3),-C Hy-
OH]. The CH;—CF; substitution in BPA
creates this compound (Figure 2C), which has
two electron-rich trifluoromethyl CF; groups
instead of the rather electron-poor methyl
CH; group. The molecular size of CFj is
almost equal to that of CHj. A drascically
reduced activity of bisphenol AF, abourt
35-fold less potent (358 nM) than BPA
{Table 1), thus demonstrates that the BPA’s
CHj group is in an elecrrostatic interaction
with the electron-rich residue(s) of the recep-
tor. Replacement of CHj with CF; is defi-
nitely disadvantageous, because CF; is very
electron-rich and thus brings about a strong
repulsion with such electron-rich residues of
the receptor. One of the electron-rich candi-
dates of the receptor is the aromatic ring of
Phe, Tyr, His, and Trp. Based on the reported
N-ray crystal structure of ERR-y, feasible can-
didates are Phe-435 and Phe-450 (Greschik
er al. 2002, 2004; Martsushima et al. 2007;
Wang et al. 2006).

A single phenol-hydroxyl gronp is enough
for BPA to bind v ERRy. BPA has a very sim-
ple symmetrical chemical structure of HO-
CgH,-C(CH ),-CgH4-OH (Figure 2A).
When one of the phenol-hydroxyl groups
(—=OH) of BPA was eliminated, the resulting
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Figure 3. Chemical structure of BPA and its derivatives lacking the hydroxyl group(s) and their dose-
response curves in the radioligand receptor binding assay for ERR-y. (4) Chemical structure of BPA and its
derivatives lacking the hydroxyl group(s): 4-a-cumylphenol (without one hydroxyl group from BPA), and
2,2-diphenylpropane (without either hydroxyl groups from BPA). (B) Binding activities of BPA,
4--cumylphenol, and 2,2-diphenylpropane examined by the competitive binding assay using [*HIBPA and
GST-ERR-y-LBD; representative curves indicate the |Csg value closest to the mean IC; from at least five

independent assays for each compound.
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4-a-cumylphenol (HO-C H;-CICHy),-
C¢Hs; Figure 3A) still bound very stongly to
ERR-y. 4-a-Cumylphenol was as potent as
BPA (Figure 3B), having an 1Cs value of
10.6 nM (Table 2). Contrary to the expecra-
tion that both of the phenol-hydroxyl groups
of BPA would participate in the hydrogen
bonds, this result indicates that the second
hydroxyl group does not necessarily parricipare
in the hydrogen bonding. Given thar this
hydroxyl group forms a hydrogen bond with
the ERR-y recepror residue, the bond would be
considered extremely weak, as suggested by the
X-ray crystal analysis of 4-a-cumylphenol-
ERR-y complex (Martsushima A, Teramoro T,
Okada H, Liu X, Tokunaga T, Kakuta Y,
Shimohigashi Y, unpublished dara).

When both of the phenol-hydroxyl groups
were eliminated from BPA, the resulting
Z.Z-diphﬂﬂ)’l propanc [C(,Hﬁ—C{CHJ)Q-CbHil
was almost complerely inactive (Figure 3B,
Table 2). This compound elicits only abour
30% inhibition of the binding of [*H]BPA at
the 1-pM concentration, whereas BPA almost
completely inhibits the binding of [*H|BPA at
this concentration (Figure 3B). It is clear that
one of the phenol-hydroxyl groups of BPA is
indispensable for the interaction with a bind-
ing pocket of ERR-y. These results, together
with the fact that 4-ct-cumylphenol and BPA
are equipotent, emphasizes the significance of
one of the two phenol groups in the inrter-
action of BPA with ERR-y. As described
above, this hydroxyl group should be artached
to the benzene A-ring. It became apparent that
the phenol-hydroxyl group artached to another
phenol-benzene ring (B-ring) is not necessarily
required for binding of BPA to ERR-y.

BPA-phenal as a structural requirement
for binding ro ERR-y. As described above,
4-a-cumylphenol is as active as BPA. The
importance of the benzene B-ring can be
examined by replacing the B-ring with the
alkyl groups. When the benzene B-ring of
4-at-cumylphenol was substituted with either
methyl or ethyl, the resulting 4-tere-buryl-
phenol [HO-CyH-C(CH;),-CH;] and

Table 2. The receptor binding affinity (mean + SE) of
BPA and its derivatives lacking of the phenol group
for human ERR~.

Chemical Binding affinity {ICeq. nM)
BPA 978+087
4--Cumylphenol 106+0.87
2.2-Diphenylpropane ND
4-tert-Butylphenol 2612245
4-tert-Amylphenol 332+285
4-Isopropylphenol MN1£7173
4-tert-Octylphenol 2384281
4-Ethylphenol 2894459
p-Cresol 1290+ 725
Phenol ND

ND, not determined (ICsy value could not be calculated
because of extremely weak binding activity, even at a
10 pM concentration).
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4-ter-amylphenol [HO-CgH;-C(CH;),-
CH,CHj] (Figure 4A) were considerably
potent (Figure 4B), with values of 26.1 nM
and 33.2 nM, respectively (Table 2). This
reveals that alkyl groups can be substituted for
the aromatic benzene ring withourt affecting

the basal binding capabiliry.
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However, because both 4- tere-butylphenol
and 4-ser-amylphenol are still a few times less
active than 4-c-cumylphenol, a specific binding
site of ERR-y appears to prefer the aromatic
benzene ring ro the alkyl groups. This suggests
that BPA's second phenol-phenyl group
(benzene B-ring) is in the 7t interaction with

Log [chemicals (M}]

Figure 4. Chemical structure of BPA and its derivatives lacking the phenol group and their dose-response
curves in the radioligand receptor binding assay for ERR-y. (4) Chemical structure of BPA and its deriva-
tives with the alkyl group at the position of phenol group: 4-tert-butylphenol (a methyl group); 4-tert-
amylphenol (an ethyl group); and 4-tert-octylphenol (a tert-butyl methyl group). (B) Binding activities of
BPA, 4-tert-butylphenol, 4-tert-amylphenol, and 4- tert-octylphenol examined by the competitive binding
assay using [*HIBPA and GST-ERR-y-LBD; representative curves indicate the IC;, value closest to the
mean ICy, from at least five independent assays for each compound.
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Figure 5. Chemical structure of BPA and a series of alkyl phenols and their dose-response curves in the
radioligand receptor binding assay for ERR-y. (4} Chemical structure of BPA and its derivatives with the
alkyl group at the para position: 4-isopropylphenol (a 4-isopropyl group); 4-ethylphenol {an ethyl group);
p-cresol {a methyl group); and phenal (a hydrogen atom). {B) Binding activities of BPA, 4-isopropylphenol,
4-ethylphenol, p-cresol, and phenol examined by the competitive binding assay using [*H]BPA and
GST-ERR-y-LBD; representative curves indicate the |Cg, value closest to the mean ICy, from at least five

independent assays for each compound.
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the receptor residue(s), that is, either a XH/n
interaction (X = N, O, and C) ora n/nt interac-
tion. The most plausible candidate for the
receptor residue in this interaction is the Tyr
residue at position 326 of ERR-y. Indeed, the
phenol-hydroxyl group of this Tyr-326 was
found in the OH/n interaction with the B-ring
of BPA (Martsushima et al. 2007).

In a BPA molecule, two CgH4-OH (phe-
nol) groups are connected to the sp? carbon
atom (sp?-C) rtogether with two CH;
tmethyl) groups. The most simple structure—
activity study is to compare the acrivity of
compounds lacking one of these groups. The
compound thar lacks the phenol group is
4-isopropylphenol [HO-C4H;-CH(CH ),
(Figure SA), and this para-isopropyl phenol
was fairly potent at displacing [*H]BPA
(Figure SB), with an [Cs, value of 71.1 nM
(Table 2). However, 4-isopropylphenal was
still approximately 7-fold less active than
BPA, indicating that the phenol backbone
structure is an essential structural element for
the binding to ERR-y.

When one of the two methyl groups was
eliminared from 4-isopropylphencl, the result-
ing 4-ethylphenol [HO-CgH -CH,-CH;]
(Figure 5A) was found to be very weakly active
(289 nM) (Table 2). Elimination of another
methyl group still afforded a compound of
inactive p-cresol [HO-CgH,-CHj), bur with
the 1Csq value being approximately 1.3 pM.
Phenol [HO-CgH;) tended to bind to ERR-y
(Figure 5B). These resules clearly indicate that
the phenol group is a core structure for the
attachment of BPA to ERR-y.

4-Alkyl phenols as putative potent binders
to ERR+y. Attachment of the methyl group to
4-isopropylphenol [HO-C H;-CH(CH ;),]
to create 4-tert-butylphenol [HO-CgH;-
C(CH,);] considerably facilitates the binding
of the phenol derivative to ERR-y (Table 2).
4-tert-Amylphenol [HO-CH,-C(CHj;);-
CH,CH,] is almost as active as 4-ters-
butylphenol. However, 4-tert-octylphenol
[HO-CgH4-C(CH3);-CH;-C{CH3)3)
(Figure 4B) was significantly weaker (approxi-
mately 10 times less potent) than 4-tere-
burylphenol (Table 2). Thus, the activities of
H.O=CasHi=CUCH YarC HEC H  Ja.
HO-CgH,-CiCH ,),-CH(CH )5, HO-C H -
C(CH;),-CH,-CH,-CHy, and HO-C H,-
C(CH;4);-CH,-CH(CH;); are expected to be
intermediate between those of 4-rereamyl-
phenol and 4-tereoctylphenol, although these
molecules are not commercially available. It
appears that, among the 4-alkylphenols of
HO-C¢H,-CICH;)2-C Hay,y (=R), d-rers
burylphenol (R = CHj) and 4-tert-amylphenol
(R = CH,-CH ) show the maximum competi-
tive activity with the binding of ERR-y.

The structural comparison of HO-C H -
C(CHy)s-CHj (4-tere-butylphenol), HO-
CoH,-CICH;)»-CH,CHj (4-ert-amylphenol),
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and BPA HO-C4H4-C(CH3),-C4H;-OH
cleary indicated that the R group should not be
bulky for high receptor binding activity. A plain
7 electron-rich benzene aromatic ring is thus
optimal for interaction with the recepror
residue of ERR-y-Tyr326.

Inhibitory activity of BPA derivatives for
ERR+y. We found that BPA retained a high
constitutive basal activity of ERR-y in the
luciferase reporter gene assay (Figure 6A).
ERR-y is in a full activation with no ligand; it
is one of the self-activated NRs and is deacri-
vated by the so-called “inverse agonists™ such
as 4-OHT (Greschik et al. 2004; Takayanagi
et al. 2006). Although BPA shows no appar-
ent effect on the high basal activiry of ERR-y,
BPA evidently antagonizes or inhibits the
deactivation acrivity of 4-OHT in a dose-
dependent manner (Figure 6B), as reported by
Takayanagi er al. (2006). This neutral antago-
nist is a distinet inhibitor or suppressor of the
inverse agonist, reversing the deactivation con-
formation to the activation conformation.

All of the potent BPA derivarives (i.e.,
bisphenol E, bisphenol AF, 4-a-cumylphenol,
and 4- terebutylphencl) were found, just like
BPA. ro retain a high constiturive basal acriv-
ity of ERR-y in the same luciferase reporter
gene assay (Figure 6C). In addition, these
compounds inhibited the inverse agonist activ-
ity of 4-OHT and thus were specific inhibitors
against the inverse agonist 4-OHT. Their abil-
ities to antagonize 4-OH'T are approximately
one order lower than their binding potencies
to ERR-y (Figure 6B,D). This discrepancy is
probably caused by the inclusion of a number
of co-cffecter proteins for eliciting a gene
expression in the luciferase reporter gene assay.

Receptor selectivity of BPA derivatives for
ERRy over ER-c. We classified BPA and its
derivatives into the four groups, depending
on their recepror binding afhnity for ERR-y:
that is, group A, BPA and chemicals as potent
as BPA; group B, chemicals considerably
potent; group C, chemicals moderacely
potent; and group D, inactive chemicals. All
chemicals were then examined for their ability
to bind to ER-a, and the affinity measured
was compared respectively with that for
ERR-y (Table 3). As reported previously
(Takayanagi et al. 2006), BPA is highly selec-
tive for ERR-y. It binds to ER-ct only weakly;
we calculated BPA’s recepror selectivity to be
105, which suggests that BPA prefers ERR-y
105 times more strongly than ER-c. Other
group A compounds, namely, bisphenol E
and 4-a-cumylphenol, were also greatly selec-
tive for ERR-y (Table 3). In particular,
bisphenol E was found to be exclusively selec-
tive and specific for ERR-y because it was
almost completely inactive for ER-a.

para-Alkyl phenols in group B (ICs,
- of 26-71 nM) were also almost completely
inactive for ER-at {Table 3). Those include

ERRy
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Figure 6. Luciferase-reporter gene assay of BPA and its derivatives for human ERR-y. {4) Deactivation of
the fully activated human ERR-y by the inverse agonist 4-OHT and sustainment by BPA. (8) Reversing
activity of BPA, bisphenol E, and bisphenol AF against the inverse agonist activity of 1.0 yM 4-0HT; 1.0 yM
4-0HT exhibited approximately 0.4-fold deactivation, and the inhibitory activities are shown by the percent-
age of relative activity. (0) Sustainment of the fully activated human ERR-y by bisphenol E and bisphenol AF
together with inverse agonist activity by 4-0HT. (D) Reversing activity of BPA, 4-a-cumylphenol, and
4-tert-butylphenol; the inverse agonist activity of 4-0HT was clearly reversed by all bisphenols tested in a
dose-dependent manner. Data are from a single experiment performed in triplicate; two additional experi-
ments gave similar results. High basal constitutive activity of ERR-y 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.

Table 3. Receptor binding affinity (mean + SE; n = 3) of BPA and its analogs for ER-a and their receptor
selectivity for ERR-y over ER-a.

Binding affinity for ERR-y receptor selectivity
Chemical ER-a (ICeq, M) ER-¢x {ICeg, nMI/ERR+y (ICq, M)
E; 088+0.13 Exclusively ER-«
Group A (chemicals as active as BPA for ERR-y)
Bisphenol E ND Exclusively ERR-y
BPA 1,030 + 146 105
4-a-Cumylphenol 4770+ 510 450
Group B {chemicals considerably potent for ERR-y)
Bisphenol B 246 +29.7 946
4-tert-Butylphenol ND Exclusively ERR-y
4-tert-Amylphenol ND Exclusively ERR-y
4-lsopropylphenol ND Exclusively ERR-y
Group C (chemicals moderately potent for ERR+y)
Bisphenol AP B1+226 293
Bisphenol F ND Exclusively ERR-y
4-tert-Octylphenol 925+ 839 389
4-Ethylphenal ND Exclusively ERR-y
Bisphenal AF 534+778 0.15
Group D (chemicals extremely weak or inactive for ERR-y)
2,2-Diphenylpropane ND Inactive for both receptors
pCresol ND Almost inactive for both receptors
Phenol ND Inactive for both receptors

ND, not determined (ICs value could not be calculated because of extremely weak binding activity even at a 10-uyM
concentration).
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4-tert-butylphenol, 4-tert-amylphenol, and
4-1sopropylphenol, and they were fully selec-
tive and specific for ERR-y. In contrast,
bisphenol B was very weakly active (246 nM)
for ER-a, although it was still selective (abour
9.5 times) for ERR-y.

Among group C chemicals (1C5, 8% =
120-350 nM), bisphenol F was almost com-
pletely inactive for ER-a, making it fully selec-
tive for ERR-y (Table 3). This was also true
for 4-ethylphenol. Bisphenol AP showed a
weak binding affinity (361 nM) for ER-ct, but
it was still selective (about 3 times) for ERR-y.
However, bisphenol AF emerged as a ligand
selective for ER-a with a selectivity ratio of
0.15 (Table 3). The reciprocal of 0.15 [i.c.,
ERR-y (IC50)/ER-cx (ICsp) = 6.67] denores a
selectivity ratio of bisphenol AF for ER-ct.

The results clearly indicate that the alkyl
groups on the central sp’-C atom of bisphenol
derivatives play a key role in selection of the
NR ERR-y and ER-a. When we checked the
recepror binding acrivities of one series of
bisphenol derivatives (i.e., bisphenal E, BPA,
bisphenol B, bisphenol AP, and bisphenol AF),
we found this line-up to be the order of com-
pounds with increasing affinity to ER-a. At
the same time, it was the order of compounds
with decreasing affinity to ERR-y. ERR-y
prefers the less bulky and less electrophilic alkyl
groups, whereas ER-a appears to prefer the
bulkier and more electrophilic alkyl groups.

4-terr-Octylphenol is a well-known
endocrine disruptor candidarte, but it was only
moderately potent for ERR-y (ICs, = 238 nM;
Table 2). However, it was considerably weak
for ER-at, with an 1Csy of 925 nM; thus, we
judged 4- tere-octylphenol to be somewhat
selective (approximately 4 times) for ERR-y.
Another represenrtative endocrine disrupror
candidate is 4-nonylphenol, which was mod-
erately active for ERR-y (Takayanagi et al.
2006). Thus, 4-nonylphenol was slightly more
selective for ERR-y. However, some 4-alkyl
phenols are distinctly more potent for ERR-y
than 4-tert-octylphenol and 4-nonylphenol:
4-tert-butylphenol, 4-fert-amylphenol, and
4-isopropylphenol. These 4-alkyl phenols are
definitely novel candidates of the endocrine

disrupror specific for ERR-y.

Conclusion
In the present study we have shown that all the
structural elements of BPA—the phenol and

methyl groups and the phenyl group on the
central sp*-C atom—are prerequisite for bind-
ing o the NR ERR-y. Furthermore, we have
shown that the phenol derivatives are potent
candidates for the endocrine disrupror that
binds to ERR-y. The binding affinity of
["H]BPA to ERR-y=LBD is extremely high,
with a K7, value of 5.50 nM. Thus, it appears
to be important to evaluate whether the previ-
ously reported effects of BPA at low doses are
mediated through ERR-y and its specific
target gene(s).

At the same time, it is necessary to clarify
the physiologic roles of ERR-y and to examine
the degree and ways in which BPA may influ-
ence these. This is particularly important
because ERR-y is expressed in a tissue-
restricted manner—for example, it is expressed
very strongly in the mammalian fetal brain
and placenta—at sites that could have impor-
tant outcomes for newborns. Recently, many
lines of evidence have indicared that low doses
of BPA affects the central nervous system
(reviewed by vom Saal and Welshons 2005;
Welshons er al. 2003, 2006). The molecular
mechanism for these effects could involve, at
least in part, the high afhinity binding of BPA
to ERR-y. A similar phenomenon may be
observed for other NRs, and the exploration
of such chemical-recepror interactions
requires a specific assay system or concept

applicable to all the NRs.
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Abstract—Nociceptin is an endogenous agonist ligand of the ORLI1 (opioid receptor-like 1) receptor, and its antagonist is a poten-
tial target of therapeutics for analgesic and antineuropathy drugs. Ac-RYYRIK-NHj; is a hexapeptide isolated from the peptide
library as an antagonist that inhibits the nociceptin activities mediated through ORL1. However, the structural elements required
for this antagonist activity are still indeterminate. In the present study, we evaluated the importance of the acetyl-methyl group in
receptor binding and activation, examining the peptides acyl-RYYRIK-NH,, where acyl (R-CO) possesses a series of alkyl groups,
R = C,Hy,4 (n = 0-5). The isovaleryl derivative with the C4Hy (=(CH;3);CHCH;-) group was found to reveal a high receptor-bind-
ing affinity and a strong antagonist nature. This peptide achieved a primary goal of eliminating the agonist activity of Ac-RYYRIK-

NH; and producing pure antagonist activity.
© 2007 Elsevier Ltd. All rights reserved.

1. Introduction

Nociceptin,! also known as orphanin FQ,? is a 17-mer

neuropeptide with the sequence FGGFTGARKSARK-

LANQ. Nociceptin is an endogenous ligand of the
ORLI (opioid receptor-like 1) receptor, the structure
of which is very similar to those of the 8, p, and k opioid
receptors.® This receptor belongs to the G protein cou-
pled receptor (GPCR) superfamily and couples specifi-
cally with G; or G, protein. Nociceptin induces
hyperalgesia, and the nociceptin/ORLI1 ligand-receptor

Abbreviations: Boc, tert-butyloxycarbonyl; Bpa, p-benzoyl-L-phenylal-
anine; BSA, bovine serum albumin; DMF, N, N-dimethylformamide;
GPCR, G protein coupled receptor; HBTU, 2-(1 H-benzotriazole-1-yl)-
1,1,3,3-tetramethyluronium hexafluorophosphate; HOBt, 1-hydroxy-
benzotriazole; MALDI-TOF, matrix-assisted laser desorption ioniza-
tion time-of-flight; MBHA, p-methylbenzhydrylamine; Nphe, N-
benzylglycine; RP-HPLC, reversed-phase high performance liquid
chromatography; RT, retention time; TFA, trifluoroacetic acid; Tris,
tris(hydroxymethyl)aminomethane.
Keywords: Acyl group; Antagonist; Nociceptin; Structure-activity
relationships.
* Corresponding author. Tel/fax: +81 92 642 2584; e-mail:
shimosce@mbox.ne.kyushu-u.ac jp
" These authors contributed equally to this study.

0968-0896/$ - see front matter © 2007 Elsevier Ltd. All rights reserved.

doi:10.1016/j.bme.2007.11.043

system is also involved in many other physiological
functions such as analgesia in the spinal cord and anti-
opioid effects in the brain.!>#¢ The actions of nocicep-
tin in the central nervous system also include the inhibi-
tion of locomotor activity and impairment of spatial
learning.”*

In general, for better understanding of such different
functions of biologically active peptides, it is imperative
to obtain a highly selective and specific receptor antago-
nist. Antagonist is an important and indispensable
molecular tool for investigation of the inhibition mech-
anism of receptor activation. Because of the intrinsic
hyperalgesic activity of nociceptin, its antagonists are
expected to be highly effective analgesics.

Several different types of compounds have recently been
identified as antagonists of nociceptin.’” As full antago-
nists, a number of nonpeptide compounds have been de-
signed and synthesized,!' but it has been difficult to
identify any general structural elements common to all
of these organic compounds. As for compounds based
on the structure of nociceptin ?eptide, [Phe"W(CH,-
NH)Gly“]nociceptin(1-13)-NH,'~ and [Nphe'nocicep-
tin-(1-13)-NH,'? have been reported as antagonists in
the peripheral nervous system.'*'® However, these
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peptides appear to act as partial or even full agonists of
nociceptin at the central nervous site.'*>> UFP-101, the
compound with the Leu'* — Arg and Ala'® — Lys sub-
stitutions in [Nphe']nociceptin-(1-13)-NH,, is a com-
petitive type of nociceptin antagonist.”® This
simultaneous Leu-Ala'*'® — Arg-Lys substitution was
reported originally by us as a structural conversion to
turn nociceptin into a super agonist.”*

In addition to these nociceptin analogues, thereis another
type of antagonist compound selected from the peptide li-
braries. For instance, acetyl-hexapeptide amide Ac-Arg-
Tyr-Tyr-Arg-Ile-Lys-NH; (Ac-RYYRIK-NH,) has been
reported as an effective nociceptin antagonist.? Since Ac-
RYYRIK-NH, displaces [*H]nociceptin in a dose-depen-
dent manner, these two peptides should share and thus
compete for the binding site in ORL1 receptor. However,
Ac-RYYRIK-NH; per se was found to exhibit Partial
agonist activity in the [*>’S]JGTPYS binding assay.”®?’ In
addition, it did not exhibit any in vivo activity, presum-
ably due to the rapid degradation.

Our previous study of Ala-scanning for Ac-RYYRIK-
NH; indicated that the N-terminal tripeptide Arg-Tyr-
Tyr is crucially important for binding to the ORLI
receptor.”® In the present study, based on the fact that
the analogue lacking the acetyl group, H-RYYRIK-
NH,, shows drastically reduced binding efficacy
(approximately 60-fold weaker than Ac-RYYRIK-
NH,), we noted the importance of the N-terminal acetyl
group, CH3CO-, as a structural element essential for
binding to ORL1.%®

The acetyl group has two different types of structural
elements—the methyl (CHj3) group and the carbonyl
(CO) group. In this study, focusing on the N-terminal
acetyl-methyl group, we synthesized a series of acyl-
RYYRIK-NH; peptides (acyl = R-CO, where the alkyl
group is denoted as R = C,Hy,+); n=0-5) (Table 1),

and evaluated the structural effectiveness of the acyl-al-
kyl group (R) for the antagonist activity. We here de-
scribe the structure-activity relationships of acyl-
RYYRIK-NH, peptides for the best selection of
ORLI nociceptin antagonism.

2. Results
2.1. Peptide syntheses

All of the 17 N-terminal modified hexapeptides, includ-
ing the parent Ac-RYYRIK-NH,, were synthesized by
the manual solid-phase method using Fmoc-amino
acids. Peptides in a pure form were obtained in an aver-
age yield of approximately 31%. Among the analogues,
Ada-RYYRIK-NH; was obtained with the best yield of
approximately 56%, while -BuAc-RYYRIK-NH; was
obtained with the worst yield of less than 10% (Table
1). These were all easily soluble in water and could be
assayed without any trouble. Table 1 shows the analyt-
ical data of all analogues synthesized. The purity of the
peptides was verified by analytical HPLC, in which all
the peptides emerged with a single peak. The retention
time (approximately 34 min) of the N-terminal modified
analogues is much larger than that (23.24 min) of H-
RYYRIK-NH;. It is presumed that the increased hydro-
phobicity of acyl groups brings about an increased
retention time on HPLC. The mass numbers measured
were coincident with the values calculated (data not
shown). Collectively, synthetic Ac-RYYRIK-NH; and
its analogues have been found to reveal the authentic
compounds.

2.2. ORLI receptor fused with the G protein o, subunit
for better antagonism measurement

For efficient measurements of agonism and antagonism
in the receptor responses, GPCR fused with the G pro-

Table 1. Synthetic yield and HPLC analytical data of acetyl-hexapeptide amide Ac-RYYRIK-NH,, and its analogues

n Structure of acyl = C,H3,.,CO Name of acyl Abbreviations Yield RP-HPLC retention
of Acyl-RYYRIK-NH; of acyl (%) time (min)

0 HCO- Formyl For 34 24.89

1 CH,CO- Acetyl Ac 52 26.16

2 CH,CH,CO- Propionyl Pr 28 28.33

3 CH;CH,CH,CO- Butyryl Bu 20 29.88
(CH3)>CHCO- Isobutyryl isoBu 39 29.85

4 CH;CH,CH,CH,CO- Valeryl Va 21 3294
(CH;),CHCH,CO- Isovaleryl 1soVa 14 32.35
CH,CH,CH(CH,)CO- 2-Methylbutanoyl MeBut 41 31.86
(CH3)sCCO- Pivaloyl Piv 23 33.25

5 CH;CH,CH,CH,CH,CO- Hexanoyl Hex 18 35.57
CH;CH,CH,CH(CH)CO- 2-Methylpentanoyl 2-MePen 29 35.15
(CH3)sCCH.CO- ters-Butylacetyl 1-BuAc 8 34.73
CH;CH2C(CH3).CO- 2,2-Dimethylbutanoyl 2,2-diMeBut 37 3421
(CH5CH,),CHCO- 2-Ethylbutanoyl EtBut 35 34.83
CgHsCO- Benzoyl Bz 14 36.52
CpHsCO- Adamantyl Ada 56 41.89

Three of the acyl groups are not listed, since those acyl chlorides or acids are not commercially available, and thus the peptides having those acyl
groups were not chemically synthesized. These include the 3-methylpentanoyl (CH:CHCH(CH3)CH,CO-), 4-methylpentanoyl
((CH1),CHCH;CH,CO-), and 3,3-dimethylbutanoyl (CH;C{CH;),CH,CO-) groups. Elution conditions for the analytical RP-HPLC to measure the
retention time: solvent system, 0.1% aqueous TFA-(A solution) and acetonitrile containing 20% A solution-(B solution) with a gradient elution from
10% to 50% B solution for 40 min; flow rate, 0.5 mU/min; temperature, 25 °C; and UV detection, 230 nm.
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tein o subunit has been recognized to afford an excellent
assay system.” In the present study, we intended to
establish such a system for the ORLI receptor. Using
human ORLI] receptor, we succeeded in preparing
hORLI fused with the G protein a, subunit (hORLI-
Gua,) for both the receptor-binding assay and the func-
tional in vitro biological assay. We first tested this assay
system for nociceptin and Ac-RYYRIK-NH;.

For the receptor-binding assay, the highest expression
efficiency of hORL1-Gua,, receptor was pursued by using
COS-7 cells for the ordinary ligand-saturation experi-
ment. Under the best conditions using the tritium-la-
beled ligand [*H]nociceptin, the largest specific binding
was obtained by subtracting its nonspecific binding from
the total binding. The data were analyzed by Scatchard
plot analysis, and the dissociation constant Ky was cal-
culated to be 0.37 nM, being almost the same as the
K4 value (0.41 nM) reported previously for solo rat
ORLI receptor with no G protein fused.?® Also, in this
study almost the same result (K4 = 0.40 nM) was ob-
tained for human ORLI receptor with no G protein
fused. The results imply that both G protein fused and
nonfused receptors interact with ["H]nociceptin equally
well.

In the ligand-receptor competitive binding assay, Ac-
RYYRIK-NH, exhibited a very high affinity, with an
ICso value of 0.79 nM (Table 2). This result indicates
that Ac-RYYRIK-NH, binds to the ORLI1 receptor
very strongly, and that its binding ability is almost
equivalent to that of nociceptin itself (ICsy = 0.60 nM).

The in vitro functional activity was evaluated by mea-
suring the fold-stimulation of [**S]JGTPYS binding. The

Table 2. Binding potency and biological activity of nociceptin, acetyl-
hexapeptide amide Ac-RYYRIK-NH,, and its analogues for the
human ORLI receptor fused with Go protein

Peptides ORLI1 receptor [**S$]GTPYS binding
acyl-RYYRIK-NH: 1 binding potency activity

(acyl groups) 1Csp (nM) ECso M)  Enas (%)
Nociceptin 0.60 + 0.08 39112034 100

H- 218+ 78 N.D. -

For- 0.66 * 0.09 23342 61+£23
Ac- 0.7910.18 129%£28 58+32
Pr- 1.70 + 0.66 276*+68 46 £ 3.6
Bu- 1.86 + 0.60 124+12.1 2130
1s0Bu- 2.81 +£0.52 445%11.7 14+38
Va- 5.67 £0.26 N.D. 7x21
isoVa- 7.42+0.87 N.D. =0
MeBut- 21.3%+23 527+16.8 27+ 18
Piv- 14935 979+20:5 32%56
Hex- 217+ 53 N.D. D26
2-MePen- 473180 238+47 1747
-BuAc- 169+ 4.1 46520 33£20
2,2-diMeBut- 455171 17734 17+34
EtBut- 92.6% 5.4 N.D. gt 15
Bz- 14.7+2.6 183 +4.6 BES58
Ada- 3.42+0.49 192159 35149

For the receptor-binding assay, ['H]nociceptin was used as a tracer.
Data are means + SEM of at least three experiments (1= 3-8). N.D.
(not determined) means that the activity (ECso (nM)) was not calcu-
lated due to inactivity.

activity was compared with that of nociceptin
(ECsp = 3.91 nM) (Table 2). The extent of [35 SIGTPyS
binding in the presence of nociceptin was at least 10
times greater than that in its absence. When the
[**SJGTPYS binding of the parent acetyl containing hex-
apeptide Ac-RYYRIK-NH; was measured, it was esti-
mated to reveal approximately 60% stimulation of the
maximum response by nociceptin. Obviously, Ac-
RYYRIK-NH; is a partial agonist, and yet it possesses
considerably strong agonist activity. The ECs, value of
Ac-RYYRIK-NH, was estimated to be 12.9nM, the
activity of which is only approximately threefold weaker
than nociceptin.

2.3. Activities of acyl-RYYRIK-NH, peptides with non-
branched acyl-alkyl groups

In the binding assay using rat ORL]1 receptor, the N-ter-
minal free analogue of Ac-RYYRIK-NH;, namely, H-
RYYRIK-NH,, exhibited a drastically diminished bind-
ing potency.”® A similar result was obtained from the as-
say using the G protein-fused receptor hORL!-Ga,,. H-
RYYRIK-NH; showed an ICs, value of 218 nM, indi-
cating that it is approximately 280-fold less active than
Ac-RYYRIK-NH; (Table 2). Since these results clearly
indicate that ORLI receptor possesses a specific binding
site for the acetyl group (CH;CO) of Ac-RYYRIK-
NH,, we attempted to optimize the acyl-alkyl group.
We designed and synthesized a series of analogues, in
which the acetyl group was substituted with the acyl
groups (R-CO) of different alkyl groups (R = C,Ha,41;
n=0-5): i.e.,, For (n =0, R =H), Pr (2, CH;CH,), Bu
(3, CH3CH,CH,), Va (4, CH;CH,CH,CH,;), and Hex
(5, CH;CH,CH,CH,CH,;) (Table 1).

In the ligand-receptor-binding assay, For-RYYRIK-
NH; exhibited the highest affinity (ICsy = 0.66 nM) (Ta-
ble 2) among all the analogues, including Ac-RYYRIK-
NH,. Since For-RYYRIK-NH; is almost equipotent
with nociceptin (ICs, = 0.60 nM) in displacing [*H]noci-
ceptin, their total binding energies to attach to ORLI
must be similar to each other. As shown in Figure 1,
they exhibited almost the same dose-response curves,
revealing a similar binding mode. Other analogues
exhibited rather weaker binding affinity as compared
with the parent peptide Ac-RYYRIK-NH; (Table 2).

Figure 2 shows the activity profiles of nociceptin, Ac-
RYYRIK-NH,, and its analogues in the [*°S]JGTPYS
binding assay. By using the membrane preparations from
the cells expressing hORL1-Ga fusion receptor, nocicep-
tin exhibited a strong binding activity, indicating that
nociceptin stimulates the G-protein activation in a
dose-dependent manner. Ac-RYYRIK-NH; exhibited
considerably high activity, and its maximum response
reached 60% of that by nociceptin. For-RYYRIK-NH;
elicited almost the same response as Ac-RYYRIK-NH,.
In contrast to their agonist activity, the maximum
response of Pr-RYYRIK-NH, and Bu-RYYRIK-NH,
was significantly reduced by 20% and 40%, respectively.
Furthermore, it was found that Va-RYYRIK-NH, and
Hex-RYYRIK-NH, were virtually devoid of agonist
activity (Fig. 2). Apparently, the receptor efficacy
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Figure 1. Dose-response curves of nociceptin and acyl-RYYRIK-NH;
peptides in the binding assay for the hORL1-Ga fusion protein. The
receptor tracer is ["H]nociceptin (0.05 nM in the final concentration).
The curves are of nociceptin and the parent Ac-RYYRIK-NH; and
the analogues of acyl-RYYRIK-NH; with the N-terminal acyl-alkyl
group R = C,Ha,+1: H- (n=10), Va- (n=4), and Hex- (n = 5).
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Figure 2. Dose-response curves of nociceptin and acyl-RYYRIK-NH,
peptides in the [°SJGTPYS binding assay using the hORL1-Ga
receptor. Assayed acyl-RYYRIK-NH; peptides are with the acyl-
alkyl group R = C,Hz,+1 (n = 0-5). Data are means + SEM of at least
five experiments.

decreased as the chain length increased. Here, it should be
noted that Hex-RYYRIK-NH, having a hexanoyl
(CH}CHzCH2CH2CH2CO - CsH“CO) group is C]CEU']_‘/

stronger than Va-RYYRIK-NH; having a valeryl
(CHgCHzCH;}_CHzCO = C4H9CO) group.

2.4. Activities of acyl-RYYRIK-NH; peptides with
branched acyl-alkyl groups

In the [**SJGTPyS binding assay (valeryl=)CH;CH,
CH,CH,CO-RYYRIK-NH; was most active among
acyl-RYYRIK-NH, peptides. We next examined a ser-
ies of acyl-RYYRIK-NH;, which have the acyl group
(C,Ha,+,-CO, n = 3-5) with eight different branched al-
kyl groups. Those include the acyl groups such as isobu-
tyryl (isoBu, (CH3),CHCO-), isovaleryl (isoVa, (CHs),
CHCH,CO-), 2-methylbutanoyl (MeBut, CH;CHCH
(CH;)CO-), pivaloyl (Piv, (CH;3);CCO-), 2-methylpen-
tanoyl (2-MePen, CH;CH,CH,CH(CH;)CO-), tert-
butylacetyl (1-BuAc, (CH3);CCH,CO-), 2,2-dimethylb-
utanoyl (2,2-diMeBut, CH3CH,C(CHj3),CO-), and 2-
ethylbutanoyl (EtBut, (CH;CH,),CHCO-) (Table 1).
The derivatives with the 3-methylpentanoyl (CH;CH;
CH(CH3)CH;CO-) and 4-methylpentanoyl ((CHa).
CHCH,CH,CO-) groups were not prepared because
their chlorides or acids were not commercially available.
In contrast, a totally different type of acyl group, benzoyl
(Bz, C¢HsCO-) and adamantyl (Ada, C;oH,sCO-), was
selected to assess the unique structural properties that
contribute to receptor binding and activation.

When the binding ability of these acyl-substituted ana-
logues was tested, it was found that the molecular size
of the acyl-alkyl groups greatly affects the receptor-
binding affinity (Table 2). The EtBut group induced
the weakest activity, showing an approximately 120-fold
decrease in binding affinity as compared with the parent
compound Ac-RYYRIK-NH;. Analogues having larger
alkyl groups exhibited a weaker binding potency. It
seems that the binding site for acyl-alkyl is not so large
as to bind bulkier groups such as EtBut, 2,2-diMeBut,
and 2-MePen.

Unexpectedly, the rert-butylacetyl (:-BuAc) derivative
showed an affinity stronger than the compounds having
acyl groups with the same molecular weight. This differ-
ence must be due to the very compact structure of the
t-BuAc group. It was also found that Ada-RYYRIK-
NH; is very potent (ICso = 3.42 nM), despite the pres-
ence of the large acyl-alkyl C;oH,s. This unexpectedly
high binding potency of Ada-RYYRIK-NH; must be
due to the compactness of the adamantyl group. The
n-electron rich benzoyl-protected compound Bz-
RYYRIK-NH, also exhibits considerably strong bind-
ing potency (14.7 nM, Table 2). Collectively, the binding
site for the acyl-alkyl group in the ORL-1 receptor ap-
pears to be the size of three carbons in the acyl-backone
(4-5 A) with several methyl groups.

In the [**S]GTPyS binding assay, these analogues having
bulky acyl groups still exhibited moderate receptor acti-
vation activity (ECsq = 20-50 nM and E.. = 10-40%,
Table 2). Also, Bz-RYYRIK-NH; and Ada-RYYRIK-
NH, showed an approximately 40% stimulatory re-
sponse with ECs, of approximately 20 nM (Table 2).
These results suggest that there is a space to capture
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the bulky alkyl groups present at the N-terminus of R-
CO-RYYRIK-NH;, but their interaction with the
ORLI receptor is very subtle and vague, either stimulat-
ing or blocking the receptor activation.

To obstruct the receptor activation, the best-fitting al-
kyl group appears to be the isovaleryl (denoted as iso-
Va) group. The peptide isoVa-RYYRIK-NH; showed
almost a negligible response at its 0.10-10 pM concen-
trations. Its Epa.x value at the 10 uM concentration
was less than 5%, and thus it was impossible to esti-
mate the ECs, value. It should be noted that branched
isoVa-RYYRIK-NH, is clearly less potent than non-
branched Va-RYYRIK-NH, in this [**S]GTPYS bind-
ing assay.

2.5. Antagonist activity estimated by [**S|GTPYS binding
to human ORL1-Ga receptors

Because of a moderately high receptor-binding affinity
(ICsp = 7.42 nM) and a low receptor activation efficacy,
isoVa-RYYRIK-NH; appeared to be an efficient antag-
onist against nociceptin/ORL1. We then examined its
competitive antagonism in the [*>S]JGTPYS binding as-
say. For the Schild analysis, nociception was assayed
in the presence of isoVa-RYYRIK-NH,. Three series
of dilutions of nociceptin were tested with different con-
centrations (1073, 1077, and 107°*M concentrations,
respectively) of isoVa-RYYRIK-NH,. The assay
solution was incubated for 60 min, with the expectation
that competition would occur between nociceptin and
isoVa-RYYRIK-NH; to reside in the ORLI1 receptor.

As shown in Figure 3A, solo nociceptin demonstrates a
superlative dose-dependent sigmoid curve. This nocicep-
tin’s concentration-response curve shifted rightward in
the presence of isoVa-RYYRIK-NH,, indicating that
150Va-RYYRIK-NH, occupies some population of
ORLI receptor. As the concentrations of isoVa-RYYR-
IK-NH, increased, the occupied population increased,
resulting in a further rightward shift of the nociceptin
curve (Fig. 3A). Eventually, the Schild analysis deter-
mined isoVa-RYYRIK-NH, as a potent competitive
antagonist, with the pA, value calculated to be 8.80
(Fig. 3B). This analogue is three orders of magnitude
more potent as an antagonist than [Nphe'nociceptin(1-
13)-NH,, and as potent as the nonpeptide J-113397,"
the most potent antagonist reported to date.

We also examined the competitive antagonism of Va-
RYYRIK-NH, in the [**S]JGTPyS binding assay. This
compound shifted the nociceptin curve similar to that
of isoVa-RYYRIK-NH,, and its pA4, value was
calculated to be 8.51. Thus, together with the fact that
Va-RYYRIK-NH, retains a weak agonist activity in
the [°SJGTPyS binding assay in spite of almost the
complete inactivity of isoVa-RYYRIK-NH,, we con-
cluded that isoVa-RYYRIK-NH, is slightly, but
definitely, more potent as an antagonist than
Va-RYYRIK-NH; in the [**S]GTPYS binding assay. As
a result, the present results indicate that isoVa-RYYR-
[K-NH, is the best antagonist among the N-terminal
modified hexapeptides.
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Figure 3. The antagonist activity isoVa-RYYRIK-NH; in the
[*SJIGTPYS binding assay (A) and the Schild plot analysis of this
assay (B). The extrapolated pA; value from the plot analysis was
calculated to be 8.80 £ 0.20.

2.6. Antagonist activities of analogues in the mouse vas
deferens

Nociceptin exerts inhibitory effects in electrically stimu-
lated preparations such as the guinea pig ileum (GPI)
and MVD.*"*? In the present study, we established an
assay system in which nociceptin inhibits the electrically
evoked contractions of the MVD in a concentration-
dependent manner. Its maximal effect was an approxi-
mately 80% reduction of the control contraction, and



