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The adverse effects of chemicals exerted via estrogen receptors (ER) and androgen receptors (AR) have been
studied extensively in recent years. However, those occurring via thyroid hormone receptors (TR) have not been
studied enough. We examined the TR-binding activities of thyronine derivatives and alkylphenol derivatives (bisphenol
A, parabens and antioxidants with o-#-butylphenol residue) using a yeast two-hybrid assay. In this assay system, the
TR-binding activity of 3,5,3’-triiodo-L-thyronine (T;) was detectable at concentrations as low as 3.0 x 10® M and
reached a plateau at 1.0 X 10° M. The concentration of T, producing 10% of the activity stimulated at 1.0 x 10° M
(10% relative effective concentration, REC,,) was 2.1 x 10 M. 3,5,3",5’-tetraiodo-L-thyronine (T,), 3,3",5"-triiodo-
L-thyronine (1T;) and 3, 5-diiodo-L-thyronine (T,) also exhibited TR-binding activities. The REC,, values of these
chemicals were 4.2 x 107, 5.0 x 10”7 and 1.0 x 107> M, respectively. o-Isopropylphenol and o-z-butylphenol exhib-
ited TR-binding activities with REC,, values of 3.1 x 10 and 4.8 x 10 M, respectively, whereas ¢-butylbenzene,
isopropylbenzene and the other chemicals tested had no detectable TR-bindng activity. These results suggest that a
phenolic hydroxyl group and the ortho-substituents may play important roles in the TR-binding activities of these
chemicals. This assay system will be a useful tool for screening the TR-binding activities of chemicals.
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INTRODUCTION

Since the publication of “Our Stolen Future”"
in 1996, there has been considerable concern about
the disruptive effects of chemicals on the endocrine
systems of humans and wild life, especially via the
hormone receptors.”? Chemicals with such effects are
referred to as endocrine disruptors (EDs). The ef-
fects of chemicals on the function of steroid hor-
mones, especially estrogen and androgen, have been
studied extensively.>® Most of the activity of ste-
roid hormones is mediated through their receptors,
which reside in the cell nucleus and regulate the tran-
scription of target genes in a ligand-dependent man-
ner.” Nuclear hormone receptors constitute a large
superfamily of ligand-inducible transcriptional fac-
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tors.® TR is a member of this superfamily as are the
receptors for steroid hormones. Thyroid hormone
fulfils an important role in the development of neu-
rons, multiplication of cells, cell death and energy
metabolism of many organisms.” Thus, there may
be chemicals which perturb the endocrine system
by modulating TR function. For relevant examples,
it is doubted that the dioxins and polychlorinated
biphenyls (PCBs) produce their adverse effects by
disrupting thyroid hormone function directly.!®!"
Compared to the numerous reports regarding estro-
gen receptors (ER)*®™ and androgen receptors
(AR),?9 there are few concerning the biological ef-
fects of chemicals that act through thyroid hormone
receptors (TR).

As a method for evaluating the thyromimetic
activities of chemicals, a frog metamorphosis assay'?
and a thyroid hormone receptor binding assay'® have
been established. We have developed a novel screen-
ing method for chemicals with hormonal activities
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Fig. 1. Typical Structures of the Chemicals Tested in the Yeast-Two-Hybrid Assay

using a yeast two-hybrid system and demonstrated
that this method detected the ER-, AR- and TR-bind-
ing activities of chemicals.'® We tested the ER-bind-
ing activities of 517 chemicals using the yeast two-
hybrid assay.'® In that manuscript, we reported that
a phenol with a hydrophobic moiety at the para-po-
sition is a key structural motif of ER-binding chemi-
cals. These results were supported by the findings
obtained from a crystallographic study of the ligand-
binding ER. The study reported that the structural
features of 17-p-estradiol (E,), a hydrophobic ste-
roid skeleton with a phenolic hydroxyl group, played
a crucial role in the interaction between ER and E,.'>
There is a reasonable relationship between the re-
sults obtained from the yeast two-hybrid assay and
findings from the crystallographic study. Wagner et
al. performed crystallographic analysis of TR and
its ligands and reported that a phenol group in the
ligands also played a key role in activation of the
receptor.'® For designing an iodo-free drug with
thyromimetic activity, an o-isopropylphenol residue
is useful for optimization of the activity.'” Hydroxy-
lated PCBs compete with 3,5,3,5’-tetraiodo-L-thy-
ronine (T,) for the binding to transthyretin to per-
turb the thyronine hormone homeostasis.'® Thus,
there is relevance to studies of the TR-binding ac-
tivities of chemicals with a phenol group. There are
few reports concerning the thyromimetic activities
of chemicals. Here, we examined the TR-binding
activities of chemicals with a phenol group, such as
alkylphenols, bisphenol A, tetrabromobisphenol A
and antioxidants with a #-butylphenol residue, as well
as thyronines, by our yeast two-hybrid assay.

MATERIALS AND METHODS

Chemicals —— 3,5,3’-Triiodo-L-thyronine (T;;
> 97%) was purchased from Fluca (Steinheim, Ger-
man). T, was purchased from ICN Biomedicals Inc.
(Costa Mesa, CA, U.S.A.). 3,3",5"-Triiodo-L-thyro-
nine (rT;) and 3,5-diiodo-L-thyronine (T,) were pur-
chased from Sigma Chemical Co. (St. Louis, MO,
U.S.A.). L-Thyronine was purchased from Bachem
AG (Bubendorf, Switzerland). All other chemicals
were reagent grade and used without further purifi-
cation. The chemical structures tested in the yeast
two-hybrid assay are shown in Fig. 1.

The Yeast Two-Hybrid Assay —— The TR-bind-
ing activities of chemicals were examined with a
yeast two-hybrid assay system with the thyroid hor-
mone receptor, TRe, and the coactivator, transcrip-
tional intermediary factor 2 (TIF2), as described pre-
viously.'¥ Minor modifications of the duration of test
chemical incubation were made in order to raise the
assay sensitivity. The yeast expression plasmids,
pGBTY9 and pGAD424, were purchased from
Clontech (Palo Alto, CA, U.S.A.). The LBD of TR«
(codons 173-461) was amplified by reverse tran-
scription (RT)-PCR using total RNA from rat liver.
The EcoRI and BamHI sites were introduced in 5
and 3’ terminus of amplified fragments and
subcloned into EcoRI-BamHI sites of pGBT9 so that
they were in the same translational reading frame as
the vector’s GAL4 DNA binding domain
(GALADBD). The receptor interaction domain (RID)
of coactivator, TIF2, was amplified by PCR from
cDNAs'” and subcloned into EcoRI-BamHI-di-
gested pGADA424 for the production of fusion pro-
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Fig. 2. Dose—Response Curves for the TR-Binding Activities of Thyronine Derivatives, o-Isopropylphenol and o-z-Butylphenol
The points represent averages f-galactosidase activities obtained from three independent experiments on separate days. Bars represent S.D. T; (O);
T, (@); r'T, (A); T, (O); o-t-butylphenol (A); o-isopropylphenol (H) ; thyronine (V).

teins with the GAL4 activation domain (GAL4AD).
All sequences generated by PCR were confirmed by
DNA sequencing. The yeast strain used in this study
was Y190 (MATa, ura3-52, his-D200, ade2-101,
trpl-901, leu2-3, 112, galdDgalS8OD, URAS :::GAL-
lacZ, cyhr2, LYS2:::GAL-HIS3), obtaind from
Clontech (Palo Alto). Yeast cells were transformed
with the pGBT9-TRa and pGAD424-TIF2 using
lithium acetate method and selected by growth on
synthetic dropout (SD) medium (lacking tryptophan
and leucine). Yeast transformants were preincubated
overnight at 30°C in SD medium free from tryp-
tophan and leucine. The culture (250 ul) was then
mixed in a small test tube with a DMSO solution
(2.5 ul) of test chemical and incubated for 24 hr at
30°C. After washing by centrifugation, the cells were
digested enzymatically by incubation with 1 mg/ml
Zymolyase 20T (100 ul) at 37°C for 15 min. The
lysate was mixed with 4 mg/ml o-nitrophenyl-3-p-
galactoside (40 ul) and reacted at 30°C until devel-
opment of the yellow color before the reaction was
stopped by the addition of 1 M Na,CO; (100 ul). -
Galactosidase activity is calculated as described pre-
viously and represents the mean + S.D. of 3 inde-
pendent experiments performed on separate days.
The results were evaluated by relative activity, ex-
pressed as 10% relative effective concentration
(REC,)), that is the concentration of the test chemi-
cal showing 10% of the agonist activity of 1.0 X
10° M T, which is the optimum concentration for
T,. When the activity of test chemical was higher
than REC,, within the concentration tested, we
judged the chemical as positive. When it was judged
to be negative, the highest dose tested is indicated.

RESULTS

The p-galactosidase activities induced by T, were
detectable from 3.0 x 10® M and reached a plateau
at 1.0 x 107° M. The p-galactosidase activity obtained
by incubation with 1.0 X 10-° M T, was 1460 £ 60 u
(Fig. 2). REC,, value of T; was 2.1 x 108 M. Ex-
cept for thyronine, thyronine derivatives T,, r'T; and
T,, also exhibited TR-binding activities. Their REC,,
values are listed in Table 1. The maximal activity
induced by T, reached that of T; at 1.0 X 10 M and
higher. The activity induced by rT; and T, reached a
plateau from 10> M and 3.0 X 10~ M at around 80
and 70% of 1.0 x 10 M T,, respectively. Tyrosine
and its iodinated derivatives did not exhibit TR-bind-
ing activities within their soluble concentration.
However, 3.0 x 10* M 3,5-dibromotyrosine exhib-
ited weak TR-binding activity (less than 10% activ-
ity of 1.0 X 10 M T).

Among alkylphenols, p-hydroxybenzoates and
bisphenol A derivatives were examined, only o-
isopropylphenol and o-#-butylphenol exhibited TR-
binding activities (Fig. 2). The REC,, values of o-
isopropylphenol and o-¢-butylphenol were 3.1 x 10~
and 4.8 x 10 M, respectively. Cytotoxic effects of
these chemicals were observed at 1.0 X 10 M and
higher. Other alkylphenols, p-hydroxybenzoates and
bisphenol A derivatives did not exhibit TR-binding
activities. Isopropylbenzene and #-butylbenzene also
did not exhibit TR-binding activities. Chemicals with
t-butylphenol residue, which are used as antioxidants
commercially were examined and found to be nega-
tive in this assay system (Table 1).
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Table 1. Detection of TR-Binding Activities of Chemicals Using a Yeast Two-Hybrid Assay

Compounds REC 10(M)”)
Thyronine derivatives 3,5,3/-Triiodo-L-thyronine (T3) 2.1x1078
Thyroxine (T4) 42x1078
3,3/,5'-Triiodo-L-thyronine (rT3) 5.0x 1077
3,5-Diiodo-L-thyronine (T,) 1.0x 1073
L-Thyronine >1.0x1074
Thyrosine derivatives Thyrosine >3.0x1074
3-Iodotyrosine >1.0x 1073
3,5-Diiodo-tyrosine >1.0x1074
3,5-Dibromo-tyrosine >3.0x1074%)
Phenols p-Methylphenol >3.0x107%
p-Ethylphenol >3.0x107*
p-n-Propylphenol >3.0x1074
p-s-Butylphenol >3.0x1074
p-t-Butylphenol >3.0x107%
p-n-Butylphenol >3.0x1074
p-t-Pentylphenol >3.0x107%
p-n-Pentylphenol >3.0x1074
p-n-Hexylphenol >3.0x107%
p-n-Heptylphenol >3.0x1074
p-t-Octylphenol >3.0x107%
p-n-Octylphenol >3.0x1074
p-br-Nonylenol >3.0x1074
p-n-Dodecylphenol >3.0x107*
o-Methylphenol >3.0x1074
o-Ethylphenol >3.0x107%
o-Isopropylphenol 3.1x107%
o-n-Propylphenol >3.0x1074
o-t-Butylphenol 4.8 %1073
o-n-Butylphenol >3.0x1074
o-Phenylphenol >3.0x1074
o-Todophenol >3.0x107*
m-t-Butylphenol >3.0x1074
Parabens Methyl 4-hydroxybenzoate >3.0x107*
Ethyl 4-hydroxybenzoate >3.0x1074
Propyl 4-hydroxybenzoate >3.0x107%
Butyl 4-hydroxybenzoate >3.0x1074
Benzyl 4-hydroxybenzoate >3.0x1074
Bisphenol A derivatives Bisphenol A >3.0x1074
Tetrabromobisphenol A >3.0x1074
Benzenes Isopropylbenzene >3.0x1074
t-Butylbenzene >3.0x107*

a) The concentration showing 10% activity of 10~® M Tj (relative activity).
b) The activity of 1.0 x 10~3 M L-Thyronine was less than 10% the activity of the 1.0 x 107° M Ts.

DISCUSSION exhibited TR activating ability with the rank order
of potency T; > T, > rT; > T,. r'T; and T, were par-
T, and T, have agonist activity at TR, whereas tial-agonists at TR in this assay system. The sub-

rT;and T, do not.? In this study, T, T,, 1T, and T, stantial lengths of the TR and TIF2 were fused with
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Table 1. Continued

Compounds RECIO(M)")
Antioxidants BHT >3.0x 1074
BHA >3.0x1074
4-Hydroxymethyl-2,6-di-t-butylphenol >3.0x107%
3-(3',5'-Di-t-butyl-4’-hydroxyphenyl)propionic acid >3.0x107%
4-4' -Thiobis(3-methyl-6-z-butylphenol) >3.0x107%
4,4’ Methylenebis(2,6-di-t-butylphenol) >3.0x107%
2,2'-Methylenebis(4-methy-6-¢-butylphenol) >3.0x107*
2,2'-Methylenbis(4-ethyl-6-t-butylphenol) >3.0x107%
1,1,3-Tris(2-methyl-4-hydroxy-5-¢-butylphenyl)butane >3.0x107*
1,3,5-Trimethyl-2,4,6-tris(3,5-di-#-butyl-4-hydroxybenzyl)benzene >3.0x107%

Pentaerythritol tetrakis[3-(3'5"-di-#-butyl -4’-hydroxyphenyl)propionate] > 3.0 x 10™*

the GAL4 DNA binding domain and activation do-
main, respectively. The intact TR and TIF2 were not
produced in the yeast cells. This background in the
assay system could be one reason for our observa-
tions.

Drug design studies on iodine-free TR agonists
produced the following information: 1) a phenol
group is essential for activity; 2) the amino acid resi-
due of T, is not necessary; and, 3) 3’-iodine can be
replaced by an isopropyl group.'” By the crystallo-
graphic analysis of TR, it was also found that a phe-
nol group in ligands plays an important role in acti-
vation of the receptor.'® Thus, we conducted an ex-
amination of the TR-binding activities of
alkylphenols, parabens and bisphenol A derivatives.
o-Isopropylphenol and o-t-butylphenol exhibited
activities. When S-galactosidase was induced by the
interaction of these chemicals and the endogenous
factor of the yeast, it was assumed that the activities
did not occur via TR-TIF2. However, we have con-
firmed that these chemicals did not exhibit ER-bind-
ing activities in the yeast two-hybrid assay with ER-
TIF2 (data not shown). Therefore these chemicals
actually exert these actions via TR-TIF2. All other
alkylphenols examined were negative. The size and
position of alkyl group could be a restrictive factor.
[4-(4-Hydroxy-3-isopropyl-benzyl)-3,5-dimethyl-
phenoxy]-acetic acid,'” 3,5-dimethyl-3"-iso-
propylthyronine'® and 3,5-dibromo-3’-isopropyl-
thyronine'® were synthesized as iodine-free TR ago-
nists. These chemicals adopted the isopropyl group
as a substitute for iodine. In o-isopropylphenol and
o-t-butylphenol, the isopropyl group and the ¢-butyl
group seemed to mimic the iodine of the 3’ position
of T, respectively. Interestingly, o-iodophenol did
not exhibit activity. Iodine is an electron-accepting

substituent, whereas the isopropyl and #-butyl groups
are electron-donating substituents. The degree of
dissociation of phenol may also affect the TR-bind-
ing activities of o-alkylphenols.

The phenolic system antioxidants, listed in
Table 1, have an o-t-butylphenol residue in the mol-
ecule. These antioxidants are important industrial
materials, which are widely used in foods and res-
ins. We also evaluated the TR-binding activities of
these antioxidants. No antioxidants exhibited TR-
binding activities. Except for BHA and BHT, the
structures of antioxidants were larger than those of
thyroid hormones and o-#-butylphenol. Steric hin-
drance may prevent the antioxidants from binding
to TR and/or activating it. These antioxidants are
decomposed to the smaller molecules with o-¢-
butylphenol in vivo.?'*» Their TR-binding activities
could be examined subsequent to this report. Both
butylated hydroxyanisole (BHA) and butylated hy-
droxytoluene (BHT), derivatives of 2,6-di-z-
butylphenol, were negative. The additional substi-
tution at the ortho-position of o-t-butylphenol may
reduce the TR-binding activity as 5’-iodine of T,
reduced the activity of T;.

3,5-Dibromo-tyrosine exhibited weak TR-bind-
ing activity. This result suggests that chemicals with
o-bromophenol residue may affect the activation of
TR. Hydroxylated polybrominated biphenyls (PBBs)
and tetrabromobisphenol A (TBBPA) compete with
T, for binding to transthyretin.?? The study of TR-
binding and anti-TR-binding activities of PBBs and
polybrominated dipheyl ethers (PBDEs) and their
metabolites are ongoing in our laboratory.
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