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ABSTRACT: Some hydroxylated polybrominated diphenyl ethers
(HO-PBDE:s), that have been widely detected in the environment and
tissues of humans and wildlife, bind to thyroid hormone (TH)
receptor (TR) and can disrupt functioning of systems modulated by
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the TR. However, mechanisms of TH disrupting effects are still ¥ — Y Eﬁa RZ=°~834..I",/-
equivocal. Here, disruption of functions of TH modulated pathways ,.04@”'\ § § i

by HO-PBDEs was evaluated by assays of competitive binding, PR AV ﬁ /?/'

coactivator recruitment, and proliferation of GH3 cells. In silico <ﬁ:‘{>& , e W m
simulations considering effects of coregulators were carried out to ' “ﬁ ”\“\\, = I
investigate molecular mechanisms and to predict potencies for J Corepressor

disrupting functions of the TH. Some HO-PBDEs were able to

bind to TR with moderate affinities but were not agonists. In GH3 proliferation assays, 13 out of 16 HO-PBDEs were antagonists
for the TH. In silico simulations of molecular dynamics revealed that coregulators were essential for identification of TH
disruptors. Among HO-PBDEs, binding of passive antagonists induced repositioning of H12, blocking AF-2 (transactivation
function 2) and preventing recruitment of the coactivator. Binding of active antagonists exposed the coregulator binding site,
which tended to bind to the corepressor rather than the coactivator. By considering both passive and active antagonisms, anti-TH
potencies of HO-PBDEs could be predicted from free energy of binding.

B INTRODUCTION

Hydroxylated polybrominated diphenyl ethers (HO-PBDEs),
which can be natural or transformation products of synthetic

mechanical interpretation of potential for effects on functions
of TR.

Despite limited information on toxicity caused by disruption
of TH homeostasis, little was known about mechanisms by
which HO-PBDEs interfere with the TR. Quantitative
structure—activity relationship (QSAR) models based on
molecular docking have been developed.'”'* A robust QSAR
model to predict binding of HO-PBDEs to TR, based on
hydrogen bonding and electrostatic interactions as character-
istic of interactions between HO-PBDEs and TR, has been
developed.13 However, QSAR models are “ligand-based”, and

compounds,l’2 are ubiquitous in soil, water, and sediments™*
and detectable in fish, birds, and mammals, including
humans.”™” Greater concentrations of HO-PBDEs have been
found in neonates than their corresponding mothers, which
suggested potential for adverse effects on neurodevelopment.”
Due to their structural similarities with endogenous thyroid
hormones (THs, e.g. 3,5,3 -triiodothyronine, T;), HO-PBDEs

have already raised concern due to their potential disruption of
functioning of TH, which is essential for early development of
mammals. In vitro assays have shown that HO-PBDEs can
inhibit binding of T; to TH receptor (TR)*’ and are more
toxic than PBDEs.'”"" Results of a reporter gene assay have
indicated that 4-HO-BDE-90 and 4'-HO-BDE-49 are antago-
nists of the TR.'"> However, in a two-hybrid yeast assay, they
were all determined to be agonists of the TRB." Divergence in
results of studies reveals the necessity of structural and
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molecular descriptors do not integrate all of the possible
interactions between ligands and receptors.'> This then results
in less precise predictions, because predictions based on
docking of ligands alone is limited by molecular flexibility.'®

Received: April 25, 2016

Revised:  October 12, 2016
Accepted: October 13, 2016
Published: October 14, 2016

DOI: 10.1021/acs.est.6b02029
Environ. Sci. Technol. 2016, 50, 12429—-12438


pubs.acs.org/est
http://dx.doi.org/10.1021/acs.est.6b02029

Environmental Science & Technology

YES

MD simulations of HO-PBDE-
TR-corepressor complexes

Preparation of HO-PBDE
and TR structures

HO-PBDEs are docked to TR

MD simulations of HO-
PBDE-TR complexes

Equilibrated
conformation: AF-2
blocked?

Calculate binding energy of

NO

Coactivators/corepressors are dock to
equilibrated conformations

NO

Corepressor better
than coactivator?

Active antagonist Agonist

MD simulations of HO-PBDE-
TR-coactivator complexes

Calculate binding energy of

ligand with TR ligand with TR

c
QL
— AF-2 blocked
Q
o
<
)
Passive antagonist
JORN Calculate binding energy of
c ig
o ligand with TR
-
g
—~+
Q
g‘. Prediction of anti-thyroid
o hormone potency

Figure 1. Protocol for prediction of thyroid hormone disrupting effect of HO-PBDEs.

Simulations based on molecular dynamics (MD) relax the
ligand—receptor complex and are recommended for more
comprehensive simulations."”” However, few MD simulations
have been performed on TR, and seldom have quantitative
descriptors been used to make predictions.

As a member of the ligand-dependent nuclear receptor (NR)
superfamily, functions of TR are associated with coregulators
(coactivator and corepressor). TR contains a transactivation
domain, called activation function 2 (AF-2), in the ligand
binding domain (LBD),"®" which is activated upon binding of
agonists that are capable of recruitment of the coactivator.”’
Binding of T induces a series of conformational changes in the
LBD, including repositioning of helix 12 (H12), which activates
AF-2 and promotes recruitment of the coactivator, followed by
transactivation of target genes. The corepressor binds to a
surface partially overlapping AF-2 and represses transcription of
target genes modulated by TH, even when no ligand is
bound.”"** Binding of antagonists enhances recruitment of the
corepressor or blocks binding of the coactivator.””** Upon
coregulator interactions, ligands inhibiting TH function can be
classified as a “passive antagonist” if it blocks binding of the
coactivator and the relative transactivation or an “active
antagonist” which enhances recruitment of the corepressor.”
Therefore, coregulators are essential for functioning of the TR,
which can be used as a factor for classification of TH disruptors.
However, to the best of our knowledge, no research identifying
disruptors of TH have used coregulators.

It has been challenging to quantitatively predict relative
endocrine disrupting potencies. A MD study using settling
time, the simulation time needed to stably reposition, of H12 as
a predictor of antiandrogenic potency has been conducted.”®

However, both stable H12 and settling time were subjectively
estimated, which were not sufficient for making quantitative
predictions. In fact, settling of H12 and equilibrium of the
receptor can be described in terms of free energy.”” Binding
free energy is a quantified term for interaction strength between
molecules, such as ligand—receptor and protein—protein.”*
Results of previous studies have revealed that binding free
energy can be used to predict binding affinity and kinase
inhibiting activity.””*
correlation with biological activities of B-RAF kinase inhib-
itors.”® Although binding energy was also used to compare NR-

Binding free energy gave a good

mediated endocrine disrupting potencies, it was usually based
on molecular docking.”' Accordingly, binding free energy
calculated from MD simulations should be a good quantitative
predictor for TH disruptors.

In the current study, a combination of in vitro assays and in
silico simulations was used to investigate TH disrupting effects
of HO-PBDEs. TH disrupting activities of HO-PBDEs were
detected by protein- and cell-based in vitro assays. MD
simulations, based on effects of coregulators, were performed
to determine the mechanism of functioning of the TR. For the
first time, TH disrupting chemicals were identified by
computational simulations based on coregulator associated
mechanisms. Finally, free energies of binding were calculated to
quantitatively predict antagonistic effects of HO-PBDEs
(Figure 1). This methodology can be used for screening of
other potential endocrine disrupting chemicals, and binding
free energy can be used as a descriptor in QSAR models to
predict binding to the TR.
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B MATERIALS AND METHODS

Materials. Recombinant human TRa- and TRp-LBD
(GST-tagged) were purchased from Life Technology (Carls-
bad, CA, USA). 3,5,3'-Triiodothyronine (T5; 99% purity) was
purchased from Fitzgerald Industries International Inc.
(Concord, MA, USA). Sixteen HO-PBDEs were selected for
the present investigation (see Supporting Information, Figure
S1). Twelve of these HO-PBDE congeners (>98% pure) were
synthesized in the Department of Biology and Chemistry of
City University of Hong Kong following previously published
methods;** the four other congeners (S0 pug/mL or 10 ug/mL
in acetonitrile) were purchased from AccuStandard (New
Haven, CT, USA). Stock solutions of ligands, including HO-
PBDEs and T, were prepared in dimethyl sulfoxide (DMSO;
Sigma, St. Louis, MO, USA) and stored at —20 °C. The four
HO-PBDEs (4-HO-BDE-188, 4'-HO-BDE-101, 6’-HO-BDE-
99, and 6-HO-BDE-157) from AccuStandard were not tested in
competitive binding assays because sufficiently high concen-
trations were unavailable.

Competitive Binding Assay. The competitive binding
assay was based on fluorescein-labeled T, (F-T;) that was
developed and employed as a probe to assess potencies of
binding between ligands and TR-LBDs. Methods of F-T,
synthesis and characterization have been described previously”’
and are detailed in the Supporting Information. The probe is
able to bind to TR-LBD with high affinity, while binding of a
ligand with the LBD displaces F-T; and reduces the magnitude
of fluorescence polarization (millipolarization, mP). A detailed
description was given in the Supporting Information. Quench
control experiments were not included, but a series of
structurally related compounds were studied, which was useful
in the absence of quench data.

Coactivator Recruitment Assay. Fluorescein-SRC2-2
Coactivator Peptide (Life Technology, Carlsbad, CA, USA)
was introduced as a probe to assess potencies of HO-PBDEs
and T; as agonists of the TR. Upon binding of the ligand, an
agonist is able to induce conformational changes of the TR-
LBD and recruitment of the coactivator peptide, resulting in an
increase in polarization. The assay was detailed in the
Supporting Information.

GH3 Cell Proliferation Assay. The rat pituitary tumor cell
line GH3 was purchased from China Infrastructure of Cell Line
Resources (Beijing, China) and cultured as recommended.
Details for cell culture and experimental testing were described
in the Supporting Information. The GH3 cell line has been
reported to express high level TRs and be responsive to THs by
proliferating.”> HO-PBDEs were assessed for potency as TR
agonists or antagonists in the absence or presence of 0.5 nM T,
(median effective concentration of Tj), respectively. In each
assay, the final DMSO content was kept below 0.1% (v/v) to
avoid cytotoxicity.

In Silico Simulations. Structures of ligands and apo TRs for
MD simulations were prepared according to previously
reported methods*>** which are described in more detail in
the Supporting Information. Ligands were docked into apo TRs
by SYBYL 7.3 (Tripos Inc,, St. Louis, MO, USA), and MD
simulations were performed using the GROMACS 4.5
packag.;e,“’36 which were detailed in the Supporting Informa-
tion.

Three equilibrated conformations (see the Supporting
Information) were extracted for every receptor exposing
coregulator binding surface. The detail description of protein
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docking was given in the Supporting Information. One of the 3
conformations was selected to perform MD simulations again
for the ligand—receptor—corepressor complexes.

Trajectories obtained from MD simulations were used for
binding free energy calculations using the molecular mechanics
Poisson—Boltzmann surface area (MM-PBSA) method, which
was detailed in the Supporting Information. All calculations of
MM-PBSA were performed by use of the g mmpbsa package™®
developed form GROMACS and APBS®’ programs.

Data Analysis. Competition curves for various ligands were
fitted by means of dose—response inhibition using GraphPad
Prism Version 5.01 (GraphPad Software Inc., San Diego, CA,
USA). Results of the competitive binding assay, coactivator
recruitment assay, and GH3 proliferation assay were expressed
as the mean =+ standard deviations of at least three independent
experiments. One-way analysis of variance (ANOVA) followed
by Dunnett’s multiple comparisons were performed to compare
each treatment, with p-values <0.05 considered significant.
Concentrations associated with ICs, (median inhibition) and
RIC,, (20% inhibition) were derived from the dose—response
curves (eq 1)

Top — Bottom

Y = Bottom + W

(1)
where ICyjg,, is the concentration of ligand that gives a
response half way between Bottom and Top. GROMACS 4.5
was also used to analyze results of the MD simulations. Root-
mean-square deviation (RMSD) of H12 was calculated for all
succeeding frames. The backbone was set as a reference
structure for alignment. The combined binding free energy
AG, /4« combining binding free energies of passive and active
antagonists was calculated (eq 2)
AG = AG, + AGy

pas/act

)

where AG, is AGj,_,rp, for passive antagonists or
AGjg_TRascor fOr active antagonists, and AGy is AGy,_,rgy for
passive antagonists or Ath_rTRﬂ /cor fOT active antagonists. Here
AGlig—rTRa/AGIig—rTR,{J and AGlig—rTRDC/cor/AGlig—rTRﬂ/cor were
ligand—receptor binding free energies.

B RESULTS AND DISCUSSION
TH Disrupting Effects Tested by Recombinant TR-

LBD. As an endogenous TH used as a positive control, in the
competitive binding assay, T; exhibited affinity for LBDs of
both human TRa and TRS. A decrease in polarization was
observed, and ICys of 3.25 X 1077 M and 2.48 X 10~ M for T,
binding to TRa and TR, respectively (Figure S3 A, B and
Table S1), were obtained, which were similar and consistent
with results of a previous study.” It might be due to the high
level of receptor needed for fluorescence polarization assays®”*’
that the binding curves showed very steep slopes, and the
derived ICgys were 3 to 4 orders of magnitude greater than the
reported binding affinity by use of the '’I-T; competitive
binding assay.” Therefore, the results were still helpful for
determining rank-order binding affinities. Based on competition
curves (Figure S3A), 2-HO-BDE-123, 3-HO-BDE-100, and 6-
HO-BDE-137 exhibited detectable affinities to the LBD of
TRa. ICg, values ranged from 1.38 X 10™* M to 1.87 X 107* M
(Table S1), which were hundreds of times greater than T3. 3-
HO-BDE-100 and 6-HO-BDE-137 exhibited detectable
affinities for the LBD of TR (Figure S3B), which were S5.6-
and 60-fold greater than those for TRa, respectively. All other
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Figure 2. Results of GH3 proliferation assays. (A) Proliferation and cytotoxicities of GH3 cells exposed to various concentrations of chemicals.
Relative proliferation of solvent (DMSO) controls are defined 100%. (B) Inhibition of HO-PBDEs on proliferation of theh GH3 cell line induced by
0.5 nM T;. Concentrations of HO-PBDEs are no greater than the noncytotoxic concentrations. Relative proliferation of solvent controls (0.5 nM T,
without HO-PBDEs) are defined as 100%. The column labeled “w/o T3” is the baseline control without T3 and testing chemical. The error bar
refers to the standard deviation (SD) of at least three independent experiments. *p < 0.05 compare with solvent control.
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Table 1. Anti-TH Potencies of HO-PBDEs on the GH3 Cell Line and Relative in Silico Parameters”

TRa (kJ/mol) TRp (kJ/mol) combined (kJ/mol)

chemical noncytotoxic concn  —log RIC;;  AGyyirre AGigitrajcor AGeorrtra  AGigtrg  AGrgrtrgrcor AGeormitrg  AGuumcor—tr  AGpag/act
4-HO-BDE-188 8x 107 M 8.42 —175.2 —170.1 —132 —169.7 —-169.4 —87.0 —344.9 —339.5
3-HO-BDE-100 5% 107 M 7.83 —139.7 —150.7 —42.6 —137.5 —140.6 —81.6 —=277.2 -2913
4’-HO-BDE-101 27 %107 M 8.11 —150.7 —150.6 —109.2 —150.6 —146.5 —64.0 -301.3 —297.1
6-HO-BDE-157 12 x 107 M 8.14 —149.5 —150.6 —9.89 —156.8 —-154.3 —46.1 —306.3 —-304.9
6-HO-BDE-90 5% 107 M 7.76 —143.3 —145.6 -71.9 —151.7 —-1529 10.0 —-295.1 —298.5
4’-HO-BDE-49 1X10°M 7.30 —141.5 —142.1 —-34.0 —1414 —141.6 —58.9 —282.9 —283.7
2’-OH-BDE-66 5% 107 M 7.09 —142.5 —139.0 —-31.7 —136.4 —133.1 —32.5 —278.8 —272.1
6’-HO-BDE-17 3x10°M 6.78 —128.1 —136.4 —-59.8 —135.0 —-133.7 —-35.2 —263.1 —-270.1
2’-OH-BDE-68 5% 107 M 7.15 —136.2 —132.1 —25.8 —142.5 —147.3 —-56.0 —278.7 —=279.5
4’-OH-BDE-17 5% 107 M 6.51 —126.9 —126.2 =70.5 —1314 —131.0 —67.8 —258.3 —=257.2
6-HO-BDE-137 12 x 107 M 8.03 —161.3 —156.3 —76.1 —162.2 —323.5 —318.6
2-HO-BDE-123 1X10°°M 7.44 —152.5 —149.8 —60.2 —149.5 —-302.0 —299.3
4-HO-BDE-90 8x 107 M 7.59 —147.8 —151.8 —-37.1 —146.2 —293.9 -2979
6-HO-BDE-47 <5 x107° M —145.3 —140.8 -53.0 —135.4 -137.3
6-HO-BDE-85 <5 x107° M —138.3 —150.8 —151.3 —-72.9 —289.1 —289.6
6’-HO-BDE-99 <5 x10°M —139.1 —137.7 —-81.4 —144.3 —148.5 —-55.3 —283.4 —286.2
unbound —26.7 -50.7

“Noncytotoxic concentration: The highest concentration in Figure 2A that does not show cytotoxicity. —log RIC,,: negative logarithm of the
concentration (mol/L) showing 20% inhibition of GH3 proliferation induced by 0.5 nM T3. AGyy_itra/ AGiig_Trp: binding free energies of ligand
with TRa/TRS-LBD without the corepressor. AGy,_itra/cor/ AGig—iTrg/cor: Dinding free energies of ligand with TRa/TRS-LBD complex with the
corepressor. AGey_rra/ AGeor—irrg: binding free energies of the corepressor peptide with TRat/TRB-LBD. AGqypg—.r: combined binding free
energy of AGy, ity and AGy,_,rrp- AGyys/aet combined binding free energy of passive and active antagonists.

HO-PBDEs exhibited weak binding to the TR, which could not
be observed at a concentration between 4.0 X 1077 and 1.6 X
107" M.

Results of the human TRa coactivator recruitment assay
demonstrated that adding of T; significantly (p < 0.0S)
increased relative polarization by 34.8% and 30.0% in lesser
(1.0 X 107® M) and greater (4.0 X 1075 M) concentrations,
respectively (Figure S3C). Greater polarization was due to
recruitment of the SRC2-2 peptide by T;-bound TRa.
However, no significantly (p < 0.05) greater polarization was
observed for the HO-PBDEs with potent binding affinities.
Results of the TRf coactivator recruitment assay were similar
to those for the TRa. These results indicated that HO-PBDEs
might not be agonists of the TR or that the agonistic effect on
TR was too slight to be detected. In fact, some HO-PBDEs,
including 3-HO-BDE-100 have been determined to be
antagonists of the TR.”"?

TH Disrupting Effects Determined by the GH3 Cell
Line. With increasing doses of T from 0.02 to 100 nM in the
serum-free medium, GH3 cell proliferation increased (Figure
2A, up left). Maximal proliferation of about 2-fold was observed
at 100 nM, and the half maximal effect (ECs,) was 0.5 nM. No
promoted GH3 cell proliferation was observed for tested HO-
PBDEs (Figure 2A), which indicated that all 16 HO-PBDEs
were not TH agonists. Instead, due to cytotoxicity, proliferation
was significantly (p < 0.05) less, compared to solvent control in
a dose-dependent manner. Noncytotoxic concentrations of
most of the tested HO-PBDEs ranged from 80 to 3000 nM
(Table 1), while cytotoxicities of 6-HO-BDE-47, 6-HO-BDE-
85, and 6'-HO-BDE-99 were observed at a concentration of 5
nM. Thus, their cytotoxicities were more than 16-fold greater
than the greatest cytotoxicity (noncytotoxic concentration = 80
nM) observed for the other 13 compounds. It has been
previously reported that 6-HO-BDE-47 and 6-HO-BDE-85
caused significant cytotoxicity to rat hepatoma cells,”” which
makes it difficult to eliminate effects of cytotoxicity during anti-
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TH assays. Therefore, concentrations of HO-PBDEs were kept
within the noncytotoxic concentrations (Table 1) in the
following tests for anti-TH potency, and 6-HO-BDE-47, 6-HO-
BDE-85, and 6’-HO-BDE-99 were not included. However,
from a risk assessment perspective, this means that effects on
the TH would be unlikely to be the critical mode of toxic
action.

Tested HO-PBDEs significantly (p < 0.0S) inhibited
proliferation of GH3 cells stimulated by 0.5 nM T;, compared
to solvent control (Figure 2B). Since inhibition of proliferation
did not go beyond the baseline control (no T3, no HO-PBDE),
the results suggested that these HO-PBDEs are TR antagonists.
4-HO-BDE-188 and 4'-HO-BDE-101 are the most effective
inhibitors that significantly (p < 0.05) reduced proliferation, at
concentrations of 3.75 or 7.5 nM, respectively. 4-HO-BDE-17
and 6'-HO-BDE-17 were the weakest antagonists, which
inhibited proliferation of GH3 cells at concentrations of 250
or 500 nM, respectively. Potencies of HO-PBDEs as
antagonists, reported as the —logRIC,, (Table 1), ranged
from 6.51 to 8.42. These results are consistent with those of a
previous study in which GH3 cells were used.” 3-HO-BDE-100
and 2-HO-BDE-123 were potent competitors in the com-
petitive binding assays, with binding affinities of 3-HO-BDE-
100 greater than 2-HO-BDE-123, which were consistent with
the derived anti-TH potencies. While the 6-HO-BDE-90, which
was a less potent competitor, effects of which could not be
observed in competitive binding assays, showed relatively great
anti-TH potency in GH3 cell proliferation assays, indicating the
importance of functioning mechanisms of TR. HO-PBDEs with
more Br atoms tended to exhibit greater antagonistic potencies
than lesser brominated HO-PBDEs. For example, heptabromi-
nated 4-HO-BDE-188 (—logRIC,, = 8.42) and hexabrominated
6-HO-BDE-157 (—logRIC,, = 8.14) exhibited much greater
potency than tribrominated 4'-HO-BDE-17 (—logRIC,, =
6.51) and 6'-HO-BDE-17 (—logRIC,, = 6.78). Results also
indicated that HO-PBDEs are more potent anti-TH disruptors
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than PBDEs (—logRIC,, < 5)*' and BPA (—logRIC,, = 6),*
which are known TR antagonists.

Repositioning of H12 and Binding Free Energy. During
MD simulations, ligand—receptor complexes experienced
conformational dynamics, and conformations of TR, especially
positions of H12s, significantly changed (see the Supporting
Information), which was consistent with a previous study of
AR’ Binding free energy could be used for prediction of
binding affinities with TR. Lesser binding free energy might
indicate greater binding affinity. HO-PBDEs with greater
affinities for binding with human TRa in the competitive
binding assays exhibited lesser binding free energy (Table S1).
However, binding of the coregulator to the ligand—receptor
complex influenced the binding affinity. For example, 6’-HO-
BDE-17, which bound rat TR with high binding free energy,
lowered the binding free energy with TRa when complexed
with the corepressor and exhibited greater binding affinity
(Table 1). These results revealed that more attention should be
paid to the mechanism, especially the interaction with
coregulators.

Passive Antagonists. Snapshots of equilibrated conforma-
tions (see the Supporting Information) were extracted to
investigate the reposition of H12. 3-HO-BDE-100-hTRa-H12
(H12 of 3-HO-BDE-100-bound human TRa), 2-HO-BDE-
123-hTRp-H12, 6-HO-BDE-85-rTRa-H12, 2-HO-BDE-123-
rTRG-H12, 4-HO-BDE-90-rTRf-H12, and 6-HO-BDE-137-
rTRA-H12 were found to block AF-2 (Figure 3B and Figure

Figure 3. Close-up view of human TRa-/TRf and coactivator
peptides. H1 to H11 of the LBDs are shown in light blue; H3, H4, and
HS are labeled. H12s and coactivator peptides are colored hot pink
and yellow, respectively. Residues V284, K288, 1302, and K306 of TRf
(V230, K234, 1248, and K252 for TRa), which are components of
activation function 2 (AF-2), are labeled and colored red. (A) T;-
bound TRp, the AF-2 (elliptical area in red) is suitable for binding of
the coactivator. (B) 3-HO-BDE-100-bound TRa, AF-2 is partly
occupied by stable H12, preventing recruitment of the coactivator.
Distances between H12 and the 4 residues are labeled purple.

S6). For example, 3-HO-BDE-100-hTRa-H12 positioned
between residues V230, K234 and 1248, K252, which were
components of AF-2.”' Distances between HI12 and these
residues are approximately 3 A and could be as close as 2.2 A,
which indicated that AF-2 was partly blocked (Figure 3B).
Blocking AF-2 prevents subsequent transactivation of a target
gene, thus is defined as passive antagonism.”>** In the present
study, 2-HO-BDE-123, 4-HO-BDE-90, and 6-HO-BDE-137
were determined to be antagonists of the TR in the GH3
proliferation assay. Therefore, these HO-PBDEs could be
considered to be passive antagonists of TR. For Ts-bound

human TRp, AF-2 was exposed to the coregulators, so that
coactivators were able to bind it (Figure 3A).

Active Antagonists. For those conformations whose AF-2
were exposed to coregulators, HO-PBDE-bound TRs tended to
be more attractive to corepressors than coactivators. Most of
the HO-PBDE-bound TRs bound to the corepressor with an
Ejoc value less than that of the coactivator except 6-HO-BDE-
47-bound TR (Figure 4), which meant that corepressors were

A

3000 Corepressor —— Coactivator — Deviation

-200 4

-100+

Edock

100

—— Coactivator = Deviation

Figure 4. Docking score (Eg.q) of the corepressor and the coactivator
with rat TRa (A) and TR (B). Deviation is the difference of Ej
between the corepressor and the coactivator. The error bar refers to
the standard deviation (SD) of three independent conformations.

more selectively bound to them. For 2-HO-BDE-123-, 4-HO-
BDE-17-, 6-HO-BDE-157-, 6-HO-BDE-90-, and 6'-HO-BDE-
99-bound TRa, as well as 4-HO-BDE-188-, 4-HO-BDE-101-,
6-HO-BDE-90-, and 6-HO-BDE-157-bound TRp, the deviation
values were even less than that of unbound TRa and TRp
(about —20). Alternatively, both T;-bound TRa and TRf
bound to coactivators with E4 4 values less than that of the
corepressor, which suggested that TRs bound to T; recruit
coactivators rather than corepressors. It has been reported that
T, induces recruitment of coactivators, while unbound TR is
able to bind corepressors.** These results indicated that most of
the HO-PBDEs selectively enhanced recruitment of corepres-
sors rather than coactivators. Corepressor-bound TR is able to
bind to relative genes and silence transactivation,”> which was
defined as active antagonism.” In the present study, HO-
PBDEs causing selective binding of corepressors to TR were
considered to be active antagonists.

When MD simulations with the corepressor on the
corepressor binding site were performed, it was further
demonstrated that most of the HO-PBDEs maintained or
even strengthened interactions between the receptor and the
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corepressor. Binding free energies for corepressors with TRa
and TR (AG,o—rrre and AGeo,—,rrp KJ/mol) of unbound TR
were —26.7 and —50.7 kJ/mol, respectively (Table 1). For HO-
PBDEs, values of AG,,_,r, ranged from —9.89 (6-HO-BDE-
157) to —132 (4-HO-BDE-188), and AG,,,_,rgs ranged from
10.0 (6-HO-BDE-90) to —87.0 (4-HO-BDE-188). Binding of
4-HO-BDE-188 reduced AG,,,_,1py Which indicated strength-
ened interaction between the corepressor and TRa and further
repression of transactivation. It has been reported that binding
of TH to TR resulted in unbinding of the corepressor.”
However, results presented here demonstrated that HO-PBDEs
were able to bind to the ligand binding cavity of the TR and
change the interaction between the corepressor and TR. In fact,
some endocrine disrupting chemicals have been found to exert
anti-TH activity by causing recruitment of corepressors. For
example, enhanced interaction between TR and the corepressor
was found to be caused by bisphenol A (BPA)."* For the first
time, our investigation demonstrates that HO-PBDEs enhance
TR-corepressor interaction.

Essential Residues to TR-Corepressor Interaction. H12
is important in binding of coregulators to TR.** Deletion of
H12 was reported to increase binding of the corepressor to
unbound TR.** However, results of the present study revealed
that H12 plays different roles in different situations. For passive
antagonism, H12 was repositioned to block AF-2, preventing
binding of the coactivator. While complexed with the
corepressor, hydrophobic and hydrophilic residues on HI2
formed hydrophobic and hydrophilic regions, which enhanced
or weakened hydrophobic interaction with the corepressor and
determined the occurrence of active antagonism.

Contributions of residues to AG.,_,rg indicated that key
residues, especially hydrophobic and hydrophilic residues on
H12, were essential for interactions between TR and the
coactivator (Table S2). Equilibrated conformations showed
that the corepressor motif (LEDIIRKALMG)*' was stably
positioned in the corepressor binding site of unbound TR« and
formed an H-bond with residues K234 and K252 (Figure SA).
Every fourth residue of the corepressor (Leul, IleS, and Leu9)
was oriented to the corepressor binding surface of TRa. The
corepressor binding surface of TRa, which partly overlaps AF-
2, consists of residues T223, 1226, T227, V229, V230, K234,
1248, K252, and C255 (for TRB, T277, 1280, T281, V283,
V284, K288, 1302, K306, and C309, respectively).”” Due to
hydrophobic interactions of Leul, Ile5, and Leu9 with the
hydrophobic region composed of hydrophobic residues 1226,
V229, V230, 1248, and C255, the corepressor is able to bind to
unbound TR. Interactions of 4-HO-BDE-188-bound TRa and
6-HO-BDE-90-bound TR/ with the corepressor were similar to
that of unbound TRa (Figure S B and C). The hydrophobic
residue L402 on H12 of TRa bound to 4-HO-BDE-188 formed
a hydrophobic surface that interacted with hydrophobic Ile4 on
the corepressor, which decreased the contribution of H12 to
AG,,_,rr (Figure SB and Table S2). However, the hydro-
phobic residue on the side of the corepressor did not interact
well with the hydrophilic surface generated by E449, P452, and
P453 on H12 of 6-HO-BDE-90-bound TRp, which increased
the contribution of H12 to AG,,_,rg and thus decreased the
interaction between TR and the corepressor (Figure SC and
Table S2).

Mechanism Based Quantitative Prediction. Binding
free energy can be an effective predictor of TH disrupting
potency (see the Supporting Information). Binding free energy
of HO-PBDE with TR was calculated after MD simulation of

Figure S. Close-up view of rat TRa/TRf complexed with the
corepressor peptide: (A) unbound TRa, (B) 4-HO-BDE-188-bound
TRa, and (C) 6-HO-BDE-bound TRf. Main parts of the LBDs are
shown as surface. Corepressors in cyan are shown as cartoon. Residues
forming H-bonds (yellow dotted lines) are colored red. Key residues
are labeled. The corepressor of unbound TRa (green helix in C) is
aligned to 6-HO-BDE-bound TRp.

the HO-PBDE-TR complex (Ath_rTRa and Ath_rTRﬂ) (Table
1). A linear relationship between combined binding free energy
(AGgmiig—tr) and —logRIC,, was obtained (Figure 6A),
indicating that anti-TH activity of HO-PBDE was correlated
with binding free energy. With coeflicient of determination
(R*) of 0.754, the correlation was better than that reported
previously by using binding energy obtained in molecular
docking (R = 0.685)"* and that determined by use of settlin%
time of H12 obtained from MD simulations (R* = 0.6424).
Previous studies have focused on dissociation pathways using
MD simulations to interpret the ligand-TR interactions and
assess the relative TH activities, which were based on structural
comformations.””** Binding free energy depicts the interaction
between ligand and TR in terms of free energy,28 which is
quantitative and more practical.

After interaction with the corepressor, binding free energy for
HO-PBDE binding to TR (AGlig—rTRa/cor) AGlig—rTRﬁ/cor)
changed to a different scale. 3-HO-BDE-100 strengthened the
ligand-TR interaction with both TRa and TRp; however, 2'-
HO-BDE-66 weakened that interaction. Meanwhile, 2’-HO-
BDE-68 strengthened the ligand-TR interaction with TRf and
weakened that with TRa. After active and passive antagonists
were identified among HO-PBDEs, the combined binding free
energy AG,,/, combining binding free energies of passive and
active antagonists of TRa and TRf was calculated (eq 2) to
obtain a correlation plot between AG,, /. and —logRIC,,
(Figure 6B). With coefficient of determination (R* = 0.834),
the correlation was greater than that of AGgyjig—rrr- The
results indicated the importance of considering effects of
coregulators in MD simulations of TR. During MD simulations,
which can be considered as progress of induce-fit, ligand,
receptor, and corepressor fit with each other in the ligand—
receptor—corepressor system.*”** Most previous studies with
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Figure 6. Correlations between anti-TH potencies and (A) sum of binding free energy of HO-PBDEs with TR« and TRf and (B) combined binding
free energy of HO-PBDEs with TRa and TRf as passive or active antagonists.

MD simulations were carried out without consideration of
coregulators which are essential for the function of the TR.>"**
For passive TR antagonists, no coregulator was bound to the
ligand—receptor complex, while for active antagonists, the
corepressor was recruited to form a ligand—receptor—
corepressor complex. Investigations have been carried out for
better prediction by utilizing more accurate computing
methods, e.g. combined quantum mechanical and molecular
mechanical (QM/MM) methods, but not always obtained
better prediction.””>* In the present investigation, after
considering functioning of coregulators and the mechanism of
passive and active antagonists, the determination coefficient
increased from 0.754 to 0.834, revealing the importance of the
coregulator and improving understanding of the mechanism by
which ligands interact with TR.

In the present investigation, coregulators were introduced to
investigate mechanisms of the TH disrupting effect of HO-
PBDEs. Based on an understanding of coregulators, an
improved method was employed to explore the interaction
between HO-PBDEs, TR, and coregulators using MD
simulations and protein docking. HO-PBDEs were found to
exert anti-TH activities by inducing H12 to block binding of the
coactivator (passive antagonist) or recruiting of the corepressor
(active antagonist) for the first time. Passive and active
antagonisms were further used to qualitatively identify HO-
PBDEs as TR antagonists. To our knowledge, no research has
been conducted to identify chemicals as TR agonists or
antagonists by MD simulations. Based on the mechanism
interpretation, we managed to identify HO-PBDEs as passive
and active TR antagonists according to the role of coregulators.
Finally, ligand—receptor binding free energy was used to
quantitatively predict the anti-TH activities of HO-PBDEs.
Binding free energy considering mechanisms of passive and
active antagonisms (AGPaS /act) Obtained better prediction than
AGgmig—rtr and was regarded as a predictor of anti-TH
activity.

It is clear from the results presented here and a growing list
of other examples that assessing whether a contaminant is likely
to be a disruptor of hormone function based solely on its ability
to bind to the LBD of the respective receptor is far too
simplistic. Thus, this approach is worthy of application to other
endocrine disrupting chemicals. It is recommended that
endocrine disrupting chemicals be qualitatively identified and
the disrupting potencies be quantitatively predicted following
the protocol (Figure 1). However, it should be considered
whether or not the compounds are able to bind to the receptor
before performing simulations, which is the foundation of the
following simulations. QSAR and structural similarity calcu-
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lation will be beneficial because structurally similar compounds
always bind to similar target receptors.”
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Synthesis of Fluorescein-labeled T3 (F-T3)

F-T; probe was prepared for use in the competitive binding assay, by use of a previously
described method.! Crude products were incubated from reaction of fluorescein isothiocyanate
(Sigma, St. Louis, MO, USA) and T3 in a medium of pyridine/water/triethylamine (9:1.5:0.1,
v/v/v) mixture for 1 hour at 37 °C, and precipitated with 20 volumes of ammonium acetate buffer
(0.2 M, pH 4.0). Products were washed by distilled water after centrifugation (10 min, 1000g).
Centrifuged precipitate was then redissolved in 0.05 M NH4HCO3 and purified by a small
Sephadex G-75 column (0.9 X 10 cm). Equilibration and elution were carried out with 0.05 M
NH4HCO3 and distilled water, respectively. Synthetic F-T; was freeze-dried and determined to
have a correct molecular weight of 1049.8 by Matrix-Assisted Laser Desorption Ionization-Time
of Flight Mass Spectrometry (MALDI-TOF MS; ABSciex, Foster City, CA, USA). The
concentration of stock solution in Tris—NaCl buffer (50 mM Tris—HC1l/100 mM NaCl, pH 7.4) was
determined by its absorbance at 490 nm with a reported molar extinction coefficient of 7.8 X

10*M~'cm™.

Competitive binding assay

A mixture of 45 nM fluorescent probe F-T;, 180 nM TR-LBDs and various concentrations of
HO-PBDEs or T; in assay buffer (150 mM KCI, 50 mM potassium phosphate, 0.5 mM EDTA,
pH 8.0) with total volume of 20 pL was added to each well of a black 384-well plate (Nunc). After
5-min incubation at room temperature, fluorescence polarization was measured on a Synergy H4
microplate reader (BioTek, Winooski, VT, USA) with a 485/20-excitation filter and a

528/20-emission filter. The reader was controlled and polarization values automatically computed

S2



45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

by use of Gen5 (BioTek).

Coactivator recruitment assay

A 20 pL mixture of 45 nM peptide, 180 nM TR-LBDs and various concentrations of HO-PBDEs
or T; in buffer C (Life Technology) was added to every well of a black 384 well plate (Corning,
Corning, NY, USA). Incubation and polarization detection were the same as the competitive

binding assay.

GH3 cell proliferation assay

The rat pituitary cell line GH3 was cultured as recommended by China Infrastructure of Cell Line
Resources (Beijing, China). The cell line was maintained in Ham's F10 Nutrient Mixture (from
China Infrastructure of Cell Line Resources) supplemented with 2.5% fetal bovine serum (FBS,
Gibco, Invitrogen Corporation, Carlsbad, CA, USA) and 15% Donor Equine Serum (DES,
HyClone, Logan, UT, USA) at 37 °C in a humidified atmosphere of 5% CO2. Serum-free
medium was used instead of the standard culture medium 48 hours before the cells were seeded to
96 well plate (Corning, Corning, NY, USA). The serum-free medium is a mixture of Ham's F10
Nutrient Mixture with 10 pM ethanolamine, 10 pg/mL bovine insulin, 10 pg/mL human
apotransferrin, 500 ug/mL bovine serum albumin and 10 ng/mL sodium selenite. ' Penicillin (100
units/mL) was added to inhibit bacterial growth. Then GH3 cells were seeded into 96-well plates
in a density of 2500 cells per well. Ligands were diluted to different concentrations in the
serum-free medium with or without the addition of T; and added to the wells with a total volume
of 100 pL. CellTiter 96® AQueous One Solution Cell Proliferation Assay Kit (Promega, Madison,

WI, USA) was used to assess the proliferation of the GH3 cells. After 4-day's incubation, 20 uL of
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the CellTiter 96" AQueous One Solution Reagent was pipetted into each well and incubated for 3
hours. Finally, absorbance at 490 nm was recorded using a Synergy H4 microplate reader (BioTek,

Winooski, VT, USA).

Structure preparation and docking

Initial compounds of the tested ligands were built according to the structurally analogous
compounds from NCBI PubChem Compound (http:/www.ncbi.nlm.nih.gov/pccompound).
Structural energy minimization was carried out to optimize the geometries of these compounds
using Powell gradient algorithm and the Tripos force field” by the Minimize module in SYBYL7.3
(Tripos Inc., St. Louis, MO, USA). Homology modeling of apo thyroid hormone receptor ligand
binding domains (TR-LBDs) were done using Swiss-Model>® online modeling system
(http://swissmodel.expasy.org/), automated mode. Crystal structures of human TRa (PDB code:
4LNX) and TRP (PDB code: INQO) were chosen from RCSB Protein Data Bank
(http://www.rcsb.org/pdb/home/home.do) and used as templates for homology modeling of both
human and rat TR-LBDs. To build the apo conformation, structure of apo ER-LBD (PDB code:
1A52) was used as a template to build H11-H12 loop of each LBD. Quality of the built TR-LBDs
were evaluated with Ramachandran plot”® (Figure S2) generated by the Structure Analysis and

Verification Server (SAVES, http://services.mbi.ucla.edu/SAVES/). Then the Surflex-Dock’

program interfaced with SYBYL 7.3 was used to dock the optimized ligands into the docking

cavities of TR-LBDs. Details of the docking process has been previously described. Complexes of

receptors and ligands were generated for MD simulations.
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Molecular dynamics simulations

CHARMM 27 force field'" " was employed to the structures, using the GROMACS 4.5 package'>
" for TRs and SwissParam'* (http://www.swissparam.ch/) for ligands. The system was immersed
with TIP3P water molecules' in a box, keeping the minimum distance between the complex and
the boundary larger than 1.4 nm. Na+ and CI- ions were added to neutralize the system. All MD
simulations were performed in the NPT ensemble with periodic boundary conditions using
GROMACS 4.5 package on an International Business Machines (IBM) Blade cluster system.
Electrostatic interactions were calculated with the particle mesh Ewald method, with van der
Waals interactions cutoff of 1.0 nm. Simulations were performed for at least 15 ns using a 2 fs

time step, and snapshots for analysis were saved every 2 ps.

Docking of co-regulators using Hex 8.0.0

Corepressor motifs (PDB code: 20VM) and coactivator motifs (PDB code: 2B1V) were
pre-positioned on the co-regulator binding surface according to the previous publications.m’18 The
protein docking program, Hex 8.0.0," was used to modify the positions of co-regulators and give
a shape-based docking score E;, ;. Co-regulators were then docked to the extracted TRs using
shape-based 3D fast Fourier transform (FFT) docking methods. The receptor and ligand range
angles were all set to 15 degrees to make sure the co-regulators did not rotate far away from the

reference positions.

Calculation of MM-PBSA binding free energy

Trajectories obtained from MD simulations were used for binding free energy calculations
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using molecular mechanics Poisson-Boltzmann surface area (MM-PBSA) method. Generally,
binding free energy AGpinging can be defined (Equation S1).

AGpinding = Geomplex — (Greceptor + Gligand) (S1)
where Geomplexs Greceptor @nd Giigang are total free energies of the receptor-ligand complex,
receptor, and ligand in solvent, respectively. The G value for each term (G,) can be calculated
(Equation S2).

Gx = Emm — TS + Gsolvation (52)
where Epyy is the molecular mechanics energy; TS denotes the entropic contribution where T and
S refer to the temperature and entropy, respectively; Ggolvation 1S the solvation free energy.

Molecular mechanics energy Epyy includes the energy of bonded (Epongeq), €lectrostatic
(Eelectrostatic) and van der Waals (E,qw) interactions (Equation S3).
Emm = Eponded * Eelectrostatic T Evaw (S3)
Solvation free energy Ggolvation can be divided into two parts, electrostatic (Gpolar) and
nonelectrostatic (Gponpolar) solvation free energy (Equation S4).
Gsolvation = Gpolar + Gnonpolar (S4)
Gnonpolar Was calculated based on the solvent accessible surface area (SASA) model.
Snapshots extracted from MD trajectories at intervals of 100 ps were used for calculation of
MM-PBSA binding free energy. All calculations of MM-PBSA were performed by use of the

g _mmpbsa package20 developed form GROMACS and APBS? programs.

Conformational dynamics and equilibrated conformations

During the MD simulations, the ligand-receptor complexes experienced conformational dynamics
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and pose of TR, especially H12 significantly changed. RMSD of HI12 of every ligand-bound

human TRow/TRB-LBD (ligand-hTRa/TRB-H12) was calculated to assess the reposition of H12.

The RMSD of T;-hTRa-H12 became stable at about 6 ns (Figure S4A), indicating a stable

reposition of H12 in 6 ns. Similarly, 2-HO-BDE-123-hTRa-H12, 3-HO-BDE-100-hTRB-H12 and

most of the H12s of HO-PBDE-bound TRa and TRP became stable within 15 ns (Figure S4).

Similar results were observed in rat TRo/TRB-LBD (Figure S5). However, some HO-PBDEs

didn't equilibrate TRa or TR even when the simulation was prolonged to 22 ns (Figure S5 C and

F). Dynamic trajectories of LBDs occupied by different HO-PBDEs which couldn't equilibrate

H12 in 20 ns were observed to find H12s moving irregularly in certain regions (data not shown),

and the fluctuation range tended to reduce. Therefore, representative snapshots of the equilibrating

trajectories were extracted and considered as equilibrated conformations.
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147 Table S1. Binding free energies, docking scores and binding affinities of human TR

TRa TRp
Chemical AG Docking AG Docking
IC50 ICSO

(kJ/mol)  Score (kJ/mol)  Score
T3 -167.7 6.46 3.25E-07  -169.0 6.26 2.48E-07
6-HO-BDE-137 -151.4 3.14 1.46E-04  -156.5 291 2.77E-05
3-HO-BDE-100 -134.9 2.25 1.38E-04  -150.5 1.52 2.32E-06

2-HO-BDE-123 -134.1 2.71 1.87E-04 - - -
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148 Table S2. Contributions of key residues to the binding free energy of rat TR with corepressor (kJ/mol)

Residues 2-HO-BDE-123 2'-HO-BDE-66 2'-HO-BDE-68 3-HO-BDE-100 4'-HO-BDE-101 4'-HO-BDE-17 4-HO-BDE-188 4'-HO-BDE-49 4-HO-BDE-90

rTRa

THR-223 -0.62 -1.80 -0.46 -1.29 -0.35 0.15 -2.29 -0.04 -2.57
ILE-226 -7.38 -4.42 -1.90 -6.76 -8.26 -7.18 -1.97 -2.76 -5.79
THR-227 0.26 -0.18 -0.20 0.18 0.12 -0.01 -2.73 -1.04 -1.90
VAL-229 0.12 -0.03 0.11 -0.08 -0.13 -0.06 -0.17 -0.26 0.78
VAL-230 -9.06 -9.03 -7.09 -9.75 -9.53 -9.78 -9.82 -8.73 -9.11
ILE-248 -13.93 -14.70 -15.35 -17.28 -14.67 -16.44 -14.19 -15.88 -16.89
CYS-255 -2.74 -1.77 -0.20 -2.41 -2.79 -2.27 -3.41 -1.65 -0.76
Key Residues -33.35 -31.92 -25.09 -37.38 -35.60 -35.58 -40.58 -30.36 -36.24
Corepressor -41.58 -23.57 -34.38 -43.78 -65.94 -47.25 -74.79 -33.09 -35.68
H12 -17.24 -0.22 -8.54 -8.59 -21.27 -39.09 -32.20 -6.51 -2.13
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rTRpB

THR-277 - -1.24 -0.37 -0.57 -0.13 -0.02 -0.59 -0.11
ILE-280 - -6.17 -5.79 -7.21 -0.19 -0.55 -6.67 -0.47
THR-281 - -2.22 -1.07 1.32 -0.45 -0.40 0.66 -0.93
VAL-283 - -0.22 -0.33 -0.33 0.21 0.28 -0.42 0.30
VAL-284 - -9.69 -9.29 -10.14 -5.11 -6.98 -10.14 -6.38
ILE-302 - -14.07 -15.47 -14.34 -13.54 -12.76 -17.09 -15.90
CYS-309 - -2.59 -2.48 -2.61 -0.44 0.22 -2.26 0.25
Key Residues - -36.21 -34.80 -33.88 -19.65 -20.21 -36.51 -23.24
Corepressor - -20.10 -42.12 -54.20 -38.69 -49.43 -51.85 -51.22
H12 - -10.81 3.05 -25.09 -10.98 -19.07 -24.15 -28.07
149
150
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Residues 6-HO-BDE-137 6-HO-BDE-157 6'-HO-BDE-17 6-HO-BDE-47 6-HO-BDE-85 6-HO-BDE-90 6'-HO-BDE-99 Unbound

rTRa
THR-223 -0.79 -0.05 -0.87 -0.61 - 0.16 -1.32 -0.70
ILE-226 -8.09 -1.75 -5.24 -7.37 - -7.45 -5.97 -5.15
THR-227 -1.42 -0.10 0.48 0.82 - 1.36 -1.82 0.56
VAL-229 0.02 -0.09 -0.40 -0.24 - -0.45 -0.24 -0.46
VAL-230 -9.33 -8.21 -9.84 -10.17 - -10.29 -9.39 -9.47
ILE-248 -17.96 -14.68 -14.33 -16.03 - -14.22 -16.12 -16.44
CYS-255 -2.67 -0.62 -2.49 -2.55 - -2.86 -2.59 -2.30
Key Residues -40.24 -25.51 -32.69 -36.15 - -33.75 -37.47 -33.97
Corepressor -58.04 -6.19 -43.12 -44.71 - -46.20 -51.61 -47.83
H12 -12.53 -6.91 -12.92 -8.85 - -9.60 -32.28 -6.58
rTRB
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154  Figure S1. Molecular structures of 16 HO-PBDEs and T; used in the current study. HO-PBDEs

155  in the fourth line were from AccuStandard (New Haven, CT, USA), others were from Department

156  of Biology and Chemistry of City University of Hong Kong.

157
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159

160  Figure S2. Ramachandran plot of built TR-LBD apo models. (A) Human TRa-LBD. (B) Human
161 TRB-LBD. (C) Rat TRa-LBD. (D) Rat TRB-LBD. For each of the tested structures, more than 90%
162  of residues were in most favored regions, and no residues were in generously allowed or
163  disallowed regions.
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Figure S3. Results of competitive binding assays (A for TRa, B for TRP) and coactivator

recruitment assays (C). Relative polarization of solvent control is defined 100% in A and B.

Higher concentration refers to 4.0 X 107°M for Tz, and 2.5 X 1075M for HO-PBDESs, and lower

concentration refers to 1.0 X 107°M for T;, and 1.0 X 1075M for HO-PBDEs. The error bar

refers to the standard deviation (SD) of three independent experiments. * p<0.05 compared with

solvent control.
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185  Figure S5. RMSD for backbone atoms of H12 of rat TRa (A, B and C) and TRB (D, E and F).
186  Blank stands for H12 of unbound LBD.
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Figure S6. Equilibrated structures of ligand-bound conformations of human TRa/TRf (A and B,

respectively) and rat TRo/ TRP (C and D, respectively). Main parts of the LBDs are shown as

surface. Stable H12s of HO-PBDE-bound LBDs that inhibit binding of coactivators are shown as

cartoon and colored hot pink (6-HO-BDE-85-bound, A; 2-HO-BDE-123-bound, B;

6-HO-BDE-85-bound, C; 2-HO-BDE-123-bound, D), lime (4-HO-BDE-90-bound, D) and pale

yellow (6-HO-BDE-137, D). Residues V230, K234, 1248 and K252 of TRa as well as V284, K288,

1302 and K306 of TR, which are components of activation function 2 (AF-2), are labeled and

colored red.
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