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The constitutive androstane receptor (CAR) not only displays a
highbasaltranscriptionalactivitybutalsoactsasaligand-dependent
transcriptional factor. It is known that CAR exhibits different
ligand profiles across species. However, the mechanisms under-
lying CAR activation by chemicals and the species-specific
responses are not fully understood. The objectives of this study
are to establish a high-throughput tool to screen CAR ligands and
to clarify how CAR proteins from the Baikal seal (bsCAR) and
the mouse (mCAR) interact with chemicals and steroid recep-
tor coactivator 1 (SRC1). We developed the surface plasmon
resonance (SPR) system to assess quantitatively the interaction
of CAR with potential ligands and SRC1. The ligand-binding
domain (LBD) of bsCAR and mCAR was synthesized in a wheat
germ cell-free system. The purified CAR LBD was then immo-
bilized on the sensor chip for the SPR assay, and the kinetics of
direct interaction of CARs with ligand candidates was measured.
Androstanol and androstenol, estrone, 17f-estradiol, TCPOBOP,
and CITCO showed compound-specific but similar affinities for
both CARs. The CAR-SRC1 interaction was ligand dependent
but exhibited a different ligand profile between the seal and the
mouse. The results of SRC1 interaction assay accounted for those
of our previous in vitro CAR-mediated transactivation assay. In
silico analyses also supported the results of CAR-SRC1 inter-
action; there is little structural difference in the ligand-binding
pocket of bsCAR and mCAR, but there is a distinct discrimina-
tion in the helix 11 and 12 of these receptors, suggesting that the
interaction of ligand-bound CAR and SRC1 is critical for deter-
mining species-specific and ligand-dependent transactivation
over the basal activity. The SPR assays demonstrated a potential
as a high-throughput screening tool of CAR ligands.

Key Words: Baikal seal; constitutive androstane receptor; direct
ligand binding; steroid receptor coactivator 1; surface plasmon
resonance.

The constitutive androstane receptor (CAR), which is
categorized as nuclear receptor subfamily 1, group I, and member
3, acts as a ligand-dependent transcriptional factor, and also this
receptor displays a high basal transcriptional activity even in the
absence of ligands (Baes et al., 1994; Masi et al., 2009). Upon
stimulation of ligands, CAR can be translocated from the cytoplasm
into the nucleus (Kanno and Inouye, 2008; Kawamoto et al.,
1999). CAR then forms a heterodimer with retinoid X receptor
(RXR) a and binds to a specific DNA sequence, phenobarbital
(PB)-responsive enhancer module in the upstream of target genes
(Honkakoski et al., 1998). The heterodimer complex recruits
steroid receptor coactivator 1 (SRC1), a member of the SRC/p160
coactivator family (Leo and Chen, 2000), through helix H12 in the
activation function 2 (AF2) domain of CAR (Jyrkkérinne et al.,
2005; Mikinen et al., 2003). Consequently, this complex is able
to upregulate the transcription of CAR target genes (Honkakoski
et al., 1998; Kawamoto et al., 1999), including cytochrome P450
2B, 2C, and 3A, uridine diphosphate glucuronosyltransferases,
sulfotransferases, glutathione S-transferases, and transporters
(Assem et al., 2004; Wyde et al., 2003). These genes participate in
the metabolism and excretion of PB-like xenobiotic compounds.
Together with these molecular events, they can regulate
physiological conditions through the metabolism of endogenous
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compounds such as steroid and thyroid hormones, bile acids, and
bilirubin (Beilke et al., 2009; Huang et al., 2003; Qatanani et al.,
2005). They are also involved in the synthesis/metabolism of
glucose and lipid (Dong et al., 2009). Several studies have shown
that CAR activation by PB-like compounds is associated with
liver tumor development and hepatocarcinogenesis in rodents
(Huang et al., 2005; Yamamoto et al., 2004). Hence, identifying
and quantifying PB-type chemicals that can modulate the CAR-
mediated signaling pathways may give an insight into the risk and
effects of these chemicals in humans and wildlife.

Studies on the CAR signaling pathway have reported that
there are distinct species differences in ligand profiles between
humans and rodents (Jyrkkidrinne et al., 2005; Kawamoto
et al., 2000; Moore et al., 2000). A hepatomitogen TCPOBOP
(1,4-bis-[2-(3,5-dichloropyridyloxy)]benzene) is a potent
mouse CAR (mCAR) agonist (Tzameli et al., 2000) but is not
an agonist for human CAR (hCAR) (Moore et al., 2000). In
contrast, an imidazothiazole derivative, CITCO (6-(4-chloro-
phenyl)imidazo [2,1-b][1,3] thiazole-5-carbaldehyde O-(3.4-
dichlorobenzyl) oxime) can activate hCAR (Maglich et al.,
2003) but has less effect on mCAR (Sakai er al., 2006). It
has also been demonstrated that a limited number of PB-like
compounds can modulate the activity of CAR through direct
or indirect interaction with ligand-binding domain (LBD) of
this receptor (Kawamoto et al., 1999; Moore et al., 2000).
Androstanol efficiently competed with [*H] clotrimazole for
binding to hCAR, but TCPOBOP, which showed no effect
on hCAR transactivation, displayed no competition with [*H]
clotrimazole (Moore et al., 2000). Interestingly, PB that could
deactivate hCAR did not compete with [*H] clotrimazole, indi-
cating no direct interaction of PB and hCAR (Moore et al.,
2000). Another study revealed that TCPOBOP binds to mCAR
and consequently regulates transactivation (Suino et al., 2004).
Nevertheless, little is known about the interaction of most of
the ligands with CAR protein and their kinetics.

The Baikal seal (Pusa sibirica), an endemic species and a top
predator in the Lake Baikal, Russia, is contaminated with persis-
tent organic pollutants (Imaeda et al., 2009; Iwata et al., 2004).
Our previous studies have successfully isolated a complementary
DNA (cDNA) of CAR from the Baikal seal (bsCAR) and investi-
gated the in vitro transactivation potencies of bsCAR by PB-type
chemicals (Sakai et al., 2006, 2009). The bsCAR responded
to some PB-type chemicals in a compound-specific manner.
Intriguingly, the ligand profile of bsCAR was different from that
of mCAR, suggesting the difference in the ligand-binding poten-
cies across the species. However, the mechanism underlying the
species-specific responses of CAR to chemicals is not yet well
understood; there exists a requirement for a more comprehensive
approach to screen potential CAR ligands in these species.

Surface plasmon resonance (SPR) biosensor is a multiplex
optical device that monitors bimolecular interactions in real time
without labeling of molecules. It is a novel analytical instrument
used to measure the interaction of molecules with immobilized
molecular targets. This instrument is suitable for high-throughput
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screening assays because of its capability for simultaneous meas-
urement of various individual interactions and has been used for
monitoring the chemical-receptor interactions (Rich ez al., 2002).
The objectives of this study are to establish a high-throughput
tool to screen CAR ligands and to clarify how CAR proteins
from the Baikal seal and the mouse interact with chemicals and
SRCI. In this study, we developed SPR bioassay systems for
screening the interaction of CAR proteins with PB-type com-
pounds. We synthesized the LBD of bsCAR and mCAR with an
in vitro wheat germ cell—free system (Endo and Sawasaki, 2003).
The binding affinities of candidate chemicals with CAR LBDs
were measured with the SPR system. Furthermore, to confirm
the effect of ligands on the interaction of CAR with SRC1, the
ligand-treated CAR LBD and SRCI1 interaction was also moni-
tored. Based on these SPR assays, the ligand profile of bsCAR
and mCAR was compared. In addition, 3-dimensional models
of bsCAR and mCAR were constructed by an in silico homol-
ogy modeling and were used to account for the differences in the
ligand-dependent transactivation potencies across the species.

MATERIALS AND METHODS

Chemicals. Dimethyl sulfoxide (DMSO), androstanol, androstenol, estrone,
17f-estradiol, bisphenol A (BPA), and TCPOBOP were purchased from Sigma-
Aldrich, Inc. (St Louis, MO). CITCO was purchased from Biomol (Plymouth
Meeting, PA). Cholic acid (CA), chenodeoxycholic acid (CDCA), deoxycholic
acid (DCA), and lithocholic acid (LCA) were obtained from Wako (Osaka,
Japan). The structures of these chemicals are shown in Supplementary figure S1.

Cloning and protein synthesis. The sequences of LBD encoding residues
107-348 of bsCAR and 117-358 of mCAR were amplified by PCR with spe-
cific primer sets containing restriction enzyme Xhol and NotI recognition sites.
Amplicons were then treated with the restriction enzymes and were subcloned
into pEU-E01-GST-N2 and pEU-EO1-His-N2 expression vectors containing
a glutathione S-transferase (GST)- or histidine (His)-tag region, respectively
(CellFree Sciences Co., Ltd., Matsuyama, Japan). CAR LBDs were synthesized
with the Robotic Protein Synthesizer ProtemistDT (GST-fusion protein) or DTII
(His-fusion protein) following an in vitro cell-free protein synthesis system
using wheat germ ribosomal RNA (CellFree Sciences) (Sawasaki et al., 2002).
The transcription mixture (250 ul), containing 25 ng of the plasmid DNA,
80mM HEPES-KOH (pH 7.8), 16mM magnesium acetate, 2mM spermidine,
10mM dithiothreitol (DTT), 2.5mM each of nucleoside triphosphates, 250U of
SP6 RNA polymerase, and 250 U of RNasin (Promega), was incubated at 37°C
for 6h. The translation mixture, including the transcription solution, was then
supplemented with 250 pl of wheat germ cell extract WEPRO 1240G or 7240H
(CellFree Sciences) for the GST- or His-fusion proteins, respectively, and further
with 2 pl of 20 mg/ml creatine kinase. The substrate mixture (5.5 ml), containing
30mM HEPES-KOH, pH 7.8, 100mM potassium acetate, 2.7mM magnesium
acetate, 0.4mM spermidine, 2.5mM DTT, 0.3mM amino acid mix, 1.2mM ATP,
0.25mM GTP, and 16mM creatine phosphate (CellFree Sciences), was added to
the translation mixture and then incubated for 20h at 17°C.

Crude solutions of synthesized GST-bsCAR and/or -mCAR LBDs were cen-
trifuged at 4°C and 15,000 g for 15 min. The supernatant was then loaded on a
GST affinity column (GE Healthcare) according to the manufacturer’s instruc-
tion. The purified GST-CAR LBD proteins were dialyzed with HEPES buffer
(10mM HEPES, pH 7.8, 3mM EDTA, 4mM DTT, 0.005% Tween 20) at 4°C
overnight. The CAR LBDs were further purified by ion exchange chromatog-
raphy with a Hi Trap Q HP column (GE Healthcare). GST-bsCAR and -mCAR
LBDs were eluted using the above HEPES buffer with a gradient solution of
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NaCl (from 0 up to 1M). His-CAR LBDs were purified with a Ni Sepharose
High Performance Column (GE Healthcare) following the manufacturer’s
instruction. The column on which the crude solution was loaded was washed
with a buffer (20mM phosphate buffer, 300mM NaCl, 50mM imidazole, pH
7.5). His-CAR LBDs were then eluted with an elution buffer (20mM phosphate
buffer, 300mM NaCl, 500mM imidazole, pH 7.5) and dialyzed against PBS
using Mini Dialysis Kit (GE Healthcare).

Fractions containing GST- or His-CAR LBDs were separated by SDS-
PAGE, and the CAR LBDs were detected by Coomassie brilliant blue staining.
Purified proteins were preconcentrated by centrifugation at 14,000 g and 4°C
using Microcon Ultracel (Millipore). Contents of concentrated proteins were
determined using Agilent Protein 230 Kit (Agilent Technologies).

Nontagged human SRCI receptor-interaction domain (SRC1-RID) which
contains three receptor-interaction domains (LXXLL) was purchased from
ProteinOne (Bethesda, MD).

Interaction of chemicals with CAR LBD.  The binding of candidate chemi-
cals with CAR LBD was detected with ProteOn XPR36 (Bio-Rad Laboratories,
Inc.). The optimal conditions of pH for immobilization of His-bsCAR and
mCAR LBDs on the GLH sensor chip were initially determined. The CAR
LBDs were diluted with 10mM sodium acetate buffer in a series of pH 4.0, 4.5,
5.0, and 5.5 and injected sequentially at a flow rate of 25 pl/min for 1 min. The
CAR LBDs were immobilized under optimal conditions using Amine Coupling
Kit (Bio-Rad Laboratories, Inc.) as explained in a previous report (Turner ef al.,
2008) with some modifications. The selected channels on the carboxylated sen-
sor chip (Bio-Rad Laboratories, Inc.) were activated by a 1:1 (vol/vol) mixture
of 50mM N-hydroxysuccinimide (NHS) and 200mM 1-ethyl-3-(3-dimethyl-
aminopropyl)carbodiimide hydrochloride (EDC) at a flow rate of 30 pl/min for
Smin. Following activation, the protein solution that was prepared in 10mM
sodium acetate buffer with the optimal pH (Supplementary table S1) was imme-
diately injected into each of the activated channels at a flow rate of 25 pl/min.
The protein-fixed channels were then deactivated immediately by ethanolamine
hydrochloride (1M, pH 8.5) at a flow rate of 30 pl/min for 5 min. The amount of
immobilized protein was measured as a response unit (RU) relative to the base-
line signal before activation. HEPES-buffer saline (pH 7.4), including 10mM
HEPES, 150mM NaCl, and 0.005% Tween 20, was used as a running buffer for
the immobilization (Rich et al., 2002). PBS (20mM NazHPO4, 150mM NaCl,
ImM DTT, 0.005% Tween 20, pH 7.4, and 5% DMSO) was used as the running
buffer throughout the kinetic processes (Rich et al., 2002; Turner et al., 2008).
Stock solution of each chemical as an analyte was prepared in DMSO and
diluted into a series of concentrations with the running buffer to detect the direct
binding with immobilized His-CAR LBDs. Final concentration of DMSO for

each analyte solution was adjusted to 5% vol/vol. The prepared analytes were
injected into the six analyte channels under the conditions shown in Table 1.
The dissociation of analyte from the sensor chip of ProteOn XPR36 was carried
out by injecting a running buffer for 10 min. All experiments were performed at
25°C at least thrice to check reproducibility.

Interaction of ligand-treated CAR LBD with SRC1. CAR-LBD/SRCI-
RID interaction was analyzed by using Biacore 2000 (GE Healthcare).
Immobilization of SRC1-RID was performed onto the hydrophilic carboxym-
ethylated dextran matrix of the CMS5 sensor chip (GE Healthcare) using Amine
Coupling Kit (GE Healthcare). Initially, the flow cell of SPR sensor chip was
activated by a 1:1 (vol/vol) mixture of 50mM NHS and 200mM EDC for 7
min. Five micrograms per milliliter of SRC1-RID protein diluted by 10mM
sodium acetate buffer (pH 5.5) was then injected with a flow rate of 5 pl/min
using an injection program. Finally, the sensor chip was deactivated with IM
ethanolamine-HCI (pH 8.5) for 7min to block any remaining activated resi-
dues. Depending on the buffer profile of fractions eluted from ion exchange
chromatography, the same running buffers were prepared to detect the interac-
tion between SRC1 and ligand-treated CAR LBD. The HEPES buffers (10mM
HEPES pH 7.8, 3mM EDTA, 4mM DTT, 0.005% Tween 20) with 285 and
373mM of NaCl were used for GST-bsCAR LBD and GST-mCAR LBD,
respectively. Five percentage of DMSO was added to the running buffer to
make the same solvent concentration of the running buffer as the analyte solu-
tion. The interaction assay between SRC1 and CAR LBD in the presence of a
variety of CAR ligands was performed with 250nM of GST-CAR LBD. The
mixture of CAR LBD and a single test chemical was incubated at 25°C for 1h
and was then injected at a flow rate of 20 pl/min. Association and dissociation
of CAR-LBD/SRCI-RID were performed for 2min and 5min, respectively.
Immobilized SRC1-RID protein was regenerated with an injection of 10mM
NaOH for 30 s. Activity of SRC1-RID after regeneration was confirmed by
repeating analyses using the same analyte solution. All experiments were per-
formed at 25°C and at least twice to check the reproducibility.

Computational modeling. The homology modeling for the CAR LBD and
the in silico analysis of the interaction potential between ligands and the CAR
LBD were performed using the programs of Molecular Operating Environment
(MOE) (Chemical Computing Group Inc., Montreal, QB, Canada). The crystal
structures of hCAR and mCAR LBDs were obtained from Protein Data Bank
(PDB) entry 1xvp (Xu et al., 2004) and 1xls (Suino et al., 2004), respectively.
The crystal structure of hCAR has been constructed based on CAR/RXR LBD
heterodimer bound to CITCO and a SRC1 peptide and that of mCAR has been
based on CAR/RXR LBD heterodimer bound to TCPOBOP and 9cis-retinoic

TABLE 1
Molecular Characteristics of Tested Chemicals and the SPR Analytical Conditions for the Interaction of Chemicals with Baikal Seal
and Mouse CAR LBDs
Analytical conditions
Molecular Molecular Molar volume Molecular
Chemical formula weight (g/mol) (cm?/mol) volume (A3) Concentration (uUM) Flow rate (pl/min) Contact time (s)
Androstanol C,H,,0 276.5 271.1 306.2 0,1.2,3.7,11, 33, 100 25 240
Androstenol C,H, 0 274.4 264.4 n.a. 0,1.2,3.7, 11, 33, 100 25 240
Estrone C,H,,0, 270.4 232.1 n.a. 0,1.2,3.7,11, 33, 100 25 240
17B-Estradiol ~ C H, 0, 2724 232.6 2717.5 0,2.5,7.4,22, 67,200 25 240
TCPOBOP C HN,0,Cl, 402.1 264.9 318.3 0,1.2,3.7,11, 33, 100 100 60
CITCO C,HN,0CLS 436.7 293.4 360.6 0,0.3,0.7,2.2,6.7, 20 25 240
BPA C,H O, 228.3 199.6 238.0 0, 19, 38, 75, 150, 300 25 240
CA C,H,0, 408.6 344.8 n.a. 0, 6.3, 19, 56, 167, 500 25 240
CDCA C,H,0, 392.6 347.9 n.a. 0,0.6, 1.9, 5.6, 16.7, 50 25 240
DCA C,H,0, 392.6 347.9 n.a. 0,0.6,1.9,5.6,16.7, 50 25 240
LCA C,H,0, 376.6 350.9 398.6 0,0.6,1.9,5.6, 16.7, 50 25 240

W
4
&
W

Note. Molecular volume was cited from http://www.chemspider.com/. Molecular volume was estimated by the method of MD simulation described in Materials
and Methods section. n.a., no data is available because no simulation was performed.
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acid and a TIF2 peptide. To build a homology model of bsCAR LBD, 1xvp
was taken as a template. The amino acid sequence of bsCAR LBD was aligned
with that of 1xvp to yield a readily superimposable three-dimensional model.
The structure of bsCAR LBD in the absence of the ligand was optimized by
AMBERY9 force field with an energy gradient of 0.05 (Wang et al., 2000). The
obtained models of bsCAR and mCAR LBDs were prepared with Protonate
3D program by adjusting the protonation state to pH 7.0 of the running buf-
fer in which the ligand-CAR interaction was monitored. These structures were
then used to identify the ligand-binding sites using MOE Alpha Site Finder.
Chemical structures including TCPOBOP and androstenol were constructed
using the ISIS/Draw program (MDL Information Systems Inc., San Leandro,
CA) and rendered and minimized with the MMFF94x force field in MOE
(Halgren, 1996). To calculate the molecular volume of some tested chemicals
in aqueous phase, molecular dynamics (MD) experiments were conducted
using the MMFF94x force field with gas-phase electrostatics. For MD simula-
tions, the Nose-Hoover-Andersen method was used as a NVT ensemble. The
systems were subjected to 20 ps heating and equilibration from 100 to 300
K, followed by 1 ns simulation at 300 K with 2 fs time steps. The molecular
volumes of the resulting ligand structures were calculated by the AtomRegion
program using a grid space of 0.1 A. The possible docking of TCPOBOP and
androstenol was searched with the ASEDock program. All the algorithms of
ASEDock were coded using MOE’s powerful vector language SVL (Scientific
Vector Language). Existing features implemented in MOE were fully applied
to realize the functions of ASEDock. A total of 250 conformations for each
chemical were generated by Lowmode MD. The ligand conformations were
subjected to energy minimization using MMFF94x force field. The most stable
binding modes of ligands with the CARs were determined on the basis of the
lowest U_total value (kcal/mol). The critical amino acids for the ligand inter-
action were determined by the ligand interaction module of MOE.

Data analysis. Data of chemical binding to CAR LBD were analyzed using
ProteOn ManagerTM 2.1.1 software. Binding curves were processed by aligning
baseline and start injection signals and by subtracting signals of an activated and
blocked reference channel from those of the CAR-immobilized channels. The
binding affinity was evaluated by equilibrium dissociation constant (K,) drawn
from responses of the six graded analyte concentrations. The responses were fit-
ted to a simple bimolecular equilibrium model at 50% saturation response. For
the chemical for which a maximum plateau was not achieved from dose-depend-
ent responses under the assay conditions, no K;; was obtained. Significance of
differences in each K| between bsCAR and mCAR was determined by Student’s
t-test (p < 0.05). The interactions of ligand-treated CAR-LBD and SRCI1-RID
were analyzed using BiaEvaluation version 4.1 (GE Healthcare).
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RESULTS

Protein Expression by an In Vitro Wheat Germ Cell-
Free System. To carry out the kinetic analyses of the interac-
tion of CAR LBDs with potential ligands and with SRCI, the
GST- and His-tagged CAR LBDs of the Baikal seal and the
mouse were synthesized with an in vitro wheat germ cell-free
system and were then subjected for purification through affinity
columns (Fig. 1). The SDS-PAGE demonstrated that we could
obtain purified CAR LBDs. The yield of bsCAR and mCAR
was about 100 pg/ml of the in vitro translation solution.

Interaction of Chemicals with CAR LBD. To define the
direct binding capacity of structurally diverse compounds to
CARs, the SPR biosensor was designed for the ligand-binding
assay with ProteOn XPR36. His-tagged bsCAR and mCAR
LBD proteins were initially immobilized on the SPR sensor
chip. For the immobilization onto ProteOn GLH sensor chip,
factors such as pH of protein dilution buffer, running buffer
composition, flow rate, and contact time were optimized. We
found that pH of protein dilution buffer was the most import-
ant factor because it can potentially alter the net charge, the
conformation, and the activity of proteins. The immobilized
amount of CAR LBD protein under various pH conditions of
sodium acetate buffer as the protein dilution buffer was deter-
mined from the average SPR response of the six channels.
The results are shown in Supplementary table S1. Maximum
immobilization of both His-tagged bsCAR and mCAR LBDs
occurred at pH 4.0 of sodium acetate buffer (130 and 77 RU,
respectively), which is lower than the isoelectric point (pI) of
the His-tagged CAR LBDs. At higher pH (4.5, 5.0, and 5.5)
of the sodium acetate buffer, the amount of immobilized CAR
protein decreased, probably due to loss of the net positively
charged amino acid residues that would cause the poor electro-
static attraction between the protein and the negatively charged
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FIG. 1.

SDS-PAGE analysis of CAR LBD proteins expressed in the wheat germ cell-free system. (A) His-CAR LBDs were purified by the affinity chroma-

tography with a Ni Sepharose High Performance Column. (B) GST and GST-fusion CAR LBDs were purified by the affinity chromatography with Glutathione
Sepharose 4B Column (lane A) and further by the ion exchange chromatography with HiTrap Q HP Column (lane I). Arrow indicates the bands from purified CAR

LBD. C, Crude solution; F, Flow-through solution; E, Eluted solution.
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TABLE 2
Interspecies Comparison of Ligand Binding, SRC1 Interaction, and Transactivation Potencies of Baikal Seal and Mouse CAR LBDs

Baikal seal Mouse
Ligand binding SRCI interaction Transactivation Ligand binding SRCl interaction Transactivation
Chemical assay K (uM)* assay assay assay K (uM)* assay assay
Androstanol 26+3.8 — — 26+9.6 N N
Androstenol 16+6.1 — — 25+6.9 i N
Estrone 8.7+£5.2 — — 7.8+3.8 1 i
173-Estradiol 34+9.2 — — 39+9.5 1 1
TCPOBOP 1234 — — 1749 "1 "
CITCO 1.9+0.2 " " 22+0.6 1 1
BPA NSB ND ND NSB ND ND
CA NSB ND — NSB ND —
CDCA NSB ND 1 NSB ND 1
DCA NSB ND i NSB ND 1
LCA NSB ! 1 NSB l 1
Note. NSB, Nonspecific binding; ND, not determined; *, Dissociation constant (LM); 1, activation; |, repression; —, no effect.
Student’s r-test showed no statistical difference in K| of each compound between bsCAR and mCAR (p < 0.05).
Androstanol Androstenol Estrone 176 - Estradiol
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FIG. 2. Results of equilibrium analysis of the direct interaction of chemicals

triplicate assays.

surface of the sensor chip (Bravman et al., 2008). His-tagged
bsCAR and mCAR LBDs were immobilized with amine coup-
ling method on the SPR sensor chip under the optimal pH 4.0
of protein dilution buffer. LBD proteins of bsCAR (50 pg/ml)
and mCAR (20 pg/ml) were prepared in 10mM sodium acetate
buffer (pH 4.0) and injected at a flow rate of 25 pl/min for 12
and 15min, respectively. The bsCAR and mCAR LBDs were
immobilized up to 13,200 and 12,800 RU Ilevels, respectively,
which were enough to detect the interaction with small ligands.
The interaction of CAR LBD proteins with candidate chemicals
was monitored using the optimized SPR biosensor system. The
candidate chemicals were selected based on the results from in
vitro transactivation assay in our previous study (Sakai et al.,
2006). Results of the CAR interaction for tested compounds are

Concentration (uM)

with bsCAR and mCAR LBDs. The data are presented as the mean and SD of

summarized in Table 2 and Figure 2. For checking the repro-
ducibility of the measurements, all the experiments of CAR-
ligand interactions were performed at least thrice. The K value
for each tested chemical was well reproducible, showing a low
SD (Table 2).

As expected, androstanol, androstenol, estrone, 17f-
estradiol, and TCPOBOP, which are known to be ligands for
mCAR (Forman et al., 1998; Mikinen et al., 2003; Moore
et al., 2000; Tzameli et al., 2000), showed a specific binding
to mCAR LBD (Supplementary fig. S2 A2-E2). Interestingly,
these compounds bound to bsCAR (Supplementary fig. S2
Al1-El) although they showed minimal effect on bsCAR
transactivation in our previous study (Sakai et al., 2006). The
binding affinities of these compounds with CAR LBDs were
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calculated from the equilibrium analysis, when the responses
reached a maximum plateau (Table 2 and Figs. 2A-E). Bile
acids including CA, CDCA, DCA, and LCA, for which the
action is known to be mediated by CAR and other members of
NRI1I subfamily (Beilke et al., 2009; Renga et al., 2011), were
also tested. All these bile acids displayed nonspecific binding
to bsCAR and mCAR LBDs; even though dose-dependent
responses were found, the responses did not reach a plateau
(Fig. 2G and Supplementary fig. S2 G1 and G2; only LCA
data are shown). These results were mostly consistent with
our previous study, in which CA, CDCA, and DCA displayed
no or weak activation for bsCAR and mCAR even at 100uM,
and LCA had a response only at 100uM (Sakai et al., 2000).
CITCO that showed responses to hCAR and bsCAR in an in
vitro transactivation assay (Maglich er al., 2003; Sakai et al.,

SRCI - bsCAR_Androstanol SRC1 - bsCAR_Androstenol

121

2006) also showed binding ability with both bsCAR and mCAR
in this study (Fig. 2F and Supplementary fig. S2 F1 and F2).
Similar with the results of bile acids, BPA, one of plasticizers
that is known to activate hCAR (DeKeyser ef al., 2011), had a
nonspecific binding with bsCAR and mCAR LBDs (data not
shown).

Interaction of Ligand-Treated CAR LBD with SRC1. The
effects of ligands on the interaction of CAR LBD with SRC1
were detected by the Biacore SPR system, in which SRC1 was
initially immobilized on the sensor chip to measure the interac-
tion with ligand-treated CAR LBDs (Fig. 3).

Endogenous ligands, including androstanol, androstenol,
estrone, and 17-estradiol, were examined. Androstanol and
androstenol that are known as mCAR antagonists repressed the
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FIG. 3. Results of kinetic analysis of the interaction of SRCI coactivator

with ligand-treated bsCAR and mCAR LBDs. Tested chemicals include (A)

androstanol, (B) androstenol, (C) estrone, (D) 173-estradiol, (E) TCPOBOP, (F) CITCO, and (G) LCA. Sensorgrams for (1) bsCAR and (2) mCAR are shown.

GTOZ ‘98unc Uo NINAY SSlkeIq i AIsBAIUN anp.nd e /B10’S euIno [pioxo 19sxol//:dny wo.j papeo|jumod


http://toxsci.oxfordjournals.org/lookup/suppl/doi:10.1093/toxsci/kfs288/-/DC1
http://toxsci.oxfordjournals.org/lookup/suppl/doi:10.1093/toxsci/kfs288/-/DC1
http://toxsci.oxfordjournals.org/

122

interaction of mCAR with SRCI in a dose-dependent manner
(Figs. 3A2 and B2). These results were consistent with some
previous studies indicating that these androstanes suppressed
mCAR-mediated constitutive transactivation (Forman er al.,
1998; Jyrkkérinne et al., 2005; Moore et al., 2000; Shan et al.,
2004). In contrast, the interaction of mCAR/SRC1 was dose
dependently enhanced during treatment with mCAR agonists,
estrone, and 17f-estradiol (Figs. 3C2 and D2), as observed in
mCAR transactivation and mCAR/SRCI interaction assays
(Mikinen et al., 2003; Sakai et al., 2006). Treatment with
TCPOBOP (known as mCAR agonist) also robustly increased
the interaction of mCAR LBD with SRC1 in a dose-dependent
manner (Fig. 3E2). Intriguingly, consistent with results from
our in vitro transactivation assay so far reported (Sakai et al.,
2006), the interaction of bsCAR LBD with SRC1 had no or
less effect by the above chemicals (Figs. 3A1-E1). On the other
hand, CITCO displayed a stronger induction on bsCAR/SRC1
interaction (Fig. 3F2) but less effect on mCAR/SRCI inter-
action (Fig. 3F2). LCA completely repressed the interaction of

A
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SRC1 with both bsCAR and mCAR LBDs at 100uM (Figs.
3G1 and G2).

Computational Modeling. To bridge the gap between data
from the ligand-binding assay and the coactivator-interaction
assay, in silico analyses were conducted. To construct a hom-
ology model for bsCAR LBD, we applied a crystal structure of
hCAR LBD as a template (Xu et al., 2004) because they share
a 84% amino acid identity (Sakai et al., 2006). The homology
model of bsCAR LBD bears a close resemblance to hCAR
LBD, with a low root-mean square deviation (RMSD) value
(0.408A). The structure of bsCAR LBD was also compared
with mCAR LBD (Suino et al., 2004) (Fig. 4). The results
revealed that bsCAR LBD had a similar secondary structure
with mCAR LBD, including eleven a helices, two 3'° helices
(H2 and H2’), and three small 3 strands (Figs. 4A and 4B). As
reported as distinct features of mCAR and hCAR (Suino et al.,
2004; Xu et al., 2004), bsCAR displayed a short linker region
(H11/Hx) between helices H10 and H12/AF2 and also a short

hCAR 106 LS K € G E ESL T REFL L & A HWOTOIREH: M SGET N F E 0 PV Q FEEREPIP A H L F IR HIQEPEL R T L oA POMIL Pl vEREH F KIDEE N T F W
bsCAR 108 L|S K 6 Q Q EL VA TLLGAKWARNVGTIMFOQFVOQFRRP[PAKNLFIINHQRLPIPLPPILPLLUEWFAEYNTFM
mcAR 116 LN o o@ Kk EL VMR 1L LA TRAEVGE M ED O FVAFR kPP A YLENHHRProrrcPWLELLTHFEADNTNTFM
11 HI HI H3
hCAR 160 |¥ LIQ VI KFT X DIL|IP VERSILIPI!I EDAQTE LLEK|GIAAYETICHTIVYVLMNKT|TIFC Q T|CNF CjG PIL R ¥ I BESNNEE A
bsCAR 0 [V 2 Q VIK T kK DjL|? FRSLPIMEDQTISLLEK|GIAAVETICHTIADLHMKTT|FC QTR NF'LCIGPIL R L E D LEIMEN
mcAR  qpg (VR QI T KETKOD|L/PLFRSLT|MEDQTISLLK|GIAAVETLHTISLNTTIFC Q T|e N F FC|GE PIL ¢ Kl|M E D AW H
H3 H3" H4 51
hCAR 232 6 FQ|vEeEFLELLFHFHGTLRELlQLQEPEYYLLAAMALEF|SPDRPGYTQ|RDETIDQLQEEMNALTLQS
bsCAR 232 6 F Qe EFLELL REMKWATLRGRE[QLQEPEY Y LMAAMNALEF|SPDRPGYTQ|xE IDRLQEWMNALTLAQS
mCAR 242 SIEEU Y RESRENINNES S 1 HEH NIL K GIE|H L EPEYYLNAALTALF|ISPOREPGYTOQIRE L' L QE ENALILANN
: T RS T Y
hetR 2o [¥ T XK Go ol mePROjIR FLY AKLTGL LT AELIRSTINEAYGYQTIOQHIlgatrsanlnlrttoercs
bsCAR 295 |¥ I K G Q P|P RH RDIR F L Y AKLJL G L L AELJRS INNAYGYQIOQHIIQGLSAMNMNPAELLQETICS
mCAR aps [HITIM ENQUEQISRIL Q SEREFTLEY ATK LM IGELTL A 0 FERRUSTTUNGHEATY. S I E L IQI R|L|E E EESTATM] TIIETLTL: 6 [ENTHCTS
- HY H10 HIT/Hx HIZAFZ

f-sheet
I I-

H12/AF2

H11/Hx

FIG.4. Amino acid sequences and results of the homology modeling of CAR LBD. (A) Sequence alignment of h(CAR, bsCAR, and mCAR LBD. The second-
ary structural elements are boxed and noted below the sequences. Red box: XRS. (B) Structural comparison between bsCAR LBD and mCAR LBD. bsCAR is
colored in red and mCAR is in yellow, and structural elements are noted. LBD structures with LBP of bsCAR (magenta net) and mCAR (white net) were calcu-
lated with MOE Atom Region option. The circle indicates the helix 11 (white) and 12 (yellow) that are involved in the dimerization and transactivation of CAR,
respectively. (C) Detailed views of the helix 11. (D) Detailed views of the helix 12.
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H12/AF2 helix (Figs. 4A and 4B). The RMSD value of the Ca.
atom between the bsCAR LBD and mCAR LBD was 1.08 A.
The ligand-binding sites and/or ligand-binding pocket (LBP)
of mCAR and bsCAR were determined using the MOE Alpha
Site Finder. The structural comparison of mCAR and bsCAR
was made in the apo structure. The result showed that bsCAR
has an almost equal size of the LBP volume as mCAR (666 A3
for bsCAR and 656 A for mCAR). The LBPs were mainly
constituted by hydrophobic residues and only a few hydrophilic
residues that belong to helices H3, H4, HS, H6, H7, and H10
and two beta sheets, S2 and S3 (Fig. 4B). The linker helix 11
(helix X) and helix 12 covered one side of the pocket (Figs.
4C and 4D). The main difference between bsCAR and mCAR
LBDs was observed in loop regions. Helix 11 of mCAR that
can contribute to the dimerization of CAR-RXR (Wright ez al.,

A Androstenol

N175

mCAR

bsCAR

F243 L242

123

2011) was replaced by a single turn in bsCAR (Figs. 4A and
4C). A single M340 residue between helix 11 and helix 12 in
bsCAR, which effectively limits the conformation freedom
of hCAR (Xu et al., 2004), was replaced by T350 in mCAR.
Ligand docking with bsCAR or mCAR LBD was conducted
for androstenol as an mCAR antagonist (Forman et al., 1998)
and TCPOBOP as an mCAR agonist (Tzameli et al., 2000)
using ASEDock program. The key amino acids interacting with
ligands were then determined by the ligand interaction module
of MOE. The result indicated that TCPOBOP and androstenol
were completely positioned within the LBP of CARs (Fig. 5).
These docking models also exhibit that the corresponding
amino acids responsible for the ligand interaction were similar
between bsCAR and mCAR. Amino acids including F171,
N175, H213, L216, F227, Y234, F244, and Y336 in mCAR

B TCPOBOP

1350

F234

L242

FIG. 5. Predicted binding modes obtained from the docking analysis of (A) androstenol and (B) TCPOBOP for mCAR (top) and bsCAR (bottom) LBD. The
ligands are colored in purple and amino acid residues of CAR LBD are shown in gold. The species-specific amino acids are shown in the red letters.
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and their corresponding residues in bsCAR rendered in the
hydrophobic interaction with TCPOBOP and androstenol. On
the other hand, several residues chosen by this docking program
were ligand specific; E339, 1.340, L346, T350, and L353 were
involved in the interaction of mCAR with TCPOBOP but not
with androstenol. These amino acids were not chosen for the
interaction of bsCAR with both TCPOBOP and androstenol.

DISCUSSION

Ligand-Binding Potency of CAR. CAR has a basal tran-
scriptional activity in the absence of ligands but is also able to
enhance the transactivation in response to a diverse set of com-
pounds (Forman et al., 1998; Huang et al., 2003; Kawamoto
et al., 2000; Wyde et al., 2003). Our previous study (Sakai
et al.,2006) succeeded in isolating CAR cDNA from the Baikal
seal. The amino acid sequence of bsCAR LBD shared only 71%
identity with mCAR LBD, suggesting that ligand profiles of the
CARs are diversified between these two species. Indeed, the
transactivation potencies of CAR by endogenous and exoge-
nous compounds were clearly distinct between mCAR, bsCAR
(Sakai et al., 2006, 2009), and hCAR (Kawamoto et al., 2000;
Moore et al., 2000). Hence, we assumed that the difference in
the transactivation potency could be predicted by ligand-CAR
binding property. In this study, we attempted to measure the
direct binding of ligands with CAR LBDs.

Results on the direct binding of ligands with CAR LBD
showed that the tested compounds specifically bound to bsCAR
and mCAR with a similar binding affinity across the species
although the binding affinities were different among com-
pounds (Table 2). The conserved ligand-binding affinity across
the species could not account for the species differences in the
CAR-mediated transactivation potencies shown by the ligand
treatment in our previous study (Sakai et al., 2006). Rather, it
might be supported by an equal size of LBP (Fig. 4B) and also
by the similarity of amino acid residues in the LBP, especially
those related to the ligand interaction of bsCAR and mCAR
(Fig. 5). Some of the amino acids (F171, N175, H213, L216,
F227,Y234, F244, and Y336) in mCAR are shared with those
in bsCAR for the interaction with androstenol and TCPOBOP
(Fig. 5), and their important role has also been reported in pre-
vious studies (Shan et al., 2004; Suino et al., 2004).

Our results revealed that bile acids were not specific ligands
for CARs, even if bile acids like LCA were found to show a weak
transactivation potency of DR4 response element in MCF-7
cells in our previous study (Sakai et al., 2006). Although the
mechanism for the nonspecific binding of bile acids to CARs
remains unknown, it might be due to the cumbersome structure
of these compounds. The addition of a 5C side chain on
steroid structure may cause difficulty to thrust into the LBP in
comparison with steroid hormones. In fact, the molar volumes
of bile acids are larger than those of other chemicals examined
in this study (Table 1). For example, the molar volume of LCA

(351 cm?*mol) is 1.5 times larger than that of 17f-estradiol
(233 cm®/mol). Moreover, results of the molecular volume of
some tested ligands estimated using MD simulation also support
this relationship; the molecular volume of LCA (399 1&3) is 1.4
times larger than that of 17p3-estradiol (278 A3). It has also been
reported that these compounds are ligands for receptors other
than CAR such as pregnane X receptor (PXR) and vitamin D
receptor (VDR) (Parks et al., 1999). We have suggested that
VDR and PXR that are endogenously expressed in MCF-7
may be responsible for the transactivation of DR4 response
element by bile acids (Sakai et al., 2006). In the transactivation
assay, reporter gene activities were actually enhanced by the
treatment of some bile acids even in MCF-7 cells with no CAR
transfection (Sakai et al., 2006). Given these previous results, it
is possible to assume that bile acids have no binding potential
to activate CAR but can transactivate luciferase gene through
VDR and/or PXR. BPA, which has a smaller molar volume
(200 cm*/mol) and molecular volume (238 A3) than other tested
compounds (Table 1), also showed a nonspecific binding with
CARs. Although the reason remains unclear, it is likely that
BPA fills less of the CAR LBP and binds not only LBP but also
other sites.

Effects of Ligands on the Interaction of CAR/SRCI. One
might think that the similarity in binding affinities of ligands
to bsCAR and mCAR may lead to comparable transcriptional
responses through these ligand-activated receptors. However,
our present and previous studies indicated that the potential of
ligand binding was not reflected in CAR-mediated transacti-
vation. Our ligand-binding assay showed androstanol, andros-
tenol, estrone, 17p-estradiol, and TCPOBOP bound similarly
to both bsCAR and mCAR LBDs, whereas these compounds had
less or no effect on bsCAR-mediated transactivation, but had
apparent effects on mCAR-mediated transactivation, as reported
in Sakai et al. (2006) (Table 2). The difference in ligand pro-
file between the present direct binding assay and transactiva-
tion assay suggests that the critical amino acids involved in the
CAR-mediated transactivation are not necessarily the same as
those in the ligand binding of CAR. These data also suggest the
participation of cofactors in the CAR transcriptional activity,
as documented in some previous studies (Forman et al., 1998;
Jyrkkérinne et al., 2005; Leo and Chen, 2000; Maglich et al.,
2003; Moore et al., 2000; Suino et al., 2004; Tzameli et al.,
2000). In this study, we thus investigated the interaction of
SRCI coactivator with ligand-treated CAR LBDs of the Baikal
seal and the mouse.

The CAR/SRCI interaction assay manifested a clear dif-
ference between the Baikal seal and the mouse (Fig. 3). The
results of androstanol, androstenol, estrone, 17f3-estradiol,
TCPOBOP, and CITCO agreed well with those of our in
vitro transactivation assay (Sakai et al., 2006) (Table 2). For
mCAR LBD, androstanol and androstenol that repressed
mCAR transactivation inhibited the interaction with SRCI1
in this and other studies (Forman et al., 1998; Jyrkkirinne
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et al., 2003; Mikinen et al., 2003; Moore et al., 2000; Repo
et al., 2008). Estrone, estradiol, and TCPOBOP effectively
enhanced the interaction of SRC1 with mCAR in this study
and were able to induce the transactivation through this recep-
tor (Sakai et al., 2006), which were consistent with those of
other mCAR-driven transactivation and mCAR/SRC1 assays
(Jyrkkérinne et al., 2003; Mikinen et al., 2003; Repo et al.,
2008; Tzameli et al., 2000). In contrast, for bsCAR LBD, all
the three compounds had low or no dose-dependent effect
on the interaction with SRCI1. These results account for no
transactivation potency of bsCAR by the treatment with these
compounds (Sakai et al., 2006).

Previous studies demonstrated that AF2 domain, a strictly
ligand-dependent activation domain located at the C-terminal
in LBD (Durand et al., 1994), plays an important role in the
recruitment of coactivators and corepressors (Jyrkkdrinne
et al., 2005; Mikinen et al., 2003). Accordingly, the difference
of residues in the AF2 domain in addition to the ligand binding
to CAR can result in the difference in the interaction of CAR/
SRC1 through the conformational change of AF2 domain. The
comparison of bsCAR and mCAR LBDs indicates that G354 in
the AF2 domain of mCAR is Q344 in the corresponding resi-
due of bsCAR (Fig. 4A), and the sequence difference produces
the structural difference (Fig. 4D). This finding is in agreement
with a previous suggestion (Moore et al., 2000); one amino
acid substitution (G354 vs. Q344) in the AF2 domain might
be responsible for the difference in the in vitro transactivation
potency between mCAR and hCAR treated with TCPOBOP.
In addition, the replacement of L.340/L.343 in the helix 10 of
mCAR by 1330/1333 in hCAR and bsCAR (Fig. 4A) and the
resulting structural difference (Fig. 4C) may be associated with
no effect of TCPOBOP on the recruitment of SRC1, and no
dose-dependent transactivation mediated by hCAR (Moore
et al., 2000) and bsCAR (Sakai et al., 2006). Tzameli et al.
(2000) suggested that 1174 in helix 3 of mCAR that makes a
specific contact with ligands may affect the interaction with
SRCI. The sequence alignment revealed that corresponding
residue of the 1174 in mCAR was 1164 in hCAR, but V164
in bsCAR (Fig. 4A). Remarkably, androstanol had the same
repressive effect on both hCAR- and mCAR-mediated trans-
activation (Moore et al., 2000) but had no effect on bsCAR-
mediated transactivation (Sakai et al., 2006). These findings
together with our results suggest that V164 in bsCAR might
be a cause of the nonresponse by androstanol. As for LCA, the
SRCI interaction dose dependently decreased for bsCAR and
mCAR, while both CARs showed nonspecific binding to this
compound. This implies that the nonspecific binding may lead
to the conformational change of CAR and suppress the CAR-
SRCl interaction.

Consequently, our results revealed that both of bsCAR and
mCAR bind similarly with ligands but interact with SRC1 in a
species-specific manner; both events do not necessarily occur
in parallel. The transactivation regulation of CAR by its nuclear
localization, together with the CAR/SRC1 interaction, may be
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one of factors for the species-specific responses to chemicals.
Zelko et al. (2001) recognized that hCAR nuclear translocation
is regulated by the xenochemical response signal (XRS) contain-
ing amino acids 313-319 in helix 10, and the mutation of L313A
abolishes the nuclear translocation. Hence, the difference in
amino acids (L313 in hCAR and bsCAR, and M323 in mCAR)
among species (Fig. 4A) may also cause the different intracellu-
lar behavior of h(CAR and bsCAR from that of mCAR and result
in the species-specific transactivation potency of CAR.

Computational Modeling. We suggest that our in silico
docking models may be accurate in defining the ligand-bind-
ing ability because the predicted similar structure and size of
the LBP between bsCAR and mCAR are well explained by
the similar binding affinities with tested chemicals in both the
CARs that were found in the SPR assay.

Our sequence alignment and in silico analysis also suggest
that the differences in amino acid sequences of the CARs
support the difference in the in vitro transactivation between
bsCAR and mCAR. The direct specific binding of TCPOBOP
with mCAR LBD observed in our in vitro assay is consistent
with the result of previous studies (Suino et al., 2004; Wright
et al., 2011). Our in silico analysis exhibited a model for the
interaction of TCPOBOP and mCAR LBD similar to that in a
previous study (Suino et al., 2004); the A-ring of TCPOBOP
is sandwiched between mCAR Y234 and F227 and the C-ring
between Y336 and F244. The C-ring posed direct interaction
with L353 of mCAR AF2 domain and with L.346 and T350 of
the linker helix (Fig. 5B). Extensive hydrophobic interactions
between TCPOBOP and mCAR LBD may generate the
stabilization of AF2 and linker helix 11 to the state of active
conformation by docking TCPOBOP (Fig. 5B), leading to a
ligand-dependent allosteric regulation of mCAR transactivation
by prompting SRC1 recruitment (Suino et al., 2004; Wright
et al., 2011). On the other hand, the specific binding of
TCPOBOP with bsCAR LBD was unexpected even though
our earlier study showed no dose-dependent transactivation in
bsCAR-driven reporter gene assay (Sakai et al., 2006). This may
be explained by our in silico analysis in which no interaction
of TCPOBOP with amino acids in the AF2 and linker helix 11
was observed in bsCAR (Fig. 5B). This may be because T350,
which makes direct interaction with C-ring of TCPOBOP in
mCAR, is replaced by M340 in bsCAR. The same replacement
(M340) occurs in hCAR (Fig. 4A) and explains no TCPOBOP-
mediated activation of hCAR (Moore et al., 2000). A recent
study proposed 339-345 amino acid residues (ELQRLEE) in
mCAR as the allosteric regulatory site (Wright et al., 2011).
Intriguingly, the corresponding site in bsCAR and hCAR (329—
335; QIQHIQG) is poorly conserved (Fig. 4A). These results
imply no TCPOBOP-induced allosteric regulation in bsCAR.
Hence, we suggest that the structural differences in helices 11
and 12 between bsCAR and mCAR may be responsible for the
different ligand-dependent interaction with SRC1 and further
species-specific transactivation.
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Jyrkkérinne et al. (2003) suggested that amino acids 201—
263 (helices 5-7) of mCAR contribute to the response to
androstenol. Because this region is poorly conserved among
the mouse, human, and Baikal seal (Fig. 4A), this may be one
of the reasons accounting for the differences in CAR-mediated
responses in these species. Our androstenol docking analysis
identified T225, D228, V232, and F243 in bsCAR helices 5-7
as unique amino acids that may be involved in the docking of
this ligand (Fig. 5A). However, three (T225, V232, and F243)
out of the four amino acids are not conserved in mCAR (K235,
A242, and 1253, respectively). Hence, we assume that these
amino acids may contribute to no antagonistic effect of andros-
tenol on bsCAR-mediated transactivation.

In this study, the structure of bsCAR was made in the apo
structure without ligands. However, the disordered loop regions
in helices 11 and 12 would not be due to the lack of RXR,
coactivator, and ligand. As the template of hCAR that we used
to construct the homology model of bsCAR has been generated
based on CAR/RXR LBD heterodimer bound to CITCO and a
SRCI peptide, the basic structure of the loop region of bsCAR
should be mostly conserved as the template of hCAR.

In summary, this study revealed that the binding affinities of
ligands to CAR LBD were similar for the Baikal seal and the
mouse, but the interactions of ligand-treated CAR LBDs with
SRCI1 were species specific. The results of ligand-dependent
CAR/SRCI interaction assay accounted for those of the in
vitro transactivation assay that was conducted in our previous
study. Overall, this suggests that the ligand binding of CAR is a
necessary initial step for the enhanced transactivation over the
constitutive level, but not sufficient. The interaction with coac-
tivators is critical for ligand-dependent CAR transactivation in
a species-specific manner. The present study demonstrated that
our SPR system could detect the binding of small molecules
(<500 kD) to CAR protein that was immobilized on the sensor
chip. Our findings also show that the ligand affinity to CAR
varied among compounds. These results demonstrate that this
SPR system can be a valuable tool for high-throughput screen-
ing of potential CAR ligands and also can aid to assess the risk
of these compounds.
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