
Ligand Specificity of Constitutive Androstane Receptor as Probed by Induced-Fit Docking and
Mutagenesis

Susanna Repo,† Johanna Jyrkkärinne,‡ Juha T. Pulkkinen,§ Reino Laatikainen,§ Paavo Honkakoski,*,‡ and Mark S. Johnson*,†

Structural Bioinformatics Laboratory, Department of Biochemistry and Pharmacy, Åbo Akademi UniVersity, Tykistökatu 6, FI-20520 Turku,
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Constitutive androstane receptor (CAR, NR1I3) belongs to the nuclear receptor family of transcription factors
and acts as a chemical sensor of drugs and endogenous compounds. The ligand-binding preferences of
CAR are diverse, and more importantly, there are significant species differences in ligand specificity. Here,
we show that while certain residues are critical for the basal activity of mouse CAR (mCAR) and/or affect
the binding of all tested ligands, mutation of some ligand-binding pocket (LBP) residues (e.g., F171 and
Y336) paradoxically decreased the activity of a specific ligand while increasing that of others. Comparisons
to previously reported human CAR (hCAR) residues indicated that the function of key CAR residues (e.g.,
N175, L253) is dramatically different between species. The docking results provide some mechanistic rationale
for the ability of 17R-ethinyl-3,17�-estradiol (EE2) to both activate mCAR and repress hCAR.

1. Introduction

Nuclear receptors (NRsa) comprise a superfamily of 48
transcription factors that control cellular development, homeo-
stasis, and metabolism by responding to small molecule
ligands.1-3 NRs are structurally modular, and with few excep-
tions they consist of an N-terminal region housing the tran-
scriptional activation function 1 (AF-1), a well-conserved DNA-
binding domain, and the C-terminal ligand binding domain
(LBD).4 The solved crystal structures of NR LBDs have revealed
that ligand binding induces conformational changes in the LBD
structure, of which the most important is the ligand-induced
movement of the C-terminal helix H12. In the active conforma-
tion, helix H12 is packed firmly on top of the ligand binding
pocket (LBP) and residues from helix H12 contribute to the
formation of activation function 2 (AF-2), which acts as the
interaction surface for NR coactivators.5 Upon binding to
the LBD, NR coactivators are able to mediate the activation
signal to NR target gene promoters via local histone acetylation,
chromatin decondensation, recruitment of mediating factors, and
ultimately, activation of the preinitiation complex.6,7 Antagonist
binding prevents the H12 helix from adopting the active
conformation, which disrupts AF-2, and subsequently, NR
corepressors may bind to the LBD.5 The presence of corepres-
sors leads to histone deacetylation, chromatin condensation, and
finally, gene repression.7,8

The mouse constitutive androstane receptor (mCAR, NR1I3)
acts as a chemical sensor that regulates genes involved in the
oxidative and conjugative metabolism of drugs and endogenous
compounds and their subsequent elimination from the cells via
various efflux and transport proteins (for reviews, see refs
9-11). Distinct from most other NRs, mCAR shows remarkable
basal activity12 that is enhanced upon heterodimerization with
the retinoid X receptor (RXR).13 Heterodimerization induces
allosteric stabilization on the mCAR LBD, which in turn triggers
coactivator interaction and transcriptional activity. The basal
activity of mCAR can be suppressed by an inverse agonist, 5R-
androst-16-en-3R-ol (androstenol),14 while several cytochrome
P450 (CYP) enzyme inducers act as mCAR agonists that can
reactivate mCAR after its suppression by androstenol.9,15-17

Crystal structures of mCAR in complex with both the super-
agonist 1,4-bis[2-(3,5-dichloropyridyloxy)]benzene (TCPOBOP)
and the inverse agonist androstenol have been solved.18,19 These
structures suggest that the high basal activity of mCAR is based
on a compact LBD structure with an extended helix H2 that
stabilizes the overall fold. In contrast, the H12 helix of mCAR
is exceptionally short, which enables the formation of stabilizing
salt bridges between H12 and helices H4 and H10, although
dissenting views about the role of the length of helix H12 have
been presented.20,21 In addition, there is a short linker helix
located between helices H10 and H12, which restricts the
movement of H12 and stabilizes the active conformation (for a
recent review, see ref 22). The short length of the linker helix
has been speculated to be crucial for the constitutive activity
of mCAR but not for the agonist-induced activity.13 However,
the exact role of this linker helix is unclear because the ligand-
free structure of mCAR has not yet been reported and similar
helices are present in other ligand-bound NR LBDs.21,22

Previously, we reported a 3D-QSAR analysis of mCAR
inhibition by over 40 steroids.23 These analyses indicated that
only a well-defined and predictable set of steroids could inhibit
mCAR while a large group of diverse chemicals including
estrogens were agonists of mCAR.24 One of the steroids, 17R-
ethinyl-3,17�-estradiol (EE2) which was shown to activate
mCAR, acts as an inhibitor on human CAR,25 indicating that
there are species differences in ligand recognition. This has been
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further demonstrated with other CAR ligands, too17,24,25 (re-
viewed in ref 26).

Despite knowledge of the solved crystal structures of the
mCAR LBD in complex with ligands, the basis of the
promiscuous nature of mCAR ligand binding has not yet been
elucidated. In order to gain more insight on how mCAR activity
is modulated by ligands, we analyzed TCPOBOP, androstenol,
and known mCAR activating compounds,24 clotrimazole (1-
[(2-chlorophenyl)diphenylmethyl]imidazole), methoxychlor (1,1,
1-trichloro-2,2-bis(4-methoxyphenyl)ethane), and EE2, for their
effects (see Figure 1 for the molecular structures of the
investigated ligands). In addition, we included two very flexible
compounds,27 1-(4-methoxyphenyl)-4-phenylbutan-1-one, 1, and
4-methoxy-5-(2-methoxyphenyl)-1-phenylpentan-2-one, 2, from
a focused set of estrogen receptor ligands28 that displayed
significant mCAR activation in pilot studies (data not shown).
Site-directed mutagenesis revealed that while certain residues
are critical for the basal activity of mCAR and/or affect the
binding of all ligands, mutation of some residues paradoxically
decreased the activity of a specific ligand while increasing that
of others. The mutation of mCAR residues to the human
counterparts indicated that the ligand specificity of mCAR
cannot be changed solely by a single residue mutation similarly
to what has been observed with hCAR.25 The possible binding
modes of the analyzed ligands were elucidated with molecular
docking studies using the induced-fit effect to introduce flex-
ibility into the receptor structure during docking. The induced-
fit protocol proved to be a more suitable approach for docking
ligands to the mCAR LBP than the rigid-body docking
procedure, and the results presented here emphasize the remark-
able flexibility of the mCAR LBP in ligand recognition.

2. Results

Modulation of the Basal Activity of mCAR. Altogether,
10 amino acids in the LBP of mCAR were mutated in this study
(see Figure 2 for the location of the residues within the LBP).
The mutations were selected either based on interspecies
differences between human and mouse CAR23,25 (S251L, I252L,
L253F, and T350M) or based on the analysis of the crystal
structures of mCAR18,19 (F171A, F171L, N175A, L212A,
H213A, Y336A, T350A, and L353A).

The basal activities of the 12 mutants were measured with
mammalian one-hybrid (M1H) trans-activation assays, and the
results are presented in Supporting Information Figure S1. In

addition, the effects of seven ligand molecules (TCPOBOP,
clotrimazole, methoxychlor, 1, 2, EE2, and androstenol) on the
basal activity of mCAR were investigated. The high basal
activity of wild-type mCAR was further increased by TCPOBOP
and 2 (2.0-fold), modestly by other agonists (about 40%), and
decreased by over 60% with the inverse agonist androstenol.
The mutation L353A in helix H12 decreased the basal activity
of mCAR to 13%, while F171A induced a smaller decrease to
30%. The two T350 mutations in the linker helix, T350A and
T350M, increased the basal activity of mCAR to 150% and
133%, respectively. In most cases with reduced basal activity
(F171A, L212A, H213A, Y336A), the basal activity of the
corresponding hCAR mutations also decreased.25 The only
exceptions were N175A and T350 mutations that exhibited a
decrease with the human receptor only.

The M1H assay measures the net effect of ligand-induced
recruitment of all coactivators and corepressors present and able
to interact with the mCAR LBD in the transfected cells. In
contrast, the yeast two-hybrid (Y2H) system we employed is
assaying individual, ligand-dependent interactions between the
mCAR LBD and the prototype coactivator SRC-1 or the
corepressor NCoR. Thus, by use of Y2H assays, it is possible
to gain some mechanistic explanations for the observed activity
changes. However, it is possible that some effects on receptor
activity may result from the ligand- or mutation-specific
recruitment of cellular coregulators other than SRC-1 or NCoR,
as already shown for hCAR mutations25 or for ligands of the
estrogen receptor.29 The results from the Y2H assays with
SRC-1 and NCoR are presented in Supporting Information
Figure S2a and Figure S2b, respectively. Notably, all agonists
could further enhance by 2.5- to 3.4-fold the high basal
interaction between wild-type mCAR and the SRC-1, while the
inverse agonist androstenol was without effect. The weak basal
interaction with NCoR was dramatically increased by EE2 and

Figure 1. Structures of the ligand molecules investigated in this study:
(a) methoxychlor, (b) TCPOBOP), (c) compound 1, (d) compound 2,
(e) clotrimazole, (f) EE2, and (g) androstenol.

Figure 2. Crystal structure of mCAR bound with TCPOBOP and in
complex with the coactivator peptide TIF2.19 The helices are labeled
and shown as cylinders, and the bound TCPOBOP is presented as a
stick figure with black carbon atoms and green chloride atoms. The
amino acids that were mutated in this study are labeled and shown as
stick figures with carbon atoms in cyan, nitrogens atoms in blue, and
oxygens atoms in red.
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androstenol (27- and 49-fold) and significantly by the modest
agonists (4- to 10-fold), while the superagonist TCPOBOP had
no effect.

The basal interactions between SRC-1 and mCAR were
severely reduced (by over 90%) or completely eliminated by
the mutation L353A in helix H12 and the mutation H213A in
helix H5, respectively. Most of the other mutations decreased
the basal interaction of mCAR with SRC-1 by 24-80%, while
it was not affected by S251L and T350A and was even slightly
enhanced by T350M. The weak basal interaction of the mCAR
LBD with NCoR was in general unaffected by any of the
mutations except L212A, which resulted in a 6-fold increase in
reporter activity. Smaller increases (less than 3-fold) were also
seen with the mutations S251L, T350A, T350M, and L353A.

Modulation of the Ligand-Dependent Function of mCAR.
The effect of the 12 mutations on the function of each of the 7
ligands was investigated next. The results (for each mutant,
compared to the solvent vehicle DMSO) from the M1H assay
are presented in Supporting Information Figure S1 and sum-
marized in Table 1. In the Y2H assay with SRC-1, we compared
the magnitude of agonist-induced interactions to that obtained
with the ligand solvent DMSO (referred to as “minus”-fold,
-fold, activation), while for NCoR assay, the reference was
the mCAR activity obtained with androstenol. The results of
the Y2H-assays are presented in Supporting Information Figure
S2 and summarized in Table 2, where the change induced by
an mCAR mutation is calculated as the percentage of the -fold
activation compared to the wild-type mCAR.

Table 1. Summary of the Mammalian Trans-Activation Data of mCAR Mutants and the Tested Ligands

a No change in ligand response. Gray highlight indicates in silico observed contacts between the corresponding ligand and amino acid. b Down-pointing
triangles indicate decrease in ligand response (in the case of androstenol, decrease in inhibition or even activation): (small 1) <50%; (medium 1) 50-100%;
(large 1) activity < DMSO. c Up-pointing triangles indicate increase in ligand response (in the case of androstenol, increase in inhibition): (small 2) <50%;
(medium 2) 50-100%; (large 2) >100%. d Red color indicates that the change in the M1H activation profile cannot be explained by SRC-1 and NCoR data
from the Y2H assays.

Table 2. Summary of the Main Effects of the Mutations on Ligand-Induced Coregulator Interactions with mCAR As Measured by the Yeast
Two-Hybrid Assay

a Empty cell: no change or change of <50% in ligand-induced coregulator interaction. b Small 1: decrease of g50%. c Small 2: increase of g50-150%.
d /: The value of the standard deviation overlaps with the cutoff of the neighboring class. Therefore, the observed change is a trend only and may not be
statistically significant. e Large 2: increase of >150%.
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In the M1H assays, the mutation L353A in helix H12
completely abolished the modulating effects of all agonists and
androstenol. In addition, the mutations N175A, S251L, and
T350A decreased the activity of all agonists but to a more
modest degree than L353A (Table 1), while N175A also
decreased the androstenol-elicited inhibition. L212A induced a
moderate increase in the activation elicited by all tested agonists.

Concerning the individual ligands, the extent of TCPOBOP
activation in the M1H assay was decreased by more than 50%
by the mutation T350M (Figure 3a) and only modestly by
N175A, S251L, and T350A. A slight increase in TCPOBOP
activation was observed with I252L. The TCPOBOP-elicited
increase in SRC-1 interaction was abolished with the mutant
Y336A, an observation that is somewhat surprising because this
mutant was still activated by TCPOBOP in the M1H assay
(indicated with red color in Table 1). In addition, the mutants
N175A, T350A, and T350M strongly reduced the interaction
with SRC-1, and increases were observed only with the mutant
I252L. It is notable that TCPOBOP could not promote recruit-
ment of the corepressor NCoR with any of the mutants.

The androstenol-mediated inhibition of mCAR was strongly
attenuated by L212A and Y336A and completely eliminated
by the point mutations F171A, N175A, and H213A (Figure 3b);
in fact, androstenol even activated the F171A mutant by 54%.
In the Y2H assays, androstenol did not influence the interaction
between SRC-1 and the mCAR or its mutants to any great
degree. The only exceptions were the robust 8.7-fold increase
observed with the mutant N175A and a 40% increase with
F171A. In contrast, there was dramatic attenuation (>90%) in
NCoR recruitment by androstenol with the mutants F171A,
N175A, H213A, and Y336A, while all of the other mutations,
except for I252L, decreased the NCoR recruitment moderately.
An increase (>200%) in the NCoR recruitment by androstenol
was observed with I252L; however, the inhibition by androstenol
in M1H assay was slightly decreased by the same mutation.

The available crystal structures of mCAR in complex with
TCPOBOP (PDB code 1XLS19) and androstenol (PDB code
1XNX18) provided a firm basis to evaluate the structural reasons
for the observed changes in TCPOBOP- and androstenol-elicited
function of the mutated proteins (see Discussion for details).
The binding modes of the other five agonists (clotrimazole,
methoxychlor, 1, 2, and EE2) to mCAR were investigated with
ligand docking studies using the induced-fit docking protocol
(IFD) and the crystal structure of mCAR in complex with
TCPOBOP.19 More information about the docking procedures
are available in the Materials and Methods and in the Supporting
Information.

Hereafter, the experimental and docking results for clotri-
mazole, methoxychlor, 1, 2, and EE2 ligands are presented in
detail. From the docking studies, the suggested ligand binding
modes (most representative poses) for each ligand were manu-
ally chosen from clusters of similar poses. Unless otherwise
stated, all of the interactions described between the ligand
molecules and the receptor are formed by side chain atoms of
an amino acid.

Clotrimazole. The modest activation by clotrimazole (1.4-
fold) was eliminated by the mutations F171L, N175A, L253F,
and Y336A, while it was increased to 2.0- and 3.6-fold by
T350M and F171A, respectively. The extent of activation in
clotrimazole-induced SRC-1 interaction was markedly reduced
(>50%) with the mutants S251L, L253F, Y336A, and T350A,
while the mutations N175A and L212A produced an increase
of 77% and 73%, respectively. Interestingly, the extent of
clotrimazole-induced interaction with NCoR was significantly

increased by the mutations F171L and H213A. The clotrimazole-
elicited activation in M1H assay did not show any change by
H213A mutation. In addition, a moderate increase in M1H assay
was observed by I252L, although the same mutation modestly
increased the clotrimazole-induced NCoR interaction in the Y2H
assay.

In the docking studies, we observed very little variation
among the obtained poses for clotrimazole; thus, it seems that
in the binding pocket of mCAR there is only one possible
location where the bulky clotrimazole molecule could be
accommodated. In all of the 55 docking poses, the polar
imidazole ring of clotrimazole is positioned within the polar
environment formed by N175, H213, and Y336 (see Figure 3c
for the binding mode of clotrimazole that appeared to be the
most compatible with the binding site). In a great majority
of the poses, the chloride atom of clotrimazole is located
between the phenyl ring of F227 and the C� atom of Y234 and
A239; this is the same location where one of the chloride atoms
of TCPOBOP is situated in its complex with mCAR in the
crystal structure.19 According to our docking results, there seems
to be good aromatic interactions between the three phenyl rings
of clotrimazole and F171, F227, Y234, and F244, in addition
to hydrophobic interactions with I174, L216, A239, L249, I252,
and L253.

Methoxychlor. The activation by methoxychlor (1.4-fold)
was absent with the mutations N175A, I252L, and T350A, while
a slight increase by Y336A was observed. The -fold extent of
methoxychlor-induced interaction with SRC-1 was increased by
F171L, L212A, and I252L, while a decrease by N175A and
Y336A took place. Many mutations tended to decrease the
methoxychlor-dependent NCoR interaction (L212A, H213A, and
Y336A) or totally abolish it (N175A, S251L, T350A, and
T350M), while the F171A and I252L mutations elevated the
response to methoxychlor by approximately 2- and 3-fold,
respectively. In the case of methoxychlor, the data from the
M1H and Y2H assays are quite concordant except for the
mutations Y336A and T350M (see Table 1). Although the SRC1
and NCoR interactions induced by methoxychlor are slightly
decreased with the mutant Y336A, still a small activation by
methoxychlor is seen in the M1H assay. On the other hand, the
methoxychlor-dependent NCoR interaction is abolished by
T350M, but the expected increase in M1H activity is not
observed.

For methoxychlor, the two most frequently occurring poses
obtained in the docking study are shown in Figure 4a. In one
binding mode (shown in yellow in Figure 4a), the trichloride
group of methoxychlor is accommodated within a hydrophobic
pocket formed by F171, M236, A239, and L249. In this binding
mode, very good aromatic interactions are likely to be formed
between the phenyl rings of methoxychlor and the residues
F227, Y234, and F244. Furthermore, hydrophobic interactions
between methoxychlor and F142, I174, F248, and I252 are seen.
In the other binding mode (shown in brown in Figure 4a), the
trichloride group of methoxychlor is within a hydrophobic cup
formed by F142, F171, I174, M178, L216, F227, C229, and
Y234. Additional hydrophobic interactions may be formed
between methoxychlor and A239, F244, L249, and I252.
Interestingly, on the basis of the suitable distance of ∼3.0 Å,
there could be a hydrogen bond between the methoxy oxygen
atom of methoxychlor and the NH2 group of N175.

From the docking studies, a single preferred docking mode
for methoxychlor thus has not been identified, which suggests
that the methodology used is unable to pinpoint the likely
binding mode (very likely) or that more than one mode of
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Figure 3. In the left panel, the crystal structures of (a) TCPOBOP19 and (b) androstenol18 in complex with mCAR are shown. Here, the secondary
structures of helixes H3, H7, H10, and H12 are shown for reference and some of the residues contributing to ligand binding are shown in stick representations
and labeled (orange color indicates mutated residues). Possible hydrogen bonds are depicted as yellow dashed lines and conserved water molecules as red
spheres. In (c), the possible binding mode of clotrimazole suggested by docking studies is shown. On the right side of the figure, the experimental data for
the respective ligand with wild-type mCAR and selected mutants are shown: (top panel) Act ) M1H activity; (middle panel) SRC-1 ) Y2H assay with
coactivator SRC-1; (bottom panel) NCoR ) Y2H assay with corepressor NCoR. See Supporting Information Figures S1 and S2 and Materials and Methods
for all data and calculations, respectively.
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binding may exist (a rare event). For example, consider the
crystal structure of the pregnane X receptor bound to a

cholesterol-lowering drug (SR12813):30 three possible binding
modes for the drug were identified; later, a crystal structure in

Figure 4. In the left panel, the possible binding modes suggested by the docking studies of (a) methoxychlor, (b) 1, and (c) 2 to mCAR are shown.
For methoxychlor in (a), two docked poses (yellow and brown) were identified (see text for details). The docking results and the experimental data
are presented as described in Figure 3.
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complex with a coactivator peptide identified only one binding
mode that was distinct from the three predicted modes.31

Compound 1. Similar to methoxychlor, many mutations had
a modulating effect on the response to 1: the activation by 1
(1.4-fold) was completely abolished with the mutants S251L,
Y336A, and T350A and decreased by H213A, I252L, and
T350M. The mutation F171A caused a slight increase to 2.1-
fold activation by 1. The -fold magnitude of the SRC-1
interaction was increased by the mutations N175A and I252L,
whereas S251L, Y336A, and T350A decreased it by 45-60%.
Highly elevated levels of NCoR recruitment in response to 1
were seen with the mutants F171A, F171L, H213A, I252L, and
L353A. There were four mutants, where changes in the M1H
activation profile could not be explained by data from the Y2H
assays (Table 1); for example, despite the observed increase in
NCoR interaction by the F171 mutants, an increase in the M1H
activation profile was observed.

In most of the docked poses of 1, the B-ring of 1 is nicely
accommodated within a hydrophobic pocket formed by residues
F142, F171, I174, M178, L216, F227, C229, and Y234 (the
binding mode for 1 that appears most compatible with the
binding pocket is shown in Figure 4b). In that pose, the slightly
polar methoxy group of the ligand is close to the SH group of
C229, where an electrostatic interaction could form. The
carbonyl group of 1 is positioned within hydrogen bonding
distance (∼2.9 Å) of the NH2 group of N175. Interestingly, the
carbonyl group of 1 is accommodated at the same location as
the conserved water in the TCPOBOP-bound structure of
mCAR.19 At the other end of the pocket, the A-ring of 1 is
surrounded by the following hydrophobic residues: L216, F244,
F248, L249, Y336, L340, L346, and L353, leading to excellent
orientation of the ring stacking interactions between the A-ring
of 1 and F244, F248, and Y336.

Compound 2. The activation elicited by 2 (2.0-fold) was
clearly reduced to 1.3- to 1.4-fold by the N175A, H213A, and
T350A mutants, while it was increased to 4.4-fold by F171A.
The 2-induced interaction with SCR-1 was highly elevated
(>150%) by the mutations N175A, L212A, and Y336A and
even moderately (>50%) by F171L, I252L, and T350M. An
increase in NCoR recruitment by 2 was seen with the mutation
I252L only. Regardless of the observed increase in coactivator
interaction by N175A and T350M or a decrease in the NCoR
interaction by L253F, a reduction in the M1H activation profile
of 2 was observed with these mutations (Table 1).

The majority of obtained docked poses for 2 are positioned
so that the B-ring is sandwiched between F142, F171, F227,
and Y234 (see Figure 4c for the binding mode of 2 that appears
most compatible with the binding site). The aromatic stacking
interactions seem to be very good, and in addition, I174, M178,
and L216 would contribute to the hydrophobic environment
around the B-ring of 2. The location of the carbonyl group varies
greatly within the docking poses. There is a possibility that the
carbonyl group would form hydrogen bonds with either the NH2

group of N175 or the OH group of Y336, and similar to 1, the
carbonyl group of 2 is located at the same position as the
conserved water molecule in the mCAR crystal structure bound
to TCPOBOP. At the other end of the molecule, the A-ring
appears to form good ring stacking interactions with F244, F248,
and Y336 and hydrophobic interactions with L340, L346, and
L353. The polar methoxy group attached to the A-ring is
surrounded by the polar amino acids N175 and T350.

EE2. EE2 activation was abolished with the mutations
N175A, T350A, and T350M, while F171A induced a small
increase in EE2 activation. The relative capability of EE2 to

recruit SRC-1 was increased by the mutations N175A and
L212A, while a >30% decrease took place with the mutations
S251L, L253F, and T350A. The already notable recruitment of
NCoR by EE2 was significantly increased only by the I252L
mutant, whereas significant attenuation (>50%) occurred with
all of the tested mutations except for F171A, F171L, and L353A.
Although an increase in the recruitment of SRC-1 was observed
by N175A, still in the M1H assay, the activation by EE2 was
abolished with the same mutant. Another difference between
data from the Y2H and M1H assays was observed with the
mutant I252L, which significantly increased the EE2-induced
NCoR interaction, but only a minor decrease in the M1H-
activation profile was observed. Furthermore, regardless of the
observed reduction (∼60%) in the EE2-induced NCoR interac-
tion by T350M, the mutation abolished EE2-induced activation
in the M1H assay.

The flexible nature of the mCAR binding pocket enables the
positioning of EE2 in several different ways within the LBP,
even though the molecule contains an acetylene group at C17
that extends perpendicular to the plane of the ring system. In
our docking results, we see one of two major conformations
for EE2: either (1) the D-ring is buried within the LBP of mCAR
and the A-ring is interacting with helix H7 and the �-sheet
(Figure 5a) or (2) it is the A-ring that is accommodated deep
within the pocket (Figure 5b).

In one binding mode, the 17R-OH group in the D-ring
interacts with N175 in helix H3 while the acetylene group is
buried in between F171 and F244 (Figure 5a). Alternatively in
the poses of this cluster, the acetylene group could interact with
F171 and I174 or, induced by a 180° flip around the plane of
EE2 ring system, the acetylene group could interact with L212.
The distance between the 3-OH group in the A-ring and the
main-chain carbonyl group of E225 is ∼2.7 Å, suggestive of a
possible hydrogen bond (Figure 5a). In addition, the A-ring
interacts with L253 in helix H7. In this binding pose, hydro-
phobic interactions are formed between the methyl group of
EE2 and L212 and L216, while residues F171, I174, F227,
Y234, A239, F244, F248, L249, and I252 create the overall
hydrophobic environment for the steroid ring structure of EE2.

In the other binding mode, the A-ring is buried deep within
the LBP below Y336, where the A-ring is sandwiched between
L340 from helix H10, L346 from the linker helix, and L353
from helix H12 (Figure 5b). The D-ring is positioned in the
middle of the binding pocket with the acetylene group interacting
with L216, while there are no direct hydrogen bonding pos-
sibilities for the 17R-OH group apart from the solvent in the
LBP.

3. Discussion

It is well-known that the mCAR LBP is promiscuous in terms
of recognizing with moderate affinity many ligands of very
different molecular structures. There is, however, only one
crystal structure of mCAR in complex with an agonist avail-
able.19 In this structure, the superagonist TCPOBOP is well
accommodated within the pocket of mCAR, forming specific
hydrophobic and hydrogen-bonding interactions with the recep-
tor. Our earlier docking attempts to this structure using the more
traditional rigid receptor docking algorithms were not successful
in placing the ligand into the LBP or in producing poses with
reasonable interactions between the ligand and the receptor (data
not shown). This was not a surprise, since earlier studies have
pointed out the importance of the initial protein structure in
docking studies and the possible bias that is introduced when
crystal structures in complex with ligands are used.32 In the
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study presented here, we investigated other moderately active,
druglike mCAR agonists that might have more relevance for
general induction of drug metabolism than TCPOBOP. Thus,
in order to introduce some flexibility into the docking process,
the Induced Fit Docking protocol of Schrödinger was used in
this study.

On the basis of our analysis, it has proved very beneficial to
consider multiple docking runs with different settings for the
investigated ligands; eight different runs, each run invoking a

different set of conditions, were used for each ligand, and
multiple docking poses were obtained from each run. Before-
hand, it was not possible to determine which protocol would
be the most appropriate for each ligand. In general, the
differences between the eight runs in terms of the generated
ligand poses were minor, but ultimately the most optimal poses
in terms of the suggested interactions between protein and ligand
atoms of each ligand (manually chosen) were obtained from
separate runs.

In this study, we found that it was best to define the LBP for
docking attempts by creating a grid based on the centroid of
amino acids at the binding site instead of using the centroid of
the ligand from the crystal structure, as the latter strategy would
probably have resulted in a docking grid biased toward the
orientation of TCPOBOP within LBP.

The number of poses obtained from an IFD run depends on
the cutoff values used. In this study, the runs that applied the
Standard Precision (SP) scoring function generally produced
fewer poses compared with the runs that employed the Extra
Precision (XP) scoring function. The default cutoff values,
however, were used in all of the docking runs, and thus, the
docking protocols differed only in the type of the scoring
function that was used. The XP scoring function has been
designed to take into account hydrophobic enclosure effects,33

which, on the basis of the known crystal structures of mCAR
and our docking studies, is one of the key features in ligand
recognition by mCAR. This provides a possible explanation of
why the XP scoring function produced more and better poses
in this study.

Mutations Affecting the Ligand-Independent Interac-
tions of mCAR. According to our experiments, two mutations,
L353A and H213A, abolished both the basal and the ligand-
induced interactions between SRC-1 and mCAR. In order to
understand the mechanisms by which these mutations affect the
function of the receptor, we analyzed the crystal structure of
mCAR in complex with TCPOBOP19 (see Figure 2 for the
location of the mutated residues within the LBP of mCAR).
L353 is located within helix H12, where it forms a key
hydrophobic interaction between the helix H12 and the rest of
the protein, thus helping to position the H12 helix in the active
conformation, which is crucial for the formation of the AF-2
recognition surface. In the majority of NRs, there is a bulky
hydrophobic residue (Leu, Ile, Met, or Phe) at the corresponding
position, and mutations of this residue dramatically impair the
coactivator interaction and/or the ligand binding ability of
several NRs.25,34-37 The same principle applies for mCAR,
where the L353A mutation may disrupt the interaction between
helix H12 and the rest of the LBD, thus leading to impaired
coactivator binding.

H213 is located within helix H5, which belongs to the middle
layer of the three-layered NR sandwich structure. The side chain
of H213 points away from the surface and into the LBP of
mCAR, where it forms electrostatic interactions with H256 and
Y336. In order to compensate for the space created by the
H213A mutation, helix H5 would very likely need to move
toward the LBP. This would require that helix H3 move closer
to the LBP, too. Because helices H3 and H10 participate in the
formation of the coactivator binding surface,19 even the slightest
movement of either of the helices would affect coactivator
binding. In contrast to L353A, the H213A mutation did not
result in a complete loss of activity because we still could detect
activation by TCPOBOP but only in the trans-activation assay.
It seems plausible that cellular coactivators other than SRC-1
may bind to the mutated receptor (H213A) and that only the

Figure 5. Two possible binding modes for EE2 were suggested by
the docking results: orange in (a) and cyan in (b) (see text for details).
The docking results and the experimental data are presented as described
in Figure 3.
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helix H12 mutation (L353A) impairs the binding of all
coactivators.

The largest increase in the basal interaction of mCAR with
NCoR was observed with the mutation L212A. In order to
investigate the possible role of L212 in NCoR recruitment, we
studied the crystal structure of the inverse agonist (androstenol)
bound to mCAR.18 This structure, however, lacks a corepressor
peptide, and therefore, we superimposed the complex of human
PPARR and the SMRT corepressor peptide38 with the mCAR
crystal structure. While L212 might not contact the corepressor
directly, it is located directly “beneath” the corepressor binding
surface. The space created by the L212A mutation is most likely
compensated by a small movement of helix H3, which would
allow the corepressor to form better contacts with the ligand-
free receptor. Interestingly, the L212A mutation decreases both
the basal interaction of SRC-1 with mCAR and the trans-
activation potential by about 75-80%, supporting the theory
that L212A would create a binding surface preferring corepres-
sors over coactivators. Differential effects on corepressor versus
coactivator binding were also seen for the thyroid hormone
receptor when a single surface residue was mutated.39 Another
possibility is that L212A disrupts the conformation of the linker
helix and AF-2 by inducing a similar collapse of the helix H10
structure as androstenol does.18 However, the change in NCoR
interaction induced by L212A is quite small (6-fold) compared
to recruitment induced by androstenol (50-fold), and therefore,
the first option might be more likely.

Mutations Affecting the Ligand Recognition of mCAR.
We observed an approximately 50% decrease in basal SRC-1
recruitment, a significant decrease in NCoR recruitment by
androstenol, and dramatic decrease in basal trans-activation by
the mutation F171A. A partial explanation for the decrease in
the basal activity is lower expression of the F171A mutant
(Supporting Information Figure S3). However, such a decrease
in expression was not seen with the human receptor F161A
(Jyrkkärinne et al.25 and unpublished results). Others have
reported that the F171A mutation decreases the basal activity
of full-length mCAR by 40% and attenuated the androstenol-
mediated repression18 and that the F171W mutation decreased
the basal association of coactivator TIF2 by approximately
50%.19 Altogether, these findings indicate a key role for F171
in the basal activity and androstenol recognition by mCAR. In
the crystal structures of mCAR, F171 occupies a very central
position in the LBP, forming interactions with the ligands
TCPOBOP and androstenol.

In this study, we investigated the role of F171 in ligand
binding in more detail and analyzed the effects of F171L and
F171A on the binding of six agonists and the inverse agonist
androstenol. Our results suggest that aromaticity and the size
of the residue at sequence position 171 are not important for
the binding of TCPOBOP. In addition, the mutations at residue
171 had only a very small effect on the ligand-induced activation
of mCAR by methoxychlor and EE2. The SRC-1 interaction
induced by 1 and 2 was increased with F171L to 30% and 85%,
respectively. In our docking studies, 1 and 2 are docked so that
the B-ring of the molecules forms an aromatic interaction with
F171; however, this is not the only aromatic interaction that
the B-ring forms with mCAR; the residues F142, F227, and
Y234 are also involved. As a result of these aromatic interac-
tions, perhaps aromaticity of the residue 171 is not the key factor
for 1 and 2 induced activation. This is further supported by the
M1H assay, where F171A significantly increased the activity
induced by 1 and 2. Interestingly, different from the F171A

mutation, F171L did not eliminate the inhibition by androstenol
but only slightly decreased it.

In contrast to the other ligands, the nature of the residue at
position F171 seems to be very important for clotrimazole-
induced coregulator interaction. In the M1H assay, clotrimazole
is the only agonist that shows a dramatically different response
to mutation at position 171 (activation was decreased by F171L
but increased by F171A). These results are in part supported
by the Y2H assays, where clotrimazole-induced SRC-1 interac-
tion was slightly reduced by F171A while F171L increased
slightly the SRC-1 interaction and significantly the NCoR
interaction (Figure 3c). It seems that the F171L mutation
together with bound clotrimazole stabilizes the coregulator
binding surface so that both corepressors and coactivators may
bind, which leads to a competitive situation between the two
coregulators. The net effect would be the reduced activity of
clotrimazole in the M1H assay. According to our docking
studies, clotrimazole does not fit perfectly into the mCAR pocket
regardless of the induced fit effect used in our docking studies.
Only the F171A mutation (but not F171L) seems to create
enough space to position clotrimazole so that a stable coactivator
binding surface can be formed. This view is supported by the
IFD run where clotrimazole was docked into the structure of
mCAR where F171 was replaced by an alanine residue: in
comparison with clotrimazole docked to the wild-type structure,
clotrimazole moved by about 1.2 Å toward A171 and thus
overlapped the same space as the side chain of F171 in the wild-
type structure.

The residue T350 has previously been implicated in the
recognition of TCPOBOP but not of androstenol,19,23 findings
that were reproduced here. We also noted that mutation of T350
into methionine (the corresponding residue in hCAR) but not
to alanine resulted in an increase of clotrimazole-elicited
activation and SRC-1 recruitment. In the docked complex of
clotrimazole and mCAR, there are no direct interactions with
T350; indeed, because of the shape of the ligand, there is
unoccupied space between clotrimazole and residues F244,
Y336, L340, and T350 of mCAR. Methionine has an extended,
flexible nonpolar side chain. Hence, when it replaces T350, it
may be able to occupy the space between clotrimazole and
mCAR and lead to improved interactions moderating any local
collapse of the structure.

Species Differences Affecting the Basal and Ligand-
Dependent Interaction of CAR. Asparagine at position 175
is one of the very few polar residues in the LBP of mCAR.
The mutation N175A does not affect the basal activity of
mCAR, but it did induce a clear reduction in the basal interaction
between SRC-1 and mCAR, while the weak NCoR interaction
remains intact. The basal activity of hCAR, in contrast, is clearly
decreased by N165A, and a dramatic increase in basal NCoR
interaction is observed.25 The increase in the NCoR interaction
with hCAR by N165A explains the reduced activity, while in
mouse our experimental results suggest that coactivators other
than SRC-1 contribute to the basal activity. On the other hand,
on the basis of our experimental results, N175 is one of the
key residues for mediating ligand-induced activity and also
androstenol-mediated inhibition of mCAR, while in hCAR,
N165A did not consistently affect the ligand-dependent activa-
tion or inhibition.25 However, fewer ligands were tested in that
study.

In mCAR, the androstenol-elicited inhibition and recruitment
of NCoR are abolished by N175A. In human, however, the same
mutation N165A enhances the androstenol-induced NCoR
interaction.25 In the crystal structure of mCAR bound to
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androstenol (PDB code 1XNX18), the 3R-hydroxyl group of the
A-ring of androstenol is coordinated by two hydrogen bonds:
to the NH2 group of N175 and to a water molecule, which is
also coordinated by a hydrogen bond to the Nε atom of H213
(Figure 3b). In order to investigate the effect of the mutation,
we computationally “mutated” N175 to alanine in the available
crystal structures of mCAR bound to TCPOBOP and to
androstenol and docked androstenol into the mutated structures
(see Supporting Information Figure S4). The docking results
suggest that with the N175A mutation androstenol might bind
conversely compared to what is observed for androstenol bound
in the crystal structure of the wild-type mCAR; the D-ring of
androstenol would be buried in the LBP and the 3R-hydroxyl
group of the A-ring would interact with L253 in helix H7,
similar to one of the binding modes the docking study suggested
for EE2. But the nonplanar A-ring together with the 3R-hydroxyl
group of androstenol would not be able to form a hydrogen
bond with the main chain of E225, as suggested for EE2. In
addition, if N175 is mutated to alanine, Y336 will most likely
reorient itself back to the LBP to form a hydrogen bond with
H213 (instead of the water molecule observed in the crystal
structure), which could be the reason for the experimentally
observed androstenol-induced SRC-1 interaction by N175A.
Altogether, our experimental and docking results suggest that
in contrast to hCAR, N175 is a key residue for the androstenol-
mediated coregulator interactions in mCAR.

Tyrosine 336 occupies a central position in the LBP of CAR,
and the importance of Y336 for the basal activity of both mCAR
and hCAR is evident from previous mutagenesis studies.19,20,25

The available crystal structures of human and mouse CAR19,40

in complex with agonists show that Y336 forms key interactions
with the ligands. In addition, molecular dynamics simulations
of ligand-free hCAR have suggested that a hydrogen bond
between Y326 and N165 stabilizes Y326 into a position where
it mimics a bound ligand, thus enabling the active conformation
of helix H12.25,41 In line with these observations, our results
show a 90% reduction in the basal activity of mCAR by the
mutation Y336A and a reduction of about 80% in the basal
interaction between mCAR and SRC-1, while the weak NCoR
interaction remained intact. There are, however, interesting
differences in the ligand-induced SRC-1 interaction with mCAR.
With Y336A, the agonists TCPOBOP, clotrimazole, methoxy-
chlor, and 1 show a clear decrease in the ligand-induced SRC-1
interaction, while the extent of the SRC-1 interaction elicited
by 2 is increased. On the basis of the suggested binding mode
of 2 (Figure 4c), the A-ring of 2 could occupy the location of
the Y336 side chain in the alanine mutant and then form
stabilizing hydrophobic interactions with the linker helix. In
addition, the methoxy group attached to the A-ring could form
electrostatic interactions with N175, which would additionally
stabilize the coactivator binding surface. The structures of 1
and 2 are crucially different in this respect because in the A-ring
of 1 there is no methoxy group capable of forming interactions
with the side chain of a polar residue like N175.

We have previously identified that the major differences
within the LBP between hCAR and mCAR are located in helix
H7 (S251, I252, and L253 in mCAR) and that F243 in hCAR
(L253 in mCAR) determines the species difference in response
to EE2.25 In order to investigate the role of this region in ligand
binding to mCAR, we individually mutated these residues to
their human counterparts. Very interestingly, in our assays, we
saw a dramatic increase in the ligand-induced NCoR interaction
with all ligands (except for TCPOBOP) by I252L. In regard to
ligand-specific effects, the mutation S251L eliminated the

activation induced by 1 while L253F eliminated the clotrima-
zole-dependent activation. In our docked complexes of clotri-
mazole with mCAR one of the rings of clotrimazole is
surrounded by F227, I252, and L253. It is possible that the
change in size and shape of phenylalanine in the L253F mutation
could be sufficient to prevent the positioning of clotrimazole
within the LBP; as already noted, space to accommodate
clotrimazole appears to be limited in the wild-type structure,
and L253F would exacerbate the situation.

Whereas the F243L mutant in hCAR led to activation by
EE2,25 in mCAR the introduction of the human residue at that
position in the L253F mutant did not alter the wild-type agonist
effect of EE2. In mCAR, the L253F mutant decreased the EE2-
induced SRC-1 interaction to ∼60% and eliminated the NCoR
interaction, but it did not significantly affect the EE2-induced
activation in the transactivation assays, which suggests that in
mCAR, factors other than merely the type of residue at position
253 regulate the response to EE2. This is also supported by the
preferences for different coregulators by human and mouse CAR
bound to EE2. Upon binding to wild-type hCAR, EE2 clearly
acts as an inverse agonist and does not recruit SRC-1;25 while
being an agonist for the wild-type mCAR, EE2 recruits both
SRC-1 and NCoR to a significant extent.24

In our docking studies, we show two binding modes for EE2,
one of which positions the A-ring of EE2 in contact with L253.
If docked in this way (Figure 5a), the 17R-OH group in the
D-ring of EE2 could form a hydrogen bond with the side chain
of N175 and the 3-OH group of the A-ring could hydrogen-
bond with the main-chain carbonyl of E225 at the opposite end
of the pocket. This binding mode would appear to stabilize
interactions that support the positioning of helix H12 into the
active conformation, and this binding mode could also rational-
ize the observed SRC-1 recruitment by EE224 and also some
of the effects of mutations (e.g., activation by EE2 of the hCAR
mutant F243L).25 In contrast, androstenol is smaller, lacks a
second polar group, and only poorly occupies the LBP.18

Jyrkkärinne et al.25 have suggested that EE2 would interfere
with helix H12 in hCAR, which would account for the inverse
agonism of EE2. The alternative binding mode of EE2 to mCAR
shown in Figure 5b, if true, would be consistent with that view
and explain the ability of EE2 to also recruit NCoR.24 These
binding modes are quite plausible, but whether either of these
two binding modes is relevant to mCAR or hCAR will require
further study.

4. Conclusions

We have identified key residues for ligand binding in mCAR
and tested the effects of mutations in functional assays. Our
results provide novel information about the role of these residues
both in ligand binding and on the basal activity of mCAR. We
have used an induced-fit protocol for ligand docking in order
to generate and evaluate hypotheses regarding the relationship
between the experimental results and the location of the bound
ligands in the LBP. Our interpretations are admittedly compli-
cated by the fact that changes to any particular residue might
affect not only ligand binding but local packing of secondary
structure elements and more globally the conformation of the
LBD, which is intimately involved in the recognition of
coactivators and corepressors. We show that some mutations
can positively or negatively modulate the basal activity but the
response in the presence of ligand is not necessary the same.
Furthermore, our studies clearly demonstrate the species dif-
ferences in the function of CAR and emphasize the need to
understand in detail how mCAR and hCAR interact with their
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ligands. This information could be important in the drug
development process, where the investigated drug compounds
are initially tested for safety in rodents. As a result of the species
differences in ligand recognition by CAR, and its role in
metabolism and elimination of xenobiotics, the biological
responses observed in mouse for a specific compound could be
dramatically different in human.

5. Materials and Methods

Chemicals. Androstenol was bought from Steraloids Inc. (New-
port, RI). The synthesis of TCPOBOP,42 1,43 and 227 have been
described. Deoxyoligonucleotides were bought from Sigma-Genosys
(Cambridge, U.K.). Clotrimazole, methoxychlor, EE2, and other
compounds were from Sigma Chemical Co. (St. Louis, MO).

Plasmids. The UASx4-tk-luc reporter and CMX-GAL4 expres-
sion plasmids were kind gifts from Dr. R. M. Evans (Salk Institute,
La Jolla, CA). The control plasmid pCMV� was purchased from
BD Clontech (Palo Alto, CA). The mouse CAR LBD (residues
118-358) was cloned into CMX-GAL4 as described.44 Various
point mutations introduced into the mCAR LBD (based either on
alanine replacements or on sequence differences between mouse
and human CAR) were introduced with the QuikChange mutagen-
esis kit (Stratagene, La Jolla, CA), and the plasmids were purified
with ion-exchange columns and verified by restriction mapping and
dideoxy sequencing. These mCAR fusion proteins are thought to
spontaneously migrate to the nucleus in continuous cell lines
because the strong nuclear localization signal (NLS) is present in
helix H10 (residues 313-319) of mCAR.45 The NLS is not affected
by the present mutations, and the GAL4 domain also contains an
additional NLS.46

The yeast two-hybrid system (BD Clontech) plasmid pGBKT7
was used to express the wild-type and point-mutated mCAR LBD,
and the pGADT7 plasmid harbored either the NR interaction domain
from mouse the coactivator SRC-1 or the mouse corepressor
NCoR.23,44

Mammalian mCAR Trans-Activation (M1H) Assays. Tran-
sient transfection assays with wild-type and mutant mCAR con-
structs, UASx4-tk-luc reporter, and pCMV� were done in HEK293
cells essentially as previously described.23,44 Cells were cultured
in the presence of dimethyl sulfoxide (DMSO, 0.1% v/v) or final
concentrations of test chemicals (TCPOBOP 1 µM; clotrimazole
2 µM; methoxychlor, 1, 2, EE2, and androstenol 10 µM). These
concentrations were deemed saturating (EC50 of TCPOBOP, 0.05
µM; EC50 of androstenol, 0.2 µM) or above the apparent EC50 but
low enough to exclude any toxicity (EC50 values of clotrimazole,
1, 2, EE2, ∼3 µM; EC50 of methoxychlor, >5 µM). The mCAR
EC50 values are available from the literature for TCPOBOP,
androstenol, and methoxychlor,26,47 and they are well in line with
our results. Twenty-four hours after transfection, cells were lysed
and luciferase and �-galactosidase activities were determined using
the Victor2 multiplate reader (PerkinElmer Wallac, Turku, Finland).
All luciferase activities were normalized to the level of �-galac-
tosidase expression and are reported as mean values ( standard
deviation from three independent experiments. The reference
activity was that determined with the empty GAL4 expression
vector (GAL4 only ) 1.0).

We have optimized this assay carefully with respect to cell line,
culture conditions, and transfection times and have measured CAR
activation for more than 200 different chemicals (e.g., see refs 23,
44, and 48). The performance parameter (Z′) for this optimized
assay was 0.76, and coefficients of variation were typically below
15%, which indicate an excellent and a reproducible assay.49

The cells transfected with mCAR constructs were analyzed by
Western blotting using the anti-GAL4 antibody. The data indicated
that no major differences in the expression levels between the wild-
type or mutant mCAR receptors were seen apart from a 50%
decrease with the mutant F171A (Supporting Information Figure
S3).

Yeast Two-Hybrid (Y2H) Assays. Yeast colonies that expressed
wild-type or mutant mCAR LBD plus the interacting partner (NCoR
or SRC-1) were selected on SD plates lacking both leucine and
tryptophan. Randomly picked colonies were pooled and amplified,
and aliquots of yeast cells were treated with DMSO or test
chemicals for 3.5 h before measurement of �-galactosidase activities
and cell densities as described in detail elsewhere.24,44 The
normalized �-galactosidase activities are expressed as mean values
( standard deviation from two independent determinations, each
with triplicate samples. We chose the SRC-1 reference activity as
wild-type mCAR + SRC1, treated with DMSO ()100), in analogy
with mammalian mCAR activity measurements. This activity
corresponds roughly to 30 mU, which is about 15-20% in strength
of the well-established p53-T antigen interaction,50 and it can be
further activated by 3- to 4-fold by typical mCAR ligands. In
contrast, the basal interaction in the absence of added ligands
between mCAR and NCoR was very low, and thus, a more stable
activity [10 µM androstenol ()100)] must be selected for reference
as before.24 The yeast strains carrying only one plasmid (mCAR
LBD, SRC1, or NCoR) gave activities almost indistinguishable from
the background, below 5% level of the mCAR-SRC1 interaction,24

and they could not be reliably used as references against which to
express ligand-dependent changes between experiments.

Docking Studies. Ligand molecules were built and energy-
minimized using LigPrep (version 2.0, Schrödinger, LLC, New
York, 2005) with the default settings and the OPLS_2005 force
field. The crystal structure of mCAR in complex with the agonist
TCPOBOP (PDB code 1XLS)19 was obtained from the PDB51 and
prepared and energy-minimized with the default settings of the
Protein Preparation Wizard in the Schrödinger package (Protein
Preparation Wizard, Schrödinger Suite 2007, New York, 2005).
All water molecules present in the crystal structure were deleted
prior to the docking runs.

Docking studies were performed using the Induced Fit Docking
(IFD) protocol of Schrödinger (IFD; Schrödinger Suite 2007
Induced Fit Docking Protocol; Glide, version 4.05, Schrödinger,
LLC, New York, 2005; Prime, version 1.6, Schrödinger, LLC, New
York, 2005). The process of docking using this protocol is explained
in detail elsewhere,52 but in brief, the steps are the following: (1)
Initial Glide docking is made to the rigid protein structure using a
softened van der Waals potential in order to be able to accommodate
for more steric clashes in the initial poses; (2) refinement was done
using Prime, including local side chain optimization and energy
minimization of protein-ligand complexes from the previous step;
(3) ligands are then docked a second time with Glide into the low-
energy induced-fit structures from step 2; (4) the binding energy
(IFDScore) of each ligand conformation is estimated.

The IFD protocol of Schrödinger is a rather new approach, and
hence, the number of published docking studies using the approach
is very limited.52,53 As noted by Sherman et al., 2006, a reasonable
initial docking pose for the ligand is crucial for the success of the
IFD study. In order to work toward this goal, we explored whether
the way the binding pocket was defined affected the outcome of
the docking and we particularly investigated whether more space
in the binding site created by the replacement of side chains with
alanine in the initial Glide docking step of IFD would improve the
obtained docking results. We also separately implemented the
standard precision (SP) and the extra precision (XP) scoring
functions of Glide33,54 in order to ascertain the optimal scoring
function in the case of mCAR.

Altogether, eight IFD runs with different settings were performed
for each ligand (Table 3). The binding pocket was defined either
as the centroid of the ligand (TCPOBOP) bound within the crystal
structure of mCAR or as the centroid of two different sets of four
residues from the binding site that were manually chosen. In the
IFD protocol, it is possible to temporarily replace flexible residues
with alanine in order to assist with the softened-potential docking
in step 1, above. Sherman et al.52 present four rules for the selection
of residues to be replaced by alanine, and on the basis of these
rules, we identified for replacement two residues, L346 and L353,
with missing electron density and high B-factors in the mCAR
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crystal structure. In addition, N175 and Y336 had high B-factors
and were also chosen for replacement by alanine. Because of the
very hydrophobic nature of the mCAR binding pocket, in all of
the docking runs, the hydrogen bond energy cutoff filter of Glide
was set to 0 kcal/mol in step 1. For the rest of the docking
procedure, the default settings of the IFD protocol were used.

Clustering of Docking Results. The docked conformations for
each ligand from eight separate runs were analyzed with a program
that defines a descriptor for each conformation (freely available
from http://web.abo.fi/fak/mnf/bkf/research/johnson/software.php).
First, and for every docking pose, each ligand atom-protein atom
pair was listed. If the distance between the atoms was less than the
cutoff, then “1” was appended to a descriptor vector, but if the
distance was larger than the cutoff, then “0” is appended. For all
ligands, a cutoff value of 3.0 Å was used, except for clotrimazole,
for which a cutoff of 2.7 Å was applied in order to increase the
discrimination among similar binding poses. For a single ligand,
all observed conformations were compared with each other as the
number of shared atom contacts among each pair of conformations.
The resulting similarity matrix was then used as input to the Markov
cluster algorithm,55 in which the default settings were used except
for the inflation option, which was set to 3.0 for clotrimazole,
methoxychlor, and 2; for all other ligands the default value of 2.0
was used. This option affects the granularity of the obtained clusters,
meaning that an increase in the inflation value leads to an increase
in the number of obtained clusters while a decrease in the value
leads to a reduced number of clusters.

Visualization. The Bodil modeling environment was used for
visualization of the model and the template structures as well as
for the visualization of the docking results.56 Figures were produced
with PyMOL, version 1.1.57
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