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Summary
The nuclear receptor CAR is a xenobiotic responsive transcription factor that plays a central role in
the clearance of drugs and bilirubin while promoting cocaine and acetaminophen toxicity. In addition,
CAR has established a “reverse” paradigm of nuclear receptor action where the receptor is active in
the absence of ligand and inactive when bound to inverse agonists. We now report the crystal structure
of murine CAR bound to the inverse agonist androstenol. Androstenol binds within the ligand binding
pocket, but unlike many nuclear receptor ligands, it makes no contacts with helix H12/AF2. The
transition from constitutive to basal activity (androstenol bound) appears to be associated with a
ligand-induced kink between helices H10 and H11. This disrupts the previously predicted salt bridge
that locks H12 in the transcriptionally active conformation. This mechanism of inverse agonism is
distinct from traditional nuclear receptor antagonists thereby offering a new approach to receptor
modulation.

Introduction
CAR, a 358 amino acid, 41 kDa protein from the nuclear receptor superfamily, has been directly
linked to the clearance of both xenobiotics (Wei et al., 2000; Zhang et al., 2002) and endogenous
toxins such as bilirubin (Huang et al., 2003). CAR is most abundantly expressed in the liver
and intestine where it controls the transcription of genes involved in xenobiotic and bilirubin
clearance. These target genes include certain P450 family monooxygenases, phase II
conjugating enzymes, and xenobiotic transporters. Thus, CAR serves as a master regulator of
xenobiotic clearance, and its activation can be considered a form of chemical immunity.

Activation of CAR is not always beneficial, because hepatic metabolism can convert certain
drugs to potent toxins. For example, CAR-mediated metabolism converts acetaminophen into
a reactive quinone metabolite (N-acetyl-p-benzoquinone imine). This metabolic byproduct
promotes acute liver failure by binding to cellular macromolecules and by generating reactive
oxygen species (Gill and Sterling, 2001; Zhang et al., 2002). Similarly, the hepatotoxic effects

Copyright ©2004 by Cell Press
*Correspondence: elias.fernandez@utk.edu.
4These authors contributed equally to this work.

NIH Public Access
Author Manuscript
Mol Cell. Author manuscript; available in PMC 2009 August 17.

Published in final edited form as:
Mol Cell. 2004 December 22; 16(6): 907–917. doi:10.1016/j.molcel.2004.11.037.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



of cocaine are also mediated via a CAR-dependent pathway (Wei et al., 2000). Thus, the ability
to either activate or repress CAR can have either protective or deleterious consequences
depending on the particular chemical challenges faced by the organism.

As with other nuclear receptors, CAR is a modular protein with distinct functional domains.
There is an N-terminal DNA binding domain (DBD) which determines targetgene selectivity.
The ligand binding domain (LBD) is a multifunctional module that contains the ligand binding
pocket, a dimerization interface that associates with the retinoid X receptor (RXR), and,
importantly, a C-terminal ligand-dependent transactivation domain (AF2). Previous
biochemical and structural studies on a variety of nuclear receptors have demonstrated that
ligand binding results in conformation changes that are associated with a transcriptionally
active state. These conformation changes are characterized by a realignment of AF2 along the
receptor surface, thereby creating a new interface that recruits transcriptional coactivator
proteins. These changes are required for transcriptional activity and appear to be conserved
among all ligand-activated receptors that have been studied to date.

Unlike classical nuclear receptors that are ligand activated, the discovery of CAR has
established a new paradigm of a constitutively active, ligand-repressible receptor (Baes et al.,
1994; Choi et al., 1997; Forman et al., 1998). It is now known that CAR is nuclear localized
in heterologous cell types but is cytosolic in its native hepatocyte environment (Kawamoto et
al., 1999; Kobayashi et al., 2003). There are two mechanisms by which CAR can be
translocated to the nucleus. First, compounds such as phenobarbital (Kawamoto et al., 1999),
bilirubin (Huang et al., 2003), or 6,7-dimethylesculetin (Huang et al., 2004a) can promote
translocation via an indirect mechanism that may involve activation and/or recruitment of
protein phosphatase 2A (Yoshinari et al., 2003). Once in the nucleus, unliganded CAR interacts
with RXR to form a heterodimer that recognizes its specific target genes. It has previously been
shown that the CAR/RXR heterodimer is capable of recruiting coactivator proteins via the
CAR AF2 transactivation domain (Dussault et al., 2002). However, unlike classical nuclear
receptors which require ligand for activation, the transcriptional activity of CAR is induced
simply by association with RXR; there is no apparent need for a CAR ligand. Although ligand
is not required for activation, constitutive CAR activity is mediated through the same conserved
functional domains as those utilized by ligand-activated receptors. By using a combination of
homology modeling and mutagenesis, it has also been demonstrated that CAR AF2 is
maintained in the active conformation by virtue of a short loop between the predicted helix
H11 and AF2 (helix H12) and through a charge-charge interaction that links AF2 with Lys205
of helix H4 (Dussault et al., 2002).

In addition to ligand-independent translocation, CAR can also be transported to the nucleus
via agonist ligands such as 1,4-bis[2-(3,5-dichloropyridyloxy)]benzene (TCPOBOP) (Tzameli
et al., 2000) and 6-(4-cholorophenyl)imidazo[2,1-b][1,3]thiazole-5-carbaldehyde O-(3,4-
dichlorobenzyl)oxime (CITCO) (Maglich et al., 2003), which are selective for mouse and
human CAR, respectively. In both cases, these agonists potentiate constitutive activity by
stabilizing the constitutive AF2-coactivator interaction (Dussault et al., 2002; Maglich et al.,
2003). The antiemetic, meclizine, also modulates the activity of both mouse and human CAR
(Huang et al., 2004b). The functional domains required for ligand-dependent activation are
similar to those utilized by the constitutively active receptor (Dussault et al., 2002).

Interestingly, the constitutive activity of apo-CAR can be reversed by a class of compounds
known as inverse agonists. The prototypic members of this class are androstane metabolites,
androstanol (5α-androstan-3α-ol), and androstenol (5α-androst-16-en-3α-ol) (Forman et al.,
1998), which reverse constitutive activity both by displacing coactivator and by promoting a
weak association with corepressor proteins (Dussault et al., 2002). This inverse agonist activity
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has been useful in blocking CAR activity in vivo thereby minimizing the hepatoxic effects of
acetominophen.

The paradigm of a constitutively active ligand-repressible receptor raises interesting questions.
The precise structural events that promote constitutive activity are of considerable interest as
is the role of ligand in reversing activation. We now report the structure of the mouse CAR
LBD complexed to the inverse agonist, androstenol. Unlike classical steroid receptor
antagonists, androstenol does not directly displace the AF2 transactivation domain and is
completely confined within the ligand binding pocket. Instead, binding to androstenol produces
an H10-H11 kink, which repositions AF2 into an inactive configuration. This mechanism is
reminiscent of a “toggle bolt”-like structure and has important implications for the design of
inverse agonists for CAR and for antagonists of other nuclear receptors.

Results and Discussion
Structure of the mCAR LBD/Androstenol Complex

We expressed and isolated residues 109–358 (numbering convention as in Dussault et al.
[2002]) of mCAR and crystallized the LBD/androstenol complex. The structure of the mCAR
LBD/inverse agonist complex was determined by X-ray crystallography with the molecular
replacement method to a resolution of 2.9Å (Table 1 and Figure 1).

There are two molecules in the crystallographic asymmetric unit. There is continuous electron
density for molecule A which extends from amino acid residues 114–345, whereas density for
molecule B extends from residues 120–343 and 350–357. The two molecules have a root mean
square difference (rmsd) of approximately 1.07Å calculated over Cα atoms. The major
conformational difference between the molecules is within the region connecting helix H1 and
helix H3 (156–163), which adopts different conformations in the two molecules. Omitting
these residues from the calculation results in a smaller rmsd (0.59Å), suggesting that the two
molecules are nearly identical. The different conformation between these regions is because
in one molecule (Figure 1A), residues within this loop are involved in an intramolecular
interaction, specifically a hydrogen bond between Arg161 and Asp238. In the second molecule
(Figure 1B), Arg161 makes a salt bridge with Glu339 from a symmetry-related neighbor. The
CAR structure shares the canonical nuclear receptor LBD helical sand-wich fold with minor
variations (Figures 1A and 1B). This model has 12 α helices and three short β strands. As with
RARγ (Renaud et al., 1995), there is no helix H2. Instead, there are two 310 helices H2′ and
H2″ between helices H1 and H3 and an additional helix H3′ between helices H3 and H4, similar
to the mCAR/TCPOBOP structure (Suino et al., 2004 [this issue of Molecular Cell]). At the
C terminus, there is no electron density for helix H12 for molecule A, but there is visible density
for helix H12 in molecule B. In the modeled orientation, helix H12 has a relatively high mobility
(average B factor = 115Å2). The CAR LBD is most closely related in structure to hPXR (rmsd
= 0.76Å for 155 Cα atoms, sequence identity = 35.1%, 1ILH) and VDR (rmsd = 0.97Å for 155
Cα atoms, sequence identity = 30.8%, 1KKQ). An unusual characteristic of the CAR structure
are the two 310 helices between helices H1 and H3. This region spans residues 136–163 and
has the appearance of a cap at the “bottom” of the structure. However, this region is also quite
rigid (average B factor = 33Å2). The two helices also contribute to the ligand binding pocket
as Phe142 (H2′) is within the binding cavity, and although they do not appear to make any
interactions with the ligand, they may contribute to the general hydrophobicity of the cavity.
The conformation of this region suggests that this may be an entry point for the ligand. The
corresponding region in PPARα too has been postulated to be the entry point to the ligand
binding pocket, and in PPARα, this region too is α helical (H2) (Nolte et al., 1998; Gampe et
al., 2000). A second distinctive feature is the orientation of helix H11 relative to that of agonist
bound PXR (Watkins et al., 2001) and VDR (Rochel et al., 2000). Helix H11 in CAR is oriented
closer to the main body of the protein. The second charge clamp observed in the mCAR/

Shan et al. Page 3

Mol Cell. Author manuscript; available in PMC 2009 August 17.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



TCPOBOP structure (Suino et al., 2004) is absent within this structure. It is likely that this
feature is induced upon binding to the TIF-2 peptide.

The mCAR ligand binding pocket is approximately 570Å3, which is nearly half the size of the
PXR cavity (1130Å3) (Watkins et al., 2001). In fact, the CAR binding pocket is closest in size
to that of hRXRα (Egea et al., 2000). There are twenty-seven residues that contribute to this
pocket, 74% of which are apolar (Figure 1D). This highly apolar nature of the binding pocket
comes from Phe142, Phe171, Ala172, Ile174, Met178, Val209, Leu212, Leu216, Phe220,
Phe227, Cys229, Tyr234, Met236, Ala239, Phe244, Phe248, Leu249, Ile252, Leu253, and
Leu340. Also included within this pocket are Asn175, His213, Glu225, Asn226, Lys235,
Asp238, and His256. However, the aspartic acid (Asp238) forms a salt bridge with Arg156,
which effectively neutralizes the charge on the aspartate. A similar interaction between Glu321
and Arg410 was observed within the PXR binding pocket (Watkins et al., 2001). The side
chains of lysine (Lys235) and glutamic acid (Glu225) are oriented away from the pocket, which
also minimizes their charge contribution to the pocket.

Androstenol Makes Specific Interactions with the Largely Hydrophobic mCAR Ligand
Binding Pocket

Androstenol nestles within the center of the hydrophobic binding pocket of CAR and is
completely sequestered from the external environment by the protein. The electron density for
the ligand is intense, and its conformation is unambiguous (Figure 1C). As it floats within this
cavity, it is almost equidistant from the “top” and “bottom” of this binding site (Figure 1D).
The specificity for androstenol is realized through a combination of hydrogen bonding and
apolar interactions between the ligand and the binding cavity (Figure 2A). The residues within
the pocket that interact with androstenol come from helices H3, H5, H6, H7, H11, and β strand
β2.

The only polar interactions between androstenol and CAR are between the 3α-hydroxyl moiety
of androstenol and the residues Asn175 (helix H3) and His213 (helix H5). These interactions
are similar in both CAR molecules. The two hydrogen bonding interactions that secure the
ligand within the pocket are not identical. The first is a direct hydrogen bond between the 3α-
hydroxyl (acceptor) of the inverse agonist and Asn175 Nδ2 (donor). The second hydrogen
bonding interaction is with His213 and is mediated by a single water molecule that bridges the
distance between the 3α-hydroxyl and His213 Nϵ2 (Figure 2A). The presence of this water
molecule within the ligand binding pocket is reminiscent of the interactions between ERβ and
genistein, where the water molecule within ERβ also appears to mediate interactions with the
ligand (Pike et al., 1999).

Asn175 and His213 were individually mutated to alanine, and the resulting mutants were
analyzed in a cell-based reporter assay system to determine the role of hydrogen bonding
interactions in androstenol binding. Although the N175A and H213A mutants display complete
or partial constitutive activity, respectively, neither mutant displays any response to
androstenol when tested in transformed CV-1 cells (Figures 2B and 2C). This indicates that
hydrogen bonding with both Asn175 and His213 are critical for recognition of the inverse
agonist. Next, we examined the apolar contribution to androstenol recognition and binding.
Phe171 appears to stack against rings A and B of the four-membered androstenol molecule
(Figures 1D and 2A). When examined, the F171A mutant was found to retain wild-type levels
of constitutive activity, but the inhibitory effect of androstenol was significantly impaired
(Figure 2D). This confirms an earlier study in which a F171L/I174A double mutant was
completely resistant to the inhibitory effect of the inverse agonist, androstanol (Tzameli et al.,
2000). Thus, it seems that the apolar contributions of Phe171 and Ile174 are additive toward
androstenol binding. We also mutated Met236, but the M236A mutation displays no observable
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difference with wild-type CAR activity and androstenol binding, suggesting that this
methionine is not critical for CAR activity (Figure 2D).

A unique feature of the CAR/androstenol interaction is the considerable difference in volume
of the binding pocket (570Å3) and of the ligand (270Å3). As a result, the ligand appears to
hover within the center of the pocket (Figure 1D). To examine if androstenol would tolerate
minor incursions into this binding pocket, we generated two mutants designed to have bulkier
amino acid side chains. Both the F227W and the L212F CAR mutants showed similar activity
profiles to the wild-type protein (Figure 2D), suggesting that the binding pocket may
accommodate larger ligands that make the correct contacts within the pocket. These data
collectively suggest that specific apolar interactions are essential for binding androstenol.
Moreover, the extra room within the binding pocket may accommodate ligand structures that
have additional apolar groups.

From this structure, one can rationalize the stereo specificity displayed by CAR for various
compounds. The specificity for the androstanes is limited to the 5α-reduced, 3α-hydroxy
stereoisomer (Forman et al., 1998). For instance, the 5β-reduced compound is a non-planar
molecule in which the 3α-hydroxy group would be oriented further away from the critical
hydrogen-bonding Asn175, precluding interactions with this residue. Moreover, there is the
potential for steric clashes with Leu212 and Leu216. Conversely, although the 5α-reduced,
3β-hydroxy compound is within hydrogen-bonding distance of the Asn175, this compound
would not interact efficiently with His213. Molecules with 17β-hydroxy and 17-keto
(androsterone) substitutions are also inactive (Forman et al., 1998), presumably because of
clash with residues located in the ligand binding pocket, particularly Phe227.

The Orientation of AF2 Is Random in the mCAR/Inverse Agonist Bound Conformation
The AF2 domain functions as a critical regulatory element, the conformation of which is
regulated by ligand (Moras and Gronemeyer, 1998). In the “active” conformation, this domain,
which is contained within helix H12, is positioned to generate a binding site for coactivator
proteins such as SRC-1 (Onate et al., 1995). In this orientation, helix H12 is folded against the
body of the protein where it forms part of the ligand binding pocket and even interacts with
the bound agonist (Renaud et al., 1995; Moras and Gronemeyer, 1998). The orientation of helix
H12 in the “inactive” form is difficult to establish. In this inactive state, the coactivator protein
is replaced by a corepressor molecule whose binding site overlaps with the binding site of the
coactivator (Xu et al., 2002). However, in contrast to the nuclear receptor/coactivator complex,
the corepressor molecule does not appear to require the presence of the AF2 domain (Dussault
et al., 2002). What orientation does helix H12 adopt when the receptor is in the inactive
conformation? Structural studies have indicated several different conformations of helix H12,
such as those in the classic apo-RXRα LBD structure (Bourguet et al., 1995), the ERβ/
antagonist complexes (Pike et al., 1999), and the PPARα/GW6471/SMRT complex (Xu et al.,
2002). The orientation of helix H12 in each of these structures is different and, intriguingly,
may be artifactually involved in a network of crystal contacts brought about by the arrangement
of the protein molecules within the crystal lattice. Additionally, the mobility or B factor
associated with these AF2 domains is relatively high (>100Å2) in each of the reported
structures, suggesting that this domain may adopt multiple conformations.

In the androstenol bound CAR structure, we see two different arrangements within the crystal
lattice. One CAR molecule is oriented such that the AF2 domain is exposed to solvent channels
within the crystal (Figure 3A). In this molecule, no electron density is observed for helix H12.
The second CAR molecule in the crystallographic asymmetric unit is oriented such that helix
H12 can interact with neighboring symmetry-related molecules, specifically through Gly354-
Lys187 (symmetry molecule) (Figure 3B). These interactions stabilize helix H12 in this
molecule, and there is sufficient electron density to determine the orientation of this helical
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domain. This helix H12, however, has an average B factor of 115Å2, also suggesting a high
level of mobility.

Because the recruitment of corepressor proteins accompanies the transcriptional repression of
CAR, we utilized molecular docking techniques to evaluate the fit of SMRT on this CAR
structure. By superimposing the structure of the PPARα/GW6471/SMRT complex (Xu et al.,
2002) on the CAR/androstenol complex structure, we were able to compare the interactions
made between PPARα and SMRT with those that could potentially be made by CAR and the
corepressor (Figure 3C). The minimal receptor-interacting domain of SMRT encompasses the
motif LXXXIXXXL, which lies across helices H3, H4, and H5. Specific interactions occur
between the SMRT peptide and Lys292 of helix H3 in PPARα and are conserved between
CAR (Lys187) and the docked SMRT peptide (Dussault et al., 2002). Other interactions include
Val309 (Tyr314), Asn333 (Val437), Ile201 (Val306), and Thr176 (Val281), where the residues
in parenthesis are from PPARα. Thus, in this structure, the CAR helix H12 is positioned to
provide ample docking space for the SMRT peptide.

Structural Model for CAR Activity
There are specific structural and consequently functional changes that are initiated upon ligand
binding to the nuclear receptor LBD (Moras and Gronemeyer, 1998). The most prominent of
these includes a large repositioning of the C-terminal AF2 transactivation domain (helix H12)
(Nolte et al., 1998). In the active conformation, the agonist interacts with helix H12 and folds
this helix on to the main body of the receptor. This creates a new interface that specifically
recognizes co-activator molecules (Moras and Gronemeyer, 1998; Rochel et al., 2000; Watkins
et al., 2001). Antagonist ligands that bind but fail to activate the receptor displace AF2 away
from the main body of the receptor and consequently disrupt the receptor/coactivator interface.
For example, in both the ERα/raloxifene (Brzozowski et al., 1997) and PPARα/GW6471 (Xu
et al., 2002) complexes, the antagonist protrudes out of the binding pocket and appears to
dislodge helix H12 from its active conformation. It is in this conformation that the nuclear
receptor can bind to corepressor molecules (Xu et al., 2002). There are other regions besides
the AF2 domain that also undergo significant ligand-induced conformational changes (Moras
and Gronemeyer, 1998). In the agonist bound active conformation, helix H10 and H11 appear
as a single helical domain. However, in both the inactive apo and antagonist bound states, the
single helix melts into the two helices H10 and H11. In the apo state, H11 adopts a conformation
that is nearly orthogonal to H10. When bound to antagonist, H11 runs parallel to H10 but is
displaced slightly from the general direction of H10.

It is interesting to note that the conformation of helices H10 and H11 in the repressed mCAR/
androstenol structure is similar to the inactive apo conformations of traditional ligand-activated
nuclear receptors (Figure 4A). In addition to being orthogonal to H10, helix H11 is twisted in
the direction of the ligand binding pocket. In effect, a “kink” exists between helices H10 and
H11 in the inactive androstenol bound structure. An important feature of this “kink” is a
hydrogen bond between Glu339 and the backbone amide of Gln245, which functions to restrain
this “kink” in place (Figure 4B). This backbone Gln245-Glu339 interaction is likely to be
significant, because it is conserved in many other receptors including ERα (His) (Brzozowski
et al., 1997), LXRα (Gln) (Svensson et al., 2003), ERRγ (His) (Greschik et al., 2004), RARα
(Arg) (Bourguet et al., 2000), PR (Tyr) (Williams and Sigler, 1998), VDR (Gln) (Rochel et al.,
2000), and TR (Arg) (Ye et al., 2003), where the residues in parenthesis are the positions
corresponding to CAR Glu339. The Glu339-Gln245 hydrogen bond places several restraints
upon mCAR. First, it fixes H10-H11 to the loop that connects helix H6 to H7. Second, it
stabilizes the H6-H7 loop, which contains a highly conserved and presumably flexible glycine
(Gly243) residue. A predicted consequence of these restraints is that the Glu339-Gln245
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interaction serves as a “pin” that maintains the rigidity of certain elements of the ligand binding
pocket.

As noted above, androstenol floats loosely within the ligand binding pocket. Our structure
suggests that this arises in part from Glu339-Gln245-mediated restraints that prevent side
chains within the ligand binding pocket from making closer contact with the ligand. Our
structure would further predict that disruption of the Glu339-Gln245 “pin” would relieve these
constraints and allow side chains of the binding pocket to embrace androstenol more closely.
The resulting increase in van der Waals contact would be sufficient to drive a significant
increase in ligand binding affinity. In order to test this structural hypothesis, we selectively
disrupted the Glu339-Gln245 backbone hydrogen bond by creating an E339A substitution. As
predicted, a dose-response analysis demonstrated that this mutant possesses a 10-fold higher
potency (EC50) for androstenol when compared with the wild-type receptor (Figure 4C). These
findings support the notion that the Glu339/Gln245 backbone hydrogen bond establishes a
“pin” that imposes important structural constraints upon the receptor.

This “pin” is conserved in the mCAR/TCPOBOP (Suino et al., 2004) and the hCAR (Gln349)
(Xu et al., 2004 [this issue of Molecular Cell]) structures. Although Glu339 Cβ can potentially
interact with the TCPOBOP ligand (Suino et al., 2004), no such interaction is observed between
androstenol and the Glu339 side chain. Likewise, His524 in ERα and Gln424 in LXRα interact
with the bound ligand in addition to maintaining the “pin” interaction. This “pin” is also present
in both the unliganded and 4-hydroxytamoxifen/diethylstilbestrol bound ERRγ (His434)
structures (Greschik et al., 2004). Taken together, these observations suggest that the “pin” is
a common structural element that is utilized by several receptors regardless of their liganded
state.

Conclusion
Nuclear hormone receptors represent a superfamily of structurally and functionally conserved
proteins that have evolved to regulate transcription in response to small molecule ligands. The
traditional nuclear receptor is inactive in the apo state and induces transcription upon binding
ligand. Previous biochemical and structural studies on a variety of receptors have demonstrated
that the ligand makes direct contacts with the AF2 transactivation domain (helix H12). This
contact stabilizes a conformation change that realigns AF2 alongside the coregulator groove
(helices H3/H4/H5) of the receptor surface. This realignment creates a new interface, which
associates with transcriptional coactivator proteins that subsequently activate gene
transcription. This conformation change has been referred to as the “mouse trap” model, and
it appears to be a conserved feature of all ligand-activated receptors studied to date.

In contrast to this classical paradigm of ligand activated transcription, the nuclear receptor
CAR defines a reverse paradigm of receptor action. This receptor is constitutively active in the
apparent absence of ligand, and constitutive activity can be modestly augmented by agonists
such as TCPOBOP. More importantly, the ligand-independent constitutive activity can be
reversed by androstane derivatives such as androstenol. It has been previously demonstrated
that both the constitutive and agonist-augmented activity of CAR require the same functional
domains (AF2, coregulator groove) as those utilized for ligand-activated transcription by
traditional nuclear receptors (Dussault et al., 2002). Therefore, CAR appears to share the same
continuum of active to inactive transitions as traditional receptors, yet it can achieve the active
state in the absence of ligand. This raises a remarkable structural question. How does CAR
adapt the conserved three-dimensional scaffold of traditional receptors to produce a reverse
paradigm of receptor activity?
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By using homology modeling and mutagenesis, it has been demonstrated that both the apo-
and TCPOBOP-activated states are maintained by virtue of a short loop between the predicted
helix H11 and AF2 (H12) and via a charge-charge interaction that links the AF2 C terminus
with Lys205 of helix H4 (Dussault et al., 2002). The accompanying paper by Suino et al. clearly
establishes the importance of these interactions in the TCPOBOP-activated receptor. Although
these unique structural features are required for constitutive activity, they are not sufficient:
constitutive activity also requires formation of the CAR-RXR heterodimer (Dussault et al.,
2002). Interestingly, the AF2 and coregulator groove of RXR are not required to promote
constitutive activity. These findings lead to the hypothesis that RXR functions in an allosteric
manner to stabilize CAR in the active AF2 C terminus/Lys205 conformation. A comparison
of the active CAR/TCPOBOP structure (Suino et al., 2004) and our inactive androstenol bound
structure indicates that the helix H10-H11 kink is lost in the active structure and is replaced by
a single extended and continuous helix similar to the active VDR structure (Figure 4A). Thus,
helices H10 and H11 appear to exist in a continuum of conformations ranging from a single
continuous helix (active) to two distinct helices that are separated by a kink (inactive). Our
structure indicates that when the kink is formed, H11 is drawn in toward the ligand binding
cavity. This inward placement combined with the short loop between helix H11 and AF2 forces
a realignment of AF2 such that it can no longer interact with K205. In effect, the kink
contributes to the dissociation of the active AF2-K205 interaction. Ligand-induced changes in
helix H11 have also been reported upon binding of THC to ERα and ERβ (Nettles et al.,
2004) and the antagonists diethylstilbestrol and 4-hydroxytamoxifen to ERRγ (Greschik et al.,
2004). In the latter case, space requirements of the ligands diethylstilbestrol and 4-
hydroxytamoxifen force the helix H11 C terminus, specifically His435, away from the
ERRγ ligand binding pocket.

The above observations lead us to propose the following model to explain the reverse paradigm
of CAR activity (Figure 4D). The apo receptor reaches the transcriptionally active state upon
binding RXR. Previous studies have indicated that allosteric communication between dimer
partners can be mediated via helix H11 (Nettles et al., 2004). We suggest that this dimerization
event propagates an allosteric effect onto CAR, which is associated with a full or partial
“dekinking” of H10-H11 and its extension into a single helix. When H11 is extended, it is also
pushed outward thus allowing the AF2 C terminus to interact with Lys205. The precise
structure of this apo receptor is unclear and will await a structural analysis of a ligand-free
CAR/RXR heterodimer. However, because both the apo receptor and the TCPOBOP bound
receptor share functional features and domain requirements, it is likely that the two structures
will have similar and overlapping features. The reverse paradigm of CAR activity is associated
with an inverse agonist-mediated stabilization of the H10-H11 kink. This, in turn, results in a
drawing of H11 inward, repositioning of AF2, and subsequent disruption of the AF2 C
terminus-K205 interaction that defines the active state.

The H10-H11 kink is an important feature of our model. Our structure and mutagenesis studies
suggest that this kink is anchored by a “pin” that is defined by a hydrogen bond between Glu339
and the Gln245 backbone. Our data suggest that this “pin” also maintains the rigidity of the
ligand binding pocket. As mentioned earlier, this “pin” is conserved in many other receptors
with two exceptions to this feature, PPARα and PXR. PPARα has a leucine at the corresponding
position which is not capable of hydrogen bonding (Xu et al., 2002). In PXR, the helix H6—
helix H7 loop is folded away such that the arginine corresponding to CAR Glu339 cannot reach
this loop (Watkins et al., 2001). Conceivably, the absence of this “pin” in PPARα and PXR
allows the cavities in these proteins to expand and accommodate their wide array of ligands.

It is important to note the distinct nature of the CAR structural transition between active and
inactive states. Previous structural studies with ERα and PPARα demonstrate that antagonist
ligands (e.g., raloxifene and GW6471, respectively) possess a functional group that extends
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beyond the ligand binding pocket. This extended moiety dislodges AF2 and actively “pushes”
it into an inactive position. In contrast, androstenol makes no contact with the AF2 of CAR.
Instead, androstenol binding is associated with a H10-H11 kink and this proximal structural
change appears to lead to the repositioning of CAR AF2. This unique “toggle bolt” mechanism,
where the relative position of the “wings” (H11 and H12) can be made to vary with respect to
each other, is a departure from the action of the raloxifene class of nuclear receptor antagonists
and has important implications for the design of a novel class of nuclear receptor antagonists.

Experimental Procedures
Protein Expression and Purification

Residues 109–358 (accession # O35627) of mCAR LBD and a human SRC-1 peptide
containing all three receptor interacting domains (RID 1–3) (Asp617—Asp769, accession #
U59302) were subcloned into the pET-15b (Novagen) and the pACYAC184 vectors,
respectively. The two proteins were coexpressed in E. coli BL21 (DE3) Gold cells (Novagen).
The mCAR LBD/SRC-1 (RID 1–3) complex was first purified by Ni-NTA affinity (Qiagen).
The protein complex was liberated from the N-terminal hexa-histidine tag with thrombin
protease. The complex was subsequently purified by ion exchange on a POROS HQ anion
exchange column (Perseptive Biosystems). The complex was incubated with androstenol to
dissociate the CAR/SRC-1 complex, and CAR was isolated from this mixture by gel filtration
on a Superdex-75 Highload 16/60 (Amersham Biosciences) chromatography column. The
mCAR LBD/androstenol complex was concentrated to approximately 6.5 mg/mL and
crystallized at 14°C.

Data Collection, Structure Determination, Refinement, and Structure Analysis
Data was collected on beamline DuPont-Northwestern-Dow Collaborative Access Team
Sector 5ID-B utilizing a MarMosaic CCD225 detector at the Advanced Photon Source in
Argonne, IL. Data extended to 2.9Å and was integrated and scaled with the XDS (Kabsch,
1993). The space group was C2221 with two mCAR LBD/androstenol molecules in the
crystallographic asymmetric unit. The structure was determined by the Molecular Replacement
Method with a molecular model of mCAR LBD inspired by the PXR LBD structure (Watkins
et al., 2001) using AMoRe (CCP4, 1994). The two molecules were built separately with the
graphics package TURBO-FRODO (Roussel and Cambillau, 1991) and refined with CNS
(Brunger et al., 1998). Cavity volume was calculated with VOIDOO (Kleywegt and Jones,
1994). Model analysis was performed with PROCHECK (Laskowski et al., 1993a).

Cell Assays
Cytomegalovirus (CMV)-driven receptor pCMX-mCAR, internal control pCMV-
galactosidase along with the reporter plasmids LXRE×3-TK-Luc or RE2×2-TK-Luc are
described elsewhere (Dussault et al., 2002). CV-1 monkey kidney cells were grown in DMEM
phenol red free medium supplemented with 10% charcoal-filtered fetal bovine serum, 100
μg/ml Streptomycin, and 100 U/ml penicillin. Cells were plated to 50%–80% confluence one
day prior to transfection with DMEM phenol red free supplemented with 10% charcoal-filtered
fetal bovine serum. Cells were transfected with lipofectamine (Novagen) according to the
manufacturer’s protocol. Reporter constructs (300–700 ng per 105 cells), CMV-driven
receptors (100–200 ng per 105 cells), and CMV-galactosidase internal control (100–200 ng
per 105 cells) were added as indicated. After 2 hr incubation at 37°C/5% CO2, 5 μM androstenol
was added to treated cells, and the appropriate amount of DMSO was added to untreated cells
as a control. After addition of ligand, cells were incubated 40 hr at 37°C/5% CO2. Cells were
harvested and assayed for luciferase. Data from luciferase assays were corrected for
transfection efficiency to galactasidase expression. Mutant CAR constructs were generated
with the QuikChange Site-Directed Mutagenesis Kit (Stratagene).
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Figure 1.
Structure of mCAR LBD/Androstenol Complex
(A and B) Ribbon representation of each CAR molecule within the asymmetric unit. The arrow
indicates the region of missing density between helices H11 and H12 in molecule B. The bound
ligand is also displayed in each molecule as ball-and-stick representations.
(C) Fo-Fc omit map contoured at 5σ for androstenol within the binding pocket. The model is
superimposed on the electron density, and the androstenol is colored blue (carbon) and red
(hydroxyl).
(D) Electrostatic surface representation of the ligand binding pocket. Androstenol is shown in
black (carbon) and red (hydroxyl).
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Figure 2.
Interactions between CAR and Androstenol within the Ligand Binding Pocket
(A) Schematic representation of interactions within the ligand binding pocket calculated with
LIGPLOT (Laskowski et al., 1993b). The dotted lines indicated hydrogen bonds between
androstenol, Asn175, His213, and a molecule of water. Residues enclosed in semicircles are
in van der Waals contact with the ligand.
(B) A comparison of the constitutive transcriptional activities of wild-type CAR and mutants
performed in CV-1 cells with an LXRE×3-TK-Luc reporter construct. No ligands were added
to the transfected cells. Error bars represent the SD.
(C) A comparison of relative fold repression (fold repression = apo-CAR / CAR + androstenol)
of wild-type and N175A and H213A mutants by androstenol with an LXRE×3-TK-Luc reporter
construct. Transformed cells were incubated with 5 μM androstenol for 40 h before luciferase
and galactosidase activities were measured. Error bars represent the SD.
(D) Apolar interactions and binding pocket size constraints on the ligand measured by
mutagenesis and cell-based transactivation assays (LXRE×3-TK-Luc reporter construct). Error
bars represent the SD.
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Figure 3.
Analysis of the AF2, Helix H12, Conformation in CAR/Androstenol
(A) Crystal packing of the CAR/androstenol complex. In one CAR molecule (purple), helix
H12 is exposed to solvent channels within the crystal. Symmetry partners are shown in green
and cyan.
(B) Helix H12 of the second molecule (purple) is stabilized through crystal contacts with a
neighboring molecule (blue) through a Gly354-Lys187 hydrogen bond. The arrow indicates
missing density.
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(C) Model of CAR (purple) superimposed on the PPARα/SMRT complex (cyan/red) indicates
that predicted SMRT/CAR interactions are retained, particularly from the CAR Lys187. The
residues in parentheses are from PPARα.
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Figure 4.
Model for Androstenol-Induced Repression of CAR
(A) A stereo model to show that when bound to androstenol, the CAR helix H11 (purple) adopts
a conformation that is similar to apo inactive RXR (gray), which is in contrast to the fused
H10-H11 helix in the agonist bound active nuclear receptor conformations such as in PXR
(blue).
(B) A Glu339-Gln245 backbone amide hydrogen bond acts as a “pin” about which helix H11
can twist toward the ligand binding pocket in CAR (purple). This interaction is conserved in
most nuclear receptors even when in the active state conformation as in the VDR structure
(cyan, Gln400). Residues in parentheses are from VDR.
(C) The Glu339-Gln245 backbone amide hydrogen bond is important for maintaining the
integrity of the ligand binding pocket. Relative to wild-type CAR, dose response experiments
demonstrate that the E339A mutant displays a 10-fold higher EC50 for androstenol (RE2×2-
TK-Luc reporter construct).
(D) A conceptual model of CAR active-to-inactive state transition. Apo CAR is in green
showing the predicted K205-C terminus interaction that stabilizes AF2 in the active
conformation. Binding to androstenol leads to a movement (double-headed arrow) of helix
H11 toward the binding pocket, generation of the H10-H11 kink, and dissociation of H12 from
the body of the protein as in the CAR/androstenol structure presented here.
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Table 1
Statistics for Data Collection and Refinement

Spacegroup C2221

Resolution (Å) 2.9

Reflections, total 157834

Reflections, unique 14399

Data completeness (outer shell) (%) 99.8 (100.0)

Rsym (outer shell) (%)a 10.8 (45.1)

Refinement

 Resolution range (Å) 30.0–2.9 R /R

 Rwork/Rfree (%)b 22.5/28.8

 Number of water molecules 33

 Rmsd bond lengths (Å) 0.007

 Rmsd bond angles (°) 1.259

 Rmsd dihedrals (°) 20.54

 Rmsd impropers (°) 0.91

Ramachandran Plot

 Most favored (%) 88.8

 Additionally allowed (%) 11.0

 Generously allowed (%) 0.2

 Disallowed (%) 0.0

a
Rsym = ΣhΣi|Ih,i — Ih|/ΣhΣiIh,i, where Ih is the mean intensity of the I observations of symmetry-related reflections of h.

b
Rwork = Σ∥Fobs| — |Fcalc∥/Σ|Fobs|, where Fobs = Fp, and Fcalc is the calculated protein structure factor from the atomic model (Rfree was calculated

with 5% of the reflections). Rmsd in bond lengths and angles are the deviations from ideal values.
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