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Abstract The constitutive androstane receptor (CAR)
belongs to the superfamily of nuclear-hormone receptors
that function as ligand-activated transcription factors.
CAR plays an essential role in the metabolism of xe-
nobiotics and shows—in contrast to related re-
ceptors—constitutive activity. However, the molecular
basis for the constitutive activity remains unclear. In the
present study, homology models of the ligand binding
domain (LBD) were generated based on the crystal
structures of the related pregnane X (PXR) and the vi-
tamin D receptor (VDR). The models were used to in-
vestigate the basal activity of CAR and the effect of
coactivator binding. Molecular dynamics (MD) simula-
tions of complexed and uncomplexed receptor revealed a
hypothesis for the activation mechanism. The suggested
mechanism is supported by experimental results from
site-directed mutagenesis. The basal activity of CAR can
be explained by specific van-der-Waals interactions be-
tween amino acids on the LBD and its C-terminal acti-
vation domain (AF-2). Docking studies with the GOLD
program yielded the interaction modes of structurally
diverse agonists, giving insight into mechanisms by
which ligands enhance CAR activity.
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Introduction

The metabolism of xenobiotics such as environmental
pollutants, pesticides or drugs involves sequential steps
of oxidation, mainly by cytochrome P450s (CYPs) and
conjugation by various transferases into hydrophilic,
water soluble derivatives that are easily excreted [1-3].
An exposure to xenobiotics also causes an adaptive in-
crease in the expression of metabolic enzymes, termed
induction, resulting in a faster inactivation and elim-
ination but sometimes increased toxic reactions or un-
wanted drug—drug interactions, as shown for CYP3A4
[4, 5]. The constitutive androstane receptor (CAR) [6]
and the pregnane X receptor (PXR) [7] are the main
regulators of gene expression of metabolizing enzymes in
the liver and the intestine. Both CAR and PXR belong
to the superfamily of nuclear-hormone receptors. In
humans, this superfamily of ligand-activated transcrip-
tion factors comprises 48 members that are involved in
regulation of homeostasis, development, reproduction
and metabolism [8]. All receptors share a common
topology and are constituted of different functional
domains. Typically, a nuclear receptor comprises a
N-terminal domain of high variability, a conserved
DNA-binding domain (DBD) and a ligand-binding
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domain (LBD) that is attached to the DBD via a linker
region. Some receptors show an additional C-terminal
region of yet unknown function.

For a number of nuclear receptors, the three-dimen-
sional structure of the LBD has been resolved by X-ray
crystallography. The structures revealed a general ar-
chitecture for nuclear-hormone receptors and how en-
dogenous ligands and xenobiotics interact with the
binding site. The common fold of the LBDs comprises a
three-layered antiparallel helix sandwich composed of 12
helices and a three-stranded beta-sheet [9]. The ligand-
binding pocket is located between the outer layers of the
helix sandwich and is mainly formed by hydrophobic
amino-acid residues. A prerequisite for the stimulated
gene transcription is the formation of receptor dimers
that subsequently bind to specific DNA sequences and
the binding of a coregulator [10]. For example, PXR and
CAR form a heterodimer with the retinoid X receptor
(RXR) enabling recognition of several DNA response
elements [11]. Coactivator binding to the receptor dimer-
DNA-complex prompts the recruitment of other factors.
The resulting multicomplex is then responsible for the
local decondensation of chromatin. Finally, gene ex-
pression is initiated via direct and indirect interaction
with the basal transcription machinery [12].

The LBD harbors a short helix (H12, also termed
AF-2) within its C-terminus that is responsible for the
activation of transcription. Agonists and antagonists are
able to modulate the gene activation via induction of a
conformational change of AF-2, which in turn dictates
complex formation with either coactivators or cor-
epressors. In the case of an agonist-bound receptor,
AF-2 covers the ligand-binding pocket like a lid and
simultaneously takes part in the formation, together
with helix H3 and H4, of a hydrophobic groove. This
groove represents the binding site for coactivators [13].
When the receptor binds an antagonist, this groove
undergoes a reorientation and excludes AF-2, thus
enabling the binding of corepressors.

Unlike classical nuclear receptors, the CAR possesses
strong transcriptional activity in the absence of any
added ligand [6]. The basal activity of the CAR can be
enhanced by agonist binding. However, currently only a
few agonists for the human CAR have been described,
such as CITCO (6-(4-chlorophenyl)imidazo[2,1-b][1,
3]thiazole-5-carbaldehyde O-(3,4-dichloro-benzyl)oxime)
[14] and tri-p-methylphenylphosphate (TMPP) [15].
Another CAR ligand, clotrimazole, has given contrast-
ing results [14, 16]. In our own studies clotrimazole acts
as a strong activator [17, 18].

In this work, homology models of the human CAR
ligand-binding domain alone and in complex with a
coactivator were generated since a X-ray crystal struc-
ture has not yet been determined. The aim of the mod-
eling study was to elucidate the mechanism of the
constitutive activity as well as to analyze the binding
mode of known agonists and their effect on the CAR
LBD. Our models are based on the crystal structures of
the related nuclear receptors PXR and vitamin D re-

ceptor (VDR). Despite the common nuclear receptor
fold, PXR and VDR also exhibit differences in their
architecture, which must be considered during model
building [19, 20]. The interactions between CAR, coac-
tivators and ligands were studied using molecular
dynamic simulations (MD). Based on these simulations,
the essential features responsible for the constitutive
activity of CAR were identified and compared with
experimental mutagenesis data.

Results

In order to apply the approach of homology modeling, a
suitable template structure must be found for the se-
quence-structure alignment. In the case of the CAR,
sequences of the closely related VDR and PXR re-
ceptors, of which crystal structures are available, show
about 40 and 50% sequence identity within the LBD,
respectively. To test the reliability of a homology-mod-
eling procedure using only a single template structure,
we generated models of the PXR and VDR LBD and
compared them with their X-ray structures. Thus, the
VDR homology model is based on the PXR template
structure, and vice versa. The sequence identity between
PXR and VDR in the LBD is 37%. In contrast to the
common topology of nuclear receptors, both the PXR
and VDR contain an additional domain inserted be-
tween helix H1 and H3. In the case of the PXR, this
domain consists of a helical segment and two f-strands.
The insertion domain in the X-ray structure of the VDR
contains two additional helices and an artificial loop
segment. A further deviation from the common topol-
ogy in PXR occurs in the region of helices H6 and H7.
The superimposition of the minimized and equilibrated
VDR and PXR models and their corresponding crystal
structure revealed large RMSD values, indicating that
the strategy based on only one template structure does
not yield a reliable receptor model. Therefore, we used a
combined approach for the generation of the CAR
homology model. PxR was chosen as main template.
In order to account for the structural deviations of
PXR, the VDR structure was used as scaffold for
modeling the segment between H1 and H3 and helices
H6 and H7. Additionally, the proximal helices H10/11
and the AF-2 domain were generated based upon the
VDR template. Figure 1a shows the complete sequence
alignment as well as the parts taken from each template.
In order to analyze the influence of coactivator binding,
a second model with the complexed coactivator peptide
(named CAR-SRC-1) was built following the procedure
described previously. The coordinates for the coacti-
vator were taken from the PXR X-ray structure [21] that
had been crystallized with a 15 amino-acid peptide from
the steroid-receptor coactivator 1 (SRC-1) carrying the
binding motif for nuclear receptors. The MD simula-
tions of both CAR and CAR-SRC-1 models revealed
that the overall fold of the nuclear receptors remained
stable. The RMSD did not exceed 0.2 nm within the
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CAR 106 LSKEQEELIRTLLGAHTRHMGTMFEQFVQFRPP------=========-=-
PXR 142 GLTEEQRMMIRELMDAQMKTFDTTFSHFENFRLPGV | REEAAKWSQVREDLC
VDR 120 LRPEKLSEEQORITAILLDAHHKTYDPTYSDFCOFRPP-------=-=--~-+=--=-=
CAR 139  sresemsvssens AHLFIHHQPLPTLAFVLPLVTHFADINTFMVLOVIKFTKDLF
PXR 208 SLEVSLOLRGEDGSVWNYKPPAD: EIFSLLPHMADMSTYMFKGIISFAKVIS
VDR 209  ceeeeeseseeas VRVNDGGGEVTLELSOLSMLPHLADLVSYSIQKVIGFAKMIP
CAR 181 VFRELPIEDQISLLEGAAVEICHIVLNTTFCLOTONFLCG- - PLRYTIEDGARVG
PXR 263 YFRDLPIEDQISLLEGAAFELCQLRFNTVFNAETGTWECG- -RLSYCLEDTAG-G
VDR 250 GFRDLTSEDQIVLLESSAIEVIML TMDDMSWTCGNQDYKYRVSDVTEAG
CAR 234 FOVEFLELLFHFHGTLRELOLOEPEYVLLAAMALFSPDRPGVTORDEIDQLOEEM
PXR 315 FOOLLLEPMLKFHYMLKKLOLHEEEYVLMOAISLFSPDRPGVLOHRVVDOLOEQF
VDR 305 HSLELIEPLIKFQVCLEKLNLHEEEHVLLMAICIVSPDRPGVQDAALIEATIQDRL
CAR 289 ALTLOSYIKGOORRPRDRFLYAKLLGLLAELRSINEAYGYQIQHI - - -QGLS -AM
PXR 370 AITLESYIECNRPOPAHRFLFLEIMAMLTELRSINAQHTQRLLRI - - - QDIHEFA
VDR 360 SNTLQTYIRCRHPPF| - - LLYAKMIQKLADLRSLNEEHSKQYRCLSFQPECSMEL
CAR 340 MPLLOEICS

PXR 422 TPLMOELFGI

VDR 412 TPLVLEVFG

H12/AF-2

Fig. 1 Homology modeling. a Sequence alignment of the two
template structures PXR and VDR and the target sequence of
CAR. Vertical lines indicate missing segments. Residues within the
CAR sequence are colored depending on the origin of the
structural information used (PXR: red, VDR: green). b Homology
model of CAR-SRC-1. Helices are numbered according to the
common fold for nuclear receptors. The circle indicates the position
of the ligand binding pocket

backbone region. This might be due to the compact
architecture of the three-layered helix sandwich, which
allows only limited motions of the individual domains.
The Ramachandran plots for CAR and CAR-SRC-1
models assessed 87.4 and 86.4% of the y—¢ torsion
angles as being within the favorable region, respectively.
The Profiles-3D-scores for CAR and CAR-SRC-1
models, 98 and 116, are rather or very close to that ex-
pected for a high quality model of corresponding size
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Fig. 2 Analysis of the MD simulation. RMS-fluctuation within the
CAR LBD backbone region during MD simulations (color codes:
CAR: red; CAR-SRC-1: black). Loops spanning from H1 to H3
(Residues 11-50) and from H9 to H10/11 (Residues 190-203) show
high flexibility in both models

(110 and 117, respectively). To account for the artificial
fold taken from VDR and the ensuing additional helix,
these segments were not constrained during the MD
equilibration. Consistent with secondary structure pre-
dictions, this led to an unfolding of the helical segment,
resulting in a long disordered loop showing significant
changes in RMSD (Fig. 2). In addition, increased flex-
ibility was observed for the loop connecting H9 and
H10/11. However, this loop is located at the LBD sur-
face far away from the ligand-binding pocket and the
AF-2 domain (Figs. 1b, 3).

The ligand-binding pocket of the CAR is constituted
by the helices H3, H5-H7, H10/11 and the beta-sheet
connecting helix HS and H6. The AF-2 domain assumes
the active conformation, forming a lid over the binding
cavity that is significantly smaller (630 A? before and
480 A’after MD simulation) compared to the binding
cavity of the PXR receptor (1294 A%). As observed for
PXR and VDR, the CAR ligand-binding pocket is
mainly composed of hydrophobic residues with only a
few polar residues contributing.

In both models, the AF-2 domain remained closely
attached to the LBD during the entire MD simulation
(Fig. 3). It is not expected that a large movement of the
AF-2 domain occurs within the time range of the MD
simulation performed, however the high stability of the
LBD-AF-2 interaction is in close agreement with the
experimental data [22, 23]. In the CAR model, strong
interactions can be observed between AF-2 and LBD.
These could be reproduced in several MD simulations
using slightly different starting geometries of the
homology model. The aliphatic AF-2 amino acids
Leu343 and Ile346 contact with hydrophobic or aro-
matic residues of the LBD (Vall199, Tyr326, 11e330; see
Fig. 4a). The importance of these van-der-Waals inter-
actions has also been detected using the GRID program.
Using the hydrophobic methyl probe within GRID, we
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Fig. 3 Comparison of CAR with CAR-SRC-1. Superposition of
representative frames from the MD simulations (color code: CAR:
grey; CAR-SRC-1: orange). Structural differences between both
models are observed mainly in loop regions. In the model with
bound SRC-1 the AF-2 helix is slightly reoriented

inspected the interaction possibilities between the LBD
and the AF-2 domain. For this purpose, we generated an
AF-2-truncated CAR model and calculated the GRID
interaction fields. The calculated contour maps were
then viewed superimposed on the structure of the com-
plete CAR (Fig. 4b). Two main interaction regions were
detected at the LBD-AF-2 interface region by GRID.
The location and size of the calculated contour maps is
in close agreement with the positions of Leu343 and
Ile346 from the AF-2 domain.

Tyr326 is surrounded by a cluster of aromatic or
hydrophobic residues (Val199, His203, Phe234, Phe238,
I1e330) that seem to fix the position of Tyr326 side-
chain. During the MD simulation, a transient hydrogen
bond between Tyr326 and Asnl65 is formed. Phel6l
points into the ligand-binding pocket and interacts with
Tyr224. Each of the interactions described between AF-
2 and the LBD is also observed in the CAR-SRC-1
model. However, the AF-2 domain is positioned closer
to the LBD, (Figs. 3, 4a) allowing contacts between
Ile346 and Tyr326 on H10/11. Tyr326 moved towards
Leu343, resulting in stronger van-der-Waals interactions
(Table 1). The hydrogen bond between Tyr326 and
Asnl65 appeared to be more stable, as indicated by
distance plots (data not shown), resulting in a perma-
nent interaction between H3 and H10/11 in the presence
of SRC-1 peptide. Phel61 was reoriented towards the
interface between LBD and AF-2, where it forms con-
tacts to LBD residues (Asn165, Phe234, Tyr326) as well
as AF-2 (Leu343) and the preceding loop (Met339).

Activation of nuclear receptors requires the binding
of coactivators such as SRC-1. The known crystal-

Fig. 4 The constitutive activity. a Superposition of CAR (grey) and
CAR-SRC-1 (orange). In both models AF-2 (tube representation)
interacts via Leu343 with Tyr326 and Ile330 (not shown) located on
H10/11 and via Ile346 with Vall99 on H4. Various surrounding
amino acids stabilize the position of Tyr326 (Vall99, His203,
Phe234, Phe238 and Ile330). Additionally a hydrogen bond is
formed between Asnl65 and Tyr326 which has been found to be
more stable upon SRC-1 binding. b Favorable regions of
interactions between the GRID methyl probe and the AF-2
truncated LBD (colored magenta, contour level —2.5 kcal mol').
Only the MOLCAD surface of the LBD is shown, colored
according to the lipophilic potential (blue polar, brown lipophilic).
The position of the two hydrophobic residues Leu343 and Ile346
from the AF-2 helix (colored cyan) is in close agreement with the
obtained GRID results

lographic and experimental data reveal that nuclear re-
ceptors possess specific interaction patterns for the
binding of coactivators [24, 25], which seem to be es-
sential for their function. Thus reproducing the inter-
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Table 1 Observed distances (A)
between Tyr326 from the LBD
and Leu343/1le346 from the

AF-2 domain in the individual
models (see text for further
explanation)

CAR CAR-SRC-1 CAR-SRC-1 CAR-SRC-1 Mutation Mutation
Clotrimazole =~ TMPP Phe238Ala  Phe243Ala
Tyr326-Leu343 5.2 4.7 3.9 4.1 9.1 7.9
Tyr326-11e346 7.3 4.5 4.8 4.6 8.6 8.9

Fig. 5 Interactions between LBD and SRC-1. a Several residues
from H3, H3’, H4 and AF-2 (carbon atoms in orange) form a
hydrophobic groove to which SRC-1 (cyan) can bind. Leucines
from the LxxLL motif on SRC-1 are shown explicitly. b Binding of
SRC-1 to the LBD fixes Leu342 from AF-2 (green) in a
hydrophobic pocket formed by several amino acids from LBD
(orange) and SRC-1 (cyan). ¢ The helix dipole of SRC-1 is
stabilized by Lys177 (H3) and Glu345 (AF-2) located on the LBD
(orange) forming the so-called “‘charge clamp”. Lys177 interacts via
a hydrogen bond with the backbone carbonyl group of Leu693,
whereas Glu345 interacts with the backbone nitrogen atoms of
11e689 and Leu690. Also hydrogen bonds are formed between
His687 (SRC-1) and Lys195 (H4) as well as His687 and Glu345.
Parts of the LBD have been removed to show the interactions more
clearly

(a)

Leu694

Lys177

Leu693

Leub90 Phel82

lel73
Leul®4

(c)

Glu34s

actions between LBD and coactivator seems to be a
prerequisite for a reliable homology model. In crystal
structures, the interaction domain of the coactivator
adopts an a-helical form and contains the LxxLL motif]
which interacts with hydrophobic residues located
within a groove formed by the helices H3, H4 and AF-2.
In the CAR-SRC-1 model, the hydrophobic groove is
formed by 11 residues (shown in Fig. 5a). Leu342 (AF-
2) is fixed in a hydrophobic pocket formed by LBD and
SRC-1 (Fig. 5b). The helix dipole of the SRC-1 peptide
is known to be stabilized by two conserved amino acids
interacting with its N-terminal and C-terminal residues
that form the so-called ‘“‘charge-clamp” [13, 24]. This

(b)

Leu693

Vall69
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conserved interaction pattern could also be reproduced
for the CAR-SRC-1 model, where these residues match
Lys177 (H3) and Glu345 (AF-2) (Fig. 5¢). Lys177 forms
a hydrogen bond with the backbone carbonyl group of
Leu693 of SRC-1, whereas Glu345 interacts with the
backbone amide groups of 11e689 and Leu690. Addi-
tional hydrogen bonds are also formed between His687
of SRC-1 and Lys195 (H4) and between His687 and
Glu345. Furthermore, a hydrogen bond between a his-
tidine residue on the coactivator and the conserved ly-
sine (Lys177) is present in other nuclear receptors [21,
26, 27]. This interaction is also observed in the homology
model and persisted during the entire MD simulation.

In order to analyze the activation mechanism of CAR
upon agonist binding, the CAR-SRC-1 model was used
for docking studies using the GOLD program [28]. The
docking runs yielded 19 favored poses for clotrimazole
grouped into two clusters that differed only slightly from
each other. For TMPP, 18 poses were found, which are
grouped in two clusters. The docking pose with the
highest fitness score was selected for each ligand and
investigated further by MD simulations.

Clotrimazole is bound deeply in the ligand-binding
pocket (Fig. 6a). No direct contact between clotrimazole
and the AF-2 domain is observed. The aromatic side
chains of the ligand mainly interact with several aromatic
residues of the binding pocket (Phel12, Phel61, Phe234
and Tyr326). During the 2.5 ns MD simulation, the po-
sition of clotrimazole did not change significantly. The
distance between Tyr326 and Leu343 (AF-2) decreased
(Table 1). Phel61 moved towards the interface between
LBD and AF-2, establishing van-der-Waals interactions
with Met339. The ligand-binding pocket was widened by
a minor movement of the ff4-strand in combination with
small side-chain reorientations: residues His160 and
Tyr224 maintained their hydrogen bond but were pushed
towards the outside of the LBD, whereas Phe243 now
points away from the ligand-binding pocket. These
events increase the size of the pocket, resulting in a vo-
lume of 750 A*. TMPP shows a different binding mode
(Fig. 6b). It is located much closer to the interface be-
tween LBD and AF-2 than clotrimazole. One of the
methylphenyl groups interacts directly with Leu343 and
Ile346 from AF-2. The two remaining methylphenyl
groups point into the ligand-binding pocket, both inter-
acting with Phel61 and pushing it deeper into the pocket.
As a result, the distance to Met339 is increased as com-
pared to the ligand-free receptor. Additional van-der-
Waals interactions of the methylphenyl groups with
Phe234 and Tyr326 could be observed. The phosphate
group forms strong hydrogen bonds to both Asn165 and
Tyr326 that remained stable during the entire MD si-
mulation. Because of steric effects, TMPP provoked a
reorientation of Vall69 that resulted in an interaction
with Ile346 from AF-2 (Fig. 6b). In agreement with the
simulation of clotrimazole, the distance between Tyr326
and Leu343 (AF-2) also decreased in the simulation of
TMPP (Table 1). The size of the ligand-binding pocket
increased to a final volume of 560 A°.

Phelil

P

Lenl2l

(b)

Phel43

I Phe238,
Phe234
Leu239

Fig. 6 Binding modes of CAR activators. a Clotrimazole (carbon
atoms in grey) is positioned deeply in the LBD without any contact
to the AF-2 helix (orange). Main interactions are observed with
aromatic amino acids (Phell2, Phel61, Phe234 and Tyr326).
Phel6]1 has moved towards the interface LBD/AF-2 enabling
interaction with Met339 from the loop connecting H10/11 and AF-
2. b TMPP (carbon atoms in grey) is located close to the AF-2-
LBD interface establishing van-der-Waals interactions with Leu343
and Ile346 from AF-2. Additionally, hydrogen bonds with residues
Asnl65 and Tyr326 are observed. Phel61 is surrounded by two
methylphenyl groups resulting in reorientation into the ligand
binding pocket

Mutagenesis studies have shown that the single-point
mutation Phe238Ala results in a loss of CAR basal
activity (Fig. 7a), indicating a prominent role in the
mechanism of constitutive activity. The Phe243Ala
mutation also reduces the basal activity significantly. In
order to prove the consistency between the experimental
and theoretical studies, both mutants were modeled and
analyzed by MD simulations. During simulation, the
Phe238Ala mutation provoked rotation of the side chain
of Tyr326 (around y1) resulting in a more buried con-
formation of Tyr326 within the CBD (Fig. 7b). As a
result, the interactions of Tyr326 with Leu343 and Ile346
were disrupted (Table 1). The hydrogen bond between
Asnl65 and Tyr326 was also lost. Phel61 shows weak
interactions with Leu343 and is in close contact to
Met339.

The mutation Phe243Ala forced H7 towards the
p-sheet by more than 3 A, and H10/11 was pushed in the
same direction. These movements result in a pronounced
reorientation of several residues in the ligand binding
pocket (Fig. 7¢c). Tyr326 now points more deeply in the
ligand-binding cavity and contact with AF-2 is lost
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Fig. 7 Site-directed Mutagenesis. a Relative luciferase activity
measured for CAR wildtype and three independent point
mutations. Wildtype CAR is constitutively active whereas mutation
of Phe238, Phe243 and Tyr326 results in decrease or loss of basal
activity. b Mutation of Phe238 to alanine (both in green): during
the MD simulations Tyr326 changed its position pointing now into
the ligand binding pocket. Contacts between Tyr326 and AF-2 are
disrupted and the hydrogen bond with Asnl65 is lost. ¢ Mutation
of Phe243 to alanine (both in green) results in sidechain
reorientation of several residues. Due to displacement of H10/11
Tyr326 now points into the ligand binding pocket. The hydrogen
bond between Tyr224 and His160 is abolished resulting in rotation
of Tyr224 into the ligand binding pocket

(Table 1). The conformation of Phe238 changed, re-
sulting in loss of any stabilizing effects on Tyr326. The
hydrogen bonds between Tyr326 and Asnl65 as well as
between His160 and Tyr224 were destroyed, provoking
a rotation of the side chain of Tyr224 into the ligand-
binding pocket.
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Discussion

The AF-2 domain located at the C-terminal end is
thought to be responsible for the activation of nuclear
receptors. Supposedly, agonists and antagonists induce
conformational changes of AF-2 that subsequently re-
sult in formation of a complex with coactivators or
corepressors, respectively. In the case of the agonist-
occupied binding site, AF-2 covers the ligand-binding
pocket like a lid. In contrast to other nuclear receptors,
CAR has substantial constitutive activity, but its struc-
tural basis is not yet clear. Using MD simulations of a
homology model of CAR, we found evidence for a
potential activation mechanism based on specific van-
der-Waals interactions between the LBD and the AF-2
domain, which contribute to AF-2 remaining anchored
to the LBD. Of several unique residues involved in these
interactions, Tyr326 has been found to be of special
importance. A cluster of hydrophobic and aromatic re-
sidues around Tyr326 fix the side chain to enable its van-
der-Waals interactions with AF-2 residues. This has also
been demonstrated by the calculated molecular interac-
tion fields with GRID (Fig. 4b). Phe238, which is lo-
cated in close proximity, seems to prevent rotation of the
Tyr326 side chain around its y1 angle and thus blocking
Tyr326 from the ligand-binding pocket. Val199, His203,
Phe234 and Ile330 are positioned above and below the
plane of the Tyr326 side chain, thereby preventing ro-
tation around y2. In addition the orientation of Tyr326
is stabilized via a hydrogen bond with Asn165. Assisted
by its surrounding residues, Tyr326 emerges as a central
interaction partner for AF-2 and keeping it closely at-
tached to the LBD. This interaction pattern seems to be
unique among related nuclear receptors and thus pro-
vides a convincing explanation for constitutive activity
of CAR. The critical role of Tyr326 in constitutive ac-
tivity, was borne out experimentally: the Tyr326Ala
mutant had lost its basal activity (Fig. 7a). Van-der-
Waals interactions between LBD and AF-2 seem to be a
common feature for constitutive activity, as seen in
crystal structures of murine LRH-1 (Liver Receptor
Homologue 1) and human ERR3 (Estrogen Related
Receptor 3) [29, 30].

Further results are supported by data from site-direc-
ted mutagenesis: replacement of Phe238 for alanine re-
duced the basal activity significantly, and during the MD
simulation, the position of Tyr326 changed and its van-
der-Waals contacts with AF-2 were disrupted. The
weaker interactions between LBD and AF-2 might lead to
a reorientation of AF-2, disruption of the SRC-1 binding
site, and finally to the reduction of basal activity. The
CAR activity can also be modulated by residues more
distant from the LBD/AF-2 interface: the mutation
Phe243Ala resulted in a modification of the overall shape
of the ligand-binding pocket that caused a displacement of
H10/11 and a subsequent reorientation of Tyr326. Thus,
we could explain the experimentally observed loss of basal
activity on a structural level with models of mutated
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receptors. This suggests that the current models and
methods are applicable to generation of further hy-
potheses and experimental testing to elucidate CAR Ii-
gand specificity and mechanism of activation.

It has recently been reported that replacement of ei-
ther Leu343 or I1e330 by Ala reduces the basal activity
significantly [23]. This is in accord with our observations,
where Leu343 is the only amino acid from AF-2 that
permanently shows van-der-Waals interactions with
LBD. Upon mutation to alanine, the contact to Tyr326
would be disrupted and the remaining interactions be-
tween I1e346 and the LBD might not be sufficient to keep

Fig. 8 “Molecular mimicry”. Interaction between the AF-2 (green)
and the LBD domain (orange) for PXR (a), VDR (b) and CAR (c).
Ligands for PXR and VDR as well as the corresponding amino
acid in CAR, Tyr326, are colored in grey. PXR and VDR exhibit
van-der-Waals interactions between the bound ligand and residues
located on AF-2 (green). In CAR a bound ligand is mimicked by
Tyr326 that might lead to constitutive activity of CAR

(a)

AF-2 anchored to the active conformation. Mutation of
Ile330 to alanine would not only reduce the hydrophobic
surface area and the number of potential interaction
partners for Leu343 but also destabilize the position of
Tyr326, because 11e330 is one of the amino acids that re-
strain the side chain of Tyr326. This stabilization might be
reduced by its mutation to alanine resulting in an in-
creased flexibility for Tyr326 which might have implica-
tions on the stability of interactions with AF-2.

In the agonist-bound structures of PXR and VDR,
van-der-Waals interactions between the ligand and the
AF-2 domain have been observed (Fig. 8a, b) [20, 21].
These are believed to maintain AF-2 attached to the
LBD, enabling coactivator binding when a ligand is
present. We have shown that the single residue Tyr326 in
CAR makes van-der-Waals contacts to AF-2. Tyr326
thereby accommodates a corresponding position relative
to AF-2 as the ligands do in the PXR and VDR struc-
tures (Fig. 8c). We therefore infer that the constitutive
activity of CAR may result from a “molecular mimicry”
of a bound agonist.

®) _
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Coactivator binding is essential for the ability to ac-
tivate transcription. As a prerequisite, the AF-2 domain
has to adopt a position that, together with residues of
the remaining LBD, allows formation of a hydrophobic
groove to which the coactivator can bind. We could
show that the AF-2 domain in CAR is able to form this
hydrophobic groove even in absence of any bound
agonist.

Because of the limited flexibility of the AF-2 domain,
the hydrophobic groove does not show a strictly defined
geometry in the absence of the SRC-1 peptide. Thus,
binding of SRC-1 seems to induce limited alterations on
parts of the hydrophobic groove; especially the AF-2
domain is slightly reoriented. As a result, specific inter-
actions between the LxxLL motif of SRC-1 and LBD/
AF-2 occur, which are conserved among nuclear re-
ceptors [24, 25]. Existing van-der-Waals interactions
between LBD and AF-2 are reinforced and additional
contacts are introduced, which might contribute to
keeping AF-2 in the new position.

Additionally, we observed a novel hydrogen bond be-
tween LBD (GIn331) and the ultimate C-terminal residue
Ser348 in the presence of SRC-1. The influence on basal
activity of human CAR remains to be elucidated. Loca-
lization of AF-2 in closer proximity to the LBD resultsin a
small rotation of Tyr326 towards AF-2, which might be
responsible for rotation of Phel61 towards the interface
between LBD and AF2. Based on our observations, we
propose a cooperative binding mode for SRC-1. The hy-
drophobic groove and additional residues involved in
SRC-1 binding (e.g. Lys177, Lys195) exhibit considerable
flexibility, resulting in a weak initial binding of SRC-1.
After reorientation of several residues within the SRC-1
binding site (i.e. Phel61, Tyr326), specific interactions
with AF-2 and LBD are established. The AF-2 domain is
stabilized in this new position through novel interactions
with the LBD that further enhance SRC-1 binding.
Thermal denaturation experiments performed with PXR
have shown that the overall stability of the LBD increases
upon coactivator binding [21]. Our results suggest that
this might be due to an enhanced interaction between
LBD and AF-2.

Binding modes for structurally diverse ligands in the
CAR binding site were obtained from docking proce-
dures. For both clotrimazole and TMPP, one favorable
binding mode was proposed. A similar conformation of
clotrimazole in a CAR model was described in a pre-
vious study [31]. Both agonists used in this study have
been shown to interact with amino acids surrounding
Tyr326, leading to further stabilization of the tyrosine
side chain. As a result, the distance between Tyr326 and
Leu343 is decreased compared to the empty receptor
(Table 1). This gives reason to propose an increase of
the van-der-Waals interactions between LBD and AF-2,
which might keep AF-2 in its new position, facilitating
SRC-1 binding and further leading to increased CAR
activity. Although the adopted binding modes of clo-
trimazole and TMPP are quite different, both ligands
induce comparable structural changes that result in a
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further increase of CAR activity. Based on the
observations for clotrimazole and TMPP binding, a
general mechanism of the action of agonists could be
proposed that is based on a further stabilization of
favorable side-chain conformations, as previously
described for the activation mechanism.

The function of CAR as a xenosensor requires re-
cognition of a diverse set of ligands. Thus, the ability of
the binding site to adapt to a variety of ligands is es-
sential. Upon agonist binding, the ligand-binding pocket
is able to expand up to 80%. Increasing the size of the
cavity has also been reported for PXR complexed with
hyperforin [32]. During our simulations, we observed
two regions of moderate flexibility upon ligand binding.
In contrast to PXR, structural adaptations took place
within parts of the f-sheet (p4-strand) and a residue
located at the interface LBD/AF-2 (Val169). The smaller
ligand spectrum of CAR compared to PXR might thus
be due to the significantly smaller ligand-binding pocket
and the limited flexibility of regions located therein.

Several homology models of the human and mouse
CAR LBD have been generated. These have given first
insight into ligand binding and interactions between
LBD and AF-2 [31, 33-35]. These models differ in sev-
eral respects from the presented one. The ligand-binding
pocket is much larger (1150-1170 vs. 480 A®) than ob-
served in our model. This might be due to the selection
of PXR as the only template for the model generation
and different orientations of side chains within the
binding pocket [31, 33]. In contrast to previous studies,
we performed MD simulations in order to account for
the dynamic behavior of this complex system. The si-
mulations gave insight into the formation of several new
interactions that have been found to be critical for CAR
activity and that have been supported by the mutagen-
esis studies described.

Conclusions

Our simulations have given new insight into the molecular
basis of the constitutive activity of CAR. We proposed an
activation mechanism based on specific van-der-Waals
interactions between residues from the LBD and AF-2
domain. Functional consequences of LBD mutations
could be reproduced or at least explained on a structural
level. Nevertheless, information on the mechanism of
action of antagonists is still lacking. Modeling of CAR in
complex with corepressors might reveal the structural
basis of CAR inactivation and will create a basis for the
development of specific CAR inhibitors.

Materials and methods
Model building

Homology models of the human CAR ligand-binding
domain with and without a bound coactivator (peptide
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segment from SRC-1) were built using the homology
module of INSIGHT II [36]. The sequence alignment
was generated using CLUSTAL W [37]. The related
crystal structures of PXR (pdb code INRL, resolution
2.0 A, chains B and D) [21] and VDR (pdb code 1DBI,
resolution 1.8 A) [20] were taken as template structures
for homology modeling. The corresponding segments
from each template were chosen, as shown in Fig. la.
Non-conserved sidechains were reoriented by SCWRL
2.95 [38].

MD simulations

A solvent box with dimensions 5.59x6.50x6.25 nm
(CAR-SRC-1: 6.16x6.78x5.60 nm) was generated to si-
mulate the models. The protonation state of the models
was adjusted in order to mimic a pH value of 7.4. All
water molecules were represented with the simple point
charge (SPC) model [39]. 19 Na™ and 15 CI- (CAR-
SRC-1: 19 Na™ and 16 Cl") counterions were added by
replacing water molecules to ensure the overall neu-
trality of the simulated system. The total numbers of
atoms in the two systems were 20795 (CAR) and 21505
(CAR-SRC-1). The models were minimized using 2000
steps of steepest descent with the GROMOS96 force
field [40]. Molecular dynamics simulations with periodic
boundary conditions were performed at 310 K using the
program package GROMACS. The Particle-mesh-
Ewald (PME) method was used for accurate determi-
nation of longe-range electrostatic interactions. VDW
interactions were considered applying a cutoff of 0.9 nm.
The time step for the simulations was 1 fs. To keep the
system at constant temperature, a Berendsen thermostat
was applied using a coupling time of 0.1 ps [41]. Con-
stant pressure was maintained by coupling to an external
bath with a reference value of 10° Pa, with a coupling
time 1.0 ps and an isothermal compressibility of
4.5x107"° Pa~ .

For the model of CAR-SRC-1 an equilibration per-
iod of 250 ps with constraints of 1000 kJ mol' on the
backbone atoms except for the H1-H3 loop was fol-
lowed by a free MD simulation lasting 2.25 ns. Bonds
between heavy atoms and corresponding hydrogen
atoms were constrained to their equilibrium bond
lengths using the LINCS algorithm. MD simulations of
mutated forms of CAR-SRC-1 were carried out in the
same way. CAR without coactivator was equilibrated
with decreasing constraints (1000-100 kJ mol ") on the
backbone for 400 ps followed by a free MD simulation
lasting 2 ns. The trajectories of the free MD simulations
were analyzed using NMRCLUST [42]. Resulting clus-
ters were examined and representative frames were se-
lected and minimized with GROMACS. The
stereochemical quality of the models was evaluated
using PROCHECK [43] and PROFILES-3D [44]. The
size of the ligand binding cavity was determined by
rolling a probe of 1.4 A over the van-der-Waals surface
using the program SURFNET [45]. Ligands were built

within SYBYL 6.9 considering the protonation state at
pH 7.4 and minimized applying the TRIPOS force field
and default settings [46].

Molecular interaction fields

The molecular interaction potentials of the AF-2-bind-
ing domain were analyzed using the program GRID
(Version 21) [47]. GRID is an approach to predict non-
covalent interactions between a molecule of known
three-dimensional structure (i.e. the CAR structure) and
a small group as a probe (representing chemical features
of the binding partner). The calculations were performed
using the AF-2-truncated CAR structure. The calcula-
tions were performed on a cube (20><20><20 A, spacing
lA) including the AF-2-binding region in order to
search for interaction regions between CAR and the AF-
2 domain. The GRID contour map obtained using the
methyl C3 probe (indicating van-der-Waals interactions)
was then viewed superimposed on the CAR structure
using the SYBYL 6.9 software.

GOLD docking

Docking procedures for CAR-SRC-1 were performed
with GOLD [28]. Goldscore was chosen as fitness
function. For each ligand, docking runs were performed
with a maximum allowed number of 30 poses. The poses
obtained for each ligand were grouped into several un-
ique binding modes. The solution with the highest fitness
score was chosen for further examination. Subsequent
MD simulations were performed with the settings de-
scribed previously. Missing parameters for the ligands
were obtained manually using the GROMOS96 topol-
ogy. Figures were prepared using VMD [48].

DNA plasmids and cotransfection assays

The CMV promoter-driven GAL4-human CAR LBD
fusion plasmid has been described [17]. Mutations were
done according to instructions in the QuickChange kit
(Stratagene, La Jolla, CA, USA). UAS4-tk-luc and
pCMYV plasmids as well as cotransfection assays have
been described [18]. Luciferase activities were normal-
ized to f-galactosidase activity and expressed as mean-
s+ standard deviation from three or four independent
experiments.
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