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Abstract

Prediction of drug interactions, based on the induction of drug disposition, calls for the identification of chemicals, which
activate xenosensing nuclear receptors. Constitutive androstane receptor (CAR) is one of the major human xenosensors;
however, the constitutive activity of its reference variant CAR1 in immortalized cell lines complicates the identification
of agonists. The exclusively ligand-dependent isoform CAR3 represents an obvious alternative for screening of CAR ago-
nists. As CAR3 is even more abundant in human liver than CAR1, identification of its agonists is also of pharmacological
value in its own right. We here established a cellular high-throughput screening assay for CAR3 to identify ligands of this
isoform and to analyse its suitability for identifying CAR ligands in general. Proof-of-concept screening of 2054 drug-like
compounds at 10 pM resulted in the identification of novel CAR3 agonists. The CAR3 assay proved to detect the previously
described CARI1 ligands in the screened libraries. However, we failed to detect CAR3-selective compounds, as the four novel
agonists, which were selected for further investigations, all proved to activate CAR1 in different cellular and in vitro assays.
In primary human hepatocytes, the compounds preferentially induced the expression of the prototypical CAR target gene
CYP2B6. Failure to identify CAR3-selective compounds was investigated by molecular modelling, which showed that the
isoform-specific insertion of five amino acids did not impact on the ligand binding pocket but only on heterodimerization
with retinoid X receptor. In conclusion, we demonstrate here the usability of CAR3 for screening compound libraries for
the presence of CAR agonists.

Keywords Constitutive androstane receptor - Isoform - High-throughput screening - Agonist - Molecular dynamics
simulations - Molecular docking
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(ADME) of xenobiotics. CAR binds as a heterodimer with
retinoid X receptor (RXR) a to specific DNA response
elements in the regulatory region of its target genes after
being activated by small molecules. These either directly
bind as ligands into the ligand-binding pocket (LBP), or
indirectly promote translocation of the receptor into the
nucleus (Yang and Wang 2014). CYP2B6 represents the
prototypical CAR target gene; however, the receptor also
regulates further genes of the cytochrome P450 superfam-
ily (Kandel et al. 2016), as well as ABC efflux transporters
(Burk et al. 2005a). By inducing ADME gene expression
and subsequently accelerating drug detoxification, activa-
tion of CAR may affect the success of pharmacotherapy. In
addition, CAR participates in the regulation of glucose and
lipid metabolism and may thus be a potential novel thera-
peutic target for the treatment of metabolic diseases, such
as obesity, type 2 diabetes and fatty liver, where energy
metabolism is dysregulated (Jiang and Xie 2013). Thus,
identifying CAR activators is not only of importance for
predicting drug interactions and preventing drug failure
or toxicity, but also for opening new avenues for the treat-
ment of human diseases.

Identification of indirect activators requires establish-
ing nuclear translocation assays in translocation-competent
cells, as, e.g. primary hepatocytes. A respective high-con-
tent screening method was only recently developed (Mack-
owiak and Wang 2019). In contrast, direct activators, i.e.
ligands, can more easily be screened using reporter gene
assays. However, the constitutive transactivation activity
of the reference isoform CAR1 and its constitutive nuclear
localization in immortalized cell lines impedes their iden-
tification. Different strategies and cellular screening assays
have been employed to overcome this obstacle. First, mam-
malian one-hybrid assays using fusion proteins of full-length
CAR (Dring et al. 2010) or the CAR ligand binding domain
(LBD) (Kiiblbeck et al. 2011) with the GAL4 DNA binding
domain (DBD) have been applied to screen small compound
sets for CAR activation. Ligand-dependency of the CAR-
LBD fusion protein was further improved by inserting three
consecutive alanine residues into the loop between helices
H10/11 and H12 (Kanno and Inouye 2010). However, the
foreign DBD may influence results, as structural studies of
full-length nuclear receptor heterodimers have illustrated
the importance of inter-domain interactions for the LBD
conformation (Rastinejad et al. 2013). Second, a synthetic
ligand-dependent CAR1 insertion mutant has been used to
confirm activation by a small set of compounds, which were
predicted in silico to bind to CAR (Lynch et al. 2013). How-
ever, the mutant has only been tested for equal performance
with a very limited number of compounds (Chen et al.
2010). Third, prior deactivation of full-length CAR1 by an
inverse agonist has been used to allow for high-throughput
screening (HTS) of a library of drug-like compounds for
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agonists (Lynch et al. 2015). Here, results may be limited
by the choice of the inverse agonist.

Besides the constitutively active reference variant CARI,
a natural and exclusively ligand-dependent isoform, called
CAR3 (Auerbach et al. 2005), CAR-SV2 (Arnold et al.
2004; Jinno et al. 2004) or CAR-SV24 (Lamba et al. 2005),
has been described. It is generated by alternative splicing,
which results in the in-frame insertion of five amino acids
(APYLT) into the LBD (Auerbach et al. 2003). This inser-
tion expands the loop connecting LBD helices a8 and a9.
Homology modelling predicted sterical hindrance of the
dimerization with RXRa (Auerbach et al. 2003). In contrast
to CAR1, CAR3 shows exclusive ligand-dependent inter-
action with coactivators (Arnold et al. 2004), resulting in
ligand-dependent transcriptional activity (Auerbach et al.
2005). CAR3, accounting for roughly 50% of total CAR
transcripts, is on average even more abundant in human liver
than the reference variant CAR1 (Jinno et al. 2004; Ross
et al. 2010). Thus, the identification of compounds activating
this isoform has its own pharmacological value.

Previously identified agonists of CAR3 comprise, among
others, the prototypical human CAR1 agonist CITCO (Auer-
bach et al. 2005), bisphenol A (DeKeyser et al. 2011), arte-
misinin, arteether and artemether (Burk et al. 2012), as
well as the CARI inverse agonists clotrimazole and NF49
(Anderson et al. 2011). In addition, three compounds,
claimed to selectively activate CAR3, have been described
(Dring et al. 2010). The existence of CAR3-selective com-
pounds remains obscure, as a homology model indicated a
virtually identical LBP volume and shape compared to the
LBP in the CAR1 X-ray crystal structure (Omiecinski et al.
2011), suggesting that CAR1 and CAR3 should bind the
same molecules.

Given the inherent limitations of previously used screen-
ing assays for CAR ligands, based on CARI1 or synthetic
mutants thereof, and to identify novel CAR3 activators, we
established a corresponding cellular HTS assay. Screening
of two libraries of pharmacologically active compounds with
altogether 2054 chemicals resulted in the identification of
novel CAR3 agonists, which were further investigated using
cellular, biochemical and in silico methods. Furthermore, we
used molecular modelling and molecular dynamics simula-
tions to study the impact of the five amino acid insertion in
CAR3 on the LBP as well as on its interactions with RXRa.

Materials and methods
Materials
The SCREEN-WELL® FDA approved drug library V2

with 774 compounds and the Library of Pharmacologically
Active Compounds (LOPAC®'28% with 1280 compounds
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were purchased from Enzo Life Sciences (Lorrach, Ger-
many) and Sigma-Aldrich (Munich, Germany), respectively.
A detailed description of further chemical and biological
reagents and of the plasmids, which have been used in this
study, is provided in the electronic supplementary material.

Cell culture

HEK293T cells (ACC 635, DSMZ, Braunschweig, Ger-
many) were grown in high glucose DMEM, supplemented
with 10% FBS, 2 mM r-glutamine, 100 U/ml penicillin and
100 pg/ml streptomycin. HepG2 cells (HB-8065, lot number
58,341,723) were obtained from ATCC (Manassas, VA) at
passage 74, propagated and used in transfection experiments
between passages 90 and 120. Passage number of HepG2
cells did not impact on the results of reporter gene analyses.
HepG?2 cells were cultivated in minimal essential medium,
supplemented with 10% FBS, 2 mM vr-glutamine, 100 U/
ml penicillin and 100 pg/ml streptomycin. During treatment
with chemicals, regular FBS was replaced by dextran-coated
charcoal-stripped FBS. Cells were routinely checked for con-
tamination with mycoplasma by PCR (VenorGeM Classic,
Minerva Biolabs, Berlin, Germany).

High-throughput screening and hit confirmation

HEK?293T instead of HepG2 cells were selected for estab-
lishing the HTS assay, because they were easily and more
efficiently transfected and better tolerated the automated
cell seeding procedure, which was required to miniaturize
the assay to the 384-well plate format (see below). Pilot
experiments confirmed CITCO-dependent CAR3 activity
in HEK293T cells. The cells were transfected in suspen-
sion using Effectene Transfection Reagent (Qiagen, Hilden,
Germany), according to the recommendations of the manu-
facturer. Briefly, the required multitude of 13,000 cells/
well (25 ul) were re-suspended in culture medium sup-
plemented with 1% dextran-coated charcoal-stripped FBS.
Cells were co-transfected with expression plasmids encod-
ing human CAR3 and RXRa, CYP3A4 reporter plasmid
and pRL-TK at the ratio of 1:1:15:5. A total of 12.5 ng
DNA was transfected per well. The suspension of trans-
fected cells was seeded in white 384-well plates (Greiner
Bio-One, Frickenhausen, Germany) using a Multidrop™
384 reagent dispenser (Thermo Fisher Scientific, Dreieich,
Germany). After 16 h incubation, cells were either treated
with DMSO (background control), 10 uM CITCO (positive
control) or 10 uM of a library compound for additional 24 h.
The DMSO concentration of all samples was adjusted to
0.625%. Compound transfer was carried out as described
before (Burk et al. 2018). Cell lysates were assayed for firefly
and Renilla luciferase activities, using the Dual-Glo® Lucif-
erase Assay System, (Promega, Madison, WI), and EnVision

multilabel plate reader (PerkinElmer, Rodgau, Germany).
Relative reporter activity was calculated by dividing the
firefly luciferase by the Renilla luciferase activity measured
in the same well. The respective activities of cells treated
with chemicals were compared to the activity of cells in the
background control, which was designated 1. Quality and
robustness of HTS were evaluated as previously described
(Burk et al. 2018), by calculating Z prime (Z") according to
Zhang et al. (1999). Plates were considered valid for further
analyses if Z’'>0.4. To minimize the loss of weak activators
and thus reducing false negatives, a threshold of > twofold
induction was defined for compounds to be regarded as hits.
Hit confirmation was either done as dose response or repli-
cate (10 uM, N=35) analysis.

Transient transfection and reporter gene analysis

Transient co-transfections were carried out in 24-well plates
with 1.5x 103 HepG2 cells per well, seeded the day before,
using per well 1 pl jetPRIME® transfection reagent (Poly-
plus, Illkirch, France) and a plasmid DNA mixture consist-
ing of 0.3 pg of CYP2B6 reporter gene plasmid, 0.02 pg of
human CAR3 and human RXRa expression plasmids each,
0.01 pg of pRL-CMY, filled up to 0.5 pg with pUCI18. In
some experiments, 0.04 ug of human CAR1 or PXR expres-
sion plasmids replaced the CAR3/RXRa combination. CAR
or PXR expression plasmids were substituted by empty vec-
tor pcDNA3 in negative controls. Transfections for mam-
malian two-hybrid CARI1 coactivator recruitment and LBD
assembly assays were done similarly, using the plasmids
specified in the legends of Figs. 3a and 4. 20 h after trans-
fection, cells were treated with the indicated chemicals for
another 24 h. Then cells were lysed with 1X passive lysis
buffer (Promega) and firefly and Renilla luciferase assays
were done as described (Geick et al. 2001; Piedade et al.
2015). For normalization of reporter activity, the ratio of the
corresponding firefly and Renilla luciferase activities was
calculated. All transfections were done at least three times
independently, each in technical triplicates.

Coactivator-dependent receptor ligand assay
(CARLA)

Radiolabelled full-length CARI1 protein was synthesized
in vitro using the respective expression plasmid, TNT T7
coupled transcription/translation system (Promega) and
35 S-methionine (specific activity > 1000 Ci/mmol, Hart-
mann Analytic, Braunschweig, Germany). The bacterially
expressed fusion protein of NH,—terminal glutathione S
transferase (GST) moiety and receptor interaction domain
(RID) of human SRC1 (amino acids 583-783) was prepared
and CARLA essentially performed as described previously
(Burk et al. 2012).
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Primary human hepatocytes

Double-coded liver tissue used in this study was provided
by the Biobank of the Department of General, Visceral and
Transplant Surgery in Ludwig-Maximilians-University
(LMU). This Biobank operates under the administration of
the Human Tissue and Cell Research (HTCR) Foundation.
The framework of HTCR Foundation (Thasler et al. 2003),
which includes obtaining written informed consent from all
donors, has been approved by the ethics commission of the
Faculty of Medicine at the LMU (approval number 025-12)
as well as the Bavarian State Medical Association (approval
number 11142) in Germany. Primary human hepatocytes
were isolated from liver tissue samples by the Biobank of
the Department of General, Visceral and Transplant Surgery
in LMU using a two-step collagenase perfusion technique
with modifications (Lee et al. 2013). The cells were received
at the laboratory in Stuttgart as suspensions on ice within
16-20 h after preparation and cultivated and treated with
chemicals as described before (Jeske et al. 2017). Donor data
are shown in Supplementary Table S1.

RNA isolation and reverse transcription quantitative
real-time PCR analysis

Total RNA was prepared using the NucleoSpin RNA kit
(Macherey—Nagel, Diiren, Germany) combined with on-
column DNase I digest to remove residual genomic DNA.
RNA integrity was monitored using formaldehyde agarose
gel electrophoresis. cDNA was synthesized as described
previously (Jeske et al. 2017). Relative quantification of
mRNA expression (AACt) was performed by TagMan real-
time PCR using the Biomark HD system and FlexSix Gene
Expression Integrated Fluidic Circuits (Fluidigm, South San
Francisco, CA) as described before (Bitter et al. 2015). The
commercial TagMan gene expression assays Hs00184500_
ml and Hs00604506_m1 (Life Technologies, Darmstadt,
Germany) were used to quantify ABCB1 and CYP3A4,
respectively. The CYP2B6 (Burk et al. 2005b) and 18S
assays (Hoffart et al. 2012) have been described previously.
Measurements were conducted in technical triplicates and
data were analysed as described before (Jeske et al. 2017).

Molecular modelling

A homology model of the CAR3 LBD in complex with the
RXRa LBD was constructed using the X-ray crystal struc-
ture of the CAR1/RXRa heterodimer (PDB ID 1XVP) as
modelling template. Based on an assessment of the two
CAR/RXRa complexes using PROCHECK and ProSa
(Laskowski et al. 1993; Sippl 2007), chains C (RXRa) and
D (CAR) were selected. The loop connecting a8 and o9
was modelled using SYBYL-X 1.2 (Certara, Princeton,
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NIJ, USA). Missing side chains of the loop residues were
placed using the software Molecular Operating Environment
(MOE), version 2018.0101 (Chemical Computing Group
Inc., Montreal, Canada).

Molecular dynamics simulations using the CAR1 X-ray
crystal structure and the CAR3 homology model were pre-
pared and carried out with the GROMACS 2018.2 software
suite (www.gromacs.org). The Amber99SB-ILDN force
field was selected (Lindorff-Larsen et al. 2010). Each pro-
tein was placed in a box filled with water molecules and
Na* ions for charge neutralisation (CAR1: 16,352 water
molecules, 4 ions; CAR3: 17,885, 4 ions). Water molecules
placed within the protein interior were deleted, if the hydra-
tion free energy of the site, calculated using the 3D RISM
method in MOE, was not negative. After 500 steps of energy
minimization using the Steepest Descent method, each sim-
ulation system was equilibrated using three short (100 ps
each) simulations (NVT and NPT ensemble), with gradu-
ally releasing atom position constraints (NVT: 1000 kcal/
mol on all protein heavy atoms; NPT 1: 1000 kcal/mol on
all protein heavy atoms; NPT 2: 1000 kcal/mol on protein
backbone atoms). Initial velocities were taken from a Max-
well-Boltzmann distribution at 298 K. After equilibration, a
500 ns unconstrained simulation was carried out. Structures
were saved every 10 ps. All bonds involving hydrogen atoms
were constrained to their equilibrium values by means of
the LINCS algorithm. Constant temperature (298 K) was
maintained using a Nosé—Hoover thermostat (298 K, time
constant 7= 1 ps). In the NPT ensemble simulations, a con-
stant pressure was maintained using the Parrinello-Rahman
barostat (1 bar, 7=2 ps). The neighbour lists for non-bonded
interactions were updated every ten steps. The long-ranged
electrostatic interactions were calculated by the Particle-
Mesh-Ewald method. The short-ranged van der Waals and
electrostatic interactions were cut-off at 1 nm.

Pocket volume calculations of the MD simulations frames
were done using MDpocket (Schmidtke et al. 2010).

Molecular docking

Molecular docking was carried out using GOLD version 5.7
(Cambridge Crystallographic Data Centre, Cambridge, UK)
and the ChemPLP scoring function. Preparation of X-ray
crystal structures and generation of ligand structures to
be docked was conducted as described before (Jeske et al.
2017). For each compound 50 docking runs were carried
out. Non-default docking parameters have been described
previously (Jeske et al. 2017).

Data analyses

Data are presented as mean =+ SD of three to eight inde-
pendent experiments (see respective figure legends), with
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the exception of Fig. 7 and Supplementary Fig. S6, where
data of individual hepatocyte donors are shown separately
as mean + SD of technical triplicates. The order of chemical
treatment of cells and measurement of samples was changed
in independent experiments, to avoid systematic errors due
to timing or positioning. Data were not transformed, but
normalized to vehicle treatment or to vehicle-treated nega-
tive controls, to adjust for the experimental variability of
raw values. Statistical analyses were done using ordinary
or repeated measures one-way or two-way ANOVA, with
post hoc tests for multiple comparisons against controls as
recommended by the analysis software and described in the
respective figure legends. ECs, determinations were done
by nonlinear fit of dose response using the equation for sig-
moidal dose response with variable slope, and bottom values
fixed to 1. All calculations were done with GraphPad Prism
8.1.1 (GraphPad software, La Jolla, CA, USA).

Results
Identification of novel CAR3 agonists

A HTS assay for the identification of CAR3 activators was
set up in the 384-well plate format with HEK293T cells and
the CYP3A4 reporter. As it was previously described that
CAR3-dependent induction of cytochrome P450 enhancer/
promoter-based reporter gene activity strictly depends on
RXRa overexpression (Auerbach et al. 2005), a respective
expression plasmid was co-transfected. Treatment with
positive control CITCO resulted in mean 26.7 + 3.3-fold
induction as compared to treatment with vehicle DMSO
only. Altogether, 2054 compounds, consisting of the 774
compounds of the SCREEN-WELL® FDA approved drug
library V2 and the 1280 compounds of the LOPAC®!28?
library, were screened at 10 uM single dose. The quality
and robustness of the screen were evaluated as described by
Zhang et al. (1999) and Iversen et al. (2006) using positive
and negative control data. All assay plates met the respective
acceptance criteria (Supplementary Table S2).

The primary screen identified 66 hit compounds with
> twofold induction, all of which, except six previously
described CAR ligands, were subjected to a secondary hit
confirmation using the same assay and plate format. Table 1
shows the ten confirmed hits, representing potential novel
CARS3 ligands. The confirmed hits comprise three retinoids,
as well as seven further compounds, which have not yet been
associated with CAR. Clopidogrel, which only reached 1.8-
fold induction in the hit confirmation, was included due to its
pharmacological importance as an essential medicine (WHO
2017). Additionally, Table 1 lists the five previously identi-
fied CARI1 agonists and the CAR1 inverse agonist clotrima-
zole, which were also proven to be CAR3 activators here.

Nine compounds, including three known CARI1 ago-
nists, two retinoids, the top three of the novel compounds
and clopidogrel, were selected for an independent powder
confirmation. To control for potential cell-type and gene/
promoter-specific effects in ligand-dependent CAR3 acti-
vation, the hepatic cell line HepG2, which was transiently
co-transfected with the CYP2B6 reporter, was used here
instead. The novel compounds clemizole, mitotane and
sulconazole demonstrated CAR3-dependent induction of
CYP2B6 reporter activity, as did permethrin, artemether and
the positive control CITCO, while the retinoids bexarotene
and alitretinoin showed effects even in the absence of CAR3
(Fig. 1a). Supplementary Fig. S1 shows that the induction of
CYP2B6 reporter activity by these retinoids was exclusively
dependent on RXRa. Phenoxybenzamine and clopidogrel
also showed CAR3-dependent induction, which, however,
was only significant in paired ¢ test analyses (results of anal-
ysis not shown). In HepG2 cells, clemizole and clopidogrel
did not show any cytotoxicity up to 100 pM, while mitotane
and sulconazole were cytotoxic at doses larger than 50 uM
and 30 uM, respectively (data not shown). In, respectively,
guided dose response analyses, all of the four novel com-
pounds proved to activate CAR3 dose-dependently (Fig. 1b).

The CAR3 assay is generally suitable
for the identification of CAR agonists

In a previous HTS, ten CARI1 agonists have been specified
(Lynch et al. 2015). Five of these were also present in the
libraries, which we screened for CAR3 ligands. Of these,
phenoxybenzamine and imperatorin were also identified
here, while apomorphine, phenelzine and tracazolate did not
emerge as hits in our primary screen. When we retested the
latter three compounds plus vatalanib, which has also been
described as CAR1 agonist (Lynch et al. 2015), at doses
of 10 and 30 uM with the CYP2B6/CAR3-RXRa assay in
HepG2 cells, tracazolate and vatalanib demonstrated CAR3
activation, while apomorphine and phenelzine did not
(Fig. 2a). To confirm the previously reported activation of
CARI1 by these compounds, the strong constitutive activity
of the receptor, which prevents direct analysis of agonist
activity, was inhibited by treatment with the inverse agonist
CINPA1 (Cherian et al. 2015). Figure 2b shows that traca-
zolate and vatalanib released inhibition by CINPA1, while
apomorphine and phenelzine did not. Thus, the latter two
compounds, which did not activate CAR3, were also not
active with CARI. In conclusion, the CAR3 assay detected
all proven CAR1 agonists in the screened libraries.

Novel CAR3 ligands also act as agonists of CAR1

Binding of a ligand into the LBP of a nuclear receptor
changes the position of helix 12, thereby generating the
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Table 1 Compounds identified
as CAR3 activators in HTS
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Compound name | structure Fold change®* | Known NR
(CAS no.) (PS/HC) ligand
Permethrin 13.8 /n.d. CAR, PXR
(52645-53-1)
Mitotane 94/43 PXR
(53-19-0)
Artemether 8.0/ n.d. CAR, PXR
(71963-77-4)
Sulconazole =\ 49/28
(61318-91-0) /@f[ 4
Clemizole //@,m 47/4.1
(1163-36-6) y

C@h@
Imperatorin 4.4 /nd. CAR, (PXR)
(482-44-0) /(L

. Vi
Tretinoin i 42/34 RAR, (RXR)
(302-79-4) W
Alitretinoin 3.7/4.2 RXR, RAR
(5300-03-8) i
=
=
Phenoxybenzamine J\/G 2.8 /n.d. CAR
(63-92-3) QAH ‘@
Fenofibrate i 2.8 /n.d. CAR, PPARa
(49562-28-9) ><F
Clopidogrel | 2.7/1.8
(120202-66-6) a gt
N ‘ \

Bexarotene 2.7/2.9 RXR

(153559-49-0)
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Table 1 (continued) Niclosamide

(50-65-7)

2.6/23

Orlistat
(96829-58-2)

2.5/2.6

Calcipotriene
(112965-21-6)

22/24 VDR

Clotrimazole
(23593-75-1)

O
O

2.0/n.d. CAR®, PXR

In italics, previously known CAR ligands, which emerged as hits in the CAR3 screen

PS primary screen, HC hit conformation, NR nuclear receptor, n.d. not done

#As compared to DMSO only

PCARI inverse agonist and CAR3 agonist

proper coactivator interface. Furthermore, it allosterically
affects the position of helix 1, resulting in the stable inter-
action of this helix with the remainder of the LBD. Two-
hybrid nuclear receptor-LBD assembly assays translate this
ligand-dependent intramolecular conformational change into
the ligand-dependent intermolecular interaction between the
helix 1 part and the remainder of the LBD (Pissios et al.
2000). We used the CAR1-LBD assembly assay (Burk et al.
2005b) to analyse whether the novel CAR3 agonists identi-
fied here also act as ligands of CAR1. Figure 3a shows that
among the novel CAR3 activators, only clopidogrel failed
to significantly induce CAR1 LBD assembly. Of the known
CARI1 agonists, permethrin and CITCO induced the assem-
bly, while phenoxybenzamine did not. Furthermore, Fig. 3b
shows that all newly identified CAR3 agonists resulted in the
release of CAR1 inhibition by CINPA1, similarly as did co-
treatment with permethrin, phenoxybenzamine and CITCO.
Taken together, these data indicate that the newly identified
CAR3 activators also act as agonists of CARI.

Novel agonists induce the translocation of CAR
into the nucleus

In primary hepatocytes, ligand binding results in the trans-
location of CARI1 into the nucleus, while in immortalized
cell lines all CAR isoforms show a ligand-independent and
predominantly nuclear localization (Yang and Wang 2014).

However, an EGFP-tagged synthetic CAR1 mutant, with
insertion of an alanine residue at position 271 (CAR1 + Ala),
demonstrated ligand-dependent nuclear translocation in
COS1 cells (Chen et al. 2010; Carazo et al. 2018). We
first confirmed that the novel agonists act as ligands of the
CARI + Ala mutant (Supplementary Fig. S2). Subsequently,
the compounds were tested in the nuclear translocation
assay. All novel agonists resulted in loss of cytoplasmic
localization of the EGFP-tagged CAR mutant and enhanced
translocation into the nucleus (Supplementary Fig. S3).

Novel agonists differentially induce the interaction
of CAR1 and CAR3 with coactivators

CITCO was previously shown to induce the recruitment of
coactivators to CAR1 and CAR3 (Arnold et al. 2004). Thus,
the respective capacities of the newly identified CAR ago-
nists were analysed by making use of the appropriate mam-
malian two-hybrid coactivator recruitment assays. Among
the novel agonists, only clemizole and mitotane resulted in
the recruitment of SRC1 (Fig. 4a) and SRC3 (Fig. 4c) to the
LBD of CARI. Similarly, permethrin and phenoxybenzamine
recruited these coactivators to the CAR1-LBD, as did the posi-
tive control CITCO. In contrast, only clemizole resulted in
the recruitment of SRC1 to the CAR3-LBD (Fig. 4b), while
all novel agonists failed to recruit SRC3 to the CAR3-LBD
(Fig. 4d). It was previously shown that CITCO strongly
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Fig.1 Confirmation and dose-response analysis of novel CAR3 ago-
nists. a, b HepG2 cells were co-transfected with expression plasmids
encoding RXRa and CAR3 (CAR3/RXRa) or empty vector pcDNA3
(negCTR/RXRa) (a only) and treated with the indicated chemicals
at 10 uM (a) or increasing concentrations (b) of the indicated com-
pounds. Permethrin (Perm), phenoxybenzamine (Phen), clemizole
(Clem), clopidogrel (Clop), mitotane (Mito), sulconazole (Sulc),
artemether (AM), bexarotene (Bex), alitretinoin (Alit). Columns or
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data points show the mean+SD (N>5, a; N=3, b) of normalized
luciferase activity of co-transfected CYP2B6 reporter relative to,
respectively, transfected cells treated with 0.1% DMSO, which was
designated 1. Significant differences to, respectively, treated negCTR/
RXRa-transfected cells were analysed by ordinary two-way ANOVA
with Sidak’s multiple comparisons test. *P<0.05; **P<0.01;
*#%P <0.001
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Fig.2 Retesting of missed CARI1 agonists. a HepG2 cells were co-
transfected with expression plasmids encoding RXRa and CAR3
(CAR3/RXRa) or empty vector pcDNA3 (negCTR/RXRa) and
treated with the indicated concentrations (in uM) of compounds or
with 10 uM CITCO. Tracazolate (Trac), apomorphine (Apo), phen-
elzine (PheS), vatalanib (Vat). Columns show mean+SD (N=3) of
normalized luciferase activity of co-transfected CYP2B6 reporter,
relative to, respectively, transfected cells treated with 0.1% DMSO,
which was designated 1. Significant differences to, respectively,
treated negCTR/RXRa-transfected cells were analysed by repeated
measures two-way ANOVA with Sidak’s multiple comparisons test.
b Cells, transfected with CAR1 expression plasmid, were treated
with 0.1% DMSO, 2.5 uM CINPA1 (CIN) or combinations of 2.5 uM
CINPA1 and 25 uM of the indicated compounds, except for CITCO
which was used at 1 uM. Columns show mean+SD (N>3) of nor-
malized luciferase activity of co-transfected CYP2B6 reporter, rela-
tive to cells, which were transfected with empty vector pcDNA3
(negCTR) and treated with DMSO, which was designated 1. Sig-
nificant differences to treatment with CINPA1 only were analysed by
ordinary one-way ANOVA with Dunnett’s multiple comparisons test.
*P<0.05; ¥**P<0.01; ***P <0.001

induced the recruitment of coactivator DRIP205 (MED1) to
CAR3, while only modestly inducing the recruitment to CAR1
(Arnold et al. 2004). DRIP205 represents the nuclear receptor
interacting component of the mediator complex. Among the
novel agonists, only mitotane failed to induce the recruitment
of DRIP205 to CAR3, similarly as did phenoxybenzamine
(Fig. 4e). On the other hand, only CITCO recruited DRIP205
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Fig.3 Novel CAR3 agonists also activate CAR1. a HepG2 cells
were co-transfected with expression plasmids encoding GAL4-DBD/
hCAR-LBD (105-150) and VP16-AD/hCAR1-LBD (151-348)
fusion proteins (CAR1(151-348)) or empty vector pVP16-AD (AD)
and treated with 10 uM of the indicated compounds (abbreviations
as in Fig. 1). Columns show mean+SD (N=35) of normalized lucif-
erase activity of co-transfected reporter pGL3-G5, relative to, respec-
tively, transfected cells treated with 0.1% DMSO, which was desig-
nated 1. Significant differences to, respectively, treated cells, which
were transfected with pVP16-AD only, were analysed by repeated
measures two-way ANOVA with Sidak’s multiple comparisons test.
b HepG2 cells, transfected with CAR1 expression plasmid, were
treated with 0.1% DMSO, 2.5 uM CINPA1 (CIN) or combinations of
2.5 uM CINPALI and 25 puM of the indicated compounds, except for
CITCO which was used at 1 uM. Columns show mean+SD (N=5)
of normalized luciferase activity of co-transfected CYP2B6 reporter,
relative to cells, which were transfected with empty vector pcDNA3
(negCTR) and treated with DMSO, which was designated 1. Sig-
nificant differences to treatment with CINPA1 only were analysed by
repeated measures one-way ANOVA with Dunnett’s multiple com-
parisons test. *P <0.05; **P <0.01; ***P <0.001

to CARI. In conclusion, these data demonstrate both isoform-
and ligand-specific interaction of coactivators with CAR.

Novel agonist clemizole interacts in vitro
with the CAR1 LBD

In vitro analysis of ligand binding of the novel CAR ago-
nists was done using respective CARLA. The assay relies on
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«Fig.4 Novel agonists differentially induce the interaction of CAR
isoforms with coactivators. HepG2 cells were co-transfected with
expression plasmids encoding GAL4-DBD/SRCI1-RID (583-783)
(a, b), GAL4-DBD/SRC3-RID (582-782) (¢, d) or GAL4-DBD/
DRIP205-RID (527-774) (e) and VP16-AD/hCAR1-LBD (105-348)
(CAR1), VP16-AD/hCAR3-LBD (105-353) (CAR3) fusion proteins
or empty vector pVP16-AD (AD). Transfected cells were treated
with 10 uM of the indicated compounds (abbreviations as in Fig. 1),
if not indicated otherwise, or with 1 pM CITCO. Columns show
mean+SD (N=3, a—d; N>3, e) of normalized luciferase activity of
co-transfected reporter pGL3-GS5, relative to, respectively, transfected
cells treated with 0.1% DMSO, which was designated 1. Significant
differences to, respectively, treated cells, which were transfected with
pVP16-AD only, were analysed by repeated measures (a—d) or ordi-
nary (e) two-way ANOVA with Sidak’s or Dunnett’s multiple com-
parisons test, respectively. *P <0.05; **P <0.01; ***P <0.001

the ligand-dependent interaction of radiolabeled full-length
CARI1 with the bacterially expressed RID of coactivator
SRC1 (Burk et al. 2012). Figure 5 shows that among the
novel CAR agonists, only clemizole induced the interac-
tion of SRC1 and CARI in vitro. Effects of the other three
were only significant, if individually compared to DMSO
by paired ¢ test (results of analysis not shown). While per-
methrin and CITCO also strongly induced the interaction,
phenoxybenzamine rather seemed to reduce it.

CAR activation by clopidogrel is not mediated
by the major inactive metabolite

Clopidogrel is the only compound of outstanding pharma-
cological importance among the novel CAR agonists. The
pro-drug is extensively metabolized, mainly by hepatic
carboxylesterase (CES) 1, which generates the major and
pharmacologically inactive carboxylic acid metabolite (Tang
et al. 2006). As CES1 expression and metabolic activity have
been monitored in HepG2 cells (Liu et al. 2014), the carbox-
ylic acid metabolite may actually mediate CAR activation.
However, treatment with up to 100 or 50 uM clopidogrel
carboxylic acid neither activated CAR3, nor revoked inhi-
bition of CAR1 by CINPAL, respectively (Supplementary
Fig. S4). As HepG2 cells mostly lack xenobiotic-metabo-
lizing cytochrome P450 enzymes (Wilkening et al. 2003),
which generate the minor active metabolite (Hagihara et al.
2009), it can be concluded that the activation of CAR results
from parental clopidogrel.

Novel CAR agonists also activate PXR
and differentially induce ADME gene expression
in primary human hepatocytes

Several compounds, e.g. artemisinin and its derivatives
(Burk et al. 2005b), activate both CAR and PXR. There-
fore, an analysis was carried out to determine whether the
newly identified CAR agonists also activate PXR. With the

exception of clopidogrel, all novel CAR agonists demon-
strated activation of PXR in the CYP3A4 reporter assay, as
did permethrin and phenoxybenzamine (Fig. 6). The carbox-
ylic acid metabolite of clopidogrel failed to activate PXR
(Supplementary Fig. S5).

The induction of endogenous ADME gene expression
was analysed in primary human hepatocytes. Figure 7 shows
that the four novel CAR agonists induced CYP2B6 gene
expression in hepatocytes of all three donors. CYP3A4
was induced by all four novel CAR agonists in hepatocytes
of only two donors. ABCB1 was induced by mitotane in
hepatocytes of two donors and by sulconazole in hepatocytes
of one donor. The preferential induction of the prototypical
CAR target gene CYP2B6 further confirms activation of
CAR by these compounds. As it was shown that CAR also
participates in the down-regulation of gluconeogenic and
lipogenic genes (Yan et al. 2015), we further analysed the
modulation of the gluconeogenic genes PCK1, G6PC and of
the lipogenic genes FASN, SCD and THRSP by the novel
agonists. In contrast to ADME gene regulation, effects on
these genes were first of all only modest and second not in
the same direction for all CAR ligands (Supplementary Fig.
S6), which strongly argues against a dominant role of CAR
in mediating the effects of the novel agonists on these genes.
Only mitotane resulted in the expected down-regulation of
all genes.

Molecular modeling of CAR3

Based on a homology model of CAR3, it has been sug-
gested that the insertion of the five amino acids APYLT
does not change ligand-binding specificity as compared to
CARI1 (Auerbach et al. 2003 Omiecinski et a. 2011). How-
ever, a detailed analysis of the impact of the five amino acid
insert on the LBD structure, the LBP volume, as well as
the heterodimerisation surface is still missing. Therefore,
we generated a homology model of CAR3 in complex with
RXRa using the CAR1/RXRa X-ray crystal structure (PDB
1XVP) as template. A comparison of the CARI and CAR3
structures shows that the five amino acids’ insertion results
in disruption of several salt bridges, both within the CAR
LBD and shared with RXRa (Fig. 8a). In the CAR1 X-ray
crystal structure, E200 forms a bidentate salt bridge with
R272 (R277 in CAR3) as well as a water-mediated hydro-
gen bond with R320 (R325 in CAR3) that in turn shares
a charged hydrogen bond with S427 on RXRa (Fig. 8a).
Also D271 (D276 in CAR3) of CAR1 forms a bidentate salt
bridge with R320 on the same protein (R325 in CAR3) and
a salt bridge with R348 on RXRa. In the CAR3 model, the
salt bridge between E200 and R277 was unable to form due
to relocation of R277 upon introduction of the APYLT inser-
tion. For the same reason, a salt bridge was not established
between D276 and R325.
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Fig.5 In vitro interaction of novel compounds with CARI. Ligand-
dependent induction of the interaction of bacterially expressed GST/
SRCI-RID with *S-Met labelled full-length human CARI1 protein,
was analysed by CARLA. Quantification of the pulled down CAR1
protein was done by radioluminography of protein gels. The assay
was carried out in the presence of solvent DMSO only (1%), 10 uM
CITCO, 100 uM permethrin (Perm) or clemizole (Clem) or 300 uM
mitotane (Mito), sulconazole (Sulc), phenoxybenzamine (Phen) or
clopidogrel (Clop). Upper panel, scanning image of a representative
experiment; lower panel, quantitative analysis with columns show-
ing mean + SD of three to five independent experiments with respect
to input. Significant differences to incubation with DMSO only were
analysed by ordinary one-way ANOVA with Dunnett’s multiple com-
parisons test. ***P <(0.001

In order to compare the structural dynamics of the
CAR1 X-ray crystal structure and the CAR3 homol-
ogy model, which are structurally identical except the
a8-a9 loop, molecular dynamics (MD) simulations of
500 ns length were carried out for both LBD structures.
A comparison of the two structures resulting from the
500-ns simulation revealed only minor differences in
the secondary structural elements (Fig. 8b). The overall
root—mean—square deviation (RMSD) of Ca atoms was
2.1 A and reduced to 1.5 A when increasing the weights
of residues located in a-helices and the p-strand for struc-
tural superpositioning. While the a8—a9 loop in CAR1
remained almost unchanged, its conformation in CAR3
significantly differed from the starting geometry. Struc-
tural superpositioning of the CAR3 model on the CAR1/
RXRa X-ray crystal structure (PDB ID 1XVP) showed
interference between the CAR3 a8-a9 loop and amino
acids located on a6 and «10/11 of RXRa.

@ Springer

was designated 1. Significant differences to, respectively, treated
negCTR cells were analysed by repeated measures two-way ANOVA
with Sidak’s multiple comparisons test. **P <0.01; ***P <0.001

RMSD calculations for Ca atoms during the course of
the MD simulations revealed a slightly higher average value
for CAR3 (1.8 A) compared to CARI (1.5 A) (Fig. 9a).
For a more detailed analysis of the LBD flexibility, the
root—-mean—square fluctuations (RMSF) of Ca atoms were
calculated for each residue. The plots revealed a significantly
larger flexibility of residues 270-285 in CAR3, belonging
to the a8—a9 loop which contains the APYLT insertion
(Fig. 9b). All other regions of both receptors did not show
any pronounced differences. In order to investigate whether
the extended a8—a9 loop results in changes of the LBP size,
the volume was calculated for all MD frames (Fig. 9c). Start-
ing at ~800 A3, the LBP volumes of both receptors shrank
at the beginning of the simulations and then remained very
stable. For CAR1, the mean volume was 616 A3, while for
CAR3 the LBP revealed as slightly larger with a mean vol-
ume of 656 A3, Also the solvent-accessible surface area
(SASA) of the LBPs as well as the polar and non-polar
SASA contributions did not vary significantly between both
receptors (Supplementary Table S3). Moreover, the stability
of the salt bridges involving residues of the a8—a9 loop was
investigated. While in CARI1 the salt bridges E200-R272
and D271-R320 remained stable throughout the course of
the simulation, the corresponding amino acids in CAR3 did
not show any such interaction (Fig. 9d).

Finally, we investigated any impact of the extended
a8-09 loop in CAR3 on the C-terminal a12 helix. At first,
any direct interactions between the receptors and residues
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Fig.7 Novel CAR agonists differentially affect the expression of »

ADME genes in primary human hepatocytes. Cultures of primary
human hepatocytes, derived from donors GH56, GH57 and GHS5S,
were treated for 24 h with 0.1% DMSO, 1 uM CITCO, 30 uM clemi-
zole, mitotane or sulconazole, or 100 pM clopidogrel (abbreviations
as in Fig. 1). The expression of ABCB1, CYP2B6 and CYP3A4 was
analysed in respective total RNA samples by RT-qPCR and normal-
ized with respect to the expression of 18S rRNA. Columns show
mean fold induction+SD (n=3, technical replicates) by chemical
treatment, as compared to the mean of treatment with DMSO. Signifi-
cant differences of treatments to respective DMSO treatments were
analysed by ordinary two-way ANOVA with Dunnett’s multiple com-
parisons test. ¥*P <0.05; ¥**P <0.01; ***P <0.001

341-348 (CARI1, CAR3: 346-353) were analysed. While
for CAR1 no persistent interaction emerged, CAR3 revealed
few persistent contacts (Supplementary Fig. S7a). However,
these interactions neither influenced the position of the helix
in terms of RMSD, nor substantially influenced the number
of a-helical residues (Supplementary Fig. S7b, c).

Molecular docking of novel agonists into the LBP
of CAR

In addition, the potential binding modes of the newly iden-
tified CAR3 agonists were investigated using molecular
docking. Due to the very limited differences in the LBP
volumes of CAR1 and CAR3, as observed in the MD sim-
ulations, CAR1 X-ray crystal structures (PDB ID 1XV9,
1XVP) were used for the docking approach. All six com-
pounds were docked into the four LBPs using GOLD with
the ChemPLP scoring function. For permethrin, phenoxy-
benzamie, and sulconazole, all possible enantiomers, and
for clemizole and sulconazole, two protomers were docked.
The results revealed all compounds to bind with similar
ligand efficacy (=docking score/number of heavy atoms) to
CARI1 compared to the known agonist CITCO (Supplemen-
tary Table S4). Remarkably, all top-ranked docking poses
emerged for both CAR protein structures in PDB ID 1XVP.

Discussion

Screening two libraries, with together 2054 compounds, for
activators of the ligand-dependent isoform CAR3 resulted
in the identification of novel agonists and further proved that
the CAR3 HTS assay was generally suitable for screening
for CAR agonists. Four of the novel agonists were charac-
terized further and proved also to activate CAR1. Induc-
tion of nuclear translocation and coactivator interaction and
molecular docking, as well as preferential induction of the
prototypical CAR target gene CYP2B6, further confirmed
that these compounds bind to and activate CAR.

The CAR3 assay seems to be generally suitable for the
identification of CAR agonists, as the previously identified
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CARI agonists permethrin, fenofibrate (Kiiblbeck et al.
2011), imperatorin, phenoxybenzamine (Lynch et al. 2015)
and artemether (Burk et al. 2012) also proved to activate
CAR3 in HTS. The failure to recognize single CAR1 ago-
nists can be explained either by agonists having only small
effects at the screening dose of 10 uM, as in the case of tra-
cazolate, or by the presence of false positives in the listing of
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Fig.8 Structural comparison of CAR1 X-ray crystal structure (PDB
ID 1XVP, orange) and the CAR3 homology model (cyan). RXRa is
shown in green. a Selected hydrogen bonds and salt bridges within
the CAR LBD or shared with RXRa (carbon atoms in orange) are
shown as yellow dotted lines. Parts of the receptor structures were
removed for clarity. b Superpositioning of the CAR1 (pink) and
CAR3 (cyan) structure after the 500-ns simulation onto CAR1/RXRa
X-ray crystal structure

CARI agonists by Lynch et al. (2015). According to the data
presented here, apomorphine and phenelzine, which have
been described as CAR1 agonists by Lynch et al. (2015),
may be false positives (see Fig. 2b). Interestingly, these two
compounds also failed to translocate CAR into the nucleus
of primary hepatocytes (Lynch et al. 2015), which is char-
acteristic of CAR activators. Alternatively, the divergent
results may stem from the use of different inverse agonists
in the CAR1 assay. While PK11195 has been used by Lynch
et al. (2015), we employed CINPA1 as an inverse agonist
due to its proven higher potency than PK11195 (Cherian
et al. 2015). The two inverse agonists differ from each other
with regard to cofactor interactions: corepressor SMRT is
only recruited to CAR by CINPAL1 (Li et al. 2008; Cherian
et al. 2015). In conclusion, it can be expected that the CAR3
assay will detect the large majority of, if not all, CAR1 ago-
nists, as we failed to detect exclusive activation of CAR1 by
any of the tested compounds.

@ Springer

Besides CAR agonists, the CAR3 assay may also detect
CARI inverse agonists as agonists, which is demonstrated
here by the identification of clotrimazole as a hit compound.
In this regard, the CAR3 assay acted similar to the previ-
ously described mammalian one-hybrid screening assay,
based on a ligand-dependent CAR-LBD mutant, which also
identified the inverse agonists clotrimazole and PK11195
as agonists (Kanno and Inouye 2010). Recently, ten novel
inverse agonists have been described (Lynch et al. 2015),
seven of which were also present in the compound libraries
used here. As none of these turned out as a hit in the CAR3
assay, it can be concluded that this assay is not generally
suitable for the detection of CAR1 inverse agonists, even if
single ones, such as clotrimazole (Auerbach et al. 2005; this
study) and NF49 (Anderson et al. 2011), activate CAR3.

The major limitation of the CAR3 assay is the reliance
on overexpression of RXRa. Given that commonly used
cytochrome P450-based reporters demonstrate induction
by activated RXRa only (see Supplementary Fig. S1), this
results in hits, which actually represent RXRa ligands. Thus,
it is obligatory to incorporate appropriate negative controls
into the follow-up investigations to exclude these. Hereby,
alitretinoin and bexarotene were rejected as CAR3 agonists.
However, appropriate negative controls in follow-up inves-
tigations are necessary anyway to exclude false positive hits
due to compound-only effects on assay systems. Altogether,
the CAR3 assay has the clear advantage that it makes use
of an abundant natural ligand-dependent CAR isoform and
does neither require fusion to a foreign DBD nor the con-
comitant use of an inverse agonist, which both may influence
the outcome.

All four novel CAR3 agonists also activated CARI,
meaning that we did not detect any CAR3-selective com-
pound in our screen. Pheniramine, which was previously
reported to selectively activate CAR3 (Dring et al., 2010),
was present in one of the screened libraries, but did not
emerge as a hit. Furthermore, and in contradiction to Dring
et al. (2010), we failed to verify activation of CAR3 by phe-
niramine (data not shown). The conflicting result may have
arisen from the use of a mammalian one-hybrid assay, which
is based on a fusion of the GAL4-DBD with CAR, and/or
a different cell line (Huh7) by Dring et al. (2010). Alterna-
tively, pheniramine may simply represent a false positive
hit in their study, as compound-only effects had not been
addressed. The failure to identify CAR3-specific ligands,
which is further explained by the molecular modelling data
(see below), implies that a specific pharmacological modula-
tion of CAR3 activity may not be possible at all. However,
the physiological relevance of the isoform is suggested by
its high hepatic abundance (Ross et al. 2010) and a specific
role in the control of hepatic gene expression also suggested
by its peculiar interaction mechanism with RXRa (Auerbach
et al. 2005). Further investigations are clearly required but



Archives of Toxicology (2019) 93:2247-2264

2261

0.3

a

RMSD (nm)

0 T I T | T I T I T
0 100 200 300 400 500
Time (ns)
1200 C
1000 —
(]
g 800
[}]
€ 600
2
C)
> 400
200
L e A A B A e —
0 100 200 300 400 500
Frame

Fig.9 CARI1 (blue) and CAR3 (red) molecular dynamics simula-
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have to rely on techniques such as, e.g. siRNA-mediated
knock-down.

Among the four novel CAR agonists, which have been
investigated here in more detail, mitotane, a drug used to
treat adrenocortical carcinoma, and the anti-thrombogenic
medication clopidogrel are of special interest. Mitotane is
a known inducer of CYP3A4 and was shown to decrease
plasma levels of co-administered sunitinib (van Erp et al.
2011) and to autoinduce its own metabolism, which may
result in therapeutic failure (Arshad et al. 2018). Theile et al.
(2015) demonstrated that mitotane activates PXR. In that
and in the autoinduction of metabolism mitotane joins the
anti-malarial drug artemisinin, which also has been shown to
induce its own metabolism by induction of CYP2B6 (Simon-
sson et al. 2003) and to activate CAR and PXR (Burk et al.
2005b). Due to the dual activation of CAR and PXR, the
specific contribution of CAR to the clinical effects of auto-
induction is unknown. Clopidogrel, which is itemized on
WHO'’s essential medicine list (WHO 2017) activated CAR
and induced CYP3A4 and CYP2B6 in primary hepatocytes.
The compound is metabolized by hepatic carboxylesterase
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CESI to the inactive carboxylic acid metabolite (Tang et al.
2006), which represents 90% of total metabolites (Hagihara
et al. 2009) and did not activate CAR and PXR in this study.
The parental pro-drug is rapidly cleared and only detectable
at low nanomolar concentrations in plasma (Karazniewicz-
Ladaetal. 2014). As CAR activation in HepG2 and ADME
gene induction in primary human hepatocytes required high
micromolar concentrations of clopidogrel, it is, therefore,
most likely not of clinical relevance. However, in situations
of CES1 deficiency, either by chemical inhibition or genetic
variation, where increased levels of parental clopidogrel
have to be expected, CAR activation may be conceivable
and further result in the induction of cytochrome P450
expression. Consequently, the CYP-dependent metabolism
of clopidogrel and/or of co-administered drugs would be
enhanced, which may finally impact on therapeutic drug
efficiency. In support of this conception, it has been shown
in vitro that chemical inhibition of CES1 in liver micro-
somes resulted in fivefold increase of clopidogrel area under
the concentration—time curve (AUC) (Zhu et al. 2013). Simi-
larly, heterozygous carriers of the CES1 single nucleotide
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polymorphism ¢.428G > A, which results in the catalyti-
cally deficient protein variant G143E, demonstrated dou-
bled clopidogrel maximal plasma concentration and AUC
(Tarkiainen et al. 2015).

To better understand the structural consequences of
the APYLT insertion in CAR3, a comprehensive in silico
analysis was carried out. The previous molecular model-
ling studies neither considered the CAR3-RXRa interactions
nor made use of molecular dynamics simulations for study-
ing the impact of the extended a8-a9 loop on the LBP. Our
results confirmed the previous observation that the APYLT
insertion does not significantly influence the LBP (Omiecin-
ski et al. 2011). Instead, the simulations suggest that the loop
extension in CAR3 impairs heterodimerization with RXRa.
Experimental evidence for impaired interaction with RXRa
has already been presented (Arnold et al. 2004). Moreover,
the disrupted salt bridges and hydrogen bonds involving resi-
dues in the a8—a9 region and their interaction partners in
CAR and RXRa may influence dimerization. At first sight,
the impaired heterodimerization potential of CAR3 poses a
problem for the understanding of the potentiating effect of
RXRo on CAR3 transactivation activity. However, it has
already been shown that this effect does not require classi-
cal heterodimerization of CAR3 with RXRa, but may result
from enhanced interaction with coactivators (Auerbach et al.
2005). The precise molecular mechanism has not yet been
elucidated. Our results do not support the previously sug-
gested disruption of the a12 helix position by the extended
a8—a9 loop as an explanation for the loss of constitutive
activity of CAR3 (Omiecinski et al. 2011). Further simu-
lations involving the CAR/RXRa heterodimer are needed
for better understanding the differences in the interaction of
CARI and CAR3 with RXRa.

Molecular docking revealed all newly identified CAR3
agonists to favourably bind to the CAR1 X-ray crystal struc-
tures. Ligand efficiency scores similar to the known agonist
CITCO indicate potential usage of the chosen method in
virtual screening campaigns for novel CAR1 and/or CAR3
agonists.

Altogether, our study proved the usability of the CAR3
HTS assay for the identification of novel CAR agonists.
It indicated that CAR3 performs comparable to CAR1 in
agonist screening, but did not provide any evidence, neither
in vitro nor in silico, for the existence of CAR3-selective
ligands. The CAR3 HTS assay is thus suitable for gener-
ally screening for CAR agonists and represents a convenient
alternative to previously used screening assays.
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